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PLASTIC DEFORMATION OF NANOCRYSTALLINE Fe95Ni05 WITH 

GRADIENT GRAINED STRUCTURE UNDER SHOCK LOADING 

D. S. Kryzhevich, A. V. Korchuganov, A. S. Grigoriev,  UDC 539.3:533.6.011.72 
O. A. Berezikov, and K. P. Zolnikov 

A molecular dynamics simulation of structural transformations in nanocrystalline Fe95Ni05 samples with 
a single grain size and a gradient grained structure under shock loading is carried out. The shock loading 
condition is set by a constant-rate displacement of the non-deformable surface layer. It is found out that the 
generated shock wave is split into elastic and plastic components. An interaction of the plastic component with 
the grain boundaries leads to a generation of intrinsic stacking faults. The compressive stresses in the shock 
wave decrease as it propagates, which reduces the generation intensity of stacking faults and their density after 
stress relaxation. It is revealed that with a grain size increase, the density of the remaining stacking faults can 
significantly decrease, and the largest grains can completely restore the initial crystal structure after the shock 
wave propagation. By varying the grain structure, one can control the evolution of shock waves and the density 
of structural defects remaining in the material. 
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INTRODUCTION 

The study of structural transformations in metallic materials under shock-wave loading is of significant interest 
for understanding the peculiarities of the changes in their physical and mechanical properties. The structural 
transformations in iron-based alloys under extreme conditions are of particular importance due to their widespread use 
in many industrial applications, geology and astrophysics. It is known that at high compression rates, the shock waves 
can split into elastic and plastic components [1]. With a further increase in the compression rate, one overdrive wave 
may appear [2]. In the materials undergoing phase transitions, the shock wave can have a three-wave structure, 
consisting of an elastic wave, a plastic wave, and a phase-transformed wave [3, 4]. The iron-based alloys are 
prototypical materials for studying such structural transformations under shock wave loading [5–7]. The formation of 
a three-wave structure in laser-shocked polycrystalline iron was confirmed by high-quality X-ray diffraction data [8]. 
An important property of a material having a significant impact on the response under shock loading is its internal 
structure. The presence of extended interfaces and different inclusions leads to a significant dissipation of the shock 
wave energy, which can manifest itself in the generation of structural defects and in the development of fracture 
processes [9]. 

Molecular dynamics (MD) is an effective computer simulation method for a detailed study of the mechanisms 
of deformation and fracture during shock loading of a material. It allows accurately calculating the parameters of the 
shock wave as it propagates. Modern MD simulations are applied to fairly representative samples containing tens of 
millions of atoms, which provides an atomic-level understanding of the structural response of a material under loading. 
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The behavior of complex structural materials, including nanocrystalline and energetic materials, under shock loading 
was reported in a large number of studies [10–18]. 

Gradient nanograined materials have unique physical and mechanical properties and are of significant interest 
for a wide range of practical applications. At the same time, the behavior of this class of materials under shock loading 
has not been sufficiently studied. In this study we perform an MD simulation of the behavior of a Fe95Ni05 
nanocrystalline sample with a gradient grained structure and a nanocrystalline sample with one-size grains to identify 
the peculiarities of the plasticity nucleation and development in the material during the shock wave propagation. 

MATERIALS AND METHODS 

The behavior of nanocrystalline Fe95Ni05 samples under shock loading was studied via the calculations carried 
out using the LAMMPS software package [19]. The interatomic interaction in the Fe-Ni system was described by 
an embedded atom potential proposed by Zhou et al. [20]. To identify the structural changes in the loaded samples, the 
Common Neighbor Analysis algorithm was used [21]. 

The Voronoi–Laguerre method was applied for constructing a parallelepiped-shaped sample with 
a nanocrystalline gradient grained structure. All grains in the sample had a common crystallographic direction 
coinciding with the Z texture axis with indices [123] (Fig. 1). The simulated sample layers were successively arranged 
in the Z direction, starting from the free surface with the following grain sizes: 10, 10, 10, 15, 15, 30, 15, 15, and then 
10 nm. A nanocrystalline sample with a grain size of 10 nm was also simulated under shock loading. Periodic boundary 
conditions were used along the X and Y directions, and free surfaces were simulated in the Z direction. The sample 
dimensions were 30×30×500 nm along the X, Y and Z directions, respectively. The initial temperature of the samples 
was 300°K.  

To apply a shock loading, a non-deformable layer of a 5 Å thickness was set on the left side of the samples, 
which played the role of an impactor. It was displaced for 3 ps at a constant rate of 1.0 km/s and then defined as the 
deformable part of the sample with the free surface on the left side. 

 

Fig. 1. Grain structure of the gradient nanograined (a) and 10 nm grain (b) samples. 
Image shows atoms in grain boundaries and on free surfaces only. 
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SIMULATION RESULTS 

A comparison of the behavior of the nanocrystalline sample with 10 nm grains and that of the gradient 
nanograined sample under shock loading revealed the differences both in the shock wave propagation characteristics 
and in the defect structure formed in the samples. The position of the shock wave front and the shock wave length are 
clearly visible in the compressive stress distribution along the loading direction (Fig. 2). The maximum compressive 
stress in the shock waves decreases quite quickly and in 35–40 ps reaches saturation at ~12 GPa in both samples. The 
shock wave propagation front in the gradient nanograined sample accelerates and overrides that in the sample with 
10 nm grains, as soon as the shock wave enters the layers with 15 nm grains. This is due to a weaker shock wave 
dissipation in the layers with larger grains, owing to a lower density of interfaces in these regions. 

