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ABSTRACT

Different bumper materials subjected to hypervelocity
impact show varying ability to shock and break up an
incoming projectile. This paper presents an experimental
and numerical study of traditional dual-wall Whipple
shields, where four different bumper material
configurations are compared to a traditional thin
AA6061-T6 bumper, by dimensioning all bumpers to
have near equal areal density. The bumpers included in
the study are beta cloth (1 layer) in front of a thin
AA6061-T6 bumper, Nextel woven fabric (6 layers) and
stainless steel mesh (5 layers). All bumpers were
impacted by spherical AA2017-T4 projectiles at 7 km/s.
Numerical models were then created in LS-DYNA using
a coupled finite element-discrete element method (FEM-
DEM), showing a close match with the experimental
results with similar performance and characteristics.

1 INTRODUCTION

Whipple shields, first introduced in 1947 [1], have been
widely used in spacecraft shielding applications, with a
wide range of configurations and materials applied for
the different layers. The shielding layers, separated by
standoff distances, break the projectile into a cloud of
material and spreads the energy over a large area. The
bumper, the first layer to interact with a projectile, is
important in this process, and different materials show
different performance when applied as a bumper.

A wide range of materials have been tested and
implemented as bumpers [2]. Thin metallic bumpers,
typically made up of a single sheet of aluminum, steel or
titanium, are the most widely used, with aluminum being
the most common of them. Other configurations studied
are sandwich panels with either honeycomb or foam
cores, woven fabric layers with, e.g., Nextel, Kevlar,
Basalt, Beta cloth or UHMWPE, metallic wire mesh
materials, various fiber reinforced matrix materials and

ceramic-based materials. To directly compare the
performance of the different configurations, systematic
studies can be performed where the areal density is kept
constant, as presented in [3][4], where six different fabric
bumpers where compared with an areal density of around
1.1 g/em?.

Studying the efficiency of bumpers with different
materials and near equal areal density is of interest, to
determine which materials are better at breaking up
incoming projectiles while minimizing the ejecta
produced on impact. This paper presents an experimental
and numerical study of how the characteristics of the
debris cloud and damage on shield layers change for four
different bumper materials, and how well numerical
models can capture the observed behavior.

2 EXPERIMENTAL DATA

An experimental study of hypervelocity impact on
Whipple shields with varying bumper materials is
presented in [5], and this paper summarizes a selection of
these. All tests were performed at the NASA White Sands
Test Facility (WSTF) Remote Hypervelocity Test
Facility (RHTL) in Las Cruces, New Mexico using a
0.17-caliber two-stage light-gas gun (LGG).

The Whipple shield configuration for the baseline test
with an AA6061-T6 bumper is illustrated in Fig. 1 with
dimensions. A standard dual-wall Whipple shield is used,
with an added ejecta catcher plate in front of the bumper
and a witness plate behind the rear wall. The
configuration was kept the same for all tests, except for
the bumper, which was replaced with three different
bumpers with near equal areal density around 0.17 g/cm?.
Spherical AA2017-T4 projectiles with a 3.18 mm
diameter were used in all tests, and all impacts were at 0°
normal to the bumper surface. Ten tests were performed
in [5], at 3 and 7 km/s impact velocity, four of the tests at
7 km/s will be studied in this paper.
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Figure 1: Baseline Whipple shield configuration [5].

The bumper configurations included in this study are
presented in Tab. 1, along with an overview of the
experimental results. The first configuration is the
baseline, a thin sheet of AA6061-T6, the second
configuration is one layer of Beta cloth with 36x26 per
cm thread count in front of a AA6061-T6 bumper, the
third configuration is six layers of Nextel AF-10 woven
fabric oriented at 0°/45°/0°/45°/0°/45° with a thread count
of 18x18 per cm, and the fourth configuration is five
layers of stainless steel (SS) 304 wire mesh oriented at
0°/45°/0°/45°/0°/45° with a mesh count of 59x59 (i.e., 59
openings per cm) and a wire thickness of 0.066 mm.

The tests were analyzed using high-speed camera footage
from a Shimadzu HPV camera at 1 M frames per second,
as well as post-test inspections of all plates. Overall, the
tests are evaluated on a pass/fail of the rear wall, where
perforation or spalling is counted as failure. Further, the
configurations are compared by evaluating the damage
on the ejecta catcher, bumper, and rear wall. Since none
of'the tests presented in this paper failed, the witness plate
will not be included in the analysis.

