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Introduction 

Helium (He) bubbles are a typical type of 

defect formed in metals when exposed to 

radiation environments.1 The influence 

of helium bubbles on the dynamic 

behavior of metals is a critical concern in 

inertial confinement fusion (ICF) and 

aerospace engineering. These helium 

bubbles in metals are typically nano-

scaled, with the number densities of 

1017–1018 and high internal pressure in 

the order of gigapascals.2,3 The presence 

of helium bubbles can lead to hardening, 

embrittlement, and irradiation swelling 

of metals,4–8 all of which significantly 

affect the dynamic mechanical 

properties. 

Previous experimental studies have 

demonstrated that helium bubbles affect 

the dynamic mechanical properties of 

metals, such as yield strength and spall 

strength.9–12 Wang et al.9 reported 

significant hardening of copper at 

helium implantation doses up to 2 × 1017 ions/cm2. Fan et al.10 conducted an in situ micropillar 

compression test inside a scanning electron microscope (SEM) and observed that the irradiated copper 

(Cu) exhibited an ultrahigh yield strength of ∼1.6 GPa. Katoh et al.4 discovered that helium 

implantation moderately mitigated irradiation-induced hardening at doses of 10 and 100 appm when 

the temperature is below 673 K. Lear et al.12 found that both yield strength and hardness increase with 
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helium dose from 1000 to 4000 appm, while the Richtmyer– Meshkov instability experiment revealed 

no significant strength changes in the same dose ranges as compared to unimplanted Cu at the strain 

rate of 108/s. 

Helium bubbles have also been shown to influence the spall strength of metals.13–16 Glam et al.13 

introduced helium into aluminum-based samples via neutron irradiation and investigated its effects on 

spallation using gas gun impact experiments. They found that, at 873 K, the spall strength of Al-10B 

with helium bubbles was significantly reduced compared to that of helium-free Al-10B, whereas no 

significant difference was observed at room temperature (298 K).14,15 In addition to spall behavior, 

helium bubbles also affect the micro-jetting process of metals under shock loading. Fensin et al.11 

investigated the effect of helium implantation on ejecta production in copper using Richtmyer–

Meshkov instability experiments and found that the ejecta velocity increases by 30% in copper 

implanted with 4000 appm helium compared to unimplanted copper. 

In recent years, researchers have also conducted extensive numerical simulations and theoretical 

studies on the influence of helium bubbles on dynamic mechanical properties.17–23 Kubota et al.18 

investigated the yield strength of Al containing helium bubbles by molecular dynamics (MD) 

simulations and found that their presence enhanced the yield strength under impact pressures ranging 

from 0 to 40 GPa, in agreement with experimental observations. Zhu et al.19 performed MD simulations 

on bicrystal Cu containing helium bubbles under uniaxial compression and tension. Their results 

revealed that all the bubble-containing samples exhibited lower yield stresses and strains than the 

bubble-free sample, regardless of loading directions or helium bubble positions. MD simulation results 

also indicate that helium bubbles can reduce the spall strength of metals. Shao et al.20 investigated the 

influence of helium bubbles on the spallation of Al and found that the spall strength of samples 

containing helium bubbles reduced by 2.6 GPa from 11.8 GPa (in a perfect sample). Jiang et al.21 

revealed a competitive relationship between the expansion of helium bubbles and the nucleation and 

growth of voids during spallation. They also found that the presence of grain boundaries could mitigate 

the reduction in spall strength caused by helium bubbles, reducing their weakening effect by 

approximately 50%.22 Moreover, the presence of helium bubbles can influence the micro-jetting 

behavior of metals. Li et al.24 found that near-surface helium bubbles could burst under strong shock, 

producing high-velocity ejecta composed of atoms and small fragments.25,26 Flanagan et al.27 

investigated the effect of random helium distributions and morphologies on ejecta production with a 

flat surface, observing that helium bubbles produced 56% more ejected mass than atomic helium. Our 

previous work examined the effects of He bubbles on micro-jet formation on a perturbation surface, 

finding that the expansion of helium bubbles can accelerate the velocity of the jet head and increase the 

ejecta mass under both single and double shock loading.28,29 

Spallation can occur in metals containing helium bubbles under Taylor wave loading. Previous 

experimental and simulation studies have indicated that the spall damage process in metals containing 

helium bubbles is dominated by the expansion and coalescence of helium bubbles.14,21,30,31 

Experimental micrographs reveal that helium bubbles in damaged metals can exhibit different 

morphologies, such as sphere and ellipsoid.7,14 These morphological differences could affect the 
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propagation of a double shock wave and the thermodynamic response of metals. However, research on 

the effect of helium bubbles with different morphologies under shock condition is still lacking. 

