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Introduction

Sensitive Material Behavior:
Theoretical Model and
Experiment for Compression
Collapse of Gold Particles
at Submicron Scale

Recent in situ TEM experiments observed that single crystalline gold particles with diam-
eter ranging from 300 to 700 nm suddenly collapse, accompanying numerous dislocations
escaping from the free surface during a flat punch pushing toward the particle. This col-
lapse is catastrophic for the microdevices in service. In this work, we numerically and
theoretically analyze the collapse mechanisms of this kind of “sensitive material.” First,
by carrying out molecular dynamics (MD) simulations and finite element (FEM) analysis,
we conclude that the strong strain burst in the collapse is derived from the robust emis-
sions of plentiful pile-up dislocations in a particular area. Then, on the basis of numeri-
cal analyses, a theoretical model based on the virtual work principle is developed to
predict the load—displacement curve during the indentation and reveal the energy dissi-
pation and transformation before the particle collapse. Furthermore, a micromechanics-
based dislocation pile-up model is established to quantitatively interpret the mechanism
of particle collapse. Based on these studies, we propose the dislocation avalanche at the
microscale depends not only on the peak stress but also on the stress gradients. The
research is helpful for the design of reliable microdevices. [DOI: 10.1115/1.4027916]

Keywords: sensitive material, single crystal gold particle, compression collapse,
theoretic model, submicron scale

nano-indentation for the metallic material of copper thin films,

With the rapid development of microelectromechanical systems
and the other small-scale devices, submicron materials have
recently attracted considerable interests. Recent in situ TEM tests
show that plastic behaviors in submicron single crystals such as
micropillars or particles differ significantly from macroscopic
plastic flow. Besides the well-known size dependent yield strength
[1-4], it has also become clear that the plastic deformation at
microscale proceeds in the intermittent way, accompanying a
strong displacement or strain burst [5-8]. The fine slip bands or
lines were widely observed during the strain burst in the single
crystalline micropillar compression tests of Cu and Mo [9,10].
Suresh et al. [11] also observed the abrupt displacement burst in
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and similar phenomenon was also discovered in aluminum thin
films [12]. Uchic et al. [13] carried out a series of tests on Ni
micropillars and revealed that the localized deformation during
strain burst is due to the escape of dislocations from free surface.
Nix et al. [14] found that the gold pillars may become dislocation
starved after each strain burst during the compression. More
recently, strain bursts are also discovered in the microshear
deformation of gold single crystals, which is ascribed to either the
formation of new shear bands or the sudden shear strain accumu-
lation events in existing shear bands [5]. These widely observed
“microscale plasticity instability” phenomena in various materials
with different shapes bring troubles to control the plastic forming
of the microdevices and make it difficult to predict the reliability
of microdevice in service.

Motivated by these experimental observations, a lot of theoreti-
cal and numerical studies have been carried out to reveal the
mechanism of plasticity instability at microscale. Several postula-
tions have been proposed to explain the instability in the bulk
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single crystalline materials. One of them is that the robust emis-
sion of dislocation loops under the indenter at a critical load facili-
tated the strain burst [15,16]. While some researchers regarded
that the indenter would trigger an abrupt invasion when a brittle
fracture started from the surface because of the presence of a
native oxide or some other coatings at the surface [12,17]. For
most cases, multiple displacement bursts are observed in the
nano-indentation or compression tests and the indentation
response between two successive bursts is nearly elastic; thus, the
dislocation nucleation and emission process may be the more
probable mechanism for the onset of strain burst. Ispanovity col-
leagues [18] indicated the fast dislocation avalanches played a
dominant role in the plastic response and revealed the relationship
between plastic strain rate and the distribution of dislocation
velocities. Gerberich et al. [19] established an analytical model
from the perspective of energy balance to explain the plastic insta-
bility for single and multiple dislocation events occurred in nano-
particles indentation, but the details of instability point and the
dislocation configuration were not given. In addition to the theo-
retical analyses, various numerical simulations have also been car-
ried out to investigate the small-scale instability [20-22]. Xu et al.
[23] employed MD to simulate the compression process of Al pil-
lars with different orientations and size, and investigated the
mechanisms of jerky deformation by analyzing the nucleation of
initial dislocations and the compression orientation. Weinberger
and Cai [24] studied the evolution of a dislocation network in a
gold nanowire at different orientations in torsion by MD simula-
tions and discussed the influence of the stacking fault energy of
the material and the diameter of the nanowire on the stability of
dislocation. Moreover, Ng and Ngan [25] found that the frequency
of the occurrence of sporadic bursts depended on applied stress,
creep time, and pillar size by a series of Monte Carlo simulations.
Li et al. [26] recently predicted the instability induced by disloca-
tion nucleation during the indentation of crystal through a multi-
scale crystal defect dynamics method. By systematically carrying
out 3D discrete dislocation dynamic simulations, Cui et al. [27]
found the strain burst during the compression of micropillars was
directly controlled by the operation and shutdown of the single
arm dislocation source. Above all, the understanding for the
mechanism of plasticity instability in micropillars or particles is
still very limited and remains to be further explored.

