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Abstract

Small bodies in the solar system have clues of the early solar system. One of important
processes for evolutions of small bodies is impact. Recent space craft missions have found
highly porous small bodies, and particularly comets have porosities even up to about 90%.
In order to derive information on the physical properties of small bodies and their colli-
sional evolution, it is necessary to investigate what kind of crater morphology is formed
on such a small body by what kind of collision condition, and how much the bodies are
disrupted by impact. However, impact processes for such highly porous bodies have not
been understood well. In this study, we prepared targets with porosities ranging from 50%
to 94%, and conducted impact experiments with impact velocities of 1.6—-7.2 km

In Chapter 2, we investigated the penetration processes of projectiles into porous bod-
ies. After the formation of small bodies, interplanetary dust particles impacting on their
surface may have been captured because of their porous structure, and may have changed
their composition of surface from original composition. The mechanism of dust penetra-
tion is thus of importance to understand the evolution of small bodies. Impact experiments
of sintered glass-bead targets characterized by 80%, 87%, and 94% bulk porosity were
conducted. Two types of track were observed: a thin and long track (carrot-shaped track),
and a“bulb” with or without tails (bulb-shaped track). The deceleration process of pro-
jectiles without severe deformation and fragmentation was reproduced by a drag equation
composed of an inertia drag that was proportional to the square of the projectile’s veloc-
ity and a constant drag proportional to the target's compressive strength. We applied this
deceleration equation to silicate dust penetrating into porous icy bodies. The penetration

depth was approximately 100 times the projectile diameter for the bodies with 90% poros-

ity.



In Chapter 3, we examined the craters formed on porous targets in strength regime in
order to obtain the scaling relations for crater-dimensions. Impact experiments on sintered
glass-bead targets with porosities of 87%, 93% and 94% as well as gypsum targets with
porosity of 50% and pumice targets with porosity of 74%, were performed. The resulting
cavity dimensions formed by these impacts were examined. We obtained empirical rela-
tions for the maximum diameter and the bulb depth. We applied our scaling relations to
the surface of porous icy bodies. The surface strength Ae9fpel 1 was estimated to be
of the orders of 18-1C° Pa. We presented the possibility of formation of shallow craters
on comets due only to impacts.

In Chapter 4, we summarized the disruption threshol@sfor targets of various
porosities. We conducted impact disruption experiments for targets with porosities of
80%, 87%, and 94%. Ead@* value is on the order of kilojoules per kilogram, which is
higher than the equivalent values for pure ice targets and basalt targets determined from
high-velocity impact experiments. Comparisons with the results of various previous stud-
ies show tha@Q" increases with increasing static compressive strength and with increasing
porosity of the targets. We calculated the non-dimensional disruption threshilds,
which is previously proposed as strength parameter for the catastrophic disruption thresh-
old. Itis shown to be roughly constant, irrespective of porosity if we assume that a scaling

parametery decreases linearly with increasing porosity.



Chapter 1

General Introduction

1.1 Impact processes in the solar system

Impact is a fundamental phenomenon in the history of the solar system. The bodies
in the solar system have experienced impacts and have been evolved. If bodies are heavily
impacted, they are catastrophically disrupted. An asteroid family which is a population
of asteroids that share similar proper orbital elements are considered to be fragments of
a parent asteroid (e.g. Fujiwara, 1982). In contrast, smaller scale impacts form craters
on their surfaces. Lunar craters smaller than about 15 km in diameter are simple craters
with depthidiameter ratio 0.2 (Pike, 1974). Further large craters are often called basins,
and the largest basin on the Moon is South Pole-Aitken basin, which located in far side
of the Moon, with diameter of roughly 2,500 km (Petro and Pieters, 2004). Asteroids,
comets, Trans-Neptunian objects (TNOSs) are classified as small bodies. Craters on such
small bodies have been observed by telescopes and spacecrafts, and the detail images of
the craters have been obtained recently. For example, Deep Impact spacecraft observed
a large amount of pits, or circular depressions on comgté&fpel 1 (Thomat al,
2007a). The surface of Tempel 1 has many merged depressions ranging from 10 to 100
m across. The larger, isolated, rimless depressions are found on its surface and they range

from 100 to 400 m in diameter, have no raised rims, have usually flat floors, concentric



albedo markings. Depths are well under 50 m. Depressions with rim remnants are also
observed. They appear to be nearly circular raised rims of varying width, darker than their
surroundings. Their interior fill is identical in color to the outside material. The largest of
this type of depressions is 350 m in diameter, and the rim hight can only be estimated less
than 30 m. Cassini spacecraft obtained high-resolution images of Hyperion, which is one
of Saturn’s irregular satellites (Thomasal,, 2007b). They reveal a unique sponge-like
appearance at scales of a few kilometers. The depth-to-diameter ratio of the craters on
Hyperion was reported to be0.3 by White and Schenk (2011). The unusual appearances
of Hyperion are dark surfaces in the floors of degraded craters. Whether these features on
the icy bodies were caused by impact or sublimation or both of them is not understood
well (e.g. Thomaet al,, 2007b; Howarcet al., 2012; Vincentet al., 2014).

Impacts also contribute to the composition of planetesimals and small bodies. They
were formed by accretion of dust aggregates (e.g. Katablkd, 2013), thus the aggre-
gates are considered to be the primary component of the small bodies. On the other hand,
dust patrticles transported fromfidirent region from the original formation region of the
bodies may have modified the surface structure and composition of the original bodies.
Dust particles collected from comet 8YHId 2, a Jupiter-family comet (JFC) that is be-
lieved to have formed in the outer region of the solar system and to have only recently
entered the inner regions of the solar system (Browated., 2006), were found to con-
tains refractory objects resembling such as meteoritic Calsium-Alminume-rich Inclusion
(CAl) (e.g. Brownleeet al, 2006; McKeegaret al., 2006; Zolenskyet al., 2006). The
presence of high-temperature objects in a comet such as CAl-like, chondrule-like frag-
ments suggests that the objects formed near the Sun were transported to the formation
region of the icy bodies and captured.

Recent spacecraft missions have found that small bodies are porous, and particularly

comets have extremely high porosities as seen in next section. Thoughigtieot the



porosity may play an important role in disruption, cratering of the bodies, and capture
of dust particles, so far, little impact experiments with simulated highly porous bodies
have been conducted. In order to understand collisional history of small bodies, thus it
iS necessary to investigate how deep impactor can penetrate into the bodies, what kind of
crater morphology is formed on such a small body by what kind of collision condition,

and how much the bodies are disrupted by impact.

1.2 Small bodies in the solar system

Small bodies have been formed from planetesimals. Katabkh (2013) calculated
density evolution of icy planetesimals by numerical simulation. Dust with sub-micron size
first coagulated by hit-and-stick, and becam&¥flaggregates. Then they were subjected
to the dfect of compression due to gas pressure and self-gravitation, the aggregates became
planetesimals (Kataokat al., 2013). Density of the dust aggregates during their formation
is less than 100 kg m. It corresponds to porosity of larger tha80%.

Recent spacecraft missions and advancement of meteorite studies allow to estimate the
density and porosity of present small bodies. Those data show that small bodies have high
porosities. Consolmagret al. (2008) studied meteorite densities and porosity. Assuming
what kind of meteorites or materials compose the small bodies, they deduced densities
and porosities of asteroids and comets. The average porosities of S-type, C-type, and M-
type asteroids are 19:9.2%, 37.42.2%, and 4@13%, respectively. Figure 1.1 shows
porosity of comet nuclei. Extremely high porosities can be found for comets. Though
some of them have large errors, comets have porosities even up to about 90%.

It may be suggested that the surface of small bodies are diverse. For example, sin-
tered layers, regolith layers, and monolith may exist on their surfaces. The surface is also
considered to compose of a variety of material such as silicate, metal, water ice, carbon

dioxide ice, and other volatile materials. Here we describe the strength in some cases.
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Reference for C-G is from Davidsson and Gutierrez (2005), the others are from Consol-
magnoet al. (2008).



For the case of icy small bodies, the simplest putative case is that the surface is com-
posed of snow. Mellor (1974) reviewed the basic snow mechanics. The uniaxial strength
of bonded dry snow is given in the review. The tensile and compressive strengths for
strain rates 10 to 102 s* are functions of density. The values of tensile and compres-
sive strength range $02 x 10°, and 16-10" Pa, respectively. Tensile and compressive
strength are equal at lower densities, while at the density of solid ice the ratio of compres-
sive strength to tensile strength is about 5. Arakawa and Tomizuka (2004) measured static
compressive strength for pure ice targets and ice-silicate mixture targets (0.5 in mass ratio
of ice to silicate) with 4 dierent porosities (12.5, 25, 32, 37%) in order to examine the
relationship between porosity and mechanical strength. The uniaxial tests at a strain rate

of 5.6 x 1073 s* resulted in compressive strength,as a function of filling factorf;
Ye = Yof", (1.1)

whereY, andn are 9.&10° Pa and 3.4, 9:610° MPa and 6.4 for pure ice targets and

mixture targets, respectively. Note that filling factéris defined as + ¢/100 (The unit

of ¢ is %). The result of pure ice targets is consistent with the data in Mellor (1974). The

static compressive strength of the mixture targets is weaker than that of the pure ice targets.
Blumet al.(2006) listed the cometary tensile strength, and the strength ¢éviGBnen

is 500+ 450 Pa. Unfortunately, data on cometary tensile strengths are very scarce and in

most cases yield lower limits. The Deep Impact mission successfully collided a 366 kg

impactor-spacecraft with the surface of 6 km diameter comet Tempel 1 (AHsah

2005). Richardsoet al. (2007) computed the ejected mass and estimated the strength of

the comet Tempel 1 at the impact site. They compared their results with the excavated

total mass determined from various observational measurments, and the results indicates

an upper limit of the surface strength of the comet of ordé=1@ Pa, with the range of

10°-10* Pa being most likely.



1.3 Scaling laws of impact crater-dimensions

What parameters determine crater size? They are considered to bemg)aadjus,rp,
impact velocityvy, bulk densityp,, and strengthy,, of an impactor, and bulk density,
porosity,¢, strength,Y;, and gravitational acceleration of the surfagef a target. Crater
scaling law is a relationship between crater size and impact condition. Establishing the
scaling laws is necessary for understanding impact phenomena under general conditions.
Holsapple developed an approach of a non-dimensional anaylysis for impact crater scaling,
in which physical parameters such as above are combined into some non-dimensional
parametersy group (e.g. Holsapple and Schmidt, 1982; Holsapple, 1993). For example,

crater volumey of a transient crater can be expressed as:

V = f (Vo. pp. o1 Yi. 6, ). (1.2)

There are seven variables, however, all physical quantities can be expressed in terms of

mass, length, and time. Thus47-3) non-dimensional parameters can be formed. T he

groups are
\Y

ay = 2L (1.3)
My

1/3
g (M arp

o = V_OZ (p_p) or mp = V—Oz, (14)

Y:
1.
" PpVo?’ (1.5)
ma =2 (1.6)
Pp

ny is often called craterfciency, which is defined by the ratio of the mass of material
originally contained within the crater to the mass of the projectile. The importance of
gravity is expressed by, which is the ratio of gravitational and inertial stresses. Strength

is gauged byrs, the ratio of material strength to dynamic pressutgs the ratio of target



and projectile density. Eq. (1.2) can be described by these dimensionless parameters:
ny =’ (7T2,7T3, 7T4)- (1.7)

The scaling law in Eq. (1.7) can be simplified by assuming that ffexteof gravity is
negligible. This is what is called the “strength regime”. Conversely, it can be simplified
by assuming that theffect of strength is negligible. This case is called “gravity regime”.
Thus the dimensionless parameters of crater volugpnean be expressed by a function of
7, in the gravity regime and by a function of in the strength regime.

Holsapple (1993) reviews the scaling of impact cratering. On the basis of his point

source assumption, the coupling prame@zvhich is defined by
C =V}, (1.8)

is considered to be an important parameter for impact cratering, where:lzottly are
scaling constants. If impact phenomena is dependent on kinetic energy of projectile,
equals 23, whereas if it is dependent on the momentungquals 13. Theoreticallyu
values of all materials must be between these scaling limits. Introducing this coupling

parameter, Ep.(1.2) can be expressed as
V= {"(C,p, Y, 0). (1.9)

In this case, there are five variables, thus-3-@) independent dimensionless parameters

can be formed. Two alternative useful forms obtained are

v Y, 3u/2 o 3v—1_ . g, ptV02 (2+p)/2 o -y 10
e veeve3 B ey B A ol ) (1.10)
vV (grp 3u/(2+p) 0 (6v—2-p)/(2+1) Y, (9rp =2/(2+p) o1 —2v/(2+p)
= I v B e - B v R
Mp \ Vo Pp PtVo© \ Vo Pp

In strength regime, the right side of Eq. (1.10) is constant because it should not depend on

ginthe regime. Thus the following equation can be obtained, using a scaling comstant,

v v, \ "2 1-3v
P = Ky [ — P (1.12)
my PrVo? Pp

7



In gravity regime, the right side of Eq. (1.13) is constant because it should not depend on
Y; in the regime. Thus the following equation can be obtained, using a scaling constant,
Ks:

Vv r.\ "3/ (2+4) (=6v+2+u)/(2+)
= Kz(%) (p‘) . (1.13)

P ™ 2 w2 P
Using these relationship, scaling constantg K;, andK; are determined by impact ex-
periments. The exponentis typically equal to A3 (Housen and Holsapple, 2003) or 0.4
(Housen and Holsapple, 2011) regardless of material type. The expenerit41 for

sand, and 0.55 for nonporous materials, such as water, metals, or rock. The value of
tends to decrease with porosity (Housen and Holsapple, 2003). Since we focus here on
the dfects of target porosity, the above forms should be changed. Housen and Holsapple
(2003) added the dependence of porosity to the previous forms (Holsapple and Schmidt,
1987). Table 1.1 summarizes the scaling laws about crater diameter and depth as well as
crater volume, allowing for a porosityfect.

Table 1.1: Summary of scaling laws in strength and gravity regimes, allowing for a poros-
ity effect (Housen and Holsapple, 2003).

