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Abstract

We perform three-dimensional dislocation dynamics simulations of solid and
annular pillars, having both free surface boundary conditions, or strong barri-
ers at the outer and/or inner surfaces. Both pillar geometries are observed to
exhibit a size effect where smaller pillars are stronger. The scaling observed
is consistent with the weakest-link activation mechanism and depends on the
solid pillar diameter, or the annular pillar effective diameter, D¢y = D — D;,
where D and D; are the external and internal diameters of the pillar, respec-
tively. An external strong barrier is observed to dramatically increase the
dislocation density by an order of magnitude due to trapping dislocations at
the surface. In addition, a considerable increase in the flow strength by up to
60% from simulations having free surface boundary conditions is observed.
As the applied load increases, weak spots form on the surface of the pillar
by dislocations breaking through the surface when the RSS is greater than

the barrier strength. The hardening rate is also observed to increase with
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increasing barrier strength. With cross-slip, we observe dislocations mov-
ing to other glide planes, and sometimes double-cross slipping, producing a
thickening of the slip traces at the surface. Finally the results are in qualita-
tive agreement with recent compression experimental results of coated and
centrally filled micropillars.

Key words: Dislocation Dynamics, Micropillar Coating, Size Effects,

Plasticity

1. Introduction

Recently, Uchic et al. (2004) developed a new experimental methodology,
to study the flow behavior of micron-sized crystals. In this methodology,
micron scale samples were fabricated with a Focused Ion Beam (FIB), then
tested under uniaxial compression using a nano-indentation system equipped
with a flat ended diamond tip (Uchic et al., 2003, 2004; Uchic and Dimiduk,
2005). This methodology sparked a wide interest in the plasticity and size
effects at micron-scales, from both the experimental and modeling perspec-
tives. A myriad of adaptations to this methodology have been applied to
study a variety of materials, and to address different aspects of the plasticity
at such small scales (Uchic et al., 2009; Oh et al., 2009; Shim et al., 2009; Ng
and Ngan, 2009; Shade et al., 2009).

From these experimental results, a consistent size-dependency of the flow
strength on the sample diameter was observed (Uchic et al., 2009). In ad-
dition, the flow strength was observed to be stochastic in nature, with the
micro samples deforming through discontinuous events that span several or-

ders of magnitude in size. To explain such unusual observations, Greer et al.



(2005) proposed the idea of dislocation starvation. In this hypothesis it was
assumed that dislocations escape the pillars faster than they can multiply,
thus, leaving the pillars dislocation free, and much stronger. Although, for
pillars having diameters smaller than D = 0.2 um, some experimental obser-
vations seem to agree with this hypothesis (Shan et al., 2008; Lee et al., 2009),
it was later set aside in the case of larger pillars (Uchic et al., 2009). From
both theoretical studies and dislocation dynamics simulations (Benzerga and
Shaver, 2006; Parthasarathy et al., 2007; El-Awady et al., 2008; Rao et al.,
2008; Tang et al., 2008; El-Awady et al., 2009; Uchic et al., 2009; Benzerga,
2009) it was argued that the strengthening and stochastic effects observed
in experiments, can be explained by the activation and subsequent exhaus-
tion of dislocations from the weakest sources available in the crystal. These
sources are typically double-pinned FrankRead sources, or truncated single
dislocation arms that are pinned from one end inside the crystal and termi-
nating at the surface from the other end. This has been referred to as the
"weakest-links activation mechanism”. This was also confirmed by transmis-
sion electron microscopy (TEM) observations of compressed pillars (Norfleet
et al., 2008). In addition, recent in situ tension experiments of sub-micron
Al crystals (Oh et al., 2009) validated the stochastic effect and the source
truncation mechanism identified through dislocation dynamic simulations.
The current authors have recently performed detailed analysis to study
the effects of different initial dislocation densities and dislocation-source
lengths on the size scaling and stochastic response of micropillars (Parthasarathy
et al., 2007; Rao et al., 2008; El-Awady et al., 2009). In addition to linking

the flow strength size-scaling to the weakest-dislocation-links available in the



micropillar, it was also shown that for a higher initial dislocation density a
low scaling response is observed, and vice versa. For large pillar sizes, simu-
lations having high initial dislocation densities were observed to result in a
high flow stress. This is due to the dominance of forest-hardening processes
for these larger pillars. Such trend is reversed at smaller sizes were higher
dislocation densities will result in a weaker pillar. They also observed that
the scatter is considerably less for high dislocation density simulations com-
pared with low-density simulations. Such a barrier may be unintentionally
formed as in the case of an amorphous layer which is a byproduct of milling
using a Focused Ion Beam (FIB) on some materials (Rubanov and Muroe,
2004; Maag et al., 2006; Kiener et al., 2007), or intentionally formed by coat-
ing/filling the specimen with a material that is much stronger than its bulk
(Baker et al., 2003; Nicola et al., 2006; Ng and Ngan, 2009). In particular,
attention will be given to the influence of such barriers on the flow strength
and work-hardening.

