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Abstract

The size distributions of ejecta resulting from projectile perforation of CFRP (carbon fiber reinforced plastic) laminates were examined.
The shape of the ejecta cone and the debris cloud was observed using a high-speed video camera. The ejecta fragments were collected
from the test chamber after impact experiments. The number of fragments ejected on the front side of the target was altered by the impact
velocity. Conversely, regardless of impact velocity, the number of fragments ejected on the rear side of the target was almost the same.
The results were also compared with the results of NASA’s breakup model. The slope on the cumulative number distribution curve of
characteristic length, Lc, was almost the same as that of NASA’s breakup model. The area-to-mass ratio distribution of ejecta fragments
from CFRP laminates ranged within and above the area surrounded by +3c of NASA’s breakup model.
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1. Introduction

Space debris orbits the Earth at velocities of over several kilometers per second, and often strikes spacecraft, satellites,
and space stations. The International Space Station employs shields such as the Whipple bumper to protect itself against
space debris. When space debris strikes or perforates the shields of space stations or the outer surfaces of spacecraft and
space stations, fragments from the shields and the outer surfaces are ejected, and these fragments of space debris are widely
scattered. These fragments (ejected materials) become new debris, as pointed out by Murr and co-workers [1]. The
international standardization of test procedures to evaluate spacecraft material ejecta is being promoted [2]. Many studies
have been conducted on related phenomena [3, 4]. The use of CFRP (carbon fiber reinforced plastic) laminates in satellites
has been increasing recently, and several attempts to investigate the ballistic behavior of CFRP laminates including debris
clouds, [5-10] have been reported concerning the ballistic limit, perforation behavior and debris clouds when projectiles
have perforated the CFRP laminates at high velocities. Numerical material models that predict the highly dynamic behavior
of CFRP under hypervelocity impact were examined [11]. However, the size distributions of fragments ejected from CFRP
laminates have not yet been fully elucidated.

We examined size distributions of ejecta resulting from projectile perforation of CFRP laminates. The shape of the ejecta
cone and the debris cloud was observed using a high-speed video camera, and the ejecta were collected from the test
chamber after the impact experiments. The ejecta fragments collected from areas in front of and behind the targets were
compared. The number of fragments ejected on the front side of the targets was altered by the impact velocity. Conversely,
regardless of impact velocity, the number of ejecta fragments ejected on the rear side of the targets was approximately the
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same. The results were also compared with the results of NASA’s breakup model. The slope on the cumulative number
distribution curve of characteristic length, Lc, was almost the same as that of NASA’s breakup model. The area-to-mass
ratio distribution of ejecta fragments from CFRP laminates ranged within and above the area surrounded by +3c of NASA’s
breakup model.

2. Experimental Methods

We employed CFRP laminates consisting of epoxy-based carbon fiber UD pre-pregs (IMS60/#133, Toho Tenax Co.
Ltd.) as a target material. The size of the CFRP laminates was 150x100 mm, with thickness of 3.4 mm, and the constitution
of the CFRP laminates was [+45°/0°/-45°/90°]ss (24 ply). Projectiles with a diameter of 7 mm made of aluminum alloy
(2017-T4) were used. A two-stage light-gas gun at Nagoya Institute of Technology was used to accelerate the projectiles
with a sabot at the CFRP laminate targets. The impact velocities were 0.9 to 2.8 km/s. Front and rear witness plates (200
mm x 200 mm, 2 mm in thickness) with a hole of 25 mm made of copper, C1100P-1/4H, were placed 50 mm in front of and
behind each target as shown in Fig. 1 to determine the scattering area. In order to examine impact craters impacted by the
ejecta fragments from the targets, witness plates with a hole were used. In the case that rear witness plates do not have a
hole, rear witness plates would be largely deformed and it is difficult to observe impact craters. When the forward ejecta and
backward ejecta coming from the target were separately collected, the space between the target and the rear witness plate
was surrounded by plates. The ejecta debris immediately after impact was observed using a high-speed video camera (nac
Image Technology Inc., ULTRA Cam HS-106E).

Rear witness plate

Front witness plate
High speed
video camera

Fig. 1. Experimental setup for hypervelocity impact.

