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Abstract
The mechanisms responsible for the collapse of helium-filled bubbles during the passage of shock
waves in monocrystalline copper are revealed. Both internal pressure (caused by pre-existing
helium atoms) and bubble size are varied in molecular dynamics simulations to understand the
atomistic scale deformation as they are subjected to shock compression at pressures of 48, 123,
and 170 GPa, corresponding to particle velocities of 1.0, 2.0, and 2.5 km/s. Both empty and helium
filled bubbles serve as dislocation sources, generating intense, localized plastic regions. There are
distinct differences in the collapse of empty voids compared to He-filled bubbles, the former
requiring less stress and generating a greater density of dislocations for a given shock strength. A
generalized model for dislocation emission is proposed, where the inclusion of shear stress
generated by the helium bubble increases the critical stress to generate dislocations at the defect
surface, demonstrating the change in plastic deformation.
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1. Introduction

When a material is subjected to shock compression, a state of uniaxial strain is induced,
generating shear stresses that are a significant fraction of the applied stress. These, in-turn, activate
the mechanisms by which materials deform in this extreme regime. The behavior of a material
under shock loading is greatly influenced by its structure and composition, with factors such as
grain size, texture, porosity, and other defects altering the mechanisms of deformation. All real
materials contain a significant number of defects, such as vacancies, impurities, dislocations, grain
boundaries, and voids. These defects may act as initiation sites for damage, due to the intense
plastic deformation around them and by acting as sites for cracking.

The study of the role of pre-existing defects during shock loading presents special
challenges due to the required spatiotemporal resolution to probe such rapid and small-scale
phenomena. Microstructure, including pre-existing defects clearly affects the dynamic behavior of
materials [1]-[6]. For example, vacancies, impurities, dislocations, and shock-induced phase
changes may activate heterogeneous dislocation nucleation, decrease the shock stress needed to
initiate plasticity, induce shock melting, influence twinning behavior, and alter the dynamic
strength of a material [7]-[16]. Grain boundaries have been studied extensively as sources and
sinks of dislocations due to the interplay between grain size, strain rate, and material strength [17]—
[35]; defects interact heavily with grain boundaries. Larger pre-existing heterogeneities such as
second-phase particles and inclusions have also been linked to changes in damage nucleation
mechanisms and spall strength [36]-[43], [44].

Considerable research has been done to understand the behavior of voids under shock
loading, especially due to substantial interest in porous and explosive media, where voids can

generate hot spots and initiate detonation [45]-[50]. In spalling generated by the reflection of shock



waves at free surfaces, the nucleation, growth, and coalescence of voids has been well-studied,
with significant evidence pointing to void growth via dislocation emission as the mechanism of
deformation[34], [51]-[59]. For collapsing voids, a description of their constitutive behavior
under shock compression has helped elucidate the shock behavior of distended materials [60], [61].
Simulations show that dislocation loops emitted during void collapse are shear loops, with intense
local plasticity being generated for voids in proximity to one another [62]-[64]. The development
of shear loops has been linked to geometrically necessary dislocations, demonstrating that as a
cavity collapses, shear dislocation loops carry vacancies away from the void, thus coupling the
processes of compaction and plasticity [65]. Wilkerson and Ramesh [66] incorporated dislocation
dynamics and, in particular, drag, relativistic effects, and their evolving density and were able to
explain the anomalous temperature sensitivity of spall strength. They obtained a closed form
solution by incorporating dislocation emission from a nanosized void surface under extreme
loading rates [67]. This approach generalizes the Lubarda et al. [68], [69] treatment and has a
powerful predictive capability that extends to different strain rates, stress states, temperature, void
size and porosity.

Whereas the size effect in the Tang et al. [70] analysis comes from the radius of the
dislocation loop at the emission as well as image forces, the approach by Wilkerson and Ramesh
[67] uses the surface energy. These equations were later generalized to incorporate a distribution
of void sizes and compared with molecular dynamics (MD) calculations [71]. Nitol et al. [71]
conducted MD calculations that predict the spall strength of magnesium and magnesium-
aluminum alloys which show the dislocation emission from voids with a diameter of 4 nm. The

dislocation configurations resemble the ones obtained in the current research. | addition to these



developments, Lubarda investigated analytically the effect of combined loading [68]and the image
forces [69].

