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Abstract

Hypervelocity impact research is key to the designing of shielding systems to protect structures in low earth orbit with risk of
space debris impact. Understanding the physical features contributes to the effective development of impact shielding design.
In this study, the impact hole area, lip height, and debris cloud impact radius were investigated for impacts up to around 4 km/s
for 6061-T6 aluminum panels of 3 mm thickness using a 2-stage light gas gun. Image analysis and 3D scanning were employed
to measure the geometric features. Numerical analysis was conducted to simulate the experiment cases and the modeling
was verified through comparison of the geometric features. The hole area and debris cloud impact radius showed gradually
increasing trends with increasing impact velocity. The 3D scan measurements followed the image analysis, and considering
the overall similarity between the 3D scan and numerical simulation, the numerical model satisfactorily reproduced and sup-

ported the experimental measurements.

Keywords Hypervelocity impact - Numerical analysis - Debris cloud - Whipple shield

1 Introduction

Various artificial satellites such as communication satellites
and manned space structures like the International Space Sta-
tion (ISS) are mostly located in the low earth orbit (LEO) and
the number of micrometeoroid and orbital debris (MMOD)
continue to rise to this day due to the long history of launches
and recently accelerated commercial endeavors to space.
MMOD impacts involves impact velocities that reach up
to 72 km/s and such hypervelocity impacts on space struc-
tures can be catastrophic [1]. Collisions between satellites
and debris have been reported and continue to be a risk to
space structures [2, 3]. As such impacts can result in the
termination of satellites and exponentially increase the num-
ber of debris, space agencies worldwide have proposed and
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implemented systems to monitor such debris and take evasive
maneuvers when in close proximity [4—6]. Thus, research on
the material behavior under such high velocity and hyperve-
locity impacts is important in developing shielding systems
and mechanisms [7, 8].

Methods to prevent and shield against catastrophic dam-
age to space structures under hypervelocity impact are criti-
cal for their durability, integrity, and survivability [9-13].
Starting with the Whipple shield that has been applied to the
ISS, numerous shielding mechanisms including the stuffed
Whipple shield and multi-shock shields have been designed
to minimize damage from possible hypervelocity impact and
outer layer penetration [4, 14]. The impact phenomena of
hypervelocity impact and the post-impact physical charac-
teristics have been widely studied for various materials and
structural configurations including thin metallic targets to
honeycomb sandwich panels [15-19]. Greater understanding
of the material behavior can be utilized to the development
of more efficient shielding systems as the cost of launching
payloads into space is immense and protecting such valuable
assets throughout the mission lifespan of space structures is a
key factor that is considered in space programs.

In this study, a 2-stage light gas gun was used to carry
out hypervelocity impacts of up to around 4 km/s on
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homogeneous 6061-T6 aluminum panels of 3 mm thickness
to investigate the effect of the impact velocity on the geo-
metrical features of impact. In addition to visual inspection
of the penetration hole and debris impact characteristics on
the second bumper through hypervelocity impact experi-
ments, numerical analysis was performed to simulate the
hypervelocity impact of various projectile velocities. The
experiment and numerical analysis were compared to verify
the numerical analysis results. The comparisons were car-
ried out to verify the reliability of the numerical analysis
model, and the investigations of the post-hypervelocity
impact formations and numerical analysis are expected
to contribute to the accurate and effective development of
impact shielding design and detection methods.

2 Methods and Materials
2.1 Specimen Preparation

Aluminum 6061-T6 plate specimens of 200 X200 mm and
thickness of 3 mm were prepared. The aluminum plates

AR 1 PR
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Fig.2 Schematic diagram of the 2-stage light gas gun

were fixed to a jig so that all four sides of the plates were
fixed as shown in Fig. 1. Two plates were fixed to a jig to
from a Whipple shield configuration with a standoff distance
of 87 mm. When fixed to the jig, the exposure area of the
aluminum plates was 180 x 180 mm about the impact point
or center of the plates. The jig was then fixed vertically to
carry out impacts normal to the plates within the impact
chamber of the hypervelocity impact setup detailed in the
next section.

2.2 Hypervelocity Impact

For the hypervelocity impacts, a 2-stage light gas gun was
used with 5.56 mm diameter aluminum 2017-T4 spheres as
the projectile. Figures 2 and 3 show the schematic diagram
and photograph of the 2-stage light gas gun used in this
study. The mass of the spherical projectile was 0.25 g. Mul-
tiple diaphragms are used to seal two adjacent volumes of
compressed air and the pressure in one is released rapidly
to produce a significant pressure difference that ruptures
the diaphragms through which the highly compressed air
is released and accelerates a piston of high-density polyeth-
ylene (HDPE) to pressure uncompressed air or compressed
hydrogen gas stored in the piston tube. This in turn then
ruptures the third and last diaphragm and propels the pro-
jectile to the impact specimen. A magnetic and laser inter-
valometer setup was used to measure the projectile velocity
and the impact specimens were fixed to a holding jig on all

