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Abstract: Taylor impact tests involving the collision of a cylindrical sample with an anvil are widely
used to study the dynamic properties of materials and to test numerical methods. We apply a
combined experimental-numerical approach to study the dynamic plasticity of cold-rolled oxygen-
free high thermal conductivity OFHC copper. In the experimental part, impact velocities up to
113.6 m/s provide a strain up to 0.3 and strain rates up to 1.7 × 104 s−1 at the edge of the sample.
Microstructural analysis allows us to find out pore-like structures with a size of about 15–30 µm
and significant refinement of the grain structure in the deformed parts of the sample. In terms of
modeling, the dislocation plasticity model, which was previously tested for the problem of a shock
wave upon impact of a plate, is implemented in the 3D case using the numerical scheme of smoothed
particle hydrodynamics (SPH). The model includes an equation of state implemented in the form of
an artificial neural network (ANN) and trained according to molecular dynamics (MD) simulations
of uniform isothermal stretching/compression of representative volumes of copper. The dislocation
friction coefficient is taken from previous MD simulations. These two efforts are aimed at building
a fully MD-based material model. Comparison of the final shape of the projectile, the reduction
of the sample length and increase in the diameter of the impacted edge of the sample confirm the
applicability of the developed model and allow us to optimize the model parameters for the case of
cold-rolled OFHC copper.

Keywords: Taylor impact test; dynamic plasticity; OFHC copper; dislocation plasticity model;
smoothed particle hydrodynamics; artificial neural network; MD simulations

1. Introduction

Dynamic strength and plasticity of metals are relevant to a wide range of civilian
and defense applications and continue to attract the attention of researchers. The existing
experimental methods of dynamic testing cover a wide range of strain rates up to 109 s−1,
which is already attainable for direct simulations by molecular dynamics (MD), while most
practical problems correspond to somewhat lower strain rates. Among the experimental
techniques, one can mention the shock-wave loading produced by the impact of plates [1–4]
or high-current electron irradiation [5,6] for strain rates up to about 106 s−1, powerful ion
irradiation [7,8] for strain rates of above 106 s−1, powerful lasers with short [9,10] and ultra-
short [11–13] irradiation pulses, which allows the experimenter to reach the ultra-high strain
rate up to 107–109 s−1. The widely used split Hopkinson pressure bar (Kolsky bar), [14–16]
provides more moderate strain rates up to about 103–104 s−1. The flying-wheel machine
can be used to attain the strain rates of about 102–103 s−1 [17]. Taylor impact tests combine
large non-uniform strains and large strain rates in the range 104–106 s−1. Beginning with
the pioneering works by Taylor [18], Whiffin [19], Carrington and Gayler [20], the Taylor
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impact tests with the collision of cylindrical samples of material with a stiff anvil under a
typical velocity of several hundreds of meters per second are widely used for extracting
dynamic strength properties [21,22], validation, and the calibration of mechanical models
of materials [16,23–26]. The influence of hardness obtained by different previous heat
treatment on the fracture and fragmentation of tool steel projectiles is investigated in [27]
for the impact velocities from 100 to 350 m/s; it is shown that an increase in hardness
facilitates fracture instead of plastic deformation. Both classical and symmetric (rod-
on-rod) Taylor tests supplemented by numerical simulations are used in [28] to study
the conditions of plastic deformation and damage initiation including analysis of stress
triaxiality evolution using the example of 6082-T6 aluminum alloy at impact velocities
up to 470 m/s. The influence of Lode angle as another parameter of the stress state on
the shear fracture is shown in the experiments [29] with 2024-T351 aluminum alloy rods
launched with velocities in the range from 110 to 312 m/s. This list is far from complete,
but shows the wide use of Taylor tests in experimental practice, including the investigation
of high-strength materials.

Despite its relatively simple structure, oxygen-free copper with high thermal conduc-
tivity (OFHC) is one of the important face-centered cubic metals (FCC) due to its high
thermal and electrical conductivity. It is often used in structures and machines that can
be subjected to dynamic loads, ranging from electric vehicles to missiles and projectiles.
Copper is also used in pipe-rolling, because it allows the manufacturing of durable seamless
and slightly corroded pipes. Taylor impact tests of OFHC copper, 4130 steel and Ti6Al4V
alloy are used in [30] to calibrate the empirical model of strain hardening and strain rate
hardening, as well as thermal softening at high strain rates. It can be pointed out that
the thermal softening can play a significant role due to large plastic deformation and the
resulting heating of the sample. On the other hand, it is established in plate impact experi-
ments that thermal hardening can take place instead of the softening for pure FCC metals,
such as aluminum [1,3,13,31] and copper [32,33]. The thermal hardening is explained by
the transition to over-barrier mechanisms in the movement of dislocations [12] limited by
phonon friction, which increases with temperature [34–36]. The shock waves initiated by
plate impact are characterized by relatively small total strain, while an increase in strain and
the corresponding multiplication of dislocations mitigates the effect of thermal hardening
and changes the sign of the temperature dependence of the flow stress [31,33]. At the
same time, both the shock wave loading and subsequent side unloading leading to large
plastic deformations near the colliding base take place during the Taylor impact test [24].
A consistent model of impact behavior should take into account both the over-barrier drag
of dislocations at the shock front and their rapid multiplication with strain hardening of
the material and decrease in the significance of mobility of dislocations. Material models
with explicit accounting of the dislocation ensemble [35,37–41] are the most promising in
this sense. For instance, a dislocation-based plasticity model was recently used in [16] to
describe the dynamic behavior of single crystal tantalum, which allowed the authors to
reproduce the features of strain localization and crystallographic anisotropy experimentally
observed in [42] for Taylor impact tests.

Previously, the dislocation plasticity model [39] was improved in [43] by means of a
more enhanced dislocation kinetics, which considers immobilized dislocations besides the
mobile ones. It allows one to describe the structure of release waves following the shock
wave in both the full statement with the Orowan equation for the plastic strain rate [43–45]
and in the reduced model [46] based on the concept of relaxation time dependent on
the dislocation density [47]. A 2D version of the model supplemented by submodel of
mechanical twinning was successfully used in [24] for calculation of the Taylor impact tests
in comparison with the experimental data from the literature. In the present paper, we
implement the model [43] in the 3D case by using the smoothed particle hydrodynamics
(SPH) as a numerical scheme. We conduct Taylor impact experiments with cylindrical
samples and compare the final shape of the samples with the simulation predictions
to test the model and its numerical implementation. The SPH initially proposed for
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astrophysical applications [48] are now widely used in solids mechanics [49,50] including
Taylor impact problem [51]. It is a mesh-free numerical scheme, which allows one to
ignore the deformation of computational mesh at large strains. Another prospective
computational technology used in the present study is the equation of state in the form of
an artificial neural network (ANN) trained by molecular dynamics (MD) data. Recently,
the ANNs have become actively used in the mechanics of materials [50,52–54] including
the connection of strains and stresses at the elastic stage in the form of a tensor equation
of state [55,56]. The ANN is a handy tool for data approximation, when the functional
form of dependence is not pre-defined. Here we use it only for pressure as the spherical
part of the stress tensor in the case of simple copper, for which the equations of state are
known, including the wide-range equations of state [57]. On the other hand, the developed
approach with a combination of MD and ANN should provide benefits in application for
complex or unexplored materials, for which the equation of state is unknown, as well as
in the case of large elastic deformations with a tensor form of the equation of state. In
the part of dislocation plasticity model, we fit the strain-hardening parameters to obtain a
correspondence to our Taylor impact tests with cold-rolled OFHC copper, while the model
was previously calibrated by the results of plate impact experiments with copper single
crystals [44]. At the same time, in the part of the equation of state, we move towards gradual
replacement of the experimental parameter identification by using the results of atomistic
simulation for this purpose, when the experiments retain the role of the model validation.

