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A B S T R A C T

The collisions of space debris, whether human-origin or natural, and spacecraft are essentially hypervelocity
impacts. Such collisions pose a serious threat to satellites and spacecraft. While multiple studies, both theoretical
and experimental, have dealt with such collisions, none has thoroughly considered the effect of the target's
motion during penetration. This results in a different type of collision, beyond normal or oblique penetration,
referred to as glancing collision in this work.
This paper studies numerically the effects of such glancing collisions, in which the speeds of both participants

are of the same order of magnitude, and not collinear. As an example a simulation of a collision between a
projectile moving at 2-10 km/s and a finite target plate moving at 10 km/s laterally, both made of 6061-T6 alloy,
also compared to experimental data. The resulting damage is compared to that caused by normal, including
comparison with existing experimental data, as well as oblique impact by projectiles at the same velocities where
the target is stationary. Two types of projectiles were considered: a sphere and a short cylinder having a
hemispherical head. The investigation reveals that glancing collisions result in vastly different craters’ shapes
and damage patterns with respect to normal collisions. The craters become shallower and more elongated and
the damage is not axisymmetric. While the glancing collision is similar to oblique collision for spherical pro-
jectiles, it becomes vastly different for elongated non-spherical projectiles.

1. Introduction

Space debris, whether human-origin or natural, is a constant danger
to satellites and spacecraft. As the absolute speeds of each of the
spacecraft and debris are of the order of several thousand meters per
second, any collision can result in penetration of the outer surface
(shell) of the spacecraft [1]. Multiple theoretical and experimental
studies have dealt with such collisions as detailed in the following
paragraphs.
Post-flight surveys of meteoroid and orbital debris impacts on the

Space Shuttle Orbiter were conducted in [2] to identify damage and
nature of the involved projectiles. This report provides data on an Or-
biter over a five-year period and describes in detail the 39 most sig-
nificant impacts. Of the 39 largest impacts, 29 were caused by orbital
debris and 10 were due to meteoroids. None of those impacts did sig-
nificantly affect the Shuttle's operations or compromised mission ob-
jectives.
An extensive analysis of craters caused by the impact of high velo-

city particles on thick ductile targets, using a micro-particle accelerator,

appears in [3]. The aim of that study was to allow an assessment of size,
velocity and origin of a projectile from parameters which could be
measured on the impact craters formed on aluminum targets. Based on
the craters’ geometry and the analysis of the remnants, it was shown
that the main characteristics of the projectiles can be retrieved.
Projectile/target impact crater systems at impact velocities ranging

from 0.56 to 3.99 km/s were examined by electron microscopy [4]. It
was observed that the crater geometry begins to change when the
projectile velocity is higher than 2 km/s where fragmentation starts and
increases with increasing impact velocity. Computer simulations of
these impacts were fairly accurate in representing the residual crater
shapes/geometries. Numerical extrapolations for hypervelocity impact
higher than 5 km/s were also conducted [4].
The development of a new experimental device for launching mil-

limeter size debris at impact velocities between 8 and 12 km/s was the
objective of another study [5]. That study presents hypervelocity im-
pacts on different types of targets: single plate, Whipple shield and
honeycomb structure, at impact velocities ranging from 7 to 10 km/s.
Much effort has been spent analyzing the effects of both normal and
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oblique impacts. The response of an all-aluminum Whipple shield to
hypervelocity impact of 2017-T4 aluminum spheres with diameters
ranging from 1.40 to 6.35 mm at impact velocities ranging from 6.94 to
9.89 km/s was tested in [6]. This investigation evaluates the adequacy
of the modified Cour-Palais or Christiansen ballistic limit equation [7]
and showed that the capability of the shield is better than that predicted
by the ballistic limit equations at high impact velocity.
A two-stage light gas gun was used to launch 2017-T4 aluminum

