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. MICROCRATERS FORMED IN GLASS BY LOW DENSITY PROJECTILES

 aBSTRACT
h:ﬂlcrocraters were produced in soda-lime glass'hy the-impact of low
s dens1ty prOJectlles of polystyrene {p(;:l:;;—g/cm?)' with masses between
- 0. 7 and 62 plcograms and velocities between 2 and 1k km/s. The morphology 4'
; of the craters depends on the veloc1ty and angle of inc1dence of 'the pro— |
».jectlles. For normal incidence at 3 km/s, the progectlle leaves a dent;
andrat L km/s the deformed projectile lines the depresslon and forms a
rim. For.yelocities greater than‘5 2 km/s at normal incidence, an ex—h
.ten81ve spallatlon zone surrounds the central plt the ratio of the
central p1t diameter to the progectlle diameter (D /d) increases from
- 1.25 to 1.75 wlth increasing yeloc1ty; and Dc/d is 1ndependent of pro-
. Jectile mass forvconstant velocity. The transitions in morphology of
A the craters formed by polystyrene spheres occur at hlgher veloc1t1es than
they do for more dense projectiles. For oblique 1mpact, the craters are
Aelongated andnshallow_With the spallation threshold occurring at higher
velocdty; For normal incidence, the total dfsplaced mass'of the‘target
material;per dnit of projectile_kinetic energy increases-slowly wlth |
”._the energy, accordlng to the relation:

M /E 227 E +135 plcogram/mlcrogoule‘

~a-fj~gl;v£’1>..-;f;"l~g" R . INTRODUCTION

Experlmental studies of mlcrocraters formed by hyperveloc1ty 1mpacts
’t'have_become 1ncrea51ngly 1mportant in recent years. Fundamental develop—

“ments and verification of theories for craterinéxdepend on 1mpact
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:experiments in the laboratory Current 1mpetus results from the fact

' 5that the flux of 1nterplanetary partlcles may be derlved from the number,

"'and s1ze of craters on detectors flown on spacecraft (l) or on recovered

'}fparts of Spacecraft (2) For these determlnatlons,-a relatlonshlp be—'

: tween prOJectlle size and crater s1ze.1s required as well as knowledge
.of morphological features that dlstlngulsh altrue event from other damage
(3).. Estimates of useful lifetimes of sensitive parts of spacecraft ex-
posed to.eroslon by micrometeoroids are”based-on simulation experiments..
“(h).':Also;'meteoroids and planetary bodies without an atmosphere under -
go bombardment by interplanetary dust (5, 6, T) and estimat;l of the
» cumulative effect on thesevbodies depends on experimental euidence. or
"'particular recent.interest is‘the appllcatlon'of lahoratory data in the
derivation‘of fluxes and erosion rates from the microcraters found in
abundance on lunar samples (8, 9) returned-by the Apollo 11 and Apollo
12 missions. | | | | | |

| Most of the prev1ous experlmentatlon in the formation of craters
"by hyperveloclty mlcrospheres has been done w1th metal progectlles im-
Apactlng metal targets (10, 11, 12)A‘ Very little work has been done with
- nonmetallic targets (9, 13, 1), and no work is known for nonmetalllcr
projectiles in-thevmicrometerQsize range. Metal projectiles, however,
.:}are not typical of the secondawy partlcles in the lunar environment (5)
.or of the 1nterplanetary ‘dust whlch may have prlmarlly a low dens1ty,
;Vstony comp051tlon (7) For this reason, an experimental program is in
1£progress at Ames Research Center to study mlcrocraters generated 1n
s1mulated lunar materlals by progectlles of varlous den51t1es and comp-

f051tlons. Th1s report contalns results on craters in soda llme s111ca

-o. 1



“.'rotary table permlts the remote selectlon of dlfferent targets and the

| ) glass formed by polystyrene spheres ( p = l 06 g/cra) between 1 and 5 pm in

“7_pd1ameter w1th velocltles from 2 to lh km/ Polystyrene was used in an

attempt to slmulate the low den51ty component of partlculate materlal :

 that may ex1st 1n 1nterplanetary Space.

PROCEDURE
' A vertlcally orlented m1cr0part1cle accelerator of unlque design'
'prov1ded the hyperveloc1ty, low den51ty projectiles for the experlment.