Previously, Nicola et al. (2003, 2006) performed two-dimensional dislo-
cation dynamics simulations to study the effect of impenetrable boundaries
on the plastic deformation in freestanding thin films. Although, such ob-
servations provide some insight on the effect of the presence of strong in-
terfaces, they do not account for important three-dimensional effects (Nix,
1998). These include the complex character of the dislocations, line tension,
and the interaction of dislocations not parallel to existing misfit disloca-
tion lines along the interface. In addition, Espinosa et al. (2006) performed
three-dimensional dislocation dynamics simulations to study the size effects

in freestanding films. These simulations were carried out on rectangular sim-



ulation cells corresponding to a columnar grain, and the grain boundaries
were assumed impenetrable. The initial conditions of these simulations in-
cluded placing all dislocation sources at the grain boundaries with the bulk
left initially free from any dislocation sources. Such assumptions are not
consistent with experimental observed dislocation structures and densities
found in bulk crystals and micropillars (Dimiduk et al., 2005; Greer et al.,
2005; Norfleet et al., 2008; Oh et al., 2009), or the fact that dislocations can
escape by being transmitted across the boundary (de Koning et al., 2002).
In the following, we will study these effects by performing three-dimensional

(3D) dislocation dynamics (DD) simulations of solid and annular pillars. The
influence of the strength of the pillar surface on dislocation evolution, work-
hardening and stress will be examined parametrically. In addition, the effect
of cross-slip activation is also discussed. In Section 2, we first give a brief out-
line of the computational method and the setup of the computer simulations.
Then, in Section 3, the simulation results, including the stress-strain behav-
ior, dislocation density versus strain relationship, and dislocation microstruc-
ture evolution are discussed in detail. Finally, a discussion and conclusions

are given in Section 4.

2. Computational Method and Problem Setup

In order to properly treat the dislocation free surfaces, the Boundary
Element Method (BEM) is coupled with a three-dimensional (3D) Parametric
Dislocation Dynamics (PDD) method. This methodology, recently developed
by El-Awady et al. (2008), is well suited for studies of plastic deformation

in small volumes. In this technique, the total stress and displacement fields



are evaluated as the superposition of the elastic field in an infinite medium
generated by all dislocation loops in the finite volume, and the correction
field resulting from enforcing the boundary conditions. The elastic field of a
dislocation loop is computed using the fast-summation method developed by
Ghoniem and Sun (1999). The correction field is then obtained by inverting
the traction on the surface of the finite volume produced by all dislocation
loops in the system and solving a system of boundary integral equations
within the framework of the BEM to account for the correct displacement
and traction boundary conditions. Finally, the total stress and hence total
force on each dislocation loop can be computed (El-Awady et al., 2008).
Subsequently, the evolution of the microstructure can then be obtained using
the framework of the PDD method by solving a quasi-static equation of
motion that relates the velocity of the dislocation to the forces acting on
it through a viscous drag relationship. In FCC crystals, the dislocation
mobility (inverse of resistivity) can be assumed to be spatially isotropic, and
the dislocation resistivity is on the order of 5107° Pa s. Further details on
the computational method can be found elsewhere (Ghoniem and Sun, 1999;
Ghoniem et al., 2000; El-Awady et al., 2008).

All the following simulations are carried out in solid and annular cylin-
drical micropillars. These micropillars are assumed to be face-centered-cubic
(FCC) single-crystals, oriented for multi-slip with the [001] direction parallel
to the micropillar axis. The crystal properties used in the simulations are
those of nickel. A schematic of the geometries of the simulated micropil-
lars are shown in Figure 1. The aspect ratio in all simulations is fixed at

L : D = 3:1. For the solid cylindrical geometry, the pillar diameter is var-



ied from D = 0.25 to 5.0 ym. On the other hand, the annular pillars external
diameter is fixed at D = 1.0 pm, while the internal diameter is varied such

that D; = 0.1, 0.25, and 0.5 pm, respectively.

-

-7/\ z: [001] //t:j\

x: [100] y: [010]

(a) (b)

Figure 1: Schematic of the simulated single-crystal micropillars oriented in the [001] di-
rections: (a) solid micropillar; and (b) annular micropillar. A constant aspect ration of

L:D =3:1 in all simulations.

The initial dislocation microstructure was generated by randomly popu-
lating all slip systems with single-ended and double-ended sources, having a
random length, A, such that 0 < A\/D = 0.5 (El-Awady et al., 2009). Three
initial dislocation densities were used for simulations of solid micropillars
having sizes between D = (0.25, and 1.0 gm as summarized in 1. Due to the
intense and time consuming computations required for the larger, D = 5.0
pm solid micropillar, only one initial dislocation density of 1.6 x10'? m—2

was used for these simulations. For reference purposes later on in this pa-

per, simulations with the lower dislocation density in each micropillar will be



termed “Case 1”7, and simulations with the intermediate dislocation density
will be termed “Case 27, while those with higher densities will be termed

“Case 3”7 as noted in 1.