alloy spherical projectiles to impact a Whipple shield having a rear
aluminum wall [8]. The projectile diameters ranged from 2.51 mm to
5.97 mm and impact velocities ranged from 0.69 km/s to 6.98 km/s.
The modes of crater distribution on the rear wall were obtained. It was
noticed that, as projectile diameter, impact velocity and shielding
spacing increased, the area of crater distribution on the rear aluminum
wall increased.
Investigation of hole formation in thin steel target by steel sphere

accelerated in a two stage gas gun to velocity range of 2 to 4 km/s and
obliquity between 0° and 70° was conducted [9]. A non-dimensional
empirical equation for hole formation was determined using simula-
tions, and a few experiments were conducted to validate the predic-
tions. The derived model predictions were satisfactory with error of less
than 20% for over 94% of the cases.
Impacts of 2017-T4 aluminum spheres having diameters from 1.40

mm to 19.05 mm on thin 6061-T6 aluminum sheets having sheet-
thickness-to-projectile-diameter ratio less than 0.618, were presented
and analyzed in [10]. Impact velocities ranged from 1.98 km/s to 9.89
km/s. The results of the analysis of all holes’ data was used to develop a
description of the hole-formation sequence including the morphology of
the lip structure surrounding the hole. This paper was used for com-
parison with our calculations and the results shown later (and in
Appendix C).
Oblique hypervelocity impact testing of multi-sheet specimens was

done using a light gas gun capable of launching 2.5-12.7 mm projectiles
at velocities of 2-8 km/ s [11]. It was found that obliquely incident
projectiles produce ricochet debris that can severely damage panels or
instrumentation located on the exterior of a space structure. It was
concluded that obliquity effects of high-speed impact must be con-
sidered in the design of any structure exposed to the hazardous me-
teoroid and space debris environment.
Hypervelocity impact of 1 mm diameter aluminum spheres im-

pacting thick glass targets at 5.2 km/s were reported in [12]. The ob-
liquity angle of the projectiles was varied between 0° to 80°. It was
found that the measured crater size does not change significantly unless
impacts are more than 45° from the normal.
A numerical investigation of the diameter of holes and craters in

metallic plates impacted by hypervelocity rods was conducted in [13].
The purpose of this investigation was to relate the hole size (depth,

diameter and shape) to the impact velocity and to the material prop-
erties of both projectile and plate.
A general collision simulation tool to model the consequences of

orbital impacts involving large debris and satellites have been devel-
oped [14]. Validation was done by comparing the tool predictions with
empirical data from tests on simple plates and Whipple Shields as well
as sub-scale spacecraft models. The capability of predicting fragments
distributions from plates and ballistic limit was verified.
Hypervelocity collisions (at speeds of thousands of meters per

second) are a complex phenomenon, affected by the strength, viscous
thermal and shock characteristics of both the impactor and the target.
One major factor was not addressed in all the above-mentioned

references. The fact that both the impactor (debris or meteorite) and target
(spacecraft) are moving at comparable speeds, meaning that a different
pattern emerges, which is no longer purely perpendicular or oblique.
This was defined earlier as a glancing collision [15] resulting in a non-
axisymmetric elongated crater (or hole if the spacecraft skin is pene-
trated) that, while usually less deep, can involve a different volume of
displaced material. It will also produce a different debris cloud from
that resulting from either normal or oblique impacts.
Collisions in space will most likely be of the glancing type while

laboratory tests which intend to mimic such collisions are using normal
or oblique impact, where the target is generally stationary. Fig. 1 il-
lustrates the difference between glancing and oblique/normal colli-
sions.
In this work, we present a numerical parametric study of the effects

of such glancing impacts using the commercial ABAQUS numerical
code [16]. While no systematic experimental results exist for specifi-
cally glancing impacts, we calibrated and validated our calculations by
comparing to existing hypervelocity normal impact tests from the lit-
erature [10].
To validate our computations, we first compared our numerical

results to experimental results of perforation of thin aluminum plates,
by normal impact of spherical aluminum projectiles traveling at hy-
pervelocity speed.
We compared to the most relevant experimental results, those of