At the upper end, S1ngle partlcles are charged by ion bombardment in

o high vacuum in an electrodynamlc suspenS1on system (15) The charged

partlcle 1s 1njected into the accelerator hav1ng four drlft tubes, each |

"1n1t1ally at a high negatlve voltage. Each tube is grounded in sequence

L at the proper time to give four stages of acceleration with a total volt-

"'age equlvalent to about 1.5 MV. The t1m1ng sequence is automatically
Jcontrolled by the partlcle s charge-to-mass ratlo measured in the source
. by the operator Just prior to egectlon. At the entrance to the accelera—
‘tor, he partlcle generates a S1gnal on a detector to initiate the tlmlng
b_sequence. Detectors in the target chamber record the passage of the‘

.progectlle and prov1de 1nformat10n on its charge veloc1ty, and impact

© site (16)- The craters usually lie w1th1n a C1rcle of 1 mm radlus A

-,ffseparatlon of ranges of 1mpact parameters on a partlcular target. 'For
':1mpact angles other than normal (9 = ) the targets are mounted on
blocks machlned to the approprlate angle. |

once a serles of 1mpacts is completed, the targets are scanned

”.optically to locate each crater and the pact areas marked for later

- _Mandeville/Vedder o
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ieiamination in aﬁscaﬁolng'electroﬁ hlcroscoée‘(SEM). .Tﬁe crater sitesv

‘are correlated w1th the p051t10n data from the detector for as51gnment
',A.of.lmpactlng nass and veloc1ty. In(cases of doubtful correlatlons,.the
crater size and morphology are an‘aldiio the identlfication;‘_lmpacts are
limited to about six'pervtarget site to assure the correct identification.
Photomicrographs of each crater are taken with the SEM with the stagec'f
‘tllt angle (T) at 23 and 30° .relatlve to the horizontal plane to pro-
~Vlde a stereoscoplc view. Crater depths are determined photogrammetrlc-
ally;.and the stereopsis clarifies details in the crater morphology. A
thin‘vapor—deposited film of gold is applied to the target pricr to

examination in the SEM in order to obtain a good image. In some micro-

' graphs, a sllght crazing of the gold £ilm may be noted.

 RESULTS

In this study, re impacted polystyrene spheres on soda—lime—silica '
glass; The glass targetsbwere made from.ordinary microscope slides with
.a.thickness‘of_l'mm and‘a density of 2.48 g/cu®. The polystyrene-has an
E additire of 8% divinylbenzene as an agent'for crosslinking the molecular
chains. The material depsity is 1.06 g/cm?; and under normal conditions,
~ the particles are infusible. Spheres with-diameters between 1 cm and |
5 pm and masses beLween 0.7 and 62 pg were accelerated to velocities -
}between 2 and lh km/s. In general, the snall partlcles have the hlgh-
,dest veloc1t1es, a consequence of the charglng process (lS) Most of the
1m§acts were at an 1nc1dent anale (e) of 90 relatlve to the‘glass SQf;

face. The others were at 1mpact angles of hS and 30 . Primary ahd'

'“igderlved data for the proaectlles and craters are tabulated for normal

_incidence in table l and for oblloue 1nc1dence in table 2.
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'*‘;.The accuracy of the measurements can be evaluated and estlmates of -

“i_the probable errors ass1gned to the varlous quantltles. The proaectlle dd‘p

.7mass, derlved from the prOJectlle charge and charge to—mass ratlo, hasl
" ‘an’error of 10% The progectlle dlameter, calculated from 1ts nass and
dens1ty, then has a probable error of * 3.3%. The polystyrene particles

© . are assumed to remain spherical in the charging and acceleration process,

;,'and the symmetry of the craters for g = 9Q° substantlates the assumptlon -

-isz.In a prellmlnary study, polyethylene spheres (p = O 915 g/cm ), whlch,ﬂ j
'dld»DOt retaln thelr spher1c1ty ;n the‘charglng process, formcd un-
;;usual and highly asynmetrical craters; The velocitles have a probable
'error of about % 57 From the errors for mass and veloclty, we derlye