(a) O us (b) 10 ps (c) 20 ps

(d) 30 ps
Fig. 2. High-speed video camera photographs of scattering ejecta (2.80 km/s).

(e) 40 ps

3. Results and Discussion
3.1. Observation of ejecta using high-speed video camera photographs

Fig. 2 shows high-speed video camera photographs of scattering ejecta after impact at an impact velocity of 2.80 km/s.
Just after impact, the ejecta cone was formed in front of the target and the debris cloud was formed behind the target. The
ejecta cone and the debris cloud struck the front witness plate and the rear witness plate respectively, slightly more than 20
us after impact. The tip speeds of the ejecta cone and the debris cloud were almost the same and were approximately 2.3-2.5
km/s, which was slightly below the impact velocity of the projectile. At 30 ps, large fragments were observed.



Author name / Procedia Engineering 00 (2012) 000-000
3.2. Observation of the target after impact

Fig. 3 shows the CFPR laminate after impact. It was found that the outer layers with the same width as the diameter of
perforation hole had peeled off along the fiber direction (+45°direction). The large fragments observed at 30 ps on the high-
speed video camera photograph seem to be the fragments that peeled off from the outer layers. The hole produced by the
projectile impact was roughly circular in shape. Fig. 4 shows the CFRP laminates after impact when the space between the
target and the rear witness plate was surrounded by plates. At 0.9 km/s, a small part of outer layer on the front side was
peeled off. Even though the impact velocity was low, a large area stretching from the right to the left edges of the target was
peeled off on the rear side of the target. At 2.82 km/s, large areas on the front and rear sides of the target were peeled off.
The impact velocity affected the peel-off area on the front side of the target. On the other hand, the peel-off area on the rear
side of the target did not depend on the impact velocity. It can be seen from Fig. 3 and Fig. 4(b) that the outward appearance
of the targets was the same, regardless of whether the space between the target and the rear witness plate was surrounded by
plates or not. White et al. [12] examined the behavior of a CFRP (0°/90°, 4 mm) subject to projectile impact of 2 mm
aluminum spheres at 6 km/s. The hole produced by the projectile impact was roughly circular in shape. The area peeled off
on the rear side of the target was smaller than that of the front side. This tendency was different from our results.

+90°
+45°
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(a) Front side (b) Rear side
Fig. 3. Photographs of CFPR laminate after impact (2.80 km/s).
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Fig. 4. Effect of impact velocity on damage to CFPR laminate.

3.3. Observation of front and rear witness plates

Fig. 5 shows photographs of the witness plates after impact at 2.80 km/s. Many elongated craters created by ejecta
fragments on the front witness plate can be observed. A ring consisting of many craters can be observed on the front witness
plate as well as the ejecta ring created by the ejecta cone when the spherical projectiles struck the thick targets [13]. On the
rear witness plate, a black and circular area consisting of many craters was observed. Fig. 6 shows the witness plates after
impact when the space between the target and the rear witness plate was surrounded by plates. The craters on the front
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witness plate and the rear witness plate became clearer with increasing impact velocity. The circular area on the rear witness
plate became blacker with increasing impact velocity. It can be seen from Fig. 5 and Fig. 6(b) that the craters of the witness

plates were the same, regardless of whether the space between the target and the rear witness plate was surrounded by plates
or not.

(a) Front side (b) Enlargement of Fig. (a) (c) Rear side (d) Enlargement of Fig. (c)
Fig. 5. Photographs of witness plates after impact (2.80 km/s).

(a-2) Enlargement of (a-1) (a-3) Rear side (a-4) Enlargement of (a-3)
(a) 1.39 km/s

(b-1) Front side (b-2) Enlargement of (b-1) (b-3) Rear side (b-4) Enlargement of (b-3)
(b) 2.82 km/s
Fig. 6. Effect of impact velocity on crater of witness plates.