Crater dimension Strength regime Gravity regime
V Yt % 1_3V+37# vV ar, % %
VolumeV Py = Kus(9) (ppv‘oz) (p—;) Pty = KV9(¢’)(W5) ’ (ﬁ‘,i)
H t % _ Yt 7 Pt 1-9r+% Pt % _ dp % Pt %
DiameterD D(R) — Kos(®) (ppVOZ) (p—p) D(R) - Kog(9) (%2) (p—p)

—6y+2+u

* 1-3v+5 3 7 “3H)
Depthd a(2) = ko) (25)" (2) 7 a(2) = ke (2)7 (2)

N

Kvs, Kvg, Kps, Kpg, Kas, andKgg are scaling constants as a function of porosity. Note that
Housen and Holsapple (2003) listed radiBxyf a crater dimension. We changed radius,
Rto diameterD in this list for convenience in this study.



It is important whether surface of small bodies is dominated by strength or gravity
when we consider crater formation on the surface. As the first order of approximation,
the formation of the crater is controlled by strength, i.e., strength regime, when surface
strength,Y; is much larger thap,gD. On the other hand, the formation of the crater is
controlled by gravity, i.e., gravity regime, whexgD is much larger thary;. For comet
Tempel 1,gis 34 x 10% m s? andp; is 4 x 10* kg m~3(Richardsoret al., 2007). For
81PWild 2 gis 3x 10* m s2 (Schmude, 2010), and is 4.9 x 10? kg m~3(Consolmagno
et al, 2008). When crater diametéd,of 100 m is assumeg,gD for both cases are of the
order of 10 Pa. Strength of comet surfa¥gis supposedly expected to be similar to the
strength of HO snow, 18-10’ Pa (Mellor, 1974). These values are much larger than 10
Pa. The surface strength of Tempel 1 estimated by Richarelsain(2007) is also larger
than the value. Therefore the condition of crater formation on comet surfaces would be

strength regime.

1.4 Catastrophic disruption threshold

The outcome of a collision depends on an energy denQitywwhich is also called
a specific energy. The energy density is defined as the ratio of the kinetic energy of the
impactor to the mass of the target (Gault and Wedekind, 1969; Fujietagh, 1977).
Impact with extremely small values @, results in just rebound of impactor. Larger
values ofQ form craters, whereas further larger values can shatter a target into pieces. The
specific energy to shatte@y is defined as the threshold value of the energy density for
which the largest remnant following a collision has one-half the mass of the original body
(e.g. Greenberg and Hartmann, 1977; Hartmann, 1980). The specific eQgngypften
called the shattering energy. Whether the shattered pieces reaccumulate or not depends on
their velocity relative to the escape velocity. A threshQldis defined as the threshold of

energy density such that the largest object following reaccumulation is one-half the mass

9



of the original body (Davi®t al., 1979). It is called the dispersion energy. In this study,
we focus on the shattering ener@y. HereafterQ* denoteQg unless we note particular
attention.

A lot of experiments of catastrophic disruption using various targets have been con-
ducted, and the shattering enerd@y; of each target was determined. The power-law
relationship between the largest fragment mass ratio and energy density was generally
reported by previous studies and the degree of fragmentation is strongly dependent on
the target material. For exampl®; for metal is approximately four orders of magnitude
larger than that for ice (Holsappé al, 2002). The strength and porosity of targets may
be the dominant physical properties governing an impact disruption. The mechanics of
impacts into highly porous targets is substantiallffedent from those into low-porosity
targets, due to significant energy losses as the shock wave compacts the target material.
Ryanet al. (1999) conducted impact experiments into porous and solid ice targets. The
results shows thaD* for porous ice was larger by a factor of about 5 than that for solid
ice. Loveet al. (1993) used porous sintered glass-bead targets with varying strengths and
porosities. They showed an empirical equati@iis proportional tof 38, Sintered glass-
bead targets with similar porosity ef40% but diferent compressive strength (between
0.035-2.2 MPa) were prepared in Setthal. (2010). They found that the value f

increases with the target compressive strength.

1.5 Purpose of this study

In this dissertation, we study the impact cratering and disruption of highly porous
bodies. We conducted high-velocity impact experiments at impact velocities ranging from
1.6 to 7.2 km st. In Chapter 2, we examine the penetration process of the projectile in
order to estimate how deep dust can penetrate into the bodies. In Chapter 3 we investigate

the cavity morphology, and estimated the surface strength of Tempel 1 and the depth-to-

10



diameter ratio of craters on icy bodies. In Chapter 4 we investigate disruption threshold

Q" of porous targets. Our summary is presented in Chapter 5.
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Chapter 2

Experimental study of dust penetration
into porous bodies

2.1 Introduction

Early planetesimals that formed from dust aggregates are thought to have been
very porous. Numerical simulations of sequential collisions of water-ice dust aggregates
showed that aggregates in protoplanetary disks had an extremely low dendi@0 (kg
m~3), which corresponds to a bulk porosity of more than 90% (Katastkal., 2013).

The previous experimental study (Blum and Sqiler, 2004) also showed that laboratory-
grown random ballistic-deposition aggregates of non-ice particles with diameterghl.5
have been shown to have a bulk porosity of 85% if mono-disperse spherical dust grains are
used. Deviation from sphericity resulted in an increase of the porosity to 89%, whereas a
wide size distribution of irregularly shaped monomers yielded an even higher porosity of
93%.

Planetesimals collided with each other and evolved into small primitive bodies, and
their bulk porosity decreased through mechanisms such as compaction caused by colli-

sions, disk-gas pressure, self-gravity (Kataekal., 2013), angbr sintering (Yomogida

"1 An earlier version of this chapter has been published as:
Okamoto T., Nakamura A. M., Hasegawa S., Kurosawa K., lkezaki K., and Tsuchiyama A. 2013. Impact
experiments on capture of exotic dust grains by highly porous primitive bodiasus224, 209—217.

12



and Matsui, 1984). However, some of the resulting small bodissich as asteroids,
comets, and Kuiper Belt Objects (KBGs¥till have high bulk porosities. The macro-
porosities of C-class asteroids, for example, are estimated to range from a few to 60%
if asteroids are assumed to consist of carbonaceous chondrites. The macro-porosities of
comets are estimated to be even higher, up to 86%, if comets are assumed to consist of
water ice and organic material with a CM-like density (Consolmagrad., 2008). Thus,
small primitive bodies have been porous throughout the history of the solar system. Dust
can be captured at the surface of such highly porous bodies long after their formation.
Dust particles from comet 81Wild 2, a Jupiter-family comet (JFC) that is believed
to have formed in the Kuiper Belt and to have only recently entered the inner regions of
the solar system, were returned to Earth by the Stardust mission (Broatrdd&e2006).
The dust particles were analyzed and found to contain refractory objects resembling me-
teoritic Calsium-Alminum-rich Inclusion (CAl) (e.g. Brownlest al, 2006; McKeegan
et al,, 2006; Zolenskyet al, 2006). Numerous Wild 2 particles also have been shown to
be either chondrule fragments or chondrule-like fragments (e.g. Nakaghala 2008;
Oglioreet al,, 2012). The presence of high-temperature objects in a comet such as CAI-
like, chondrule-like and chondrule fragments suggests that the objects formed near the
Sun were transported to the formation region of the icy bodies. In addition, spectroscopic
observations of both Oort Cloud and Jupiter-family comets found that comets consist of
crystalline silicate materials, which are produced by a high-temperature process (Harker
et al, 2005). Itis also thought that the crystalline silicates in comets are evidence of active
material transport in the radial direction in the protoplanetary disk (Woetlah, 2007).
There are two possibilities as to when and how during the history of the solar system
the refractory grains became components of the small icy bodies. The first assumes that
the grains were original components of these bodies during the accretion stage, and that

they were somehow transported from the inner part of the nebula and then mixed with the

13



initial dust component of the formation region of the icy planetesimals. The second possi-
bility is that grains were collected in a debris disk after the bodies formed. In the second
process, exotic components would have accumulated on the surface of the icy bodies and
changed their surface composition. For example, short-period comet nuclei would accu-
mulate meteoroids as a consequence of collisions with asteroidal debris (Cintala, 1981).
The purpose of this study is to investigate the penetration depth of dust into small
porous bodies. Dust penetration into silica aerogel has been studied extensively for cal-
ibration of the Stardust tracks (e.g. Niirei al, 2011). However, it is not clear how far
the understanding thus gained can be extrapolated to dust penetration into small porous
primitive bodies in a planetary system. Laboratory impact experiments of cratering and
disruption processes of porous targets have been conducted and scaling laws have been
studied (Loveet al,, 1993; Housen and Holsapple, 2003; Setblal., 2010; Yasuiet al,,
2012). In this study, we focus on the penetration process of projectiles into highly porous
targets to gain a better understanding of the physical processes of dust penetration into
small porous bodies. We conducted impact-penetration experiments of millimeter-sized
metal and rock projectiles into highly porous sintered targets, which consisted of pores
that were much smaller than the projectiles themselves. Yetsal. (2012) performed
similar experiments of a gypsum target with bulk porosity of 50% using metal and nylon
projectiles for observation of crater formation and projectile penetration. Targets in this
study were much porous with bulk porosities up to 94%. We investigated the deceleration
process as well as deformation and fragmentation degree of the projectiles in the porous

bodies.

14



2.2 Experiments

2.2.1 Preparation of targets

We prepared sintered targets characterized by three bulk porosities using glass beads.
The preparation procedure was similar to that used in previous experiments ébatoh
2010; Machii and Nakamura, 2011). The sintering conditions and the physical proper-
ties of the individual targets are listed in Table 2.1. Hollow soda-lime-borosilicate glass
microspheres (3M Co.), with an average diameter and shell thicknessuon 58.95um,
respectively, isostatic crush strength of 5.2 MPa and an average grain density of 2% g cm
were sintered in a cylindrical mold of 60 mm in diameter, 150 mm in height and 10 mm
in thickness with a lid of 5 mm in thickness. The targets were heated for 6 hours to two
different peak temperatures to attain bulk porosities of 87% and 94%. Low-alkali glass
particles of 5um in diameter (on average) and 2.6 g ¢ grain density (on average)
were first put through a sieve with 5@n-wide openings and then poured into the mold
for sintering to attain 80% bulk porosity. All targets were heated from room to peak tem-
perature in an oven under atmospheric pressure. Upon reaching peak temperature, each
target was cooled naturally in the oven. We named the targets after their bulk porosities:
fluffy94, fluty87, and flufy80, respectively. The typical target lengths and diameters were
130 and 62 mm, respectively, for fiy94, 100 and 48 mm for fliy87, and 130 and 62
mm for fluffy80. An example image of a target is shown in Figure 2.1.

We measured the targets’ compressive strengths using a uniaxial compressive testing
machine (EZ Graph, SHIMADZU Co.) at Kobe University, Japan. The samples, of size
20 x 10 mn? (lengthx diameter), were drilled from fferent depths of the targets, with
their axes parallel to that of the cylindrical target. The core samples were placed in a load
frame, which provided a record of the force applied and the displacement of the moving

crosshead. The loading rate waar s. Because of the targets’ fliness, they could
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Flash X-ray (b)

High Speed Camera

Strobe L]

Vacuum chat%nber i
: Imagding plate

Figure 2.1: (a) Side view of sintered glass-bead targety®d) hung by a thread from the
top of a target-support frame. (b) Experimental configuration viewed from the gun muzzle.
The targets were suspended from the top of the target box.
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Table 2.1: Sintering conditions and physical properties

Target Peak Duration Compressive Compressive Porosity

type temp. strength of strength of
stronger paft weaker paft
°C) (h) (MPa) (MPa) (%)
fluffy94 700 6 0.47+0.13 0.240.04 94.40.2
fluffy87 800 6 1.43:0.40 0.8&0.10 86.80.3
fluffy80 710 6 -p P 80.3:0.9

2The compressive strength was higher for the samples at 0-50 mm and 0—25 mm from the
top surface for fléfy94 and fluty87, respectively (see the text).

b Uniaxial compressive strength was not measured because the core could not be obtained
due to the target’s brittleness. Thus without taking the core samples, original target’s
surface was loaded by a stainless steel (SUS) cylinder of diameter of 3 mm which was
attached to a load cell. The measurement shows 4.5 MPa, which indicated that the value
from unconfined uniaxial compressive test must be smaller than 4.5 MPa.

be easily compressed and their contact area with a top and a base plate spread until the
stress eventually reached a maximum value and maintained this level. We considered the
maximum force applied per unit area of the original cylinder to be the compressive strength
of the targets. The compressive strength was higher for the samples at 0-50 mm and 0-25
mm from the top surface for flty94 and fluty87, respectively, probably because of the
different thickness of the mold and the lid. The results are shown in Table 2.1, with a

standard deviation of 4—-6 measurements fdliedent samples, which is much larger than

the measurement errors.

2.2.2 Impact experiments

Impact experiments were conducted using a two-stage light-gas gun at the Institute of
Space and Astronautical Science (ISAS), Japan. The experimental configuration is illus-
trated in Figure 2.1. Targets were hung with a thread from the top of a target-support frame
placed in a vacuum chamber under an ambient pressure of approximately 10 Pa. We posi-

tioned a high-speed video camera at a side window of the chamber and put a strobe light
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at the opposite side window to obtain shadowgraph images of projectile and target. The
interval between frames was 24#8. We used a flash X-ray system to observe the decel-
eration processes of the projectiles in non-transparent targets. Targets were illuminated by
flash X-rays from two diagonal directions, and X-ray transmission images were recorded
on two imaging plates. Controlling the timing of the X-ray exposure, we obtained two
successive X-ray images with time intervals between 2 an@s50rable 2.2 summarizes

the experimental conditions. The projectiles were titanium, aluminum, and stainless-steel
spheres and basalt cylinders. A cylindrical nylon sabot (Katail., 2010) was used for
projectile acceleration. The impact velocities ranged from 1.6 to 7.2 kniTe targets’

track morphologies and the projectiles’ final states were observed on transmission images
taken by a micro-X-ray tomography instrument [ELE-SCAN NX-NCP-C80-I (4); Nittetsu
Elex Co.] at Osaka University (Tsuchiyaratal., 2002).

2.3 Results and discussions

2.3.1 Track morphology and projectile disruption

Figure 2.2 shows examples of the track morphologies after impact. The density or
brightness of each image represents the column density of the target material. There-
fore, the brightest part indicates some empty space along the projectile trajectory, whereas
darker parts indicate higher-density regions. Two types of track morphology were ob-
served. The first type, the “carrot” shape, is a thin, long track. The second, the “bulb”
shape, is thick and short with tails. These track types were also observed for dust tracks in
silica aerogel (ldrzet al,, 2006). The higher-density region is observed in the track behind
the projectile after penetration for targets consisting of hollow glass beads, probably due
to the crushed shell of the beads.

