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Simulation of the ballistic perforation of
aluminum plates with Abaqus/Explicit

Summary

Accurate numerical simulation of ballistic impact events
can provide physical insights that cannot be captured by
experiments. The high velocity perforation process is
very complex and requires the use of reliable and robust
constitutive models capable of simulating material re-
sponse at high strain rates, high pressures, and with
progressive damage.

In this Technology Brief, we describe Abaqus/Explicit
modelling of the ballistic impact of metal projectiles on
metal targets. An impact velocity range of ~0.400.9
km/s is considered and very good quantitative and qual-
itative agreement between the numerical results and
experimental data is shown for both normal and oblique
impacts. We will demonstrate the utility of Abaqus/
Explicit as a tool for reducing the amount of experi-
mental testing as well as assessing the projectile residu-
al velocities and time-resolved kinematics.

Background

The inclusion of high velocity impact dynamics in engi-
neering practice allows analysts to account for the ef-
fects of penetrating fragments, accidental loads, and
collisions. Moreover, it allows for a more thorough de-
sign of lightweight protective structures for civil and
military use.

Depending on the type and velocity of the impacting
bodies, their structural response can vary from recovera-
ble elastic deformation to material rupture with local
state transitions. When a material is stressed by ballistic
loading, shock waves are generated, and such waves are
capable of creating pressure of a magnitude that can
significantly exceed the material’'s strength. In these
circumstances, a solid material at the early stages of the
event can be considered as a compressible fluid, with
strength effects appearing later [1]. Material damage
develops prior to penetration and strongly influences its
progress, and thus it should be properly accounted for in
the analysis.

A simulation capability for high velocity impact events
must therefore employ reliable and robust constitutive
models capable of simulating material response at high
strain rates, high pressure, and in a progressive damage
framework. Abaqus/Explicit offers such tools and is
therefore a natural choice for impact simulations.

The Abaqus/Explicit simulations presented here exam-
ine the perforation of aluminum plate specimens im-
pacted with ogive-nose steel rods. The constitutive
models used in the simulations account for the effects
of strain, strain rate, and temperature on the material
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Figure 1: Schematic of the projectile (dimensions in millimeters)

Key Abaqus/Explicit Features and Benefits

e Mie-Grineisen equation of state to model mate-
rials at high pressure

e Johnson-Cook plasticity model that accounts for

strain rate, thermal effects and compressibility

¢ Johnson-Cook dynamic failure model within the
Abaqus ductile damage initiation criterion for
metals

e Progressive damage framework

behavior. The geometry and material properties of the
steel rods (projectiles) and aluminum plates (targets) were
taken from [2].

The projectile is an ogive-nose rod with the 3.0 caliber-
radius-head machined from 4340 Rc=44 steel rod stock
(see Figure 1). The Young’'s modulus and the 0.2% offset
yield strength of the material are 202 GPa and 1,430
MPa, respectively. The projectile’s mass is approximately
81 gram.

The target is @ 304 mm square plate cut from a single
6061-T651 aluminum plate of thickness 26.3 mm. The
Young’s modulus and the 0.2% offset yield strength of
the material are 69 GPa and 262 MPa, respectively. Ex-
periments in [2] showed this material to be practically
rate independent. The results of the numerical simula-
tions were compared with measured residual velocities
and X-ray photographs of the perforation process [2].

Analysis Approach

The finite element models for normal and oblique impacts
were created in Abaqus/CAE. In the latter case, the angle
between the projectile velocity vector and the plate nor-
mal is 30° (see Figure 2). As noted in [3], the accuracy of
any impact simulation strongly depends on: (a) the mesh;



(b) the constitutive model; and (c) the data used in the
material model. These important simulation factors are
discussed further.

Mesh details

C3D8R elements were used to build the model: 12 ele-
ments along the projectile diameter and 26 elements
through the target thickness. The resulting finite element
model had approximately 7.5 million degrees of freedom.

