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The deformation and failure (spallation) behavior of Cu/Ta multilayered systems with Kurdjumov-Sachs (KS)
orientation relationship is investigated at the atomic scales under shock loading conditions. Molecular dynamics
(MD) simulations investigate the role of spacing between KS interfaces on the nucleation, evolution and interac-
tion of defect structures (dislocations) in the Cu/Ta multilayered microstructures with layer thicknesses ranging
from 3nm to 47 nm. The shock compression response and failure response is investigated using the computed
values of the Hugoniot elastic limit (HEL) and the spall strengths, respectively. KS interfaces serve as strong barri-
ers to dislocation propagation and transmission across the interface and the spacing of the interfaces is observed
to influence the spall behavior. The variation of the spall strength values suggests a critical interface spacing of
6nm, below which the spall strength of the multilayered microstructure is observed to be lower than that for
single-crystal Cu for the same loading conditions. The correlations between the temporal evolution of densities
of various types of dislocation at the spall planes for the various microstructures and the resulting values of the
spall strengths provide a clear rationale for why a microstructure results in increased/decreased spall strength

values for the multiphase system.

1. Introduction

Multilayered nanocomposites are promising building blocks for next-
generation materials, owing to their greatly enhanced strength, thermal
stability and irradiation damage resistance in contrast to the coarse-
grained microstructures [1-6]. The excellent combination of these prop-
erties for the nanocomposites is determined by distribution of bi-metal
interfaces formed between the component phases in the microstructure.
Both experimental and computational results have demonstrated that
these bi-metal interfaces affect the plastic deformation micromecha-
nisms of nucleation of dislocations, cross-slip across interfaces and de-
formation twinning that, in turn, affect the macroscopic behavior of
the multilayered systems [7-11]. It is now known that the observed
interface-dominated plastic deformation mechanisms are affected by the
atomic structure as well as the spacing between interfaces [12-14].

More recently, substantial experimental work has investigated the
modifications in the plastic deformation and failure mechanisms in these
nanolayered composites under dynamic loading conditions. The dif-
ferences in the elastic properties and deformation mechanisms in the
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component layers during shock loading can lead to substantial varia-
tions in the shock wave structure, wave reflections and interactions, and
hence dynamic failure mechanisms in these composite microstructures
[15,16]. The bi-metal interfaces trigger dislocation nucleation and also
act as barriers to dislocation propagation under shock loading condi-
tions, and this capability is shown to be strongly related to the atomic
structure of the interface [17]. As compared to single-phase nanocrys-
talline metals, where grain boundaries typically act as preferential sites
for voids nucleation, bi-metal interfaces do not necessarily act as weak
links for void nucleation. A comparative study of the spall behavior of
Cu/Ag and Cu/Nb alloys shows that voids nucleate inside Ag phase in
Cu/Ag microstructures, whereas voids nucleate in the Cu regions at the
Cu/Nb interfaces in Cu/Nb microstructures [18]. At large enough thick-
nesses of the component layers, voids are also observed to nucleate in
the Cu regions away from Cu/Nb interfaces due to the interaction of re-
flected waves from the interfaces inside the layers [15]. Such variations
of shock wave propagation, reflection and interaction behavior with
varying dimensions of the component layers and interface structure can
lead to significantly different spall strengths of bi-metal microstructures
as compared to the pure systems. For example, spall strength values for
Cu/Ag and Cu/Nb nanocrystalline alloy microstructures are found to be
higher than that of the matrix Cu phase [18], whereas the spall strength
of Cu/Nb multilayered system is observed to be much lower than both
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Cu and Nb component phases [15]. It is also well established that the
interface spacing significantly affects the hardness and strength of mul-
tilayered systems [19-22]. This arises from the fact that, as the inter-
face spacing decreases from hundreds of nm to a few nm, the dominant
operative deformation mechanism transitions from dislocation pile-up
(Hall-Petch strengthening) [23,24], to single dislocation glide (confined
layer slip) [25] and furthermore to interface crossing (interface barrier
strength) [26-28]. However, the time and length scale capabilities of
experiments limit the investigation of the role of interface structure and
spacing on the deformation and failure mechanisms under shock loading
conditions.

Such insights at the atomic scales can be obtained using classical
molecular dynamics (MD) simulations. MD simulations enable the inves-
tigation of the deformation and failure response of various microstruc-
tures under shock loading conditions. The deformation response can be
characterized based on the computed values for the Hugoniot elastic
limit (HEL) defined as the “longitudinal stress at the elastic precursor
front” and the failure response is characterized based on the computed
values for the spall strengths defined as the peak tensile pressures gen-
erated prior to nucleation of voids in the various microstructures. For
example, MD simulations demonstrate that the HEL values are deter-
mined by the spacing of the interface that render modifications in the
dislocation nucleation behavior as well as transmission behavior across
multiple layers for Cu/Nb laminates [29]. The computed HEL values for
Cu/Nb laminate microstructures are observed to be lower than that for
single-crystal systems [30]. In addition, deformation mechanisms in Cu
layers transition from homogeneous nucleation of dislocations within
the layers to the nucleation at the interfaces at interface spacings lower
than 20 nm, whereas deformation mechanisms in Nb layers result from
homogeneous nucleation within the layers [30]. MD studies also suggest
that the presence of bi-metal interfaces can shift the activation barrier
for dislocation nucleation in the component layers and the barrier for
dislocation transmission is observed to vary significantly with interface
structure [31]. MD simulations of spall failure of Cu/Nb laminates re-
veal the nucleation of voids restricted to the few Cu layers near the
interface, rather than at the Cu/Nb interface, suggesting that Nb plays
no significant role as a stronger phase in the composite microstructure
[32].