In this work, the MD simulations have been employed to investigate the dynamic mechanical response 

of helium bubbles with different morphologies within a copper matrix under supported shock wave 

loading. The investigated morphologies consist of three types of ellipsoidal configurations with axes 

aligned with the shock propagation direction: prolate (HB-I, major axis aligned), oblate (HB-II, minor 

axis aligned), and spherical ( HB-III, equal axes). The organization of this paper is as follows. In Sec. 

II, a detailed description of the methods and simulation is provided. The results and discussion are 

given in Sec. III. In Sec. III A, the microstructure evolution of a bulk helium bubble is revealed. In Sec. 

III B, we analyze the differences in the temperature induced by different types of helium bubbles. Then, 

the physical mechanisms underlying the propagation of the shock wave within the helium bubble have 

been discussed in Sec. III C. In Sec. III D, the differences in surface damage induced by a helium bubble 

with different morphologies are revealed. Finally, in Sec. IV, we draw conclusions based on the results. 

II. METHODOLOGY 

The molecular dynamics simulations are performed by a Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS) code32 with the Embedded Atom Method ( EAM ) potential developed 

by Mishin et al.33 For Cu, previous studies have shown that this potential can accurately describe the 

highpressure melting curve and the equation of state.34,35 The interatomic interactions of Cu–He and 

He–He are described by Lennard–Jones (LJ) potentials. The parameters a, b, ϵ, and σ for LJ potential 

f(r) ¼ 4εhσra σr bi are, respectively, set to be 9, 6 , 

0.000745, and 3.546 Å for Cu–He interactions and 12, 6, 0.000876 , and 2.280 Å for the He–He 

interaction, respectively.36 The accuracy of these interaction parameters under high-pressure shock 

loading has been widely proved in previous investigations.37,38 

The simulation setup in this work is shown in Fig. 1. The facecentered cubic (FCC) lattice configuration 

of single crystal Cu was used to construct the supercell. The lattice constant is 3.615 Å. The supercell is 

oriented along x [100], y [010], and z [001] axes. The size of the supercell is 60 × 60 × 300 lattice units, 

resulting in a cell volume of 21.7 × 21.7 × 108.5 nm3 with 4 320 000 atoms. One 

 
FIG. 1. Simulation setup. The Cu matrix is colored by blue, and the He bubble is colored by purple. 
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helium bubble is introduced into the Cu sample. The morphology of the helium bubble varies along the 

shock direction, including an ellipsoid with a major radius along the shock direction (marked as HB-

I), a sphere (marked as HB-II), and an ellipsoid with a minor radius along the shock direction (marked 

as HB-III). The length of a semi-major axis of HB-I and HB-III is 5 nm, and the length of a semi-minor 

axis of HB-I and HB-III is 2.3 nm, as shown in Fig. 1. The radius of HB-II is 3 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the three types of He bubbles, the volume (113 nm3), the He/vacancy ratio (1:1), and the number of 

helium atoms (∼9600) are all the same. 

First, the sample is relaxed at 300 K and zero pressure with the isothermal–isobaric (NPT) ensemble 

with three dimensional (3 D ) periodic boundary conditions for 20 ps. Then, the shock loading process 

 

 

 

 

 

 
FIG. 2. Dynamic evolution of the He bubble for (a) HB-I, (b) HB-II, and (c) HB-III during shock 

wave loadings with up = 2.0 km/s. Cu atoms are colored according to velocities, while He atoms 

are colored in yellow for clarify. Different background colors divide the evolution process into 

three stages. 
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is simulated with a microcanonical (NVE) ensemble. A rigid wall is set at the lowest z position of the 

supercell and is driven to impact the sample at a velocity of up, generating a supported shock wave 

propagating in the z direction. In all shock simulations, a periodic boundary condition is applied only 

in the x and y directions, while the z direction of the sample is regarded as a free surface. The integration 

time step is set to 0.5 fs, and up varies from 1.0 to 3.5 km/s. 