Constitutive model

When the pressure generated by shock wave propagation
exceeds the material strength by several orders of magni-
tude, the early stages of material response can be regard-
ed as hydrodynamic; strength effects appear in the late
stages of the event [1]. Therefore, it is assumed for both
metal materials that volumetric behavior is described by
the Mie-Griineisen equation of state (EOS) model, with
the deviatoric behavior described by the linear elastic and
the Johnson-Cook plasticity models. Note that the Mie-
Grineisen form of the EOS model is suitable only for sol-
ids, and therefore cannot be used in simulations with im-
pact velocities larger than 2 km/s, where solid-liquid-gas
transitions occur in the material.

The EOS model requires the input of the: (3) reference
density, po ; (b) Grineisen coefficient, Ty ; and (c) parame-
ters ¢y and s that define the linear relationship between
the shock velocity and the particle velocity. The values of
these parameters used in the present analysis are given in
Table 1. Because it is not always possible to find the data
for the required material, the parameter values in the ta-
ble correspond to the materials with mechanical proper-
ties close to those used for the aluminum target and steel
projectile. Providing the value of the specific heat allows
for modeling the adiabatic heating of a material due to
plastic dissipation through the analysis.

The Johnson-Cook model is an incremental elastic-plastic
rate model that accounts for strain rate and thermal ef-
fects in the material and its compressibility. This empiri-
cal model involves several material parameters. The val-
ues of these parameters for the materials with mechani-
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Figure 2: Abaqus/CAE model of the normal (a)
and oblique (b) impact

cal properties close to those used for the aluminum target
and steel projectile are provided in Table 2. Parameters 4,
B, and n represent the yield stress, hardening constant,
and hardening exponent, respectively. Together with the
values of the melting, 6., and transition 6,40, temper-
atures of the material and the value of the thermal sof-
tening exponent, m, these parameters are provided as
part of the metal plasticity material definition to model
plastic hardening. Moreover, parameters C and €, are re-
quired to define Johnson-Cook rate dependence.

A comparison of the magnitudes of the yield stress, 4, in
Table 2 with those given previously for the target and
projectile shows that the input parameters for the John-
son-Cook model should be calibrated before they can be
used in the analysis. Using the true stress-strain experi-
mental data for the aluminum target and steel projectile
from [2] 4, B, and n for both materials were calibrated so
that a close fit between the experimental and numerical
true stress-strain curves was achieved [8]. The calibrated
input parameters used in the present analysis are given in
Table 3. Note that the values of the parameters describ-

Table 1: Input parameters for the Mie-Griineisen EOS model, [4, 5]

Reference L Reference Specific
. . Grineisen coef- Parameter, Co, Parameter
Material density, py , ficient T [cm/us] P ! temperature, heat,
[g/cm’] e [K] [/(kg K)]
H'”m'”_#'g 6061 2.703 1.97 0.524 1.40 293.2 885.0
Steel 7.83 1.67 0.4578 133 293.2 477.0
4340, Rc=38 ) ) ) ) ] ’
Table 2: Input parameters for the Johnson-Cook plasticity model, [5, 6, 7]
. A f B ; amelt etransitionl éO
Material n
aters [MPa] [MPa] K] K] " ¢ ,
[1/5]
H'“m'”_#g‘ 0061 1 3241 113.8 0.42 925 293.2 1.34 0.002 1.0
Steel
4340, C-30 792 510 0.26 1793 293.2 1.03 0.014 1.0




ing rate-dependency for the aluminum target were not
used in the present analysis because, as was mentioned
previously, physical experiments showed that the materi-
al is practically rate independent.

Failure model

The Johnson-Cook dynamic failure model is used as a spe-
cific case of the Abaqus ductile damage initiation criterion
for metals. The Johnson-Cook failure parameters that
were used in the present analysis for the aluminum tar-
get and steel projectile are given in Table 4.