According to the X-ray transmission images, the projectile shot at the lowest impact ve-

locity was nearly intact, whereas the others were not. In particular, the projectiles launched

18



Table 2.2: Shot conditions of the impact experiments

Target  Target Projectile Impact Projectile  Projectile

name type material  velocity size mass

(kms™) (mm) (mg)
11022 flufty94 Ti 2.64 1.0 2.44
11011 fluffy94 Ti 4.04 1.0 2.44
11013 fluffy94 Ti 6.74 1.0 2.44
11014c fluffy94 Ti 3.92 1.0 2.44
11014a fluty94 Ti 3.63 1.0 2.44
1105A flufiy94 Al 7.17 1.0 1.45
1105B flufty94 Al 4.28 1.0 1.45
1105C fluffy94 Al 2.44 1.0 1.45
1109A fluffy80 Ti 2.55 1.0 2.44
1109B flufty80 Ti 4.25 1.0 2.44
1109C fluffy80 Ti 6.75 1.0 2.44
1109D fluffy80 Ti 1.69 3.2 75.4

1109F fluffy80  Basalt 2.52 D3.2 H2.0 49
1109G fluffy80  Basalt 3.89 D3.2 H2.0 51
11097 fluffty94  Basalt 2.17 D3.2 H2.0 59
1109Y flufiy94  Basalt 4.22 D3.2 H2.0 51
1109X fluffy94  Basalt 6.63 D3.2 H2.0 50

1111 A  fluffy94 Ti 6.37 3.2 75.4
11110 fluffy87 Ti 2.01 1.0 2.44
1111P  fluffy87 Ti 4.28 1.0 2.44
1111Q fluffy87 Ti 6.76 1.0 2.44
1111R  flufty87 Ti 1.83 3.2 75.4
1111T flufty87 Ti 4.26 3.2 75.0
1111U flufty87 Ti 6.18 3.2 75.0
1201A fluffy94 Ti 2.26 3.2 75.4
1201B flufty94 SUS 2.27 1.0 3.7

1201C flufty94  Basalt 2.31 D3.2 H2.2 45.2
1201D fluffy94  Basalt 3.28 D3.2 H2.3 49.8
12010 fluffy87 SUS 2.18 1.0 3.7
1201Q fluffy87 SUS 2.26 1.0 3.7
1201E fluffy94  Basalt 1.94 D3.2 H2.2 46.0
1204G fluffy94  Basalt 2.26 D3.2 H2.2 46.0
1201H fluffy94  Basalt 2.30 D3.2 H2.3 50.0

2 Diameter for spherical projectiles; diameter (D) and height (H) for cylindrical projectiles.
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Figure 2.2: Transmission images of the targets for metal projectiles. (1) and (2): 94%
porosity targets with titanium and aluminum projectiles, respectively; (3): 87% porosity
targets with titanium projectiles; (4): 80% porosity targets with titanium projectiles. The
impact velocities of (a), (b), and (c) were approximately 2.5, 4, and 7 kmresspectively.

Left: Terminal projectiles. The terminal projectile cannot be found in images (4-b) or (4-c)
given the resolution of these images. Right: Projectile tracks. The tracks of images (1-a),
(1-b), (2-a), and (3-a) are carrot-shaped; the others are bulb-shaped (see Figure 2.4).
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at the highest impact velocity broke into a number of pieces. Housen and Holsapple (2003)
showed that an area of high relative density was found below the crater center in a Com-
puted Tomography (CT) image. Such an area was not observed in our transmission im-
ages. We excavated deformed or moderately disrupted terminal projectiles from the tar-
gets. These projectiles were covered by a thin layer of less porous glass beads. The tips of
the projectiles had conical caps of less porous glass beads. When we scratched those parts
using sandpaper, we could remove them almost entirely. We measured the dianeter (
and massify ) of the excavated terminal projectiles. The diametiej (vas defined as the

width of the projectile in the plane perpendicular to its symmetry axis. Since the shape of
basalt projectiles were irregular, the diametkr) (vas defined as the largest width of the
projectile in the plane perpendicular to the symmetry axis of the conical cap. For nearly
intact projectiles we used the measurement values of the X-ray transmission images. The
results are summarized in Table 2.3. Figure 2.3 shows the relationship of the mass ratio
of the terminal fragment to the initial projectile and the initial dynamic pressuve?,
wherep, andvy are the target density and impact velocity, respectively, normalized by the
projectile’ s tensile strengthy,; = 320 MPa for titanium, 55 MPa for aluminum and 19.4
MPa for basalt (Kaye and Laby, 1986; Nakametaal, 2007). Projectile deformation

starts at a dynamic pressure of 4—7 times the tensile strength of the projectiles. Projectiles
seem to start to lose mass when the dynamic pressure becomes 10 times the projectile ten-
sile strength, and projectiles are then heavily disrupted (terminal-fragment mass fraction
0.5). The following regression line was obtained for all the data except for the two leftmost

points:
-1.5+0.5

m %

L _ g0 (@) (2.2)
My Yot

The largest-fragment mass fraction becomes half of the original mass when the dynamic

pressure becomes 16 times the projectile tensile strength.

The measured penetration depth and track morphology depend on the impact velocity
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Table 2.3: Experimental results

Target  Penetration m_/m, d_/d, MW/PD Cq
name depth
(mm)

11022 116 1.0 1.0 0.030 —d
11011 112 0.84 1.1 0.055 —d
11013 52 0.32 1.1 0.28 —d
11014c > 25 —e —e —e 1.55
11014a > 46 —e —e —e 1.64
1105A 22 —f —f 0.38 —d
1105B 31 —f —f 0.19 —d
1105C 47 1.07 1.4 0.074 —d
1109A 18 —f —f —9 —d
1109B 19 —f —f —9 —d
1109C 21 —f —f —9 —d
1109D —h —h —h —h 1.0070.002
1109F —h —h —h —h 2.85:0.06
1109G —h —h —h —h 3.09:0.11
11097 > 128 —e —e —e 1.23:0.17
1109Y —I — —I —I 3.43:0.05
1109X —h —h —h —h 3.54:0.02
1111A —h —h —h —h 1.52+:0.29
11110 42 1.0 1.0 0.065 —d
1111P 28 1.0 1.4 0.27 —d
1111Q 21 —f —f 0.38 —d
1111R > 102 —e —e —e 0.80:0.02
11117 —h —h —h —h 2.00£0.37
1111U —h —h —h —h 2.78:0.08
1201A > 138 —e —e —e 1.47
1201B > 137 —e —e —e 1.03
1201C 132 0.08 0.4 0.11 2.150.43
1201D —I — —I —I 2.61+£0.16
12010 71 1.0 1.0 0.040 —d
1201Q 74 1.0 1.0 0.037 —d
1204E > 139 —e —e —e 1.59:0.08
1204G 134 0.12 0.5 0.12 2.080.08
1204 H > 137 —e —e —e 1.90:0.06

8Ratio of terminal-fragment to initial projectile mass. The measurement error is several percent.

bdL/dp: Ratio of terminal to initial projectile diameter. The measurement error is a few tens of percent.

°MW, PD: Maximum width, penetration depth of the tracks.

dNo flash X-ray images obtained.

€Penetration depth or terminal projectile mass could not be measured because the projectile passed through
the target.

fTerminal projectile was not identified on the X-ray transmission image.

9Track profile could not be obtained because X-ray transmission image was not clear.

hPenetration depth or terminal projectile mass could not be measured because the target was broken by the
impact.

'Used forCy derivation (see text).

IPenetration depth or terminal projectile mass could not be measured because the target broke during analy-
sis.
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Figure 2.3: Normalized terminal-fragment mass versus normalized dynamic pressure. The
line is a fit to six data points for deformed or disrupted projectiles with dynamic pres-
surgprojectile tensile strength 6
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and the bulk porosity of the targets. Let us discuss the results of shots using a 1 mm
titanium projectile. Carrot tracks formed in thefflyp4 targets at impact velocities of 2.6
and 4.0 km st, as shown in Figure 2.2-(1-a) and 2.2-(1-b). The projectile was eroded
in the 4.0 km s! shot and the track length was shortened. At an impact velocity of 6.7
km s1, the projectile was disrupted because of the initial peak pressure. A bulb track
formed instead of a carrot track, and the penetration depth was much shorter, as shown
in Figure 2.2-(1-c). At some fixed impact velocity, the projectile was more damaged in
less porous targets and a shorter penetration occurred. For example, the projectile in the
fluffy87 target was more damaged than that in th&yf4 target, at roughly 4 km=$
impact, and the penetration depth was shortened, resulting in a bulb-shaped track.
Burchellet al. (2008) indicated that the ratio of maximum track widi\{/) to pen-
etration depthPD), MW/PD, is informative as regards the track types. They classified
carrot-shaped tracks as those WilW/PD < 0.11, and bulb-shaped tracks as those with a
MW/PD ratio of > 0.11. Figure 2.4 shows the relationship between the/FMWratio and
the initial dynamic pressure, normalized by the projectile’s tensile strength. We also plot-
ted the results of various projectiles into aerogel, as obtained in previous studies (Burchell
et al,, 2008; Hirz et al, 2009; Kearsleyet al, 2012; Niimi et al,, 2012), using the ten-
sile strength of soda-lime glass, copper (60 MPa, 195 MPa, respectively; Kaye and Laby
1986), alumina (258 MPa; Shackelford and Alexander, 2000), carbonaceous chondrite me-
teorites € 37, < 14, < 14 MPa for Allende, Murchison, Orgueil, respectively; Tsuchiyama
et al, private communication, 2012), and graphite (10.9 MPa; Manéigal, 2007). The
MW/ PD ratio increases with increasing dynamic pressure. The transition between “carrot”
and “bulb” occurs at a pressure of approximately 20 times the projectile’s tensile strength.
The data points to the right of this boundary in Figure 2.4 Hel&/PD values equal to
or greater than 0.11, which is in agreement with the criterion for morphological classifica-

tion (Burchellet al,, 2008). The data of the Murchison projectile are also consistent with
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the tendency of this figure, although it has been suggested that evaporation of the volatile
component may play a role in the formation of bulb-shaped tracksz(ét al., 2006). The

results here suggest that projectile disruption is more important for track-shape formation.

1007 T T
‘ Carrot
__E : Bulb — This study
2 () Carrot (SLG) ]
c (+) Carrot (ALO) B
5 Bulb (Allende) Previous - B% |
g [ ] Bulb (Murchison)[[ study e
o I\ Bulb (Orgueil) J - 4
d_o HH Bulb (Graphite)
=
- 10_] i [] Carrot (Copper) | n |
S [
g (L:‘) . Yy
= “
Eé )
() D
-] 0_2 L 1 |(;:€““Ii‘|f\]::‘ 1 1 1 111 | 1 1 1 1 -l l
107 10° 10' 107

Dynamic pressure / Projectile tensile strength

Figure 2.4: Correspondence of thB\/PD ratio and the normalized initial dynamic pres-
sure. Projectile material is denoted in parentheses. SLG: Soda-lime glass.

2.3.2 Compaction

Compacted region by impact can be identified on flash X-ray images. Figure 2.5
is the image of a shot of a 3.2 mm-diameter titanium projectile intdyBr at 6.18 km
s1 (1111U) taken at the time 4.54s after impact. We analyzed this image in order to

determine the density of compacted region. Inhomogeneity in the brightness was observed
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on the image. For example, Figure 2.5 (b) shows that there were some brighter parts (A, C)
and some darker parts (B, D), though there were no obstacles in the path of the flash X-ray.
This may be due to the fierences in initial X-ray intensities towardfidirent directions
or/and in sensitivity of the imaging plate. In order to correct this inhomogeneity, a flat
field correction described in the following was carried out. X-ray intensity decays through

objects and it is expressed as following equation:

| = loexp(-uxp), (2.2)

wherel, lo, ux, andl are weakened X-ray intensity, initial X-ray intensity, X-ray absorption
codficient, and length for X-ray passing through an object, respectively. Brightness value
on the imageB, is expressed & = kI, where k is a coicient representing the sensitivity.
Note that coéficient, k here, is dferent constant for each pixel. Thus the relation between

brightness values that we obtained and X-ray intensity is

B = kI = klgexp(—uxprl) . (2.3)

First we picked out brightness values of 5 columns (two from in front of the impact side
of the target, three from behind the back side of the target) in order to determine k
Brightness values for each column were fitted by a fifth degree polynomial as a function of
row numbers . Six fitting cd&cients could be obtained for each column, then we fitted the
codficients versus column numbers by linear fits. Thus we could calculate the brightness
of the originally streaky pattern for each pixklg. Dividing the brightness value for each
pixel of the flash X-ray imageB by klg, the pattern was corrected. The image after the flat
field correction is shown in Figure 2.6.

Figure 2.7 show®/klq versus column density. The X-ray absorption fticeent, uy,
was determined from the data fitting using the relation of Eq.(2.3). Assuming the density

of compacted regiom’, is uniform, the brightness values in the region are expressed as
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follows:
B = Klgexp{—ux (o1 + pi'12)}, (2.4)

wherel,; andl, are the lengths of the regions with the initial target density and the com-
pacted, respectively. Using Eq. (2.4), density of the compacted region was calculated as
well as density of non-compacted region, and shown in Figure 2.8. The average density of
compacted region was obtained to bel (6 2.4) x 10? kg m3,

The total mass of the compacted region was calculateg®Wm, whereVeom is
the total volume of the compacted region, which was obtained by integrating the area
of circular ring of the compacted region. The width of the circular ring was assumed
to be a constant value of 1.5 mm. Figure 2.9 shows the comparison of the total mass
of the compacted region 4.54& after impact with the original mass of the region that
subsequently formed the cavity and the compacted region. The latter mass is calculated by
Pt(VeavtVeomp), WhereVe,, is the volume of cavity. It was found that the almost all materials
existed in cavity part was transported to the compacted region. This corresponded that little

ejecta was observed by the high-speed camera.
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(a)

Figure 2.5: Flash X-ray images of a shot into 111%aken at the time 4.54s after
impact. (a) Original flash X-ray image of the shot. Darker region below the target is due
to the ceiling of the target box. (b) Contrast-enhanced image of the rectangle zone of (a).
Inhomogeneity was observed on the image. For example, A and C are brighter, whereas B
and D are darker.
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Figure 2.6: A flash X-ray image after the correction of inhomogeneity in the brightness.
Dotted line is the column which we analyzed.
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Figure 2.7:B/klgversus column density. The solid line shows the regression line fitted by
Eq. (2.2).
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Figure 2.8: Calculated density versus row number. Dashed line shows the density and
porosity of the initial target. The inserted illustration shows the calculated column; Light
gray, dark gray, and open circle show the target of the original density, the compacted
region, and the cavity region, respectively. The numbers show the row numbers of the
edges of the target in the column.