Recently, one kind of new collapse behavior was observed in
the compression experiment of single crystalline gold particles
with diameter ranging from 300 to 700 nm diameters embedded a
half in a silicon substrate. The particle suddenly collapsed and
numerous dislocations escaped from the free surface during a flat
indenter touching the head of particle. Interestingly, the
hemisphere-shaped particle would collapse into a truncated cone
without warning. This is very like the sensitive material in nature
that the plant immediately gets out of the way when it is touched
by the object. So, we term this new collapse behavior as sensitive
material phenomenon. However, what happened during the col-
lapse and whether there exists a new stability mechanism, which
controls the collapse, remain an opening problem.

In this paper, the compression experiment of single crystalline
gold particles is illustrated in Sec. 2. In Sec. 3, first with the help
of MD simulations and FEM analysis, we investigate the charac-
terization of plastic deformation under the indenter before particle
collapse. Then, on the basis of simulation results, a theoretical
model based on virtual work principle is developed in Sec. 4 to
understand the energy transformation and predict the load—
displacement relation before the particle collapse. Furthermore, a
dislocation pile-up model is proposed through the analysis of
stress distribution along a slip direction to explain the collapse
mechanism. It is found that dislocations would pile up in a stress
valley area, which is located at some distance away from the
contact surface. The collapse is ascribed to the sudden release of
pile-up dislocations from the particle surface in a critical state.
We infer that the microscale instability depends not only on
the peak stress but also on the stress gradients inside the

091007-2 / Vol. 81, SEPTEMBER 2014

hemisphere-shaped specimen. Eventually, some conclusions are
given in Sec. 5.

2 Experimental Observations

A series of compression experiments are carried out for the sin-
gle crystalline gold particles with size ranging from 300 to 700 nm
diameters embedded a half in a silicon substrate [28]. In the
experiments, the single crystal gold particles are fabricated as the
following steps, as illustrated in Fig. 1. First, a special silicon
wedge substrate is designed (Fig. 1(a)). Second, a thin SiO, layer
is deposited on the surface of the silicon wedge substrate as shown
in Fig. 1(b). Next, thin Au film is deposited on the surface of the
thin SiO; layer (Fig. 1(c)) like the second step. At last, the thin Au
film is transferred to a furnace and then annealed at 1150 °C in air
for 1h followed by furnace cooling down to room temperature.
From above process, some pristine perfect gold particles can be
obtained with sizes ranging from 300 to 700 nm embedded a half
in silicon substrate as shown in Fig. 1(d).

During the compression test, a flat punch under displacement
rate control mode was applied on a particle top. When the punch
pushed forward to some critical distance, the gold particle col-
lapsed immediately and was deformed as frustum of a cone as
shown in Fig. 2. After the cataclysmic collapse, stable plastic flow
proceeded during the following compression. The TEM images,
corresponding to the displacement bursts shown in the compres-
sive force—displacement curves in Figs. 2(a), 2(c), and 2(e), are
also given, respectively, in Figs. 2(), 2(d), and 2(f). This collapse
always happens without anticipatory warning and will bring
troubles for the fabrication of devices at submicron scales.

In the experiments, as the happening of cataclysmic displace-
ment collapses, numerous dislocations escape from the surface
and a nearly perfect particle is obtained after collapse. This large
displacement collapses are always accompanied by an extremely
high contact pressure. For the next stable plastic flow stage, the
contact pressure is nearly unchanged. From the observations
above, it is found that the collapse is a very complicated process
which involves a lot of challenging issues in submicron plasticity:
dislocation nucleation under the indenter and at free surface,
escape of dislocations from the free surface, interactions between
loop- and arc-shaped dislocations in a limited space, etc.

