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Abstract

The effects of projectile material properties on crater shape
and ejecta in thick aluminum alloy 6061-T6 targets were
investigated at velocities ranging from approximately 0.5
to 6 km/s. The projectile density affected the crater depth,
but the projectiles hardness did not affect it. At the impact
velocity of 6 km/s, the density of projectiles clearly
affected the mass and size of ejecta fragments. The impact
velocity clearly affected the diameter of ejecta rings. The
ejecta ring diameter of metal projectiles was almost the
same.
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1. Introduction

Space debris is orbiting in a low Earth orbit (LEO) at
velocities of more than several km/s, and often strikes
spacecraft and space stations. The International Space
Station is equipped with shields such as the Whipple
bumper and stuffed Whipple bumper to protect it against
space debris.

Small-sized space debris, which has low kinetic energy,
does not perforate the shields of space stations or the outer
surfaces of spacecraft and space stations but forms craters
on these surfaces. In such cases, materials from the target
surface are ejected, and the projectile fragments are widely
scattered. These fragments and ejected materials become
new debris, as pointed out by Murr and his co-workers [1].
They studied the hypervelocity impacts of projectiles on
thick targets and examined the crater formation and impact
fragmentation of projectiles  experimentally and
numerically [2]. The international standardization of test
procedures to evaluate spacecraft material ejecta is being
promoted [3]. Many studies have been conducted on
related phenomena [4, 5]. However, very few studies have
been conducted on crater formation and ejecta composition
when projectiles strike thick targets [6], whereas numerous
studies have analyzed the impacts of projectiles on thin
plates. In this study, we investigated the effects of the
material properties of projectiles on crater size and ejecta
in thick aluminum alloy targets for impact velocities
ranging from approximately 0.5 to 6.0 km/s using a two-
stage light-gas gun at ISAS/JAXA with a sabot [7]. The
diameter and depth of the crater after impact were
measured. The ejecta collected from the test chamber were
also examined in detail. The witness plates were observed.

2. Experimental Methods

Four types of projectiles with a diameter of 3.2 mm (1/8
inches) made of pure iron, bearing steel (SUJ2),
aluminum alloy (2017-T4) and polycarbonate were used.
We examined the effects of their mechanical properties on
crater size and ejecta. The mechanical properties of
projectile materials are listed in Table 1. The densities of
pure iron and bearing steel are almost the same and the
hardness of bearing steel is ten times greater than that of
pure iron. The hardnesses of pure iron and aluminum alloy
are similar and the density of pure iron is three times
greater than that of aluminum alloy. Pure iron shows shock
-induced phase transition [8]. We expected that this
transition would affect the crater size and ejecta, but
unfortunately the effect was not observed, as shown below.
Polycarbonate, which has very low density and Vickers
hardness, was used for comparison.

Thick targets (95-mm diameter, 20-mm/30-mm
thickness depending on the impact velocity) made of
aluminum alloy 6061-T6 were employed. A witness plate
(150 mm x 150 mm, 2 mm in thickness) made of copper,
C1100P-1/4H, with a hole of 30 mm was placed 50 mm in
front of each target as shown in Fig. 1. The ejecta were
observed using a high-speed video camera (Shimadzu
Corporation, HPV-1 and Vision Research Inc., Phantom
V710). After the experiments, the crater shape was
measured using a digital microscope (Keyence Corporation,
VHX-1000). The size and weight of ejecta collected from
the test chamber were measured.

50 mm T—Target
Projectile_ Aluminum alloy
3.2-mm diameter { 95-mm diameter
o \ - 20-mm/30-mm
Hole thickness
30 mm
Witness plate /

150 mm X 150 mm .
2mm in thickness High-speed
video camera
Fig. 1 Experimental setup for hypervelocity impact

Table 1 Mechanical properties of projectile materials

Vickers | Density Mass [g]
hardness | [Mg/m’] (3.2 mm in
diameter)
Pure iron 86 7.9 0.14
Bearing steel, SUJ-2 750-900 7.8 0.13
Aluminum alloy, 2017-T4 118 2.7 0.05
Polycarbonate (PC) 12-13 1.2 0.02
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3. Results and Discussion

3.1 Crater size
Fig. 2 shows the measured crater diameter. The diameters
of pure iron, bearing steel and aluminum alloy projectiles
were almost the same. The results for polycarbonate
projectiles were only slightly below those for metal
projectiles (pure iron, bearing steel and aluminum alloy).
Even though the density and hardness of polycarbonate
was much smaller than those of metals, the differences in
crater diameter between polycarbonate and metal
projectiles were not large.