UTigtan erroerf lQ? for the klnetlc energy of the progectlle Crater |
r:dlmens1ons measured on the photomlcrographs from the SEM have a i 5%
d'probable.error as a result of»uncertainty in the magnification; We

have:taken the dlameter of‘the‘spallation region to be an average of a‘
‘ max1mum and ninimum dlameter of an area that 1s often very asymmetrlc,
>’{and therefore, aAvalue for the accuracy has llttle meanlng The crater
_;depth derlved from.measurements on stereographlc palrs of mlcrographs
;Vhas a probable error of 50% The error 1n the volume of eJected
H'%aématerlal is about + 60%, dependlng prlmarlly on the uncertalnty in the
'2‘-depth and secondarlly on the dev1at10n of the shape of the crater from -
A}fthe shape used to calculate the crater volume; No correct10n~ls made‘
f‘,wfor the thrckness of progectlle materlal on the_crater floor._ »A.
'd'rThe.eXanination.of the SEﬂ micrographs:reyeals.several morphological

:g_}features that change w1ththe 1mpact veloc1ty and angle of 1nc1dence of

‘”'?the progectlle. Con51der, flrst, 1mpacts at normal 1nc1dence._ Slx
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A"examples’are shown im.fig. l. For a uelocity of 2.95 km/s, there is

' only a smooth 1ndentatlon in the glass surface (flg. la) with a dlameter o

', smaller than the prOJectlle dlameter. The progectlle has rebounded

Lfrom the surface leav1ng a very shallow crater. Surroundlnﬂ 1t is a

x sllghtly ralsed, smooth rim generated by the plastlc deformation of the-

_glass. A crater for a 2.06 km/s projectile could not be located because.

,1t was elther too small and shallow for detection or did not ex1st for

'that veloc1tyT At L, 15 km/s, the projectile lines the c1rcular cup andv
spreade into a narrow continuous lip (fig. 1b). The pit dlameter eouals
the projectile diameter. There are no radlal or concentric fractures'
_outside the'lip For veloc1t1es between h 9 and 5.1 km/s, we observe a
clrcular, shallou cup rlnéed by a petalled 11p of progectlle materlal
(fig. -1c). Some of the»petals extend as much as 0.6 i above the sir- ‘
;facet Again, there are.no fractures outside the lip. At velocities
‘exceeding 5.2 km/s,‘an extensive Spallation zone develops around the
central pit (figs. ld,_le; and-lf).v This zone is characterized by
approximately'radialvahd concehtrlc_fracturee. Where the indivldual
epalls have beenrejected; radial rldgee appear beneath the,locations of
the radlal surface cracks. At_a giveh uelocity of imgact, a larger
| brojectile usually mill dislodge.completely a greater number of the
'spalls.i The larger eJected Spalls may remove the outer part of the cup
and reduce its’ dlameter In such cases, an annular depress1on is left
.:outsidevthe>cup (fig. 1d). The remaining spalls may rest moreithah 1.,.,
'Tl‘um'above‘the:glaeshsurface. At 1mpact veloc1t1es exceedlng 7 km/s, |

f almost all of the petalled 11p has been carrled avay by a ring of

AeJected spalls as in flg le The spallatlon zone has become more

-é'— .
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flnel& fragnented, and the”smaller Spalls areAm1551ng from £he‘1ﬁné£4_f;_

;ends of the larger segments.i The relatlve deéths of the cratersAln;lf_A:i:;;i

:;crease with the veloc1ty of 1mpact; In part, thls is a result of M

'Aincreased or complete dlsper31on of the pr0Jectlle materlal in and fromn

tne pit. The cross sectlon of the central cup is apéroalmately heml—

sphericalt_ | | | | |
For impacts at a hS angle of 1nc1dence, the crater plt and

spallatlon zone become asymmetrlcal (flg. 2a) At velocities less than

6 km/s, we find the cup is broadened toward the forward end, "down

- range".from the point of impact. The greatest width occure’about 2/3

:the length of the cup from the rear end. In proflle, the crater 1s
.%shallow and nearly semi- elllp501dal 1n the long dlrectlon. The llp of
'proJectlle material at the forward end may be ralsed as much as 1.5 pm
ahone.the glass'surface;-'There.is no'radial fracturing or Spallation ln
this velocity range. At an impact velocity'of 6.5 km/s spallation devel—
oés.» Recall that for = 90 the 5palls occurred for ve1001t1es exceedlng
‘ 5 2 Lm/s. The spallatlon zone usually predomlnates at the forward end

but may sometimes be nearly 01rcular. In the veloc1ty range of 5. 8 to

... 6.8 km/s,_the crater profile changes such that the greatest depth occurs

. closer to the "up range" crater rim.