Table 1: Initial dislocation density of the simulated solid micropillars

D pm Case 1 Case 2 Case 3

0.25 | 6.7 x102 m™2 9.7 x10? m=2 11.5 x102 m~2
0.5 |38 x102m2 6.7 x102m2 11.5 x10? m™2
0.75 | 1.3 x102 m2 6.7 x102? m=2 11.5 x10'2 m~2
1.0 [ 1.0 x102? m™2 1.1 x10”? m™2 3.7 x10'2 m~2

The initial dislocation microstructure of the annular micropillars were
generated from the D = 1.0 um solid micropillars by carving out a cylindrical
volume with the desired internal diameter along the center. One annular
micropillar having D; = 0.5 um, was generated from the D = 1.0 pm solid
2

micropillar having initial density of 1.0 x 10> m™2. The resulting initial

dislocation density was 1.3 x 102 m~2

. On the other hand, three annular
micropillars having D; = 0.1, 0.25, and 0.5 pm, were carved out of the
D = 1.0 pum solid micropillar having initial density of 3.7 x 102 m~2. The
resulting initial dislocation density for the annular pillars were 3.74, 3.95,
and 3.83 x10'2 m~2, respectively.

A compressive stress is applied in the [001] direction, while the bottom
of the simulated pillar are assumed fixed. Consistent with previous micro-
compression experiments and simulations, the compressive stress is applied

through a mixture of a strain controlled- and a stress controlled-type of

loading (Uchic et al., 2004; Uchic and Dimiduk, 2005; Rao et al., 2008). First,



a constant strain rate, ¢, is imposed and the rate of loading is computed from

b= B2, 1)

where ¢ is the applied stress rate, F is the elastic modulus of the material, and
€p is the plastic strain rate which is proportional to the total area swept by
the dislocations in the system. At any subsequent time step, if the calculated
plastic strain rate is smaller than the applied strain rate, (i.e. €, < €), the
rate of loading is computed again following equation (1). On the other hand,
if this computed plastic strain rate is greater than the applied strain rate, (i.e.
€, > €), the rate of loading is set to zero. This condition is then maintained
until the computed total strain becomes equal to or greater than the applied
strain rate multiplied by the elapsed time, (i.e. (e.+¢,) < éAt). This loading
sequence is then repeated throughout the simulation. The constant strain

rate used in the current simulations was set at ¢ = 50 s~ 1.

3. Simulation Results

In our simulations, the strong barrier is assumed to be impenetrable by
dislocations moving in the bulk of the pillar, as long as the resolved shear
stress (RSS) is below a critical value, o.. This stress is the Koehler barrier
strength required for a dislocation to break through the interface between the
pillar and the stronger outer layer. Such strengthening effect is attributed
to the elastic modulus mismatch across the interface, lattice resistance mis-
match influencing the core structure, and any coherency strains (Rao and
Hazzledine, 2000). From atomistic simulations of Cu-Ni multilayered systems

(Rao and Hazzledine, 2000), it was reported that this barrier strength, o,



can range between 15 to 60 times higher than the bulk strength, o, depend-
ing on the thickness of the layers, dislocation character, and the interface
orientation. This is also consistent with dislocation dynamics simulations
performed on anisotropic Cu-Ni multilayers (Ghoniem and Han, 2005).

Similar behavior is also observed in dislocations penetrating through grain
boundaries. For this case, the work done by the RSS on the dislocation
needs to be greater than the combined energies of the grain boundary and
the dislocation debris at that boundary (Li et al., 2009). Depending on the
misorientation angle between the adjacent grains, the strength required for
a dislocation to penetrate through the grain boundary was reported to be
about 12.5 times the bulk strength, for very small misorientation angles, up
to 200 times the bulk strength for large angles (Hasson and Goux, 1971;
de Koning et al., 2002; Li et al., 2009).

In lieu of such observation, a range of barrier strengths were considered in
order to examine the effects parametrically. Two limiting cases are addressed,
namely a free surface case, o./0, = 0, and a completely rigid barrier 0./, =
oo. In addition to these limiting cases, two intermediate strengths are also
studied, namely, 0./, = 15, and 30, respectively. For Ni single crystals,
the bulk strength is equal to o, = 50 MPa as reported from experiments
(Dimiduk et al., 2005), and previous DD simulations (El-Awady et al., 2009).

Han and Ghoniem (2005); Akarapu and Zbib. (2009) developed analytical
technique to compute the image forces on a dislocation near the interface
between two bounded materials. It was shown that the image forces are
of significance when the dislocation is within 10-20 atomic planes from the

interface. Moreover, the maximum image stress a dislocation would sense is

10



precisely at the interface. In addition to other resistive forces arising from
structural effects of the interface, this is what composes the Koehler barrier
strength. Since the dimension of our simulation volumes are much larger than
the zone affected by the image field, as a first approximation we truncate the
image field to the interface where the maximum image stress (i.e. Koehler
barrier strength) is applied.

In the following, in Sections 3.1 and 3.2 we first discuss the effect of
the barrier strength on solid, and annular micropillars, respectively, without
the activation of cross-slip. We then discuss the effect of the activation of

cross-slip on the results, in Section 3.3.

