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1. Introduction

The US Army Combat Capabilities Development Command (DEVCOM) Army
Research Laboratory (ARL) recently developed and refined a method of delivering
millimeter-sized pellets at hypervelocity for investigations in a laboratory
setting.!> Such technologies permit the rapid generation of a wealth of information
concerning high-velocity material interactions. One approach to potentially achieve
yet higher velocities involves leveraging a material analysis technique known as
dynamic tensile extrusion (DTE). DTE involves extruding a projectile though a
conical section of a die. The concept was originally conceived as means to probe
the state of materials undergoing high strain rate tensile deformations.® A secondary
effect of DTE is a velocity enhancement occurs during the process. This
phenomenon has been reported in studies exploring the DTE of copper (Cu) and
zirconium.”® In addition, ARL developed a method of electrifying hemispherical
nose aluminum projectiles during DTE with the intent of further increasing the
velocity enhancement.’

Computational efforts have also explored DTE. Bonora et al. used modified
Johnson—Cook (JC)!° and Rusinek—Klepaczko'' models to accommodate high
strain rate effects and assess performance for the DTE of oxygen-free high
conductivity (OFHC) Cu.'? Burkett conducted hydrocode simulations to compare
the performance of the mechanical threshold stress (MTS),!® Zerrelli-Armstrong,'*
and JC'® yield models with multiple sets of experimental data.'” Further, Burkett
considered velocity as a performance metric, and noted that the MTS model was
able to reasonably capture the lead particle velocity of an extruded tantalum (Ta)
specimen. These previous efforts focused on comparisons to existing experimental
data; therefore, the effects of parametric changes to the extrusion die geometry were
not evaluated.

In this report, a hydrocode is used to quantify the effect of changes in the extrusion
die geometry on the downrange lead particle velocity and the peak velocity during
extrusion. Additionally, velocity changes with variations in the projectile
temperature, incoming velocity, and geometry are also considered. The results
presented here highlight some potential benefits of parametric variations in the
components of DTE as they pertain to maximizing velocity.

2. Simulation Setup and Material Models
The simulations conducted for this study used the Sandia National Laboratories

computational shock and multiphysics code ALEGRA release 8.15.0.!® Changes in
quantities of interest were automated using Dakota,'” a software tool for uncertainty



quantification, design optimization, calibration, parameter estimation, and
sensitivity analysis. Parameterization of individual variables was accomplished by
running ALEGRA with Dakota in embedded mode. Running ALEGRA in this
manner allows a single high-performance computer (HPC) submission to generate
entire series of data from multiple individual simulations.

Simulations were undertaken in an Eulerian framework on a 2-D axisymmetric
grid. The Eulerian meshes comprised Cartesian grids of square elements containing
16 elements per millimeter. The radial mesh direction, 7, extended 30 mm from the
axis. The full axial extent of the simulation, z, varied depending on the desired flight
distance and projectile length from 52 to 72 mm.

All simulations in this study modeled the extrusion of an OFHC Cu projectile
through a high-strength steel die. Velocity was the primary Dakota response
variable and was measured using a Lagrangian tracer placed one half of an element
behind the tip of the projectile. The tracer location within an OFHC Cu sphere
passing through a DTE die is illustrated in Fig. 1. In this work, only the foremost
tracer was queried by Dakota for velocity.
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Fig.1 A magnified portion of a simulation showing an OFHC Cu cylinder approaching a
DTE die (top) and the Cu cylinder after passing through the extrusion die (bottom). The
foremost tracer (green circle) was used to extract the particle velocity.



In an ALEGRA solid dynamics simulation, each material requires an equation of
state (EOS) and a yield model. For the Cu projectiles, MTS was chosen as the yield
model. This model is suitable for high strain rates (~10*s™!), is capable of capturing
both the thermal softening and strain rate hardening of face-centered cubic metals
such as Cu, and has parameters available specifically for OFHC Cu in ALEGRA.
Furthermore, MTS has shown success reproducing reasonable velocities for a Ta
specimen undergoing DTE.!® Tabular EOS 3337 was chosen for the Cu, and has
demonstrated excellent results previously in shaped-charge jet studies.'® Tabular
EOS 2150 was used for the steel die, and JC was chosen for the yield model since
parameters for high-strength tool steel are available in the ALEGRA material
database.

