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ABSTRACT
Molecular dynamics investigation of central impact of thin plate impactor to target from the same material
is presented. The particles are interpreted as elements of the mesoscopic scale level. Relation of the strain,
velocity, and dispersion inside the material on the longitudinal coordinate z is investigated. It is shown that
the particle velocity dispersion is initialized by the shock wave front and follows it with a small delay. From
the computer experiments it follows that in spite of the double free surface velocity rise the velocity dispersion
on the free surface doesn’t increase. Kinetic processes in the zone of the spall fracture are investigated.
1. INTRODUCTION
Macroscopic strength characteristics are strongly dependent on the material kinetics in the mesoscopic level
(0.1–10 µm). Particles of this scale level (mesoparticles) are formed by dislocation walls, shear bands, rotational
cells, and so on. Mesoparticle velocity distribution function and its statistical moments (such as average particle
velocity, particle velocity dispersion, excess of the distribution function) can be measured with the interference
technique in real time during uniaxial strain shock tests [1, 2]. From the real experiments it is known [2, 3] that
the mesoparticle velocity dispersion appears to characterize an ability of material to relax microstresses during
the shock wave passage and thereby it defines the macroscopic dynamic strength of the material. But from the
experiments it is possible to find out the velocity distribution only on the free surfaces. Information about the
velocity distribution inside the material could be obtained only from indirect sources, such as metallographical
analysis of the specimens after loading.
That is why we use computer investigations that can help understanding material kinetics inside the specimen during shock loading. Using molecular dynamics simulation we can calculate in the same way the velocity
distribution functions inside the material and on its surfaces. If in the areas where we can compare the computer and the experimental investigations they give similar results, then the computer investigation can be used
to explore the material behavior in the other areas that are inaccessible in experiments. The mane distinction
of the considered method from the classic molecular dynamics is that the particles are interpreted not as atoms
or molecules but as elements of the mesoscopic scale level.
2. METHODS
Since the purpose of this study is to understand only the general properties of the mesoparticle velocity
distribution functions a simplest molecular dynamics method was used [4, 5, 6]. We have chosen a monoatomic
two-dimensional lattice with standard Lennard-Jones 6–12 potential [8]
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where U (rij ) is interaction energy between atoms i and j separated by distance rij ,  is the strength of the
interaction, and r0 is a characteristic length scale. Note, that the exact form of the potential is not very
important for these investigations [7]. In order to decrease calculation time the potential is usually truncated
at a finite distance, beyond which the interaction is taken to be zero. In the considered numeric experiments
the cut-off distance was chosen to be 2.1 r0 . In this case the interaction potential has contributions from the
first, second, and third nearest particles in the perfect crystal. However, the contribution of the second and the
third neighbors to the total energy are minimal. Hence, r0 is approximately the equilibrium, nearest-neighbor
atomic separation. In order to describe nonelastic losses of energy small dissipative forces proportional to
the particles velocities were added [9]. The simulation technique employed in this work is standard molecular
dynamics method [4, 8]: the trajectories of each atom are followed through time by integrating Newton’s
classical equations of motion. The integration is performed using the method of central differences [8].
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Figure 1: The computation model of the impact loading.
The computation model containing about 20000 particles is presented in the figure 1. The particles are lying
in xz plane, z is coordinate in the longitudinal direction (direction of impact), x is coordinate in the transversal
direction. The particles are arranged in two rectangles which represent the cross-sections of impactor (black)
and target (grey). Initially the particles are arranged on a triangular lattice. The lattice is orientated in such
way that one of the sides of the triangles is extended along the x direction. The impactor is placed at an initial
distance from the target greater than the cut-off distance of the interparticle potential. Both impactor and
target are made from the same particles arranged on the same crystal lattice. Free boundary conditions on all
boundaries were used.
Initially the target has zero velocity, impactor has velocity directed along the z axis towards the target.
In addition, to initial velocity of each particle a random velocity chosen from a two-dimensional random
uniform distribution was added. Let us consider a set of particles indexed by k = 1, 2, ..., n. Denote Vkz , Vkx
— projections of the particle velocities to the z and x directions: longitudinal and transversal velocities.
Corresponding mean velocities are
Vz =

n
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The dispersions of the longitudinal and transversal velocities are
σz =
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Further the square root of the dispersions will be used
√
∆Vz = σ z ,

∆Vx =

√

σx .