3.1. Solid micropillars

The stress-strain relationships, without cross-slip activation, for solid mi-
cropillars having sizes D = 0.25, 0.5, 0.75, and 1.0 um, are shown in Figure
2. For each size, the effect of varying the barrier strength, while the ini-
tial dislocation microstructure remains the same, is observed. Both the flow
strength, as well as the hardening rate, increases with the increase in the bar-
rier strength, o.. In the range of sizes simulated here, for a barrier strength
of o./0, = 15, the flow strength at 0.5% strain, increases by 30 — 50% from
simulations with free surface boundary conditions. In addition, for a bar-
rier strength of o./0, = 30, the flow strength at 0.5% strain, increases by
50 — 70%.

The hardening is also affected by the barrier strength. For the lower
barrier strength, large strain bursts initiate at smaller strains and stresses.
These strain bursts are associated with dislocation instabilities in the crystal,

and arise from the collective, avalanche-like motion of the dislocations. This
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(a) D=0.25 pm (b)D=0.5 um
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Figure 2: The computed stress-strain relationship of four solid cylindrical micropillars
having sizes: (a) D = 0.25 pm; (b) D = 0.5 pm; (¢) D = 0.75 pm; and (d) D = 1.0
pm. For each size, the initial dislocation microstructure is the same with the different
barrier strength simulations. The green lines are free surface simulations, blue lines are
simulations with o./0, = 15, red lines are simulations with o./c, = 30, and cyan lines
are for fully impenetrable rigid surfaces. Solid lines, dashed lines, and dash dot dot lines
are for simulations with “Case 17, “Case 2”7, and “Case 3” initial dislocation densities,

respectively.
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avalanche-like motion is attributed to the rise in the local stress state that
may lead to the destruction of jammed dislocation configurations. As the
barrier strength increases, the initiation of these large strain bursts are de-
layed to higher strain and stress regimes. In addition, as the barrier strength
increases the magnitude of the strain bursts decreases, which results in a
generally smoother stress-strain relationship. This can be observed for the
infinitely rigid surface simulations.

From Figure 2, it is clear that for each micropillar size the response of the
free surface simulations with the different initial dislocation densities varies.
This is in accordance with previous simulation results that show that varying
the source size distribution can lead to as much as 200-300% change in the
flow strength for each pillar size (Rao et al., 2008; El-Awady et al., 2009). It
is also observed that the magnitude of the effect of the presence of a strong
barrier depends on the initial distribution of dislocations in the crystal. In
the presence of a strong barrier, the evolving microstructure (i.e., dislocation
speed and shape) would change. Thus, dipoles/junctions that could have
formed in the absence of the strong barrier, may be instead avoided, and
vice versa. This could have a significant effect on the flow strength response
especially for the smaller crystals that have low initial dislocation densities,
and thus the available sources in the crystal are scarce. This is evident in
Figure 2 for simulations of pillar sizes D = 0.25 and 0.5 ym with the lowest
initial dislocation density (Case 1).It is observed that the flow strength in
these cases is higher for simulations with free surfaces than with a strong
interface. This is because a junction that has formed in the free surface

simulation was avoided in the strong barrier simulations. Thus, a higher
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applied stress was required to break this junction since there were no other
sources that could be activated at a lower strength. In the strong barrier
simulations this junction was avoided and the dislocations had to overcome
the barrier which had a lower strength than the junction. On the other hand,
for larger crystals or at higher dislocation densities, the crystal would have a
larger number of sources available to sample from. Thus, even if a junction
forms, the next available source will be activated at a lower strength rather
than breaking the junction.

In Figure 3, the dislocation density evolution of these micropillars are
shown as a function of the barrier strength. In the simulations with free
surfaces, the dislocation density is observed to increase slightly to a steady
state value due to dislocations multiplication, surface truncation and escape
from the pillar. On the other hand, for simulations with strong barriers, the
dislocation density is observed to increase rapidly by an order of magnitude
higher than for simulations of micropillars having free surfaces.

In Figure 4, the microstructure of a D = 1.0 pum solid pillar at 0.5% strain
is shown. The barrier strength was o./0, = 15, and the initial dislocation
density was that of “Case 2”7. In simulations of micropillars larger than a
few hundreds of nanometers having free surfaces, the dislocation sources are
mostly single ended sources. We observe that the flow strength is mainly
controlled by the weakest-link available in the system, which is bounded
by the radius of the pillar. In addition, the exhaustion of such sources is
attributed to junction formation and the activation of cross-slip, which is
consistent with previous studies (Parthasarathy et al., 2007; Rao et al., 2008;
El-Awady et al., 2008, 2009).
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Figure 3: The dislocation density-strain relationship of four solid cylindrical micropillars:
(a) D =0.25 pm; D = 0.5 pm; D = 0.75 pum; D = 1.0 um. For each size, the initial
dislocation microstructure is the same with the different barrier strength simulations. The
green lines are free surface simulations, blue lines are simulations with o./0, = 15, red
lines are simulations with o./0, = 30, and cyan lines are for fully impenetrable rigid
surfaces. Solid lines, dashed lines, and dash dot dot lines are for simulations with “Case
17, “Case 27, and “Case 3” initial dislocation densities, respectively. The arrows point at

instances when weak spots have formed at the barrier.
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(a) (b)

Figure 4: The microstructure at 0.5% strains of a D = 1.0 pm solid pillar having a barrier

strength o./op = 15: (a) full 3-D view; and (b) cross-sectional views. The two headed

arrows point at weak spots formed at the barrier.