Fig.3 The 2-stage light gas gun
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four sides to be normal to the projectile trajectory within
the experimental chamber 2. High vacuum was established
in the experimental chamber containing the impact speci-
men and the area of the specimen exposed for impact was
180x 180 mm. Impact velocities were varied in the range
of 0.44—-4.06 km/s to investigate the differences in the vari-
ous post-impact characteristics, such as hard penetration and
debris cloud formation, which are most distinct in relation to
the impact velocity at the early portion of the hypervelocity
range, based on the relative velocity distribution of orbital
debris in LEO [20, 21]. The performance of dual wall sys-
tems like the Whipple shield for protection against MMOD
is typically assessed using the ballistic limit equation (BLE)
that defines the threshold particle size that causes perfora-
tion, and the BLE can be divided into 3 regions where region
1 generally covering impact velocities up to 3 km/s pertains
to the deformation of the projectile and penetration through
the first bumper, region 2 or the transitional velocity region
generally covering 3—7 km/s pertains to the fragmentation of
the projectile and the impact energy of the projectile is dis-
persed over a larger area in the form of a debris cloud to the
second inner bumper, and region 3 beyond 7 km/s pertains
to the complete fragmentation and melting of the projectile.
Region 2 is typically a linear interpolation between the low
and high points of region 1 and region 3; thus, this study
incorporated impact velocities up to 4 km/s to investigate the
impact phenomena characteristics of regions 1 and 2 since
the impact features as a function of impact velocity can be
considered consistent within region 2 [22].

2.3 Geometric Feature Measurements

The geometric features of the impacted specimens were
measured. The measured features included the impact hole
area of the impacted (front) side and the rear side of the
specimens and the lip or rim height of the impact hole of
both sides. The impact hole area was measured by analyzing
the images of both sides of each specimen using software
including Adobe Photoshop and ImageJ. While the impact
hole can be measured by analyzing the images of the speci-
mens, the lip height was too small for reliable measurement
through such a method, so a 3D scanner was used to scan the
impacted (front) and rear sides of each specimen for addi-
tional measurements. Space Spider of Artec3D was used to
carry out the 3D scanning of the specimens, which produced.
stl files for post-processing. A tripod was used to fix the 3D
scanner at specified angles and the Artec Turntable was used
to rotate the specimen at a constant rate as shown in Fig. 4.
For post-processing of the 3D scans of the specimens, the
browser-based mesh tool Meshy and the MPlane plugin of
the CloudCompare software were used to measure the impact
hole area and lip height.
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Fig.4 The 3D scanning setup

Fig.5 Numerical simulation modeling of the 2 bumper setup

2.4 Numerical Simulation

The experimental specimen setup and the impact cases were
modeled and simulated through numerical analysis using
the nonlinear dynamics analysis software Ansys Autodyn.
The two bumper setup of the experiments was modeled
with the same dimensions as the experiment as shown in
Fig. 5. The aluminum sphere projectile was modeled with
5832 smoothed particle hydrodynamics (SPH) particles.
Each aluminum plate was modeled with 97,200 hexahedral
finite elements (FE) where 30 X 30 mm of the center of the
first bumper was replaced with 190,333 SPH particles to
adequately simulate the local impact characteristics at the
center of the plate. A Lagrange—Lagrange FE/SPH coupling
approach was used between the center SPH particles and
the adjacent FE particles. For the SPH and FEM coupling,
the node-to-mid-face-node “joins” function provided within
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Fig.6 The center region with the jointed FE and SPH particles

the software was utilized where SPH-Lagrange interaction
was applied through the joining of the two domains, which
is used to simulate a wide variety of phenomena including
impact and penetration. For each FEM element, five SPH
nodes were joined at the boundary of the 30 x 30 mm SPH
region about the impact point or target center as shown in the
cross section view of Fig. 6. The joined or fused nodes are
regarding as single nodes in the calculations and will remain
together until the join condition is removed through erosion.
A Lagrangian mesh-free particle method, SPH is employed
for the discretization of fluids or structures [23, 24]. SPH
does not have the limitations in regards to large deforma-
tions that grid-based methods have as SPH discretizes the

domain with particles not topologically connected [25].
The coupling between the FE and SPH particles used the
join module and the cross section of the adjoined region is
shown in Fig. 6. Particle refinement or resolution can vary
the outcome of the SPH simulation and this is commonly
determined through the smoothing length, which is the spa-
tial distance between the particles, so, literature that carried
out a similar impact simulation using the smoothing length
of 1/5 for accurate analysis was referenced [26]. Boundary
conditions were applied to both bumper plates so that all 4
sides of each plate are fixed.

