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ABSTRACT

The goal of this research program is the correlation of
lunar surface craters with the dynamic properties of impacting
meteoroids. Experimental verification of cratering models for
possible lunar surface configurations is a prerequisite. An
analytic model suitable for describing spherical wave propaga-
tion in competent basalt was developed. The model was adjusted
to reproduce stress profiles observed in a series of one-dimensional
spherical wave experiments in large basalt blocks. The spherical
waves were produced by a spherical explosive charge and monitored
by piezoresistive manganin gauges. In addition, hypervelocity
impact tests were conducted in which l-g spheres were launched
to 6.4 km/sec and impacted against instrumented basalt targcets.
Stress preofiles were obtained at several depths in the target
material and final crater measurements were made. Final crat»r
dimensions also were obtained from an 11.6 km/scc impact of a
l.6-y projectile against a basalt slab. The volumes of the craters
are compared as a function of projectile energy with previcus basalt

cratering data.
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SECTION I

BACKGROUND

Knowledge of the lunar surface has increascd greatly during
the last few ycars as a result of data obtained from the Ranger,
Surveyor, Lunar Orbiter, and, most recently, Apollo missions. The
Surveyor series gathered direct data concerning the physical and
chemical properties of the lunar surface, while the Ranger, Lunar
Orbiter, and Apollo series provided close-up photographic evidence
of the various sizes and forms of lunar craters. The geometry of
the smallest craters visible in the photographs from the Ranger
missions, together with laboratory impact tests, led to the inter-
pretation that the lunar surface was composed of loose or very low
cohesive strength materials (Reference 1l). The Surveyor 5 and 6
missions performed a-particle backscattering experiments, indicating
that the lunar surface is basaltic in composition (References 2 and
3). Lunar Orbiter I photographs revealed a distinct correlation
between crater size and crater morphology. Subsequent laboratory
impact experiments by Oberbeck and Quaide (Reference 4) showed
that all of the morphologic classes recognized in the photographs can
be produced by impact into a stratified media consisting of a frag-
mental surface layer overlying a cohesive substrate. They found the
most significant parameter in determing the type of crater formation
is R, the ratio of crater diameter to surface layer thickness. Assum-
ing that the parameter R has the same relationship to the structure of
the lunar craters, the median surface layer thickness surrounding in-
dividual craters has been estimated from Orbiter 1, 2, and 3 photographs
to vary locally between 4 and 9 meters (References 4 and 5).

Having estimated the physical and chemical properties of the
lunar surface and established the impact origin of many lunar craters,

g LT R
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the moon provides a ready source of meteoroid impact cratering data.
The lack of lunar atmosphere allows meteoroids to impact the surface
free from the influence of the complex aerothermochemical effects
that accompany terrestrial meteors. A study of lunar craters should
then yield information as to the dynamics (energy, velocity), as
well as the flux and frequency disctribution of impacting meteoroids.
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INTRODUCTION

For the past 11 months Physices International Company has been
engaged 1 an experimental-analytical program for the National Acro-
nautices and Space Administration, Contract No. NAS 9=-8031, to corre-
late the size and morphology of lunar surface craters with the mass
and velocity of an impacting metceoroid. 7The first milestone toward
attaining this goal is to analytically sinulate a hypervelocity
impact crater in competent basalt. Basalt was chosen for this initial
study because of its similarity in chemical composition to the lunar
surface layer as determined by Surveyor 5 and 6 (References 2 and 3).
The work performed in the present phase of the program consisted of
a series of hypervelocity impact tests, as well as the cxperimental
and analytical efforts necessary to define a cratering model for
basalt. The rock samples used throughout this program woere obtained
from the Basalt Rock Company, Napa, California.

A series of dynamic and static experiments was performed in the
basalt modeling phase of the program. The static tests measured the
density, porosity, and zero-pressure longitudinal and shear wave
velocities of the basalt samples. Dynamic tests utilized in-contact
explosives and were carried out in both plane and spherical geometrics,
the latter being the most appropriate to cratering experiments. Ex-
tensive use was made of manganin gauges in measuring peak stress
attenuation rates and stress profiles as a function of thickness of
basalt traversed. Because of the existence of high-pressure data
for Vacaville basalt, the present tests were limited to low pressur>s
(« 100 kbar). The combined data from all tests were incorporated with
a proposed material response model in an iterative computational pro-
cedure using POD, Physics International's one-dimensional, time-
dependent, elastic-plastic Lagrangian computer code to reproduce the
stre.s behavior observed in the dynamic tests. The resulting analy-
tic model should then represent a best fit to the existing data.
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The hyperyvelocity launchers used in this program were designed
and developed at Physics International Company before this program
began (references 6 to 8)., 'The basic device launches a saboted l-g
magnesium=-lithium alloy (LAl41A) sphere to a 6.4 km/sec impact
velocity. A sinyle-stage fast gun of recent design was usecd to
launch a 2-g, right-circular cylinder to an impact velocity of
11.6 km/sec. The basalt targets for these shots were instrumented
with embedded pieczoresistive manganin gauges to measure stress=time
profiles and/or a pulsed radiograph unit to observe material cjocted
during crater formation. For one shot at 6.4 km/sec and one shot at
11.6 km/sec, a laryge target assembly was designed to permit terminal
obscrvation of the resulting craters without perturbing c¢dge ecffects.