For coated micropillars, as the weakest-links are first activated, some will
be quickly exhausted due to junction formation, or trapped at the strong bar-
rier, while the rest of the activated sources will continue to deposit additional
dislocations at the strong barrier. This leads to dislocation pileups at the
barrier, which exert an increasing back-stress on the operating sources. Even-
tually this back-stress leads to the complete shutdown of the active sources.
This processes coincides with the formation of a small strain burst that is
generally less than 0.05% strain. The pillar then deforms elastically until the

increasing applied load can aid in overcoming the back-stresses and activate

16



additional sources, or until the local RSS exceeds the barrier strength. This
latter event would then allow the leading dislocation to locally penetrate the
barrier (i.e. cracking the barrier) and escape the pillar leaving a surface step.
This is represented in our simulations by setting the barrier strength to zero
on the local slipped region on the slip plane where the dislocation has es-
caped. This initiates a local weak spot from which subsequent dislocations
can escape (see the two headed arrows in Figure 4). As a dislocation expands
towards a weak spot on its slip plane, only a length of that dislocation equal
to the length of the weak spot will be able to escape the pillar. The re-
mainder length of the dislocation will be trapped at the stronger barrier that
surrounds the weak spot as can be seen in Figure 4. Thus, more dislocations
will pileup, which would result in increasing the local RSS and forming more
weak spots on the slip plane. These weak spots will then interconnect in an
unzipping manner along the surface of the pillar resulting in a large strain
burst associated with a sudden drop in the dislocation density (see arrows in
Figure 3). If and when the dislocations escaping through these weak spots
are completely exhausted, further increase in the applied load is required to
activate other sources and create additional weak spots. This produces a
ladder-like hardening behavior.

When the barrier strength is relatively low, (e.g. o./0, = 15), these weak
spots initiate with a relatively large size and are dispersed at different loca-
tions on the surface of the pillar. This leaves wide gaps in the barrier, from
which dislocations trapped inside the pillar can escape, and thus leads to
larger strain bursts. On the other hand, when the barrier strength is rela-

tively higher, (e.g. o./0, = 30 and higher), when these weak spots initiate,

17



they are much smaller in size, and thus the strain bursts produced are much
smaller. Only when the applied load is high enough, these smaller weak spots
will interconnect or propagate in an unzipping manner, leading to a catas-
trophic flow event manifested in a large strain burst. The experimentally
observed dependency of a smooth versus jerky stress-strain relationship as a
function of the coating thickness (i.e. strength) reported by Ng and Ngan
(2009), can be attributed to this difference in the initiation and propagation

of the weak spots.

3.2. Annular micropillars

The effect of the barrier strength, without cross-slip activation, on the
response of three annular micropillars is shown in Figure 5. The external
diameter of all pillars is D = 1.0 um, and the internal diameters are D; = 0.5,
0.25, and 0.1 pum, respectively. Different boundary conditions were examined,
with the internal and/or external surfaces simulated with a strong barrier
and free surfaces. Similar to the results of solid micropillars, it is observed
that increasing the barrier strength results in a stronger pillar. In addition,
annular micropillars simulated with an external barrier only are observed to
be stronger than the same annular micropillar with only an internal barrier.
Also, for simulations with both internal and external barriers, the pillar low
strength is even higher.

The strengthening appears to be proportional to the “hard”surface to
volume ratio. When this ration is small, the effect of the strengthening is
observed to be minimal. On the other hand, when the hard surface to volume
ration is large, the effect of strengthening can be substantial. As observed

in Figure 5 for an annular pillar with internal diameter 0.5 pum, the flow
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Figure 5: The stress-strain relationship of three annular pillars having an external diameter
D = 1.0 pm and internal diameter: (a) D; = 0.5 um; (b) D; = 0.25 pm; and (¢) D; = 0.1
pm. For each size, the initial dislocation microstructure is the same for the different
barrier strengths simulated. Dashed lines are for “Case 1” simulations, and solid lines are

for “Case 2”7 simulations.
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strength at 0.5% strain can increase by up to 50%, compared to the same
annular pillar simulated with a free-surface boundary conditions. On the
other hand, for an internal diameter of 0.1 um, the strengthening is only
a few percent higher. This difference may be attributed to two boundary
effects produced by the larger hard surface to volume ratio, first the sources
in these pillars are much smaller due to the smaller volume, and second more
dislocations get trapped due to the large hard surface area.