The crater diameter increased with increasing impact
velocity, as expected. In general, the crater diameter is
fitted by a power function of impact velocity, d./d,=aV".
Here, d, is crater diameter, d, is projectile diameter, V is
impact velocity. Walsh and Johnson [9] and Dienes and
Walsh [10] suggested m=0.58 for aluminum/ aluminum
impacts. Their results of aluminum alloy spheres agree
with our results. Charters and Summers [11], Atkins [12],
Christman and Gehring [13], and Riney and Heyda [14]
used m=2/3 assuming a hemispherical crater shape.
However, the values of m for pure iron spheres and
polycarbonate spheres were close to 0.75 and 0.5,
respectively.
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Fig. 3 Comparison of crater depth with impact velocity, P
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Fig. 3 shows the measured crater depth. Predictably, the
crater depth also increased with increasing impact velocity.
Even though the hardness for bearing steel was greater
than that for pure iron, the depths for pure iron projectiles
and bearing steel projectiles were almost the same. The
results for aluminum alloy projectiles were below those for
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pure iron projectiles and bearing steel projectiles. The
results for polycarbonate projectiles were below those for
aluminum alloy projectiles. JSC equation [15] of egs. (1)
and (2) explains the crater depth.

P P\ (v Y e
:5.24dp1/18HB°'25[pJ (J s for —2<1.5 (1)

d, P cp P
P e, Y (v Y b
=5.24dp”18HB°-25[1’] (j ; for 2515 (2)
dp Pt Cp P

Here, Pis the crater depth, Hpis the Brinell hardness of the
target, p, is the projectile density, p, is the target density,
and cp is the velocity of the bar wave of the target. Hp, p;
and cp of target are 96.8, 2.7 Mg/m3 and 5030 m/s,
respectively. The JSC equation shows that, among the
main factors affecting the crater depth, the only significant
factor among the material properties of the projectile is the
projectile density. In Fig. 3, the crater depths of pure iron
and bearing steel were almost the same even though their
hardness is different. The crater depth increased with
projectile density. We predicted from the experimental
results that only the projectile density affected the crater
depth, while the projectile hardness did not. The main
reason for this is that, in this impact velocity range, the
projectile fragmentation occurred. This experimental result
agrees with the prediction made using the JSC equation of
eq. (1). Because of density difference, GM-DRL equation
[16] of eq. (3) was plotted for projectiles of pure iron and
bearing steel in Fig. 3 using the maximum of Brinell
hardness, Hpmax=110 for aluminum alloy 6061-T6, as well
as eq. (2) of JSC.

2 \0:5 ) 1/3
i =2.05 Pr 4
GM-DRL: 4 » Py H pyax G)

In Fig. 3, the predictions of eqs. (2) and (3) were slightly
smaller than the experimental results of pure iron
projectiles and bearing steel projectiles.

Fig. 4 shows the aspect ratio of the crater. The aspect
ratio of pure iron and bearing steel was almost the same
apart from the results at an impact velocity of 2 km/s. It
seems that near the velocity of 2 km/s, the result of bearing
steel showed anomalous hump which dense, strong
projectiles exhibit in plots of crater depth/crater diameter
ratio, P/d., versus impact velocity in part because of
projectile fragmentation or fragmentation onset at impact
velocities ranging from about 1 to 2 km/s [1]. The aspect
ratio of pure iron projectiles and bearing steel projectiles
approached unity as the impact velocity increased. The
aspect ratio of aluminum alloy projectiles and
polycarbonate projectiles approached 0.5. The main reason
for the difference between 1.0 for pure iron projectiles and
bearing steel projectiles and 0.5 for aluminum alloy
projectiles and polycarbonate projectiles is projectile
density, as pointed out by Murr et al. [1, 2]. Fig. 5 shows
the comparison of the crater shape profiles between the
pure iron projectile and the bearing steel projectile. At the
velocities of 1.77-1.86 km/s, the crater shape of bearing
steel projectiles was narrower and deeper. At the velocities
of 2.7 and 4 km/s, the diameter and depth of bearing steel
projectile were almost the same as those of pure iron
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projectile. The effect of projectile hardness on crater shape
decreased with increasing impact velocity.
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Fig. 4 Aspect ratio of crater shape, Pis crater depth and d,
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Fig. 7 Effect of projectile materials on ejecta mass