Wang et al. [28] preliminarily proposed that two primary fac-
tors are responsible for the cataclysmic displacement collapses.
The first one is the possibility of emitting the first dislocation

Silicon wedge

Silicon wedge

(d) Diamond tip

electrons —»

Au par[icle\

Silicon wedge Silicon wedge

Fig. 1 Process design for compression in situ experiment of
gold particle in TEM [28]: (a) silicon wedge substrate; (b) a thin
SiO, layer is deposited; (c) thin Au film is deposited on the sur-
face of the thin SiO, layer; and (d) Au particles are formed after
high-temperature annealing and for in situ TEM compression
test
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Fig. 2 (a) Compressive force versus displacement of Au particle with diameter 300 nm; (b)
TEM images during the burst process; and (c)-(f) experiment data and TEM images for par-
ticles with diameter 400 nm and 500 nm, respectively. Experimental data from Wang et al. [28].

from the free surface and the second one is the probability of cor-
related emissions of hundreds of dislocations. And the first one
should be the bottleneck for smaller samples since it is hard to
form jammed dislocations or store dislocations inside the samples
with small size, so the cataclysmic collapse is due to the very first
dislocation nucleation followed by numerous correlated nuclea-
tion events under the extremely high stress. While the second one
would be dominant for the sample with bigger size, because these
internal jammed dislocations could lead to plastic strain and
release the high stress close to the indenter, so the displacement
collapse would not happen until the storage of jammed disloca-
tions is beyond the samples’ capacities.

From the analysis above, it is clear that the strain burst process
in small-scale particles is mainly induced by the very first disloca-
tion nucleation event, so the collapse pressure is simply decided
by the dislocation nucleation stress. However, for sample with big
size, how the dislocations would nucleate and accumulate inside
the particles and what happened during the collapse remain
unclear. Aiming at studying these issues, both FEM analysis and
MD simulation are carried out in Sec. 3 to investigate the details,
e.g., the stress distribution and dislocation structures during the
indentation process.

Journal of Applied Mechanics

3 FEM and MD Analyses for the Indentation of Gold
Particle

First, FEM and MD analyses are carried out to understand
the process for two regimes in the compressive experiment of
particles. In regime I, the nucleation of the very first dislocation
plays a decisive role, while in regime II, the internal dislocation
multiplication and propagation is conclusive. To distinguish these
two mechanisms, we term the first collapse process as “correlated
emission mechanism” and the second one as “accumulated
emission mechanism.” These two dominant mechanisms will be
analyzed in this section.

3.1 FEM Simulations. Based on the analysis of two different
regimes above, we can assume that for regime I, the material is
elastic before collapse since few dislocations nucleate at this pe-
riod, and for regime II, an ideally elastic—plastic model is adopted
because of the abundant internal dislocation multiplication.
According to this, we carry out simple FEM simulations by com-
mercial software aBaQus for gold particle of diameter 500 nm
using different material models to further confirm the assumptions
above. In the FEM calculations, Young’s modulus is 54 GPa and
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Fig. 3 (a) Compressive force versus displacement results of
two simulations and experiment in 500 nm diameter particle; (b)
Mises stress distribution in 500 nm diameter particle for ideally
elastic—plastic model

Poisson’s ratio is 0.4. Both elastic and ideally elastic—plastic
models are adopted to verify the characteristic of the force—
displacement curve. For the ideally elasticisplacement curve. For
the ideally elastic—plastic model, the peak stress at the onset of
plasticity is chosen as 1.0GPa, which falls in the range of
0.8-2.7 GPa reported for the theoretical strength of Au in various
theoretical and numerical models [29-32]. In the simulations, the
crystalline gold particle was divided into 31,824 C3D8 elements
and the flat punch was simulated as a rigid body controlled by dis-
placement loading as shown in Fig. 3. The simulation results in
comparison with experimental data are given in Fig. 3(a). The
results reveal that the load in the perfectly elastic type would rise
in a parabola-kind way for the compressive experiment of the
hemisphere-shaped samples. While for the ideally elastic—plastic
model, the load increases in a linear way, and there is a significant
high stress region just below the flat punch as shown in Fig. 3(b).
Then, by comparing the FEM calculation results with experiment
data in Fig. 2, we can find that the basic characters of the experi-
mental load—displacement curves of particles with diameter
400 nm and 500 nm show an excellent linear relation before col-
lapse, and the experiment data of 500 nm diameter particle match
well with the ideally elastic—plastic model in the FEM simula-
tions. This demonstrates that abundant dislocations nucleation and
storage exist inside the particle during the compression experi-
ments. In contrast, the compressive force of 300 nm diameter par-
ticle continues to rise in a parabola-kind way before collapse,
which is consistent with the elastic model. It indicates that few
dislocations nucleate inside the smaller particles. These results to
some extent support that the accumulated emission mechanism
controls the collapse of relative larger particles and correlated
emission mechanism is dominant for the smaller ones.

