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ABSTRACT

This article presents a study of the sensitivities of different parameters that affect the accuracy of
simulating flyer plate impact experiments. Two approaches are explored: the CTH hydrodynamic and
the LS-DYNA smoothed particle hydrodynamic (SPH) codes. Simulations using these two methods are
compared to experimental data from a single-stage gas gun experiment in which a copper flyer plate
impacted another copper target plate. The experiment was designed to cause spall in the target plate.
The numerical simulations are conducted using these combined physics models: the Mie—Griineisen
equation of state, the Johnson—Cook compressive strength model, and spall rupture. Effects of artificial
viscosity, spall strength, and computational cell size are studied and discussed with the objective
of improving the accuracy of these simulations. The results are verified by applying the proposed
simulation approach to other flyer plate experiments.

Keywords: CTH, Johnson—Cook material model, smoothed particle hydrodynamics, spall strength,
SPH.

1 INTRODUCTION
Hypervelocity meteorite and projectile impacts induce shocks and high strain rates over
extremely short durations. These impacts cause materials to undergo significant elastic and
plastic deformations. While there is a wealth of information describing shock physics at
relatively moderate velocities, the behavior of materials under shocks associated with
hypervelocities received limited attention.

The following is a brief overview of some of the recent relevant research in this area.
Johnson [1] developed a model for describing spalling fracture induced by plate impact or
explosives. The model was compared with copper experiments where X-radiography was
used to characterize the spalling. Curran et al. [2] described spalling in terms of the
microstructural changes that the material undergoes during shock. They were able to relate
these changes to continuum mechanics. Molinari and Wright [3] presented a parametric study
to show the effects of various parameters such as loading rate, peak loading stress, density of
nucleation sites, and physical properties of the material on the spall fracture of ductile
materials and the associated distribution of void sizes when a critical porosity is reached.
Yu et al. [4] investigated the spall of LY 12 aluminum alloy experimentally by attenuating the
shock wave to produce a decaying triangular shock pulse in the samples of plate impact spall
tests. Spall signals were measured using the free surface velocity of the target plates. Recently,
Kanel [5] presented an experimental approach for measuring spalling under hypervelocity
conditions. Escobedo et al. [6] conducted plate impact experiments to understand the effect
of grain boundary distribution on the dynamic tensile response of copper. Post-impact
metallographic analysis was conducted to understand the relation between spall formation
and grain size. Bat’kov et al. [7] studied the evolution of damage in copper subjected to
impact. Richter [8] used two computer programs, FLUKA and ANSYS AUTODYN, to model
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the physics associated with beam intercepting devices. Overall, most of this research focused
on experimental understanding of the shock physics.

Simulating these experiments, however, received limited attention. Recent advancement in
computational methods has provided tools that can be used for modeling these events, which
can reduce the need to conduct the relatively expensive experiments. Because of the fluid-like
behavior of materials under these conditions, traditional finite element methods suffer from
multiple limitations when simulating these experiments where elements can be distorted
significantly. Instead, various recent computer simulation codes that use a hydrodynamics
concept have been developed to simulate these problems; many of them are now relatively
mature.

Hypervelocity experiments are expensive to conduct. It is, therefore, important to develop
an approach to simulate these experiments accurately to reduce the number of these
experiments. The objective of this work is to create a model that matches the hypervelocity
experimental data closely by providing recommendations for using two codes to model flyer
plate impact experiments. The first code is the Lagrangian-based SPH solver in LS-DYNA
[9]. The same problem was simulated using the Eulerian-based hydrocode in CTH, which
was developed by Sandia National Laboratories [10]. This study can also provide some
insights into the material damage incurred during impact.

2 EXPERIMENTAL SETUP

An experiment was conducted using a cylindrical target copper plate impacted by a flyer
copper plate with the same cross-sectional surface using a single-stage gas gun to determine
the fundamental dynamic properties of materials under shock conditions [11]. A Velocity
Interferometer System for Any Reflector (VISAR) [12] was used as the principal diagnostic
system for the experiment. The VISAR system measured the velocity of the center point on
the back surface of the target plate. Both flyer and target plates remained in a one-dimensional
uniaxial strain state throughout the duration of the measurement. The diameter of the plates
was large enough to prevent edge release wave from perturbing the center of target free
surface over the time needed to make measurements. A summary of this experiment is
presented in Table 1.

Figure 1 shows a typical set of VISAR velocity results. The data exhibit four major
characteristics: (1) an elastic precursor wave, (2) a plastic shock-wave rise time, (3) a plateau,
and (4) a spall signature. A later drop of velocity corresponds to the formation of the spall
region.

Table 1: Summary of the experiments.