Piekutowski and Poormon [10] with the results appearing in Table C1
in Appendix C . Our results appear in the right column and show
agreement within less than 6% to the experiments, except for one
outlier having a thicker plate, run 8-3275 . For this run, to ascertain
that we are accurately following the experiment, we contacted Dr.
Andrew Piekutowski. The comparison, appears below, including a
comment by Dr Piekutowski about the changes in measuring the dia-
meter in thicker plates which we also reproduce within less than 10% .
The resulting hole diameters were also compared to the predictions

of an empirical model based on a large multiple source data-set [18].
Good agreement was obtained.

Fig. 1. a. Schematic representation of a. glancing collision, b. normal (perpendicular) collision and c. oblique collision.
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Next, we simulated normal impact of a sphere on a thick aluminum
plate. Satisfactory agreement was observed for both the crater growth
rate, by comparison to Prater [19], and to the final depths of penetra-
tion and crater diameters of Nishida et al. [20].
This successful validation paved the way for the investigation of

hypervelocity glancing collisions. Simulations of spheres impacting a
moving target at 10 km/s normal the spheres trajectories were con-
ducted. The spheres vertical impact velocities were 2 – 10 km/s. The
results were compared to normal impact of a stationary target at the
same range of impact velocities.
Next, we checked if the damage produced by impacting projectiles

in glancing collision is similar/comparable to the damage produced by
oblique collision (Fig. 1). Simulations of projectiles impacting normally
a 10 km/s moving target at 2-10 km/s were compared to oblique tests
at the corresponding angles of inclinations: 11.3°- 45° and velocities
(Fig. 1). The effect of two types of projectiles were examined: a sphe-
rical projectile and an elongated cylindrical projectile with a hemi-
spherical head.

2. Validation results

2.1. Aluminum sphere perforating a stationary thin aluminum plate

To further check the numerical procedure beyond the comparison
mentioned above with Piekutowsky and Poormon experimental data
[10] at close to 10km/s, we present results of simulations of normal
perforation of thin aluminum plates. The type of analysis, assembly,
material models and parameters and boundary conditions are detailed
in Appendix A. The thicknesses of the plates were: Tt= 3 and 4 mm.
The diameter of the spheres was 10 mm. Five normal impact velocities
for the spheres were modeled: 5, 7.5, 10, 12,5 and 15 km/s. All together
20 runs were made.
The resulting hole diameters are compared to results of an empirical

model [18] which is based on 859 data sets of experimental results for
projectile diameters of 1.6 – 19.0 mm, target thicknesses 0.02 – 9.52
mm and projectile velocity of 0.5 – 12.0 km/s. The materials used there
were: 1100-O, 2017-T4, 2024-T3, 6061-T6 and 7075-T5 aluminum al-
loys. In addition, a direct comparison was made to an example from one
set of experimental data [10]
A specific case where the target has Tt= 4 mm, impacted by a

10mm sphere moving at 10 km/s is shown in Fig. 2. A transparent top
view with von Mises stress distribution is shown in Fig. 2a. Fig. 2b
shows the isometric solid cut view. A solid X-Y cut view at the center of
the target is shown in Fig. 2c. The hole is not smooth and there are
protruding "lips" around the cavity as mentioned in [18, 10,21]. Next,
we calculate the average crater diameter = +D D D( )h

1
2 max min where

Dmin is the actual perforation and Dmax is the partly damaged zone,
referred to as “lips” (Fig. 2a). Dmin in this case is 25 mm and the partly
damaged rim's diameter Dmax =36mm. The mesh size is ∼0.5 mm,
which means that the accuracy of numerical measurements is
within±0/5 mm, so that the lip's width is 5.5mm, i.e Dmax /Dmin
=1.44±0.06 mm. We also see a thickening of the lip area due to the
deformations which indicates s a weakening of the lip zone.
The numerical results of the simulations for Dh are summarized in