This is evident from the dislocation density evolution shown in Figure
6 where the densities shown here are for the same micropillars discussed in
Figure 5. The effect of a strong internal barrier is observed to be dependent
on the internal diameter, D;. As D; increases, more dislocations are trapped
at the internal barrier, and the dislocation density increases. For the case
with D; = 0.5 pum, the dislocation density can increase by 10 to 20 times,
depending upon the barrier strength, compared to those in the same annular
pillars having free-surface boundary conditions. For the annular pillars with
a much smaller internal diameter, D; = 0.1 um, the dislocation density
does not change much from simulations with free-surfaces. This is because
the internal surface is small and only a small number of dislocations will
be trapped at that barrier, thus minimally affecting the plasticity of these
pillars. On the other hand, the effect of an external barrier is independent
of the internal diameter. The presence of an external barrier is observed
to increase the dislocation density by 15 to 20 times from simulations with
free-surfaces.

The effect of the internal diameter on the microstructure evolution in

annular pillars with free surfaces is shown in Figure 7. The two pillars have
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an external diameter D = 1.0 pym and internal diameters D; = 0.5, and
0.1 pm, respectively. The initial microstructure is that of “Case 27. As
dislocation sources are activated, they expand and terminate at either the
internal or external surfaces. This will generate new single ended sources
that are either of an equivalent or shorter lengths. As these new sources are
further activated, they will expand and terminate at the other free surface.
Thus producing threading dislocations that span the length between the two
free surfaces. This is similar to the microstructure observed in thin metal
films (Nix, 1998).

Figure 8 shows the effect of the barrier strength on the microstructure
evolution of the same two pillars discussed in Figure 4. In Figure 8-a, only
the external surface has a barrier strength of o./0, = 15, while the internal
surface is free. In Figure 8-b both the internal and external surfaces have a
barrier strength of 0. /0, = 30. It is clear that more dislocation are trapped at
the external surface barrier when the barrier strength is higher (o./0;, = 30).
In addition, in the annular pillar with the small internal diameter of D; = 0.1
pm, although the internal surface has a barrier with a high strength, only a
small number of dislocations are trapped at that surface verses those trapped
at the outer surface. As more dislocations are activated due to the increase
in the applied load, more dislocations pileup at the surface barriers, and thus
increase the back-stress on the leading dislocations at the surface barrier.
When this stress locally exceeds the barrier strength, the leading dislocation
will break through the barrier, leaving a week spot from which subsequent

dislocations can escape from.
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Figure 7: Comparison between the microstructure evolution of two simulated annular
pillars. Both annular pillars having an external diameter D = 1.0 ym. In (a) the mi-
crostructure for an internal diameter of D; = 0.5 um, is shown at 0.257%, and 0.647%
strain, respectively. In (b) the microstructure for an internal diameter of D; = 0.1 pm, is
shown at 0.255%, and 0.522% strain, respectively. Both internal and external surfaces are

simulated as free surfaces.
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Figure 8: The effect of the barrier strength on the microstructure evolution of two simu-
lated annular pillars having D = 1.0 ym and: (a) D; = 0.5 um, external surface barrier
strength o./0, = 15, and a free internal surface; (b) D; = 0.1 pum and an external and

internal surface barrier strengths of o./0, = 30.
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3.3. Effects of cross-slip activation

Dislocation cross-slip is generally associated with several aspects of macro-
scopic materials deformation. In addition to controlling stage-III work-
hardening in bulk materials, cross-slip is also associated with substructure
morphology and evolution. On the other hand, at the micron and submicron
scales, cross-slip activation and its effects is still under debate (Lee and Nix,
2010). A number of recent 3DD simulations have discussed the importance
and effects of cross-slip on the plasticity of micropillars (El-Awady et al.,
2009; Motz et al., 2009; Zhou et al., 2009). In all DD simulations, cross-slip
activation is based on a stochastic probabilistic model (Kubin et al., 1992).
Further details about this model probabilistic model within our current PDD
framework can be found elsewhere (El-Awady et al., 2009).

In Figure 9, a comparison between the stress-strain response with and
without cross-slip activations is shown for three solid micropillars of sizes
D = 0.5, 0.75, and 5.0 gm, and one annular pillar with D = 1.0 gm and
D; = 0.5 um. The results are shown for barrier strengths o./0, = 15, and
o./op, = 30. It is observed that for smaller pillars D < 1.0 pm, the strength
of the pillars drops by about 10% for simulations with cross-slip activation
versus simulations without cross-slip activation. This is true for both solid
and annular micropillars. On the other hand, for the larger pillar simulation
(i.e. D = 5.0 um) cross-slip activation was observed to have the reverse
effect.

This can be explained as follows. For smaller pillars having low dislocation
densities (in the range of 10 to 10'® m~2) the number of sources available in

the pillar are limited (Rao et al., 2008; El-Awady et al., 2009). As the applied
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Figure 9: Comparison between the stress-strain response with and without cross slip
activation of: (a) D = 0.5 um solid micropillar; (b) D = 0.75 pm solid micropillar; (¢) D =
5.0 pm solid micropillar; and (d) D = 1.0 pm and D; = 0.5 pm annular micropillar. Solid
and dashed lines are for simulations with, and without cross-slip activation, respectively.
The external and internal surfaces were assumed to have barrier strength o./0, = 15 (blue

lines), and o./op = 30 (red lines).
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load increases and these sources are activated, dislocations will pileup at the
strong barrier. As the back stress builds up, screw dislocations close to the
barrier will then have a high probability of cross-slipping to an equivalent
slip plane. This has the effect of carrying the plastic flow to planes on which
the dislocation can freely glide without the need to increase the applied load
further. The flow strength of these small micropillars will thus be lower than
equivalent pillars when cross-slip is not considered.