Specific interest in voids filled with He (He bubbles) has grown due to the extreme
environments where helium damage may be induced, such as fusion reactors and spacecrafts. Such
environments degrade material properties via irradiation, generating vacancies, voids, and
dislocations [72]-[74], as well as helium defects due to its low solubility in metals such as copper
[75], [76]. Helium has been shown to cause embrittlement, swelling and hardening [72], [76]-[80]
and may play an important role in material strength. As such, helium-implanted materials under
shock loading [81]-[86] have become particularly interesting. Atomistic scale studies are
especially useful for studying helium defects because they effectively model the helium bubbles
at physically relevant length scales and also provide an extreme case for impedance mis-match
between defects and bulk material. This study aims to better understand the atomistic scale
processes of deformation when copper, seeded with He-filled voids, is subjected to shock
compression.

2. Methodology

Molecular dynamics (MD) simulations provide the appropriate spatial and temporal
resolution to study the nanoscale behavior of voids, both empty and He-filled, under shock
compression. The role of void size and internal pressure in dictating the dynamic response of a
<111> single crystal copper was investigated in this work using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [87]. Cu was selected as a model FCC material due to
its extensively characterized interatomic potentials and lack of phase transitions to complicate the
observed behaviors. All interatomic interactions for Cu-Cu and Cu-He were described using a

splined EAM potential developed by Demkowicz et. al [88]. The Equation of State (EOS) for



Helium in this potential matches that measured experimentally in reference [89]. Quantitative
analysis of generated defects under shock compression and visualization was performed using
OVITO [90]. Single crystal copper was oriented such that the x, y, and z axes correspond to the
[110], [111], and [112] crystallographic directions with dimensions of 50.0 nm by 125.0 nm by
50.0 nm for a total of 26.9 million atoms. The simulation cell is periodic in the x and z directions.

The goal of this study was to determine the interplay between initial bubble size and initial
bubble pressure as it impacts the dynamic behavior of materials. To achieve this goal, it was
important to perform systematic simulations where only one parameter at a time was changed.
Hence, in this work only a single bubble was added to the simulation cell by selecting and deleting
a spherical region of copper with a specified radius centered at a depth of 20 nm from the free
surface. The radius of the bubble was varied from 2 to 9 nm while the internal pressure was held
constant. Since the goal of the study was to also investigate the role of internal pressure on the
collapse of these voids, the pressure was varied from 0 to 2.39 GPa for a given bubble size. To
create a zero internal pressure within the bubble, the spherical defect was initially left empty; we
will refer to this zero-pressure bubble as a void from now-onwards. Addition of helium atoms
increased the internal pressure; this was done by embedding an FCC lattice of helium with a lattice
constant of 0.424 nm (inducing an internal pressure of 1.35 GPa) or a lattice constant of 0.354 nm
(inducing an internal pressure of 2.39 GPa) into the single bubble. It is important to note that the
size of the helium bubbles can vary from 1-2 nm to up to 8-10 nm. However, not much information
is available regarding helium bubble pressure. Hence, this study attempts to determine how
internal pressure changes for the helium bubble would affect its ability to nucleate dislocations
under shock. The point is to investigate if there an effect and not the actual internal pressure values

used in this work. Any copper atoms that overlapped with the helium atoms were deleted.



Throughout this paper, we refer to samples containing helium bubbles with an initial internal
pressure of 1.35 GPa as Cu-He-1.35 while samples containing helium bubbles with an initial
internal pressure of 2.39 GPa as Cu-He-2.39. The initial internal pressure of the bubble contained
in each sample was calculated by dividing the trace of the stress tensor, where each diagonal
component is the sum of kinetic energy and intra/intermolecular interactions, by the sum of per-
atom Voronoi volumes. The simulation cell used in this study is shown in Figure 1.