Published photon Doppler velocimetry data on the DTE velocity of a Cu sphere
from Burkett'® were used to confirm that the chosen material models reasonably
reproduced the general trend in velocity enhancement.” The projectile for these
simulations was a 7.6-mm-diameter Cu sphere at a temperature of 600 °C, and the
conical section of the steel die had a 10° half angle with an exit radius of 2.6 mm.
A comparison of the simulated velocities and the experimental velocities for the
three highest-velocity cases published in Burkett'® is shown in Fig. 2.
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Fig.2 A comparison of the experimental data from Burkett'> and ALEGRA simulations
showing the temporal evolution of the velocity of a Cu sphere during DTE

* PDV data were provided to Burkett'> by CP Trujillo.



As indicated in Fig. 2, when the projectile impacts the die, the velocity increases to
a maximum and then begins to decease. This decrease has been attributed to “tensile
pullback.”” If the initial velocity is sufficient, the specimen will eventually
particulate, and the lead particle will continue in free flight at an elevated velocity.
Although some differences exist between simulation and experiment in the
temporal evolution of the velocities shown in Fig. 2, for each of the three initial
velocities shown there is reasonable agreement for the peak velocity values. The
percentage differences in simulated peak velocities from experiment are 3.9%,
0.9%, and 3.8% for initial velocities of 404, 455, and 513 m/s, respectively; thus,
the general trend of increasing peak velocities with increasing initial velocities is
captured well. Since the peak velocities are reproduced by these simulations with
high accuracy, these material models are sufficient for the comparative analysis of
DTE component parameters presented here. For the remainder of the report, the
simulation of the DTE of the Cu sphere with a 513-m/s initial velocity is used as a
reference configuration.

3. Die Variations

Since DTE is a fundamentally straightforward process requiring only that a
projectile pass through a conical reducing section of a high-strength die, geometric
constraints on the die are few. The two principal geometric features of the die that
have an impact on the velocity enhancement that occurs during DTE are the cone
apex angle and the exit radius. The influence these parameters have on peak and
downrange velocities is examined in this section using ALEGRA. Variations in a
third parameter—the exit length—are also considered. The ALEGRA simulations
presented here involving the analysis of die features utilized Dakota’s vector
parameter study method with a continuous design in embedded mode.

The effects of varying the die exit radius and the die half angle on the peak
velocities of an extruding 600 °C Cu sphere with an initial velocity of 513 m/s are
presented in Fig. 3. A schematic is inset in Fig. 3 depicting the half angle, a, and
the exit radius, ro. Exit radii were decreased from 3.6 to 0.6 mm in 0.2-mm
decrements, and half angles were increased from 8° to 14° in 2° increments. In
addition, a relatively extreme half angle of 20° was also included. A significant
increase in peak velocity for all radii was evident as the half angle increased from
8° to 10°. Generally, for a given half angle, the peak velocity increases with
decreasing exit radius. The rate of increase slows significantly at small radii for the
20° half angle in comparison to the others. The simulations show that die material
for this widest angle begins to fail at the edges of the exit hole and is deformed
slightly outward and downrange (“blown out”) as the projectile passes through.
This relieves some of the pressure in the specimen and results in a lower peak
velocity.
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Fig.3 A comparison of the peak velocity of an extruding Cu specimen for 5 different cone
half angles and 16 different exit radii. Inset: a diagram showing the varied dimensions.

In applications where maximizing the velocity of the lead particle is the primary
interest, a measurement of the lead particle velocity some distance after it has exited
the die is desirable. In this report, the velocity of the lead particle taken 3 cm after
it exited the die serves as this measurement and is specified as the “downrange
velocity.” A spatial location was chosen as a comparison reference because the
breakup times of the extruded specimens will vary depending on the die geometry,
projectile initial velocity, and projectile temperature.

The downrange velocities of the 600 °C Cu sphere are shown in Fig. 4 for
simulations with varying die exit radii and half angles. The initial Cu sphere
velocity of 513 m/s is represented on the plot as a dashed black line. Interestingly,
the simulations indicate that the threshold at which the DTE of a Cu sphere results
in a lead particle with a downrange velocity higher than the initial velocity depends
on the die radius and half angle. For wider angles velocity gains were observed at
wider radii. For example, the die with the 20° half angle produced a velocity gain
for exit radii below approximately 2.6 mm; in contrast, the die with the 8° half angle
produced a velocity gain for exit radii below approximately 1.2 mm. Additionally,
the impact of the die deformation at small radii for the 20° half angle is also evident
in this plot as the downrange velocity decreases below a radius of 1 mm.
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Fig.4  The velocity of the lead particle of a Cu sphere after DTE measured 3 cm after the
die exit for differing exit radii and apex half angles. The horizontal black dashed line indicates
the initial velocity (513 m/s) of the Cu sphere.