For confirmation, Fig. 6 shows the measured crater
volume as a function of the initial kinetic energy of the
projectile. As expected, the crater volume increased with
the initial kinetic energy of the projectile, regardless of the
projectile hardness and projectile density. The crater
volume of the polycarbonate projectile was too small. It
was difficult to measure it accurately.

3.2 Mass of ejecta collected from test chamber
All the ejecta fragments from the targets and all the
projectile fragments were collected from the test chamber
after the impact experiments. We examined the cumulative
number distribution of ejecta mass, which means the
number of ejecta fragments with a mass greater than the
mass of ejecta fragments on the horizontal axis. Fig. 7(a)
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shows the results at an impact velocity of 4 km/s. When
polycarbonate projectiles were used, the number of ejecta
was much smaller than was the case with metal projectiles.
Among metal projectiles, a clear tendency was not
observed. Even though we can find the difference in crater
depth of aluminum alloy projectiles and pure iron
projectile in Fig. 3(b), we cannot find any difference in
ejecta mass distribution between aluminum alloy
projectiles and pure iron projectile in Fig. 7(a). It is
difficult to explain the results in Fig. 7(a) only using the
density and/or hardness of projectiles. It seems that the
ejecta formation depends on the shape of transient crater,
which means cratering process during projectile
penetration. Fig. 7(b) shows the results at an impact
velocity of 6 km/s. The mass of the collected ejecta is large
and a clear tendency was observed. The mass distribution
of pure iron projectiles and bearing steel projectiles was
almost the same. The cumulative figure for mass when
impacted by aluminum alloy projectiles was smaller than
those for pure iron projectiles and bearing steel projectiles.
Here, because the collected ejecta were too small and too
light when impact velocity was less than 3 km/s, the mass
distribution could not be examined under 3 km/s.

3.3 Size of ejecta collected from test chamber

The size (length a, width b, thickness c¢) of ejecta defined
in Fig. 8, were measured. Figs. 9(a)-(b) show the
cumulative number distribution of ejecta length, a, at an
impact velocity of 4 km/s and 6 km/s. At the impact
velocity of 4 km/s, no clear tendency was observed, as
with the results of mass distribution of ejecta. At the
impact velocity of 6 km/s, a clear tendency could be
observed. The distribution of pure iron projectiles and
bearing steel projectiles were almost the same. The
maximum ejecta size and the cumulative number
distribution of aluminum alloy projectiles were slightly
smaller than was the case with pure iron projectiles and
bearing steel projectiles. This tendency was also observed
in the results of the characteristic length, L. =(a+b+c)/3, of
ejecta using the measured ejecta size, a, b and ¢, as shown
in Fig. 10. The slope of characteristic length distribution
was V7' of NASA’s break up model [17]. As indicated in
Figs. 9(b) and 10(b), at the impact velocity of 6 km/s, the
ejecta size clearly depends on the kinetic energy of the
projectiles, in this case, the density of projectiles, because
the impact velocity and the size of projectiles were the
same.

The axial ratios, b/a and c/a, of ejecta at the impact
velocities of 4 km/s and 6 km/s, are shown in Figs. 11 and
12. The vertical axes in Figs. 11 and 12 represent the
cumulative number distribution of the axial ratios of ejecta.
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Fig. 8 Definition of ejecta size
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Fig. 13 Effect of mechanical properties of projectiles on
ejecta cloud shape, 4 km/s

The distribution of b/a and c/a for polycarbonate
projectiles was different from that for metal projectiles.
The ejecta induced by the polycarbonate show that c/a is
always less than 0.5 at the impact velocities of 4 km/s and
6 km/s. Regardless of impact velocity, the tendency of b/a
and c/a for metal projectiles was almost the same. It seems
that the axial ratios did not depend deeply on the
mechanical properties of metal projectiles or the kinetic
energy of projectiles. However, the main reason for this is
still unclear, and more detailed investigation into ejecta
formation is required.