31



Mass [g]

Figure 2.9: The comparison of the mass of the compacted regiomd &Hder impact with
the original mass of the region that subsequently formed the cavity and the compacted

region.
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2.3.3 Projectile deceleration

The track shapes of the sintered glass-bead targets were similar to those for aerogel
targets. Thus, we assumed that the deceleration process of projectiles in porous sintered
glass beads was similar to that in the aerogel targets studied previously @lam2011).

Given a high-velocity projectile, inertial resistance is dominant, and other forms of resis-
tance can be neglected. Consequently, the equation of motion for a penetrating projectile
is given by

dv 1

My = —éc:dptsv?, (2.5)

wherem,, v,Cy, and S are the projectile mass, projectile velocity, drag fGogent, and
projectile cross-section, respectively. Penetration dexitf), as a function of time, is

derived by integrating Eq. (2.5),

X(t) = %In(avot + 1), (2.6)
_ CdptS
a= om, (2.7)

wheret is the time from the collision between the projectile and the target. Using Eq.
(2.6), we fit the experimental data obtained from the flash X-ray images shown in Figure
2.10 by leavingy as a free parameter. After determiniagthe drag cofficientCy was
calculated from Eq. (2.7)listed in Table 2.3-and plotted versus initial dynamic pres-
sure, normalized by the projectile’s tensile strength in Figure 2.11. Note&Cthfmr two
shorter targets (1104c and 11014a) was determined using high-speed video-camera im-
ages in which the projectiles’ penetration was observed. Also note that the cross-section,
S, and the projectile massy,, in Eqs (2.5) and (2.7) were assumed to be constant as the
projectiles’ initial values, although changes3randm, were observed in the experiments.
Figure 2.11 shows that the drag €ib@ent increases with normalized initial dynamic
pressure. The increase @y is caused by the increase &y because we assumed that

the other parameters remained constant. However, the increass probably owing to
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the change in projectile mass and shape when projectile deformation starts at a dynamic
pressure of 4—7 times the tensile strength of the projectiles as described in Section 2.3.1.
Yasuiet al.(2012) also suggested that deformation and disruption of the original projectile
may cause higher drag déieientCy. It could also be due to an increase in target density

in front of the projectile, which was observed as conical caps of less porous glass beads
(described in the previous section). That is, the increasg in Figure 2.11, along with

the initial dynamic pressure, indicates an increase in the tg&m, in Eq. (2.7). The

drag codficient was determined asll+ 0.3 based on four shots in which the projectiles
were nearly intact (marked in Table 2.3). This value is similar to the result of Niimi

et al. (2011), who reporte€y = 1.1 + 0.1. Note that the assumption of const&and

m, is unphysical, because they should change because of fragmentation at high dynamic
pressure as discussion in 3.3.2. Nevertheless, our analysis providedtdwive drag
codficient” for broken projectiles during penetration. In such cases, fieetare drag
codficient reaches higher values.

We constructed a simple model for projectile deceleration and penetration depth for
projectiles that did not experience severe deformation and fragmentation based on the
experimental results, as follows. When a projectile collides with a target, the projectile
loses mass at the impact point because of the high initial pressure. The remaining projectile
then penetrates into the target according to the following equation, a modification of the

equivalent equation of Niimet al. (2011),

dv 1
a = —§CdptS|_V2 - SLYC’ (28)

wherem_ andS, = (zd_?)/4 are the mass and cross-section of the terminal projectile,
respectively, and/ is the target’s compressive strength. The penetration depth was as-

sumed to be determined by the size of the largest fragment. Eq. (2.8) can be integrated

and the penetration depth, normalized by the diameter of the largest fragment, is derived
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as follows, if the largest fragment is assumed to be a sphere (Kadono and Fujiwara, 2005):

PD _ 2 Pp
d|_ B 3Cdpt

In (1 + Cdpt"(’z). (2.9)

2Y.

We used the values df andm, of the terminal projectile in Table 2.3 and Eq. (2:8)ot

Eq. (2.9), because the excavated projectiles were deformed from sptierestimate the
penetration depth for projectiles that did not experience severe deformation and fragmen-
tation. The estimated penetration depth is compared with the experimental data in Figure
2.12. We used the compressive strength of the weaker part of the targgidasause all
projectiles penetrated deeper than the stronger part. The error bars reflect the uncertainty
in the drag cofficient. Figure 2.12 shows that the estimate reproduces the experimental

data well.
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Figure 2.10: Flash X-ray images of a shot of a 3.2 mm-diameter titanium projectile into

fluffy87 at 1.8 km st (1111 R). Elapsed time from impact is 11u® for the left-hand and
30.9us for the right-hand image. The projectile was neither deformed nor disrupted in this

shot.
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Figure 2.12: Comparison of the estimated penetration depth and the experimental results.
The dashed line shows a reference where both are in agreement.

38



2.3.4 Implication for dust penetration into icy bodies

We applied this penetration model to tracks formed by the penetration of silicate dust
grains into icy bodies orbiting in the Kuiper Belt region. According to Eqgs (2.1) and (2.9),

we can calculate the penetration depth of the projectile,

PD d PD
T da (2.10)
and .
1 2\ ~15+05) 3
de _ (M infa, Jagrseor (LY . 2.11)
o My Yot

Here we use Eq. (2.9) and not Eg. (2.8), because dust particles would not be deformed like
metal projectiles, as in the present experiment. Therefore, we assumed that the disrupted
dust can be approximated by a sphere. Although we applied the present result to the rela-
tionship between the degree of fragmentation of the projectile and the dynamic pressure,
normalized by the projectile’s tensile strength, this relationship may be dependent on the
size of the projectile and the impact velocity (Housen and Holsapple, 1999). We assumed
that the grain density of the constituents of icy bodies is 1600 & his value matches

the smallest well-measured icy dwarf planet, Pluto’s moon Charon, which presumably is
large enough to have zero macro-porosity but small enough to avoid significant internal
compression (Consolmagetal.,, 2008). Greenberg (1998) also proposed a similar value,
1650 kg n13, as the maximum mean density of a fully packed comet nucleus. The com-
pressive strength of icy bodies for a range of porosities is assumed as follows, based on
previous uniaxial strength tests of dry snow. We derived an empirical equation from the

measurement results of strength as a function of bulk porosity (see fig.17 in Mellor, 1974),

4.4
Ye = Yesnon = 8.8(1 - 1%0) — 8.8f4“[MPal], (2.12)

where Y¢snow IS the compressive strength of dry snow anés the bulk porosity. This

eqguation can be applied to a bulk porosity ranging from 60% to nearly 100%. The crushing
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strength of comet nuclei ranges from?16 1¢° Pa Opic, 1966). The compressive strength
of dry snow adopted here with a porosity of 70-90% is within this range. It is also in
agreement with the modeled compressive strength of grain aggregates (Sirono, 2000).

The result of this calculation for impacts with relative velocities of up to 1000'm s
(Farinella and Davis, 1996) for dust with the mechanical properties of basalt, i.e., a density
of 2700 kg n3and a tensile strength of 19.4 MPa (Nakametal., 2007), is shown in
Figure 2.13. This figure shows the penetration depth at each impact velocity versus the
bulk porosity of the bodies, which are homogeneous on a much smaller scale than the im-
pacting dust particles. The penetration depth increases with increasing bulk porosity of the
target body. For bodies of order 90% bulk porosity, the penetration depth is approximately
100 times the projectile diameter.

Wild 2 probably experienced multiple outer planet perturbations that transferred Wild
2 from beyond Neptune to JFC orbits. The period of this migration is typically a few
million years (Levison and Duncan, 1997). During the active period of typical JFC comets,
the radii shrink by at least 25% (Thomas, 2009). If Wild 2 is roughly halfway through
its JFC lifetime in the inner solar system, it should have lost over 200 m of its original
surface (Brownleet al, 2012). The size of dust captured by the Stardust mission which
is considered to be lifted from the comet surface by gas drag ranged from submicron to
several hundred microns (Brownle¢ al, 2012). The corresponding penetration depth
of such dust particles is at most several centimeter as shown in Figure 2.13. With the
shallow penetration depth, dust particles captured at recent inner orbit would have been
lost as the gas evaporated from the surface. Thus the dust particles that contain high-
temperature objects may be original components which formed the comet in Kuiper belt
at the accretion stage, rather than captured dust at inner region after the comet became
JFC. Outward transport of the high-temperture objects at the accretion stage would have

been due to X-wind, which has been modeled by &hal. (1996, 2001), or processes
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involving turbulent dffusion and instabilities (e.g. Bockelee-Morvainal., 2002; Ciesla,
2007; Cuzziet al, 2008).
Much larger impactors may have been captured by high-porosity bodies at greater

depths from the surface and stored for longer times.

1000 |

100 [m 3'1]

—1000 [m s '

100 |

Pnetration depth / Projectile diameter

70 75 80 85 90 95
Porosity [%]

Figure 2.13: Estimation of penetration depth versus porosity of icy bodies.
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2.4 Summary

We sintered glass beads undeffelient conditions and prepared porous targets with
94%, 87%, and 80% bulk porosity. Impact-penetration experiments were conducted using
a two-stage light-gas gun at ISABBXA. The projectiles were metal spheres and basalt
cylinders. Impact velocities ranged from 1.6 to 7.2 krh 4 flash X-ray imaging system
and a high-speed video camera were used to observe projectile deceleration processes. We
also used micro-X-ray tomography for analysis of the track morphologies. Two types of
track morphologies were observed, similar to the dust tracks in silica aerogel blocks. The
first type, a thin, long “carrot”-shaped track, occurs when the projectile remains almost
intact. The second type, which is thick and short with tails (“bulb” shape), occurs when
the projectile is disrupted. The transition from carrot to bulb shape occurs when the initial
dynamic pressure exceeds approximately 20 times the projectile’s tensile strength. The
compacted region due to impact was observed on images. The average density of the
compacted region was calculated to ba{&.4)x10? kg m for the targets 111U, which
had originally the density of.35 x 10? kg m~3. It was found that the almost all material
existed in cavity part was transported to the compacted region. We derived an equation
of motion for the largest fragment of a projectile during penetration into highly porous
bodies. This model roughly reproduces the experimental results with respect to penetration
depth for projectiles that did not experience severe deformation and fragmentation. We
applied this penetration model to icy bodies which were homogeneous on much smaller
scales than the impacting dust particles witlifedient bulk porosities and estimated the
penetration depth of silicate dust. The predicted depth showed that the dust penetration
was only approximately 100 times the projectile diameter, even for bodies with 90% bulk

porosity.
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Chapter 3

Experimental study of cavity
morphology of highly porous targets®

3.1 Introduction

In the history of the solar system, small bodies were probably characterized by very
high porosities as described in Section 1.2 and 2.1. Craters on small bodies have been
observed by spacecrafts. Craters on icy bodies dferent from the impact craters on
asteroids and the Moons.

Crater-like features was detected on the nuclei of comet Tempel 1, with diameters
of as large as a few hundred meters (Thoraasal, 2007a). They are flatter than the
impact craters of similar sizes seen on asteroids and the Moons (Vietaht 2014).

The Cassini spacecraft took the images of the surface of Hyperion, which is a satellite of
Saturn. The image shows that Hyperion is sponge-like appearance, which is characterized
by the reticulate, honeycomb pattern of narrow divides between craters (Tletrahs
2007b). A lot of craters on Hyperion have dark surfaces in the floors. (Theinals
2007b). The depth-to-diameter ratio is slightly larger than that of the Moon, 0.295 (White
and Schenk, 2011).

"1 An earlier version of this chapter has been published as:
Okamoto T., Nakamura A. M., and Hasegawa S. 2014. Impact Experiments on Highly Porous Targets: Cav-
ity Morphology and Disruption Thresholds in the Strength RegiRlanetary and S pace S cienae press
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Howardet al. (2012) proposed that the unique appearance of Hyperion is caused by
slope erosion governed byfllisive mass wasting induced by sublimation. The dark sur-
faces in the floors of the craters were interpreted to be lag deposits of contaminants left
behind by sublimation of the surround in ice (Cruikshaetkal, 2007; Howardet al,

2012). On the other hand, Thomesal. (2007b) proposed that the craters on Hyperion
could be explained by the loss to space of ejecta during impact events. They estimated
H,O sublimation rates at Saturn’s distance from the Sun, and it shows that water ice will
sublimate much less than 10 m over the period of existence of the solar system so far,
even allowing for some concentration of incident radiation at the bottom of depressions.
This value is much smaller than the observed craters (the Cassini imagery /A&elm
Bradet al, 2012). Thus they concluded that primary impact crater morphology rather than
sublimation explains the unusual appearance of Hyperion.

Whether these craters could be formed by impact only has not been examined in detail.
The characteristic physical properties of surface such as low density, high porosity and
weak strength may influence on the crater formation. In this study, we focus on craters of
porous bodies in strength regime, and discuss what kind of crater morphologies is formed
on such surface.

Previous laboratory experiments have been conducted using porous targets such as
gypsum, sintered glass-bead, pumice, and foamed polystyrene with high velocity of order
of km s1. Love et al. (1993) and Michikamgt al. (2007) used sintered glass-bead tar-
gets with porosities of up to 60% and 80%, respectively, and showed that the crater depths
increased with increasing porosity of the target. However the results are not compared
among the dferent materials. Thus using the data of our high-velocity impact experi-
ments and the data of previous studies, we conducted scaling analyses of dimensions, i.e.,
diameter and depth of cavity formed in the targets with various porosities for estimating

the crater dimensions on the surface of the porous bodies.
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3.2 Experiments

We prepared sintered hollow glass-bead targets with porositiexd,87% and 94%,
which we refer to as fliiy87 and flufy94, respectively as described in Section 2.2.1. As
well as these targets, we prepared sintered glass-bead targets with porosities of 93%, which
have uniaxial compressive strength one order of magnitude smaller than thatif@4{u
thus we refer to it as weakuffy932. Gypsum with porosities of about 50% and pumice
with porosities of about 74% were also prepared. We mixed water and hemihydrate gyp-
sum (CaS@1/2H,0) powder in a 0.67 : 1 mass ratio. The mixed slurries were dried in an
oven at 60°C. Pumice targets were cut from blocks of natural pumice (originating from
Ito ignimbrite from Aira caldera, Japan). Sintered glass-bead targets and gypsum targets
were cylindrical in shape whereas pumice targets are irregular in shape. Table 3.1 shows a
summary of the target properties; target dimensions are listed in Table 3.2. Uniaxial com-
pressive strengths of the sintered glass-bead targets were measured using a compressive
testing machine at Kobe University (Japan). The details of target preparation and strength
measurement are described in Section 2.2.1.