This can be clearly observed from the microstructure at 0.4% of an annu-
lar pillar with D = 1.0 gm and D; = 0.5 um shown in Figure 10. Both the
internal and external surfaces have a barrier strength of o./0, = 15. In Fig-
ure 10-a, no cross slip activation was included and it is clear that dislocation
activation is limited to a small number of planes. Thus, higher stresses are
required for the dislocations to penetrate through the strong barrier. On the
other hand, in Figure 10-b cross-slip activation was included and it is clear
that dislocations have cross-slipped to other slip systems were they can glide
on more freely.

On the other hand, for the larger pillar simulations, more dislocation
sources are available in the pillar. With the activation of cross-slip, the con-
tinuous propagation and trapping of dislocations at the strong barrier will
result in an inhomogeneous dislocation accumulation. Such an inhomoge-
neous dislocation accumulation leads to the development of slip bands that
would create new internal barriers and affect the flow strength of the crystal
(Wang et al., 2009). In the smaller crystals this inhomogeneous dislocation
accumulation is less severe since the number of dislocation sources is limited.

Thus, slip bands are less likely to be developed. In Figure 11, the microstruc-
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ture at 0.1% strain of D = 5.0 um solid micropillar is shown. The external
surface has a barrier strength of o./0, = 30. With cross-slip, we observe
dislocations moving to other glide planes, and sometimes double-cross slip-
ping, producing a thickening of the slip traces at the surface (consistent with
experimental observations (Dimiduk et al., 2005; Norfleet et al., 2008)). In
Figure 11, we capture elements of this process by plotting dislocations above
or below the slip planes of the original sources. In simulations without cross-
slip, dislocations are not observed running parallel to the original activated

slip planes.

4. Discussion and Conclusions

The observations from the current simulation results on both solid and an-
nular micropillars are consistent with experimental observations of coated /centrally-
filled micropillars with similar sizes performed by Ng and Ngan (2009).
From the experimental results, it was observed that for solid pillars of size
D = 1.2 pym, as the external coating thickness increases (i.e. stronger barrier
strength), the stress-strain relationship is generally smoother due to much
smaller strain bursts. On the other hand, for thin coatings (i.e. weak barrier
strength), the stress-strain behavior is jerky-like and similar to monolithic
pillars. The strengthening effect of the coatings was observed for both thin
as well as thick coatings, and the flow strength at 2% strain can reach up
to 80% higher than that of coat-free micropillars. From the current simula-
tions, the flow strength at 0.5% strain was observed to increase by 30 — 70%
depending on the barrier strength. In addition, for a lower barrier strength,

large strain bursts initiate at smaller strains and stresses. As the barrier
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Figure 11: The microstructure of a D = 5.0 um solid micropillar at 0.1% strain with the
activation of cross-slip. Thickening of the slip traces at the surface is observed in the sliced

3D view.

strength increases, the initiation of these large strain bursts are delayed to
higher strain and stress regimes and their magnitude decreases, which results
in a generally smoother stress-strain relationship.

On the other hand, from the experiments, for center-filled pillars with
an outer diameter D = 1.2 ym and internal diameters in the range D; =
0.3 to ~ 0.5 pum, the flow strength at 2% strain was shown to be ~ 30 —

200% larger than filling-free annular pillars with similar internal diameter. In
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addition, similar to the current simulation observations, it was also observed
that annular pillars that have been both center-filled and externally coated
were stronger than the same annular center-filled pillars alone. From the
current simulations of annular pillars with an internal strong barrier, the
flow strength at 0.5% strain is observed to increase by up to 50% compared
to the same annular pillar simulated with free-surface boundary conditions.

It should be mentioned here that, the current simulations are differ-
ent than the experiments performed on centrally-filled micropillars (Ng and
Ngan, 2009). In the experiments, these centrally-filled annular pillars are
in fact solid pillars made up from two materials. Thus, these experiments
involve the compression of an annular pillar fabricated from a softer material
along with the compression of the deposited stronger material in the shape
of a solid pillar having an external diameter equal to the internal diameter of
the annular material. On the other hand, in the current simulations, only a
monolithic annular pillar with hard surfaces is compressed. This may explain
the much stronger effects observed experimentally with central-fillings versus
the current simulation results.