3.4 Shape of ejecta cloud

To consider the adequacy of the above discussion, the
shape of the ejecta cloud was captured using a high speed
video camera. Fig. 13 shows the effect of mechanical
properties of the projectiles on the shape of the ejecta
cloud. The photographs were taken 16 ps/ 18 ps after
impact. The ejecta scattered widely into a cone shape. The
shape of the ejecta cloud was almost the same among the
four types of projectiles. It was also confirmed from the
images that the ejecta hit the witness plates

3.5 Observation of witness plates
Images of the witness plates after the experiments are
shown in Fig. 14. We observed rings consisting of many
indentations (white indentations). In addition to these,
outside of the ring we could observe small radial
indentations.
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(¢) Aluminum alloy, 4.06 km/s (d) Polycarbonate, 4.27 km/s

Fig. 14 Observation of indentation on witness plates
(impact velocity: 4 km/s)

Fig. 15 Definition of ejecta ring diameter, D,;
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Fig. 16 Impact velocity dependence of ejecta ring diameter

The scatter area of the ejecta was examined. The
ejecta ring diameter, D,;, defined in Fig. 15 was measured.
Fig. 16 shows that the ejecta ring diameter decreased
exponentially with increasing impact velocity. We
presumed that the angle of crater wall affected the ejecta
ring diameter. When the aluminum alloy projectiles were
used, the maximum angles of crater walls were 76° at the
impact velocity of 2 km/s and 79° at the impact velocity of
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6 km/s, respectively. Here, the angles of crater wall were
calculated from the initial surface of target. 90° means the
direction perpendicular to the initial surface. The
magnitude relationship of the maximum angle of crater
wall was in good agreement with that of the ejecta ring
diameter. It is possible that the impact velocity dependency
of the ejecta ring diameter could be expounded using the
maximum angle of crater wall.

The results of curve fitting were also drawn in Fig. 16.
The ejecta ring diameter of pure iron projectiles, bearing
steel projectiles and aluminum alloy projectiles were
almost the same. The ejecta ring diameter of polycarbonate
projectiles was larger than that for metal projectiles. When
the angles of crater wall were measured, the maximum
angles of crater wall for polycarbonate projectiles and
bearing steel projectiles were 73° and 88° at the impact
velocity of 6 km/s, respectively. Because the ejecta ring
diameter of polycarbonate projectiles was larger than that
of aluminum alloy projectiles and the maximum angle of
crater wall of polycarbonate projectiles was smaller than
that of aluminum alloy projectiles, the results of ejecta ring
diameter could be expounded using the maximum angle of
crater wall. However, even though the ejecta ring diameter
of aluminum alloy projectiles was almost the same as that
of bearing steel, the maximum angle of crater wall of
bearing steel projectiles was larger than that of aluminum
alloy projectiles. It is difficult to expound on the results of
ejecta ring diameter using the maximum angle of crater
wall. It is highly possible that another factor or the angle of
“transient” crater wall, which is not final crater wall as
discussed above, affected the ejecta ring diameter. More
detailed investigation into crater shape (crater wall angle)
and ejecta formation is required.

4. Conclusions

The density of the projectiles clearly affected the crater
depth, as expected. The density of the projectiles also
affected the aspect ratio of the crater shape. At the impact
velocity of 6 km/s, the density of the projectiles clearly
affected the cumulative number distribution of mass and
size. It seems that the density of the projectiles does not
affect the cumulative number distribution of axial ratio, b/a
and c/a. The ejecta ring diameter decreased with increasing
impact velocity. The ejecta ring diameter of the metal
projectiles was almost the same. The ejecta ring diameter
of polycarbonate projectiles was larger than that of metal
projectiles.
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