(4)

The quantities ∆Vz , ∆Vx are the mean square deviations of the velocities (further — the deviations) and
they have dimension of velocity. Let at the initial moment of time impactor and target have the same initial
dispersion σ0x = σ0y = σ0 , corresponding to the initial velocity distribution.
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3. RESULTS
To make results more visual the scales of time, distance and velocity in the computer experiments are brought
similar to the scales in the real experiments with ductile steels [2]. The following sizes were chosen: impactor
thickness (z size) is 2 mm, target thickness is 7 mm, impactor width (x size) is 52 mm, target width is same
with the impactor width. In figures 4–6 results of the computer experiments are presented. Pattern consists of
about 20000 particles. The impactor velocity is 300 m/s.
Rows in figures 5–6 corresponds sequential moments of time after the experiment beginning. Columns in
figures 4–5 show dependencies of longitudinal strain, longitudinal velocity Vz , deviation ∆Vz of the longitudinal
velocity, and deviation ∆Vx of the transversal velocity on the longitudinal coordinate z. Positive strain values
mean compression, negative values mean tension. The coordinate z is coordinate of particles in impactor and
target at the moment of time t = 0. After the first contact (approximately at t = 0.05 µs) the impactor and the
target touch along the whole x surface. Thus the first 2 mm the z coordinate correspond to the impactor, the
rest 7 mm correspond to the target. For each z value the strain and the longitudinal velocity Vz are averaged
over one column of particles (chain of particles extended in the transversal direction). To avoid boundary effects
only the central half part of this column is taken. The same set of particle is used to calculate the deviations.
The first row (t = 0.0 µs) in figure 4 corresponds to the experiment beginning. The strain (the first graph)
is equal to zero except the area on the border between impactor and target. The great negative values in this
area correspond to the initial space between impactor and target. The graph for the longitudinal velocity Vz
(the second graph in the first row) has a step-like form: Vz = 200 mm for the first 2 mm (impactor), and Vz
vanishes for the rest area (target). The deviations of the longitudinal and transversal velocities (the 3rd and
the 4th graphs) in the considered scale coincide with zero.
The second row (t = 0.1 µs) in figure 4 corresponds to the impact beginning. The shock wave of compression
is well visible in the first graph, the wave extends from the border between impactor and target symmetrically
in two directions: forward (inside the target) and backward (inside the impactor). The second graph shows
the well-known theoretical result that the mass velocity in material is twice smaller then the impactor velocity.
The three areas with different constant velocity values could be selected in the second graph: the first area
with Vz = 300 m/s corresponds to the part of the impactor that was not reached yet by the shock wave; the
second area with Vz = 150 m/s corresponds to the parts of the impactor and the target perturbed by the shock
wave; the third area with zero velocity corresponds to the part of the target that was not reached by the shock
wave. The deviations (the 3rd and the 4th graphs) are still negligible.
The 4th row (t = 0.3 µs) in figure 4 corresponds to the moment of time short after the impact wave has
reached the free surface of the impactor. On the first graph we can see a wave of tension, generated by the
shock wave reflection from the impactor’s free surface. The second graph shows that the mass velocities in the
tension area are negative. The 3rd and the 4th graphs in figure 4 show appearance of the velocity dispersion.
The next two rows (t = 0.4 µs, t = 0.5 µs) show the shock wave propagation inside the target. Consider the
3rd graph in these rows: dependence of the longitudinal velocity deviation ∆Vz on the z coordinate. It is well
to see that the deviation appears immediately after the wave front; the deviation grows up to the maximum
value that follows the wave front with some delay (about 1.5 mm); after the maximum the deviation slowly
decreases to an equilibrium value. Thus the particle velocity dispersion is generated by the front of the shock
wave. The 4th graph shows that values of the transversal velocity deviation ∆Vx are close to those of the
longitudinal velocity deviation ∆Vz , but the delay after the shock wave front is little bit greater and maximum
values of ∆Vx are smaller.
The row t = 0.7 µs corresponds to the moment of time short after the impact wave has reached the free
surface of the target. On the first graph we can see a wave of tension, generated by the shock wave reflection
from the target’s free surface. The second graph shows the well known theoretical result of the double increasing
of the free surface velocity: the mass velocities grows in two times when the shock wave front reaches the free
surface; hence the free surface velocity of the target became equal to the impactor velocity. But an unexpected
result is shown in the 3rd and the 4th graphs: the velocity deviations don’t increase on the free surface. So the
dispersion behavior on the free surface differs much from the velocity behavior.
In the first graph in the row t = 0.8 µs (figure 5) it is well to see two waves of tension running towards each
other. When the waves mit (row t = 1.0 µs) they form an area of very strong tension where little bit later a
spall fracture arises (see the narrow area with great negative values in the first graph for 1.2 µs ≤ t ≤ 1.5 µs).
Then wave of tension followed with a little increase of ∆Vz runs in negative direction towards the free surface
of the impactor (t = 1.5 µs). Now consider the 3rd column: the longitudinal velocity deviation ∆Vz . It is well
to see that in the spall zone the deviation has a sharp maximum. The same effect is visible for the transversal
velocity deviation ∆Vx , but the maximum values are far smaller (the 4th column).
In the first column for 1.2 µs ≤ t ≤ 1.5 µs the oscillations in the spall plate are well visible. This oscillations