III. RESULTS AND DISCUSSION 

A. Microstructure evolution of a He bubble during shock loadings 

Figure 2 presents the microstructure evolution of the He bubble with up = 2.0 km/s. The moment when 

a shock wave begins to propagate from the left surface of the Cu matrix is set to 0 ps. It is found that 

the dynamic evolution process of different morphologies of the He bubble can be divided into three 

stages: (I) compression, (II) relaxation, and (III) expansion. 

The shock wave reaches the left interface of the He bubble at 

 

 

 

 

 

 

 

 

  

 

 

FIG. 4. The probability distribution function of high-temperature particles induced by He bubbles with 

different morphologies at (a) up = 1.0 km/s, (b) up = 2.0 km/s, and (c) up = 3.5 km/s. (d) The 

relationship between thermal energy accumulation Q in copper induced by different types of He 

bubbles and the post-shock particle velocity. 
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 7.8 ps and passes through the He bubble within ∼2 ps. During this 

FIG. 3. The number of high-temperature particles (N) induced by the He bubbles under different   up. 

The internal micro-jet in HB-I disappears, while the inward shrinkage of HB-II and HB-III is 

recovered. Finally, the rarefaction wave sweeps over the He bubble during the expansion stage (t > 20 

ps), causing the He bubble to expand. 

B. The discrepancy of temperature rising with the closure of different morphologies of He bubbles 

To characterize the temperature rise induced by the He bubble, the number of high-temperature 

particles surrounding the He bubble is counted. The statistical temperature threshold T1 is calculated 

byT1 ¼ aT0, where T0 is the average post-shock particle temperature and a (a > 1) is an empirical 

coefficient. Here, Cu atoms with temperatures higher than T1 are counted as hightemperature particles. 

The post-shock particle temperature of Cu atoms follows the Maxwell–Boltzmann distribution. The 

empirical coefficient a is set to 1.3, which can effectively distinguish whether high-temperature particles 

are caused by the temperature rise effect generated by helium bubble compression and expansion or 

the temperature rise introduced by shock wave loading. For cases of up equal to 1.0, 2.0, and 3.5 km/s, 

the corresponding T1 values are 845, 2951, and 9451 K, respectively. The number of hightemperature 

particles (N) corresponding to different up for the three types of He bubbles is shown in Fig. 3. It is 

observed that HB-I induces the most number of high-temperature particles under the same up. 

We then compared the probability distribution of hightemperature particles at different temperatures 

for three types of He bubbles by calculating the probability distribution function f. The f represents the 

probability of particles appearing within different temperature intervals, with a statistical interval 

length of 100 K, as shown in Figs. 4(a)–4(c). The probability distribution of hightemperature particles 

with a relatively low temperature is very similar for all three types of He bubbles. However, the 

He of the bubble is compressed, and the left interface He  stage, the 

fully is HB-I inward. After shrinks bubble the an  compressed, 

bubble, the within forms micro-jet internal the forms  while HB-II 

internal micro-jet and the HB-III only compres experiences a weak 

reflects at sion. After the He bubble is compressed, the shock wave 

right surface  rarefaction the and surface, free the wave reaches the 

of formation the stage.  to leading bubble, He the of relaxation the 
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probability distribution of high-temperature particles in the three types of helium bubbles gradually 

differs as the temperature increases. At different up, the probability of a high-temperature particle  

 
number distribution for HB-I is significantly higher than the other two types of helium bubbles. The 

probability distribution function can be fitted by the following equation: 

f (T) ¼ exp(AT3 þ BT2 þ CT þ D), (1) 

where T is the temperature and A, B, C, and D are, respectively, fitting parameters. Based on this, we 

calculated the thermal energy accumulation Q in the Cu matrix induced by the He bubble, which is 

defined by 

Tmax 

Q ¼ CCumatomNTf (T)dT, (2) 

T 1 

where CCu is the specific heat capacity of copper, matom is the mass of a single Cu atom, and N is the 

number of high-temperature particles. The relationship between the thermal energy accumulation Q 

and up for the three types of He bubble is shown in Fig. 4(d). The results show that QI > QII > QIII for 

ð 
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different up. Furthermore, the discrepancy in thermal energy accumulation becomes more pronounced 

between HB-I and the others as up increases. 