Table 1: Overview of experimental data and results [5].

The debris clouds are presented in Fig. 2 at a similar
distance from the bumper for all four tests. The baseline
AA6061-T6 bumper generates a typical debris cloud for
aluminum Whipple shields at this impact velocity, with a
concentration of projectile material in the front of the
cloud and a clear outer border. A large amount of ejecta
is created from the bumper hole. The debris cloud
generated by impact with the Beta cloth bumper is similar
to the baseline, with a concentration of material near the
front, but dust from the beta cloth layer creates a less
distinct outer border, and reduces the amount and
velocity of ejecta. The Nextel and SS 304 bumpers share
similar characteristics, with a rounded shape and a diffuse
outer debris cloud border created by small particles of
bumper material, making it challenging to pick out
individual fragments and take exact measurements.

The velocity of the front edge of the debris cloud is
measured in each test, denoted the residual velocity 7} in
this paper, and is presented in Tab. 1. The ratio of V; and
the impact velocity Vo is found to be just under one for
the baseline and SS wire mesh configurations, i.e., the
residual velocity of the debris cloud is lower than the
impact velocity of the projectile before impact. For the
Nextel and Beta cloth configurations, the residual
velocity ¥ is found to be around 5% higher than the
impact velocity Vo. This phenomenon has been observed
in other mesh bumper studies (e.g., [6], [7]), and is
understood to be due to the jetting effect as the projectile
material passes through the openings in the mesh along
the rounded wire profiles.

Test Bumper material Number  Areal Bumper Bumper Impact Residual V1/Vo  Result
# of layers  density, areal thickness, velocity, velocity,

one layer density & [mm] V1 [km/s]

k

[gfem?]  [g/em?] Vo lkm/s]
1 AA6061-T6 [baseline] 1 0.173 0.173 0.64 6.93 6.37 0.92 Pass
2 Beta cloth + AA6061- 2 0.029 0.162 0.2+0.5 6.79 7.11 1.05 Pass

T6 +0.135

3 Nextel AF-10 6 0.029 0.174 1.8 6.97 7.35 1.05 Pass
4 Wire mesh, SS 304 5 0.033 0.165 1.0 7.10 6.85 0.97 Pass

T=6us
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Figure 2: Debris clouds from the experimental campaign [5], for bumper configurations: (a) AA6061-T6, (b) Beta cloth
+ AA6061-T6, (c) Nextel AF-10, (d) SS 304 wire mesh.
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Figure 3: Comparison of damage to shield layers after impact [5]. The ejecta catcher (1 column), bumper (2" and 3™
column) and rear wall (4", 5" and 6" column) are presented for configurations with bumper materials: (a) AA6061-T6,
(b) Beta cloth with AA6061-T6, (c) Nextel AF-10 and (d) SS 304 wire mesh.

Photographs of each shield layer after impact is presented
in Fig. 3. Starting from the front of the shield, the ejecta
catchers, positioned in front of the bumpers to capture the
ejecta, are presented in the first column. Significantly
different ejecta patterns are observed, with the baseline
bumper generating the most ejecta, and the Nextel
bumper generates hardly any ejecta. The holes in the
bumpers are presented in the second and third column,
with small and circular holes for the baseline and Beta
cloth configurations. For the Nextel and SS 304 bumpers,
the hole increases in diameter for each layer in the
bumper, and the last layers show unraveling and rips in
the woven structure. The craters on the front and rear side
of the rear wall are presented in the fourth, fifth and sixth
column, with varying levels of crater size, depth and
radial distribution. The baseline bumper gives a widely
distributed crater pattern with a large circular
concentration of small craters in the center. The Beta
cloth and SS 304 bumpers show a similar trend, but the
craters are larger and located inside a smaller area,
resulting in a more concentrated load than for the
baseline. However, the Nextel bumper is found to result
in the most detrimental damage, with large individual
craters at the center of the rear wall, limited radial spread
and two bulges on the rear side.