However, the fundamental understanding on the role of interfaces
on the temporal evolution of defect structures, their interactions and
evolution under shock loading conditions to render the variations in ob-
served spall strength values for the multilayered microstructures is still
missing. The current understanding is largely limited to the modes of de-
formation and the mechanisms of dislocation nucleation in multilayered
FCC/BCC structures. For example, it is not clear if the trends observed in
Cu/Nb multilayered microstructures (decreased spall strengths as com-
pared to Cu) will also be observed for other FCC/BCC multilayered mi-
crostructures. In addition, a clear rationale for why a microstructure
(with a structure of the FCC/BCC interface and a spacing between in-
terfaces) results in increased/decreased spall strength values is missing.
Such a rationale is crucial to tailoring and optimizing the microstruc-
tures of these materials for damage-tolerant applications.

This manuscript demonstrates a systematic study to investigate the
links between interface spacing in FCC/BCC multilayered structures, the
resulting variations in the temporal evolution of dislocation structures
during the various stages of shock compression and spall failure and the
predicted spall strength values. An exact knowledge of how the inter-
face spacing affects the way the defect structures nucleate and evolve
will enable the identification of correlations between the evolution of
dislocation densities and observed macroscale dynamic response i.e. the
spall strength values. This work uses the Cu/Ta multilayered system as
model system to investigate these links at the atomic scales due to their
unusually high hardness and yield strength (five times higher than pure
Cu and Ta) as well as Hall-Petch dependence on the interface spacing
under quasi-static tensile loading conditions [33]. However, it is not
clear whether such ultra-high strength will be retained in these mate-
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rials under dynamic loading conditions. It is also not clear if the de-
formation mechanisms and lower spall strengths (as compared to the
component phases) observed for the multilayered Cu/Nb microstruc-
tures will also be observed in Cu/Ta multilayered microstructures. This
work aims to gain a comprehensive understanding of the temporal evo-
lution of defect density during shock wave propagation, reflections and
interactions to identify the links between the interface spacing and the
spall strengths for Cu/Ta multilayered systems. Lfore arge-scale MD
simulations are therecarried out to investigate the effects of interface
spacing using a Kurdjumov-Sachs (KS) interface structure as a model
FCC/BCC interface between Cu and Ta layers. This paper is organized in
the following way: the computational details are presented in Section 2.
The deformation and spall behavior of Cu/Ta multilayered systems are
discussed in Section 3.1, and the effects of interface spacing are dis-
cussed in Section 3.2. The correlations between defect dynamics and
spall strengths are discussed in Section 3.3, followed by conclusions in
Section 4.

2. Computational methods

The open source software “LAMMPS” [34] is used to carry out the
MD simulations discussed here. The angular-dependent interatomic po-
tential [35] is used to model the interactions between the atoms in the
Cu/Ta system, which accurately predicts the energetics of defect struc-
tures and the Hugoniot relationships for the pure systems as well as
the structural stability of the alloy system. The initial multilayered mi-
crostructures with a KS interface are created by stacking FCC Cu slabs
and BCC Ta slabs with the [110] direction for Cu and the [111] direc-
tion for Ta aligned along the X direction and [112] direction for Cu
and the [112] direction for Ta aligned along the Y direction, as shown
schematically in Fig. 1(a). The lateral dimensions (X and Y) are deter-
mined such that the in-plane strains imposed on the component layers
are minimized (< 0.1%). The dimensions of the as-created systems are
39 nm by 38 nm by 95 nm, and the total number of atoms is ~ 10 million.

The as-created multilayered microstructures are first equilibrated us-
ing Nose-Hoover isobaric-isothermal (isotropic) ensemble (NPT) at zero
pressure and 300K for 50 ps prior to shock deformation. All simula-
tions are performed with a time step of 2 fs. An initial coherency stress
is developed in the multilayered microstructure after equilibration as
shown in Fig. S1 in Supplementary Note 1, and is observed to be ten-
sile for Ta layer and compressive for Cu layer. The pressure in the sys-
tem is calculated as P = _%(O-xx +0,, +0,), where oy, 0,,, and o, are
the stresses in X, Y and Z direction, respectively. The snapshots gener-
ated during simulation are divided into 100 sections along the shock
direction, and physical properties such as stress and pressure are av-
eraged over each section. The snapshots generated during the simula-
tion are also analyzed to characterize defects (dislocations, twin faults
and stacking faults, etc.) using a combination of “centro-symmetry pa-
rameter” (CSP) [36], “common neighbor analysis” (CNA) [37], “dislo-
cation extraction algorithm” (DXA) [38,39] and “crystal analysis tool”
(CAT) [40]. The characterized defects include Perfect, Shockley, Stair-
rod, Frank, and Hirth and twinning partial dislocations in FCC Cu, and
dislocations of Burgers vector 1/2<111 >, (100), (110) in BCC Ta. More
details of these methodologies can be found in [41-45]. Fig. 1(b) shows
the side view of the relaxed atomic structure of the KS interface, and
Fig. 1(c) shows the perpendicular view, wherein a quasi-periodic pat-
tern formed due to intersection of intrinsic dislocation arrays can be ob-
served [29]. These dislocation arrays can be expected to determine the
deformation and spall behavior of the multilayered systems. An example
initial microstructure showing the distribution of Cu/Ta KS interfaces at
an interface spacing of 6 nm is shown in Fig. 2. A piston (a 3nm thick
section at the lower Z end of sample) is driven inwards at a constant
velocity of 1 km/s for 10 ps to shock load the Cu/Ta microstructure. A
threshold velocity of 0.9~0.95km/s is needed to observe plastic defor-
mation in single-crystal Cu in the [111] orientation and hence, shock
velocity of 1km/s is chosen for this study. The loading conditions of
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Fig. 1. (a) Schematic of the Cu/Ta stacking in a KS multilayered system. Relaxed atomic interface structures of KS interfaces: (b) side view of the interface, where
atoms are colored in the following way: Cu FCC stacking (green), Ta BCC stacking (purple), and disordered Cu/Ta atoms (blue), and (c) top view of the interface
atoms colored based on the Z stress component with two sets of misfit dislocation lines marked by purple dashed lines. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Initial setup for the Ta 6 nm/Cu 6 nm multilayered system under Ta-
shock loading. During the shock loading, the piston atoms (silver) are given
an inward velocity (1 km/s) along positive Z direction for a duration of 10 ps,
as shown by the red arrow. Atoms are colored in the following way: Cu FCC
stacking (green), Cu stacking faults (red), Cu twin faults (yellow), Cu twinning
partials (light blue), Cu surface (orange), Ta BCC stacking (purple), Ta twin
faults (cyan), Ta surface (silver) and disordered Cu/Ta atoms (blue). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