The discrepancy in the probability distribution of hightemperature particles is related to the 

morphologies of He bubbles. We then show the intersecting surface diagrams of different morphologies 

of the He bubble in Fig. 5. Different types of He bubbles have different curvatures, resulting in different 

energy accumulation effects relative to the direction of shock wave propagation. 

To investigate the differences of curvature between helium bubbles, we regarded the left interface of 

the helium bubble as a type of surface disturbance and compared the equivalent keffh0 values of cross 

sections of He bubbles. The keffh0 value is calculated using the effective area formula proposed by 

Cherne et al.39–41 keff is the wavenumber (keff = 2π/λeff, and λeff is the equivalent wavelength of a 

sinusoidal disturbance), and h0 is the amplitude, which equals half the distance from peak to valley for 

a sinusoidal disturbance. The larger the keffh0, the greater the curvature of the He bubble interface. The 

λeff is defined by λeff = A/h0, where A is the area of the initial surface perturbation.39 For helium bubbles, 

A is 

 
FIG. 5. The intersecting surface diagrams of He bubbles. The red solid circle represents HB-II, the blue 

ellipse represents HB-I, and the yellow ellipse represents HB-III. 

calculated by 0.5AHB, where AHB is the maximum cross-sectional area of helium bubbles along the 

impact direction. The surface perturbation parameters of He bubbles with different morphologies 

obtained according to the above definition are shown in Table I. The results show that HB-I has the 

largest keffh0 value. Thus, the curvature of the helium bubble interface perpendicular to the shock wave 

front is greater than others. Therefore, the helium bubble interface will obtain a higher transversal 

velocity perpendicular to the shock direction, resulting in a stronger energy accumulation effect. To 

clarify the effects of a k effh0 value, we further show the results of the interface velocities and the 

transverse component of different types of helium bubbles in Fig. 6. 

The interface velocity for different morphologies of He bubbles is shown in Fig. 6(d). The interface 

velocity is determined by averaging the velocities of Cu atoms in a thin layer at the interface on the 
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symmetry axis of the helium bubble. The interface velocity rises to its maximum value and then 

decreases to the value 

TABLE I. The surface   perturbation parameters of He   bubbles with   

different morphologies. 

 AHB 

(nm2) 

Ahalf 

(nm2) 

h0 ( 

nm ) 

λeff 

(nm) keffh0 

HB-

I 

36.51 18.25 2.50 7.30 2.15 

HB-

II 

28.27 14.14 1.50 9.43 1.00 

HB-

III 

36.51 18.25 1.16 15.71 0.47 
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of up 

(2.0 

km/s) for all three types of He bubbles. The portion of the curve above the dashed line corresponds to 

the growth process of the internal micro-jet, while after that, the portion below the dashed line 

corresponds to the retraction of the internal micro-jet until it disappears. HB-I generates the strongest 

internal micro-jet, with the highest maximum interface velocity among the three types of helium 

bubbles. In addition, the internal micro-jet in HB-I takes the longest time to retract and completely 

disappear. In contrast, the internal micro-jets generated by HB-II and HB-III are less pronounced, with 

lower maximum interface velocities, and the internal micro-jets disappear more quickly, with the 

interface velocity reaching up earlier. Figure 6(e) provides the evolution of the transverse component of 

velocity (vy) of Cu atoms located at the interface 1.5 nm from the symmetry axis of the helium bubble. 

The maximum of vy for the three types of He bubbles is marked by vymaxI, vymaxII, and vymaxIII, 

respectively, as shown in Fig. 6(e). The results indicate that, as predicted based on the equivalent keffh0 

value, the transverse component of the velocity follows the trends of vymaxI > vymaxII > vymaxIII. It suggests 

that HB-I has the strongest energy gathering effect, and the particles on both sides of the symmetry 

 

 

 

 

 

 
FIG. 6. The components of the longitudinal velocity (vz) on the copper/bubble interface for (a) 

HB-I, (b) HB-II, and (c) HB-III. Temporal evolution of (d) vz of the Cu matrix at the 

copper/bubble interface and (e) the transverse component of the velocity (vy) of the Cu matrix 

velocity at the interface between copper and helium bubbles. 
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axis of HB-I convert more kinetic energy into thermal energy during the collision process, resulting in 

higher thermal energy accumulation Q induced by HB-I, as shown in Fig. 4(d). 