After the addition of the bubble, the system was equilibrated using a Nosé-Hoover isobaric-
isothermal ensemble (NPT) at a pressure of 0 MPa at 300 K for 10 ps. Following equilibration, the
system was shocked along the y axis using a momentum mirror [91] at particle velocities of 1.0,
2.0, and 2.5 km/s, which correspond to peak shock stresses of 48, 123, and 170 GPa, respectively.
Measurements such as material temperature, stress, and potential energy were obtained via
LAMMPS simulations and visualized in OVITO [90]. Dislocations were identified and quantified
using the Dislocation Extraction Algorithm (DXA) [92] as the shock front moved through the
material. To ensure accurate comparison to future experimental work (to be performed via gas gun
experiments at LANL), where helium bubbles are too small to be detected by any of the currently
available diagnostics, the analysis focused on the behavior of copper atoms.

3. Results

As the shock front passes through the bubbles and voids, defects such as dislocations are
generated. Indeed, the current study does show the nucleation and evolution of dislocations from
this process as illustrated in Figure 2 regardless of bubble size or pressure. However, the type and
density of dislocations is altered by these variables. VVoids that are 2 nm in radius completely
collapse at a particle velocity of 1.0 km/s, demonstrated in Figure 2. Note that the image shows

the sample sliced through the middle to better view the defects generated at the surface of the



voids, though analysis to obtain dislocation density is performed on the entire 3D region. This
image shows that the generated dislocations are primarily Shockley partials, shown as green lines,
and stacking faults, shown as red lines. There are also some regions that can be construed as
amorphous, indicated by yellow and purple atoms due to a loss of order in the crystalline structure
around the voids. In contrast to the void, the 2 nm Cu-He-1.35 and Cu-He-2.39 do not fully
collapse at 1.0 km/s. Specifically, as the shock passes through Cu-He-1.35, the bubble acquires a
cuboidal shape as a result of dislocations being emitted in an anisotropic manner along the <111>
planes. The effect is dramatic, if one considers that the internal pressures (1.35 and 2.39 GPa) are
a small fraction of the applied shock stress (48, 123, and 170 GPa). The traces of the dislocations
in the cross-sections of Figure 2 show the emission of dislocations, especially at the early stages
of compression (18 ps). As the number of dislocations emitted increases, the dislocation network
increases in complexity as the defects interact with one another. Molecular dynamics provides a
detailed description of the dislocations generated, and discerns between perfect, partial, stair-rod,
Hirth, and Frank dislocations. The majority of dislocations are configured as shear dislocation
loops, which has been observed in previous MD simulations [53], [62], [70].

The quantification of the dislocations surrounding the voids for the three cases shown in Figure
2 reveals interesting features and trends. The dislocation density as a function of void size has been
determined for voids subjected to a particle velocity of 1.0 km/s once the shock front reaches the
rear surface of the sample at 21.0 ps, with detailed measurements of dislocation type included. For
small voids (with a radius R=2 nm), Figure 3a shows that He-filled voids tend to generate more
dislocations. Cu-He-1.35 generates the most dislocations at this small size, the majority of which
are Shockley partial dislocations, as shown in Figure 3c; Cu-He-2.39 generates more perfect and

sessile dislocations, detailed in Figures 3b and 3d. Though later calculations show an increase in



the critical stress required for dislocation nucleation as the internal pressure of a cavity increases,
seemingly contradicting the number of dislocations, a void with a radius of 2.0 nm undergoes full
and rapid collapse, which lessens the localization of dislocation production since there are no
longer any vacancies available to be carried away by dislocation loops. Overall, the total
dislocation density increases as a function of defect radius in all three cases. As illustrated in Figure
3b, the density of perfect dislocations decreases between radii of 2 nm and 3 nm, most clearly for
the empty and the most densely filled void. As the size of the voids increases, prior to local melting,
the total dislocation density tends to increase, similar to trends observed in past studies.