Microstructural analysis of the impacted samples is carried out, which indicates
a clear tendency to localization of the plastic flow for both preliminary cold-rolling at
the manufacturing of the rods and subsequent dynamic loading. The localization is a
manifestation of the instability of plastic deformation [58–60], a consequence of the fact
that in such areas of localized flow, for one reason or another, plastic deformation proceeds
more easily than in the surrounding material. A large number of works in the last 50 years
have been devoted to the study of the localization phenomenon [61–65]. Up to 90% of all
plastic deformation of the material can be concentrated in the shear bands; large shear
deformations are also observed in the immediate vicinity of the shear bands [62]. The shear
bands have a complex structure of highly deformed material and contain substructures of
dislocations and nanocrystalline grains [66–70].

2. Materials and Methods
2.1. Material, Specimens and Gas Gun Launcher

The tested material was OFHC 99.9% copper of M1 grade; this grade is similar to
C11000 (U.S.) and Cu-ETP (Europe). According to the specification, the impurities included
not more than 0.001% Bi, 0.005% Fe, 0.002% Ni, 0.004% Zn, 0.002% Sn, 0.002% Sb, 0.002% As,
0.005% Pb and 0.004% S. The as-received material in the form of a cold-rolled cylindrical
rod with diameter of 8 mm was cut on cylinders 40 mm in length, see Figure 1. The mass of
the copper sample was about 18 g.

Figure 1. Initial shapes of the copper cylinders for Taylor impact tests.

The samples were launched by an air gas gun with velocities varying from 37.8 to
113.6 m/s and collided with a rigid anvil made of polished hard steel. In these experiments,
we adopted a shock wave tube with the diameter of 66 mm and the length of 2.3 m equipped
with a high-pressure chamber of the same diameter and length of 0.3 m installed in the
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Laboratory of Applied Gas Dynamics of the Chelyabinsk State University. The schema of
the setup and its external view are presented in Figure 2a–c, respectively. The polypropylene
pipe with the length of 2.1 m and the internal diameter of 12 mm was installed inside the
shock wave tube and acted as a barrel. A cone-shaped transition cuff was installed between
the high-pressure chamber and the polypropylene pipe in order to ensure a uniform inflow
of the high-pressure air from the high-pressure chamber into the polypropylene pipe. The
end part of the pipe attached to the anvil had side slots intended to divert the high-pressure
gas from the impact zone to reduce its influence on the collision process.

Figure 2. Experimental setup: (a) scheme of the high pressure chamber and initial part of barrel,
(b) scheme of the final part of barrel and anvil, (c) photograph of the shock-wave tube and (d) scheme
of velocity measurements.

The impact velocity was controlled by the injected pressure in the high-pressure
chamber; the maximum pressure used was 5 bar. The pressure in the working part of the
shock wave tube including the polypropylene barrel was reduced to about 0.05 bar by
means of the vacuum pump. A polypropylene adhesive tape with a thickness of 40 µm,
glued in several layers, was used as a diaphragm, which was broken at a certain level of
pressure difference. A fluoroplastic shell with the mass of about 5 g was used in order to
tightly fit the projectile into the polypropylene barrel. The fluoroplastic was chosen because
it has one of the lowest dry coefficients of friction among all polymers. The steel body of
the shock-wave tube was used to hold the initial reduced pressure in the polypropylene
barrel and to shield the impact zone.
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The time-of-flight method was used to determine the projectile velocity at the end part
of the barrel. The time of flight was measured as the time shift between the moments of
changing the voltage on channels A and B of the DSO4102C oscilloscope (Hantek, Qingdao,
China). Voltage of 3 V was applied to each of the channels. Thin metal threads placed inside
a polypropylene pipe were used to close the circuit; the threads were spaced 50 mm apart.
These metal threads were connected to channels A and B of the oscilloscope, respectively.
While flying, the projectile broke the metal threads, opened the electrical circuit and caused
a voltage drop on the oscilloscope. The metal threads were coated with dielectric varnish,
which eliminated accidental contact between them. The electrical diagram is shown in
Figure 2d. The system was preliminarily tested on the velocity of a free-falling body and
showed a small deviation from the expected result.

2.2. Dislocation Plasticity Model

We used the continuum model of dislocation plasticity first proposed in [39] and
further improved in [43] by introducing a more detailed dislocation kinetics with accounting
of immobilized dislocations and stronger hardening. Previously, the model was numerically
implemented in 1D [39,41,43] and 2D [5,24] cases by means of a finite-difference scheme.
Here, the model is implemented in the 3D case on the basis of the SPH (smoothed particles
hydrodynamics) approach. For the sake of completeness, here we formulate the dislocation
plasticity model based on the previous publications [41,43].

The conservation laws form the core [71] of a dynamic model of continuum mechanics
by defining the evolution of the density field ρ(x), velocity field v(x) and the field of specific
internal energy E(x) as follows:

dρ

dt
= −ρ(∇ · v) (1)

ρ
dv
dt

= (∇ ·σ) (2)

ρ
dE
dt

= −P(∇ · v) + (1− η)
(
S :

.
w
)

(3)

where the stress field σ(x) is decomposed as σ = −PI + S on the spherical part character-
ized by the scalar pressure field P(x) and the tensor field of stress deviators S(x); I is the
identity tensor. We use the Lagrangian frame of reference, which means that the used full
time derivatives characterize the evolution of parameters in substance particles, but not in
the spatial points.

The last term in the right-hand part of Equation (3) is the heating due to the plastically
dissipated mechanical energy, where

.
w is the plastic strain rate,

(
S :

.
w
)

is the rate of plastic
dissipation per unit volume of medium and η is the part of internal energy spending on
the formation of new dislocations, which does not transfer into the heat, such that (1− η)
is the Taylor–Quinney coefficient. The total internal energy can be represented as the sum
E + ES + ED, where E is the part related to hydrostatic compression and heating, ES is the
part related to the elastic change of shape and pumped by the shear stresses, and ED is the
energy of dislocations as lattice defects. The work of stress deviators is accumulated in
ES and partially transmitted to both E and ED by means of plastic dissipation [41], which
is taken into account in Equation (3). We calculate E as the “hydrostatic” part of internal
energy because it defines the pressure, the bulk modulus K and the temperature T by
means of the equation of state:

P = PEOS(ρ, E), K = KEOS(ρ, E), T = TEOS(ρ, E), (4)

in the form of an artificial neural network (ANN) trained according to MD data for hy-
drostatic compression and tension of a representative volume of copper, see Section 2.3.
This approach supposes some independence between pressure and shear stresses. MD
simulations for perfect single crystals [56] show that large shear strains influence the pres-
sure. Therefore, a more consistent approach is the development of tensor equations of state
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directly connecting the components of strain and stress tensors. They can be constructed
by ANN approximation of MD simulations for different paths of loading besides the hy-
drostatic one, which is performed in [55,56,72] for restricted cases of deformation. For the
case of arbitrary 3D deformation, this procedure requires many more MD simulations and
is in progress now. In spite of large plastic deformation, there are no large elastic strains in
the problem under consideration; therefore, the simplified approach with calculation of
“hydrostatic” internal energy is applicable.