a constant pressure shock are used to mimic a flyer plate impact test
[46], and a pulse duration is used to account for the thickness of the
flyer plate before a release wave (tail of the pressure wave) is intro-
duced in the system. The effects of interface spacing are investigated by
constructing six Cu/Ta multilayered systems with an interface spacing
(L) of 47 nm, 23 nm, 16 nm, 12nm, 6 nm, and 3 nm. Periodic boundary
conditions are applied in X and Y direction, and the shock (Z) direction
is kept free.

3. Results and discussion
3.1. Spall behavior of Cu/Ta multilayered systems

The shock deformation and spall failure behavior of Cu/Ta multilay-
ered systems with KS interfaces is first discussed for an interface spacing
of 6 nm (as shown in Fig. 2). Since the peak shock pressures generated
are determined by the interaction of the 1st layer with the piston dur-
ing impact, the pressures generated by a piston impacting a Ta layer
would be significantly different from the pressures generated by a pis-
ton impacting a Cu layer. Therefore, two loading scenarios are possible
here: by using a piston (1st 3nm region) to impact the 1st layers as a
Ta layer (as shown in Fig. 2) or as a Cu layer, these two loading cases
are referred to as “Ta-shock” and “Cu-shock”, respectively. The different
loading cases would result in variations in shock compression pressures

and hence wave propagation behavior. Here the Cu/Ta multilayered sys-
tem with an interface spacing of 6 nm for the Ta-shock loading case will
be referred to as Ta 6 nm/Cu 6 nm multilayered system.

The temporal pressure evolution along the Z direction of the system
is shown in Fig. 3(a) and can be used to investigate the wave propagation
behavior. An initial coherency stress in the multilayered microstructure
can clearly be seen in Fig. 3(a). This coherency stress results from the
lattice mismatch between the component layers and is tensile for the
Ta layer and compressive for the Cu layer, with a magnitude of about
0.5 GPa. The plot suggests four stages of wave propagation behavior.
These stages are: “Stage 1 (SI)” comprises of shock wave loading and
propagation; “Stage 2 (SII)” comprises of arrival of the tail of the shock
wave as it travels towards the rear surface; “Stage 3 (SIII)” comprises
of wave reflection and its interaction with the tail of the compressive
wave (as indicated by the intersecting black arrows) to generate tensile
pressures and nucleate voids, and “Stage 4 (SIV)” comprises of growth
of voids and their coalescence to initiate failure. The evolution of overall
(global) density of various types of dislocations in the Cu and Ta layers
during these stages is plotted in Fig. 3(b) and 3(c), respectively. Each of
these stages is discussed below for the Cu/Ta multilayered microstruc-
tures.

SI corresponds to the initiation of the compressive shock wave in
the Cu/Ta microstructures. Fig. 4(a) shows the variation of the pres-
sure along the length of the sample at intermediate times during SI.
The shock velocity (Uy) calculated from the rear surface velocity pro-
files is 5.20km/s for the KS (6 nm) multilayered system, which is in
between the values of 6.75km/s and 4.54km/s observed for compo-
nent phases of single crystal Cu (sc-Cu) for the [111] orientation and
single crystal Ta (sc-Ta) for the [110] orientation, respectively and is
much lower than their average (5.65 km/s). This suggests that the pres-
ence of KS interfaces in the multilayered microstructure serves to inhibit
the propagation of the compressive waves and lower Ug. Additionally,
a substantial change in the compressive pressure and particle velocity
(Up) is observed as the shockwave travels across the KS interface. Due
to the different shock impedance of the two phases (as listed in Supple-
mentary Table S1), the transmitted compressive pressure is increased as
the shockwave travels from Cu to Ta layer, and decreased from Ta to Cu
layer, as shown in Supplementary Fig. S2. An opposite trend is observed
for U, increase in U, from Ta to Cu layer, and decrease from Cu to Ta
layer, as shown in Supplementary Fig. S3. This is attributed to the ca-
pability of the Ta/Cu layers to modify the pressure experienced by the
following layer in the multilayered system. A more detailed discussion
of the role of KS interface on the shockwave profiles, including the vari-
ation of U, is provided in Supplementary Note 2. From Fig. 3(b) and
3(0), it can be seen that the dislocations that nucleate in the Cu layers
comprise of a substantial amount of Shockley partials followed by twin-
ning partials, whereas the dislocations in Ta layers comprise primarily
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Fig. 3. (a) Evolution of pressure along the
length of the Ta 6 nm/Cu 6 nm multilayered
system under Ta-shock loading, evolution of
dislocation densities in (b) Cu layers and (c) Ta
layers.
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Fig. 4. (a) Shock wave profiles during SI at interme-
diate times for Ta 6 nm/Cu 6 nm multilayered system
under Ta-shock loading, (b) Top view of the KS inter-
face showing nucleation of stacking faults in Cu layer
from the interface occurs along the misfit dislocation
lines, as shown by the yellow dashed line, (c) Defect
structures in the Cu and Ta layers along the length of
the sample in the shock direction. The snapshot shows
homogeneous nucleation of the twin faults in Ta layer
(cyan atoms) as well as nucleation and propagation of
stacking faults from both interfaces at the shock front
towards the Cu layer. Only atoms corresponding to
Cu stacking faults (red), Cu twin faults (yellow), Cu
twinning partials (light blue), Cu surface (orange), Ta
twin faults (cyan), Ta surface (silver) are shown here.
The original Cu/Ta atoms at the interface are colored
as light green. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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of dislocations of Burgers vector 1/2 <111 > . Additionally, the densities
of these dislocations show various drops in Cu layers as the shock wave
arrives at the multiple Cu/Ta interfaces in the microstructure.