3 Experiment and Numerical Simulation
Results

Hypervelocity impacts were carried out using the 2-stage
light gas gun on aluminum Whipple shield configurations
where the impact velocities ranged from 0.44 to 4.06 km/s.
The thickness of the aluminum bumpers and the diameter
of the spherical aluminum projectile were fixed. After the
impact experiments were carried out, images of both sides of

Fig.7 Numerical simulation (left) and experiment case (right) for impact velocity 3.35 km/s

Fig. 8 Numerical simulation (left) and experiment case (right) for impact velocity 0.448 km/s
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all the plate specimens were taken and 3D scans were taken
for both sides of all the specimens for measurement of the
various impact characteristics.

Numerical simulation was also performed to reproduce
the experiment cases and compare the impact characteris-
tic measurements to verify the reliability of the numerical
analysis modeling for hypervelocity impact of aluminum
Whipple shield configurations. The numerical simulations of
each experiment case resulted in the same penetration or non-
penetration phenomenon and geometrical features. As shown
below in Figs. 7 and 8, the penetration case of impact velocity
3.35 km/s resulted in a similar lip or rim formation about the
point of impact and the non-penetration case of impact veloc-
ity of 0.448 km/s resulted in the projectile failing to penetrate
the plate and becoming partially embedded in the surface.
Figures 7 and 8 both show the front side of a penetration case
and non-penetration case, where the dark and light speckles
visible on the target aluminum bumper surface are the broken
off particles and burnt particles of the HDPE piston trailing
behind the projectile after impact of the target bumper. The
speckles in Fig. 8 are denser than Fig. 7 as the lower-impact
velocity case utilized uncompressed air in the piston tube,
resulting in greater burning compared to the higher-impact
velocity case, which used compressed hydrogen gas. Also,
as shown in Fig. 9, the debris cloud formation in the numeri-
cal simulation was observed and simulated properly through
the SPH particle interaction between the projectile and the
local impact region at the center of the plate specimen as
well as the join coupling between the SPH particles of the
local impact region and the FE of the remainder of the plate
specimen.

3.1 Impact Hole Area

The area of the penetration hole after impact for the first
bumper was investigated. For the experiment cases, the
impact hole areas of the post-impact specimens were meas-
ured using image analysis as well as 3D scanning from both
sides: the front (impacted) and rear sides. For each side,
the 3D scan file was measured for the hole area using the
Meshy software by selecting the desired cross section at the
interior wall of the hole as shown in Fig. 10. The impact
hole area was also measured from the numerical simulation
results. The comparison of the impact hole area measure-
ments is shown in the Fig. 11. It can be observed that the
hole areas in relation to the impact velocity exhibit similar
trends for the image analysis, 3D scan, and numerical simu-
lation for both the front and rear sides. The hole areas meas-
ured from the 3D scan and the numerical simulation appear
to be greater than the experiment image analysis results,
which is in agreement with the experimental equation in
literature for reference regarding the hole size in shields
for aluminum projectiles and shields [27, 28]. Assuming
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Fig. 9 Numerical simulation of debris cloud formation for the impact
velocity of 4.06 km/s

Fig. 10 Impact hole area measurement using Meshy for 3D scan files

that the literature employed a visual measurement method
similar to the experiment image analysis of this study, the
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Fig. 11 Impact hole area measurement comparison for the front side (left) and rear side (right)
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Fig. 12 Impact hole area ratio (front/rear) comparison

comparison result suggests that the 3D scan measurement
and numerical simulation offer more accurate hole area
measurements. The measurement data were very similar to
each other, showing the validity of the numerical analysis
model used. The relationship between the front and rear
side impact hole areas is plotted for the image analysis, 3D
scan, and numerical simulation in Fig. 12. The hole area of
the front side was divided by the hole area of the rear side.
As can be observed, while the change in the hole area ratio
with impact velocity was not significant, the image analysis
data did not exhibit a distinct increasing or decreasing trend
but the 3D scan and simulation results appeared to suggest a
gradually increasing trend as the impact velocity increased.
Shortly after impact, two shock waves propagate away from
the interface between the projectile and the target plate, so
that rarefaction waves are produced toward the center of the
projectile, resulting in projectile and target plate material
ejection in an outward angled rearward direction opposite

the direction of impact. As the impact velocity increases,
the rearward ejection of material becomes decreasingly
fanned outward while one of the shock waves reflects
back from the rear side of the plate as a rarefaction wave,
resulting in the increased acceleration of particles radially
towards the rear side of the plate [28, 29]. This chain of
events in a short period of time during impact may con-
tribute in the greater increase in the impact hole area of the
front side in relation to the rear side.