Experiment 1 [11]

Oxygen-free high-conductivity (OFHC)

Flyer plate material copper

Flyer and target plates diameter (mm) 38

Flyer plate thickness (mm) 1.78

Flyer plate velocity (m/s) 307

Target plate material OFHC copper

Target plate thickness (mm) 4.0
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Figure 1: Typical experimental results for the measured velocity at the back surface of a
one-dimensional uniaxial strain flyer plate impact [11].

In an earlier work [13], we have simulated this experiment using a Lagrangian-based SPH
solver in LS-DYNA. A discussion of the variables affecting this type of simulation was
presented. This work extends the ideas presented in [13] to another complementary simulation
approach using the Eulerian-based hydrocode CTH. Details of the simulation results using
LS-DYNA and CTH are presented and compared based on varying artificial bulk viscosity,
spall strength, and zone size. The results are later verified using two additional experiments
[14] to assess the robustness of the proposed approach.

3 COMPUTATIONAL MODELS
In this section, the effect of varying input parameters of the model is studied. Flyer plate
experiments are modeled in both CTH and LS-DYNA computational software packages
using the two-dimensional axisymmetric assumptions (Fig. 2). The remainder of this section
describes the physics models used for simulating the experiment.

To simulate dynamic events, equations of state (EOSs) for all materials involved in
impact must be chosen. A simple and robust form of EOS that is commonly used is the
Mie-Griineisen form, which is based on observing shock compression data. Mie—Griineisen
EOS can be expressed in many ways. In this work, we follow the form used in LS-DYNA [9]

where pressure, P, is
2 }1) a
C I+ 1-"u——
2o 0/{ ( 2 )/z 2 /42]

(1—(51—1)/;—5 “ s/;]

ZE_ ’ (,a+1)2
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P is a function of the non-dimensionalized density change:

ﬂ=(£-1], ©)
)
where p is the current density and p,, is the reference density. S|, §,, and §; are the coefficients

of the slope of the shock velocity—particle velocity curve, ¢, is the intercept of the shock
velocity—particle velocity curve, 7, is the Griineisen coefficient, a is the first-order volume
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Figure 2: Typical two-dimensional axisymmetric model for flyer plate and target plate.

correction to y,, and £} is the internal energy per unit volume. In this work, EOS parameters
for the OFHC copper are based on Ref. [15]. A simplified form of the equation is used in this
study by neglecting the higher order coefficients, S, and S, to reduce eqn (1) to

ﬂOCSﬂ(H( —}/20]/4—;/12]
(1-(5, - 1))’

Table 2 lists the parameters of the Mie—Griineisen EOS model for copper.

The EOS does not directly contain information about material compressive strength.
Therefore, it is also necessary to define a strength model for these simulations. Johnson—
Cook model [16] is typically used to describe mechanical performance under these impact
conditions. In the Johnson—Cook material model, the flow stress is expressed as

7 =(A+B(g%)")(1+01n(é))(1—(T*)m), &)

where a, is the flow stress, A is the yield stress under quasi-static conditions, B and n are
strain-hardening parameters, m is the temperature sensitivity, and C is the strain-rate
dependence parameter. é‘fff is the effective plastic strain and ¢, is the plastic strain rate
normalized by the reference strain rate o which can be defined as
b= "opf’ : (5)
%

P= +(rp +au)E;. 3)

T* is the homologous temperature defined by the following relation:

XL (6)
T,-T,

where T is the temperature, and T, and T, are the melting and reference temperatures,

respectively. The parameters for this model for copper are taken from Ref. [16] and are listed

in Table 3.

An accurate simulation of hypervelocity impact requires including spall rupture, which
can be defined as an internal crack that is caused by tensile stress within the material that
exceeds the tensile strength of the material [17]. Spall strength can be approximately
calculated using the experimentally determined pull-back velocity [18], which is defined as
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Table 2: Parameters of the Mie—Griineisen EOS model for copper.

¢, (m/s) S, Yo p, (kg/m?)
3940 1.489 1.99 8930

Table 3: Parameters of the Johnson—Cook model for OFHC copper.

A (MPa) B (MPa) C N m e,(1s) T, (K) C,(/kgk) py, (GPa)

89.7 292 0.025 031 1.09 1 1381 392 1.79

the difference between peak-free surface velocity and the lowest free-surface velocity ahead
of the spall pulse (A ;) (Fig. 1). The spall strength can be then expressed as

ufs
1 (7
Ospall = > Aﬂfsﬂocb’

where ¢, is the bulk sound speed, which is taken as 3800 m/s for OFHC copper. Hence, the
spall strength of the OFHC copper is calculated to be 1.32 GPa based on the results of Fig. 1
and eqn (5).

