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Inmetallic samples of confined volumes, the size effects are governed by the characteristics of thedislocation net-
work. However, there are only few studies that quantitatively tried to relate the dislocation network properties to
the sample size effects. The present work studies the dislocation length distribution in pillars with different sizes
during compression test with different strain rates using large scale atomistic simulation. The size and strain rate
effects are then investigated using the observed dislocation length distribution.
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The most common experiment to investigate the size effects in
samples of confined volumes is the micropillar compression test,
which was introduced by Uchic et al. [1,2]. During the micropillar
compression test, the sample is subjected to the uniform loading
and in the absence of any strain gradients, the size effects are solely
originated from the size of the tested pillars. Size effects in metallic
samples of confined volume have been attributed to the different
mechanisms of dislocation starvation, source exhaustion, and the ef-
fect of dislocation source length [3,4]. In the case of the latter mech-
anism, the strength of the sample is controlled by the longest
dislocation source, which is the first dislocation activated by the ap-
plied stress. Parthasarathy et al. [5] presented an equation to de-
scribe the probability for the maximum distance from the pin to
the free surface that leads to the longest dislocation arm. They also
proposed an equation to incorporate the dislocation source length
into the calculation of critical resolved shear strength (CRSS) [5].
Rao et al. [6] incorporated 3-D discrete dislocation dynamics (DDD)
and investigated the athermal mechanisms of size effects during
the micropillar compression test. They reported the values of largest
source length for 26 different samples with the same size and initial
dislocation density [6]. El-Awady et al. [7] investigated the size
effects using 3-D DDD and observed that the mean dislocation
length governs the size effects. They incorporated a random disloca-
tion length distribution that follows the two-parameter Weibull
.
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distribution [7]. El-Awady et al. [7] observed that to reproduce the
experimental results obtained by Dimiduk et al. [8] and Frick
et al. [9], the mean length of dislocation should be chosen equal to
the D/25 which D is the pillar diameter. They also observed that the
dislocation lengths close to the pillar diameter are rare [7]. Cui
et al. [10] studied the dislocation source as the governingmechanism
of size effects using 3-D DDD. They measured the stable source
lengths for samples with various sizes and observed that the average
stable source lengths is a function of sample diameter (Cui et al.
[10]). El-Awady [11] conducted 3-D DDD simulations of pillars with
various sizes and initial dislocation densities and captured the varia-
tion of mean dislocation length using the sample size and initial dis-
location density. The dislocation length distribution has been
extensively studied for bulk materials [7,12,13,14]. However, it has
not been investigated for samples of confined volumes. In the cur-
rent study, the size and strain rate effects are presented during the
micropillar compression test. The results show that increasing the
strain rate decreases the size effects. Next, it is shown that the dislo-
cation density is not the appropriate parameter for studying size ef-
fects in samples of confined volumes. Finally, the dislocation length
distribution is investigated for pillars of different sizes subjected to
the compression loading of various strain rates. The size and strain
rate effects are captured using the observed dislocation network
properties. It is shown that in the cases of the studied samples, one
should incorporate the largest dislocation length and not the mean
dislocation length to capture the size and strain rate effects.

The first mathematical prediction of effective dislocation source
length was proposed by Parthasarathy et al. [5]. They introduced the
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probability of a cylindrical sample with n pins to have the maximum
distance from the free surface equal to λmax as follows [5]:

p λmaxð Þdλmax ¼ 1−
π R−λmaxð Þ b−λmaxð Þ

πRb

� �n−1 π R−λmaxð Þ þ b−λmaxð Þ½ �
πRb

� �
ndλmax

ð1Þ

where R is the specimen radius, b=R/cosβ is themajor axis of the glide
plane, and β is the angle between the primery slip plane and the loading
axis. Using the probability function defined in Eq. (1), themean effective
source length λmax can be obtained as below [5]:

λmax ¼ ∫R0λmaxp λmaxð Þdλmax

¼ ∫R0 1−
π R−λmaxð Þ b−λmaxð Þ

πRb

� �n−1 π R−λmaxð Þ þ b−λmaxð Þ½ �
πRb

� �
nλmaxdλmax

ð2Þ

In the next step, the CRSS was related to λmax as follows:

CRSS ¼ αGb
λmax

þ τ0 þ 0:5Gb
ffiffiffi
ρ

p ð3Þ
(a) D = 45 nm 

(b) D = 150 nm 
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Fig. 1. The compressive responses of pillars at different strain rates of _ε1 ¼ 6:66e8 s−1,
_ε2 ¼ 3:33e8 s−1, and _ε3 ¼ 1:665e8 s−1 with the diameters of: (a) D = 45 nm (b)
D = 150 nm.
where α is a constant, G is the shear modulus, b is the Burgers vector, τ0
is the friction stress, and ρ is the dislocation density. The number of pins,
n, is also predicted as follows [5]:

n ¼ Integer
Lmobile

Lave

� �
ð4Þ

where Lave is the average length of dislocation segments, Lmobile=ρπR2h/s
is the total length of mobile dislocations, h is the height of the pillar, and s
is the number of slip systems. Basically, Parthasarathy et al. [5] and later
Rao et al. [6] related the size effects to the average largest source length
λmax. El-Awady and his coworkers [7,11,15] related the size effects to
the mean dislocation length Lave. El-Awady [11] proposed an equation
to obtain Lave using the pillar diameter and initial dislocation density ρ0
as follows:

Lave ¼ bD
ffiffiffiffiffiffi
ρ0

p

β
for ρ0bρ

cr
0 ð5aÞ

Lave ¼ 1
α

ffiffiffiffiffiffi
ρ0

p for ρ0≥ρ
cr
0 ð5bÞ

where ρ0cr is the critical initial dislocation density at which Lave becomes
independent of sample size, and α and β are dimensionless constants.
Fig. 2.Variation of true stress versus the strain in the cases of the pillarswith the diameters
of 45 nm and 150 nm at different strain rates of: (a) _ε1 ¼ 6:66e8 s−1 (b) _ε2 ¼ 3:33e8 s−1

(c) _ε3 ¼ 1:665e8 s−1.

Image of Fig. 1
Image of Fig. 2


Fig. 2 (continued).

         (a) D = 45 nm 

          (b) D = 150 nm 
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Fig. 3. Probability distribution function of dislocation lengths at different strain rates of
_ε1 ¼ 6:66e8 s−1, _ε2 ¼ 3:33e8 s−1, and _ε3 ¼ 1:665e8 s−1 in the cases of pillars with the
diameters of: (a) D = 45 nm (b) D = 150 nm.
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In the current study, the molecular dynamics (MD) simulation is
performed using the parallel code LAMMPS [16] to study the size and
strain rate effects. The embedded-atommethod (EAM) potential devel-
oped by Mishin et al. [17] is used to model the Ni-Ni atomic interaction
[18]. Two pillar with circular cross section, heights of 90 nm and
300 nm, and aspect ratio of Length:Diameter = 2:1 are modeled,
which consist of 13 million and 487 million atoms, respectively. The
axis of pillars is along the [1 1 1] direction. The boundary conditions
are selected similar to the one described by Yaghoobi and Voyiadjis
[19] in which the top and bottom surfaces are set free. A prescribed
potential wall is incorporated to simulate the substrate. A large flat in-
denter is used to impose the compressive displacement with three
strain rates of _ε1 ¼ 6:66e8 s−1, _ε2 ¼ 3:33e8 s−1, and _ε3 ¼ 1:665e8 s−1,
which are in the common range of applied strain rates of the previous
works [19,20,21]. The following repulsive potential is incorporated to
model the interaction between the indenter and Ni atoms [22]:

Eind rð Þ ¼ εind r−rcð Þ2 rbrc ð6Þ

where εind = 1 eV/Å2, r, and rc=0.3 nm are the specified force constant,
distance from particle to the indenter surface, and cutoff distance, re-
spectively. The Si substrate is modeled using the Lennard–Jones (LJ) po-
tential as follows [22]:

ELJ rij
� � ¼ 4ε

σ
rij

� �12

−
σ
rij

� �6
" #

ð7Þ

where σ is the collision diameter at which ELJ=0, and ε is the depth of
the potential well. The LJ parameters are εNi−Si ¼ 1:5231e−20 J and
σNi−Si ¼ 3:0534 Åwith the cutoff distance equal to 2:5σ [22]. The veloc-
ity Verlet algorithmwith the time step of 5 fs is used to numerically inte-
grate the equations ofMotion The simulation is conducted using theNVT
ensemble [16]. The triangulationmethod [22–25] is incorporated to cap-
ture the precise cross section area during the simulation. The crystal
Analysis tool [26–29] is used to extract the dislocation structure from
the atomic trajectories. The dislocation network is visualized and ana-
lyzed using the software Paraview [30] and OVITO [31].