3.2 Impact Hole Lip Height

The lip or rim height of the impact hole was also measured
for both sides of the aluminum plates. Image analysis was
not possible for this measurement as the lip heights were
in the mm-scale, so the lip height was measured using 3D
scanning and from the numerical simulation. Fig. 13 shows
the lip height measurement using 3D scanning and numeri-
cal simulation results. As can be observed in Fig. 14, the
lip height measurement from the numerical simulation was
greater than the measurement from the 3D scans. The 3D
scan measurements for both the front and rear sides exhib-
ited a gradually decreasing or virtually constant trend with
increasing impact velocity while the numerical simulation
measurement appeared to increase especially for the rear
side lip height. The larger measurement of the numerical
simulation and the increasing trend obtained are thought
to be effects of the relatively low density of SPH parti-
cles employed in the projectile and local impact region,
resulting in a greater sphere of influence for each particle
contributing to the increased measurement values, as well
as setting the SPH cutoff to limit the density of nodes to
the cutoff density rather than deleting the node when the
density of an SPH node drops below the minimum density
or above the maximum density defined by the minimum
and maximum density factor chosen for the material. For
the impact lip height ratio, both the 3D scan and numerical
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Fig. 14 Impact hole lip height comparison (left) and lip height ratio comparison (right)

simulation measurements had rear lip heights greater than
the front side overall, and this can be explained by the
angled rearward ejection of materials on the front side
described in the previous section on impact hole areas, so
the front side lip tends to be more angled outward than the
rear side lip, hence resulting in the lip height ratio being
less than 1. Considering the overall similarity between the
3D scan and numerical simulation measurements and the
similar impact lip height ratio trend of not being affected
by the impact velocity, the numerical simulation model
satisfactorily reproduces and supports the experimental
measurements.

3.3 Debris Impact Radius

After impact on the first bumper plate, the rarefaction waves
produced in the target plate lead to fracture when the net ten-
sile stress exceeds the fracture stress. Through this process,
the projectile can be fragmented to significantly decrease
the velocities of the fragments and this radial spreading of
fragments, which also include the target plate material, is
referred to as a debris cloud. This debris cloud impact on
the second bumper was measured from the image analysis,
3D scan, and numerical simulation. The maximum radius
of the debris cloud impact was measured. Only cases with
debris cloud impact formations that have radial symmetry

@ Springer

from normal impact rather than oblique impacts were con-
sidered and other cases were excluded. The image analysis
relied on visual inspection of the outermost point, the 3D
scan relied on the outermost deformation point, and the
numerical simulation looked at the yield stress contour plot
of the impacted plate to measure the outermost debris impact
point. Comparison of the impact debris maximum radius
revealed that the image analysis, 3D scan, and numerical
simulation all showed an increasing trend as the impact
velocity increased as expected yet the image analysis meas-
urement trend appeared to be far steeper than the 3D scan
and numerical simulation results which were similar to each
other. This result shows that there is a substantial amount
of debris cloud material that is visually observable on the
second bumper but did not produce a significant deforma-
tion on the second bumper surface. Similarly to the other
measurements made in this study, the numerical simulation
results were very similar to that of the 3D scan results as
shown in (Figs. 15, 16).

4 Conclusion
In this study, the geometrical features of the impact hole

area, lip height, and debris cloud impact radius were inves-
tigated for hypervelocity impacts of up to around 4 km/s on
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Fig. 15 Impact debris radius measurement method from the a 2D image processing, b 3D scan and ¢ numerical simulation
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Fig. 16 Impact debris radius on the second bumper plate

homogeneous 6061-T6 aluminum panels of 3 mm thickness
using a 2-stage light gas gun. In addition to image analysis,
the geometrical features were measured using 3D scan-
ning. Numerical analysis was carried out to reproduce the
experiment results where the numerical simulation model
incorporated the same dimensions of the experimentation.
FE and SPH coupling was implemented to properly simu-
late the hypervelocity impact. For the impact hole area,
the image analysis data did not exhibit a distinct increas-
ing or decreasing trend but the 3D scan and simulation
results appeared to suggest a gradually increasing trend
as the impact velocity increased. The lip height measure-
ment from the numerical simulation was greater than the
measurement from the 3D scans. The 3D scan measure-
ments for both the front and rear sides exhibited a gradu-
ally decreasing or virtually constant trend with increasing
impact velocity while the numerical simulation measure-
ment appeared to increase especially for the rear side lip
height. Comparison of the impact debris maximum radius
revealed that the image analysis, 3D scan, and numerical
simulation all showed an increasing trend as the impact
velocity increased as expected. The 3D scan measurements

followed the image analysis results and considering the
overall similarity between the 3D scan and numerical sim-
ulation measurements, the numerical simulation model
satisfactorily reproduced and supported the experimental
measurements. For further study, the geometrical feature
measurement comparison will be expanded to various plate
thicknesses to investigate the influence of other parameters
including the plate thickness.
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