The motion of substance creates macroscopic deformation characterized by the strain
tensor u, the growth rate of which is determined by the velocity gradient as follows:

du
dt

=
1
2

[
(∇⊗ v) + (∇⊗ v)T

]
+

[(
u ·

.
R
)
+

(
.

R
T
· u
)]

(5)

where superscript “T” means transposition and “⊗” stands for dyadic product. The first
term in the right-hand part of Equation (5) is the strain rate describing the real deformation
of an element of the medium, while the second term takes into account the transformation
of tensor u due to rotation of the element. The local rotation rate tensor is antisymmetric
part of the velocity gradient:

.
R =

1
2

[
(∇⊗ v)− (∇⊗ v)T

]
(6)

Pressure is completely defined by density and internal energy by means of the equation
of state, Equation (4). The calculation of stress deviators S requires the knowledge of the
elastic strain tensor. Elastic deformations are small and we define them as the difference
between the macroscopic strain tensor u and the plastic strain tensor w. Also, we use linear
relation between the stress deviators and strains in the form of Hook’s law [73]:

S = 2G
[

u− 1
3

tr(u)I−w
]

(7)

where G is the shear modulus. Similar to [43], we define G in terms of the bulk modulus K
and the Poisson’s ratio µ:

G =
3
2

K
1− 2µ

1 + µ
(8)

The Poisson’s ratio can be considered constant at moderate temperatures far from
the melting point. As far as the bulk modulus K is calculated by means of MD-informed
ANN for current thermodynamic state {ρ, E}, the temperature dependence of both elastic
moduli is incorporated into the model by Equations (4) and (8). Although knowing
elastic moduli opens the way to direct calculation of stresses, the usage of non-linear
equation of state for pressure together with the linear Hook’s law for stress deviators is a
rather common practice in the modeling of shock waves and dynamic deformations. It is
justified by the fact that the stress deviators are restricted by plastic flow, while volumetric
compressions can be arbitrarily strong. We should also mention that we use the strain
tensor and plastic strain tensor in Equation (7) instead of frequently used direct updating
of stresses in accordance with the objective strain rates. In the case of constant properties of
material, both approaches are equivalent, but in the case of variation of the stress–strain
relationship due to temperature increase or density variation, the used approach gives
more consistent results.

The change of w is defined by both the plastic strain rate
.

w and rotation:

dw
dt

=
.

w +

[(
w ·

.
R
)
+

(
.

R
T
·w
)]

(9)
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The plastic strain rate is determined by the dislocation slip through the Orowan equation:

.
w = ∑

δ

bMδρδ
DVδ

D (10)

where the sum is over all 12 slip systems of FCC crystal presented by four planes of type
(111) and three directions of the Burgers equivalent to the direction [110] in each plane [74];
b is the modulus of the Burgers vector; ρδ

D is the scalar density of mobile dislocations in
the corresponding slip system, while Vδ

D is the velocity of dislocations gliding in the slip
plane. The orientation tensor Mδ is defined as the symmetric part of the dyadic product of
the Burgers vector bδ and the normal to the slip plane nδ normalized by the modulus of the
Burgers vector:

Mδ =
1
2b

[(
bδ ⊗ nδ

)
+
(

bδ ⊗ nδ
)T
]

(11)

The change of the orientation tensor in time is defined by rotation of the elements of
the medium:

dMδ

dt
=

[(
Mδ ·

.
R
)
+

(
.

R
T
·Mδ

)]
(12)

At large elastic shear, the change of Mδ can differ from the simple rotation because
of the inclination of the crystal planes. On the other hand, the elastic part of deformation
is restricted in the problem under consideration. Therefore, Equation (11) is used for
initial determination of the tensors Mδ, while Equation (12) describes their evolution.
The orientation of the slip system is the same for all parts of single crystals, while in
polycrystalline copper under consideration it varies between grains. It was shown in [39]
that choosing a random orientation of the crystal lattice in each mesh point or in several
layers of the sample in the 1D case is an efficient way of averaging properties to obtain
the response of polycrystalline material. In the 3D case, we use a random orientation
of the crystal lattice in each SPH particle to obtain the response of the polycrystal. This
approach is justified by the fact that the experimentally measured average grain diameter
of about 15–20 µm (see Section 3.2) in the original sample is much smaller than the “size” of
SPH particle, which is about 400 µm. The modulus of the Burgers vector slightly varies at
tension or compression; the connection between b of perfect dislocations and mass density
is as follows:

b =
1

2
√

2
3

√
4m1

ρ
(13)

where m1 is the mass of one copper atom.
Inertness of dislocations is very small: the equilibration time is about 10−11 s [36].

Therefore, we use the quasi-stationary solution [36,41,75] for the dislocation velocity in
the form:

Vδ
D =

ct

6
√

6χδζδ

[(
χδ
)2/3

− 12
]3/2

(14)

ζδ =
1

ctB

(
Fδ − bYs

2
sign

(
Fδ
))
· H
(∣∣∣Fδ

∣∣∣− bYs

2

)
(15)

χδ = 108
∣∣∣ζδ
∣∣∣+ 12

√
3
√

4 + 27
∣∣ζδ
∣∣2 (16)

where H(·) is the Heaviside step function; ct =
√

G/ρ is the transverse sound speed; Ys is
the static yield stress; B is the dislocation friction coefficient at low dislocation velocity.
The force per unit length acting on dislocations of δ-th slip system is defined by the
stress deviators:

Fδ = b
(

Mδ : S
)

(17)

The initial equation of dislocation motion and its quasi-stationary solution take into
account the quasi-relativistic effect [36], consisting in the rapid increase in friction at
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approaching the transverse sound speed
∣∣Vδ

D

∣∣→ ct . The friction coefficient B for low
dislocation velocity at room temperature is taken from MD simulations of the motion of
edge dislocation in copper [76], while its temperature dependence is assumed to be the
same as for aluminum [36]; see values in Table 1.

Table 1. Parameters of the dislocation plasticity model for copper. Most of parameters are taken from
the previous study [43]. The dislocation friction coefficient is on the basis of molecular dynamics
(MD) simulations [36,76]. Some of the coefficients differ from the works presented above, a detailed
justification for the choice of these coefficients is shown in Section 3.4.