Table 1. The empirical model[18] (Eq. (1)) is used for prediction of hole
diameter in aluminum plate by a strike of an aluminum projectile.
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Where:

Dh - hole diameterDp - projectile diameter
Tt – Target plate thickness
V – impact velocity
c – elastic wave velocity within the aluminum

θ - angle of strike (Fig. 1)
C1, C2, p1, p2 and p3 – fit parameters

For normal impact θ= 0 and C1= 3.20, C2= 0.024, p1= 0.310,
p2= 0.355 and p3= 0.
The relative difference in percent between the numerical results and

the empirical predictions of the model (Eq. (1)) is shown in Fig. 3,
calculated by:
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D
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p
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h
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(2)

The relative difference is less or equal than 12% for the whole range
of velocities 5≤ V≤15 km/s, which correspond to 0.95 2.86V

c
(Fig 3) where c=5240 m/s (see Appendix A). One has to keep in mind
that the empirical model fits only 61.2% of the experimental data sets
with a difference less than 5% while 93% are represented with a dif-
ference less than 8.8%, and for 7% of the 859 data sets it has a dif-
ference of 15% - 71%. Since Eq. (1) is fitted for 5 materials, of which

Fig. 2. Perforated plate of Tt=4 mm and impact velocity of 10 km/s. a.
Transparent top view. b. Isometric solid cut view. c. A solid X-Y cut view. Note
the lips which surround the hole.

Table 1
Calculated average diameters of holes Dh ([mm]) made by a 10mm sphere
impacting two target plate thicknesses.

Velocity [km/s] Tt [mm]
3 4

5 23.2 25.2
7.5 25.7 28.4
10 27.3 30.6
12.5 28.8 32.5
15 29.1 33.1
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one is modelled here, Fig. 3 can be seen to represent a satisfactory
agreement between experiments and simulations. Moreover, the ex-
perimental data sets involve a range of impact velocities 0.1 2.22V

c .
Calculated results for impact velocities exceeding 11.6 km/s are
therefore compared with an extrapolation of Eq. (1). Since our results
show the same trends as the empirical ones and within less than 2% for
a specific case, we conclude that the agreement of the numerical results

to known experimental results is satisfactory.
Transparent normal views of the holes of all the runs are shown in

Fig. 4, all at the same scale. We see that the hole diameter increases
both with the plate thickness and impact velocity. The lips are wider for
thicker plates. This can be explained by the fact that the thicker plate
absorbs more of the impactor energy during the transient penetration
process.

2.2. Aluminum sphere penetrating a stationary thick aluminum target

We now simulate the impact of a sphere on a thick plate and
compare our results to experimental results [19,20]. The plate thickness
was Tt=40 mm, and the diameter of the sphere was changed to
D=6.35 mm [19].
The type of analysis, material models and parameters and boundary

conditions are detailed in Appendix A. The assembly and mesh are
given in Appendix B.
Nishida et al. [20] investigated the effects of projectile material

properties on crater shape and ejecta in thick aluminum alloy 6061-T6
targets at velocities ranging from approximately 0.5 to 6 km/s. Four
types of projectiles with a diameter of 3.2 mm (1/8 inches) made of
pure iron, bearing steel, aluminum alloy (2017-T4) and polycarbonate
were used. The targets were made of aluminum alloy 6061-T6 and had
a diameter of 95 mm and thickness of 20 mm or 30 mm (depending on
the impact velocity).
The numerical results of the crater depth (p) and diameter (Dc) for

impact velocities 1– 7 km/s are compared in Fig. 5. The results are
normalized by the diameter of the sphere (d). The normalized numer-
ical depths are marked by red circles and fitted by a solid red line. A

Fig. 3. Difference between calculated and the predicted hole diameters according to Eq. 1. Note that the markers represent the difference from the values of Table 1.

Fig. 4. Transparent normal view of the perforation holes.