Impact experiments were conducted using a two-stage light-gas gun at the Institute of
Space and Astronautical Science (ISAS), Japan. A split-type nylon sabot (€aahi
2010) was used to accelerate projectiles éfedent types. The projectiles were titanium
(4.5 g cn3), aluminum (2.7 g c?), nylon (1.1 g cm®), and polystyrene (1.1 g ci¥)
spheres with diameters of 1 mm or 3.2 mm and basalt (2.7 §)crylinders with a di-
ameter of 3.2 mm and height of 2 mm. The impact velocities ranged from 2.3 to 7.2 km
s!. Table 3.2 summarizes the impact conditions. The track profiles were observed and

analyzed using transmission images obtained with a micro-X-ray tomography instrument

2For weakfluffy93, hollow glass-beads in a mold with aluminum circular cylinder of thickness of 3 mm
and alumina top and bottom plates, had been heated from room temperature to the peak temperature of 630
°C in 6 hours, whereas they were cooled in the closed oven after the heater was swifchbitto takes
roughly a day.
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(ELE-SCAN NX-NCP-C80-1 (4); Nittetsu Elex Co.) at Osaka University, now moved to
Kyoto University (Tsuchiyamat al, 2002) and a micro-X-ray CT scanner (MicroXCT-
400; Xradia Inc.) at Hyogo Prefectural Institute of Technology. The results of the experi-
ments are also presented in Table 3.2.

Table 3.1: Physical properties of porous targets investigated in the present and also previ-
ous studies.

Compressive strength

Material Type Bulk density stronger part  weaker part Porosity

(g cnT?) (MPa) (MPa) (%)
Sintered fluffy94 0.14@-0.004 0.4%0.13 0.240.04 94.40.2

glass weak fluffy93

beada fluffy87 0.34@: 0.009 1.430.40 0.86:0.10 86.80.3
fluffy80 0.51G- 0.020 — — 80.3:0.9
Gypsum — 1.10+ 0.04 15.6:1.% 52.3t1.7
Pumice — 0.60+ 0.01 5.1 74.1+0.6
Sintered P35-R0O 1.59 121+ 3.4 36.5+0.3
glass P35-R12.5 1.69 15.3+6.3 34.3:1.0
beadd P35-R25 1.80 17.5+5.9 32.3:1.6
P40-R0O 1.49 1.91+ 0.51 40.3+1.8

Gypsun§ — 1.10+ 0.05 15.6+ 1.2 50+2

L 0.011 0.07 99.0"
Eg;gi?ené M 0.037 0.16 964+ 0.1"
H 0.074 >0.2 928+ 0.3"

Aerogel — 0.060 — 97.7

a Detailed information about the sintered glass-bead targefg8y flufy87, and flify94 is given in Sec-

tion 2.2.1. We adopted the strength of either the stronger or the weaker part in our analyses, depending on
which of either the top or bottom surfaces was impacted by the projectile.

b The compressive strength of gypsum with a porosity af38 from Fujii and Nakamura (2009) is adopted

here.

¢ The compressive strength of pumice from Nakanetral. (2009) is adopted here.

d Data of Hiraoka (2008).

€ Data of Yasuiet al. (2012).

f Data of Ishibashét al. (1990).

9 Standard value (JIS A9511), corresponding to each bulk density.

h Porosity of the foamed polystyrene target is calculated assuming that the density of polystyrene is 1.056 g
cm-3(Chronological Scientific Tables, 2012).

' Data of Niimiet al. (2011).

I Porosity of the aerogel target is calculated assuming that the density of silicon dioxide is 2.648 g
cm3(Greenwood and Earnshaw, 1984).
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3.3 Results and discussions

3.3.1 Track profile and drag codficient

Figure 3.2 shows some track profiles of sintered glass-bead targets extending from the
entrance hole to the end of the track. Note that the X-ray images of the tracks are shown in
Figure 2.2. The track shape of sintered glass-bead targets could be divided into two types:
an elongated “carrot” shape and a short “bulb” shape. A distinction of these two types for
the targets was the same criteria as that for aerogel targets (Buetla¢/|2008), that is

the ratio of the maximum diameter to the projectile’s penetration depth was 0.11, although
transitional shapes between the carrot and bulb shapes exists. The track shape depends
on the ratio of the projectile’s dynamic pressure to its strength (see Section 2.3.1). In this
study, we focus on the bulb-shaped tracks, in particular on the cavity shape. Figure 3.3
presents an example of an X-ray transmission image and a sketch of a cavity cross section.
The bulb-shaped cavity is characterized by an entrance hole with a diameter of several
times the projectile diameter and a maximum cavity diameter located at some depth from
the entrance hole. These characteristics of the bulb-shaped cavity have previously also
been found in very porous targets such as aerogel and foamed polystyr@ze=(Hl.,

2006; Ishibashet al., 1990).

The craters formed on gypsum targets consisted of a small central pit like a bowl
shape and surrounding spalls, which are similar to those reported based on previous im-
pact experiments on sintered glass-bead targets witreint porosities (Lovet al,, 1993;
Michikami et al,, 2007). Hiraoka (2008) describes experiments in which various projec-
tiles (SUS, glass, alumina and nylon) were used as impactors with velocities of 2.5 to 3.5
km st onto sintered glass-bead targets containing some rocky materials. The resulting
craters in their experiments were also this type. Figure 3.1 (a) presents a sketch of a cross

section of the crater with pit like a bowl shape. The crater shapes formed on pumice targets
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are shown in Figure 3.1 (b) and (c). These craters also have pits, but they don't look like
bowl shapes, but bulb shapes (b) or box shapes (c), i.e., the parts of pits’ walls are parallel

to the impact direction.

(a) Lax (upper limit)

target surface /

Dynax (lower limit)

(b) Lnax (upper limit) (C)

target surface / target surface /

Lyax (upper limit)

Dynax (lower limit) Diyax (lower limit)

Figure 3.1: Schematic illustration of craters consisting of a central pit and surrounding
spalls. The pit shape formed on gypsum targets and sintered glass-bead targets with porosi-
ties of 32—-40% (Hiraoka, 2008) is illustrated in (a), whereas the pit shapes formed on
pumice targets is illustrated in (b) for a bulb shape and (c) for a box shape. The depth from
the target surface to the pit diameter and the pit diameter are regarded as upper limit to
Lmax @and lower limit toDyax, respectively.

Previous studies (Niimet al,, 2011; Okamoteet al., 2013) have reported that projec-
tiles decelerate in the target through both inertial drag and drag that is proportional to the
target strength. It has been shown that the former dominates during most of the penetration
process, while the latter istective only in the final phase of a projectile’s penetration. The
equation of motion for a given projectile is thus given by Eqg. (2.5). Draghopent, Cy
was calculated in Section 2.3.3 based on the initial cross-section@&read the initial
projectile massin,, although changes i andm, were observed over the course of the

experiments unless the projectiles were intact. Here we refer to the dréiciene as
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Figure 3.2: Track profiles of the targets from the entrance hole to the end. Left: Results of
fluffy94 impacted by titanium (Ti) projectiles; carrot-shaped tracks are formed for impact
velocities of 2.6 km st and 4.0 km s, while bulb-shaped track is formed for impact
velocity of 6.7 km st. Middle: Results of flfy94 impacted by aluminum (Al) projectiles;

a carrot-shaped track is formed for an impact velocity of 2.4 kinwhile bulb-shaped
tracks are formed for impact velocities of 4.3 knt and 7.2 km st. Right: Results of
fluffy87 impacted by Ti projectiles; a carrot-shaped track is formed at impact velocity of
2.0 km s?, while bulb-shaped tracks are formed for impact velocities of 4.3 Knasd

6.8 km s®. All X-ray transmission images are shown in Figure 2.2.

the dfective drag cogicient, Cy ;. The dfective drag coféicient was shown to depend

on the projectile’s dynamic pressure normalized by its tensile strength. Figure 3.4 is a
revised version of Figure 2.11; all previously obtained (Okansital., 2013) and new

data pertaining to nylon projectiles have been re-plotted, along with the results of previous
studies of aerogel and gypsum targets, as included in Table 3.1 (Bliiahj 2011; Yasui

et al, 2012). The &ective drag coficient increases with increasing normalized dynamic

pressure. The following empirical relation is obtained for the sintered glass-bead targets:

(3.1)

2 )0.2&0.03

Vo
C.i . = 1070.032:0041( Pt
d_eff Yo

Note that the #ective drag coficient is about unity when the projectile is not deformed
or disrupted (Okamotet al, 2013). Eq. (3.1) will not be applicable in such cases. On
the other hand, thefiective drag coficient may increase with increasing dynamic pres-

sure because the projectile’s cross-section area becomes larger during penetration. This
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Lmax

BD

PD

Figure 3.3: Left: X-ray transmission image after the impact of Ti with a diameter of 1
mm into flufy94 at an impact velocity of 6.7 knts Right: Schematic illustration of the
cavity dimensions. The gray part shows higher-density regions.
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extended cross-section areas were measured on flash X-ray images. Figure 3.5 shows the
area normalized by the projectile’s initial cross-section area as a function of time from im-
pact for run number 111T. Figure 3.5 indicates that the average normalized cross-section
area seems to be approximately 2, which is comparable toffbetige drag coicient,

Caer = 2.0+ 0.4, derived from Egs. (2.6) and (2.7), assuming that the considered cross-
section area is the initial area. Thus, it is suggested that the value offdutive drag
codficients can be regarded as the average ratio of the projectiles’ cross-section areas to
its initial areas at the early stages of penetration in this case. Note that the run number
1111T is the only shot in which the projectile was deformed or disrupted but not dis-
persed; i.e., the total mass remained equal to the initial mass. Other data diethee

drag codficients may be féected by other mechanisms such as mass loss caused by dis-

persion.

3.3.2 Characteristic dimensions of the cavity

Depth from the entrance hole to the maximum cavity diameterL max

First, We describe the results of the depth from the entrance hole to the maximum
cavity diameterl_ .« (see Figure 3.3). Our results show that decreases with increasing
impact velocity and increases with increasing target porosity. The equation of motion for

projectiles at the early stages of penetration is a functian @fhich can be described as

dv
5 = —aV?, (3.2)
whereq is defined by Eq. (2.7). EqQ. (3.2) is solved to yie(a),

V = Vo exp (~ax), (3.3)

where x is the distance from the point of impact. The kinetic energy of the projde€tile,
expressed as

E = Egexp 2aX), (3.4)
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Figure 3.4: Hective drag coficient versus normalized initial dynamic pressure, adapted
from and updated compared with Figure 2.11. One of thecgve drag coficients (for
basalt projectile impacting onto a ffly94 target) has been re-examined and corrected with
respect to the original plot. Results for aerogel targets (Nétral, 2011) and gypsum
targets (Yasuet al., 2012) are also shown.
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Figure 3.5: Projectile cross-section ar&,normalized by the initial cross-section area,
So, as a function of time from the impact for run number 11111
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wherek, is initial kinetic energy. The inverse ofvhas the dimension of length. We define

a characteristic length,o = 1/(2a), where the kinetic energy become’e df Ey. Using

Egs. (2.7) and (3.1), we calculalg. Figure 3.6 shows the relationship betwdgh,

andLg, both normalized by projectile diameter. Previous data of craters in sintered glass-
bead targets with 32—-40% porosity (Hiraoka, 2008) and bulb-shaped cavities in foamed
polystyrene targets formed by nylon projectiles (Ishiba&slal., 1990) are also shown (see
Table 3.1). We assume that the pit diameter is the maximum diameter of the cavity, and we
also assume that the depth from the target surface to the circumference of thejt is

The Lhax data thus represent an upper limit, because the real depth to the maximum cavity
diameter may be shallower than the depth to the pit diameter due to the existence of surface
spalls (see Figure 3.1). The normalizegy increases with the normalizdg. This may
suggest that the depth to the maximum cavity diameter depends on the degree of projectile
deformation or disruption caused by theetive drag coficient, and it also depends on

the projectile-target density ratio. Fitting the data pertaining tyf8y, waekfluffy93,

and fluty94 and foamed polystyrene targets, i.e., targets with porositie8 0o, yields

Lmax _ 100.6&0.05(& (3.5)

0.47+0.06
dp dp)
The empirical equation for theffective drag cofficient, Eq. (3.1), can be used to derive

the following empirical equation from Eq. (3.5):

L Y 0.10+0.02 -0.47+0.06
maX _ (364 0.5)( p‘z) (ﬂ) . (3.6)
dy PiVo Pp

The power-index of the normalized strengthy/ (orVo?), is smaller than that of the density

ratio, thusLyax/dy, is almost determined by the density ratio.
Maximum cavity diameter, Dnax, and the bulb depth,BD

Second, we describe the results of the maximum cavity diani@tg, and the bulb

depth,BD. Note that bulb depth is defined as length from the entrance hole to the bottom
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Figure 3.6: Normalized.ax versus normalized characteristic length. Results for sin-
tered glass-bead targeis £32%—-40%; Hiraoka, 2008) and foamed polystyrene targets
(Ishibashiet al,, 1990) are also shown. The data for sintered glass-bead targets with poros-
ity of 32—40% and gypsum targets (our study) yield upper limits (see text). The best-fitting
line has been obtained using data for sintered glass bea€g84, 93, 87%) and foamed
polystyrene targets.
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of the bulb (see Figure 3.3).