Parameter Value

B [Pa × s] 0.45 · 10−5 + 2.5 · 10−8 × T
µ 0.34

Ys0 [MPa] 30
AI 3

VI [m/s] 2
kD [J−1] 7.8 × 1016

kA 5
η 0.1

ρfree
D [m−2] 1011

ρδ
D(t = 0) [m−2] 1011

ρδ
I (t = 0) [m−2] 1013

We take into account the strain hardening in the form of the Taylor hardening law:

Ys = Ys0 + AIGb
√

ρI (18)

where Ys0 is the static yield stress in material without dislocations. The Peierls relief is
small in FCC metals, but impurities exist in real material; therefore we use non-zero Ys0, see
Table 1. Following [43], we take into account only the density of immobilized dislocations
ρI in Equation (18), but the value of the strengthening coefficient AI is several times larger
than is typically used, see Table 1. Such strong hardening by immobilized dislocations
allows one to describe the structure of the unloading wave propagating behind the shock
wave in the plate impact experiments [43–45]. In the present work, we show that this
hardening also has a close coincidence with the results of performed Taylor impact tests.
According to Equation (18), the strain hardening is isotropic because it is the same for all
slip planes. A more detailed description can be achieved by accounting of anisotropic
hardening in each slip system separately [16,77,78], which allows [78] to capture the details
of deformation of the single crystal tantalum in Taylor impact tests. Here we examine
polycrystalline copper, and such generalization is outside the precision of the model. The
total density of immobilized dislocations in a substance element is calculated by summing
over all slip systems:

ρI = ∑
δ

ρδ
I (19)

where ρδ
I is the scalar density of immobilized dislocations in δ-th slip system.

The kinetics of dislocation ensemble is written in accordance with [43] and expresses
the balance between the rates of multiplication Qδ

D, immobilization Qδ
I and annihilation of

the pairs of mobile-mobile Qδ
A and mobile-immobilized Qδ

AI dislocations:

dρδ
D

dt
= Qδ

D −Qδ
I −Qδ

A −Qδ
AI − ρδ

D(∇ · v) (20)

dρδ
I

dt
= Qδ

I −Qδ
AI − ρδ

I (∇ · v) (21)

The last terms in the right-hand parts of both equations take into account the kine-
matic change of dislocation density due to substance compression or extension similar to
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Equation (1) for the mass density. An energy-based approach for calculation of the rate of
dislocation multiplication is proposed in [39]: A certain part, specifically η = 0.1, of the
plastically dissipated energy is spent on the formation of new dislocations:

Qδ
D = kDbρδ

D

∣∣∣Fδ
DVδ

D

∣∣∣ (22)

where the generation coefficient kD = η/(8 eV) is the mentioned part divided by the energy
of dislocation formation per length of one Burgers vector equal to 8 eV. The immobilization
rate is proposed in [43] in the form:

Qδ
I = VI

(
ρδ

D − ρfree
D

)√
ρδ

I (23)

It describes a delayed process of formation of some strong dislocation structures with a
certain constant velocity VI, which does not depend on the macroscopic acting stresses. The
immobilization starts when the density of mobile dislocations in the slip system exceeds the
threshold value ρfree

D . The expressions for annihilation rates are written in a common way:

Qδ
A = 2kAb

∣∣∣Vδ
D

∣∣∣(ρδ
D

)2
, Qδ

A = kAb
∣∣∣Vδ

D

∣∣∣(ρδ
Dρδ

I

)
(24)

where kA is the annihilation coefficient. The initial values of both mobile and immobilized
dislocation densities in each slip system and the parameters of the kinetics model are
gathered in Table 1.

2.3. Equation of State in the Form of the Molecular Dynamics (MD)-Informed Artificial Neural
Network (ANN)

The equation of state for the dependencies of pressure, bulk modulus and temperature
on the density and internal energy, Equation (4), in the form of MD-informed artificial
neural network (ANN) is constructed and implemented in our modeling. Firstly, the
hydrostatic compression and tension of copper is investigated by means of MD simulations
for the temperatures in the range from 100 K to 900 K with the step of 100 K. The pressure
range starts at the threshold of void nucleation under tension, which varies from −10 GPa
to −20 GPa depending on temperature, and ends at 100 GPa under compression; thus,
the curves correspond to elastic stage of deformation of solid single crystal with a perfect
FCC lattice. The deformation is applied with the constant engineering strain rate of
109 ns−1 together with the Nosé–Hoover thermostat [79] maintaining the temperature on
the constant level. The MD system contains half a million atoms. The simulations are
made with the LAMMPS package [80] and the force field [81], which is extensively used
and verified for Cu, Al and Al-Cu systems. The total kinetic energy and virial are applied
to calculate the average pressure [82], and the calculated stress–strain and energy–strain
curves are used for further ANN training. The bulk modulus of elasticity K is found in
both initial and deformed states as the local slope of the stress–strain curve determined
by the least square method over 20 closest MD points. Processing of MD data allows us to
prepare the pairs of input {ρ; E} and output {P; T; K} vectors; in total, the training data set
contains 2550 pairs.

The ANN is known to be a good choice for approximation of complex dependencies
without predefined functional form [83,84]. The structure of the used ANN is shown in
Figure 3. It contains 4 hidden layers with 16 ‘Leaky ReLU’ neurons in each. The output
layer contains 3 ‘Sigmoid’ neurons in accordance with the number of output values. The
total number of layers is L = 6 including the input one, which only transmits the input
values to the neurons of the second layer. The signal of k-th neuron in j-th layer can be
calculated as follows:

Zjk = f j

−bjk +

N(j−1)

∑
m=1

ajk,mZ(j−1)m

, j = 2, . . . L (25)
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where both the weights ajk,m and the biases bjk are the parameters fitted during training;
Nj is the number of neurons in j-th layer; f j(·) is the transfer function of the j-th layer. The
transfer function for ‘Leaky ReLU’ neurons j = 2, . . . , (L− 1) is:

f j(z) =
{

z at z ≥ 0,
0.01 · z at z < 0,

(26)

while the transfer function for ‘Sigmoid’ neurons j = L is:

f j(z) =
1

1 + exp(−z)
(27)

Figure 3. Structure of the artificial neural network (ANN) for equation of state: 4 × 16 hidden layers,
three inputs and six outputs; the neurons are ordered in layers, and the signals are transmitted in one
direction–from the input layer toward the output one.

Sequential calculation of signals, Equation (25), from j = 2 to j = L allows one to find
the output vector starting with the input one if the weights and biases are known.

The applied procedure of training is described in detail elsewhere [55,56]. It con-
sists in sequential minimization of the approximation error by random variation of ANN
parameters in the directions opposite to the corresponding gradient of the error over pa-
rameters. The gradient can be found through a set of matrix multiplications referred as the
‘backpropagation algorithm’. The choice of ANN structure is discussed in [56] for a more
complex case of tensor equation of state. Here the approximated function is simpler, and to
reduce the computation time in the following 3D modeling, we apply a simpler ANN with
16 neurons per layer as opposed to 64 neurons per layer used in [56]. This structure of the
ANN allows us to obtain the average error of about 0.8% and the maximal error of about
5%; the comparison of the predictions of the trained ANN with the training data set from
the MD is shown in Figure 4. Validation of the trained ANN is performed by comparison
with MD data for intermediate temperatures of 350 K and 550 K. Similar to [56] the error on
the testing data set is smaller than that on the training one; therefore, this procedure seems
to be excessive for smooth data. The obtained parameters of the trained ANN are given
in the Supplementary Materials, and the structure of the file is described in Appendix B.
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It allows one to use the developed equation of state by applying this file with weights and
biases together with Equations (25)–(27) for processing of the signals of the ANN.

