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In order to understand the penetration process of projectiles into lower-density targets, we carry out
hypervelocity impact experiments using low-density (60 mg cm~—>) aerogel targets and various types of
projectiles, and observe the track formation process in the targets using a high-speed camera. A carrot
shaped track, a bulbous, and a “hybrid” one consisting of bulbous and thin parts, are formed. The results
of the high-speed camera observations reveal the similarity and differences on the temporal evolution of
the penetration depth and maximum diameter of these tracks. At very early stages of an impact, indepen-
dent of projectile type, the temporal penetration depth is described by hydrodynamic models for the ori-
ginal projectiles. Afterward, when the breakup of projectiles does not occur, intact projectiles continue to
penetrate the aerogels. In the case of the breakup of projectiles, the track expands with a velocity of about
a sound velocity of the aerogel at final stages. If there are large fragments, they penetrate deeper and the
tracks become a hybrid type. The penetration of the large fragments is described by hydrodynamic mod-
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els. Based on these results, we discuss the excavation near the impact point by shock waves.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Hypervelocity impact experiments on very low-density materi-
als have been carried out to extend the cratering experiments (e.g.,
Cannon and Turner, 1967; Fechtig et al., 1980; Werle et al., 1981;
Love et al., 1993; Trucano and Grady, 1995) and to develop and cal-
ibrate the instruments for intact capture of interplanetary dust
samples using foams (e.g., Ishibashi et al., 1990; Tsou, 1990) and
for aerogels (e.g., Barrett et al., 1992; Horz et al., 1993, 1998,
2009; Burchell et al., 1999, 2001, 2008, 2009; Kitazawa et al.,
1999; Niimi et al., 2011, 2012). These previous studies indicate that
the impacts between high-density projectiles and low-density tar-
gets generate “penetration tracks”: track diameter is small at the
entrance (= impact point), then increases with depth, takes a peak,
and decreases (this qualitative feature is common for any track).
For more quantitative description, the depth L and the maximum
diameter D,, of final tracks are often measured as a function of
the parameters varied in the experiments such as, projectile
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density pp, projectile diameter D, (radius Rp), projectile and target
strengths, target density p;, and impact velocity z,. The features
about L/D, and Dy, suggested by previous various experiments with
low-density targets are roughly summarized as follows: L/D, in-
creases with 7, and takes a peak, then decreases (e.g., Fechtig
et al., 1980; Werle et al., 1981; Ishibashi et al., 1990; Tsou, 1990;
Barrett et al., 1992; Kitazawa et al., 1999; Burchell et al., 2001;
Horz et al., 2009), and is scaled by p,/p; (e.g., Barrett et al., 1992;
Horz et al,, 1993; Love et al., 1993; Burchell et al., 1999, 2009;
Niimi et al., 2011, 2012), and D,, is proportional to D, regardless
of py/p¢ and proportional to v (e.g., Ishibashi et al., 1990; Kitazawa
et al., 1999; Burchell et al., 2008; Niimi et al., 2012).

Several models have been proposed on the penetration depth
(e.g., Anderson and Ahrens, 1994; Trucano and Grady, 1995; West-
phal et al., 1998; Kadono, 1999; Dominguez et al., 2004; Kadono
and Fujiwara, 2005; Trigo-Rodriguez et al., 2008; Dominguez,
2009; Coulson, 2009a,b; Niimi et al., 2011). Most models suggest
that projectiles receive the hydrodynamic force (Cy4/2)pv°S, where
Ca, v, and S are the drag coefficient, instantaneous velocity, and
the cross-sectional area, respectively, for » higher than the sound
velocity of target materials. Thus, the feature about the depth L is
relatively understood (e.g., the feature that L/D, increases with v,
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Fig. 1. Projectiles used in this experiment. The scale bar in each figure indicates 500 pm. (a) Projectile (A), SLG with 491 um. (b) Projectile (B), a sintered mixture of SLG
(~300 pm) and small silica beads (<20 pum) with a bulk diameter of ~500 pm. (c) Projectile (C), sintered small silica aggregates with a bulk diameter of ~300 pum.

takes a peak, and then decreases, is explained such that, at low uy,
projectiles are intact and L/D, indicates a logarithmic increase with
Vo, then at a critical v, the breakup of projectiles occurs, and, as 7
increases, the largest fragment becomes smaller and L/D, de-
creases). On the other hand, there are a relatively small number
of researches on the growth of track diameter (Westphal et al.,
1998; Kadono, 1999; Dominguez et al., 2004; Trigo-Rodriguez
et al., 2008; Coulson, 2009b; Dominguez, 2009). As the mechanisms
of the expansion of the track diameter, shock waves (Dominguez
et al, 2004), thermal effects (Kadono, 1999; Coulson, 2009b;
Dominguez, 2009), and fragmentation of projectiles (Kadono,
1999; Trigo-Rodriguez et al., 2008) have been considered. However,
among the common features for any track about track diameter, in
particular, the track profile near the entrance is still not clear.