Not surprisingly, for the half angles considered, simulations indicated that until the
radius of the die exit was below approximately 68% of the diameter of the
projectile, no downrange velocity increase was observed. For the wider exit radii,
although the peak velocity of the lead tracer might have been greater than the initial
velocity, the die served as an obstruction that slowed the projectile rather than a
device that contributed to a useful increase in velocity.

Another parameter that is of interest from a parametric standpoint is the length of
exit channel. For the preceding parametric analysis exploring the half-angle of the
cone and the exit radius, it was assumed that the exit radius of the die coincided
with a point on the cone with the specified apex half-angle. This geometry results
in a minimal volume of die material where the projectile exits the die. That region
where a minimal volume of die material interacts with the incoming projectile could
result in the fracture or erosion of the die material thereby deleteriously affecting
the velocity enhancement. Creating a finite exit channel could alleviate this issue
and increase die durability.



Since any modification to a DTE die will impact extrusion dynamics, simulations
were conducted to investigate the effects of including an exit channel on the peak
and downrange velocities. Topological changes in the extruding specimen with the
addition of exit channels were also examined. The lengths of the exit channels
inserted in the die varied from 0 to 4 mm in 0.5-mm increments.

The peak velocities, downrange velocities, and lead particle diameters at 3 cm are
listed in Table 1. Interestingly, the peak and downrange velocities are lowest for
the die without an exit channel. In addition, that die had its largest lead particle
diameter when measured 3-cm downrange. Upon close inspection of that
simulation, some erosion of die material was observed at the edge of the exit hole.
This resulted in the lower velocities and larger particle size. To a lesser extent, these
effects were also apparent for the die with the 0.5-mm exit channel. For all other
exit channel lengths, the velocities and downrange lead particle diameters are
similar with a maximum variation from the highest peak velocity under 2% and a
maximum variation from the highest downrange velocity under §%.

Table 1 Peak velocities, downrange velocities, and lead particle diameters at 3 cm with
variations in exit channel length

Exit channel Peak Velocity 3-cm Lead particle
length velocity downrange diameter 3-cm
(mm) (m/s) (m/s) downrange (mm)

0.0 1176 903 2.0
0.5 1230 949 2.0
1.0 1243 1012 1.9
1.5 1247 940 1.9
2.0 1248 960 1.9
2.5 1250 972 1.9
3.0 1254 1020 1.9
3.5 1258 955 1.9
4.0 1256 1008 1.9

Differences in the topology of three extruding specimens are compared in Fig. 5.
The simulation with no exit channel is shown in Fig. 5a, while simulations with exit
channels of 2.0 and 4.0 mm are shown in Figs. 5b and 5c, respectively.
In Fig. 5c, £ represents the dimension that was varied between the simulations. The
particulation of the specimen appears to be affected by the inclusion of an exit
channel. For example, in comparison to Fig. 5a, a higher number of particles appear
to be forming with higher uniformity in the simulations with finite channels.
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Fig.5 A comparison of the topology of an extruding Cu specimen approximated 3-cm
downrange of the die exit as the exit channel length, ¢, is varied for (a) 0.0-mm exit channel
length, (b) 2.0-mm exit channel length, and (c) 4.0-mm exit channel length

4. Projectile Variations

As shown in Section 3, variations in the geometry of a DTE die can have significant
effects on extrusion dynamics. Thus, the role variations in projectile parameters
have on the extrusion velocity is a worthwhile investigation. In this section the
incoming velocity, temperature, and projectile geometry are examined.