Figure 4. The equation of state of copper: (a–c) ANN results (red crosses) in comparison with
MD data of the training data set for (a) pressure, (c) temperature and (e) bulk modulus; (b,d,f) the
corresponding correlation graphs, where the black line shows the ideal case.

2.4. Numerical Scheme of the Smoothed Particle Hydrodynamics (SPH)

The equations with spatial derivatives, such as Equations (1)–(3), (5) and (6), are
numerically solved by using the approach of the SPH (smoothed particle hydrodynam-
ics) [85–87]. Within this approach, the continuum medium is divided on the particles, and
the mechanical characteristics of each particle are smudged around its center by using a
smoothing kernel M

(
x− xb, h

)
, where xb is the radius vector of the center of the particle,

x is the radius vector of the spatial point, where the characteristics are determined, h is
the linear scale of smoothing. The kernel should be normalized to 1, rapidly decreasing
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with the increase in
∣∣∣x− xb

∣∣∣ and close to zero far from the particle, where
∣∣∣x− xb

∣∣∣� h. We
apply the widely used kernel, which is based on the cubic spline [85]:

M
(

x− xb, h
)
=

1
4πh3


(2− q)3 − 4(1− q)3, for 0 ≤ q ≤ 1,
(2− q)3, for 1 < q ≤ 2,
0, for q > 2,

(28)

where q = h−1
∣∣∣x− xb

∣∣∣ is the dimensionless distance. A mechanical characteristic denoted
as A, which can be mass density, stresses or velocity, can be calculated in an arbitrary
point in space x through its values Ab in the centers of the particles by using the following
interpolation formula:

A(x) = ∑
b

mb

ρb Ab M
(

x− xb, h
)

(29)

where mb and ρb are the mass and mass density of b-th particle. The summation in
Equation (29) is formally carried out over all particles, but due to the properties of the
kernel function, Equation (28), only the nearest neighbors give a non-zero contribution to
the sum. In order to ensure vanish of gradient on a constant field, the following form of the
spatial derivatives at the position of the center of a-th particle is introduced [85]:

(∇ · A)a = ∑
b

mb

ρb

(
Ab − Aa

)(
xa − xb

)
f (q, h) (30)

where the function f (q, h) follows from differentiation of the kernel, Equation (28), over q:

f (q, h) =
3

4πh5q


3q2 − 4q, for 0 ≤ q ≤ 1,
−(2− q)2, for 1 < q ≤ 2,
0, for q > 2.

(31)

Using this approach, the following approximations of the conservation laws of mass
and momentum, Equations (1) and (2), can be written out:

dρa

dt
= −∑

b
mb
((

va − vb
)
·
(

xa − xb
))

f (q, h) (32)

dva

dt
= ∑

b
mb

((
σa +σb

ρaρb −ΘabI

)
·
(

xa − xb
))

f (q, h) (33)

where the sum σa +σb in Equation (33) ensues the conservation of both angular and linear
momentum [85,86], because it makes symmetrical the force acting on a-th particles from the
side of b-th one and the opposite force, which acts on b-th particle from a-th one. The value
Θab represents the artificial viscosity, which provides stability of the numerical solution
near the shock wave fronts. Following [86], we use a combined artificial viscosity, which
includes both linear and quadratic ones:

Θab =
θab

ρa + ρb

((
ca

s + cb
s

)
+ 4θab

)
(34)
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where cs =
√

K/ρ is the bulk sound speed; the value θab with the dimension of velocity is
equal to zero for a couple of particles moving away from each other, and it is positive for
the particles approaching each other:

θab =


−h ((

va−vb)·(xa−xb))

|xa−xb|2+0.01h2
, for

((
va − vb

)
·
(

xa − xb
))

< 0,

0, for
((

va − vb
)
·
(

xa − xb
))
≥ 0.

(35)

The numerical scheme for the equation of internal energy, Equation (3), is adopted to
provide the energy conservation in the couple with Equation (33):

dEa

dt
=

1
2∑

b
mb

(
Pa + Pb

ρaρb + Θab

)((
va − vb

)
·
(

xa − xb
))

f (q, h) + (1− η)

(
Sa :

.
wa
)

ρa (36)

It is shown in [41] that usage of physical viscosity instead of the artificial one can
provide a stable numerical solution on a sufficiently fine numerical grid. This approach
also gives a correct description of non-uniform temperature distributions in the form of
high-entropy and low-entropy layers in the transition areas of shock wave formation and
reflection. On the other hand, it is hard to provide the required mesh resolution in a 3D
case; therefore, we use artificial viscosity in Equations (33) and (35).

In the case of elastic-plastic medium, we have to calculate velocity gradient (∇⊗ v),
which enters Equation (5) for the macroscopic strain tensor and Equation (6) for the
rotation tensor:

(∇⊗ v)a = ∑
b

mb

ρb

(
xa − xb

)
⊗
(

vb − va
)

f (q, h) (37)

All other equations of the dislocation plasticity model are local. They describe pro-
cesses in each particle separately and do not involve spatial derivatives. Integration in time
of all equations is realized by explicit Euler scheme with the time step determined from the
Courant–Friedrichs–Lewy condition:

∆t = 0.01 ·min
a
{h/ca

s} (38)

The numerical solution in one-thread mode is implemented as FORTRAN program
SPHEP (SPH for elastic-plastic flows). The time of calculation of the sums over particles
determines the performance of the algorithm to the greatest extent. Only the nearest
particles with the dimensionless distance smaller than 2 are taken into account during
summation, because more distant particles give zero contribution. For fast searching of
the neighbor particles, the computation domain is divided on rectangles with the sides nor
less than 2h. Only the particles in 27 (3 × 3 × 3) rectangles closest to the current particle
including the one in which it is located, are tested to satisfy the condition

∣∣∣xa − xb
∣∣∣ ≤ 2h. The

SPH particles are initially placed in the sites of BCC lattice with a period equal to the linear
scale of smoothing h = 0.4 mm. This does not relate to the crystal structure of the material,
but is only used for arrangement of SPH particles as discrete representatives of the medium.
The BCC arrangement provides a better result including better connections between SPH
particles than a simple cubic one. The number of SPH particles in the system reaches
about 63 thousands. In the case of one-thread program, the optimization in computation
time is achieved by running a set of calculations for different conditions of collision on
dual-processor system (up to 40 threads) at once. Due to implementation of the complex
plasticity model, the calculation time reaches 10 days on a single thread. Multithread
parallel version of the program running on a CPU is considered in the following section.
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2.5. Parallel Algorithm

We apply the Message Passing Interface (MPI) to speed up solving numerical problems
on a multi-core processor. The multithread parallel version is written as C++ program
MTHREAD_SPHEP. For distribution of particles between threads, we use the approach
in which each process calculates a certain array of particles independent of their location
in the substance, see Figure 5. Because the SPH particles with close numbers are initially
situated in the same parts of solid samples, and there is no drastic change of neighbors, this
approach seems to be reasonable for the problem under consideration.