To understand the track diameter evolution, we focus on the
similarities and differences on the formation process of various
tracks, based on the in situ observation in laboratory experiments.
There have been a few attempts so far for in situ observation of
penetration process into low-density materials, such as breakwire
(Tsou, 1990), magnetic pickup (Tsou, 1990), X-ray shadow graphs
(Tsou, 1990; Trucano and Grady, 1995) and an optical high-speed
camera with aerogel targets (Niimi et al., 2011). However, these
results mainly consider the penetration depth of hard projectiles.
In this paper, we used three types of projectiles and observed the
track formation process (the track length, the growth rate of bul-
bous tracks, and the position of the maximum diameter), using a
high-speed camera as a function of time. Based on the results and
the previous models, we briefly discuss the track formation
process.

2. Experiments

Impact experiments were carried out using a two-stage hydro-
gen gun at Institute of Space and Astronautical Science, JAXA. We
used three types of projectiles: (A) a spherical soda-lime-glass
(SLG) with a diameter of 491 pm and a density of 2.5gcm >
(Fig. 1a), (B) a sintered mixture of small silica (the size of the con-
stituting silica particles less than 20 um) and a large SLG particle
(~300 pum) with a bulk diameter of ~500 pm and a bulk density
of ~1.4gcm™3 (Fig. 1b), and (C) sintered small silica (<20 pm)
aggregates with a bulk diameter of ~300 um and a bulk density
of ~1.9 g cm~3 (Fig. 1c). In the cases of Projectiles (A) and (B), a sin-
gle particle was launched using nylon cylindrical sabots (Kawai
et al,, 2010), while several particles were simultaneously acceler-
ated using split-type sabots in the case of Projectile (C). The impact
velocity was set to be ~4 km s~ . Targets were silica aerogel with a
density of 60 mg cm~> made by Panasonic Electric Works Co., Ltd.
in all cases. Penetration process data was taken with a high-speed
video camera (HyperVision HPV-1 by Shimadzu Corp.). The exper-
imental conditions are summarized in Table 1.

3. Results
3.1. Track morphology

Fig. 2 shows the consecutive images of penetration process. (a)
Projectile (A), SLG. The time interval between each frame is 8 pus
from the first to the 11-th frame and 80 ps from the 11th to the
15th one. (b) Projectile (B), the mixture of SLG and small silica.
The time interval between each frame is 8 ps from the first to
the 8th frame and 80 ps from the 8th to the 10th frame. (c) Projec-
tile (C), small silica aggregates. The time interval is 4 ps for all
frames. The projectiles come from left. In Fig. 2a, as described in
Niimi et al. (2011), Projectile (A) SLG made a slender carrot shaped
track. Recovered terminal grain is shown in Fig. 3a. The grain shape
is spherical and its diameter is the same as that before the impact,
though the front hemisphere is slightly covered with melted silica
aerogels. Projectile (B) SLG + small silica made a “hybrid” track,
which consists of bulbous and thin (indicated by an arrow in
Fig. 2b) parts. The thin part appears at the second frame and stops
at about 6th or 7th frame, while the bulbous part still expands in
its depth and diameter after the thin part stops. The terminal grain
was recovered from the tip of the thin part (Fig. 3b). This is the
maximum fragment with a size of 150-200 pum in this track. This
fact supports the idea that the maximum fragment makes the thin
part of such hybrid type tracks (e.g., Kadono, 1999; lida et al,,
2010). It is noted that the recovered terminal grain is not the orig-
inally included SLG with 300 pm. The SLG with 300 pm may be de-
tached before the impact or be broken at the impact. For Projectile
(C) small silica aggregates, in Fig. 2c, there are two tracks. It looks
that only bulbous part is made. The expansion velocities of the
depth and diameter are similar in each track.

3.2. Penetration depth

In Fig. 4a, the track length from the entrance for SLG is plotted
as a function of time. We define time 0 as the previous frame be-
fore an impact track clearly begins to be observed. For comparison,
the penetration depth as a function of time calculated by a model
by Niimi et al. (2011) (hereafter “Niimi model”) is also plotted as a
bold curve for the same impact condition (the parameters such as
the drag coefficient C; and target strength P, are set to be the same
values as those in Niimi et al. (2011), 1.1 and 1.9 MPa, respec-
tively). The curve is adjusted to pass the first experimental data
point. The curve agrees well with the experimental result, though
there is a slight difference, which is already pointed out in Niimi
et al. (2011).

In Fig. 4a, the position of the tip of the thin part in the case of
Projectile (B), the mixture projectile, is also plotted after the thin
part appears in the second frame. Using Niimi model, we calculate
the temporal track length for Projectile (B) with the original projec-
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