Scaling relations for craters were derived by assuming that projectiles behave as point
sources (Holsapple and Schmidt, 1987). The scaling relation for the strength regime ap-
plies when the target strengthi, is much greater thapgh, whereg is the gravitational
acceleration ant is a characteristic crater length (e.g. diameter or depth). This is the case
for the present experiment. In this regime, as seen in Section 1.3, the crater diameter is

described by

Pt 5 Yi )_2” (Pt )13v+g
D(—]| =K — — , 3.7
(”\o) os(¢) (ppV02 Pp &9
(Housen and Holsapple, 2003). Eq. (3.7) is modified simply as follows if the projectile is
a sphere:
D Y \*?(py )
Z _H =1, 3.8
dp oslé) (PtVoz) (Pp 59

whereHps is a scaling constant as a function of porosity. We use the non-dimensional
parameter sets in Eq. (3.8) for our analysis of the maximum cavity diameter. The com-
pressive strength of the targét,, is used as a proxy of the target strength It has been
reported that the exponent ofis equal to approximately 0.4 regardless of material type
(Housen and Holsapple, 2011). We adopt this value here. Figure 3.7 shows the maximum
diameter normalized by projectile diameter, multiplied by the ratio of the bulk densities
to the power 0.4 as a function of the target’s compressive strength, normalized by the ini-
tial dynamic pressure. Data from previous studies (see Table 3.1) are also shown. The
pit-diameter values are used as the maximum diameters except for sintered glass-bead tar-
gets with porosities of 94, 93, and 87% and foamed polystyrene targets. Therefore they
represent lower limits for the same reasons as those pertaining to the maximum-diameter
depths for the sintered glass-bead targets of Hiraoka (2008). The normalized maximum
diameters show the approximate power-law dependence of the diameters to the normalized
strengths. It is also shown that the values of the scaled diameters increase with increas-

ing target porosity. The best-fitting results based on application of Eq. (3.8) to the data
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pertaining to fldfy87, weakfluffy93, and flify94, and foamed polystyrene targets, i.e.,

targets with porosities 0f87% yield

D y. \026:004 04
maX _ 020+ 0.07( °2) (ﬁ) : (3.9)
dp PtVo Pp

We also fitted the data pertaining to gypsum targets and pumice targets. The summary of
the results for scaling constants in Eq. (3.8) is shown in Figure 3.8. The valyes of
approximately within the range of3.to 2/3 allowed by the scaling theory based on the
point-source assumption. The valuedHyf; decrease with increasing porosity. Empirical

equations of scaling constantsltafs andu are obtained as follows:

Hps(f) = (0.15+ 0.06)(1— f) 1408, (3.10)

u(f) = (0.53+ 0.09) + (0.15 + 0.18)f. (3.11)

We will discuss the crater diameter of the icy bodies using these empirical equations in
Section 3.3.3.
The crater depth is described by

d(%)%:de(qﬁ)( Y );(p t)l_gwg, (3.12)

PpVo? Pp

(Housen and Holsapple, 2003). Eq. (3.12) is modified simply as follows if the projectile
is a sphere as in the case of crater diameter:

/2 -v
E=Hds(¢)( Y ) (ﬂ) , (3.13)

p PtVo? Pp

o

whereHgs is a scaling constant. The compressive strength of the ta¥ges used as a
proxy of the target strengtly,. We assigned 0.4 to the value af Figure 3.9 shows the

bulb depth normalized by projectile diameter, multiplied by the ratio of the bulk densities
to the power 0.4 as a function of the target’s compressive strength, normalized by the initial

dynamic pressure. The depth from the entrance hole to the bottom of the cavity is used
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Figure 3.7: Normalize®,,,x, multiplied by the ratio of the bulk densities to the power 0.4
versus the non-dimensional parameMy,ovo?. Results for foamed polystyrene targets
(Ishibashiet al,, 1990), sintered glass-bead targets 60%, Michikamiet al,, 2007,¢=
32—-40%, Hiraoka, 2008), pumice-N (Nakamwtaal, 2009), gypsum-Y targets (Yasui

et al, 2012), and sand-perlite-flyash mixture targets (Housen and Holsapple, 2003) are
also shown. Data for the sintered glass-bead targets3g—40%; Hiraoka, 2008) and
gypsum targets yield lower limits (see text). These data has upper limits which indicate
the entrance-hole diameters. Solid line is the best-fitting line based on the data for sin-
tered glass beads & 94%, 93%, 87%) and foamed polystyrene targets. Dashed, dotted,
and dashed-dotted lines are the best-fitting lines for pumice, gypsum, sintered glass-bead
targets ¢ =32—-40%; Hiraoka, 2008), respectively.
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Figure 3.8: Scaling constants as a function of filling factor. Scaling consthjatandu
are defined as Eq. (3.8).
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as the bulb depth for sintered glass-bead targets with porosities lower than 60%, pumice
targets and gypsum targets. We fitted the data by Eq. (3.13). The summary of the results
for scaling constants in Eq. (3.13) is shown in Figure 3.10. Empirical equations of scaling

constants oHys andu are obtained as follows:

Has(f) = (0.48 + 0.20)f 0-95:0.21 (3.14)

u(f) = (~0.01+ 0.07) + (0.76 + 0.20)f. (3.15)

The values oHgys increases with increasing porosity. The valueg @ out of the range
of 1/3 to 23. This must be because the point-source assumption can not be applicable for
the bulb depth due to penetration of the projectiles. Thus whether this bulb depth scaling
is allowed to be used directly for the surface of small bodies is not convincing.

On the other hand, Lovet al. (1993) and Michikamet al. (2007) reported a relation-
ship between crater depth and the ratio of projectile density to the target density. In Figure
3.11, we compared the bulb depth of our results with those of various previous studies.
Figure 3.11 shows the approximate power-law relation between the normalized bulb depth
and the projectile to target density ratio, though the data are scattered within a factor of

~2. The best-fitting line for all data yields:

2Y _ qp46:003

dy

Pt

BD 0.72+0.03
(p p) . (3.16)

Note that Eqg. (3.16) may be applicable validly only within the range of the experimental
conditions under which the experiments were conducted, i.e., the impact velocity ranging
from 1.22 to 7.20 km 3, and the porosity being larger than 32%.

In the following discussion, we will use both scalings for bulb depths obtained from the
crater scaling law and the relation between the depth and the projectile-to-target density

ratio.
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Figure 3.9: Normalize®D, multiplied by the ratio of the bulk densities to the power 0.4
versus the non-dimensional parame¥gyp,vy°. Results for sintered glass beads-L targets
(Loveet al, 1993), sintered glass beads-M targets (Michikatral., 2007), sintered glass
beads-H targets (Hiraoka, 2008), pumice-N (Nakanetied., 2009), and gypsum-Y targets
(Yasuiet al, 2012) are also shown.
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Figure 3.10: Scaling constants as a function of filling factor. Scaling condtkntndu

are defined as Eq. (3.13). The results are obtained from data of sintered glass-bead targets
(Love et al,, 1993; Michikamiet al., 2007; Hiraoka, 2008) for filling factor of 0.64, and

from data of gypsum targets (Yaseti al., 2012; this study) for filling factor of 0.49, and

from data of pumice targets (Nakamuwetal., 2009; this study) for filling factor of 0.26,

and from data of sintered glass-bead targets (This study) for filling factor of 0.08.
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Figure 3.11: BD normalized by the projectile diameters versus the ratio of the projec-
tile density to the target density. Results for foamed polystyrene targets (Ishéiashi
1990), sintered glass beads-L targets (Leveal, 1993), sintered glass beads-M targets
(Michikamiet al,, 2007), sintered glass beads-H targets (Hiraoka, 2008), pumice-N (Naka-
muraet al, 2009), and gypsum-Y targets (Yastial, 2012) are also shown. The solid
line shows the best-fitting line for all data.
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3.3.3 Implication for craters on icy bodies

We apply the empirical relations obtained here to the surfaces of the porous icy bodies.
We assumed that the cratering process is dominated by strength rather than surface gravity
in the following discussions.

It was reported that an impactor of 370 kg in mass and about 1m in diameter, which
was made of copper (49%) and aluminum (24%) was hit on the surface of comet Tempel 1
at an impact velocity of 10.2 kntsand an impact angl®,of about 60 from the regional
surface normal vector (AHearet al,, 2005). However, the impact angle is highly uncer-
tain. Richardsoret al. (2007) reported that the axis orientation of ejecta plume changed
with time. They interpreted the apparent change as meaning that the impact apparently
occurred on a locally westward facing slope roughi$-1/2 the size of the final crater
(on the order of a few tens of meters) produced. Thus impact angle may be cloSer to O
rather than 60 Here we use values of=1.0 m,p,=700 kg nT3(the mean impactor den-
sity), =400 kg nT3(Richardsoret al, 2007),v,=10.2 km s! (A'Hearnet al, 2005), and
¢$=76% (Consolmagnet al, 2008). We used two impact angl@s;0° and 60, assuming
only the normal component of impact velocities contributes to the cratering process. Figure
3.12 shows the maximum diameter normalized by projectile diameter obtained from Eqgs.
(3.8), (3.10) and (3.11), as a function of the compressive strength of the comet surface.
The final crater had not been directly measured in Deep Impact mission because of a large
amount of fine dust in the ejecta obscuring the view (AHeairal, 2005), however the
images of the impact site were taken by the Stardust-NEXT spacecraft. The impact crater
was tentatively identified, barely resolvable, and the investigation of the images suggests
that the diameter is 49 12 m (Richardson and Melosh, 2013). To create a crater of this
size, the compressive surface strength should b&S47Pa for the case of impact angle of
0° and 12032 Pa for the case of impact angle of*6@espectively. These values are one

order of magnitude less than the values of the comet strength which were estimated as not
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more than 18-10* Pa by Richardsoet al. (2007), however in agreement with the other
estimate of 500 Pa in bulk tensile strength for comet Wirtanen (Bitad, 2006).

We discuss the particle size of the surface of Tempel 1 and necessity of metamor-
phic event of the surface in a simple cometesimal-formation model based on sticking of
sub-micrometer-sized ice particles (e.g. Kataekal, 2013). Assuming that grains are
monodisperse, compressive strength of granular medies approximately expressed as

follows :
c — ¢ dgz7

(Rumpf, 1970; Tsubaki, 1984) wheFg anddy are the compressive force worked in con-

(3.17)

tact between two grains, and grain diameter, respectively. When we assume only interpar-
ticle force, the forceF. is the force needed to separate two particles in contact, and it is

expressed as,
Fi = 3myR, (3.18)

wherey is surface energy, and = (1/r, + 1/r,)7! is the reduced radius of the grains of

radii ry andr,. HereRis dg/4. The surface energy for ice is 100 m3°nfisraelachvili,

1992), and we adopted this value. Figure 3.13 shows the relation between the compressive
strength of the surface and the grain sizeffer 70 and 80%. The compressive strength for

¢ = 70% is 1.7 times larger than that fér= 80% at the same grain size. The range of the
compressive strength of Tempel 1 obtained from this study is also shown in Figure 3.13.
The corresponding grain diameter is from &8 to 1.4 mm for the porosity of Tempel 1

(¢ = 76%). As the relation shown in Fig. 3.13 is derived only from interparticle forces,
the strength of comet surfaces must become stronger because sintering may occur. Thus
the grain size of the impact site of Tempel 1 is larger than®8 It suggests that a simple
cometesimal-formation model based on sticking of sub-micrometer-sized ice particles (e.g.

Kataokaet al, 2013), i.e., the formation of icy cometesimals only by direct sticking can
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not explain the larger dust size. Metamorphic event of the surface is necessary for the

explanation.
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Figure 3.12: Normalized maximum cavity diameter as a function of compressive strength
of the comet surface obtained from Egs. (3.8), (3.10) and (3.11). Solid line and dashed line
show the results of impact angle of,@nd 60, respectively. Light gray area corresponds

to the normalized diameter determined from observation by Stardust-NEXT (Richardson
and Melosh, 2013).

Hyperion is a Saturn’s irregular satellite and has a sponge-like appearance. It has
characteristics of a primitive icy body that condensed in the solar nebula. It is acceptable to
think of this satellite as a captured body that formed outside the Saturn systene{Biad
2012). Mean crater depth-to-diameter ratio of Hyperion was estimated36-00.451 for
3 examples by White and Schenk (2011). Howaral. (2012) reported crater diameter

and depth for 8 examples on Hyperion and the mean valug%+0.09. These depth-
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Figure 3.13: The compressive strength of the comet surface as a function of grain size

obtained from Eqgs. (3.17) and (3.18). The orange line shows the resglt=fof0%, and

the green line shows the result io= 80%. The Light gray area corresponds to the range
of the compressive strength of the surface obtained from this study.
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to-diameter ratio is slightly larger than that observed on the Medn2. The surface
exhibits a lot of depressions ranging in size from the resolution limits of Cassini imagery
(180 nypixel) to upwards of 50 km diameter (Bratlal, 2012). The unusual appearances

of Hyperion are dark surfaces in the floors of degraded craters (Thenads2007b). The
compositional analysis of the dark deposition of low albedo material was conducted by
Bradet al.(2012), and the results show that the low albedo material is nanophase iron and
iron oxide, while some carbonaceous materials (aromatic and aliphatic hydrocarbons) are
present.

Here we tentatively discuss the case that an impactor is a C-type asteroid (planetesimal)
that would be abundant in the formation region of Saturn in the Grand Tack model (Walsh
et al, 2011) and that contains aromatic and aliphatic hydrocarbons (Sephton, 2002). The
bulk density and tensile strength of a C-type asteroid are assumed in two cases; one is the
case of high density and strength and the other is the case of low density and strength. The
parameter values for the former are based on a carbonaceous chondrite. We assumed that
the bulk density as 2250 kg f(Consolmagnet al, 2008), which is the average density
of CM chondrites. The tensile strengt!y, is assumed to be 3.2 MPa (Tsuchiyaetal,
private communication, 2012) which was obtained from the mean tensile strength of small
fragments of a CM carbonaceous chondrite (Murchison) with mean diameter of 60—-300
um. The value falls the same order of magnitude with the upper limit value of the bulk
strengths upon entry of meteoroids into Earth’'s atmosphere (Pat@la 2011). In the
latter, we assumed the tensile strength to be 500 Pa, which is the estimated value of the
bulk tensile strength of comet Wirtanen with diameter of about 1.2 km (Eituah, 2006).

This value is also of the same order of magnitude of the surface compressive strength of
Tempel 1 we obtained in this study. In this case, the mean bulk density of a C-type asteroid,
pp=1400 kg nm3is used (Consolmagnet al, 2008). Table 3.3 shows the parameters of

impactors in both cases. The mean bulk density of Hyperion was givex=844 kg
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m~3(Thomaset al, 2007b). We adopted the value of the porosity of Hyperipn 65%,
assuming that the grain density is 1600 kg*which is used for estimation of comets’
porosities (Consolmagnet al., 2008), whereas Thomae al. (2007b) reported that the
porosity is larger than 40%, which was derived assuming that Hyperion is primarily water

ice.