Fig. 5. Comparison of the normalized numerical depths and diameters of the
craters due to impact velocity in the range 0.5 – 7 km/s to the experimental
results of Nishida et al. [20]. The stars (pink) represent experimental normal-
ized depth results while the red dash line with diamond markers are the nu-
merical results for the normalized depth. The dotted green line and the solid
cyan line represent experimental results for the normalized diameter of the
crater while the solid blue line with circle markers represent the numerical
results for the normalized crater's diameter.
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fairly good agreement with the experimental results of [20] is obtained.
The normalized diameters of the craters are marked by blue circles

and fitted by a solid blue line. It can be observed that the crater

diameter increased with increasing impact velocity. The crater diameter
is usually fitted by a power function of the impact velocity (V):

= aVD
d

mc . Nishida et al [20] suggested the values: a= 1.25 and
m=0.58. Their results are plotted as a solid cyan line. We could fit our
numerical results with m=0.5 as shown by the dashed green line. The
experimental values of m for pure iron spheres and polycarbonate
spheres were close to 0.75 and 0.5 respectively in [20].
Results for impact velocity of 7 km/s are shown in Fig. 6. An iso-

metric view with von Mises stress distribution is shown in Fig. 6a. A cut
view which exposes the crater size is shown in Fig. 6b.
The results [19] of the evolution of the crater depth and diameter

due to impact of a 6.35 mm diameter Al 2017 spherical projectile im-
pacting at velocity of 7 km/s on a 6061-T6 target were compared to our
numerical results. (The comparison is detailed in the supplemental
material).The numerical normalized depths and diameters evolutions
are 15-20% lower than the experimental results for 6061-T6.
The numerical results show that the initial penetration phase (first

∼1.5 μs) involves very high pressures (∼250 GPa) which can cause
melting, [23], who refer to pressure values of 250 GPa and more. Yet,
the very short duration of possible local very high pressure, which could
at best lead to limited melting will most probably not alter the general
accuracy and relevance of the results reported herein. Yet, enhancing
the material models to include phase transformations and improving
the EOS may enhance the accuracy (especially at the early penetration
phase) of the simulations, albeit at the cost of heavy complications in
the calculations, which induce additional approximations.

3. Hypervelocity glancing collisions: results and discussion

3.1. Comparison between glancing and normal impact – spherical projectiles

As an example of the differences in craters due to normal and
glancing impacts we simulate penetration into a thick aluminum plate
moving at a velocity of 10 km/s perpendicularly to the projectile mo-
tion.
The penetration is achieved by normal impact of spherical alu-

minum projectiles. Both the target plate and the impacting sphere
travel at hypervelocity speeds. The problem is similar to the one pre-
sented in Section 2.2 with one major difference: the target is no longer

Fig. 6. . The damaged target due to impact at 7 km/s after 25 μs with Mises
stress distribution. a. Isometric view. b. A cut view which expose the crater
dimensions. The time elapsed (t= 25 μs) is sufficient to encompass the entire
event Note the formation of lips around the cavity, as in experimental ob-
servations [22].

Fig. 7. Solid top views for normal impact velocities of 2, 3, 5 and 7 km/s. The top row presents results due to glancing collisions for initial target speed of 10 km/s.
The bottom row presents results due to normal collision on a stationary target for the same impactor velocities. The color map represents the Mises stress distribution.
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stationary but moves in the X direction at hypervelocity speed (the
coordinate system is shown in Figs. 1 and 2).
A comparison between normal and glancing collision is shown in

Figs. 8-10 for 4 normal impact velocities: 2, 3, 5 and 7 km/s. The
comparison is done at 25 μs after first contact between the sphere and
the plate. Mises stress color maps are shown on Figs. 7-9. The columns
in Figs. 7-9 represent normal impact velocities where the 1st left
column is for v=2 km/s and the 4th column on the right is for v=7
km/s. The top row shows the damage due to the glancing collision
while the bottom row shows that due to normal collision.
Solid top views are shown in Fig. 7. Solid cut isometric views are

Fig. 8. Isometric cut views for normal impact velocities of 2, 3, 5 and 7 km/s. The top row presents results due to glancing collisions for initial target speed of 10 km/
s. The bottom row presents results for a nonmoving target. The color map represents Mises stress distribution.