3.2 MD Simulation. MD simulations are further carried out
by using the large-scale atomic/molecular massively parallel sim-
ulator [33] within the framework of embedded atomic potential
[34] to investigate the dislocation nucleation and propagation
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Fig. 4 (a) MD model of gold hemisphere particle compression;
(b) dislocation structures under different compressive displace-
ment and radius ratio, blue atoms with CSD >7 while red atoms
with CSD from 3to 7

process in the gold particles. Although the maximum scale of par-
ticles which can be effectively handled by MD calculation is
much smaller than the size tested in the experiment, and the load-
ing rate is also much faster, MD simulation still serves as a widely
accepted method to reveal the deformation details in small-scale
materials.

The compressive model of gold hemisphere is setup without
any defects under a nonperiodic boundary condition as shown in
Fig. 4(a). A hemisphere-shaped particle with diameter 24.48 nm is
established as the red atoms, and a diamond flat punch is denoted
as the blue ones. Under the particle, there is a cylindrical base as
high as 12.24nm, which is not shown here. The diamond flat
punch pushes down along with the direction [0 O —1] while the
bottom of the model is fixed. Here, we use the centrosymmetry
deviation (CSD) parameter to indicate the location of defects in
the particle. The dislocation structures and distribution under the
indenter corresponding to different compressive displacements
(normalized by the radius of hemisphere ratio) are given in
Fig. 4(b).

The MD simulation results manifest that the dislocations prefer
to nucleate closed to a flat punch because of the high stress at this
region. The arc-shaped dislocations are formed at the four differ-
ent slip planes and then pile up in a low stress area. This result
also matches well with the anticipation of FEM simulation in Fig.
3(b). There is a localized stress concentration site just below the
flat punch where the dislocation nucleation events would happen,
and dislocation pile-ups also occurred due to the great change of
stress level along with the distance far away from the contact
point. So, it is possible that the release of numerous pile-up
dislocation loops lead to the particle collapse.

4 Theoretical Model for the Indentation of Large
Gold Sphere

Through comprehensive experimental observations and the
numerical analyses in Secs. 2 and 3, it is clear that in case the
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Fig. 5 (a) Shear stress distribution along the radius in a sec-
tion plane of the hemisphere; (b) two regions divided by dislo-
cation densities

so-called correlated emission mechanism control the collapse, the
burst contact pressure at collapse point would be simply con-
trolled by the surface nucleation stress. This case is suitable for
the samples with small size, because dislocations are more proba-
ble to glide out instead of forming stable tangle within the parti-
cle. However, for bigger particles with diameter 400nm and
above, dislocations may accumulate inside, and it is difficult to
estimate the critical point and understand the dislocation release
process. Next, based on the experimental and numerical results
above, we mainly focus on revealing the physical mechanism for
the second type of collapse. A theoretical model is developed
firstly to describe the dislocation density evolution and the energy
conversion before the structural collapse. Then, a dislocation pile-
up model is proposed to be responsible for the displacement burst,
and some decisive factors are proposed for the collapse of spheri-
cal component at submicron scales.

4.1 Theoretical Model Before Collapse. Before the collapse
of gold particles, a large-scale plasticity accompanied with multi-
ple dislocation events occurred at the region below the indenter.
During this process, the external work would be converted to vari-
ous energy components.

4.1.1 Energy Balance Analysis. Along with the diamond flat
punch compressing the specimen, the dislocations will soon nucle-
ate near the contact surface of hemisphere because of the
extremely high contact stress at this area. According to the numer-
ical simulation results in Fig. 3, the Mises stress in an ellipsoidal
region is high and there is a distinct stress gradient around the
contact surface. As shown schematically in Fig. 5(@), the nonuni-
form distribution of shear stress along the radius at a cross section
leads to the resolved shear stress near the lateral surface is smaller
than the slip resistance 7.5 (corresponding to the radius 7eg;s),
which results in the dislocations nucleation and pile up in the
central part as shown in Fig. 4. According to both FEM and MD
calculation results, the single crystalline gold hemisphere under
an indenter can be divided into two characteristic regions for the
simplicity of analytical analysis: high and low dislocation density
regions, respectively, as shown in Fig. 5(b). The high density
region is mainly considered to lead to the collapse.

During the compression process, from the viewpoint of energy
conversion, the external work produced by diamond flat punch is
converted to several energy components: An amount of disloca-
tion nucleation energy due to the dislocation nucleation just below
the flat punch, surface energy due to new surface creation and
strain energy due to distortion deformation associated with the
formation of dislocations, respectively.