This report details the work described above, including pertinent
data and the resulting analytic model.
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SECTION I1I

BASALT MODELING EXPLERIMENTS

A DYN "1C ONE-DIMENSIONAL STRALN

The initial response of materials to shock waves gencrated by
impact cratering can be treated by a hydrodynamic description. It
is assumed that when the stresses are sufficiently large, the con-
stitutive properties of the materials ere relatively unimportant.
In the late stages of crater formation, however, the stresses are
small and material strength cannot be neglected. Particularly in
brittle materials, the final crater size is very dependent on
material strength, as evidenced by the large volume of basalt

craters compared to those formed by sitailar impacts in aluminum.

Existing Hugoniot data for basalt as reported by Gregson, et al.,
at Stanford Research Institute (Reference 9) and Jones et al., at
General Motors (Reference 10) extend from stress levels of 100 kbar
to 2.0 Mbar. A two-wave structure was observed by Gregson, et al.,
the magnitude of the precursor being approximately 50 kbar. The
experiments were performed in a plane wave geometry and diagnosed
through optical techniques. The GCeneral Motors data, on the other
hand, were obtained in plane-wave geometry using a pin technique to
record shock arrival times. The GM Hugoniot data for Vacaville
basalt were plotted along with data from other basalts of differing
density (Reference 10). The Hugoniot curves for the various basalts
coincided to within the experimental accuracy of the data. Thus it
was assumed that even though the present basalt samples were not
obtained from Putnam Peak (near Napa, California) as were the samples
studied by Gregson and uones, the reported Hugoniot data were applicable
to our basalt. One plane-wave shot was fired in the present program

to confirm the usefulness of the existing data. A P-40 plane wave lens
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was used to drrve a shock into a 1.27-cu-thick Plexiglas attenuator
plate adjoining a 2.%4-cm=-thick basalt specimen. Instrumented with
manganin gauges, the stress anplitude and arrival times at different
locat tons were monitored, allowing the calculation of shock and parti-
cle wvelocities. The resulting Hugoniot point of 75 kbar agreed with
the existing data (References 9 and 10) to within experimental

accuracy.

Emphasis in the present program was on determining a model
capable of describing the behavior of basualt in the low stress regime.
The model should join smoothly with cexisting lHugoniot data. A tech-
nigue was used whereby spherical shock waves in the low stress range
were produced. Instrumented with manganin gauges, stress-time pro-
files at various radii were observed. Then using computer analysis
a material model was developed that was capable of describing the
observed response. The spherical geometry chosen for the modeling
experiments has several advantages: (1) the divergent geometry is
similar to that occurring in cratering processes, (2) the samples
can be made sufficiently large that the response is not dominated by
small-scale inhomogeneities, and (3) large amounts of data can be

collected from a single experiment.

The blocks of hasalt were prepared as shown in Figure 1. The
maximum size of these blocks was approximately one cubic foot. The
size of the block and placement of the high explosive in the block
was selected so that reflections from a free surface could not reach
any of the stress gauges during the time of observation. This limited

the range of radii that could ke observed on any one shot.

To prepare a block for testing, a cylinder of the sample material
is removed by drilling with a diamond-tipped core drill, and a hemis-

prhere is lapped at the bottom of this cylindrical hole. A sphere of
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high explosive (LX04-01) is placed in the hemisphere. The explosive
sphere contains a spherical tetryl booster at its center, which in

turn is detonated by a mild detonating fuse (MDF) at its center. The
equation of state of the explosive has been thoroughly studied (Refor-
ence 11), and its Chapman-Jouquet pressure has been measured as 360
kbar. The hole is filled with a cylindrical aluminum plug (aluminum
provides an impedance match with basalt and is casily machined)

shaped to fit the top half of the explosive sphere. The MDF is brought

out through a small hole in the center of the plug.

With the explosive charge placed asymmetrically, the five re-
maining faces of the block were at different radii. Manganin stress
gauges were placed on the faces opposite the high explosive, and the
spherical stress wave produced by the ensuing detonation was monitored

at five different radii.