SII starts at the release of the shock pulse and ends at the arrival of
the shock front at the rear surface to start the unloading process as ob-
served in Fig. 3(a). While this release wave is able to relax the material
behind the shock front to zero pressures, no change is observed in the
rates of dislocation nucleation during SII. New dislocations continue to
nucleate in the Cu and Ta layers as the compressive wave travels to the
rear surface, as indicated in Fig. 3(b) and 3(c). For a closer look at the
defect evolution during SII, defect structures (stacking faults and twin
faults in Cu as shown by red and yellow atoms, respectively as well as
twin faults in Ta as shown by cyan atoms) at the shock front along the
length of the sample at a time of 11.6 ps are shown in Fig. 4(b) and 4(c).
The plot in Fig. 4(b) shows the top view of the defects in Cu layer at the
shock front. The misfit dislocation lines are marked by dashed yellow
lines, and are also indicated in Fig. 1(c). The stacking faults in Cu layer
can be observed to nucleate along the misfit dislocation lines at the in-
terface and propagate into the Cu layer. The plot in Fig. 4(c) shows the
side view of the defect structures along the length of the sample. The
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stacking faults and twin faults in Cu layers nucleate from the Cu/Ta in-
terfaces due to the interaction of the elastic wave and propagate into
the Cu layer interior. However, twin faults in Ta layers are observed
to nucleate at the shock front in regions next to the Cu/Ta interface as
well as in the Ta layer interior as shown by cyan atoms in Fig. 4(c). It
should be noted that the characterization of dislocations in BCC using
DXA is limited to (100), (111) and ‘other’ type of dislocations. Given
that the total dislocation density is on the order if 1017/m?, the con-
tribution from ‘others’ is negligible and not considered here. While the
snapshots show twinning in Ta layers, the analysis does not show any de-
tection of 1/6 (111) dislocations that is indicative of twinning [47] and
is likely due to the challenges in the creation of the burgers circuit for
a twinning dislocation [48]. This is discussed in more detail in Supple-
mentary Note 3. A similar preferential activation of slip systems in FCC
phase from the interface that are oriented along the misfit dislocation
lines, and the homogeneous nucleation of dislocations within BCC phase
have also been reported for Cu/Nb multilayered system [29,49]. While
defects are nucleated in both the Cu and Ta layers, no geometric align-
ment of the twinning planes in Ta layers and stacking faults and twin
faults in Cu layers is observed here. Therefore, the KS interfaces serve as
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Fig. 5. Snapshots showing microstructure evolution of Ta 6 nm/Cu 6 nm multilayered system under Ta-shock loading at various stages: (a), (b) 0ps, (c), (d) 10ps,
(e), (f) 20 ps and (g), (h) 30 ps. Left panels show the entire microstructure, and right panels show the distribution of defects (Cu twin faults, Cu twinning partials,
and Ta twin faults) and damage (Cu surfaces and Ta surfaces). Atoms are colored as described in Fig. 2.
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a strong barrier to dislocation transmission in Cu/Ta system in contrast
to that observed for the Cu/Nb system. This high resistance to disloca-
tion transmission has also been reported for Cu/Ta multilayered system
under uniaxial tension [50] and Cu/Nb systems under indentation test
[51].

The acceleration of the rear surface due to the arrival of the compres-
sive shock wave reaching results in the onset of SIII. HEL values (using
rear surface velocity profiles) during SIII of shock loading are calculated
to be 37.98 GPa for the Ta 6 nm/Cu 6 nm multilayered system, which is
much lower than values of that of 58.17 GPa and 51.44 GPa for the sc-Cu
[111] and sc-Ta [110] system, respectively. Such lowering of HEL for
the multilayered system as compared to single-crystal systems has also
been reported for the Cu/NDb systems [30]. The acceleration of the rear
surface results in the reflection of the shock wave, which interacts with
the tail of the compressive wave to generate a state of triaxial tensile
stress and lead to the nucleation of voids. The maximum tensile pressure
generated in the microstructure during void nucleation is computed as
the spall strength of the system. The calculated spall strength of the Ta
6 nm/Cu 6 nm multilayered system is 10.14 GPa, which is very close to
sc-Cu [111] (10.06 GPa) and much lower than sc-Ta [110] (19.48 GPa).
Therefore, despite the above modifications in the wave propagation be-
havior induced by the KS interface, the spall failure is dominated by the
weaker Cu phase.

lustrative snapshots for the Ta 6 nm/Cu 6 nm multilayered system
showing defect nucleation and evolution during the various stages of
shock compression and spall failure are plotted in Fig. 5. These snapshots
at times of 10 ps and 20 ps (SI and SII) show a substantial amounts of
stacking faults and twin faults in the Cu layers, and twin faults in Ta
layers. The stacking faults and twin faults in Cu layers can be observed
to extend across the entire layer, whereas the twin faults in Ta layers
appear in much smaller fragments. Fig. 5(g) shows the spall failure of
the multilayered microstructure as indicated by nucleation of voids in
the multiple Cu layers (as shown by orange atoms) close to the Cu/Ta
interfaces. However, very few voids are observed in the interior of Cu
layers, and no voids are observed in Ta layers. Therefore, it is likely that
the presence of interfaces weakens the few Cu atomic layers next to the
interface that render weak sites for preferential void nucleation. This
behavior is validated by the lowered work of separation in the Cu layers
near the Cu/Ta interface based on DFT calculations [52]. Similar results
have also been observed for Cu/Nb multilayered microstructures [32].