The effects of varying the incoming DTE velocity of a 7.6-mm-diameter Cu sphere
at 600 °C on the peak and downrange velocities are first explored. The incoming
velocity of the Cu sphere was varied from 400 to 1000 m/s in 50-m/s increments.
The results are shown in Fig. 6. Both the peak and downrange velocities increase
monotonically. In each case, however, the simulations suggest there are
diminishing returns on the percentage increases in velocity with higher incoming
velocities. The highest percentage increase in peak velocity was 58.6% and
occurred when the initial velocity was at 600 m/s, and the highest percentage
increase in downrange velocity was 53.1% and occurred when the initial velocity
was at 850 m/s. With increasing velocity, the strain rates also increase, and although
the MTS Cu yield model decently reproduces experimental results at 513 m/s and
below, confidence in simulation results at higher strain rates would benefit from a
similar empirical comparison.
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Variations in the temperature of the incoming DTE projectile are next examined.
The temperature of a 7.6-mm-diameter Cu sphere with an initial velocity of
513 m/s was varied from 400 to 950 °C in 50 °C increments. Note that the final
temperature of 950 °C is 135 °C from the melt temperature of Cu at standard
atmospheric pressure (1085 °C). Figure 7 shows the velocities from the simulations.
The black dashed line again indicates the initial velocity of the Cu sphere. While
the peak extrusion velocity increases with increasing temperature, a slight decrease
in the downrange velocity was observed around 750 °C. The simulations indicated
that as the temperature increases, the projectile breakup time increases as well. The
coupling of a more contiguous extruding specimen with changes in other
temperature-dependent material parameters could play a role in the decrease of the
downrange lead particle velocity. These results suggest that the interplay between
temperature-dependent material properties during DTE result in the existence of an
optimal temperature for maximizing the downrange velocity of a lead particle.
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Fig.7  The effects on peak velocity and the velocity of an extruded projectile 3 cm past the
die as the temperature of the projectiles are increased from 400 to 950 °C. The horizontal
black dashed line indicates the initial velocity (513 m/s) of the Cu sphere.

The final variation considered in this study involves the geometry of the projectile.
Hemispherical projectiles of different masses are compared to the reference case
with a spherical projectile. The radius, temperature, and initial velocity of each
projectile matched the reference case and were 7.6 mm, 600 °C, and 513 m/s,
respectively. Four lengths were considered for the hemispherical nose projectile.
The first length was chosen so that the mass of the hemispherical nose projectile
would match that of the Cu sphere. The second length was chosen so that the mass
of the projectile equaled the mass of a cylinder with a length-to-diameter ratio of
one. The final two lengths were 10 and 20 mm.

Figure 8 shows the peak and downrange velocities versus initial kinetic energy for
each projectile. Interestingly, the hemispherical nose projectile with a mass
matching the sphere had a comparatively lower peak and downrange velocity.
Small differences can occur between similar simulations. For example, a difference
in mass might arise from the way the material insertion algorithm handles a
completely circular shape versus one that has a rectangular feature. A possibility
exists, however, that the mass distribution of these two projectiles might also play
a role. A focused study on that phenomenon would be required to make that
determination with certainty.

10
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Another noteworthy feature in Fig. 8 is the sharp decrease in the percentage
increase in both peak and downrange velocities for the hemispherical nose
projectile when the kinetic energy increases from 450 (10-mm length) to 967 J
(20-mm length). The simulations suggest that when the projectile doubles in length,
the downrange velocity percentage increase moves only from 134% to 144%. That
corresponds to an increase of approximately 50 m/s. These results indicate that for
a given radius and incoming velocity there is an optimum projectile length for
maximizing the peak and downrange velocities of a hemispherical nose projectile
during DTE.

5. Conclusion

In summary, simulations were conducted exploring parametric changes to a DTE
die and to the incident projectile, and several interesting observations have been
noted. Peak and downrange velocities were shown to increase as the die half angle
increases. Increases in velocity were also observed as the die exit radius was
decreased. In addition, introducing an exit channel to a DTE die can affect the
topology of an extruding specimen and lead to an increase in downrange velocities.

11



Even a modest channel of 0.5 mm led to an approximately 5% increase in the
downrange velocity.

Variations in the projectile, incoming velocity, temperature, and geometry were
also considered. Both the peak and downrange velocities increase with initial
velocity. Simulations exploring the temperature and energy variations suggested
optimal values may exist that depend on the projectile’s incoming velocity, material
parameters, and dimensions. The results presented here highlight several potential
parametric variations that could be leveraged to increase the velocity of a compact
laboratory high-velocity delivery system for material interaction studies.
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