C. The mechanism of non-planar shock front formation 

Previous research studies have shown that non-planar shock fronts are formed when a shock wave 

passes through regions of a metal containing He bubbles.12,27,29 The broadening of the shock front could 

affect the surface breakage behavior of the metal.27 We 

 
FIG. 7. The front of the shock wave after passing HB-I. The shock front is marked by the white dashed 

line. The He atoms are colored in orange, and the Cu atoms are colored by pressure. 

tracked the process of shock front broadening as the shock wave passes through the He bubble with 

different morphologies. The front of the shock wave after passing HB-I is shown by the white dashed 

line in Fig. 7. The results show that the shock wave is scattered when it passes through the He bubble, 

resulting in the formation of a non-planar shock front. 

We then investigated the propagation of the shock wave within the He bubble. When the shock wave 

obliquely shocks the Cu–He interface, its propagation direction is deflected, as shown in Fig. 8(a). Here, 

θ1 is the angle between the incident shock wave and the normal to the interface, and θ2 is the angle 

between the transmitted shock wave and the normal to the interface. θ1 and θ2 are related to the shock 

wave propagation speed through the relationship ¼ DDCuHe, where DCu and DHe represent the shock 

wave velocities in the Cu matrix and the He bubble, respectively. We obtained DCu and DHe by using MD 

calculations. By tracking the positions of the shock front at different times, DCu and DHe can be obtained 

directly from the MD simulation result, where 

DCu = 6.8 km/s and DHe = 8.7 km/s. 

As the shock wave passes through the He bubble, it undergoes deflection at both the incident and 

emission points, as shown in Fig. 8(b). Since the initial incident shock wave S1 and the incident angle 

θ1 are already determined, the relationship between θ1 and θ2 at the incident position can be derived. 

This allows for the determination of the shock wave’s propagation path S2 within the He bubble and the 

emission position. Subsequently, θ3 and θ4 can be determined, ultimately leading to the determination 

of the emission shock wave S3. The propagation path of the shock wave and the position of the 
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wavefront after it passes through the He bubble are determined by this method. The result shows that 

the shock wave is scattered by the He bubble and cause the formation of nonplanar shock front, as 

shown in Fig. 8(c). 

We present the shock wave front and post-wave states of copper colored by pressure and temperature 

to compare the theoretical analysis and simulation results of shock wave deflection when shock waves 

are incident on Cu–He interfaces of different types of He bubbles, as shown in Fig. 9. The results show 

that the 

FIG. 8. Schematic illustrations of (a) the deflection of the shock wave upon oblique incidence on the 

Cu–He interface, (b) the two deflections of the shock wave as it propagates through a He bubble, and 

(c) the scattering of a shock wave by an He bubble. 
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FIG. 9. The snapshots of (a) HB-I, (b) HB-II, and (c) HB-III colored by pressure and the snapshots of 

(d) HB-I, (e) HB-II, and (f) HB-III colored by temperature. The red line and the light green line, 

respectively, represent the shock wave trajectory that does not enter the He bubble and the shock wave 

trajectory that enters the He bubble obtained by theoretical analysis results. The areas marked by the 

black arrows indicate the total reflection regions. 

theoretical analysis result is consistent with the simulation results. The wavefront broadening 

magnitude is quantified by the relative displacement d between the transmitted wavefront traversing 

the helium bubble and the undisturbed incident wavefront. There are significant differences in the 

wavefront broadening magnitude of the shock front for different types of He bubbles. The dI, dII, and 

dIII of HB-I, HB-II, and HB-III are equal to 3.0, 1.4, and 0.7 nm, respectively. The result shows that the 

shock front broadening extent follows the pattern dI > dII > dIII. It should be noted that θ1 > θ2. As θ1 

increases and approaches a critical value, θ2 will reach 90° first. Once θ1 exceeds this threshold, the 

shock wave cannot enter the helium bubble, but is completely reflected at the interface. The 

phenomenon is marked by the black arrows in Fig. 9. Since only the shock front is considered, He 

bubbles are assumed to remain in an uncompressed state when the shock wave passes through. The 

subsequent deformation of the He bubble does not affect the shape of the shock front. Therefore, the 

deformation of the He bubble can be neglected. 