Since the samples are initially defect free at the start of MD simula-
tion, which is not true in the real experiments, the stress after the initial
nucleation is incorporated to study the size effects (see e.g. [19]). Fig. 1
(a) presents the variations of true stress (σ) and dislocation density (ρ)
versus the strain (ε) in the case of the smaller pillar at three different
strain rates of _ε1 ¼ 6:66e8 s−1, _ε2 ¼ 3:33e8 s−1, and _ε3 ¼ 1:665e8 s−1.
Fig. 1 (a) shows that in the case of the smaller pillar, the sample
strength is nearly independent of the strain rate. However, the disloca-
tion density increases as the strain rate increases. The results indicate
that the dislocation density is not an appropriate measure to study the
size effects in the case of metallic samples of confined volumes. Fig. 1
(b) presents the σ−ε and ρ−ε in the case of the larger pillar at three
different strain rates of _ε1 ¼ 6:66e8 s−1, _ε2 ¼ 3:33e8 s−1, and _ε3 ¼ 1:66
5e8 s−1. The dislocation density shows a similar trend compared to that
of the smaller sample as the strain rate varies. However, the results
show that the strength of the sample decreases by decreasing the strain
rate. Fig. 2 compares the responses of pillars with different sizes during
the compression test for different strain rates. The results show that as
the strain rate increases, less size effects are observed in the simulated
samples. In other words, increasing the strain rate decreases the size
effects.

In order to capture the observed results, the dislocation length distri-
bution is studied for different sample sizes subjected to various strain
rates. The distribution of each sample is obtained by averaging the dis-
tributions at five strain values of 0.1, 0.125, 0.15, 0.175, and 0.2. Fig. 3
presents the variation of probability density function (PDF) versus the
dislocation link length in both pillar sizes at different strain rates. The
vertical axis of Fig. 3, i.e. PDF, is presented in logarithmic form. In the
case of dislocation length distribution function of bulk materials, the
maximum PDF occurs for some dislocation length in the middle of the

Image of Fig. 3
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distribution, and the dislocation length distribution can be approximat-
ed by a Weibull distribution function, see e.g. El-Awady et al. [7]. In the
case of samples of confined volumes, however, the results show that
most of the dislocation lengths are populated in the first length bean,
which has the smallest length. In other words, the maximum PDF oc-
curred at the smallest dislocation length bean. It is due to the activity
of cross-slip as the major deformation mechanism in the samples with
confined volumes [19]. To verify the proposed description, the disloca-
tion visualization of both pillar sizes at ε=0.2 for strain rate of _ε2 is pre-
sented as an example in Fig. 4. The visualization results show that the
main mechanism of deformation is cross-slip which produces many
small dislocations. A similar trend can be observed in the results obtain-
ed by Hussein et al. [32] in whichmany small dislocations are produced
by incorporating the cross-slip in the DDD formulation.