3 NUMERICAL MODELLING

3.1 Model setup and geometry

Numerical models are created for each configuration
from the experimental data presented, and simulations
are performed in LS-DYNA [8]. In this study, the ejecta
catcher and witness plate are omitted from the model, and
only a limited section of the bumper and rear wall are
modelled to reduce the computational time. The baseline
configuration of the numerical model is shown in Fig. 4.
The width of the rear wall was set to 90 mm, while the
width of the baseline bumper was set to 12 mm.

The geometries of the woven Nextel and Beta cloth
bumpers, as well as the SS 304 wire mesh, were created
in Solidworks [9] meshed in LS-DYNA, and are
presented in Fig. 5. A mesoscale approach is taken in the
modelling of the woven fabrics, where the yarns are
modeled as homogeneous entities. Eight elements are
applied in the cross-section mesh of the Beta cloth yarns,
four elements for the Nextel yarns, and two elements for
the SS 304 wires. To reduce the computational time, the
bumper diameters are cropped to be as small as possible,
with an increasing diameter for each layer.



Figure 4: Finite element model of baseline Whipple
shield configuration with an AA6061-T6 bumper.

To reduce the computational time further, the rear wall
mesh was created with unstructured hexahedral meshing
in Gmsh [10], allowing for small elements in the center,
coarser elements around the outer edge, and a smooth
transition in between. This mesh approach means that
craters will be more distinct and detailed in the center and
will gradually be less accurate and visible with increasing
radial position. The comparison of the rear walls between
the experiments and simulations is therefore expected to
match more closely in the center of the rear wall.

The modelling approach selected in this study is a
coupled finite element-discrete element method [11] in
LS-DYNA, which is achieved through the keyword
*DEFINE_ADAPTIVE_SOLID TO_DES. Solid parts
are adaptively transformed to particles when the solid
elements comprising those parts fail, as illustrated in Fig.
6. The particle replacing the failed element inherits the
properties of the element, including mass and kinematical
state [12]. Failure of an element can occur either from a
failure criterion or from reaching a critical temperature.
The method allows for an implicit way of distinguishing
larger, solid fragments from molten and/or small
fragments in the debris clouds.

T=0us =048 us

Figure 6: Conversion from finite elements to discrete
particles after impact, shown at 6.7 km/s [11].
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Figure 5: Numerical models of bumper configurations:
(a) AA6061-T6, (b) Beta cloth + AA6061-T6, (c) Nextel
AF-10, (d) §S 304 wire mesh.



3.2 Material models
3.2.1 Constitutive relations

The metallic materials in the study are modelled using a
modified Johnson-Cook (MJC) constitutive relation
[5][6], because of its simple calibration procedure and
range of validity from low to high strain rates. It is a
thermo-viscoplastic constitutive relation that accounts
for strain hardening, strain-rate hardening and thermal
softening. The equivalent stress ocq is given in Egs. 1-3.
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where oo is the yield stress, O; and C; are hardening
parameters of an extended Voce hardening rule, p and p
are the equivalent plastic strain and strain rate,
respectively, py is a user-defined reference strain rate, C
governs the strain rate sensitivity of the material, 7'is the
temperature, 7o is a reference temperature, 7m is the
melting temperature, and m governs the thermal
softening of the material. Under the assumption of
adiabatic conditions, which is reasonable in HVI, the
temperature change AT is included, where y is the Taylor-
Quinney empirical coefficient, p is the material density,
and ¢, is the specific heat capacity. The material
parameters for the MJC constitutive relation can be
determined from uniaxial tension tests conducted at
temperatures and strain rates suitable for the application
at hand and are given for AA6061-T6, AA2017-T4 and
SS 304 in Tab. 2.

The woven fabric materials in the study are modelled
with a mesoscale approach, where the material model
assumes homogeneous properties along the length of
each yarn. The materials are assumed to be linearly
elastic with orthotropic symmetry, with high stiffness
along the length of each yarn, and low stiffness across the
width and thickness of each yarn. Material parameters for
Nextel and Beta cloth are presented in Tab. 3. The
densities of the materials have been adjusted to match the
areal density from the experiments.

3.2.2 Failure criteria

Failure of the metallic materials in the study can occur
either when the element temperature reaches a critical
temperature or when the Cockcroft-Latham (CL) failure
criterion [ 15] is reached. The critical temperature 7. is set
as 0.9 times the melting temperature 7. The CL failure
criterion is a phenomenological ductile fracture criterion
depending on the plastic strain as well as the stress
triaxiality ratio and the Lode angle through the maximum

principal stress o1. The damage variable of the CL failure
criterion is given by Eq. 4.

