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Abstract

The effects of projectile diameter and impact velocity on ejecta cone angle and ejecta size distribution were investigated by
striking aluminum alloy 6061-T6 targets with aluminum alloy 2017-T4 spheres at velocities ranging from 2 to 6 km/s. The
two-stage light-gas gun at the Institute of Space and Astronautical Science (ISAS)/ Japan Aerospace Exploration Agency
(JAXA), and Nagoya Institute of Technology was used for the experiments. To examine the scattering angles of ejecta, a
witness plate (150 mm % 150 mm, 2 mm in thickness) made of copper C1100P-1/4H, with a 30-mm hole in the center, was
placed 50 mm in front of the target.
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1. Introduction

Space debris often strikes space stations and spacecraft at hypervelocities. The International Space Station (ISS) employs
shields, such as the Whipple shield, which consists of thin plates to protect itself from space debris. When space debris
perforates thin plates, debris clouds are formed. In comparison, space debris with low kinetic energy—those with a small
size or low velocity—do not perforate the bumpers and outer surfaces of spacecraft and space stations; instead, they form
craters on these surfaces. In such a case, all projectile and target materials can only be ejected in the reverse direction at
almost the same time as the growth of the crater. Fragments ejected from the target surface and fragmented projectile are
scattered widely. These ejecta and fragments have the potential to become space debris (known as secondary debris).

Several studies have been carried out on the formation and structure of such ejecta and fragments. Schonberg studied
spatial distributions of ricochet debris cloud spray and trajectory angles when projectiles struck thin plats at hypervelocities
[1, 2]. Murr et al. studied projectile fragments and ejected materials in detail [3]. Takayama’s group of Tohoku University
in Japan studied the ejecta composition [4]. With respect to spacecraft and rocket bodies in low Earth orbit (LEO), NASA's
breakup model was proposed [5, 6]. On the other hand, the international standard for test procedures to evaluate spacecraft
material ejecta was published in 2012 [7]. Some studies have been conducted on related phenomena [8, 9]. However, the
size distributions of the ejecta and fragments have not yet been fully elucidated.

In this study, we investigated the effects of projectile diameter and impact velocity on ejecta cone angle and ejecta size
distribution when spherical projectiles made of aluminum alloy 2017-T4 impact thick targets made of aluminum alloy 6061-
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T6 at hypervelocities. We examined scaling law for ejecta cone angle and ejecta size distribution. In the field of solar
system studies, many studies have been conducted on scaling model for the ejecta mass and velocity distribution of rocky
materials. (For example, [10, 11]) We examined the scaling law of ductile materials by reference to earlier studies about
rocky materials.

2. Experimental Methods

The two-stage light-gas guns at the Institute of Space and Astronautical Science (ISAS)/Japan Aerospace Exploration
Agency (JAXA) [12] and Nagoya Institute of Technology, was used at velocities ranging from 2 to 6 km/s. Three types of
projectiles with diameters of 1.6 mm, 3.2 mm and 7 mm made of aluminum alloy 2017-T4 were used. Thick targets with a
thickness of 30 mm made of aluminum alloy 6061-T6 were employed. After impact experiments, the size of ejecta collected
from the test chamber was measured. We did not use any special devices and media to collect ejecta. Ejecta fallen on the
floor of test chamber were collected to measure the size of the ejecta. We examined the effects of the projectile diameter and
impact velocity on distribution of ejecta size. A witness plate (150 mmx150 mm, 2 mm in thickness) made of copper,
C1100P-1/4H, with a hole of 30 mm in diameter was placed 50 mm in front of each target, as shown in Fig. 1. We examined
the effects of the projectile diameter and impact velocity on ejecta cone angle using crater size due to ejecta impact on
witness plates.

The size (length a, width b, thickness c) of ejecta was defined as shown in Fig. 2. The length, a was calculated from a
photograph of each ejecta using image analysis software (ImagelJ). The length, a, and width, b, were selected by image
analysis software, ImagelJ, so as to be normal to each other.

Projectile

Alumimum alloy
(2017-T4) 50 mm [ Target
1.6,3.2 & 7.0-mm Aluminum alloy
diameter \Q I - (6061-T6)
H\Hc)le 30-mm thickness
30 mm
Witness plate /

150 mm X 150 mm
2 mm in thickness
(C1100P-1/4H)

Fig. 1. Experimental setup for projectile impact.
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Fig. 2. Experimental setup for projectile impact.
3. Results and Discussion

Figure 3 shows a photograph of ejecta collected from test chamber when a projectile of 7.0 mm in diameter struck a target
at an impact velocity of 3.57 km/s. We could collect ejecta from the target and fragments from the projectile. After a
photograph of each ejecta was taken, ejecta size was calculated using the image analysis software, Image]. Cumulative
number of ejecta length was examined.