Fig. 9. Transparent cut views for normal impact velocities of 2, 3, 5 and 7 km/s. The top row presents results due to glancing collisions for initial target speed of 10
km/s. The bottom row presents results due to stationary collision. The color map represents Mises stress distribution.

Table 2.
The failed volume due to oblique and glancing collision at different θ an-
gles – spherical projectile.

VOLUME [cm3] θo

oblique glancing

0.97 0.93 11.3
3.27 3.70 26.6
6.69 6.57 35.0
8.19 8.25 45.0
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shown in Fig. 8. The cut is done at Z=0 and exposes the trajectory of
the sphere and its location on the target. A transparent cut view at Z=0
is shown in Fig. 9 which exposes the trajectory and the damage.
Figs. 7–9 show that the cavity due to glancing collision is very

different from that created by a normal collision for all the tested
normal impact velocities, as expected. The crater and damage due to
the glancing collision are no longer axisymmetric, the crater becomes
elongated and shallower while the cracking damage appear mostly at
the lower left side (-X direction). As the ratio between the impactor
velocity and the target velocity decreases, the cavity becomes shallower
and more elongated along the target speed direction.
As the target velocity grows, especially when larger than the im-

pactor velocity the depth of penetration decreases. Obviously, the effect
is more pronounced when the target is thicker than that of the impactor
dimension in its direction of motion (the diameter for our spherical
striker). This is because the penetration process for thin plates is so
short that the target motion has less effect.

3.2. Comparison between glancing and oblique impact – spherical projectiles

A comparison of the damage caused to the thick target plate by

oblique and glancing hypervelocity collisions is studied next. In the
oblique collision the lateral velocity of the target was added to the
projectile in the opposite direction as shown in Fig. 1. Four cases were
tested, differing by the angle θ which is defined by: = atan( )V

V
vertical
lateral

the
angle of inclination from the lateral direction. The four cases were
θ=11.3°, 26.6°, 35°and 45°. The lateral velocity was kept 10 km/s in
all these four cases. The failed elements volume was monitored with the
aid of the STATUS variable [24] of Abaqus. (failed elements can be
found in both the plate and sphere. We are interested in the failed
elements of the target only, hence the non-active elements of the sphere
are not accounted for. The remaining failed volume of the target is
monitored by using the QUERY option of Abaqus [24]
The results of the failed target volume in [cm3] is given in Table 2

and plotted in Fig. 10. The markers in Fig. 10 represent the values of
Table 2 while the lines are smoothing splines of the data.
It can be observed in Fig. 10 that the damaged volume is very

Fig. 10. The failed volume due to oblique and glancing collision at different θ
angles.

Fig. 11. Transparent cut view of the target at t= 25 µs after impact for θ=45°. a. Glancing collision. b. Oblique collision. Note the similarity of the damage shape and
size.

Fig. 12. The elongated projectile geometry in comparison to the spherical
projectile.
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similar for both types of collisions at all 11.3∘≤ θ≤45∘ .
A transparent cut-view of the targets is shown in Fig. 11 for θ=45°.

The damage size and shape for both types of impact are also very si-
milar. It can be concluded from Figs. 10 and 11 that oblique experi-
ments with spherical projectiles can replace glancing experiments in thick
targets. In this case, = = 0.16D

T
6.35
40

s where Ds is the sphere diameter
and T is the target thickness.