(a) Front side of target (b) Rear side of target (c) Projectile
Fig. 7. Ejecta fragments collected from test chamber (2.82 km/s).
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3.4. Ejecta size distribution

As one example, photographs of ejecta fragments collected from the test chamber at an impact velocity of 2.82 km/s are
shown in Fig. 7. Most of them are long and thin fragments from CFRP laminates, and a fragmented projectile was also
collected from the test chamber. It seems that the projectile did not perfectly fragment. A large fragment from the projectile
was also collected. Piekutowski [14] examined fragmentation process for projectile impact of aluminum sphere with a thin
aluminum sheet. When the ratio of projectile diameter to target thickness was over 0.2, the threshold impact velocity for
failure inside the rear surface of the sphere was 2.60 km/s. When the impact velocity was 1.39 km/s in our experiments,
only large plastic deformation of the projectile was produced and the fragmentation of projectiles was not occurred. Even
thought the density of CFRP targets was low, it seems that the threshold impact velocity failure inside the rear surface of the
sphere was almost the same as that for projectile impact of aluminum sphere with a thin aluminum sheet.

The size (length x, width y, thickness z, in meters) of the ejecta fragments as defined in Fig. 8 was measured. Here, only
the fragments from CFRP laminates were measured. Fig. 9(a) shows that the number of fragments ejected on the front side
of the target increased with impact velocity. On the other hand, in Fig. 9(b) the trend in the number distribution of fragments
ejected on the rear side of the target did not depend on the impact velocity. It can be seen from Fig. 9(c) that the impact
velocity slightly affected the total number of fragments on the front side and the rear side. It seems from Fig. 9(d) showing
the cumulative number per impact velocity that the total number of fragments is proportional to the impact velocity. We
predicted that the total number of fragments would increase with impact energy, which equals the square of the impact
velocity. However, a different result was obtained.
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Fig. 9. Cumulative number distribution of fragment length x from CFRP laminates.
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Fig. 10. Axial ratio of fragments from CFRP laminates.
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Fig. 11. x/y versus y/z distributions.

The results of the axial ratios, y/x, are shown in Fig. 10(a)-(c). A y/x value of close to O indicates that the ejecta
fragments are elongated or slender, and a y/x value of close to 1 indicates that the ejecta fragments are square or circular
shapes. It was found from Fig. 10(a) that the number of fragments on the front side increased with impact velocity. At 0.90
km/s, there were more fragments of 0.2< y/x <0.9 on the rear side. When the impact velocity was not high, we predicted that
plugging would occur when the projectile perforated. The fragments caused by plugging were not long and thin, and the
number of fragments of 0.2< y/x <0.9 increased. As a result, the distributions of total fragments at 1.39 km/s and 2.82 km/s
were almost the same. There were more fragments of 0.2< y/x <0.9 at 0.90 km/s than at 1.39 km/s and 2.82 km/s.
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The shape distribution of ejecta fragments is examined in Fig. 11. A large x/y value indicates that the ejecta fragments are
elongated or slender. Note y/x values were used in Fig. 10. The large x/y values mean the y/x values of close to 0. A large
y/z value indicates that they are thin, and a small y/z value indicates that they are thick. In Fig. 11(c), x/y mainly ranged from
3 to 40 and y/z ranged from 2 to 40. This means that the shape of the ejecta fragments was slender and needle-like. Hanada
et al. [15] reported that shape distribution of fragments from micro-satellite impact testing could be separated into two
distinct groups. Objects having large x/y values are needle-like, broken up from the CFRP layers and side panels. The results
of this experiment agreed with those of Hanada et al. When the shape distribution of ejecta fragments on the front side was
compared with that on the rear side, the ejecta fragments on the rear side included more slender and needle-like shapes. The
shape distribution of ejecta fragments did not depend on the impact velocity.
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Fig. 12. Cumulative number distribution of Lc; the total number of front side and rear side of target.

3.5. Comparison with NASA’s break up model

The characteristic length, Lc=(x+y+2)/3 in meters, of ejecta fragments was calculated using the measured ejecta
fragment size, x, y and z in section 3.4. The characteristic length was also a parameter used in NASA’s breakup model [16].
The characteristic length distribution of fragments and the area-to-mass ratio distribution of fragments were examined, and
the resemblances between our results and NASA’s breakup model were discussed, as described below.