The grain structure differences in the samples lead to a different defect generation dynamics and a different 
defect structure formation after the end of relaxation processes. Intrinsic stacking faults are the main defects formed 
during shock impact, which persist after relaxation. To quantitatively compare the defect structures of the samples, we 
calculated the number of atoms composing stacking faults. The change in the spatial distribution of the atoms making 
up these defects for the simulated samples is shown in Fig. 3, wherein the local minima of the curves correspond to the 
sample regions with the maximum grain boundary density in the layers perpendicular to the Z axis. Figure 3 clearly 
shows that during the shock wave propagation, the number of atoms in the stacking faults changes quite strongly in the 
layers with different grain sizes. In each layer of grains, the stacking fault density quickly increases to a maximum value 
after the shock wave passage (its front is shown by the corresponding vertical dotted lines in Fig. 3). Then, as a result of 
accommodation processes, this density decreases more slowly due to the stacking fault closing by trailing partial 
dislocations sinking to the grain boundaries. Stacking faults are generated as a result of the shock wave interactions of s 
with the grain boundaries. This is clearly visible for the distribution of the stacking fault density at a time instant 
of 15 ps. Since the wave velocity is higher than that of partial dislocations forming the stacking faults, by this time 
instant the 30 nm grain (Z=60-90 nm) is filled with the stacking faults only in the left half. At the same time, the 
nucleation of stacking faults already begins at the boundary between this grain and the 15 nm grains (Z≈90 nm). Then 
these stacking faults propagate into both grain layers. 

The stacking fault distribution in the sample along the loading direction stopped changing in 80 ps after the 
shock wave generation (Fig. 4). For the gradient nanograined sample, it is clearly seen that the layer with 30 nm grains 

 

Fig. 2. Compressive stress distributions along the Z axis in the gradient nanograined sample 
(dashed lines) and the sample with 10 nm grains (solid lines) at different time instants. Vertical 
lines show the layer boundaries with different grain sizes in the gradient nanograined sample. 
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contains virtually no stacking faults. On the left side of the sample (Z<60 nm), the stacking fault density is noticeably 
lower in the layer with 15 nm grains compared to 10 nm grains. In a sample with a single grain size of 10 nm, the 
density of the remaining stacking faults decreases in the shock wave propagation direction. This is due to a decrease in 
the compressive stresses in the shock wave during its propagation. Thus, a decrease in the compressive stresses in the 
shock wave and an increase in the grain size lead to a decrease in the density of the remaining stacking faults. 

The simulations have shown that the shock wave splits into elastic and plastic waves. This splitting can be seen 
most clearly at the initial moments, when the compressive stresses have the highest values (Fig. 5). Figure 5 shows that 
for the given instant of time, the maximum coordinate Z=67 nm, at which stacking faults nucleate, corresponds to the 
plastic wave front. Note that the shock wave splitting into elastic and plastic components was observed in 
nanocrystalline iron samples [2, 22]. 

 

 

Fig. 3. Distributions along the Z axis of the number of atoms making up the stacking faults in the 
gradient nanograined sample (a) and in the sample with the 10 nm grains (b) at different time 
instants. Vertical lines show the layer boundaries with different grain sizes before loading. 
Positions of the shock wave front at different time instants are shown by dashed vertical lines. 
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Fig. 4. Distributions along the Z axis of the number of atoms composing stacking faults in 
the gradient nanograined sample and the sample with the 10 nm grains 80 ps after shock 
loading. Vertical lines show the layer boundaries with different grain sizes in the gradient 
nanograined sample. 

 

Fig. 5. Distribution of atoms composing stacking faults and compressive stresses along the 
Z axis 10 ps after shock wave initiation in the gradient nanograined sample. Vertical solid 
lines show the layer boundaries with different grain sizes before loading. Dotted line shows 
Z coordinate of plastic wave front.  

 

CONCLUSIONS 

Based on the simulations performed, we can conclude that the dynamics of structural transformations during 
shock wave propagation and the distribution of structural defects in the nanocrystalline sample with a single grain size 
and in the gradient nanograined sample are quite different. These differences are associated with the characteristics of 
the grain structure of the samples. It has been shown that the layers with larger grains in the gradient nanograined 
sample contain fewer stacking faults compared to that with smaller grains after the completion of the relaxation 
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processes. In the nanocrystalline sample with a single grain size, more stacking faults remain compared to the gradient 
nanograined sample under the same shock loading conditions. A decrease in the compressive stresses in the shock wave 
and an increase in the grain size lead to a decrease in the density of the remaining stacking faults. Thus, by creating 
a certain grain size gradient, it is possible to control the plastic deformation characteristics and the defect density in 
nanocrystalline materials with gradient grained structure under shock wave loading. 
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