This behavior can be further examined by using a model first postulated by Lubarda et al.
[54], that described the mechanism by which shear dislocation loops are generated and move to
increase the volume of voids as verified in several molecular dynamics studies [46], [48], [62],
[70], and also applies, mutatis mutandis, to the collapse of voids. This mechanism is especially
relevant to the growth and collapse of voids with dimensions in the nanometer scale, before a
highly work-hardened layer is formed surrounding the void. The essential features are shown as a
hypothetical and simplified two-dimensional rendition in Figure 4. In order to remove the
complexity of three-dimensional loading, the hydrostatic stress state is replaced by one in which
compression in the X1X> plane is symmetrically convergent (pseudo-hydrostatic) for the sake of
simplifying the discussion. In general, to estimate which slip planes would activate for a given
loading condition, a critical resolved shear stress along those planes is required, which can be
estimated based on the Schmid Factor. For the bi-axial loading condition, only two slip planes,
(111) and (111), will have the maximum Schmid factor and hence the ability to potentially
activate. The stress state at the void surface is altered because normal stresses perpendicular to the

surface are assumed to be zero. There are four positions, in Figure 4, where shear stresses are



maximum: they correspond to the point where the angle formed by the intersection of (111)/(111)
planes at the void surface meets the tangent forming a 45° angle. Once the shear stress along this
direction reaches a critical level, edge dislocations are emitted into the material, reducing the
volume of the void. This is shown in a simplified manner in Figure 4 with the emission of two
dislocations at each intersection; though Figure 4 is only two dimensional, the edge dislocations
generated contribute to the formation of shear loops, which is addressed below.

In contrast to the above model, a closer look in 3D at the dislocations and stacking faults
emitted from voids and helium bubbles via MD simulations (Figure 5), shows a complex
deformation pattern which suggests that instead of just two, all four slip systems
((111),(111),(111) and (111)) are simultaneously activated. ~While critical resolved shear
stress calculations can provide an estimate of which slip systems might activate, it is important to
note that the initial estimate is based on an average loading stress and does not take local stress
concentrations into account [93]. These local stress concentrations are significant around the voids
and bubbles, leading to the emission of shear dislocation loops as the defect is compressed.
Importantly, the shear loops associated with changes in defect volume are special because they
remain attached to the void/bubble surface, as discussed in previous works [54], [70]. While prior
studies postulated the formation of prismatic loops (which were observed in BCC metals and
demonstrated separation from the void surface) [70], no prismatic loops are observed in Figure 4
or in copper due to the separation of partial dislocations which impedes cross slip and prohibits
prismatic loop generation.

A more realistic depiction of the mechanism of shear loop generation, propagation, and
interaction than the one shown in Figure 4 is shown in Figure 6. Four planes of the {111} family

are shown, positioned such that they intersect the spherical void forming 45° angles, where shear



stresses are at their maximum. These planes bisect the diametral circles and the sphere apex. The
intersections of these planes are the directions [110],[101], [101], and [110]. Shockley partials
are emitted when the shear stress on these planes reaches a critical level. The leading partials from
different slip planes eventually intersect and create a network of reaction products that have been
analyzed by Traiviratana et al. [53]. The intersection directions are shown in Figure 5 and can be
identified as stair-rod dislocations, consistent with observations by Traiviratana et al [53]. While
the process of shear loop generation under shock compression for a single void aligns with
previous findings for void growth via shear loop emission, helium bubbles clearly diminish the
number of dislocations, alluding to an increased resistance to deformation from the defect.
4. Discussion

The shear stress required to emit dislocation loops from the void/bubble surface (and thus
initiate to process of collapse) is related to the shock stress, the void/bubble radius, and the internal
pressure of the bubble. Three factors need to be considered: the global shear stress generated by
the shock; the stress amplification produced at the void/bubble surface by the global stresses; and
the temperature-dependent internal pressure in the bubble. These factors are idealized in Figure
7a. We assume, in accordance with Tang et al. [70], that the critical shear stress for dislocation
emission, Tc , IS a function of the spherical bubble/void radius only, and do not consider variations
in shock heating of the bulk copper. The maximum global shear stress, zsg, is expressed as follows

for shock compression when the shock direction is along the y-direction:

_ |ayy + 0| _ |ayy + 02| 1)
Tog = z = :

oyy, Oxx, and 6z are the three components of stress generated by the propagation of a shock pulse
along the y-direction. The uniaxial strain condition sets o,, = g,,. It is important to note that

while there might be small differences between o,, and o, due to differences in crystallographic
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orientation, the assumption above generally applies for uniaxial strain loading. These lateral
stresses are related to the shock stress, ayy, through:

v 2
Ogz = Oxy = m()'yy ( )

where v is the Poisson’s ratio. Thus:

_1-2v 3)
e T —n)

At the surface of either a void or bubble, stress is concentrated due the presence of the defect.
Assuming an isotropic material, the local shear stress at the surface of the spherical void/bubble,
T, 1S obtained from the classic stress concentration equation by Timoshenko and Goodier [94],
similar to the procedure followed by Tang et al. [70]:

B P (4)
Tt = 2(7 — 5v) tsg
When there is an internal pressure inside of the defect, such as the helium bubbles being explored
in this work, the internal pressure opposes the shear stress imposed by shock. The radial (o,-) and

hoop stresses (oy, 0,,) created by the internal pressure (P) and are equal to [95]:

o=l
)

where R is the radius of the bubble and r is the radial distance from the center of the bubble. The

shear stress due to the internal pressure is obtained from the radial and hoop stresses:

w=al () 72 () |3 () !

For r=R, corresponding to the surface of the void, this simplifies to
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3 (8)

The critical shear stress for dislocation emission from the void surface was calculated by

Tang et al. [70] for pure copper with empty voids based on a balance between image forces (the
attraction of dislocations to the free surface of the void) and the expansion force on the semi-
circular segment due to the shear stresses resulting from hydrostatic loading. The critical maximum

shear stress, 1¢, stress for the emission of dislocations is a function of the void radius, R:

_ 2y bp(2-v)G (Sle + m) (9)
Te = npby  4m(1-V)R; e2pb, = Gby
R1 is the radius of the dislocation loop, which is assumed to be half of the void radius R. The shear

modulus of copper is taken to be G = 44.7 GPa for copper, while Poisson’s ratio is v = 0.34. b, =
% (112) = 0.148 nm is the Burgers vector of a partial dislocation, a is the lattice constant of copper,

y = 1.239 Jm is the surface energy, ysr = 44.4 Jm™ is the stacking-fault energy [70], m is an
approximation of the image interaction between a semi-circular dislocation loop and a void (~2.2),
and p is the material density (8.9 g/cm?®) [70].

The critical shear stress at which dislocations are emitted is represented in Fig. 7a.
Dislocation emission is affected by both the global shear stress and uniaxial compression generated
under shock loading. In this case, because the dislocation density is shown to decrease with the
addition of helium to a cavity, implying that dislocation emission is driven by compression of the
material. The critical shear stress for dislocation emission takes the form:

Te=1Tq— T (10)
Therefore, the critical shock stress, (oyy)c at which dislocations are emitted can be calculated by

inserting Eqns. 3 and 8 into Eqgn. 10:
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(11)

2(1 v)
(0), == [T+ 50— 5)] (re +77)

Substituting Eqgns. 8 and 10 into Eqgn. 11:

_2(1-v) 13 — 5v b,(2—v)G 8mR, Ysr 3P (12)
(ayy)c 1-2v [ 2(7 — 51/)] [npb 4(1 —v)R, <e2pbp Gbp>+_ l

4

The shock stress required for dislocation emission during shock-induced void growth from
the surface of empty and helium filled bubbles is shown as dashed lines in Figure 7b. The effect
of the internal bubble pressure is seen in a clear manner. The same figure shows MD simulation
results for four diameters at 21.0 ps, when the shock front has fully reached the rear surface, just
before the material begins to release; these are indicated by symbols corresponding to the three
different initial pressures: 0, 1.35, and 2.39 GPa. The analytical solution assumes a global
measurement of the shear stress within the material, but the open symbols, which represent the
shear stress measured via MD within a local cubic region having side length 40.0 nm and centered
around each cavity, show stronger agreement with analytical results in comparison to the globally
measured shear stress from MD. Copper atoms located sufficiently far enough from the defect are
not subjected to the additional work done at the cavity surface as dislocation loops are formed, so
the full bulk global shear stress measurement is skewed by the size of the sample in comparison to
the size of the cavity embedded in each simulation. The minimum radius of 2.0 nm used in this
study provides a ratio R/b equal to approximately 13, which is marked on the plot. Both the
analytical and MD calculations predict a decrease in the stress required for dislocation generation
at the surface of the defects as the initial defect size increases. Both MD results and the analytical
model show that the addition of helium requires increased stress for dislocation generation since

the internal pressure works to oppose deformation via shock compression. It is remarkable to note

that for Cu-He-2.39 with an initial radius of 2.0 nm, the critical stress for dislocation emission (and
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thus the beginning of partial collapse under shock compression) from the helium bubble is