Before the collapse occurs, for each small displacement incre-
ment ¢, the external work for this increment can be expressed as

Journal of Applied Mechanics

AW =F -6 1

This external work increment will be balanced by the increase
of internal energy, which is mainly the dissipated energy and elas-
tic energy associated with the newly nucleated arc-shaped disloca-
tions as shown in Fig. 4(b). For simplicity, the arc-shaped
dislocations located at the four slip planes can be regarded as a
whole dislocation loop when calculating the total length of dislo-
cations. Since the contact stress is high enough at the initial stage,
it is reasonable to assume the size of newly formed dislocation
loop is decided by the dimension of contact surface instead of the
stress. So, the radius of newly nucleated dislocation loop can be
expressed as &rg when the flat punch pushed down a length of bur-
gers vector b. Here, 1, is the radius of contact surface as denoted
in Fig. 5(«a), and ¢ is a proportional coefficient representing the ra-
tio between the perimeter of the newly formed dislocation loop
and contact surface.

For a group of dislocations in the high density region, the
energy dissipated for the nucleation of original dislocations in
each small displacement increment ¢ can be expressed in the
following way [35]:

E, = th - E2mr - &r, .g 2)

where 7 is the local shear stress, and ¢ is the proportional
coefficient mentioned above. Four items on the right side repre-
sent force per unit length, average length of newly formed disloca-
tions, the average distance moved, and the number moved,
respectively. The 7 is chosen as two-thirds the compressive flow
stress g Using s denotes the total compression displacement of
particle and R, is the radius of gold hemisphere as shown in
Fig. 5(a), the radius of the contact surface can be expressed as r;
= \/2Rps — 52 ~ \/2Rps considering s < Ry.

Besides the dissipated dislocation nucleation energy, some
other energies are stored within the distortion field around the cre-
ated dislocation loops. Obviously, there are an amount of defor-
mation energy stored in the high dislocation density region due to
the distortion deformation around the dislocation loop itself,
which is also a considerable strain energy stored in the whole par-
ticle. The total strain energy per unit length of a mixed dislocation
loop is given by

Gb*

Ey=—""—
T an(1—v)

R L G
ln;(l—xcos 0)+W 3)

where R is an outer radius, choosing R ~ ry, the dislocation core
radius r = b. For a dislocation loop with half screw and half edge
character, 0 = n/4. G is the shear modulus and v is Poisson’s
ratio.

Then, the strain energy of the newly created dislocation loops
during the displacement increment is given by

0
Ep = 2&mrg 5 Eq 4)

And likewise, three items on the right side represent total length
of a dislocation loop, numbers of newly nucleated loops, and
strain energy per unit length, respectively.

At the same time, the external energy can also be expended for
the new surface creation under the punch. This surface energy is
taken into account as

Es =, on(rl,5 —r7) = 2a7m),Ro0 (5)

Here, 7y, is the surface energy per unit area and « ~ 1 since the
only contact surface is considered as the newly formed surface
during the gold hemisphere compression test.
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Fig. 6 The theoretical load—-displacement curve is compared
with the experiment data and FEM result of the particle with di-
ameter 500 nm

The three kinds of internal energy discussed above are balanced
by the external work. Based on the virtual work principle, the
energy conservation equation can be expressed as

) )
F-0=r1b -2&nr - &ry '3 + 2&mrg e Eq 4 2amy,Rod  (6)

Since Eq. (6) holds for any displacement increment ¢, the external
force F can be obtained by choosing © = 2/3ay

2 1 1
F= §Gfb 2emrg - Erg - b + 2¢mrg e Eq +2amy,Ry  (7)

There are several undetermined parameters, e.g., &, oy in this for-
mulation, which will be decided, respectively, in the following
analysis according to the experimental results for D = 500 nm.

4.1.2  Determination of Parameters. The proportional coeffi-
cient ¢ will be decided by evaluating the dislocation density in
high density region. At the initial stage of displacement, the con-
tact area is very small and can provide large enough shear stress
to nucleate and expand dislocation loops. Thus, we assume that a
new dislocation loop is formed when the compressive displace-
ment increases a characteristic length scale / which is equal to
1/,/p. Here, we take the partial dislocations on four different
planes as a perfect dislocation loop, and the total length of the
newly nucleated dislocations in each small displacement incre-
ment is proportional to the perimeter of contact surface. These
simplifications rely on the fact that the peak stress locates just
below the flat punch and the nucleation of new dislocations is
mainly influenced by the contact dimension instead of the stress
state. Hence, the local dislocation density evolution equation can
be given by

dp  2%mrg

VP 3w

(®)

where ¢ is the proportional coefficient, and ry is the radius of the
contact surface as mentioned previously.