3.3. Comparison between glancing and oblique impact – Non-spherical
projectile

The effects of glancing impact is much more significant when the
impactor is elongated, as the “feeding” of fresh material is asymmetric
for glancing [25], but only appears when the time between first contact
and full immersion of the impactor is longer, so that the target has time
to move. The projectile chosen has the same diameter of the previous
sphere, but its length is three times the diameter: L= 3D. The projectile
in comparison to the sphere is shown in Fig 12.
The difference in the impact types is shown in Fig. 1. It is assumed

that the projectile hits the target at an inclination angle θ as shown in
Fig. 1c. The applied initial velocities are also shown in Fig 1c. A com-
parison between the damaged zones is shown in Figs. 13 and 14 for
θ=11.3°, 26.6°, 35° 45° and =V 10 km/slateral . The status value on the
undeformed targets is shown in Fig. 13 where the failed elements are
painted black. The deformed targets, without the failed elements which
were removed, are shown in Fig 14. The results for glancing impact are
on the left while the corresponding oblique impact are on the right. The
craters and the cracking pattern are completely different for the two
types of collisions for all angles of inclinations.
The glancing impact damage patterns are shallower but have

elongated with less cracking in comparison to the oblique collision.

The volume of the target's failed elements of Figs. 13 and 14 appears
in Table 3. It is interesting to note that the oblique impact results in
higher failed volume for all the inclination angles.

4. Conclusion

• Normal and glancing collisions result in highly different craters and
damage patterns (for the same normal impact velocity) for relatively
thick targets.
• The crater and damage due to the glancing collision are no longer
axisymmetric, becoming elongated and shallower while the cracking
damage appears mostly beneath and away from the impact location,
opposite to the target's direction of motion.
• The ratio between the normal impact velocity and the target velo-
city has a large effect on the crater and damage. The lower the ratio,
the shallower the crater's depth and the larger its elongation oppo-
site to the direction of the target motion.
• Oblique and glancing collisions of spherical projectiles result in si-
milar craters and damage patterns (for the same normal impact

Fig. 13. The undeformed targets due to glancing (left) and oblique(right) im-
pacts at θ= 11.3°, 26.6°, 35° 45° and =V km s10 /lateral . The failed elements are
in black. a,b. θ= 45°, =V km s10 /vertical . c,d. θ= 35°, =V km s7 /vertical . d,e.
θ= 22.6°, =V km s5 /vertical . f,g. θ= 11.3°, =V km s2 /vertical .

Fig. 14. The deformed targets due to glancing (left) and oblique (right) impacts
at θ= 11.3°, 26.6°, 35°, 45° and =V km s10 /lateral . The failed elements are re-
moved. a,b. θ= 45°, =V km s10 /vertical . c,d. θ= 35°, =V km s7 /vertical . d,e.
θ= 22.6°, =V km s5 /vertical . f,g. θ= 11.3°, =V km s2 /vertical .

Table 3.
The failed volume due to oblique and glancing collision at different θ an-
gles – non spherical projectile.

VOLUME [cm3] θo

oblique glancing

8.9 3.3 11.3
17.7 16.5 26.6
18.7 15.6 35.0
24.8 18.7 45.0
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velocity) for relatively thick targets.
• Oblique and glancing collisions of elongated projectiles on relatively
thick targets (relative to the projectile diameter) result in vastly
different craters and damage patterns (for the same normal impact
velocity).
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Appendix A

The assembly contains two parts: a sphere and a cylindrical target. (Fig. A1). A normal view is shown on the upper left side with a detail of the
spherical projectile on the upper right side. An isometric view is shown on the bottom left side of the figure with a detail on the bottom right side. In
the example the diameter of the sphere is d (d=10 mm in Fig. A1). The diameter of the plate is D= 100 mm so as to and its thickness is Tt (Tt=4 mm
in Fig. A1). Tt and d are varied between runs. At time t= 0 the spherical projectile just touches the center of the upper target surface with an initial
hypervelocity normal velocity V. The ambient temperature is taken to be 273K. The target and projectile were described by a mesh with linear
hexahedral elements of type C3D8R and linear wedge elements of type C3D6 [24] . The projectile has 12096 elements of type C3D8R and1664
elements of type C3D6. The 4 mm thick target (Fig. 1) has 76416 elements of type C3D8R. The simulation duration was 5 μs.
The simulations are done using the commercial finite element software Abaqus Explicit [16]. A 3D adiabatic, transient and non-linear simulation