3

make the dispersion in the spall plate greater then average dispersion in the rest of the pattern (the 3rd and
the 4th columns).
Crack formation in the specimen is shown in figure 6. As it was in figures 5–6, the first column shows
longitudinal strain. The second column show the longitudinal velocity deviation ∆Vz . The last column shows
the specimen state at the corresponding moments of time. At t = 0.9 µs there are now fracture yet. At
t = 1.0 µs it is possible to see a lot of tiny cracks, which grow at t = 1.1 µs, and at t = 1.2 µs they join in
greater cracks extended in transversal direction. At 1.3 µs ≤ t ≤ 1.5 µs all existing cracks join in one turnpike
crack, and at t = 1.6 µs the spall crack formation in the central zone of the target is finished. Note that the
width of the spall plate is close to the width of the impactor, how it follows from the theory. From figure 6 it
follows that the highest value of the deviation maximum corresponds to t = 1.3 µs, when the turnpike crack
formation starts. This result is in good agreement with the results obtained in [10].
4. DISCUSSION
In quantities that can be calculated on the base of the continuum mechanics (such as longitudinal strain and
mass velocity) the presented computer experiments show a very good agreement with theory: propagation of
the shock wave, reflection of the shock wave from the free surfaces, relation between the free surface velocities
and velocities inside material, spall formation in the point of two tension waves contact and so on [11]. From
the other hand the considered model gives a very good agreement in quantities that could be measured in both
computer and real experiments, such as free surface velocity and mesoparticle velocity dispersion on the free
surface — see [2, 10, 12]. This gives certainty that the quantities that can’t be measured in reality (such as
velocity dispersion inside the material) can be estimated from the presented computer experiments. The most
unexpected computer result is that the velocity deviations don’t increase on the free surface, how it happens
with the velocity.
The computer model used to obtain the considered results was very simple: ideal monoatomic lattice with
Lennard-Jones potential. If we consider the particles as elements of microscopic scale level (for example,
atoms) then the results can be interpreted in the other way: we have investigated spall formation in an ideal
monocrystal. In this case instead of the term mesoparticle velocity dispersion we should use term absolute
temperature. Of course the considered model is very crude to describe kinetics and dynamic strength properties
of real solids, but the general tendencies it should describe properly.
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Figure 2: Dispersion is increasing after the wave front (t = 0.5 µs).
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Figure 3: Localized maximum of the dispersion in the spall fracture zone (t = 1.3 µs).

4

5. CONCLUSIONS
• Dispersion of the longitudinal velocity (σz = ∆Vz 2 ) is initialized by the shock wave front and follows it
with a small delay (see figure 2).
• Dispersion of the transversal velocity (σx = ∆Vx 2 ) is close to σz but it follows the shock wave front with
larger delay (see figure 2).
• The dispersions have localized maximum in the zone of the spall fracture (in this zone ∆Vz is more then
twice greater then ∆Vz in the surrounding area) (figure 3).
• The greatest value of the velocity dispersion in the spall zone realizes at the start moment of the turnpike
crack formation.
• Average dispersion in the spall plate is greater then average dispersion in the rest of the pattern (figure 3).
• In spite of the double free surface velocity increase, the velocity dispersion on the free surface doesn’t
increase.
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Figure 4: Distribution of strain, velocity and dispersion along the impact direction (0 < t < 0.7 µs).
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Figure 5: Distribution of strain, velocity and dispersion along the impact direction (0.7 µs < t < 1.5 µs).
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Figure 6: Spall formation in the target (0.9 µs < t < 1.6 µs).
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