Finally, the microstructures are also characterized to identify the dis-
tribution of voids at times corresponding to peak tensile pressures. To
identify voids, the simulation cell is divided into a 3-dimensional grid of
cubic cells (with the same size as a Cu unit cell), and empty cells (which
contains no atom) are identified. A void is defined as a cluster of two
or more continuous empty cells. More details of the methodology can
be found in [53]. The distribution of number of voids along the length
of the sample at the time of peak tensile pressure in Cu layers is shown
in Fig. 6. Here, the rectangles represent the regions where nucleation
of voids occurs under the triaxial tensile stresses and are defined as the
“spall plane”.

3.2. Effects of spacing of KS interfaces on spall failure

The effects of interface spacing are investigated by constructing six
Cu/Ta multilayered systems with an interface spacing (L) of 47 nm,
23nm, 16 nm, 12nm, 6 nm, and 3 nm. The Ta-shock loading case is first
discussed here. Fig. 7 shows the variation of HEL for these KS multi-
layered systems as a function of interface spacing, in comparison with
sc-Cu [111] and sc-Ta [110] system with no initial defects. The calcu-
lated HEL values are observed to decrease smoothly with decreasing
interface spacing. This variation in HEL with interface spacing is differ-
ent from the reported results for Cu/Nb multilayered system in [29],
where a critical interface spacing of 5nm results in a peak HEL value.
However, the results show no direct trend for the variation of HEL (as
plotted in Supplementary Fig. S4(a)) and spall strength (as plotted in
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Fig. 7. Variation of HEL for KS multilayered system with interface spacing, for
both Ta-shock loading and Cu-shock loading cases, as compared to the single-
crystal (SC) Cu [111] and Ta [110] system.

Supplementary Fig. S4(b)) with strain rate, and therefore no correlation
between strain rate and HEL or spall strength can be made here. This
is attributed to the similar strain rates observed for all the multilayered
systems. A more detailed discussion (along with variations) is provided
in Supplementary Note 4.

Contour plots of the pressure evolution in the system for the various
microstructures are shown in Fig. 8. No substantial changes in the com-
pressive wave (red) propagation are observed in SI and SII from these
plots. However, as the interface spacing decreases, more localized ten-
sile regions (blue) are observed during SIII and SIV of spall failure. The
tensile regions during SIV show substantial variations in tensile pres-
sures across the layers, i.e., higher tensile pressures for the Cu layer
(blue) as compared to that for the Ta layer (light blue). This variation in
tensile pressure is attributed to the variations in tensile pressure gener-
ated for the same wave velocities experienced by Cu and Ta. In contrast
to single-phase materials, where tensile pressures are typically gener-
ated due to interaction of rarefaction wave from the rear surface with
the tail of the compression wave, the presence of Cu/Ta interfaces in
the multilayered microstructure results in additional wave reflections
at the interfaces that interact with the tail of the shock wave to create
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Fig. 8. Temporal evolution of pressure along the length in KS multilayered system under Ta-shock loading: (a) Ta 47 nm/Cu 47 nm, (b) Ta 23 nm/Cu 23 nm, (c) Ta
16 nm/Cu 16 nm, (d) Ta 12nm/Cu 12nm, (e) Ta 6 nm/Cu 6 nm, (f) Ta 3nm/Cu 3 nm.

local tensile regions in the microstructure. The calculated peak compres-
sive and tensile pressures and shock velocities for all the multilayered
microstructures are tabulated in Table 1, in comparison with that of sc-
Cu [111] and sc-Ta [110] system. The peak compressive pressures gen-
erated for the KS multilayered systems are observed to be in between
that of the sc-Cu [111] and sc-Ta [110] system. The peak compressive
pressures in both Cu and Ta layers are observed to be highest for an
interface spacing of 23 nm among all the systems considered. The peak
tensile pressures in Cu layers for the KS multilayered systems are greater
than that of sc-Cu [111] system. Thus, the increased spall strength val-
ues in the presence of KS interfaces at an interface spacing greater than
3nm may be attributed to increased shock pressures generated in the
Cu layers as compared to that in sc-Cu [111] system.