Figure 5. Scheme of smoothed particle hydrodynamics (SPH) particle distribution between processes
in the parallel version of the algorithm.

The calculations are distributed between the processes as follows. At the beginning of
the program, the initial distribution of particles and their thermodynamic characteristics
are set by the master process. Then, the number of particles N per each regular process
is determined based on the total number of particles Nt and the number of processes
p:N = trunc(Nt/p), where the function trunc(·) returns the integer part of a floating point
number. The number of particles processed by the last process is greater on R, which is equal
to the remainder of the division of Nt by N. The master process distributes arrays containing
data on all Nt particles to each one of the processes at the beginning of each simulation cycle
and assigns the processes to calculate the corresponding particles. Thereafter, all processes
simultaneously solve the system of equations containing conservation laws, calculate the
deformations, stresses, and thermodynamic characteristics, and define new positions of
their particles. Updated values are sent to the master process, which redistributes them for
all processes as the initial state for calculation of the next time step. The master process
also constitutes the neighbors list and writes data to the file. The data transfer is done for
every time step, the neighbors list is updated every 10 time steps, while data are written in
the file every 1000 time steps.

It is known that an increase in the number of computational processes in parallel
computing does not mean a direct proportional increase in performance [88]. The speed-
up factor characterizing acceleration of computations is determined by the ratio of the
execution time of the sequential algorithm to the execution time of the parallel program [89].
The bottleneck is the portion of the code that cannot be solved in parallel, which principally
restricts the speed-up factor. The efficiency of the algorithm is determined by the ratio of
acceleration to the number of processes. The speed-up and efficiency of the developed
parallel algorithm are shown in Figure 6 as functions of the number of processes. The real
speed-up non-linearly falls behind the idealized linear growth. The program has a portion
of operations that are solved sequentially: setting of initial conditions, generating a list of
neighbors, and writing data to a file are performed in a non-parallel manner, which reduces
the efficiency of the parallel algorithm. In addition, the decrease in efficiency is associated
with an increase in the number of transfers between the processes. Meanwhile, the parallel
algorithm substantially reduces the computation time in comparison with the sequential



Metals 2022, 12, 264 15 of 29

one. This is because the computation of gradients in SPH involving time-consuming cycles
over neighboring particles, as well as processing of local variables for dislocation slip and
calculation of the ANN for the equation of state, take more computation time than the data
transfer and sequential parts of the algorithm.

Figure 6. Speed-up (the blue line and left scale) and efficiency (purple line and right scale) of the
parallel algorithm as functions of the number of processes; dashed lines show ideal limit.

3. Results
3.1. Results of Experiments

In our experiments we register only the final form of the impacted specimens. In spite
of the fact that most modern experimental setups for Taylor impact test are equipped with
high-speed cameras, the comparison of the final form between experiment and modeling
remains the widely used technique [16]. Photographs of the specimens impacted with
different velocities are shown in Figure 7.

The raw data of experiments (initial and deformed lengths and diameters) are collected
in Appendix A. The impact causes flattening of the part of the colliding edge of cylindrical
samples; the impact velocity is higher, and the flattening is higher. The sample impacted at
113.6 m/s was initially shorter than the others in order to reduce its mass and increase the
impact velocity, see Appendix A.

3.2. Microstructural Analysis

The following samples were selected for microstructural analysis of the material:
(i) the cylinder impacted at 86.9 m/s, (ii) the shorter cylinder impacted at 113.6 m/s and
(iii) undeformed cylinder.

The samples were placed in a container and filled with epoxy resin. Thereafter, they
were manually micropolished using moisture-resistant sandpaper with a periodic cooling
in water to avoid overheating of the samples and possible changes in the structure. A photo
of the finished polished section is shown in Figure 8.

Etching of the samples was carried out using a solution of hydrogen peroxide 3%, citric
acid and salt. In the undeformed part of the sample, the grains have a characteristic luster of
metallic copper, impurities and oxides are not visualized. The grains are clearly elongated
in the direction of rolling (axial direction) as shown in Figure 9A. The area method with
several investigated samples gives the average grain diameter of about (17.5 ± 3.5) µm.
Localization bands of plastic flow with the width of 15–20 µm are clearly visualized in the
undeformed part of the sample. These bands go along the rolling direction of the copper
rod and look like small depressions consisting mainly of small grains less than 2 µm in size
as shown in Figure 9B,C. In the undeformed parts of the samples at high magnification
(1000×), a subgrain mesh structure with the size of subgrain up to 3 µm can clearly be seen,
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see Figure 10. All these features reflect the microstructure resulting from the quasi-static
deformation of cold rolling applied at the stage of manufacturing of the rods.

Figure 7. Results of experiments: The final form of the deformed samples at different impact velocities
in comparison with the reference one.

Figure 8. Photo of the polished section before etching.
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Figure 9. Photo of the microstructure of an undeformed copper sample obtained using a metallo-
graphic microscope; (A) grains are schematically marked for size estimation by the area method;
(B,C) localization bands of plastic flow with the characteristic size of 15–20 µm are seen.

Figure 10. Photo of the subgrain structure in the undeformed rear part of the sample: Magnification
of 1000× is used.

In the dynamically deformed samples, a significant reduction in the grain sizes is
observed. The final grain size is difficult to determine by means of the metallographic
microscope used. Near the impact surface, the size of most of the grains can be estimated
from above as less than 1 µm, while individual coarse grains are also visible with a
diameter of about (16.5 ± 2.5) µm, which is close to that in the undeformed material.
At a distance of 3 mm from the impact surface, conglomerates of reduced grains with
an average diameter of about (7 ± 2) µm are observed with submicrometer grains at
the boundary of these conglomerates. Grains in these conglomerates are equiaxial as
opposed to the elongated grains in the raw material. The refinement and leveling of grain
sizes along different directions are consequences of the dynamic deformation during the
impact. Besides the refinement of grains, we detect near the impact surface a number
of pores with the diameters of about 15–30 µm, Figure 11A,B,D and localization bands,
Figure 11A,B. Although the presence of pore-like structures is not in doubt, we cannot
distinguish between their occurrence during the dynamic impact or during the etching. We
cannot eliminate the possibility that these pores are chemically etched in the weak areas of
material (intersections of localization bands, for instance) during the slice preparation. If
we consider the structure of the sample in areas of moderate plastic deformation (closer to
the middle of the cylinder), then we can observe a mixed microstructure: ordinary grains
similar in size to the grains in the undeformed sample with a fine-grained structure on the
border between larger grains, Figure 11C.
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Figure 11. Photos of the microstructure of deformed sample impacted with the velocity of 86.9 m/s:
(A) near the impact surface, magnification is 100×; (B) near the impact surface, magnification is 200×;
(C) combination of ultrafine-grained and fine-grained microstructure in the area of moderate plastic
deformation near the center of the sample, magnification is 200×; (D) pores near the impact surface,
magnification is 500×.