Figure 4(a) shows the cumulative number distribution of ejecta length, a, at an impact velocity of approximately 2 km/s.
In this figure, the cumulative number of ejecta length means the number of ejecta with a length greater than the length of
ejecta on the horizontal axis. For example, when the projectile diameter was 7 mm, black dots, the cumulative number of
ejecta having the length over 0.5 mm on the horizontal axis was 210. In this study, collection rates of ejecta were 50-70%.
Here, collection rates mean the weight ratios of total ejecta mass collected from test chamber to the sum of initial projectile
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mass and decreased mass of target. As one can easily predict, the maximum length and the cumulative number increased
with increasing projectile diameter. Then, the scaling law of ejecta length distribution was considered. In Fig. 4(b), when
ejecta length on the horizontal axis was divided by projectile diameter, results of three projectile diameters were roughly on
a curve. The projectile diameter seems to be important for ejecta length. When the ejecta length of all experimental results
was normalized by projectile diameter on the horizontal axis as shown in Fig. 4(c), the cumulative number distributions
were divided into three groups according to the impact velocity. The cumulative number of ejecta length on the vertical axis
increased with increasing impact velocity.

Because the cumulative number of ejecta length increased with impact velocity, we considered the effects of the impact
velocity of the projectiles. The vertical axis was divided by exponentiation of impact velocity, for example impact velocity
to the power 1.5 or the square of impact velocity. When the vertical axis was divided by the impact velocity to the power 1.5,
all the results at three impact velocities were roughly on a curve. Interestingly, the cumulative number of ejecta length
seems to be proportional to the impact velocity to the power 1.5 as shown in Fig. 4(d).

Fig. 3. Photograph of ejecta collected from test chamber (Projectile of 7.0 mm in diameter, impact velocity 3.57 km/s).
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(c) Effect of impact velocity
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Fig. 4. Cumulative number distribution of ejecta length a.

(a) Whole plate (b) Enlarged image of one-fourth part

Fig. 5 Observation of craters due to ejecta impact on witness plates (Projectile of 3.2 mm in diameter, impact velocity 4.88 km/s).

Images of the witness plates after the experiments are shown in Fig. 5. We could observe a ring area consisting of many
indentations (white indentations) due to impact of ejecta. In addition to these, outside of the ring area, we could observe
many radial indentations. Based on earlier stud studies and our results, the authors group developed a hypothesis as shown
in Fig. 6 about the ejecta composition consisting of four parts; starting from the central axis of the ejecta cone and moving
outward: (1) fragmented or melted projectile fragments, most of which have pass through the hole again in Fig. 5, (2) a ring
area of many small fragments, (3) larger fragments that broke from the crater lip, and (4) radial scattered fragments outside
the ring [13].

The inner diameter, D,;, of ring areas defined in Fig. 7 was measured. The scatter angle was examined. The scatter angle
of the ejecta fragments, ¢, defined as the angle shown in Fig. 8

¢:tan—1[Def_—dcxij ()
2 50

Here, the ejecta ring diameter D,; (mm) and the final crater diameter d. (mm). 50 mm is the distance between witness
plate and target. Note that d. is not the diameter of the transient crater.

The scatter angle decreased gradually with increasing impact velocity, and the projectile diameter slightly increased the
scatter angle. However, there seems to be no significant difference in diameter. The scatter angle approached approximately

25° as the impact velocity increased. Mandeville and Bariteau [14] showed that the elevation angle of the ejecta cone is
approximately 60° and small and fast particles are ejected at a constant elevation angle. Because 60° in their definition is
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equivalent to 30° in Fig. 8, Mandeville and Bariteau did not mention the effects of impact velocity of projectile; however, in
Fig. 9, the angle of the ejecta cone clearly depended on the impact velocity under our experimental conditions.

We expected that the hardness, tensile strength and/or elongation at break would affect the scatter angle of the ejecta
fragments. However, it is not clear how such factors affect the scatter angle, and more detailed investigations into ejecta
formation including scatter angle are required. By applying an index of exponential function to the experimental results, D,;
~ V%% could be obtained.

Ring area consisting of
many small indentations

Larger indentations
of broken crater lips

Radial indentations | .
outside the ring ]

Fig. 6 Schematic diagram of ejecta composition and indentation on witness plate; a ring area of crates due to impact of many small fragments, larger
indentations due to fragments that broke from the crater lip, and radial indentations outside the ring.

Fig. 7 Inner diameter of ejecta ring, D,;
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Fig. 8 Definition of ejecta scatter angle using ejecta ring diameter and final crater diameter.
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Fig. 9 Effects of impact velocity on scatter angle

4. Conclusion

The effects of projectile diameter and impact velocity on ejecta cone angle and ejecta size distribution were examined when
spherical projectiles made of aluminum alloy 2017-T4 impact thick targets made of aluminum alloy 6061-T6 at
hypervelocities. When the ejecta length on the horizontal axis was divided by the projectile diameter, the cumulative
number of normalized ejecta length was proportional to the impact velocity to the power 1.5. The scatter angle decreased
gradually with increasing impact velocity. The scatter angle converges to approximately 25°.
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