In the case of the smaller pillar, the values of average dislocation
length Lave are 25.29 Å, 27.03 Å, and 27.2 Å at strain rates of _ε1, _ε2, and
_ε3, respectively. In the case of the larger sample, the average dislocation
length values are 21.09 Å, 23.2 Å, and 24.75 Å at strain rates of _ε1, _ε2, and
_ε3, respectively. As described by El-Awady [11], Lave can be a function of
dislocation density and sample size depending on the dislocation densi-
ty of the sample. Considering the order of dislocation density which is
1016 m−2, the Lave should follow Eq. (5b) in which the Lave is indepen-
dent of the sample size and has an inverse relation with the dislocation
density. The results show that Lave independent of the sample size, i.e.
Lave of the larger pillar are close to that of the smaller one and even
the smaller pillar has slightly larger Lave. Also, as the strain rate in-
creases, Lave decreases which is due to the fact that increasing the strain
rate increases the dislocation density. Eq. (5), which was proposed by
El-Awady [11], can be micromechanically justified based on the
(a) D = 150 nm
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Fig. 4. The dislocation network at ε=0.2 for the strain rate of _ε2 ¼ 3:3
dislocation network characteristics. In the region of small dislocation
densities, i.e. Eq. (5a), increasing the sample size and dislocation density
increases the chance of larger dislocation formation. In the region of
high dislocation densities, however, increasing the dislocation density
increases the chance of dislocations colliding with each other and dislo-
cation refinement which decrease the dislocation length and conse-
quently Lave.

The values of the
ðLaveÞ _ε3
ðLaveÞ _ε1

for smaller and larger pillars are 1.08 and 1.17

which are very close to each other. However, the strength of the smaller
sample does not change as the strain rate varies while the larger sample
inhibits significant strain rate effects. The results show that the strain
rate effects cannot be captured using Lave. Another way to reach the
same conclusion is since Lave is a function of dislocation density, and dis-
location density variation is not capable of capturing size effects as
shown in Fig. 1. Accordingly, Lave is also not an appropriate dislocation
network property to study the size effects.

Another dislocation network property which can be incorporated to
study the size effects is the largest dislocation length Lmax. Here, the Lmax

is averaged atfive strain values of 0.1, 0.125, 0.15, 0.175, and 0.2 for each
pillar size and strain rate. The values of Lmax for the smaller sample and
different rates of _ε1, _ε2, and _ε3 are 377.9 Å, 415 Å, and 432.9 Å, respec-
tively. In the case of the larger sample, Lmax values are 605.8 Å,
783.4 Å, and 1095.6 Å for strain rates of _ε1 , _ε2 , and _ε3 , respectively.

The values of the
ðLmaxÞ _ε3
ðLmaxÞ _ε1

for smaller and larger pillars are 1.14 and 1.81

which shows a great difference compared to the values of
ðLaveÞ _ε3
ðLaveÞ _ε1

. As an

example, in the case of Fig. 4, the true stresses for smaller and larger pil-
lars at ε=0.2 and strain rate of _ε2 are σD=45 nm = 4.72 GPa and
(b) D=45 nm
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σD=150 nm = 3.75 GPa, respectively, where σ1/σ2=1.26. The average
dislocation length for the smaller and larger pillars are
(Lave)D=45 nm=25.7 Å and (Lave)D=150 nm=26.1 Å, respectively,
which are nearly similar. The maximum dislocation length, on the
other hand, for the smaller and larger samples are (Lmax)D=45 nm=
442 Å and (Lmax)D=150 nm=641 Å, respectively, which shows that the
sample with smaller Lmax has the larger strength. The results show
that themaximumdislocation length Lmax is the appropriate dislocation
network property to study the size effects and not the Lave. It is due to
the fact that there are tremendous small dislocations induced by the
cross-slip in the samples of confined volumes, which was also observed
by Hussein et al. [32]. Accordingly, the average dislocation length is
highly influenced by the small dislocations, and the effect of maximum
source length on Lave diminishes. Themaximumdislocation length Lmax,
on the other hand, is fully capable of capturing size and strain rate ef-
fects. For example, the results observed in Fig. 2 can be fully explained
by Lmax. The Lmax in the larger pillar divided by that of the smaller pillar
is 1.6, 1.89, and 2.53 at different strain rates of _ε1, _ε2, and _ε3 which shows
that increasing the strain rate decreases the size effects by decreasing
the difference between the Lmax for samples of different sizes. The ob-
tained results are important for many applications such as electronic
packaging, where material properties are obtained from large samples
in centimeters, however, the actual structures are in microns and nano-
meters [33,34].

This research was conducted with high performance computing re-
sources provided by Louisiana State University (http://www.hpc.lsu.
edu) and Louisiana Optical Network Initiative (http://www.loni.org).
The current work is partially funded by the NSF EPSCoR CIMM project
under award #OIA-1541079.
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