To examine the spall behavior of the KS multilayered system, the
snapshots of the microstructure and the corresponding defect distribu-
tions at the time of peak tensile pressure are shown in Fig. 9. For an

interface spacing of 12nm and greater (Fig. 9(a)—9(h)), a dense dislo-
cation forest nucleated from both interfaces can be observed in the Cu
layer, and voids are observed to nucleate both in the interior of the Cu
layers and the Cu side of the Cu/Ta interfaces. The void nucleation in
the interior of the Cu layers is due to the intense dislocation interac-
tion at the interior, and the void nucleation at the Cu/Ta interface is
due to the weak nature of the interface. However, for an interface spac-
ing of 6nm (Fig. 9(1) and 9(j)), void nucleation is mostly localized at
the Cu side of the Cu/Ta interfaces. At this smaller interface spacing,
fewer dislocations can be nucleated at the Cu layer and thus limited
dislocation interaction can be observed, therefore void nucleation oc-
curs preferentially at the interface. As the interface spacing is further
reduced to 3nm (Fig. 9(k) and 9(1)), it can be seen that the density of
dislocations nucleated in the Cu layers is further reduced, and the void
nucleation is observed to occur across the entire Cu layers. This is due to
the small interface spacing, and the entire Cu layers can be considered
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Fig. 9. Snapshots of KS multilayered system under Ta-shock loading at a time corresponding to peak tensile pressure: (a)-(b) Ta 47 nm/Cu 47 nm, (c)-(d) Ta 23 nm/Cu
23nm, (e)-(f) Ta 16 nm/Cu 16 nm, (g)-(h) Ta 12nm/Cu 12nm, (i)-(G) Ta 6 nm/Cu 6 nm, (k)-(1) Ta 3nm/Cu 3nm. Left panels show the entire microstructure, and
right panels show the distribution of defects (Cu twin faults, Cu twinning partials, and Ta twin faults) and damage (Cu surfaces and Ta surfaces). Atoms are colored
as described in Fig. 2.
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Fig. 10. Snapshots showing distribution of voids in KS multilayered system under Ta-shock loading at a time corresponding to peak tensile pressure: (a) Ta 12nm/Cu
12nm, (b) Ta 6 nm/Cu 6 nm, (¢) Ta 3nm/Cu 3 nm. Top half (Z coordinates > 800 10\) of the system which contains the spalled region is shown. Only atoms corresponding
to Cu surface (orange), Ta surface (silver) and Cu/Ta interfaces (light green) are shown here. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 1

Peak compressive pressure (P..c,, Pc.r,), peak tensile pressure (ogya, Pera), and
shock velocity (U;) of the KS multilayered systems with varying interface spac-
ing (L) under Ta-shock loading, as compared to sc-Cu [111] and sc-Ta [110]
system. The spall strength o, is calculated as the peak tensile pressure in Cu
layers.

L (nm) Pocy (GPA)  P.p, (GPa) oy (GPa)  Pop, (GPa)  Us (km/s)
47 63.18 78.88 10.80 7.42 5.22
23 72.52 79.38 10.70 14.17 5.22
16 70.69 78.50 10.73 9.85 5.21
12 68.66 75.70 10.45 6.69 5.22
6 68.01 74.06 10.14 7.92 5.20
3 66.71 73.70 9.47 8.25 5.28
sc-Cu [111] 44.70 N/A 10.06 N/A 6.75
sc-Ta [110] N/A 78.53 N/A 19.48 4.54

to be next to the interface and therefore weakened by the interface,
leading to the void nucleation and the failure of the entire Cu layers.
Therefore, 3 representative failure modes are observed for the KS mul-
tilayered systems, as shown in Fig. 10. Mode 1 as shown in Fig. 10(a), is
characterized by both bulk and interface failure and occurs at an inter-
face spacing of 12nm, and this is also the case for an interface spacing
greater than 12nm (as shown in Supplementary Fig. S6); Mode 2 as
shown in Fig. 10(b), is characterized by interface dominated failure and
occurs at an interface spacing of 6 nm; Mode 3 as shown in Fig. 10(c),
is characterized by failure of entire Cu layers, and occurs at an inter-
face spacing of 3 nm. Since void nucleation and failure occur only in the
Cu layers for all the interface spacing considered, the spall strength of
the multilayered system is therefore equal to the peak tensile pressures
generated in the Cu layers. Therefore, at a small interface spacing, the
spallation and failure behavior of the KS multilayered systems is dom-
inated by the Cu/Ta interface, resulting in lower spall strengths for an
interface spacing of 6 nm and 3nm, despite the increased compressive
pressure in the microstructure. These distinct deformation and failure
modes demonstrate the critical role of the layer thickness in tailoring
the failure behavior and the resulting spall resistance of the multilay-
ered system.

To furthermore understand the effects of interface spacing, the tem-
poral evolution of the overall (global) densities of various types of dis-
locations in the Cu layers (Perfect, Shockley, Stair-rod, Hirth, Frank and
twinning partials) and in the Ta layers (Burgers vectors of 1/2<111 >,
(100) and <110>) are plotted in Fig. 11. No pre-existing dislocations

of the above types are observed for all the multilayered microstructures
considered. The variation of dislocation densities in the Cu layers dur-
ing SI and SII shows various peaks that are attributed to nucleation of
new dislocations as the shock wave travels in Cu layers. The various
sharp dips in the dislocation density variation are attributed to the an-
nihilation of the Cu dislocations at the Cu/Ta interfaces. The disloca-
tion density variation for Ta layers shows a comparatively smoother
increase during SI and SII. The values of dislocation density at the time
of peak tensile pressure (~ 30ps) are tabulated in Table 2 to under-
stand the links between the spall strengths and the dislocation densi-
ties in the microstructure at the peak tensile pressures. A peak in the
dislocation density of Cu is observed for an interface spacing of 23 nm
and this value of the dislocation density in Cu is observed to be greater
than that observed for sc-Cu [111]. Similarly, the dislocation densities
in Ta layers are found to be higher than that for the sc-Ta [110] system,
especially at an interface spacing greater than 6 nm. Thus, the varia-
tion of the spall strength of Cu/Ta multilayered microstructures can be
correlated to the dislocation densities (Shockley partials and twinning
partials). A higher twinning dislocation density in the microstructure re-
sults in higher spall strength for KS multilayered Cu/Ta microstructures
as observed for nanocrystalline Cu microstructures [41]. In addition,
it is noted that the highest compressive pressures are observed for an
interface spacing of 23 nm for the KS interfaces and render the high-
est values of Shockley partial and twinning partial density. However,
over the range of interface spacing considered here, no direct correla-
tion can be identified between the dislocation density variation of the
Cu/Ta microstructures and the peak shock pressures generated during
shock loading, as shown in Supplementary Fig. S5. This is discussed in
more detail in Supplementary Note 5.