3.3. Results of Numerical Modeling in Comparison with Experiment

The numerical model used in 3D calculations is shown in Figure 12; the OVITO
program [90] was used for visualization with each SPH particle represented by a small
sphere. The number of SPH particles was chosen from a preliminary parametric study
to provide a compromise between the precision and the duration of computations. Free
boundary conditions were set along all the surfaces of the projectile except the contact with
the anvil, which is impenetrable and with free sliding. The initial velocity directed to the
anvil was set for all SPH particles. We compared the results of modeling with experimental
data on final shapes, sizes and deformations of the impacted samples, and analyzed the
impact conditions basing on the modeling results.

Figure 12. Three-dimensional (3D) numerical model of the impacted specimen: The number of SPH
particles is equal to 63,125.

Figure 13 compares the modeling and experimental results. The modeling repeats the
experimental tendency of shortening of the specimens. The degree of shortening increases
together with the increase in impact velocity similarly in both experiment and modeling.
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The deformation is close to axisymmetric, while an uneven increase in diameter can be
seen for some experimental samples: the impact surface looks like an ellipse.

Figure 13. The final shape of the specimens with various impact velocities: comparison of the
experimental data and the modeling results.

Figure 14 shows the spatial distribution of the von Mises equivalent stress σM which
is calculated through the stress deviator S as follows:

σM =
√
(3/2)(S : S) (39)

and equal to the flow stress in the case of simple tension or compression. The modeling
results in Figure 14 are for the highest impact velocity in experiment for the samples with
the initial length of 40 mm. One can see a close to uniform field of the von Mises stress of
about 0.5 GPa propagating along the cylinder—this is the area of plastic flow. The stress
attenuates after the stopping of the projectile and the beginning of its reflection.

Figure 15 shows the von Mises equivalent plastic strain wM, which is a scalar measure
of the plastic strain tensor w:

wM =
√
(2/3)(w : w) (40)

Plastic deformation is concentrated near the impact surface and quickly attenuates
with the distance from this surface. Plastic deformation in the center of the contact surface
takes the greatest values. This is explained by the following: if we consider two lines, for
example, drawn through rows of SPH particles, one in the center and the other on the
periphery, the central line shortens during deformation, while the peripheral line bends,
but retains a longer length. In other words, the shell is stretched on the shortening core
of the impacted part of the cylinder. The region of the greatest plastic deformation agrees
well with the microstructural analysis of the sample impacted at the velocity of 86.9 m/s
presented in Figure 11. The largest number of pores is observed near the impact plane in
the center of the sample and the largest values of plastic deformations in the numerical
experiment are observed in the same place. It indicates the coincidence of the numerical
experiment with the microstructural analysis of copper impactors.

Substantial influence of thermal softening is discussed in [30] for the case of OFHC
copper. Figure 16 shows that the temperature increment does not exceed 170 K even in the
central part of the head cylinder for the considered impact velocities.
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Figure 14. Spatial distribution of the von Mises equivalent stress in subsequent moments of time:
the impact velocity is 92.6 m/s.

Figure 15. Spatial distribution of the von Mises equivalent strain in subsequent moments of time:
the impact velocity is 92.6 m/s.
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Figure 16. Spatial distribution of the temperature in subsequent moments of time: the impact velocity
is 92.6 m/s.

Figure 17 shows the radial strains εf calculated during simulation and measured in
experiments. One can see a good correlation between numerical and experimental results,
which indicates the applicability of the developed model and its numerical implementation.
Thus, the model can be used to study the deformation conditions of the material during
the impact test. Appendix A compares the initial experimental data, such as diameters
and lengths, with the corresponding values obtained as a result of modeling. We chose the
Green–Lagrangian strain tensor component:

εf =
1
2

[
(df/d0)

2 − 1
]

(41)

where d0 and df are the initial and final diameters of the impact edge of the cylinder.
Figure 18 shows the calculated radial strain rate for the sample colliding with an

obstacle at a velocity of 92.6 m/s. At the beginning of the deformation, the strain rate
reaches a peak value of about 1.7 × 104 s−1, then monotonically decreases until the sample
stops, and the stopping time is approximately 43 µs.

3.4. Determination of Optimal Coefficients for the Numerical Scheme of Elastic-Plastic Deformations

The model coefficients used in the previous section and listed in Table 1 are changed
compared to the original source [43], where these parameters are fitted to the case of a
copper single crystal. The initial density of immobilized dislocations ρδ

I is increased to
the level of 1013 m−2, which is typical for the deformed metals. The change in the initial
density of immobilized dislocations is due to the fine-grained structure of the initial state
of the sample material shown by the performed microstructural analysis. The fine-grained
structure is due to the method of production of the rods, which are used for the preparation
of the samples. These rods were obtained by cold-rolling, which causes the growth of
dislocation density and the appearance of subgrain conglomerates. It is known that, in turn,
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hot-rolled copper has a coarse-grained structure and lower dislocation density. Therefore, in
order to match the experimental data, we increase the density of immobilized dislocations.
The initial state of material can also influence the strain hardening.

Figure 17. Calculated radial strains in comparison with the experimental ones: Taylor impact tests
for 8 mm OHFC copper rods.

Figure 18. Time dependence of the radial strain rate at the impact surface for the impact velocity
of 92.6 m/s.

The experimental data obtained are used to fit the hardening coefficient AI. We vary
this coefficient in the range from 1 to 6 to select adequate values of hardening and good
compliance with the experimental data. Figure 19 shows the dependence of the decrement
of the sample length on the impact velocity, while Figure 20 shows the dependence of the
diameter increment on the impact velocity. The experimental data are plotted together
with the numerical dependencies obtained at different values of the hardening coefficient.
Based on the obtained results, we chose the hardening coefficient AI = 3 as a compromise
allowing us to describe the change in both length and diameter simultaneously.
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Figure 19. Quantitative comparison of modeling and experiments for various hardening coefficients:
The dependence of the final length after deformation on the impact velocity; the dashed lines present
the results of numerical modeling.

Figure 20. Quantitative comparison of modeling and experiments for various hardening coefficients:
The dependence of the final diameter after deformation on the impact velocity; the dashed lines
present the results of numerical modeling.

4. Discussion

We develop a combined experimental-numerical approach to study the dynamic
plasticity of metals and apply it to OFHC copper. A combination of experiments with
analytical consideration [31–33,91] or numerical modeling [16,92,93] is known to be a
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fruitful approach to the investigation of dynamic plasticity and fracture of various materials.
In the experimental part, the Taylor impact tests with cold-rolled OFHC copper allowed us
to achieve large plastic deformation with the strain rate up to 1.7 × 104 s−1 at the impact
velocity below 100 m/s. With an increase in the impact velocity, a monotonous increase in
the diameter and a decrease in the length of the sample were observed.