1 (P
W= cho max(ag;, 0) dp 4)

The fracture parameter W, is the only material constant,
and is given for AA6061-T6, AA2017-T4 and SS 304 in
Tab. 2.

The woven materials in the study are eroded and
converted to discrete elements at a given failure strain.
The failure strains for Nextel and Beta cloth are presented
in Tab. 3.

Table 2: Parameters for the modified Johnson-Cook
constitutive relation with Voce hardening, as well as
general material parameters, for all the metallic
materials in the study. For AA2017-T4 and SS 304, the
Voce hardening parameters have been curve-fitted from
JC power law hardening parameters, and the W,
parameters have been adjusted by trial and error.

Material AA AA SS 304
6061-T6 2017-T4 [17]
[11]  [16]

Density, p [kg/m?] 2700 2700 7800
Young’s modulus, £ [GPa] 70 70 210
Poisson’s ratio, v [—] 0.3 0.3 0.3
Yield stress, oo [MPa] 292.6  270.0 325.2
Hardening parameter, 1 [MPa] 2.7 1083  79.6

Hardening parameter, Ci [—] 2160.7 1146 263
Hardening parameter, 0> [MPa] 79.1 266.0 1194.5
Hardening parameter, C2 [—] 8.94 3.47 1.21
Fracture parameter, Wc [MPa] 278 200 1000
Specific heat cap, Cp [J/kg'K]  9.1-108 9.1-10% 5.1-10%
Taylor—Quinney coeff., y [-] 0.9 0.9 0.9
Reference temperature, 7o [K] 293 293 293
Melting temperature, 7m [K] 893 893 1600
Critical temperature, 7¢ [K] 804 804 1440
Strain rate parameter, C [—] 0.001 0.001 0.001
Softening parameter, m [—] 1 1 1

Thermal exp. coeff., a [K'] 2.3:10° 2.3-10° 1.5:107




Table 3: Material parameters for the linearly
orthotropic models for Nextel and Beta cloth.

Material Nextel Beta
[18][20] cloth
[19]

Density, p [kg/m?] 1320 2060
Young’s modulus, longitudinal, E1 [GPa] 164 150
Young’s modulus, transverse, £t [GPa] 3.28 3.0
Poisson’s ratio, v [—] 0.15 0.125
Shear modulus, G [GPa] 1.64 242
Failure strain, pr[—] 0.1 0.05

3.2.3 Equations of state

An equation of state (EOS) relates the pressure, volume,
and internal energy of matter, and describes the
hydrostatic behavior of the material. The non-linear Mie-
Griineisen EOS is commonly applied for numerical
simulations of hypervelocity impact. However, studies
[11] have found that the numerical results when using a
linear EOS with the FEM/DEM method in LS-DYNA
gave better results than the non-linear Mie-Griineisen
EOS for aluminum projectiles and shields. A linear EOS
will therefore be applied in this study for all
configurations and materials, to test its suitability for
other configurations and materials. A linear EOS relates
the pressure P to the volumetric strain &, linearly using
the bulk modulus K, given in Eq. 5.

E
3(1—2v) "

A linear EOS is therefore determined for a given material
using only the two elastic material parameters.

P(ey) = —Key, = (5)

4 NUMERICAL RESULTS

4.1 Debris clouds

The simulated debris clouds are presented in Fig. 7
around a similar time after impact for each bumper
configuration. The results from the baseline and Beta
cloth bumpers share similar characteristics, with a curved
front, a concentration of projectile material at the front,
followed by a half dome of particles, a high level of radial
spread, and only a few elements from the projectile
remaining in solid element form. Both are similar to the
corresponding debris clouds from the experimental
results. The debris cloud after impact with the Nextel
bumper consists of a spherical concentration of projectile
material, a lower level of radial spread and only a few
elements remaining in solid element form. The outer
shape is more oval than the experimental result but the
amount of small dust particles in the experiment prohibits
the comparison of the distribution of material inside the

(d) =10 ps

Figure 5: Debris clouds from simulations, around 10 us
after impact for bumper configurations: (a) AA6061-T6,
(b) Beta cloth + AA6061-T6, (c) Nextel AF-10, (d) SS
304 wire mesh.

debris clouds. The same is true for the debris cloud after
impact with the SS 304 bumper. The simulation has a
concentration of projectile material in a narrow disc at the
front, followed by a small half dome of particles, a low
level of radial spread, and a high number of elements still
in solid form. Overall, the size and mass of the particles
are different between the different configurations,
stemming from larger elements in, e.g., the Nextel
bumper, and very small elements in the SS 304 bumper.
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Figure 6: Comparison of the bumpers after impact from simulations (top) and experiments (bottom): (a) AA6061-T6,
(b) Beta cloth + AA6061-T6, (c) Nextel AF-10, (d) SS 304 wire mesh.