is conducted. The targets and projectiles consist of aluminum 6061 T6 [17]. The volumetric behavior is described by the Mie-Gruneisen equation of
state (EOS) model while the deviatoric behavior is elastic-plastic assuming a linear elastic model with Johnson-Cook plasticity [24]. All surfaces of
target and sphere are initially free. The general contact algorithm of Abaqus [24] is used with element-based surfaces which can adapt to the exposed
surfaces of the current non-failed elements. Abaqus’ frictional tangential behavior with coefficient of friction f= 0.34 [26,27] is adopted. The
NODAL EROSION parameter is set to "NO" so contact nodes still take part in the contact calculations even after all of the surrounding elements have
failed.

The parameters used for the Mie-Gruneisen EOS for Aluminum 6061-T6 are: Gruneisen coefficient, Γ0,=1.97, Wave speed, c0=5240 m/s and
parameter s=1.4.
The parameters for the Johnson-Cook (JC) material model and the Johnson-Cook dynamic failure are taken from ref [17]. Table A1 summarizes

the physical properties. The value of inelastic heat fraction was taken to be 0.5 [28] (note that Abaqus by default use a value of 1 when EOS is used).
Table A2 summarizes the JC material model parameters, and the corresponding failure parameters are summarized in Table A3.
A "tensile failure" spall criterion [24] of 600MPa [30] was added to the conditions. The tensile criterion does not affect the crater dimensions but

the plate cracking pattern.

Fig. A1. Normal and isometric view of the meshed assembly.

Table A1.
Physical properties for aluminum 6061 T6 [17,29].

Reference density [Kg/m3] Shear modulus, G [GPa] Reference temperature, Tr, [K] Melting temperature, Tm, [K] Inelastic heat fraction,β Specific heat [J/Kg K]

2703 25.94 293 750 0.5 885
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Appendix B

The meshed assembly is shown in Fig. B1a. An exposed detail of the mesh at the impact location is shown in Fig. B1b. The mesh of the sphere has
13760 elements where 12224 are linear hexahedral elements of type C3D8R and 1536 are linear wedge elements of type C3D6. The mesh of the
target is made of 2,337,608 linear hexahedral elements of type C3D8R, The size of the target mesh near the impact location is ∼0.168 mm. The mesh
was made fine to be able to accurately measure the crater diameter and depth.
Seven simulations which correspond to impact velocities of 1, 2, 3, 4, 5, 6, and 7 km/s were performed
The damaged target at t= 25 μs, which is time enough to encompass the total event.

Appendix C Validation of the computation by comparison to experimental data

As mentioned in the main text, we validated the high speed (10 km/s) calculations, which are at the limits of the material properties EOS by
comparison to experimental data from the literature [10] and consultation with the senior author of the data, Dr Andrew Piekutowski.
The table below shows the results of these comparisons, showing that the material model and EOS we used are valid for such collision speeds.
The first two cases are for thin plates (<3 mm) while the third is for a thicker plate of about 4 mm. In thicker plates the hole is no longer exactly

round, as mentioned by the authors, and Dr Piekutowski in a personal communication. This means that the measurement of the diameter ratio is no
longer as accurate, as both the experiments, and our calculations show.
Quoting Dr Piekutowski:
“When the t/D ratio was greater than 0.3, evolution of the hole becomes more complex as the expanding ring is formed and may or may not

remain in the hole after the event is over… Holes formed in the thicker sheets are seldom as round as the holes formed in thinner sheets and their
surfaces tend to be jagged, so any measurements of their diameters tend to be subjective at best”
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