Microstructural analysis revealed that these copper samples initially had a fine-grained
structure with an average grain diameter of (17.5 ± 3.5) µm. Localization bands with a
characteristic width of 15–20 µm were visualized in an undeformed sample; these local-
ization bands represented areas of concentration of submicron grains. The appearance of
localization bands in undeformed samples is caused by the method of manufacturing of the
copper rods—cold pressing and subsequent stretching. Bending of the localization bands
and formation of pore-like structures were observed in the dynamically deformed parts of
the samples near the impact surface. We assume that the localization bands were involved
in the process of pore formation during the dynamic deformation. Localization bands are
the areas of “weak” material, which in combination with the stress concentration in these
areas during dynamic deformation contributes to local destruction of the material. Also, it
cannot be ruled out that temperature rise and possible recrystallization processes at the
boundaries of localization bands are possible in the localization areas. This fact can also
partially explain the pore formation. Subgrain structure with an average subgrain size of
up to 2 µm was visualized in the undeformed parts of the samples. The sub-grains were not
separate conglomerates at the grain boundaries, but had a structure in the form of a mesh
over the entire material, visualized over large areas of the grain structure. This structure
is characteristic of metals subjected to large plastic deformations, which is explained by
pressing the metal during its manufacture. In general, the dynamic deformation during the
Taylor impact test led to further refinement of the grain structure, bending of the localiza-
tion bands and formation of pore-like structures in the most deformed parts of the samples
near the impact surface. Besides this, the grains in the dynamically deformed parts of
sample became equiaxial in contrast to elongated grains of the initial cold-rolled material.

In terms of modeling, the dislocation plasticity model, previously tested for the shock
wave problem at plate impact [39,43,44], was implemented in 3D using the numerical
scheme of smoothed particle hydrodynamics (SPH). The model includes an equation of state
implemented in the form of an artificial neural network (ANN) and trained according to
MD simulations of uniform isothermal stretching/compression of representative volumes
of copper; the equation of state is also used to calculate the shear modulus. Currently, ANNs
are widely used in materials science [94–96]. In the present research, application of the
ANN was more of a methodological issue, because there are a number of reliable equations
of state for pure copper. The development of this methodology was reasonable in view of
the prospects to approximate stress tensor instead of scalar pressure and for application
to new materials including metal alloys, high-entropy alloys, etc. The dislocation friction
coefficient in copper obtained in [76] as a result of MD modeling was used. These two
efforts were aimed at construction of a fully MD-based model of material, which should
require only experimental verification, but not parameter identification. A future step will
be the parametrization of the dislocation kinetics submodel. In this study the corresponding
parameters were partially used from a previous study [43], where they were determined
by comparison with experimental results on plate impacts, and partially selected to fit the
numerical results to the present experimental data—in this way we selected the hardening
parameter. Comparison of the final shape of the projectile, values of shortening, and radial
strain confirmed the applicability of the developed numerical model.

Future development of the present approach to modeling will be associated with
explicit consideration of the formalism of large deformations [97,98] and the construction
of a complete tensor equation of state connecting the elastic strain tensor with the stress
tensor using MD-informed ANN [99]. It is also possible to add a material fracture model to
compare pore densities with microstructural analysis. The development of the experimental
program involves application to other metals and alloys, the study of the effect of the initial
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state of the defective system (annealing and thermomechanical processing, which will
minimize or completely eliminate the presence of localization bands) on the dynamic shear
strength, as well as testing various shapes of similar-sized samples (cone, ball, truncated
cylinder) to increase stresses in the collision region, which would allow large deformations
to be achieved at comparable impact velocities and increase the strain rate.

5. Conclusions

In this paper, we applied a combined experimental-numerical approach to study the
dynamic plasticity of cold-rolled OFHC copper. In the experimental part, impact velocities
up to 113.6 m/s provided a strain up to 0.3 and strain rates up to 1.7 × 104 s−1 at the edge
of the sample. Microstructural analysis showed pore-like structures with sizes of about
15–30 µm and significant refinement of the grain structure in the deformed parts of the
sample with the formation of submicron grains. The dislocation plasticity model was im-
plemented in the 3D case using the numerical scheme of smoothed particle hydrodynamics
(SPH). The model includes an equation of state in the form of an artificial neural network
and trained according to MD simulations of uniform isothermal stretching/compression
of representative volumes of copper. Comparison with the experiment confirmed the
applicability of the developed numerical model and allowed us to optimize the model
parameters for the case of cold-rolled OFHC copper.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met12020264/s1, File Cu.EOS.ANNp.xlsx: file with parameters
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Appendix A. Raw Data of Experiment in Comparison with Modeling

Table A1. Experimental data in comparison with modeling for cylinders: initial and final length of
the samples and diameter of the impacted edge of the samples.

Impact Velocity
(m/s)

Initial Length (mm) Final Length (mm) Initial Diameter (mm) Final Diameter (mm)

Experiment Model Experiment Model Experiment Model Experiment Model

37.8

40.0 40.2

39.65 39.207

8.00 8.00

8.32 8.738
48.5 39.35 38.693 8.62 8.928
76.3 38.63 37.114 9.35 9.475
84.7 38.03 36.586 9.68 9.646
86.9 36.93 36.445 9.516 9.693
87 37.54 36.439 9.72 9.693

87.7 37.72 36.394 9.91 9.703
92.6 37.49 36.078 9.84 9.805

113.6 31.3 31.4 28.75 27.249 9.683 10.195
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Appendix B. Structure of File with Parameters of ANN for Equation of State

The parameters of the trained ANN are attached as Supplementary Materials to
this paper, which allows their use. The description of ANN parameter files are in Ta-
ble A2. The structure of the file is as follows. The first line contains the number of layers
L. The second line contains the numbers of neurons in each layer printed sequentially:
N1, N2, N3, . . . , NL. The type of transfer function is not explicitly specified in the files, but
‘Leaky ReLU’ transfer function, Equation (27), is used for hidden layers and ‘Sigmoid’
transfer function, Equation (28), is used for the output layer. The third line should be
missed. The weights ajk,m are printed starting from the fourth line in the following or-
der: a21,1, a21,2, . . . , a21,N1 ; line feed; a22,1, a22,2, . . . , a22,N1 ; line feed; . . . , a2N2,N1 ; empty
line; a31,1, a31,2, a31,2, . . . , a31,N2 ; line feed; a32,1, a32,2, . . . , a32,N2 ; line feed; . . . , a3N3,N2 ;
empty line, etcetera. The next line after the ending of the weight section should be missed.
Following, the biases bjk are printed in a similar order: b21, b22, . . . , b2N2 ; empty line;
b31, b32, . . . , b3N3 ; empty line, etcetera. The next line after the ending of the bias section
should be missed. The following N1 + NL lines contain minimal and maximal values
for ANN inputs and outputs. All the input values Xi before using in ANN should be
normalized as Xi =

(
Xi − Xmin

i

)
/
(
Xmax

i − Xmin
i
)
. On the other hand, all the outputs Yi

should be restored as Z̃i = Zmin
i + Zi ·

(
Zmax

i − Zmin
i
)
.

Table A2. Description of ANN parameter file “Cu.EOS.ANNp”.

Parameter Value

Number of inputs 2
Inputs {ρ; E}

Number of outputs 3
Outputs {P; T; K}
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