(ayy)c~4.75 GPa, which is more than four times the initial internal pressure generated by helium.

This is addressed in the following section, and is likely due to the increase in pressure as the helium
bubble collapses, which increases the resistance to further deformation. The presence of helium
bubbles generates a back pressure which opposes deformation and increases the stress needed to
generate dislocations in comparison to empty voids.

Wilkerson and Ramesh [66], [67] and later Nitol et al. [71] present the effect of initial void
radius on the stress required for the emission of dislocations in magnesium and find, as expected,
a significant reduction in this stress, which they equate to the spall strength, with the increase in
the void radius. They present the results of both MD calculations and an analytical solution.
Importantly, they find that porosity has a significant effect on this stress, especially for pores with
a radius larger than 3 nm (Fig. 9 of Nitol et al. [71]). Their analysis applies to our case, with a
change in sign: the stress is tensile in their case and compressive in our case. We therefore compare
their predictions with ours in Figure 7. Our analysis does not incorporate the effect of porosity
and therefore the comparison is useful. The Wilkerson-Ramesh expression (Eq. 7 from Nitol et al.

[71]) with the parameters converted to our symbols, takes the form:

_ Gb(R+1.3bV2)" (y+P) 1-p
(JYY)C - [4x1_3an(1—v)(R+1.3b/\/§) + R ] <1—P+%P2/3> (43

where the porosity defined as the ratio of the volume of the void by the volume of a cell containing

it with dimensions Iy, ly, and |;:
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p=: (14)

Lelyly

In the limit where Iy, ly, and |; are infinite, p=0. Inspection of Eq. 13 shows that the critical stress
for dislocation emission decreases with increasing porosity similar to our observation. The effect
of the bubble pressure, P, can be added to the Wilkerson-Ramesh equation through the term
(y+P)/R. Figure 7c shows the predictions from the Wilkerson-Ramesh equation for different
values of the porosity, which we made equal to those used by Nitol et al. [71]. The following

parameters were used, for copper: The shear modulus of copper is taken to be G = 44.7 GPa,

while Poisson’s ratio is v = 0.34. b = %(112) = 0.148 nm is the Burgers vector of a partial

dislocation, a is the lattice constant of copper, y = 1.239 Jm™ is the surface energy, ysr = 44.4
Jm? is the stacking-fault energy [70], and Waioy = 1.3b as recommended by Nitol, et al [71].
We also use the same porosity parameters as Nitol, et al [71], which are each plotted in Figure 7c.
It can be seen that the stresses are higher than the ones predicted by the Tang et al. [70] equation.
This is due to the different assumptions involved in the generation of shear loops. The Wilkerson-
Ramesh equation considers only the increase in surface energy, whereas the Tang equation is based
on the emission of a semicircular dislocation loop from the void, the former having a radius equal

to half the void radius.

4.1 Defect temperature & pressure effects
As the shock front moves through the material, the volume of the defect decreases, leading to
an increase in temperature and pressure for helium-filled defects. For empty voids, local hot spots
on the void surface are manifested instead. The initial defect size and internal pressure each factor
in to the shock behavior since the generation of dislocations is affected by both parameters. In

Figure 3, helium-filled defects produced the most dislocations in comparison to voids with a radius
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of 2.0 nm despite helium-filled defects requiring a higher critical stress for dislocation emission.
Though we expect the void to produce more dislocations since it requires less stress to emit
dislocations, illustrated by Figure 7b, the void is rapidly compressed and converted to a localized
plastic region, shown in Figures 2a-c. The void collapses so rapidly that it cannot serve as a source
of dislocations long enough to exceed the dislocation production of the helium bubbles of the same
size. Li, et al. observed a similar trend, where the collapse and deformation of both voids and
helium bubbles is constrained for radii less than 2.0 nm [80]. Aside from this exception, voids
produce the most dislocations since they have no back pressure to resist the shock front.