Given the initial condition that the radius of the first nucleated
dislocation loop is equal to the length of burgers vector
h=0.286nm, and the final condition is that p=1.18 x 10'°/m?
while s ~ 13 x 107 m at collapse point observed in the test of
500 nm particles, £ =1 is obtained by solving Eq. (8). This indi-
cates that for each displacement increment /, nearly one disloca-
tion loop with radius equal to the radius of contact surface forms
and this is consistent with the dislocation structure in our MD
simulations. Through the integral of Eq. (8), the local dislocation
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density in high dislocation density region then evolves in the

following way:
3 s\?
=|— In— 9
p (4R0 nSO) )

where 59 = b% /2R is an initial displacement corresponding to the
formation of the first dislocation loop or four arc-shaped
dislocations.

The Young’s modulus is 54 GPa, and Poisson’s ratio is 0.4 for
Au, which are the same material constants as in FEM simulation.
The surface energy per unit area y, for Au is 1.49 J/m>. Besides,
for the gold particle with diameter of 500 nm, compressive flow
stress oy is 1.0 GPa, which is the same value as in the ideally elastic—
plastic model of FEM simulation.

4.1.3  Comparison With Experimental Data. From all the anal-
yses above, the theoretical load—displacement curve is obtained as
shown in Fig. 6, which is compared with the experiment data and
FEM result of the particle with diameter 500 nm.

For the stage before collapse, the analytical results of external
force agree well with the experiment data and FEM simulation
results as shown in Fig. 6. It can be seen that the theoretical load
is slightly smaller than the experiment data. This may be due to
the neglect of the elastic strain energy in the low dislocation den-
sity region. At the initial stage, the load increases stably without
evident bursts with the advance of displacement. This is because
that the dislocation loops can continuously nucleate and store
inside the particles. The nucleation of dislocation loops at subcriti-
cal size may lead to instability. However, the high stress zone in
the particles is quite small compared to the whole sample, so the
dislocations could be suppressed in a certain zone such as the high
dislocation density region. Thus, the sudden bursts of deformation
could not be induced for the moment.

Through integrating each item on the right side of Eq. (7), each
energy component before collapse is plotted in Fig. 7. Obviously, a
considerable part of the external work is converted into the disloca-
tion nucleation energy. The strain energy stored in the dislocation
is especially smaller compared with the other two parts. However,
it is reasonable that the high density region is quite small and much
more energy is required to create new dislocation loops instead of
to deform field around the dislocation. The emission of these
dislocations would lead to the irreversible plasticity instability.

From Eq. (7), the contact pressure before the collapse point can
be calculated as

F F 4 5 \/ig” oy
= - _Z -E —— 10
o nrl  27mRos 35 ot bv/Ros als) + s 10

So, the theoretical contact pressure at the dislocation nucleation
dominated stage is mainly affected by the specimen size R, com-
pression displacement s and compressive flow stress oy,
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Fig. 8 (a) Two coordinate systems in a gold hemisphere. (b)
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respectively. Moreover, if assuming the critical compressive dis-
placement at the collapse point is s, then the critical contact pres-
sure can be expressed as

Ope = (% o +%) +L-—ﬁéEd(S°)

N TN (v

C

Here, a size dependent critical contact pressure is obtained
from Eq. (11). On the right side of Eq. (11), the first item 4/3620f
in the bracket, related to the internal dislocation nucleation pro-
cess, is relatively larger than the second item by comparing the
dislocation nucleation energy with surface energy. Therefore, at
this stage, it is a dislocation nucleation and storage dominant pro-
cess. The external force is mainly balanced by the internal energy
from this process. For the particle with diameter 500 nm, the burst
displacement s, is around 13 nm. By substituting this value into
Eq. (11), we can get the critical contact pressure is 1526 MPa,
which is close to the experiment value 1481 MPa. It should be
noted that the critical contact pressure for much smaller samples
is not able to be obtained accurately from Eq. (11), since this
result is on the base of dislocation accumulation process and
this mechanism is not dominant for small particles. Afterwards,
this accumulation of numerous dislocations would become unsta-
ble with the punch continuously pushing down. A further interpre-
tation for how these dislocations pile up and induce the instability
would be discussed in Sec. 4.2.

4.2 Theoretical Analysis of the Collapse. For the accumu-
lated emission mechanism, the dislocation storage and emission
configuration inside the gold hemisphere is discussed in this
section. The local shear stress along a typical slip direction is ana-
lyzed and the dislocation distribution is also calculated through
the force balance of a dislocation.