.The damaged area 1s evarmore asymmetrlcal for an angle of 1nc1dence

.U_lof 30 . Up to a veloc1ty of 12 3 km/s, we find llttle spallatlon,:”
. althouoh for veloc1t1es between 7 and 8 km/s, a few spalls may be gen—
“-erated (flg. 2b) » The craters are shallower relative to those formed’
;;at g = 45 The damaged area 1s about the same as 1n the h5 1npacts,_'

'”>but'the crater is more elongated. At veloc1t1es less than 7 km/s,’small
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A'”f'droplets w1th diameters of about O i to 0 15 pm fan out from the 1mpact

.iff'p01nt.‘ These are probably proaectile materlal The results for obllque.'

4 'ifimpacts 1nd1cate that the crater depth and the threshold for spallation U

;{}are determlned by the normal component of veloc1ty and that the asymmetry

of the crater is controlled by the tanvential component.‘ -

A - Some of the targets,lafter the SEM examination, were treated in;a

L .low;temneratnre asher in an attempt to remoye projectile material and_
fthns”toldistinguish it fron target:material.. The material is erposed

‘_ in the asher to monatomic oxygen at controlled tenperatures. By this
,hrocedure, the lips were reduced in height or removed almost entlrely

- Prlor to this treatment, the gold fllm applled for the SEM 1mage was w1ped

'hzfoff, but in some cases, where part of the crater floor was still coated

e cun is denoted D

:"1 to 1. 75 A least squares rit to the data in this veloclty range gives'-

with the film, the gold appeared to 1ie slightly above the floor on a
'th1n layer of the polystyrene which was protected from the ashing process
by the gold film. Thus, our conclusions on the distribution of project-
'-:1le material in the crater and in the petalled lip are substantlated.
Flgure 3 shows aAgraph of the ratio of the crater dlameter to the

' prOJectile diameter (d) versus veloc1ty. The diameter of the central

<

¢ S

and the average diameter of the spallation zone D .
A max1mum and minimum.diameter are measured and averaged to give D

s’
For veloc1t1es from 5 2 to lh km/s, the ratio DC/d increases from 1. 25"

) Dc/d 0. 76 VO‘315 where v is the prOJectile velocity 1n kllometers per

N second.j Because of 1nherent limltations of the particle charging system,

'7d_,the progectlle mass 1s, in general, smaller for progect11es w1th the

"1in3h1ghervvelocit1es. Bat the mass or, equivalently, size does notul

8-
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v 1nfluence the D /d ratlo notlceably This is more clearly shown in fig.

o ig:;h where D /d is plotted agalnst the mass of the progectlle for several

!t:veloc1ty intervals. In each range, the ratlo is constant within the .
tziaccuracy of the data. The mean values for DC/d are 1. 27 for veloc1t1es
.'between 5 3 and 6.4 km/s, 1.47 for T to 10 km/s, and 1.71 for 12-1k km/s
In the 5.3 to 6.4 km/s range of velocities, the mass varies from 2.5_to.
‘ ‘h6 picograms. Thus, in odr data there is no discernable mass, or scale,
effect on the diameter of the central plt other than that caused by the '
change in prOJectlle diameter with the mass. At veloc1t1es below 5.2
"kn/s, where spallation does not occur,:the diameter ratio drops of f more

rapidly. ThlS is the result of a thicker lining of prOJectlle material

"fin the plt, the uncertalnty 1n deflnlng the cup dlameter for measure-

ment in these casesg and a transition in the craterlng process.
ln fig. 5, wé have plotted the crater diameter versus the'mass of

the projectile for the.same velocity intervals.' Equations from a least-
squares f1t to the data 1n these ranges indicate that for constant A
velocity the dlameter of the central cup varies approx1mately as the.cube
‘root of the mass of the projectile and, therefore, as the diameter of
-_the progectlle. ThlS result 1s equlvalent to that seen in flg b where
'DC/d is constant for a glven velocity. The equatlons for the sPallatlon
data is these veloc1ty 1ntervals 1ndncate a slight 1ncrease in the ratio
‘of-diameter—to—progectlle—dlameter as the proaectlle mass 1ncreases.x
o . The main featuresgin-the changing morphology of the craterstexamined
‘?c;here nay be compared to those observed in other studies of 1mpacts by