Table 3.3: The parameters of impactor used in the estimation

Density Strength impact velocity
(kg m3) (Pa) (kms?)

=

casel 2250 2x1C° 5

case 2 1400 500 5

Figure 3.14 is the results of the ratio of bulb depth to maximum diameter and the ra-
tio of penetration depth to maximum diameter as a function of compressive strength of
surface of Hyperion. These results are obtained from Egs. (2.1) and (2.9) for penetra-
tion depth, Egs. (3.8), (3.10) and (3.11) for maximum diameter, and Eq. (3.16) for bulb
depth. All the results of the ratios increase with increasing of the surface strength. For
the ratio of bulb depth to the maximum diamet®b/ Dy, this is because the maximum
diameter decreases with increasing the strength, whereas the bulb depth is determined only
by projectile-to-target density ratio in our scaling relation. The ratio of penetration depth
to the maximum diameteBD/Dn.x decreases with increasing impact velocities. This is
because the largest fragment of the impactor is disrupted at high initial dynamic pressure
and resulted in the fragment of smaller size which can not penetrate deep inside the bodies
(see Section 2.3.4). The results of the ratio of penetration depth to the maximum diameter

for the case of lower density and weaker strength of impactor is smaller than that for the

70



case of higher density and stronger strength. This is also because the penetration depth
becomes shallow due to disruption of projectile.

For impact velocity of 1 km, the line ofBD/Dayx and PD/Dpay for pp = 2250 kg
m~3, Yy = 3.2 MPa is crossover at the depth to the diameter ratio®8. It indicates that
the part of impactor survives at the bottom of the crater. In other words, the craters are
supposed to be created by carbonaceous impactors at impact velocity around‘iakih s
result in high values of depth-to-diameter ratio~d.3, and in survivals of impactors as
dark material on the floors of craters. The crossover point corresponds to the compressive
strength of 18-1C° Pa, which is similar to the value obtained in the comet Tempel 1 in
this study. On the other hand, the crater size that can be applicable to the scaling relations
in strength regime on Hyperion would be smaller than about 10 km, if we assume that
the crater sizé is similar toY,/(p.g), andp, is 544 kg m3(Thomaset al., 2007b),g is
0.017 m s? (Thomas, 2010), an¥; is 1® Pa. The relative impact velocity of impactor
onto Hyperion is determined to be 9.4 knt $Zahnleet al., 2003), which is similar to the
case of impact velocity of 10.5 kntsin Figure 3.14. The results show that the depth-
to-diameter ratio is 0.3 at the surface compressive strengthl@P. Thus high values of
depth-to-diameter 0£0.3 could be obtained by impact only. In contrast, the ratio of the
penetration depth to the maximum diameter ratio is much smaller than the ratio of bulb
depth to maximum diameter for the bodies having strength P80 The dark material in
the floors of the craters may be the fragment remnants of the impactor.

Figure 3.15 is for the case of Tempel 1. The average relative impact velocity for comet
Tempel 1 is estimated to be 10.5 knt §Vincentet al,, 2014) and this velocity is assumed
here. The impact conditions of impactor here are the same as Table 3.3, and the bulk
density,0; and the porosityp of Tempel 1 are assumed to be 400 kg (Richardsoret al,,

2007) and 76% (Consolmagmt al., 2008), respectively. Eq. (3.16), which was obtained

from the relation between the bulb depth and the projectile-to-target density ratio, is used
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Figure 3.14: The ratio of bulb depth to maximum diameter and the ratio of penetration
depth to maximum diameter as a function of compressive strength of the comet surface.
Impact velocities are 1, 5, and 10.5 kmt.s The red lines are obtained for the case of

Pp = 2250 kg m®, Yy = 3.2 MPa, whereas the blue lines are obtained for the case of
pp = 1400 kg n13, Yy = 500 Pa. The light gray line shows the depth-to-diameter ratio of
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~0.3 (White and Schenk, 2011).
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for calculation of the bulb depth in Figure 3.15 (a), whereas Egs. (3.13), (3.14), and (3.15),
which were obtained crater scaling law, are used for it in Figure 3.15 (b). The light gray
areas show the range of the compressive strength of the surface obtained in this study.
The diference of the results &D/Dn,ax in Figure (a) and (b) in the range of the strength

is only within a factor of 3 and the value &D/D,a is smaller than~0.3. Figure 3.16
shows the results @D/ D.x andPD/Dax @s a function of impact velocity, at a constant
compressive strength of the surface of 500 Pa as a representative value in the range of the
strength obtained here. Thefldirence of Figure 3.16 (a) and (b) is théfelience of the

use of the scaling laws for the bulb depth. The resultBBfD,ax in Figure 3.16 (a) and

(b) are almost all the same; Thefférence is within a factor of two in the velocity range
from 2 to 12 km s'. Little change of the values &D/ D, has been found at the impact-
velocity range and it was.D < BD/Dnax < 0.4. If the surface strength is less than the
strength that we assumed, the valueB&i/D,.x becomes smaller. These results suggest
that craters on comets which look shallow can be created only by impact.

Note that craters on comets which looks like shallow could also possibly be due to
viscous relaxation. Cheng and Dombard (2006) calculated the relaxation time scale of ice-
surface topography as a function of comet temperature. When temperature of comet is 225
K, the relaxation time is less than“9r (for a grain size of comet less tharuin). The
relaxation time decreases with increasing temperature. The derived temperature of comet
Tempel 1 on the sunlit side varies from 260K to 329+8 K (AHearnet al., 2005), which
is larger than 225 K. Thus impact craters formed on the comet would have been modified
to those with smaller values of depth-to-diameter ratio. The degree of modification is
depending on the detailed thermal history as well as composition and material properties.

Though all the results foBD/Dnayx in Figure 3.15 and 3.16 are larger thBD/ D4y,

Figure 3.16 suggests that the impactors would be captured on the crater bottom or below

the crater when impactors have stronger strength and impact velocity of nearly or less than
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Figure 3.15: The ratio of bulb depth to maximum diameter and the ratio of penetration

depth to maximum diameter as a function of compressive strength of the comet surface.
Impact velocity is 10.5 km3. The red lines are obtained for the casgpf= 2250 kg

m~3, Y, = 3.2 MPa, whereas the blue lines are obtained for the casgf1400 kg n13,

Yot = 500 Pa. The scaling relation between bulb depth and projectile-to-target density ratio
is used for calculation of the bulb depth in (a), whereas the scaling relation obtained from
the crater scaling law is used for calculation of the bulb depth in (b). The light gray area

shows the compressive strength of Tempel 1 obtained in this study.
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Figure 3.16: The ratio of bulb depth to maximum diameter and the ratio of penetration
depth to maximum diameter as a function of impact velocity. The red lines are obtained
for the case op, = 2250 kg n3, Yy = 3.2 MPa, whereas the blue lines are obtained for
the case op, = 1400 kg n3, Y, = 500 Pa. The scaling relation between bulb depth and
projectile-to-target density ratio is used for calculation of the bulb depth in (a), whereas
the scaling relation obtained from the crater scaling law is used for calculation of the bulb
depth in (b).
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3.4 Summary

We have conducted high-velocity impact experiments on gypsum targets with porosities
of ~50%, pumice targets with those of 74%, and sintered glass-bead targets with those of
87% and 94%. The cavity dimensions, in particular the depth from the entrance hole to the
maximum diametel, ax, the maximum diameteD.y, the bulb depthBD were investi-
gated.Lnax IS shown to increase with increasing characteristic lerigghwhich indicates
thatLax depends on primarily the projectile-target density ratio with smaller contribution
of the degree of projectile deformation or disruption. Empirical relation for the maximum
diameter is obtained using non-dimensional parameters used for crater scaling. The em-
pirical relation which is dependent on the projectile-to-target density ratio is obtained for
the bulb depth.

We applied the scaling relation to icy bodies. The surface strength of comet Tempel 1 is
estimated to be of the orders of'#A G Pa. Our estimate narrowed the range of the comet
strength which were previously estimated as not more th&r11) Pa by Richardson
et al. (2007). From the obtained compressive strength of the surface of Tempel 1, we
estimated the grain size of the surface to be larger thamb&ssuming that the grains are
monodisperse. It suggests that the larger dust size cannot be explained only by a simple
cometesimal-formation model in which sub-micrometer-sized dust directly hit-and-stick
and grow to comets, and some metamorphic events of the surface are necessary for the
explanation.

We also calculated the ratio of bulb depth to the maximum diameter from the scaling
relations, and it shows that craters on comets which look shallow can be created only by

impact without activities after imapct, such as sublimation and viscous relaxation.
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Chapter 4

Experimental study of catastrophic
disruption of highly porous targets

4.1 Introduction

Recent numerical simulation shows that collisions of bodies characterize¢téredi
bulk densities and strengths may have occurred owing to the migration of giant planets.
The Grand Tack model (Walgt al,, 2012) suggests that both inner- and outer-orbit bodies
were scattered and mixed following the inward and outward migrations of Jupiter and Sat-
urn. The Nice model also implies that Kuiper Belt Objects were scattered and transported
to the asteroid region when Jupiter and Saturn crossed their 1:2 mean-motion resonance
(Gomeset al,, 2005).

Ryanet al. (1999) showed that the disruption threshdld,(described in Section 1.4),
for pure ice targets is smaller than those for silicate and metal targets. Seibf2010)
used sintered glass-bead targets-40% porosity and various compressive strengths, and
showed that)* increased with increasing target compressive strength. ebaé (1993)

indicated that th&)* of sintered glass-bead targets increased with increasing target poros-

ity.

"1 An earlier version of this chapter has been published as:
Okamoto T., Nakamura A. M., and Hasegawa S. 2014. Impact Experiments on Highly Porous Targets: Cav-
ity Morphology and Disruption Thresholds in the Strength RegiRlanetary and S pace S cienae press
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To understand the collisional evolution of highly porous bodies, it is necessary to un-
derstand the impact characteristics of targets with porosities in excess of those used in
previous studies. In this study, impact experiments on sintered glass-bead targets with
different porosities of up to 94% are conducted. The disruption thresholds of the high-
porosity targets were analyzed. The results are compared with previous studies of porous

targets of various materials.

4.2 Experiments

We prepared sintered hollow glass beads targets with porogiie$ 87% and 94%,
which we refer to as flfliy87 and flity94, respectively. Normal, solid glass-bead targets
with a porosity of 80% were also prepared (ffgB0”). These sintered glass-bead targets
were cylindrical in shape. Table 3.1 includes a summary of the target properties. Target
dimensions and the impact conditions are listed in Table 4.1. We used targefie odri
aspect ratios (i.e., ffierent diameter-to-height ratios), to examine tffec of the target
shape on the degree of disruption. The targets were recovered after the shots, and the
mass of the largest fragmemd, , was determined. The results of the experiments are also

presented in Table 4.1.

4.3 Results and discussoions

4.3.1 Disruption thresholds of targets

The ratio of the largest fragment ma#8,, to the initial target masdyl;, generally
decreases with increasing energy density,The energy density is defined by the initial
projectile’s kinetic energy divided by the sum of the target and projectile masses. When

the target mass is much higher than that of the projecles, approximately represented
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Table 4.1: Experimental condition and result for target disruption

Target Projectile
Run . Impact b
. diam. . . . M, /M,
number  type diam. mass /height velocity material siz@ mass
(mm)  (9) (kms™) (mm) (mg)
1105D fluffy94 63.3 55.3 0.49 4.29 Ti 3.2 75.4 0.66
1105E fluffy94 63.0 52.9 0.50 4.23 Ti 3.2 75.4 0.63
1109E fluffy80 60.5 195.8 0.47 4.17 Ti 3.2 75.4 0.44

1109F flufty80 61.0 200.8 0.45 2.52 Basalt D322.0 49 0.84
1109G flufiy80  62.3 200.7 0.48 3.89 Basalt D32.0 51 0.74
1109H fluffiy80 62.3 196.2 0.46 3.86 Ti 3.2 75.4 0.43
1109Y flufiy94 61.3 53.6 0.49 4.22 Basalt D3H2.0 51 0.23
1109X flufiy94 62.6 52.5 0.50 6.63 Basalt D3H2.0 50 0.12

1111A fluffy94 63.4 59.9 0.47 6.37 Ti 3.2 75.4 0.09
1111R fluffy87® 48.2 1259 0.24 1.83 Ti 3.2 75.4 0.98
11117 flufty87  47.7 59.7 0.47 4.26 Ti 3.2 75.0 0.22
1111U flufiy87 475 60.5 0.47 6.18 Ti 3.2 75.0 0.16
1201A flufiy94 62.4 60.4 0.45 2.26 Ti 3.2 75.4 0.96

1201D fluffy94 62.3 59.6 0.45 3.28 Basalt D%E2.3 49.8 0.41
1204H fluffy94 624 61.9 0.44 2.30 Basalt D%E2.3 50.0 0.98

1309A flufiy94 79.6 61.5 0.95 6.76 Ti 3.2 75 0.15
1309B flufty94 795 61.8 0.94 3.09 Basalt D3H2.2 45 0.99
1309C fluffy94 79.0 59.8 0.94 4.70 Ti 3.2 75 0.95
1312D flufiy87 60.6  75.7 0.78 6.41 Nylon 3.2 19 0.78
1403A flufty87 594 714 0.79 4.30 Ti 3.2 75 0.24
1403B flufiy87 59.4  73.5 0.78 5.96 Ti 3.2 75 0.16
1403D flufiy87 61.3 71.2 0.82 7.00 Nylon 3.2 19 0.59

a Diameter for spherical projectiles; diameter (D) and height (H) for cylindrical projectiles.

b M, /M;: Ratio of largest fragment magsl, to the initial target massyl;.