It is important to note that the failure parameter ds is
reported as being negative for a specific material in the
literature. However, as explained in the documentation,
Abaqus implementation of a Johnson-Cook general ex-
pression for the strain at fracture expects this parameter
being positive. Failure to properly account for the sign of
dswill lead to incorrect response. Besides the values of
the failure parameters, the values of the melting and
transition temperatures and the reference strain rate are
required for a complete description of the initiation crite-
rion. Clearly, the temperature values should be consistent
with those used for the plasticity definition as given in
Table 3. Choosing a zero value for the fracture energy,
which is used as a data parameter for the damage evolu-
tion law, completes the settings of the failure model. Ele-
ments are deleted by default upon reaching maximum
degradation according to the usual rules of the Abaqus
progressive damage framework.

Initial and Boundary Conditions

The target was clamped along its perimeter, and an initial
velocity was prescribed to the projectile. Due to high slid-
ing velocities, frictionless contact was assumed between
the target and projectile. RAlso, initial room temperatures
(293.2 K) were prescribed for both the target and projec-
tile. To preserve the projectile’s nose from deformations
and damage as observed in the experiments, the hour-
glass stiffness was scaled by 50 times for the normal im-
pact simulations and 15 times for the oblique impact sim-
ulations.

Results

Normal Impact

Close agreement between the experimental [2] and simu-
lated residual velocities for a range of striking velocities
can be seen from Figure 3. Figure 4 illustrates the perfo-
ration process for each striking velocity presented in Fig-
ure 3 at the time instances for which the X-ray photo-
graphs were made in [2]. The results shown in Figure 4
are in close agreement with the time-resolved projectile
kinematics in [2]. Note specifically that the projectile re-
mains undeformed, which fully corresponds to the exper-
imental evidence [2].

Oblique Impact

The experimental [2] and simulated residual velocities for
a range of striking velocities are compared in Figure 5.
The numerical and experimental results for lower striking
velocities are farther apart than for the normal impact
but, in general, the agreement between the simulation
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Figure 3. Experimental and predicted residual (V) vs. striking (Vs)
velocities for normal impact

Table 3: Calibrated input parameters for the Johnson-Cook plasticity model

A ’ B! n Hmelt gtransitian ) m C <S.‘0
Model part [MPa] [MPa] (K] (K]
[1/5]
Target 262 162.1 0.2783 925 293.2 1.34 0 0
Projectile 1430 2545 0.7 1793 293.2 1.03 0.014 15.0

Table 4: Input parameters for the Johnson-Cook dynamic failure model, [5, 6, 7]

Material d, d, d, d, d,
Aluminum 6061 077 | as 047 oo iy
-T6
Steel
4340, C-30 0.05 3.44 2.12 0.002 0.6
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Figure 4: Perforation process at various velocities and time instances: (a) Vs=396 m/s at 170 us; (b) Vs=508 m/s at
160 us, (c) Vs=730 m/s at 85 pus, (d) V.=863 m/s at 95 pus.
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Figure 5: Experimental and predicted residual (V;) vs. striking (Vs)
velocities for oblique impact
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Figure 6: Perforation process at various velocities and time instances: (a) Vs=398 m/s at 220 us; (b) V.=446 m/s at
205 ps, (c) Vs=573 m/s at 165 us; (d) Vs=730 m/s at 95 us.

Conclusions

The Abaqus/Explicit simulation results of the ballistic perforation of aluminum plate specimens with ogive-nose steel
rods show very good quantitative and qualitative agreement with experimental data for both normal and oblique im-
pacts. Abaqus/Explicit may thus be used to reduce costly experimental ballistic testing.
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SIMULIA References
For additional information on the Abaqus capabilities referred to in this document please see the following Abaqus 6.13
documentation references:
® Analysis User's Guide
— ‘Johnson-Cook plasticity,” Section 23.2.7
— 'Damage and failure for ductile metals,” Section 24.2
— 'Equation of state,” Section 25.2.1
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