‘jmlcropartlcles on. soda llme glass. Informatlon is avallable for 1mpacts

'ffon glass by aluminim prOJectlles (lh) and by iron progectlles (9)
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For.the latter, target 1ndentat1on>W1th rebound of the proJectlle :/'-
.xifloccurs at veloc1t1es of 1mpact less than 1 km/s. W1th the polystyrene _? .
'hpartlcles, _ dent occurs at 3 km/s. A deformed iron progectlle rests B
'in the crater for 1mpact velocities between l and 2 km/s, and spallatlon
has developed at 3 km/s. With polystyrene, a highly deformed progectlle
overflows the crater at b km/s and spallation appears at velocities ex-
s ceedlng 5. 2 km/s. Impacts by‘alumlnum prOJeCLllGS generate Spallatlon

at a veloclty of 3. 6 km/s, but the threshold velocity was not investi-

o gated. The preceeding information is summarized in table 3. These

comparlsons show that the veloc1ty thresholds for the morphologlcal

tran51t10ns are some d1rect functlon of the spe01f1c energy (1/2 P va)

H'Aof the progectlles, that 1s, hlgher velocltles are requlred for low

'den31ty prOJectlles to generate the same effects as those generated by
impacts of high density partlcles.

Adstudy by Bloch et al. (13) of craters formed by iron>projectiles
_impacting quartz glass prov1des additional data for comparlson Within-
fseveral veloc1ty 1ntervals between 2.8 and 8 km/s, thewr ratlo, D /d
~-is nearly 1ndependent of the mass of the iron projectile. ThlS is the
sane result as determlned for polystyrene 1mpact1ng glass. In contrast,
.Arthelr D /d ratlo increases as the 0.67 power of veloclty, whlle in our

o case, the exponent is only 0. 315 Thelr value of 2 2 for D /d at 20 km/s

- ?,compares favorably Wlth an extrapolated value of l 95 at 20 km s for

' polystyrene impacting glass. Because of the difference 1n the dens1t1es

-iof iron and polystyrene, the actual crater size is larger for a poly-.

istyrene progectlle w1th the same mass and veloc1ty as an 1ron progectlle.
'rlehe curves cross near lh km/s, but dlverge rapldly at hlgher and lower ‘

veloc1t1es.

-10-
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It is 1nterest1ng to relate the mass of target materlal dlSplaced . lrhi,

»f"(M ) to the k1net1c energy (E) of the 1mpact1ng orOJectlle for comparl— R

»son w1th other experlments _ The volume of the crater can be approxrmated

: by the volume of a spherlcal segment of depth P and dlameter D Thus

V= 3 w P (P + H IP). Using a den51ty of 2.48 g/cm for the glass, we

‘:obtaln the displaced mass whlch is plotted agalnst the projectile
'd,>energy in flg.l6. No adgustment 1s made in the measured depth for the
thln layer of projectile materlal llnlng the crater floor. 'The‘total R
_ displaced mass 1ncludes the spallatlon zone and the central cup. Not
all the listed 1mpact events were measured for depth Also, in the normal
_charglnﬁ process, the hlgher veloc1ty progectlles have the lower energles
vexcept where a range of masses is selected for a glven veloc1tv.‘ The
least squares fit to these data give M = 227 El +135 for the total

damaged region and Moo = L7 El'loT

for the pit, where M.e is in picograms
and E in microjoules. Thus, the-disPlaced mass per unit of projectile |
.‘gnergy increases with increasiog_energy; that is, cratering‘efficiehcy
vincreases with increaslng size‘of the crater. Thisltrehd has been ex-
nplained by a decrease in the effective_target strength as-the crater
.~-becomes larger (17, 18) In hardness tests of glass,vthe'strength is
.,known to increase as the d1mens1ons of the tested area decrease (19)
Because the phedomena of lmpact on gLass is similar to that on rock,_ '
."lour expre551on for dlsplaced mass is compared w1th one derlved by.Gault
(20) for dense. crystalllne rock He finds M = 1300 El -12 in the unlts

fused above. The mass of rock egected is about six tlmes that of glass

ﬂ_-for a ‘given energy of 1mpact Rock is’ less homogeneoustthan glass; and,

"ﬁ;ftherefore, rock has a lower’ effectlve strength.

