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EVOLUTION OF SHOCK WAVES IN Fe-Ni SAMPLES WITH 

DIFFERENT STRUCTURE 

A. V. Korchuganov, D. S. Kryzhevich, A. S. Grigoriev,  UDC 533.6.011.72 
O. A. Berezikov, and K. P. Zolnikov 

A molecular dynamics study of the shock wave evolution in single-crystalline and nanocrystalline Fe95Ni05 
samples with a gradient grained structure is carried out at different shock loading rates. An analysis of the 
compressive stress distribution in loaded samples is performed. The spatiotemporal intervals of the plastic and 
elastic material responses and the features of the shock wave evolution during their propagation are revealed. 
It is shown that a shock wave at high compressive stresses splits into elastic and plastic components. 
Compressive stresses in the region of a plastic wave are higher than in the region of an elastic wave. The time 
interval for reaching a stationary regime of shock wave propagation and the features of the maximum stress 
decrease depend both on the shock compression rate and on the material internal structure. At higher loading 
rates in the sample with a gradient grained structure, the stress in the shock wave decreases faster than in 
a single crystal. 
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INTRODUCTION 

Nanocrystalline materials with a gradient grained structure have unique physical and mechanical properties 
combining high strength and ductility. They can be effectively used in many practical applications under extreme 
conditions, for example, under ion or radiation exposure, cyclic mechanical and shock loadings. All of these harsh 
service conditions lead to a generation of various wave disturbances in materials, shock waves among them. The 
gradient grained structure can have a significant influence on the characteristics of wave generation and propagation 
due to the high density of interfaces and its variation from the free surface of a material to its bulk.  

One of the most effective ways to study the behavior of materials at the microscopic level under shock loading 
is the method of molecular dynamics (MD) simulations [1–5]. This method makes it possible to accurately calculate the 
characteristics of a shock wave and identify the structural transformations [6–12], the phase transitions [13–17] at the 
wave propagation front, and the spallation features [18–23], when the shock wave reaches the rear surface of the 
sample. The MD method was successfully used to study the response of various structural materials, in particular 
nanocrystalline materials, to shock loading [24–28]. 

The study of nanocrystalline, amorphous, polymeric, biological, and energetic materials shows that the 
parameters of disturbances and processes initiated by shock loading strongly depend on the structure of the loaded 
material [24, 29–31]. The influence of microstructure (grain boundaries) and crystallographic orientations on the 
behavior of a nanocrystalline hcp Ti sample with a columnar grain shape under shock loading was studied by Wang et 
al. [24]. An MD simulation revealed that the nucleation and development of shock-induced plasticity and phase 
transitions in such materials have a pronounced anisotropy. The simulations of shock loading from 40 to 100 GPa of 
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single- and nanocrystalline tantalum revealed a number of differences in their response, which can be explained by the 
interactions between the neighboring grains [25]. Thus, a joint elastic deformation of the neighboring grains in the 
normal direction to shock loading can reduce both the shear stress and the deformation. The stress changes caused by 
grain interactions can activate and deactivate the plasticity mechanisms depending on the shock pressure. In turn, this 
makes it possible to control the dislocation density during sample loading. Thus, the intergranular interactions under 
shock loading play an important role in the material deformation behavior. Sichani et al. [26] studied the deformation of 
nanocrystalline copper depending on the grain size and orientation under shock loading using the MD method. The 
shock loading at the rates from 1.0 to 3.4 km/s was applied to nanocrystalline samples with the grain sizes from 6 to 
26 nm. It was found out that the grain size and orientation and the loading rate have a significant effect on the fraction 
of a bcc structure forming behind the shock wave front. The relation between the plasticity and the bcc-hcp structural 
phase transformation in an iron single crystal under shock and ramp compression was studied in the framework of the 
MD method [6]. In both cases, the simulated iron sample yielded through twinning. In this case, the onset of a bcc-hcp 
structural phase transformation significantly depended on the history of plasticity due to the hardening effect, which can 
inhibit the nucleation of the hcp phase. A non-equilibrium MD simulation of shock compression along the [001] 
direction in the Ta single crystal with pre-existing defects was carried out by Tramontina [7]. The strain rate was 
reported to have a significant effect on the flow stress and dislocation density behind the shock wave front. The 
calculation results are in an excellent agreement with the experimental data on strength and recovered microstructure, 
which “goes from dislocations to a mixture of dislocations and twins” to the subsequent predominance of the twinning 
process with the increasing shock pressure [7]. 