Contour plots of the pressure evolution for Cu-shock loading are
shown in Fig. 12. As observed before, localization of tensile region is
observed at smaller interface spacing. The calculated peak compressive
and tensile pressures and shock velocities are tabulated in Table 3. Spall
strengths predicted for Cu-shock loading follows the same trend as ob-
served for the Ta-shock loading case for interface spacing of 23 nm and
lower. This value is observed to be the highest at an interface spacing of
23nm (11.05 GPa) and 1 GPa higher than that of the sc-Cu [111] system
(10.06 GPa). Additionally, the difference in the calculated spall strength
of the two loading cases is found to decrease as the interface spacing de-
creases. For the layer dimensions considered, spall is observed either in
Cu or at the Cu-Ta interface for Ta-shock loading as well as for Cu-shock
loading for layer thicknesses up to 23 nm. The exception is observed for
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Fig. 11. Evolution of overall (global) density of various dislocations of KS multilayered system under Ta-shock loading: (a) Ta 47 nm/Cu 47 nm, (b) Ta 23 nm/Cu
23nm, (c¢) Ta 16 nm/Cu 16 nm, (d) Ta 12nm/Cu 12nm, (e) Ta 6 nm/Cu 6 nm, (f) Ta 3nm/Cu 3 nm. Dislocation density of Cu and Ta are shown in the top and bottom

panel, respectively.

the cased of 47 nm layer thickness under Cu-shock loading wherein spall
is observed in the Ta layer as well. This exception is attributed to the
ratio of the layer thicknesses with the width of the shock wave gener-
ated in the system. A shock pulse of 10 ps renders a width of the shock
wave of 30 - 40nm. The width of the region that experiences triaxial

tensile stresses as plotted in Fig. 6 is also observed to be 30 — 40 nm. As
a result, for a bilayer system comprising of 47 nm layers, this width of
the spall plane is observed to be mostly in pure Ta regions (Fig. 12(a))
for the shock pulse duration chosen, and therefore leading to spall in the
Ta layer. Therefore, our results suggest a general mode of failure for the
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Table 2

Global dislocation density (1017/m2) at the time of peak tensile pressure (~ 30ps) for
the KS multilayered systems with varying interface spacing (L) under Ta-shock loading, as
compared to that of sc-Cu [111] and sc-Ta [110] system. The dislocations are tabulated for
Perfect, Shockley, Stair-rod and twinning partials in Cu layers and dislocations of Burgers
vector 1/2<111 >, (100) and (110) in Ta layers.

L (nm) Dislocations in Cu layers Dislocations in Ta layers

Perfect  Shockley  Stair-rod  Twin  1/2<111> <100> <110>

47 0.04 1.59 0.33 0.67  1.34 0.16 0.01
23 0.09 2.41 0.43 0.98  1.07 0.09 0.01
16 0.09 2.16 0.46 0.81  1.29 0.11 0.01
12 0.05 1.47 0.25 0.40  1.14 0.11 0.00
6 0.06 1.51 0.25 052  1.00 0.09 0.01
3 0.03 0.91 0.12 0.15  0.89 0.07 0.01
sc-Cu [111]  0.08 2.25 0.39 0.81 N/A N/A N/A
sc-Ta [110]  N/A N/A N/A N/A  0.83 0.08 0.00
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Fig. 12. Temporal evolution of pressure in the KS multilayered system under Cu-shock loading: (a) Cu 47 nm/Ta 47 nm, (b) Cu 23nm/Ta 23 nm, (c) Cu 16 nm/Ta
16 nm, (d) Cu 12nm/Ta 12nm, (¢) Cu 6 nm/Ta 6 nm, (f) Cu 3nm/Ta 3nm.
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plane for various values of KS interface spacing in the multilayered system.

Table 3
Peak compressive pressure (P.cy, Pc.1,), peak tensile pressure (o, Pera), and
shock velocity (U;) of the KS multilayered systems with varying interface spac-
ing (L) under Cu-shock loading, as compared to sc-Cu [111] and sc-Ta [110]
system.

L (nm) P.c, (GPa)  P.p, (GPa) ogan (GPA)  Pyp, (GPa)  Us (km/s)
47 60.74 65.35 9.80 18.49* 5.45
23 64.67 70.26 11.05 7.00 5.43
16 73.22 73.67 10.29 9.42 5.42
12 71.24 77.50 10.66 9.05 5.37
6 72.50 75.92 9.90 8.86 5.34
3 69.44 74.13 9.68 7.87 5.28
sc-Cu [111]  44.70 N/A 10.06 N/A 6.78
sc-Ta [110] N/A 78.53 N/A 19.48* 4.48

* These values refer to cases where void nucleation is observed in Ta layers
and are therefore a spall strength value.