-11-
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. 'CONéLUSIONS
ln concluS1on; we flnd that the crater morpholog& changes markedly 2”;5”
itln the veloc1ty range from 2 to lh km/s for polystyrene mlcrospneres 1m—
pactlng soda-lime glass targets At 3 km/s the reboundl progectlle
forms a shallow depress1on in the glass. The deformed progectlle lines
and'overflows the depression from an impact at h'km/s. At about 5 km/s,
A%f_:a petalled lip forms, and at a sllghtly hlgher veloc1ty, a spallatlon
‘”;reglon is generated outs1de the central cup ThlS reglon is characterlzed
__by radial and concentric fractures and radial ridges where.the spalls
have been ejected. As the velocity of impact increases further, theb
ZSpallatlon zone becones more flnely fragmented. ‘These transitions in _:'

‘ morphology occur at higher veloc1t1es than for s1mllar changes observed

v-pifor 1mpacts by denser progectlles. ThlS 1nd1cates that the specific

‘,;energy of the partlcle is a prlmary factor in the mechanlcs of craterh
f‘formatlon. For constant velocity, the D /d ratio is lndependent of mass;
;but with veloc1ty 1ncrea51ng from 5.2 to 1L km/s, the ratlo 1ncreases
1from 1. ?5 to l 75 The total mass of glass dlsplaced per unit of the .
progectlle energy 1ncreases slowly'wlth energy in acreement w1th results
'"of studles by others of craters formed by cent1meter—s1ze_progectlles V
blnpactlng rock. - . 'Vl ia-v ' 'i - i f o-._- ‘”_> ‘_‘.h-
| In any appllcatlon of these laboratory 1mpact data to analy51s of
.:?lnnar mlcrocraters, several p01nts should be kept in mlnd. Although .
.;crater morphology can prov1de some’ 1nformatlon on the ve1001ty and annle i}

f 1nc1dence of ‘the 1mpact1ng partlcle, the threshold veloc1t1es for

l.certaln features of the crater depend on the progeclle dens1ty and occur _»mh'

o ﬁiffat lower veloc1t1es for hlgher den51ty partlcles, In addltlon, for a

-12-
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'glvea pregectlle mase aﬁd"erater shape the low den31ty partlcle produces-
}:a larger area of damage; Flnally, egected spalls may dlmlnlSh the central
'cup in 51ze, and a measurement of the dlameter of the re51dual cup can
lead to a low estlmated value for the’51ze of tae 1rpact1ng progectlle.
.The'probability of ejectlon of these spalls increases with increasing

projectile size for a given velocity of impact.
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Table 1. Suwmmary of dutu for polystFrene spheresd lopacting gluss at noroal Ineldene,

Projectile e < ' . Crater
: Diameter Dopth e Digplaced Vans 0 7
, : ye 1 — , . : n/a ot Rl
Velocity Mess _Diameter Energy Tuy ‘ ) romma <o | DC/d ""S:I/(" s [olsL

|
(v, ¥m/s) (m, pg) (fl; pm) (B, pJ) (DC’ pm) (DS’ um) (P, pm) ;
. 2,06 . - ll+6.2 § L.37 0.098 - No crater found - A Q
. 2.95 o ko2 L2k 183 - . 3.2 - : L7660 -
k.15 . 28.6 1 3.72 246 3.7 - 0.7 |
Lo 318  3.86 382 b5 o 0.
5.05  S57.T k.70 .T36 5.0 — 1
1 621 . h.82 807 5.0 S 1

(s re) (e pe)

3

> 5
5.27 kL2 o k20 572 5.ks 1k 0.7 1 1.30 21 1320 i
5.38 - 27.5  3.67 308 1.8 L - 0.8 | 31 18.7 9k.6 §?¥~:
5.5 k59 k.36 709 5.5 » 3 . 1 | 1.28 30.71265.0
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»Table'2;;LSummaryfof,data for polystyrene spheres impacting glass at oblique incidenéé

L © Projectile | ~ Crater .
Velocity . Mass Diameter Energy Length Width Depth  Spallation .
(v, km/s) _ (m’, re) (4, !.Lm) (E, uJ) (L, p.m) - (W, p,m) . .(P; p,'m)-