¢ The 1111R target has a étierent shape from the other fiy87 targets; 48 mm in diameter, 203 mm in
height, and 125.9 g in mass.

d The shot did not disrupt the targets. Tl for this shot is the mass of the target, reduced by the excavated
mass.
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1 2
2MpVo

Q=47 (4.1)

The threshold energy density for disruptio®;, is defined by the energy density that
results in the largest remnant having half the mass of the target (Holsaipple2002).
The ratio of the largest fragment mass versus the energy density is plotted for targets with
different diametéeheight ratios in Figure 4.1. The following relation is used for the fits to
the data:

Q= 1oa(—). (4.2)

The best-fitting results are shown in Table 4.2, along with tQeivalues. EaclQ)* value

is on the order of kilojoules per kilogram, and is thus larger than those of pure ice targets,
~35 J kgt (Arakawa, 1999), ice-fragments targets, 82 Jk@iblin et al, 2004), and
basalt targets, 0.74 kJ kKg(Fujiwaraet al, 1977). The values are, however, similar to
those of sintered glass-bead targets with a porosity of 60% (3.8R), kgt0% (1.5 and

3.3 kJ kg?) (the two values correspond to targets of twiietient static strengths), and 5%
(1.3 kJ kgl) (Love et al, 1993). TheQ* values for targets with diametbeight ratios of

~0.9 and~0.8 are slightly larger tha@* for targets with elongated shapes (diam#teight

~0.5), within a factor of2.

Table 4.2: Curve-fitting results

Target type Ratib a° b? Q*(kJ kgt)
flufty94 ~05 3.60.14 -0.730.25 6.6:2.1
flufty94 ~0.9 3.830.30 -0.760.63 118.0
fluffy87 <~0.5 2.940.07 -1.720.11 3.%0.5
fluffy87 ~0.8 3.630.07 -0.7%0.13 7.:1.1
fluffy80 ~05 2.8%0.16 -1.6@0.61 2.40.9

! Ratio of target diameter to height.
2 aandb are constants in Eq. (4.2).
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fluffy94 ratio=~0.5 ®

fluffy94 ratio=~0.9 7
fluffy87 ratio<~0.5 ® ]
fluffy87 ratio=~0.8
fluffy80 ratio=~0.5

¢ /HOO®

102 10° 10 10°
Q |J/kg]

Figure 4.1: Largest fragment mass ratio versus energy density. Solid symbols are for
targets with diametgneight ratio of~0.5, while open symbols relate to targets with ratios
of ~0.9 (fluty94) and~0.8 (fluffy87).
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The present results are compared with previous data of targets composed of various
materials and characterized by a range of porosities. Figure 4.2 sQowsrsus target
compressive strength. The values for the Murchison target from Miugh (2008) and
that for a pure ice target derived from the empirical equation in Arakawa and Tomizuka
(2004) are adopted as the compressive strengths of the Murchison (@tyain 2009)
and pure ice targets (Arakawa, 2002), respectively. The compressive strengths for other
materials were given in each paper. According to Flghal.(2009),Q* for the Murchison
target is at least as strong as that for the anhydrous meteorite targets, for which Flynn and
Durda (2004) determine@* ~ 1400 J kg*. We adopted this value as the lower limit to
Q" for the Murchison targetQ* tends to increase with increasing target stren@thalso
tends to increase with increasing porosity at a given compressive strength. This tendency
is probably due to the fferent dficiencies of shock attenuation.

We will now discuss the porosity dependence using a non-dimensional catastrophic
disruption threshold, defined agQ*/Y. Compressive strengtlY, is substituted fory
here. Figure 4.3 shows the relation between the non-dimensional disruption threshold and
filling factor, f (f = 1—¢/100). The non-dimensional disruption threshold increases with
increasing porosity. Solid symbols show the results of experiments for impact velocities
larger than 1 kmg, while open symbols refer to impact velocities smaller than 1 kin s
ThepQ*/Y ratio is within approximately one order of magnitude for a given porosity for
experiments of dferent impact velocities and target sizes. No apparent dependence on
impact velocities was found.

A non-dimensional strength paramet&k, based on the coupling-parameter concept

has been proposed (Holsapple and Housen, 1986; Housen and Holsapple, 1990),

Y 3u/(1-2)
el

1-3v
; R -3u40)/(r-2)y 3u-2 (ﬂ) , (4.3)
t

Pp

whered andr are dimensionless material constants Bhid the target radius. The largest
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Ty porosity

') 1| @ sintered glass beads 87%, 94%; This study | 87%, 94%
1 Pumice 75%

Sintered glass beads 60% r160%-80%
Pure ice 60%, 70%
Sintered glass beads ~40%
Pure ice 40%-55% L
Gypsum 48% 40-60%
Pebble aggregate 42%
Preshattered mortar 14%
Pure ice 10%-37%

Murchison 23%

Sintered glass beads 0%-13%
Basalt 0%-5%

Mixed ice and silicate 0%-37%

0-40%

T

Q" [J/kg]
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Figure 4.2: Disruption threshol@*, versus compressive strength of the targets from vari-
ous studies. Sintered glass-bead targets§0%, ~40%, 0%—13%; Lovet al, 1993; Se-
tohet al, 2010), pumice targets (Nakamuwetal., 2009), pure ice targets (Arakawa, 2002;
Shimaki and Arakawa, 2012), mixed ice and silicate targets (Arakawa and Tomizuka,
2004), gypsum targets (Kawakami al, 1991), pebble and preshattered mortar targets
(Ryanet al, 1991), Murchison (Flynret al, 2009), and basalt targets (Fujiwagtal,

1977; Matsuket al,, 1982; Takaget al, 1984).
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. Sintered glass beads ; This study

Sintered glass beads ; Love 1993

Basalt ; Fujiwara 1977

Pumice ; Nakamura 2009

Gypsum ; Kawakami 1991

Pebble aggregate ; Ryan 1991
Preshattered mortar ; Ryan 1991

Sintered glass beads ; Setoh 2010

Basalt ; Matsui 1982, Takagi 1984
Gypsum ; Kawakami 1991

Sintered glass beads ; Setoh 2010

Pure ice ; Arakawa2002, Shimaki and Arakawa 2012
Ice+Silicate ; Arakawa and Tomizuka 2004
Murchison ; Flynn 2009

p<ArOoOh4aNEERON»

Figure 4.3: Non-dimensional disruption threshgdQ*/Y, versus filling factor,f, from

various studies. The references in this figure are the same as those used in Figure 4.2.
Solid symbols show results from experiments for impact velocitiels km s (higher
velocities), while open symbols show those for impact velocities smaller than Tkm s
(lower velocities). Solid and open squares (preshattered mortar) show results for a wide
velocity range of 0.09-5.61 kn1s
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fragment mass ratio is represented by

M.
W= Fum. (4.4)

The catastrophic disruption threshold is obtained by adoptlhgM; = 0.5, so that
F(/1s") = constant; i.e.,

11" = constant (4.5)

Assuming thaty = 1/3 and that the strength of the target material does not depend on
either the size scale or the strain rate (i.e., both dimensionless material consaawis
are zero), the strength parameter at the catastrophic disruption threlStioid,simplified

to
Y

—3u/2
I = Q (—) Vo2, (4.6)
Lt

Values of/1s" have been calculated for the present data as well as for data presented in
previous studies. In Eg. (4.6) we substituted the approximate mean values of the velocity
ranges pertaining to each experiment for the impact velocity. Housen and Holsapple (2003)
expected that: tends toward a scaling limit of/2 with increasing porosity, so that we
simply regardu as a function of porosity,

1 1 ¢\ 1+f
“-§+§(1‘1—m)— 3

The value ofu for porosities of 65%—69% obtained from this simple equation covers the

4.7)

range 0.44-0.45, which is closeier 0.4 for gypsum targets with porosities of 65%—69%,

as determined from impact experiments focusing on catastrophic disruption (Nakamura
et al, 2014). Figure 4.4 shows the relationship betwé&ghand filling factor,f. As in

Figure 4.3, solid symbols show experimental results for higher impact velocities, while
open symbols pertain to lower impact velocities. The value§Hfare roughly constant
(approximately 0.02), and they are found within one order of magnitude irrespective of
porosity. The result for the Murchison target (Flyetral., 2009), which is a natural product

from the solar system, is also consistent with this relation.
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Figure 4.4: Strength parameter at the catastrophic disruption threghol¢Housen and
Holsapple, 1990) versus filling factof, with results of various studies. Solid symbols
show results from experiments for impact velocities km s (higher velocities), while

open symbols show those for impact velocitied km s (lower velocities). Solid and

open squares (preshattered mortar) show results for a wide velocity range of 0.09-5.61 km
st
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4.4 Summary

We have conducted high-velocity impact experiments on sintered glass-bead targets
with porosities of 80%, 87%, and 94%. The target disruption threshQigsare investi-
gated. No clear porosity dependence is observed fiy8Q, fluty87, and flify94 targets
with a diametetheight ratio of~0.5. EachQ* value is on the order of kilojoules per kilo-
gram, which is larger than the values appropriate for pure ice (Arakawa, 1999) and basalt
(Fujiwaraet al,, 1977) determined from high-velocity impact experimergs.for targets
with diametefheight ratios 0f~0.9 and~0.8 are slightly larger tha®* for targets with
more elongated shapes (diamgterght~0.5), within a factor o~2. We investigated the
relationship between the non-dimensional disruption threspg@i;/ Y, and porosity. We
showed that the values pfQ*/Y for various materials with diierent impact velocities
and target sizes are located within approximately one order of magnitude of each other
for a given porosity. The strength parameter at the catastrophic disruption thréghold
proposed by (Housen and Holsapple, 1990), is also calculated. If we assume a linear rela-
tionship,u = 2/3—-¢/300= (1 + f)/3, the values of/s* are shown to be roughly constant
and they almost all fall within one order of magnitude, although the porosity ranges from

0 to 94%.
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Chapter 5

General summary

In order to investigate the penetration process, cratering process and the disruption
of highly porous bodies in the strength regime, impact experiments were performed on
targets with porosities larger than 50%. We compare our results with the results of previous
studies, and examine the impact phenomena with wider range in porosity in the parameter
space of strength regime.

In chapter 2, we examined the penetration process of the projectiles. Impact-penetration
experiments were conducted using metal spheres and basalt cylinders for projectiles. We
prepared sintered glass-bead targets with porosities of 94%, 87%, and 80%. Impact veloc-
ities ranged from 1.6 to 7.2 knts A flash X-ray imaging system were used to observe
projectile deceleration processes. Two types of track morphologies were observed. One is
a “carrot’-shaped track, which is a thin and long shape track. The other one is a “bulb”-
shape track which is thick and short withthout tails. The transition from carrot to bulb
shape occurs when the initial dynamic pressure exceeds approximately 20 times the pro-
jectile’s tensile strength. The compacted region due to impact was observed on flash X-ray
images. It was found that the almost all material was transported to the compacted region
to form a cavity and only little was ejected. We constructed a simple model for projectile
deceleration; when a projectile collides with a target, the projectile disrupt, and the largest

fragment of the projectile decelerates in the target by inertial drag and drag that is propor-
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tional to the target strength. This model roughly reproduces the experimental results with
respect to penetration depth for projectiles that did not experience severe deformation and
fragmentation. We applied this penetration model to icy bodies which were homogeneous
on much smaller scales than the impacting dust particles wiirdnt bulk porosities and
estimated the penetration depth of silicate dust. The predicted depth showed that the dust
penetration was only approximately 100 times the projectile diameter, even for bodies with
90% bulk porosity.

In chapter 3, we examined the craters formed on porous targets in strength regime in
order to obtain the scaling relation for crater dimensions, i.e., diameter and depth of cav-
ity. We conducted high-velocity impact experiments on gypsum targets with porosities
of ~50%, pumice targets with those of 74%, and sintered glass-bead targets with those of
87%, and 94%. The cavity dimensions, in particular the depth from the entrance hole to the
maximum diametel, .y, the maximum diameteD,,a, the bulb depthBD were investi-
gated. We compared our results with previous studies. The results shdw,thdepends
on primarily the projectile-target density ratio with smaller contribution of the degree of
projectile deformation or disruption. Empirical relation for the maximum diameter is ob-
tained using non-dimensional parameters used for crater scaling. The empirical relation
which is dependent on the projectile-to-target density ratio is obtained for the bulb depth.
We applied the scaling relations to icy bodies. The surface strength of comet Tempel 1 is
estimated to be of the orders of A (° Pa. We narrowed down the range of the strength
values which were previously estimated as not more thda11® Pa by Richardsoet al.

(2007). We presented the possibility of formation of shallow craters on comets due only
to impacts.

In chapter 4, the target disruption threshol@s, for sintered glass-bead targets with
porosities of 80%, 87% and 94%, were determined. We also used targetecdmtiaspect

ratios to examine thefkect of the target shape on the degree of disruption. Edchalue
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for sintered glass-bead targets with the same diameter-to-hgeight rati@scodre on the
order of kilojoules per kilogram, which is larger than the values appropriate for pure ice
(Arakawa, 1999) and basalt (Fujiwaeaal., 1977) determined from high-velocity impact
experimentsQ* for targets with diametgneight ratios 0~0.9 and~0.8 are slightly larger
thanQ* for targets with more elongated shapes (dianike&ght~0.5), within a factor of

~2. We investigated the relationship between the non-dimensional disruption threshold,
01Q*/Y, and porosity. We showed that the valuesod@®*/Y for various materials with
different impact velocities and target sizes are located within approximately one order of
magnitude of each other for a given porosity. The strength parameter at the catastrophic
disruption threshold/s*, proposed by Housen and Holsapple (1990), is also calculated. If
we assume a linear relationshipz= 2/3-¢/300= (1+ f)/3, the values of /" are shown

to be roughly constant and they almost all fall within one order of magnitude, although the

porosity ranges from 0 to 94%.

While we obtained scaling relations for crater sizes and disruption threshold of the
targets, many physical processes are not yet well understood. In order to convince the
validity of extrapolation of the scaling relations obtained from the laboratory scale to the
scale of small bodies, it is necessary to find out physical interpretations of the scaling
relations. Comparing the strength of targets with attenuated shock pressure may be one of
keys to find it. For example, if the attenuated pressure nearly equals to the target strength,
the growth of the cavity is considered to be finished (Kadenal, 2012), whreas if the
most attenuated pressure in the target, i.e., the pressure at the farthest point from an impact
point, is much larger than the target strength, the target must be disrupted catastrophically
(Mizutaniet al,, 1990). Shock attenuation mechanisms of highly porous targets, however
are not well-studied nor well-understood, so we firstly should study it experimentally, such

as a shock attenuation rate in highly porous targets.
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We should also compare our results with a numerical simulation in order to understand
better the &ect of porosity. Taking advantages of combination of experimental and nu-
merical approaches, we can reveal the physical mechanisms of cratering on highly porous
targets. ESA's space craft Rosseta and its lander, Philae, which are performing detailed
studies of comet 67Ehuryumov-Gerasimenko, will also give us the physical properties

of a comet nucleus, and improve our understanding of crater formation on small bodies.
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