multilayered system to be next to the interface at the weaker phase, as
well as exception to this general observation at a larger interface spac-
ing (47 nm) greater than the typical width of the spall plane (30-40 nm).
The spall strength in the Ta layer is calculated to be 18.49 GPa, slightly
lower than sc-Ta [110] (19.48 GPa). At an interface spacing of 23 nm, as
shown in Fig. 12(b), local region of tensile pressure is generated in the
Cu layer which results in incipient void nucleation at the Cu/Ta interface
at ~ 20 ps. This local tensile wave is generated due to the interaction of

the reflected wave from the 1st Cu/Ta interfaces and the tail of the com-
pressive wave, and lasts only for a few ps and is relieved at a later stage.
The incipient void nucleation due to the release waves generated at the
interface has also been reported for Cu/Nb multilayer system [15]. For
all the other interface spacing, voids are observed to nucleate only in the
interior of the Cu layers and Cu side of the Cu/Ta interface. The snap-
shots of the microstructure at the time of peak tensile pressure, and the
corresponding defect distributions for these cases are shown in Supple-
mentary Fig. S7, and the void distribution is shown in Supplementary
Fig. S8. The observed void nucleation behavior is found to be similar to
the Ta-shock loading case, and distinctive failure modes are observed for
the interface spacing of 12nm and greater (Model: Supplementary Fig.
S8(a)—-8(d)), 6 nm (Mode 2: Supplementary Fig. S8(e)) and 3nm (Mode
3: Supplementary Fig. S8(f)). As can be seen in Fig. 7, the variation of
HEL for the Cu-shock loading case shows a more significant decrease
with the decrease of interface spacing. Values of dislocation density at
the time of peak tensile pressure (~ 30 ps) are tabulated in Table 4. A
similar variation of the densities of all types of dislocations is observed
here as compared to the Ta-shock loading conditions.

3.3. Correlations between local defect densities and spall strengths

The variation of the spall strengths of the multilayered systems is
determined by the evolution of various types of dislocations in the mi-
crostructure. Therefore, it is crucial to investigate whether there exists
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Global dislocation density (10'7/m?) at the time of peak tensile pressure (~ 30ps) for
the KS multilayered systems with varying interface spacing (L) under Cu-shock loading, as
compared to that of sc-Cu [111] and sc-Ta [110] system. The dislocations are tabulated for
Perfect, Shockley, Stair-rod and twinning partials in Cu layers and dislocations of Burgers
vector 1/2<111>, (100) and (110) in Ta layers.

L (nm) Dislocations in Cu layers Dislocations in Ta layers
Perfect  Shockley Stair-rod ~ Twin 1/2<111> <100> <110>

47 0.04 1.91 0.22 028  0.54 0.03 0.00

23 0.11 2.33 0.27 055  1.04 0.09 0.00

16 0.09 2.10 0.34 0.85  1.04 0.09 0.00

12 0.06 1.59 0.24 0.63  1.01 0.09 0.00

6 0.06 1.79 0.33 061  0.95 0.08 0.00

3 0.03 0.88 0.11 015  0.85 0.07 0.01

sc-Cu [111]  0.08 2.25 0.39 081 N/A N/A N/A

sc-Ta [110]  N/A N/A N/A N/A  0.83 0.08 0.00
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Fig. 14. Correlations of spall strengths in Cu layers with Shockley partial, twin-
ning partial and Stair-rod dislocation densities at the spall plane in Cu layers
for KS multilayered system. Here the average values of Ta-shock and Cu-shock
loading cases are shown.

a strong correlation of the spall strength with the density of dislocations
in the microstructure.

The variation of the spall strength values in Cu layers is plotted as a
function of interface spacing in Fig. 13(a) based on values obtained for
the Cu-shock and Ta-shock loading conditions, and their average values.
The plot shows a clear peak in spall strength at an interface spacing of
23nm among all the systems considered. To correlate this variation of
the spall strengths with the defect densities, the variation of the densi-
ties of local Shockley partials, twinning partials and Stair-rod disloca-
tions at the spall plane with interface spacing is plotted in Fig. 13(b),
13(c) and 13(d), respectively, at the time of peak tensile pressures. A
correlation can be observed between the spall strength values and the
density of Shockley partials, twinning partials and Stair-rod partials that
show peak values at an interface spacing of 23 nm. This correlation is
especially significant for Shockley partials and Stair-rods. For example,
an interface spacing of 6 nm for the multilayered systems that renders a
local average Shockley partial and Stair-rod density that is very close to
the sc-Cu [111] system also renders an average spall strength that is also
very close to the sc-Cu [111] system. Thus, a higher spall strength of the
KS multilayered systems is likely to be determined by a higher density of
local Shockley partial, twinning partial and Stair-rod density at the spall

4. Conclusion

The shock loading and spall failure behavior of Cu/Ta multilayered
microstructures comprising of KS interfaces is investigated at the atomic
scales using MD simulations. The major findings of this work are:

1 The Cu/Ta KS interfaces can serve as sources for dislocation nucle-
ation and strong barriers to dislocation transmission across multilay-
ers.

2 The failure modes and spall strengths of the KS multilayered mi-
crostructures are strongly dependent upon the interface spacing, as
indicated by 3 distinct failure modes at different interface spacing:
i). Bulk and interface failure at an interface spacing of 12nm and
greater, ii). Interface dominated failure at an interface spacing of
6 nm, and iii). Failure of entire Cu layers at an interface spacing of
3 nm. At smaller interface spacing, the failure is dominated by Cu/Ta
interface, resulting in lower spall strengths.

3 The general failure behavior of the KS multilayered system is char-
acterized by failure in the few Cu layers (the weaker phase) next to
the interface which act as weak links, and an exception to this gen-
eral observation is observed at an interface spacing (47 nm) greater
than the spall width (30-40 nm), where spall failure occurs inside
Ta layer.

4 A direct correlation between the spall strengths and the local Shock-
ley partial, twinning partial and Stair-rod densities at the spall plane
is observed wherein peak densities of these dislocations are observed
for microstructures that render peak spall strengths at an interface
spacing of 23 nm. This correlation demonstrates the significant role
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of dislocation plasticity in determining the spall strengths of the KS
multilayered microstructure.

The Cu/Ta KS multilayered microstructures therefore show signifi-
cant promise in the optimization of damage tolerant materials for appli-
cability in dynamic loading conditions.
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