The ejecta production is significantly different between
the different simulations. Similar to the experiments, the
baseline bumper generates the most ejecta with the
highest velocity, followed by the Beta cloth bumper. The
Nextel and SS 304 bumpers both produce very low
amounts of ejecta in comparison, similar to the result
from the experiments.

4.2 Bumper and rear wall damage

The front and rearmost layer in each bumper
configuration after impact is presented in Fig. 8 for
simulations and experiments. The hole in the baseline
bumper is found to be of similar size and shape as in the
experiment, around 5 mm. For the Beta cloth bumper, the
holes in the AA6061-T6 layer and the Beta cloth layer are
similar, both around 5 mm. The simulation matches the
experiments on the inner hole measure of the Beta cloth,

but is unable to capture the fraying and unravelling of the
individual fibers in the yarns. A similar result is found for
the Nextel bumper. The hole diameter increases for each
layer in both the simulation and experiment, and the inner
measure of the hole diameter is similar. However, the
fraying and unravelling is not fully captured by the
homogeneous yarn model. The hole in the SS 304
bumper is also found to increase for each layer in the
simulation, but the increase is less steep than in the
experiments. The first layer is very similar to the
experiment, with small holes and rips around a circular
hole. The rearmost layer in the experiments show
significant rips along the wire mesh directions, while the
simulation gives a round, ordinary hole with a smaller
diameter. Overall, the damage and hole diameters
observed on the bumpers are found to be similar between
the simulations and experiments.



(a)

(®)

(©)

(d)

Figure 7: Comparison of rear walls after impact in
simulations (left) and experiments (right) for bumper
configurations: AA6061-T6, (b) Beta cloth + AA6061-

T6, (c) Nextel AF-10, (d) SS 304 wire mesh.

The damage on the front side of the rear wall is presented
in Fig. 9 for the experiments and simulations. The
simulations of the baseline and Beta cloth bumper
configurations both give circular concentrations of small
craters in the center of the rear wall and a high level of
radial spread. In the baseline configuration, a single
medium-sized crater is found, while 3-4 are found for the
Beta cloth configuration. The simulation of the Nextel
bumper configuration is found to underestimate the crater
size and depth compared to the experiments. A few
medium-sized craters are observed, and all craters are
located in a smaller area than for the baseline, but the
high level of conversion to particles in the projectile
prohibits the creation of larger and deeper craters on the

rear wall. The rear wall from the simulation of the SS
304 configuration is distinctly different than the others.
A circle of larger craters are created around the center of
the rear wall. The craters concentrated near the center of
the rear wall in the experiments are slightly smaller than
the ones seen in the simulations, and there are more of
them inside a larger area.

Overall, the numerical models are able to capture with
reasonable accuracy the debris clouds, ejecta production
and damage to the bumpers, while some adjustments are
recommended for the Nextel and SS 304 models to
improve the craters on the rear wall.

5 CONCLUSIONS

An experimental and numerical study of hypervelocity
impact on dual-wall Whipple shields is presented,
focusing on the performance and behavior of different
bumper materials impacted at 7 km/s. Three different
material configurations (Beta cloth woven fabric with
AA6061-T6, Nextel woven fabric, SS 304 metallic wire
mesh) are compared to a traditional AA6061-T6 bumper,
by dimensioning all bumpers to have near equal areal
density around 0.17 g/cm? Numerical models of the
different configurations are created, and a coupled finite
element-discrete element method (FEM-DEM) is applied
to all materials, where failed elements are converted to
particles. The simulations show an overall similarity to
the experimental results, and create distinctly different
debris clouds, ejecta characteristics, bumper hole
diameters and crater patterns on the rear walls.
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