The above results show that the shock loading schemes and parameters have a strong influence on the material 
deformation behavior. In turn, the structure of the material largely determines the parameters of shock waves generated 
by shock loading. It is advisable to conduct a detailed study of the influence of the structure on the shock wave 
parameters based on a comparison of the structural responses of single-crystalline and nanocrystalline samples. Such 
a comparison can be most effectively implemented within the MD framework. In this work, we study the features of a 
shock-wave evolution in the single-crystal and nanocrystalline Fe95Ni05 samples with a gradient grained structure under 
shock compression. 

SIMULATION METHODOLOGY AND ANALYSIS ALGORITHMS 

The study of the features of the nonlinear response in the Fe95Ni05 alloy with a single-crystalline and 
nanocrystalline gradient grained structure under shock loading was carried out on the basis of an MD simulation. The 
calculations were performed in the LAMMPS software package [32]. An interatomic interaction in the Fe-Ni system 
was described by a many-body potential developed in the approximation of the embedded atom method [33]. The 
Common Neighbor Analysis algorithm [34] was used to identify the structural changes in the loaded samples. 

The gradient grained structure of the sample was constructed by the Voronoi–Laguerre method. All grains in 
the sample had a common crystallographic direction coinciding with the Z texture axis with indices [123] (Fig. 1). In the 
direction of the Z axis, starting from the free surface, the layers were successively arranged, in each of which the grains 
had the following sizes in nm: 10, 10, 10, 15, 15, 30, 15, 15, and then 10 nm. The periodic boundary conditions were 

 

Fig. 1. Section of the gradient nanograined sample in the YZ plane. The 
impactor is highlighted in black, the atoms of grains and grain boundaries are 
marked in green and gray, respectively. 
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used along the X and Y directions, and free surfaces were specified in the Z direction. The X, Y, Z axes of the single 

crystal were oriented along the crystallographic directions [ 121 ], [ 241 ] and [123], respectively. The samples had the 
shape of parallelepipeds with the dimensions of 30×30×500 nm. The initial temperature of the samples was set to 
300°K. 

To set the shock loading, a 5 Å thick layer was selected on the left free surface of the samples, simulating 
an impactor. It was displaced for 3 ps as an absolutely rigid body, and then released from the loading. The displacement 
velocity of the impactor varied in different calculations from 0.5 to 2.0 km/s. 

SIMULATION RESULTS AND DISCUSSION 

It is advisable to begin the study of the shock wave evolution in the simulated alloy using the samples with 
an ideal crystal lattice. This will make it possible to determine not only the conditions of their nucleation and the 
features of propagation under the chosen loading scheme, but also to further understand the mechanisms of their 
interaction with the extended interfaces in the case of a gradient nanograined sample. The structural transformations in 
the shock wave region and the evolution of its characteristics can be simulated based on the calculation of compressive 
stresses. The results of calculations of the stress component distribution in the shock wave propagation direction for the 
impactor velocities in the interval from 0.5 to 2.0 km/s are presented in Fig. 2. The figure clearly shows that not only 
the compressive stress magnitude, but also the shock wave profile significantly depend on the loading rate. This is most 
clearly manifested at the time points of 2.5 and 5.0 ps after the start of loading. The compressive stress distribution 
profile in the shock wave region changes its shape as the impactor velocity increases: at 0.5 km/s it is quite flat and at 
higher velocities the stresses increase non-uniformly along the wave profile due to its splitting into elastic and plastic 
components. A plastic wave is characterized by significantly higher compressive stresses. The elastic-plastic splitting of 
the shock wave is confirmed by the data on the behavior dynamics of the materials under impact, shock, stress and 
high-strain rate deformations [35], and by high-quality X-ray diffraction data on the subnanosecond dynamics of laser-
shocked polycrystalline iron [36]. 