Annular micropillars clearly exhibit a size effect similar to that observed
in solid micropillars. In previous work on solid micropillars, it was shown
that the radius of the pillar is the limiting parameter for the length of the
activated dislocation sources (Parthasarathy et al., 2007; El-Awady et al.,
2009). In addition, the flow strength versus pillar diameter was shown to
follow a power law with an exponent that has been computed experimentally
and computationally to be in the range —0.4 to —1.0 (Rao et al., 2008; Uchic
et al., 2009).
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In Figure 12, a composite plot of the flow strength versus the micropillar
diameter for the current simulation results of solid and annular Ni micropil-
lars, in addition to the experimental results on Al coated and centrally filed
micropillars (Ng and Ngan, 2009). These data are superimposed on a shaded
area representing all the experimental and simulation results on solid mi-
cropillars as reported by Uchic et al. (2009). The flow strength is normalized
by the shear modulus and the Burgers vector of each material. Clearly, the
current results for solid and annular pillars, with and without a strong bar-
riers, fall within the same range of results of previous work on monolithic
micropillars.

A number of observations can be made about the results shown in Figure
12. The flow strength is typically computed at 2% strain for experimental
results. On the other hand, in 3-D DD simulations, due to the computa-
tional complexity of simulations over 1% strain, the flow strength is typically
computed in the range 0.5-1% strain. Thus, additional strain hardening that
can occur in the experiments at higher strains might not be represented by
simulation results. This is especially true for larger pillars, D > 5.0 pm,
where excessive forest hardening can take place as was discussed in Section
3.3. This in addition to the fact that the initial dislocation density in the
experiments on the largest pillars is already an order of magnitude higher
that used in the current simulations. These observations can explain the
excessive hardening observed experimentally for the largest coated pillars, at
2% strain, which is about 200%, versus only 20% hardening, at 0.15% strain,
for the current simulations on similar sized micropillars.

Also, it should be noted that the annular micropillars flow strength data
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Figure 12: The flow strength versus micropillar size for the current simulations of solid
and annular Ni micropillars, in addition to the experimental results of coated and center-
filled Al pillars by Ng and Ngan (2009). Flow strength data are normalized by the shear
modulus and the Burgers vector of each material. For the simulated annular pillars, the
effective diameter, D.ss = (D — D;), is used as the size of the pillar, while for all other
cases, the external diameter is used. The shaded area represents the range of experimental

and computational results as reported by Uchic et al. (2009).
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fall within the cloud of experimental and computational data obtained for
solid pillars. In addition, similar to observations on solid micropillars, large
scatter is observed from annular pillars results of the same size. It was
reported by El-Awady et al. (2009) that because of such huge scatter the
correlation between the flow strength and the pillar diameter is not strong.
Instead, a stronger correlation was obtained relating the flow strength to the
average length of the activated dislocation sources. This relationship is a
power law, with an exponent in the range -0.79 to -0.89 (El-Awady et al.,
2009). For the solid pillar having size D = 1.0 um and initial dislocation
density 3.7 x10'2 m~2, the average activated dislocation length was, \ =
0.216 pm and the flow strength, at 0.5% strain, was 234.2 MPa. By carving
annular pillars from this starting geometry with internal diameters of D; =
0.1, 0.25, and 0.5 um, the new average activated dislocation lengths were, A =
0.21, 0.1637, and 0.1124 um, respectively. The flow strength, at 0.5% strain,
of these annular pillars was 239.94, 300.79, and 392.28 MPa, respectively.
By using these data to compute the exponent relating these annular pillar
flow strengths to the average length of activated dislocations, we get an
exponent equal to —0.79. This is within the range of computed exponents of
solid pillars (El-Awady et al., 2009). Thus, similar to solid pillars, it can be
concluded that the size-effects observed for the annular pillars are consistent
with the “weakest-link activation mechanism”. Also, it should be noted that
the upper limit on the weakest-link in annular pillars is the effective radius
of the pillar, R.fr = (D — D;)/2.

Another important point that can be concluded from the current results

is the effect of the presence of an amorphous layer. This layer, if it exists,
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can have a width in the order of tens of nanometers depending on the bulk
material (McCaffrey et al., 2001). It also may act as a barrier to dislocation
motion. As observed from the results presented in Figure 12, if such a layer
would to exist, it might strengthen the pillar by up to 80% for solid micropil-
lars. Since, the observed and calculated size strengthening for FCC metals
is an order of magnitude larger than this, it can be concluded that even if
an amorphous layer is present, its effect on strengthening of the micropillar
is by no means a controlling factor in the observed size-dependance.

In summary, we have performed three-dimensional dislocation dynamics
simulations of solid and annular pillars having free surfaces, and strong ex-
ternal and/or internal barriers. The annular pillars are shown to exhibit a
similar size effect to that observed in solid pillars. The scaling observed is
consistent with the weakest-link activation mechanism and depends on the
effective pillar diameter, D.sy = D — D;. The presence of an external strong
barrier (or layer coating) is observed to dramatically increase the dislocation
density by an order of magnitude due to trapping dislocations at the strong
barrier. In addition, a considerable increase in the flow strength by up to
60% from simulations with free surface boundary conditions is observed. At
lower barrier strengths, large dispersed weak spots are initiated as the ap-
plied stress increases, while for higher barrier strengths these weak spots
are smaller and localize on a limited number of slip planes. This results in
a relatively smoother stress-strain response at higher barrier strengths. In
addition, the hardening rate is also observed to increase with increasing bar-
rier strength. Finally the results are in qualitative agreement with recent

compression experimental of coated and centrally filled micropillars.
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