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Fig. 1 Schematic diagram of the yz-plane microstructure of helium bubble-embedded copper (The copper
matrix is depicted in blue, with helium bubbles represented by yellow regions. A shock wave is applied
along the z-axis direction. The perturbed surface interfaces with a vacuum environment side.)
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Fig.2 Dynamic failure evolution images of copper with helium bubble and pure copper under shock loading
and unloading with particle velocities of 2.5, 1.5, and 2.0 knv/s after the first wave at different times
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Fig. 3 Stress wave profile curves of pure copper and helium bubble-embedded
copper at distinct time instants under a post-wave particle velocity of 1.5 km/s
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Fig. 4 Dynamic fracture evolution images of pure copper and helium bubble-embedded copper at distinct time instants

under shock loading-unloading conditions with u, of 2.5 km/s and a 1.0 km/s increment (after the second wave) and
additional images for 1.5 and 2.0 km/s of u, with the same 1.0 km/s increment (after the second wave)

32
30
24 |
20
& < 16 |
G) Ay
Sof =
B d 8
e 0
2. a Cu-H
ol ——5uHe ~10.4 GPa | Pure N
ure Lu -12.2 GPa 140 ps -8 ~8.1 GPa ~10.4 GPa 120 ps
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Position/nm Position/nm

(@) u,=1.5 km/s, Au,=1.0 km/s (b) u,=2.0 km/s, Au,=1.0 km/s

BS54 1.5 F2.0 kn/s, Auy, 29 1.0 ks (149t N2 00 T 3 IR ISR 7 B 220 49 o7 7 g ) e it 2

Fig. 5 Stress wave profile curves at the moment of maximum tensile stress under loading-unloading conditions
(u,; are 1.5 and 2.0 km/s with Au, of 1.0 km/s)
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Fig. 6 Micro-jet evolution images under loading-unloading conditions
(u,, are 1.5 and 2.0 km/s with Au, of 1.0 km/s)
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Fig. 7 Velocity-position distribution curves (u,, are 1.5 and 2.0 km/s with Au,, of 1.0 km/s)
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Fig. 8 Radial distribution function for micro-jets in He Fig. 9 Corresponding position of He bubbles
bubble-containing copper and pure copper in the initial configuration of Cu matrix
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Fig. 10 (a) Morphology and size changes of body helium bubbles 1 and 2; (b) morphological evolution
of helium bubble 6 & 6 at the micro-jet base under secondary impact (u,,=2.5 km/s, Au,,=1.0 km/s)
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Fig. 13 Pressure (a), temperature (b), and volume (c) of helium bubble 3 evolved over time following two successive shocks under
varying loading and unloading paths, and the evolution process of helium bubble 3 when u,,=2.0 km/s and Au,=1.0 km/s (d)
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Fig. 16 Pressure (a), temperature (b), and volume (c) of helium bubble 6 & 6’ evolved over time following

two successive shocks under varying loading and unloading paths, and the evolution
process of helium bubble 6 & 6" when u,,=2.0 km/s and Au,=1.0 km/s (d)
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Molecular Dynamics Simulation of Micro-Jetting and Spallation
in Helium-Bubble Copper under Double Supported Shocks

WANG Xinxin', BAO Qiang', HE Anmin', SHAO Jianli’, WANG Pei'?

(1. Institute of Applied Physics and Computational Mathematics, Beijing 100094, China,
2. State Key Laboratory of Explosion Science and Safety Protection, Beijing Institute of Technology, Beijing 100081, China;
3. Center for Applied Physics and Technology, Peking University, Beijing 100871, China)

Abstract: Micro-jetting and micro-spallation at metal interfaces under intense shock loading play pivotal
roles in applications such as inertial confinement fusion (ICF). These phenomena exhibit inherent complexity
due to their multi-scale dynamics, strong nonlinearity, and coupled multi-field interactions. Under extreme
irradiation conditions, the formation of high-pressure nanoscale helium bubbles significantly alters interface
failure mechanisms. Using molecular dynamics methods, we investigate micro-jet growth and damage
evolution in helium-containing copper subjected to double supported shock loadings. Helium bubbles
demonstrate lower critical activation stress thresholds for expansion compared to void nucleation, with these
thresholds being dependent on bubble distribution and number density. Under low-pressure primary shocks,
helium-containing metals produce more pronounced micro-jets than pure metals. During secondary shocks,
helium bubbles promote jet fragmentation, resulting in higher maximum velocities at micro-jet tips while
maintaining comparable velocity distributions in micro-jet bodies. Secondary shocks show negligible effects
on bulk helium bubbles that were previously compressed by initial shocks and partially rebounded due to
rarefaction waves without complete recovery. Near-surface ruptured bubble walls may reattach to bubble
bases after secondary shocks, temporarily re-trapping helium atoms that are subsequently released during
unloading-induced re-expansion and rupture. The collapse mechanism of helium bubbles under secondary
shock is closely related to the helium bubbles size and the strength of secondary shock. This study
establishes fundamental physical understanding and provides a theoretical foundation for future cross-scale
investigations of coupled micro-jetting and micro-spallation evolution in irradiated helium-containing metals.
Keywords: double supported shocks; metals with He bubbles; micro-jet; micro spallation damage;

molecular dynamics
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