By the time interval of 10–15 ps, the compressive stresses in the shock wave region decrease quite strongly and 
the profiles of the front part of the waves flatten (Fig. 2). The difference in the maximum stresses for different impactor 
velocities decreases due to a more intense generation of structural defects, which enhances the shock wave energy 
dissipation. In 15–20 ps, the shock wave energy becomes insufficient to generate any structural defects. Then the shock 
waves propagate through the sample at a constant velocity, virtually without changing the shape of their profile. 

 

Fig. 2. Distributions of compressive stresses in the Z direction in the single crystal at 
different time instants for different loading rates. 
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The stress profiles of shock waves during their propagation in a nanocrystalline material with a gradient 
grained structure are presented in Fig. 3. Similarly to the case of a single-crystal sample, the wave splits into elastic and 
plastic components as the impactor velocity increases. 

Depending on the loading rate, the maximum compressive stresses in the shock wave region quickly decrease 
over time to the values of 10–25 GPa and then virtually cease to change. However, the rate of decrease of the maximum 
stresses and the time interval for them to reach a stationary value strongly depend on the impactor velocity. For 
example, the maximum value of compressive stress at an impactor velocity of 0.5 km/s decreases from 25 to 10 GPa in 
45 ps, and at a velocity of 2.0 km/s it decreases from 160 to 17 GPa in 60 ps. The stresses in an elastic wave in the 
sample with the gradient grained structure are lower, and the rate of their decrease is much higher than in the single 
crystal under the same loading conditions (Fig. 4). Moreover, the stresses are reduced more effectively at a higher 
impactor velocity in the gradient nanograined sample compared to the single-crystal sample. It should be noted that 

 

Fig. 3. Distributions of compressive stresses in the Z direction in the gradient nanograined sample 
at different time instants for different loading rates. Circles indicate the plasticity wave front. 
Vertical lines show the layer boundaries with different grain sizes before loading. 

 

Fig. 4. Compressive stresses in the Z direction in an elastic wave versus the coordinates of its front 
for the single crystal (dashed lines) and gradient nanograined samples (solid lines). Vertical lines 
show the boundaries of layers with different grain sizes before loading. 
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both for the single-crystalline and gradient nanograined samples, the width of the region with an increased value of 
compressive stresses increases with time (Figs. 2 and 3). This is due to a lower rate of the material structure 
accommodation process compared to the velocity of shock wave propagation. 

CONCLUSIONS 

A molecular dynamics simulation of the single-crystal and gradient nanograined Fe95Ni05 samples has shown 
that the parameters of shock waves and the features of their propagation in this material can be effectively studied based 
on an analysis of the spatiotemporal evolution of compressive stresses. As part of this analysis, the spatiotemporal 
intervals of the plastic and elastic material responses  during the shock wave propagation  were identified. These 
intervals were determined by the changes in the shape of the compressive stress profile. It was revealed that a shock 
wave at high compressive stresses splits into elastic and plastic components. The compressive stresses in the region of 
the plastic wave are higher than in the elastic wave. It has been shown that the maximum compressive stresses and 
stresses in the elastic part of the wave during shock compression of the sample decrease quite quickly and reach 
a stationary value. The time interval for reaching a stationary regime of shock wave propagation and the features of the 
maximum stress decrease depend both on the shock compression rate and on the material internal structure. Moreover, 
the stresses in the shock wave decrease quicker at higher impactor velocities in the gradient nanograined sample 
compared to the single-crystal sample. 
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