D. The surface failure induced by a He bubble 
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To investigate the surface failure induced by different morphologies of He bubbles, we placed helium 

bubbles near the interface at a distance of 4 nm from the free surface and subjected them to a shock 

with a particle velocity of 2.0 km/s. The morphologies and sizes of He bubbles are consistent with the 

characteristics of He bubbles in the previous cases. Figure 10(a) shows the volume ratio of V/V0 for the 

He bubble before rupture, where V is the volume of the He bubble and V0 is the initial volume. The 

evolution of the near-surface He bubble undergoes three main stages as the same as the bulk He bubble: 

(I) compression, (II) relaxation, and (III) expansion. However, the near-surface He bubble also 

experiences another stage: (IV) rupture. During the compression stage, the bubble volume rapidly 

decreases. Subsequently, before the reflection of the shock wave from the free surface, the He bubble 

undergoes a brief relaxation stage. Finally, the He bubble expands until rupture occurs. The results 

indicate that HB-I has the 

 
FIG. 10.   (a) Temporal evolution of the volume ratio of the three types of He bubbles before rupture. 

The temporal evolution stages are distinguished by different background colors. The inset images show 

the microstructures of He bubbles at the rupture moment. The He atoms are removed for clarity. 

(b) Microstructure of the free surface after He bubble rupture. 

fastest expansion rate after shock wave unloading, followed by HB-II, and HB-III exhibits the slowest 

expansion rate. Correspondingly, HB-I ruptures first, and HB-III ruptures latest under the same shock 

wave loading. 

For HB-I, unlike the case of the bulk He bubble shown in Fig. 2(a), the internal jet generated by the 

compression of the He bubble did not disappear over time. Instead, after the He bubble ruptured at the 

free surface, the internal jet evolved into a surface jet. The rupture occurs the earliest for HB-I 

compared to the others. For HB-II, it also induced breakage of a free surface, but the severity of the 

breakage was less than that of HB-I. Furthermore, no internal jet was formed in HB-II under up = 2.0 
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km/s. The rupture of HB-III occurs last, with the largest volume when rupture occurs than others. 

Figure 10(b) show the microstructures of the free surface after He bubble rupture, which is obtained by 

constructing a surface mesh method.42 It indicates that the surface breakage induced by HB-III is the 

lightest among the three types of He bubbles. 

As the shock intensity increases, the free surface will gradually transition to a failure state. There is a 

critical shock intensity at which surface failure occurs for three types of helium bubbles located 4 nm 

away from the free surface. The post-shock particle velocity thresholds corresponding to this critical 

intensity are 

 
FIG. 11. The rupture times at up = 2.0 km/s for different types of He bubbles, as well as the post-shock 

particle velocity thresholds for rupture. 

denoted as udI, udII, and udIII for HB-I, HB-II, and HB-III, respectively. As shown in Fig. 11, the post-

shock particle velocity thresholds for surface failure induced by the helium bubble follow the trend udI 

< udII < udIII. The major axis of HB-III is oriented perpendicular to the shock direction, which reduces 

energy concentration and results in enhanced resistance to rupture under shock. Therefore, the critical 

velocity udIII is significantly higher than the others as shown in Fig. 11. 

IV. CONCLUSIONS 

We performed molecular dynamics simulations to investigate the evolution and thermodynamic 

response of nanoscale helium bubbles with different morphologies under shock wave loadings. The 

results show that the He bubble HB-I with the major axis aligned with the shock propagation direction 

induces the most severe temperature rise and the highest thermal energy accumulation in copper. It is 

attributed to its largest interface curvature, which generates a higher transverse velocity component 

perpendicular to the shock direction, thereby enhancing energy accumulation. HB-I also exhibits the 

most pronounced wavefront broadening effect, caused by the refraction of the incident shock wave at 

the helium–metal interface. In addition, the results indicate that the near-surface He bubble HB-I 

induced the most severe surface failure, as well as the fastest expansion rate and the earliest rupture 

time under the same shock loading. The post-shock particle velocity thresholds for surface failure 

induced by helium bubbles follow the trend of u dI < udII < udIII. 
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