I | ' 9 = 45° | e e
4.85 " . 56.6 - b6t 0.665 o 7.5 . . 5.5 . . 0N No
5. 54 © 19.8 '3.29 . 0.30k 5.2 k.5 0.3 No .
5,71 . 53.8° 4. 59 0.877 8.7 . T.0 1.0 No
S0 263 3.62 0.469 6.8 ss 0% . o
6.3 WA w31 079 - R
655 0 2T.5 . 3.6T 0.590 | 74 50 - 0.8 Yes .
679 . 25T 3.59.  0.5%2 7.0 ko 0.5 .  Yes .
7.22 . 1.8 1 2,99 0.385 . 6.k ko .. 0.5 . Yes
8.05  19.2 . 3.26 0.62 . 5.8 ‘ 5.0 1.0 Yes
8.30 - 19.8 3.29 : 0.682 = o 6.7 R 5.0 ' 0.8 © Yes
12.5 W22 13 0.095 . 3.8 - 2.5 0.k Yes
6 = 30° !
5.1 59.0 . L.7h 0.768 - . - e
6.0 3.7 3.8 b.5710 - 6.0 k.o 0.25 " No .
6.4 U 40.3 ¢ kT 0.825 7.0. .55 . 0.5 .  No' °
6.9 C7.91 . 1.99 0.288 - - I —
7.2 17.9 3.18 0.46L 6.5 4o 0.6  .Yes .
7.8 17.0 ' .3.13 0,517 . | 7.3 _\ 4.5 -~ 0.5 | Yes
8k . 123 281 0.3k | 5.5 kO 05 o
12.3 - L.e2 L3 0.092 o 3.1 '_.; 2.3 - 0.25 "~ No



mTabié 3..}CompariSon of the impact velocities fof occurrenéé of severai moréhoiogical' 
: features of craters formed in soda-lime glass by_projectiles with differing

- densities.
" projectile  Projectile | ~ -
Density Material . " Morphology R S
' Tented Class  Deformed Projectile Petalled Lip Spallation C T

<g/c"P) S jﬁ: (xm/s) (km/s) (km/s). (kn/s) ?;S-ﬂfgth:xj‘»‘v

1.06 Polystyrenea‘: 3 3.5-4.6 14.8-7 _' > 5.2
BN Aluminum’ 7 7 o 2(<3.6)-T s (B.6)
7.8 Tron® :‘ o < l S 1-2 . > 3 . ‘. E >3 o

8. Information 1s 1ncluded from some'additibnalfimpacté;not listed in table 1.
" b. Taken from ref. 1lh. -
~ ¢. Taken from ref. 9.




.Mandeville/Vedder

FIGURE CAPTIONS
Fig. 1 SEM photomlcrographs of craters formed by polystyrene Spheres
-striklng soda—llme glass at normal incidence (9 = 90 )_

‘&) 2.95 kn/s, k2.2 pg, SEM stage tilt T = 30°;

B) 4.15 kn/s, 28.6 pg, T = 30°; R
“¢) 5.05 kn/s, 577 pe, T = 23°; |
) 5.38 kn/s,27.5 vg,T = 30°;
| e) 8.22 kn/s,17.0 pg,T - 23°;
£) 12.6 kn/s,1.67 pg,T = 23°.

The SEM stage tilt is such that the top of each micrograph is
at the base of the slope.
Fig. 2 ©SEM mlcrographs of craters formed by polystyrene Spheres strlklng
soda—lime glass at oblique incidence.
a) T 2 kn/s, 15 pg; © = 45°, T = 30°;
) 7. 8 kn/s, 17 pg, 6 = 3o T = 30°. |
Fig. 3 The ratios of the diameter of the spallatlos zone to the pro-
jectile diameter (D /d) and the central cup diameter to the
projectile diameter (D /a) versus,progectlle velocity for
polystyrene spheres 1mpact1ng glass at normal incidence (e §O°).
Fig.-h The ratlos of the diameter of the spallatlon zone to the
'progectlle diameter (D /d) and central cup diameter to progectlle
diameter (D /a) versus projectile mass for dlfferent ve1001ty

g 1ntervals of polystyrene spheres 1mpact1ng glass at normal

' inc1dence.



-Mandeville/Vedder

Flg. 5 The dlameters of the crater cup (D ) and the sPallation zone
(D ) versus projectile mass for polystyrene spheres strlklng_
1g1ass at normal incidence. ‘
Fig. 6 .quplaced nass cf target material versus progectlie klnetlc
| energy in mlcroJoules calculated for the central cup ( )
.and for the whole area of damage (M ) for polystyrene spheres

striking glass at normal in01denee.
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