4 IDENTIFICATION OF MODEL PARAMETERS

Preliminary simulation results show that varying parameters of the particle approximation
theory, the initial number of neighbors, and the computational method for smoothing length
initialization in LS-DYNA do not affect the results significantly. On the other hand, the
models show sensitivity to other varying variables such as bulk viscosity, spall strength, and
mesh density. This section proposes an approach for identifying these parameters. In
Sections 4.1 and 4.2, SPH particle spacing and CTH zone size are 0.01 mm while all CTH
simulations have a zone size of 0.01 mm x 0.01 mm.

4.1 Artificial bulk viscosity parameters

Numerical simulations of material behavior under shockwave pressure often incorporate an
artificial bulk viscosity parameter to compensate for shock discontinuities. In LS-DYNA, two
parameters, O, and Q,, are used to define this property, where Q, and Q, are the quadratic and
linear coefficients, respectively. A previous sensitivity study [13] in LS-DYNA concluded
that the suitable values for O, and Q, in SPH models were 1.5 and 1.0, respectively. Figure
3a shows the effect of varying Q, in the LS-DYNA model while holding all other properties
constant.

A similar sensitivity study was performed with the CTH simulations. The default CTH
values for the linear, BL, and quadratic, BQ, coefficients of the artificial viscosity are 0.1 and
2.0, respectively. The model was not sensitive to changes in the shear viscosity parameter,
BS, which was left at the default value of 0.03. Two simulations were run with BL equal to
0.1 and 1.0, respectively, while maintaining BQ at 2.0. Simulation results are shown in
Fig. 3b. The results show that using the default values results in accurate simulations. While
the plastic shock rise was slightly slower in both simulations than in the experiment, the CTH
results are closer to the experimental data than those of LS-DYNA.
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Figure 3: Effect of varying artificial bulk-viscosity parameters on (a) LS-DYNA and CTH
simulations (b).

4.2 Spall strength

Previously, LS-DYNA simulations [13] were performed assuming a spall-strength value of
1.79 GPa for OFHC copper. However, the results of Section 3 showed that a spall strength
value of 1.32 GPa for OFHC copper was more accurate. Therefore, LS-DYNA simulations
were performed in this section using this calculated value to check the effect of spall strength
(Fig. 4a). The results showed that the two simulations were practically identical for the
first 1.1 pus. However, a spall strength value of 1.32 GPa moved the simulated velocity closer
to the corresponding feature of the experimental data, which improved the simulation’s
accuracy in capturing the spall signature phenomenon.

A similar study was performed with CTH hydrocode to check the effect of spall strength
variation in CTH (Fig. 4b). Interestingly, CTH simulation with 1.32 GPa showed a dip in
front of the pull-back signal almost at the same time as the experimental velocity profile.
However, the velocity was significantly higher afterward. Based on these results, spall
strength of the OFHC copper was selected as 1.32 GPa for both LS-DYNA and CTH
simulations. This value was used in the remainder of this work.

4.3 SPH particle spacing and CTH zone size study

The objective of this section is to study the effect of the SPH particle spacing and CTH zone
size on the flyer plate problem using the results of the two previous sections. Four models
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Figure 4: Effect of varying spall strength on (a) LS-DYNA and (b) CTH simulations.

with different particle spacing are created in LS-DYNA: 0.08, 0.02, 0.01, and 0.009 mm,
respectively. The results of the four cases (Fig. 5a), indicated that all cases, except for the one
with the largest particle spacing (0.08 mm), are able to capture the elastic precursor wave and
the velocity plateau. However, there was a considerable variation in the rise time of the plastic
shock wave, with the 0.009 mm model being the most accurate. It is noted that as the particle
density increases, the simulation rise time approaches the experimental curve. The problem,
however, became computationally expensive, requiring approximately 23 h on a 46-processor
server for the 0.009 mm particle spacing case.

A similar zone size parametric study is conducted for CTH. The results are shown in
Fig. 5b. Similar to LS-DYNA, rise time becomes shorter as smaller zones are used. Both
the 0.01 and 0.02 mm zones capture the elastic and plastic waves, and reach the same pla-
teau value. However, these simulations exhibit ringing structure after the spall signature.
Interestingly, the 0.08 mm zone calculation seems to capture the expected ringing signa-
ture best.

5 VERIFICATION
The robustness of the results of the previous section are verified using the two sapphire-
copper experiments of Table 4 where sapphire flyer plates impacted stationary copper plates
at velocities different from what was used in the previous section (401 and 142 m/s versus
307 m/s).



312 D. Somasundaram et al., Int. J. Comp. Meth. and Exp. Meas., Vol. 3, No. 4 (2015)

—Experiment

0.08 mm Spacing
~+—0.02 mm Spacing
---0.01 mm Spacing
——0.009 mm Spacing|

0 0.2 04 06 0.8 1 12
Time (u sec)

(a)

—Experiment

0.08 mm x 0.08 mm Zone|
—+=0.02 mm x 0.02 mm Zone
——0.01 mm x 0.01 mm Zone

0 02 04 0.6 0.8 1 1.2
Time (u sec)

()
Figure 5: Effect of particle density on (a) LS-DYNA and (b) CTH simulations.