The total plasticity around a void or bubble can is affected by the temperature rise
associated with the collapse of the bubble. Figure 8 illustrates the associated local temperature
profile for the voids/bubbles with an initial radius of 9.0 nm after shock loading for an internal
cross section of the material. While prior discussion focused on smaller voids and helium bubbles,
the case of defects with an initial radius of 9.0 nm better depicts the formation of hot spots as the
material undergoes compression. At 1 km/s, none of the larger 9 nm defects are fully collapsed,
though a highly localized hot spot is formed around the empty void. At this particle velocity and
defect size, the voids are able to easily produce more dislocations since the stress required to
produce dislocations is less for voids as compared to helium bubbles. Adding helium prevents the
complete collapse of the helium bubble in Cu-He-1.35; as the material is compressed, the
temperature increase is concentrated throughout the helium defect. This effect is pronounced in
Cu-He-2.39; while the material certainly generates a hot spot, the addition of helium causes the
local heat to be more dispersed through the material. Though this means the temperature is slightly
lower when comparing empty voids to helium bubbles, the temperature increase is spread

throughout the material local to the defects, illustrated in Figure 8.
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Shock compression decreases the volume of voids and bubbles in all cases; for Cu-He-1.35
and Cu-He-2.39, this generates an increase in the temperature and pressure within the defect, which
becomes more pronounced as the shock increases in strength. Temperature and pressure of the
helium bubbles are calculated directly from our simulations in the subsequent discussion. Figure
9a shows temperature of the helium bubble as a function of particle velocity for initial defect radii
of 2.0 and 9.0 nm in both Cu-He-1.35 and Cu-He-2.39. While the clear increase in temperature as
a function of particle velocity is not surprising, it is interesting to note that smaller defects and Cu-
He-2.39 tend to be closer in temperature while Cu-He-1.35 with an initial bubble radius of 9.0 nm
is significantly hotter than the other cases. The internal pressure of helium bubbles, which remain
intact throughout all simulations performed in this study, display an order of magnitude increase
as a function of particle velocity. Taken together, the increase in defect temperature and pressure
combined with the resistance to shear loop generation by the helium bubbles demonstrates that the
defect resists deformation due to the back pressure within the bubble.

5 Conclusions
Simulations of shock compression on single crystal copper with pre-existing voids, both empty
and helium-filled, along the [111] directions were performed at different stresses in order to better
understand the atomistic scale mechanisms of void collapse during shock loading. The following
significant conclusions are reached:
e The distribution and densities of dislocations generated are quantified from MD
simulations for different void sizes, pressures, and void radii and the differences obtained

are interpreted in terms of the mechanisms of dislocation emission.
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The mechanism of void collapse by the emission of dislocations is established and is found
to be similar to the earlier mechanism postulated by Lubarda et al.[54] and modeled using
MD by Traiviratana et al.[53] and Tang et al. [70] for void growth in FCC metals.

The emission of dislocation proceeds by the formation, first, of a leading partial
dislocation, the formation of a stacking fault, and the emission of a trailing dislocation. The
dislocations on different {111} planes react and form sessile dislocations and a complex
network of work hardened material.

As the particle velocity is increased to 2.0 and 2.5 km/s, increasing dislocation densities
and eventually locally melted regions are observed due to the formation of hot spots
adjacent to both He-filled and empty voids.

There are significant differences between the threshold shock stress for the emission of
dislocations and associated void collapse between empty and helium-filled voids, the latter
resisting collapse more effectively than the former.