4.2.1 Local Resolved Shear Stress Distribution. From the
experimental observations, the hemispherical particles are almost
defect-free after collapse. It means that most dislocations move
out of the specimen simultaneously when the collapse happens.
So what breaks the equilibrium of dislocations at the collapse

Journal of Applied Mechanics

point? In the following, the emissions of multiple dislocation
loops are proposed to illustrate the particle collapse process.

As observed in the MD simulations, numerous dislocations nu-
cleate on different slip planes in the gold particles before collapse.
The massive dislocations stored in the high dislocation density
region are in a static equilibrium state under the long- and short-
range interactions between dislocations, which can be regarded as
an equilibrium “multibody system” to some extent. As the
increase of new dislocations, this region could not afford more
dislocations. The equilibrium state will be broken and some dislo-
cations will run out to decrease the free energy of the system. The
primitive emission will simultaneously cause the emissions of
massive dislocations in the high density region. This kind of per-
turbation around an emitted dislocation releases the internal
energy to activate and drive numerous dislocations to move pro-
gressively. A plenty of dislocation emissions driven by the energy
stored in the material will cause irreversible damage to the struc-
ture configuration and lead to the particle collapse phenomenon.
So, whether the collapse could happen depends on the degree of
dislocation accumulations inside the particle and the activation of
dislocation emissions from the free surface. The dislocation accu-
mulation is the preparatory condition for the emissions of collec-
tive dislocation loops or arc-shaped dislocations. This is also why
the dislocation nucleation energy is much larger than the other
two energy components before collapse as plotted in Fig. 7.

In order to give a further illustration for this dislocation accu-
mulation process, a local resolved shear stress t, = n - ¢ - s distri-
bution along a dislocation slip direction is given in Fig. 8. Here, n
is a unit normal to the slip plane and s is a unit vector along the
glide direction. For the gold particles, a global coordinate system
“O-xyz” and a local coordinate system “O;-x;y;z;” on a slip direc-
tion are established as shown in Fig. 8(a), where z; is along the
slip direction and x,0,z; is the slip plane. The local resolved shear
stress distribution along O,A (A is the intersection point of z; with
z) in a particle with diameter 500 nm is plotted in Fig. 8(b) for the
compression displacement s =9nm. It is clear that a great stress
gradient exists since the stress decreases rapidly with the increase
of the distance away from point O,. The peak shear stress at point
“H” locates at a short distance away from the contact surface.
This is why we observed that the site of dislocation nucleation
was a little far away from the indenter in the experiments and sim-
ulations. Besides, when the distance to O, reaches some value, a
stress valley region appears where the local shear stress can
decline to zero and even reverse at point “L” as shown in Fig.
8(b). It is worth mentioning that the stress distributions are similar
in particles with different sizes under different compressive dis-
placements, while the locations of the stress valley region may
change a little. Dislocations would pile up at this stress valley
region along with the slip plane.

4.2.2  Pile-Up Model. In this section, the distribution of dislo-
cations along a typical slip direction is given quantitatively. As
the resolved shear stress is in a linear distribution between the
stress peak and valley, respectively, the schematic of stress distri-
bution is shown in Fig. 9(a). The stress along the slip direction
[0 —1 1] can be expressed as

z
r(z)zrofz-ro

(12)
where 1 is the peak stress and L is the distance between stress
peak and stress valley.

Under the condition of a linear stress distribution, the interac-
tion of the dislocation at position z with all the other dislocations
at position z’ must balance the local resolved shear stress 7(z).
Thus, the Peach—Koehler force balance is [36]

Gr? [t ()

= | ——4d/ <:z<
(z)b 2(1—V)Joz’—zdz’ 0<:z<L

13)
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Here, n(z) = (db/dz)/b is the dislocation density, i.e., the number
of dislocations between z and z 4 dz.

Through integrating the equation on the right by the Hilbert
transform and a coordinate transformation, we can get the disloca-
tion along a slip direction as

3 22
ne) 1 ¥Rt (14
Aty 2 VLz — 72
where the coefficient A is
2(1—v)
A= 15
Gh (15)

This dislocation density distribution is plotted in Fig. 9(b). The
positive or negative sign of n(z) represents different direction of
burgers vector. This distribution matches well with the qualitative
analysis previously. Abundant dislocations would be accumulated
in two typical areas. The stress peak zone is the source where
dislocations form, while the stress valley area is the location for
dislocation pile-ups. However, it is worth mentioning that the
stress valley still locates some distance away from the lateral free
surface. This dislocation distribution provides a clear evidence for
the pile-up configuration.