Table 4: Summary of the verification experiments.

Experiment 2 [14] Experiment 3 [14]
Flyer plate material Sapphire Sapphire
Flyer and target plates diameter (mm) 15 15
Flyer plate thickness (mm) 3.053 2.979
Flyer plate velocity (m/s) 401 142
Target plate material OFHC copper OFHC copper
Target plate Thickness (mm) 4.246 4.563

The parameters of the Mie—Griineisen EOS and Johnson—Cook material model for
copper were maintained as listed in Section 3. Similarly, the final values of the artificial
bulk viscosity parameters and particle and zone spacing of Section 4 were used in the
simulations of this section.

For these two sapphire—copper impact experiments, it was decided to use an isotropic
elastic plastic material model for the sapphire as these experiments were designed such that
the stress in the sapphire plates is kept below sapphire’s yield strength during the impact. The
use of an isotropic material in the case of the anisotropic sapphire material can be justified by
the one-dimensional nature of stress and since all the experiments were performed below the
yield point of sapphire. The values of the material model parameters are presented in
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Table 5 [12]. E is the modulus of elasticity, G is the shear modulus, K is the bulk modulus, S,
is the yield strength, and E, is the slope of the stress—strain curve in the plastic phase. These
values are based on Ref. [19] except for Sy, and E,_ , where the values listed in [19] could not
be used as they were based on the characteristics of a single crystal.

Since the experiments were designed such that the stress in the sapphire plates was kept
below the sapphire’s yield strength, the sapphire plates did not spall. Therefore, there was no
need to identify the sapphire’s spall strength.

In CTH, the Mie—Griineisen EOS model for sapphire was based on the data of [12] for the
case when stresses are below yielding. The parameters of this model are listed in Table 6.
LS-DYNA, however, does not allow incorporation of EOSs with the material card that was
used (*MAT_ISOTROPIC_ELASTIC_PLASTIC). In this case, a simpler model was used
where the shock wave speed is equal to \/m .

Figures 6 and 7 show the results of simulating Experiments 2 and 3, respectively, using
LS-DYNA and CTH software packages. The simulation results are in general consistent with
the conclusions in Section 4. Both LS-DYNA and CTH were able to simulate the elastic
precursor, especially in Experiment 2 (higher velocity). CTH showed to be more robust in
simulating both experiments accurately and capturing rise time, plateau, and spall signature.
It is noted that LS-DYNA consistently produces longer rise time, which may be attributed to
the failure to incorporate the EOSs of the sapphire in the model. Smaller particle spacing and
zone size may result in improved simulation results. However, a combination of hardware
and software limitations forced us to stop at these values.

Table 5: Parameters of the isotropic elastic plastic material model for sapphire.

E(GPa)  G(GPa)  K(GPa)  S,(MPa)[ll]  E, (GPa)[l1]
345 145 250 190 18

Table 6: Parameters of the Mie—Griineisen equation of state model for sapphire.

¢, (m/s) S, Yo Py (kg/m?)
11,190 1.0 1.50 3985
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Figure 6: Results of simulating Experiment 2 using the recommended parameters for
LS-DYNA and CTH software packages.
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Figure 7: Results of simulating Experiment 3 using the recommended parameters for
LS-DYNA and CTH software packages.

6 CONCLUSIONS

This study is an effort to develop an approach for accurately simulating flyer plate impact
experiments using the CTH hydrocode and SPH technique in LS-DYNA. Using an OFHC
copper—OFHC copper flyer plate experiment, it was shown that the sensitivities of both
models depend on several parameters. The results indicate that the selection of the appropriate
bulk viscosity parameters will lead to a numerically stable simulation in both modeling
approaches. Also, it is recommended to use a spall-strength value that is based on the
experimental data. The results show that increasing the particle density in SPH and using
finer zone size in CTH improve the accuracy of capturing the elastic and plastic waves.
Additional work is still needed to capture the spall signature accurately. It is noted that while
the results improve by using closer particles or zones in LS-DYNA and CTH, simulation time
significantly increases. Therefore, a tradeoff between accuracy and computational time
should be considered. These results were confirmed when simulations of two additional
sapphire—OFHC copper flyer plate experiments were conducted.

Comparing the results showed that LS-DYNA and CTH are useful in simulating flyer plates
experiments. The results also indicated that CTH is a more robust tool that produces more
accurate simulations under various conditions. Additional experiments may help improving
the accuracy of these simulations. Also, added improvement of material models and increase
of computational power will help reduce the need of conducting expensive experiments.
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