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ABSTRACT 
Large-scale molecular dynamics simulations are carried out to investigate the ejecta production from 
nanocrystalline Cu with a grooved surface under various shock intensities. The microjetting processes 
from the sample before and after shock-reduced melting are obtained, and the effects of polycrystalline 
as well as solid–liquid transition on ejecta properties are analyzed. It is found that polycrystalline 
structure has a significant influence on microjetting properties, including the critical condition of 
microjet formation and the total mass of ejecta, before shock-induced melting. After shock-induced 
melting, the microjetting from the nanocrystalline system tends to be consistent with the 
monocrystalline system. 
Keywords:  ejecta, molecular dynamics, nanocrystal. 

1  INTRODUCTION 
Periodic micron-scale surface perturbations are usually generated on the surface of metal 
during machining. When a shock wave generated by explosive or high energy laser reflects 
from the surface, microjet usually forms, which expands continuously and finally fragments 
into a great number of small particles called ejecta [1]. Due to its great importance in many 
fields such as inertial confinement fusion (ICF) and implosion dynamics, extensively 
experimental and theoretical studies have been conducted on this phenomenon [2]–[4]. 
Although a great progress in theoretical modelling of ejecta is achieved in recent years [5], 
[6], some underlying mechanisms related to microjetting process still remain unrevealed.   
     In the area of ejecta research, molecular dynamics (MD) simulation, which has been 
proven a powerful tool to explore the dynamic responses of material under extreme 
conditions, has been widely adopted to study the microscopic mechanism of ejecta 
production. However, previous works mainly focus on single crystals [7], and ejecta 
production from a more realistic polycrystalline remains unexplored. Here, we perform large-
scale MD simulations to investigate the ejecta production from nanocrystalline Cu with a 
grooved surface under various shock loading conditions.  

2  MODEL AND SIMULATION METHODS 
Classical MD simulations are performed to study ejecta production from nanocrystalline Cu. 
The initial specimen is an idealized hexagonal columnar nanocrystal with a wedged surface 
groove as shown in Fig. 1. The atomic configuration of the columnar nanocrystal, which is 
composed of three types of idealized hexagonal columnar grains, is the same as the one in 
our previous work [8]. Type 1 grain is the reference grain with [100], [010], and [001] 
crystallographic directions along the x-, y-, and z-axes. Type 2 and 3 grains are rotated around 
the columnar axis by 60° and 30° relative to type 1 grain, respectively. The depth and vertex 
angle of the groove are 10 nm and 120°, respectively. For comparison, a monocrystalline Cu 
with the same surface perturbation is also constructed. The widely used Embedded Atom 
Model (EAM) potential developed by Mishin et al. [9] is adopted. Prior to shock wave loading, 
the crystal is equilibrated at 300 K and zero pressure with the constant–pressure–temperature 
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(NPT) ensemble and three-dimensional (3D) periodic boundary conditions. Then a shock 
wave is generated using the momentum mirror method, where the sample impacts a wall of 
infinite mass at a given velocity of െ𝑢௣ along the x-axis, and a shock wave is induced in the 
opposite direction. The shock intensity can be varied by changing 𝑢௣. 
 

 

Figure 1:  Initial configuration of the nanocrystalline Cu with a grooved surface. 

3  RESULTS AND DISCUSSION 
The microjetting processes of the nano- and monocrystalline Cu under different shock 
intensities are studied. Fig. 2 shows representative pictures of microjet formation for 𝑢௣ ൌ
1.5 km/s, where the specimens remain solid during shock compression and subsequent 
unloading. For the monocrystal (Fig. 2(b)), it can be seen that a typical microjet forms due to 
the interaction of shock wave and surface groove, which expands under velocity gradient and 
finally breaks up into ejecta particles. However, for the case of nanocrystal (Fig. 2(a)), 
although a microjet is produced at the earlier times (40 ps), it stops expanding and shrinks to 
the metal surface. This phenomenon is attributed to the different shockwave profiles in the 
two samples. A shockwave with a ramp front travels inside the nanocrystal. When it reaches 
the surface and interacts with the groove, a microjet with lower tip velocity compared to the 
monocrystal case forms. As a result, the kinetic energy of the microjet is not big enough to 
overcome the effect of surface tension and the microjet finally becomes a liquid surface bump. 

 

 

Figure 2:    Morphology evolution of microjet for (a) nano- and (b) monocrystalline Cu 
shocked at 𝑢௣ ൌ 1.5 km/s. 

     As the shock intensity increases to 𝑢௣ ൌ 2.0 km/s shown in Fig. 3, partial melting in the 
nanocrystal occurs during shock unloading, resulting in a solid-liquid mixing state in the bulk 
(20 ps in Fig. 3(a)). However, for the monocrystal, only a limited surface region transforms 
into liquid state (20 ps in Fig. 3(b)). As a consequence, the total mass of microjet from the 
nanocrystal is higher than that from the monocrystal, especially in the jet root region. 
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     As the shock intensity increases further to 𝑢௣ ൌ 3.5 km/s as shown in Fig. 4, shock 
induced melting takes place both in the nano- and monocrystals. Therefore, the two microjets 
form and grow in liquid states, resulting in approximately identical jetting states. 

 

 

Figure 3:    Morphology evolution of microjet for (a) nano- and (b) monocrystalline Cu 
shocked at 𝑢௣ ൌ 2.0 km/s. 

 

Figure 4:    Morphology evolution of microjet for (a) nano- and (b) monocrystalline Cu 
shocked at 𝑢௣ ൌ 3.5 km/s. 

     The variation of jetting factor with 𝑢୮  is displayed in Fig. 5. The jetting factor 𝑅ୣ୨  is 
defined as 

𝑅ୣ୨ ൌ
௠౛ౠ

ఘ௏ౚ౛౜
, (1) 

where 𝑚ୣ୨ is the total mass of microjet above the free surface, 𝜌 is the material density, and 
𝑉 ୣ୤ is the initial volume of the surface groove. It can be clearly seen in Fig. 5 that the jetting 
factors are nearly identical in the shock induced melting region ሺ𝑢௣ ൒ 3.5 km/sሻ, consistent 
with the jetting states given in Fig. 4. In the solid and mixing region ሺ2.0 km/s ൑ 𝑢௣ ൑
3.0 km/sሻ , the jetting factor for the nanocrystal is obviously higher than that of the 
monocrystal due to the different melting dynamics as explained above. 
     The variation of microjet tip velocity with post-shock particle velocity for the two systems 
is presented in Fig. 6. It can be seen that the tip velocity of microjet in the nanocrystal is 
almost the same as in the monocrystal case, and increases linearly with post-shock particle 
velocity.  
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Figure 5:  Variation of jetting factor with post-shock particle velocity. 

 

Figure 6:  Variation of microjet tip velocity with post-shock particle velocity. 

4  CONCLUSION 
We performed molecular dynamics simulations to investigate the ejecta production from 
nanocrystal Cu with a grooved surface under various shock loading conditions. It is found 
that the microjetting morphology and the total mass of ejecta are different from the 
monocrystal in the shock pressure region before shock induced melting, caused by the special 
features of shock wave propagation and the melting dynamics in the nanocrystal. However, 
the tip velocity of microjet is independent on the micro-structure of the system.  
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