Returning to Eq. (14), the distance L between stress peak and
valley depends on the particle size R. However, for the specimen
with a specific size, it seems that this distance does not change
during the flat punch pushing down and the stress peak and valley
areas would shift integrally as shown in Fig. 10. Meanwhile, more
dislocations nucleate as the peak stress increases. Thus, once the
stress valley area or the dislocation pile-up zone gets close to the
lateral surface, dislocations will become unstable under the attrac-
tion of the free surface.
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Fig. 11 Configuration of dislocations on a slip plane and the
emission process at critical state at the collapse point

By this moment, a scene for dislocation emission process can
be plotted out. The gold particle system is able to stay in a static
equilibrium state before collapse. As the flat punch pushes down,
dislocations would nucleate in the stress peak region. The sche-
matic diagram of a typical dislocation emission process is shown
in Fig. 11. Before the collapse point, the dislocation loops on a
slip plane pile up at two typical zones: one is the stress peak area
for dislocation nucleation and the other one is the stress valley
zone where dislocations pile up. As shown in Figs. 10 and 11,
these two zones would shift to be closer to the lateral surface
along with the punch pushing down. At some critical point, the
image force from the free surface will break the dislocation pile-
ups and drive the unstable dislocations in the stress valley zone to
escape from the lateral surface. Once this emission condition is
reached, the original equilibrium state will be broken. These in-
cipient dislocation emissions would lead to the initial slight col-
lapse. Since the slip velocity of a dislocation is much faster than
the loading speed of punch, the punch could not follow the defor-
mation of the particle collapse. Thus, the punch keeps some dis-
tances away from the particle, which leaves another free surface
on the top of hemisphere. The dislocations at this region are also
activated and emitted. Dislocation avalanches arise from the
release of these pile-ups lead to the sudden collapse, and the
hemisphere-shaped particle deforms as frustum of a cone without
dislocations.

In this model, once a dislocation nucleates at the site of stress
peak, it will soon expand spontaneously to the stress valley zone
due to the stress gradient along the same slip plane. The length of
this journey just depends on the sample size and the compressive
displacement shifts the stress peak and valley integrally to be
closer to the lateral free surface. More generally, the dislocation
nucleation and accumulation processes depend not only on the
peak stress but also on the stress gradient. This explains why large
displacement bursts are also observed in the compression of pil-
lars with oxide layer, which corresponds to the sudden emission
of pile-ups at the interface. In addition to the barriers, the disloca-
tion pile-ups can also be caused by the stress valley in an inhomo-
geneous stress field. The collapse will bring some troubles to the
fabrication of devices at submicron scales.

5 Conclusions

In this paper, one kind of sensitive material behavior is
observed in the compression experiment of single crystalline gold
particles with diameter ranging from 300 to 700 nm embedded a
half in a silicon substrate. The particle suddenly collapses and
numerous dislocations escape from the free surface during a flat
punch moving toward the particle. Two kinds of dominant mecha-
nisms are proposed to explain the particle collapse at submicron
scale, which are the correlated emission mechanism for small-size
samples and the accumulated emission mechanism for large ones.
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For the particle with smaller size, the correlated emission mecha-
nism is responsible due to the significant effect of lateral surface
and the convenience to achieve a clean surface. The collapse
would simply depend on the onset of the first dislocation nuclea-
tion event. While for the particle with larger size, the dislocation
nucleation and accumulation are dominant. Both FEM and MD
simulations show that dislocation accumulation occurs at the
stress concentration sites close to the flat punch. The FEM
calculations provide a straight comparison for the two proposed
mechanisms. Dislocation avalanches arise from the release of
dislocation pile-ups in the stress valley zone.

Theoretical analysis is focused on the large samples. Two char-
acteristic regions divided by the dislocation density are proposed
due to the stress distribution in FEM analysis and the dislocation
structures in MD simulation. A theoretical model is developed,
and the dislocation nucleation and evolution are investigated. The
analytical solution is deduced based on the principle of virtual
work. For the stage before collapse, the analytical results of com-
pressive force balanced by the dislocation-based internal energy
agree well with the experiment data. A large number of disloca-
tions can nucleate in the stress peak zone and pile up at stress val-
ley on a slip plane. The dislocation nucleation and accumulation
processes depend not only on the peak stress near the vertices but
also on the stress gradients along the slip plane. The progressive
dislocation emissions at the pile-up zone result in a large-scale
collapse and cause an irreversible damage, as well as release large
elastic deformation around the pile-up dislocations at the two
typical zones.
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