The threshold stress for the emission of dislocations is calculated as a function of void
radius by both analytical and computational means and a clear trend of decreasing stress
with increasing radius is observed. Additionally, the critical shock stress for emission of

dislocations around helium filled bubbles is higher than that of empty voids.
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Figure 1: Initial configuration of shock simulations along the [111] direction of FCC single
crystal Cu implanted with a void filled with He and a radius of 9.0 nm. The helium bubbles are
implanted at a depth of 20.0 nm from the flat free surface. The radius is varied from 2.0 to 9.0

nm, while the ratio of He atoms to Cu vacancies is varied from 1:1 to 1:2.
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Figure 2: As the shock front (with velocity 1.0 km/s) moves past a void with an initial radius
of 2 nm, dislocations are emitted from the void. Figures a-c show the full collapse of the empty
void under shock loading, where a significant number of Shockley partial dislocations are
emitted. Figures d-f show the helium bubble in Cu-He-1.35 does not collapse under shock
loading, emitting less dislocations. This effect is more pronounced in figures g-i, depicting Cu-

He-2.39.
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Figure 3: The dislocation density around void as a function of void size for voids subjected to
a peak pressure of 48 GPa. Figure a shows the total dislocation density. Figure b illustrates the
dislocation density for perfect dislocations. Figure ¢ shows the dislocation density for Shockley
partials while figure d shows the dislocation density of sessile dislocations, including stair-rod,

Hirth, and Frank dislocations. For small voids, He-filled defects tend to produce more
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dislocations than the empty void, but as the void size increases, the empty void produces

remarkably more dislocations, likely due to its full collapse.
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Figure 4: Positions of maximum shear stress on the surface of a void in biaxial compression
with two slip planes ((111) and ((111),)). Emission of dislocations at these points, leading to a

decrease of void volume.
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Figure 5: A closer look at the dislocation structures, now in three dimensions, shows that the
voids mainly emit Shockley partial dislocations (green lines). The red atoms correspond to
stacking faults. The four slip planes are clearly visible. The white atoms are copper atoms at the
surface of the bubble and voids. Figures 5a & d illustrate the void, while Figures 5b & e illustrate

Cu-He-1.35 and Figures 5¢ & f demonstrate Cu-He-2.39.
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Figure 6: Schematic representation of emission of shear dislocation loops in blue during
collapse of a void whose surface is colored purple; four non-perpendicular slip planes
((111),(111) , (111),and(111) ) are shown; (a) planes of maximum shear shown with the
initiation of partial edge dislocation emission; (b) continued evolution of leading partials on
four planes; (c) trailing partial emitted; (d) intersection of leading partials along directions [110]
(for (111) and(111) ), [101] (for (111) and(111) ),[101] (for (111) and(111) ; [110] for

(111) and (-111). (111), (111), (111) and (111)
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Figure 7: a) Local shear stresses on the bubble surface, ts1, due to the effect of external shock
compression (left) and internal pressure, 1, (middle); combined effect on the right hand; b)
Shock stress required for dislocation emission at surface as a function of normalized void radius,
R/b, for vacuum and helium-filled bubbles (initial pressures of 1.35 and 2.39 GPa); continuous
dashed lines represent analytical predictions and points the MD simulations while open points
represent identical measurements from MD made for a sample cut into a cube having 40.0. nm
sides centered around the defect. ) Stress required to emit dislocations according the Wilkerson-
Ramesh formulation; three porosities are defined. For void/b ratios smaller than 50, there is no

effect of porosity.
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Figure 8: Localized temperature of void having a radius of 9.0 nm under shock compression at
the time that the shock front has reached the rear surface. While hot spots clearly form in the

case of empty voids, the distribution of the kinetic energy is more localized within the helium-

filled voids.
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Figure 9: a) The temperature of each helium bubble, all of which remain intact during shock
compression as function of particle velocity. b) The internal pressure of each helium bubble as
a function of particle velocity. Note that empty voids collapse fully during shock compression

so their temperature and pressure is indeterminate from the bulk copper.
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Shock compression studies on single crystal Cu with pre-existing voids and helium
bubbles generate localized, increased shear dislocation loops

Varying size and internal pressure alters dislocation loop generation; as loops grow and
interact, complex networks of sessile dislocations are formed

The threshold shock stress is calculated via both analytical and computational means and
reflects a clear trend of decreasing stress with increasing radius is observed; additionally,
the critical shock stress for emission of dislocations around helium filled bubbles is

higher than that of empty voids.
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