In NASA’s breakup model, the number of explosive fragments of size Lc or larger is governed by the following

equation: N (Le)=0.1-(M P75 (Lo 272 @)

M is the total mass (in kg) of the fragments. In a non-catastrophic collision, M is the mass of the projectile (in kg) multiplied
by the square of the impact velocity (in km/s) [16, 17] because the total mass of the fragments relates to the impact energy
of the projectile. However, because of dimensional consistency, the unit of M is kg dividing by (km/s)® (See [17]). The
average cross-section area, A, is expressed using Lc,

A, =0.540424- L%, L <0.00167 m @
A, =0.556945. L 20047077 | . =0.00167 m

When L:<80 mm, the area-to-mass ratios, A’M, has been derived from hypervelocity impact tests for both spacecraft and
upper stages as follows:
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. _ N . _ 1 (r-w)’
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the variable in the distribution

X = |0910(A/M )

and SOC means Satellite Orbital debris Characterization impact test.

Fig. 12 shows the cumulative number distribution of the characteristic length of the ejecta fragments (the total
number of front side and rear side of target). Regardless of the impact velocity, our results showed higher values than the
prediction made using eq. (3). The slope of the characteristic length distribution was almost the same as the results of
NASA'’s breakup model. By fitting the coefficient of eq. (3) to the experimental results, the following equation line can be

set out in Fig. 13(a).

N(Lc)=0.77-(M)*™5. L1t

Number of fragments
larger than L.
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(a) Front side of target
Fig. 13. Effect of impact velocity on cumulative number distribution of Lc.
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Eqg. (6) is in good agreement with the results at 1.39 km/s and 2.82 km/s. However, Eq. (6) cannot explain the results at 0.90
km/s. The main reason for this is a change in mechanisms caused by the impact velocity of projectiles. The ejecta formation
behavior at 0.90 km/s is different from that at 1.39 km/s and 2.82 km/s. It was found from Fig. 13(b) that the distribution of
the characteristic length, L¢, of the ejecta fragments on the rear side did not depend on the impact velocity, nor on the
distribution of the ejecta fragment length, x, as shown in Fig. 9(b). Eq. (3) means that the distribution of the characteristic
length depends on the impact velocity because M was calculated using impact velocity. However, the main reason for this is
still unclear, and more detailed investigation into ejecta formation of CFRP laminates is required.

Next, the relationship between area-to-mass ratio, A/M, and characteristic length, Lc, is examined. Even though eq. (4) is
used for the averaged cross-sectional areas in NASA’s breakup model, in this study, the averaged cross-sectional areas of
fragments for arbitrary shape, A, were calculated by using

1
Azé(xy+yz+zx). )
The mass of fragments was calculated by using
Me:g”'P~X~y~z, ®
assuming that the fragments are ellipsoidal in shape. Eq. (5) is shown as a solid line in Fig. 14. Hata et al. [17] pointed out
that a lower boundary of the area-to-mass ratio exists for plate-type fragments. When the averaged cross-sectional areas are
calculated by A=(Lc*+2 L¢ - z), the condition of the area-to-mass ratio is re-written as the following

AM, 215/(p-L¢) ©)
Eq. (9) is shown by dotted lines in Fig. 14. Regardless of impact velocity, the experimental results were distributed within
and above the area surrounded by +3c of NASA’s breakup model. The main reason for this is that the density of CFRP
laminates is lower than that of the aluminum alloys that were considered in NASA’s model. All the experimental results
were above the dotted line of eq. (9) derived by Hata et al. Even though Hata et al. proposed eq. (9) as the lower boundary
for plate-type fragments, eq. (9) showed a lower boundary in this case.

4, Conclusions

The shape of the ejecta cone and debris cloud was observed using a high-speed video camera, and the ejecta size
distribution of CFRP laminates collected from the test chamber was examined when the aluminum alloy spheres impacted
CFRP laminates at impact velocities ranging from 0.9 to 2.8 km/s. The number of fragments ejected on the front side of the
target increased with increasing impact velocity, whereas the number distribution of fragments ejected on the rear side of
the target was almost the same regardless of impact velocity. The number of characteristic length was larger than the
prediction using NASA’s breakup model. The slope of the number distribution of characteristic length was almost the same
as that of NASA’s breakup model. The area-to-mass ratio distribution of ejecta fragments from CFRP laminates ranged
within and above the area surrounded by +3c of NASA’s breakup model. The lower boundary proposed by Hata et al. was
also appropriate and could be used for the fragments of CFRP laminates.
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