The manganin gauge was developed by Bernstein and coworkers
(References 12 and 13) and has been calibrated for stresses up to
290 kbar. The calibration factor relates the percent change in re-
sistance of manganin to the magnitide of the applied stress. When
supplied by constant current, the ideal relative voltage change
resulting from shock passage is linearly related to the stress ampli-
tude associated with the shock. The stress is determined as follows:
the relative change in voltage is simply the ratio of the voltage
variation resulting from the shock (AV) to the dc voltage (V_.). The

o)
voltage change in percent is related to the stress (P} by the relations,

v () = 0.29 P for 0 < P < 150 kbar
o
AV . )
v () = 16 + 0.18 P for 150 < P < 290 kbar
o
8
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The particular gauge design for this program consisted of a sinagle
strand of 3-mil-diam manganin wire supplied by a constant current power
source. Two 3-mil signal leads were spot-welded to the current-carry--
ing manganin wire to monitor the voltage across a 7 mm segment of the
wire (sec PFigure 2). The voltage variations were fed through a differ-
ential preamplifier and monitored on an oscilloscope. The complete
gauge and lead wire assembly was embedded in a thin layer of epoxy
and backed by a small slab of basalt. The total thickness of the epoxy
layer with the embedded manganin gauge was less than 0.25 mm. The
lateral extent and depth of the basalt backing pieces was large enough
so that reflected waves from the edges were unable to reach the gauges
for at least 4 usec after the shock passage. The time required for the
manganin gauge and epoxy layer to equilibrate with the rock has been
calculated to be 0.1 usec (Reference 14). Because the resolution ob-
tainable from the manganin gauge records was rouchly 0.2 jusec, the
observed stress profiles were not corrected for gauge equilibration

time.

An additional contribution to the output voltage of the manganin
gauge is significant for nonplanar stress pulses. The divergence
associated with the material displacement behind spherical and cylindri-
cal waves causes the manganin wire to stretch. Assuming a constant
resistivity the resistance of the wire changes because the diameter
decreases and the length increases as the wire stretches. This change
is seen as an output voltage and must be subtracted from the apparent
stress profile as taken directly from the oscilloscope record. This
effect is increasingly important for measurements some distance behind
the front of the stress pulse. The stretching signal can be measured
by using a copper-nickel wire as a gauge element that responds only
to dimensional changes and is not piezoresistive. A loop was formed
(as shown in Figure 2) consisting of one wire of manganin and one

of a copper-nickel alloy having nearly the same resistivity and
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mechanical propertics.  Supplied by a constant. current power supply,
the voltage across a 7-mm segment of each wire was monitored on an
oscilloscope.  The output signal from the manganin gauge is related
Lo the pressure in the epoxy layer as well as the stretching of the
wirce, while the voltage change across the copper-nickel wire is due
entirely to stretcehbing. Therefore, subtracting this signal from the
manganin signal, climinates the stretching effect. The mangnitude
of this correction is typically a few percent, and in some case
negligible. An alternative procedure for correcting the manganin
gauge signal, usocd when the copper-nickel signal was lost, involved
calculating a correction factor. Although the calculation is neces-
sarily approximate, it provides a reasonable correction to within

the experimental accuracy of the manganin gauge signal.

Three spherical block tests were fired with basalt samples.
Shots 395-2 and 395-4 utilized explosive spheres with a radius, RO,
of 2.54 cm. Stress-time profiles obtained from these shots at scaled
radii, R/RO, ranging from 1.585 to 4.50, are shown in Figure 3. The
profiles have been corrected for stretching but not for gauge equili-
bration. The shock front is seen to undergo little dispersion, which
is indicative of a fine-grained, homogeneous material. There is no
avidence on the time scale in Figure 3 of a two-wave structure,
although the raw data for the smallest radius had a slight knee at
the 52.4-kbar stress level. Because a similar perturbation was not

observed at larger radii, no significance was ascribed to the knee.

The measured peak radial stresses from Shots 395-2, 395-3, and
395-4 are plotted as a function of scaled radius in Figure 4. Shot
395-3 was a twice-scale version of 395-2, having a 5.08-cm cavity
radius. The peak stresses are seen to attenuate at the same rate
for both the 2.54- and 5.08-cm cavity radius tests, indicating that

time-dependent effects have a negligible influence on the peak stress

11
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artenuation rate. Toe attenuation rate s conntderably fastoer than
the cormp L (I*/HU)'] dependence required for clustic spherical diver
Joence and results from o dirreversible worl done on the basalt,  The
gt ficance of various attenuation rates is dincuscod in oa later

sectron in conjunction with the basalt modeling work,

Is. ALRO-PRESSURE STATIC MEASUREMENTS

The densities of the core samplo:s removoed from the basalt bhlock:s
used in the spherical tests were measured at 2.82 q/cm; f0.h%., Thas
density is 1dentical to that reported by Grogson tor Vacaville basalt,
Gregson also reported a porosity of about 3% due to vessieles.  Attopga
woere made to measure the porosity of our hasalt omgles.  The samplosns
were thoroughly dried in a vacuum oven, woeoghoed, ara ouboaequently ol
merged in boiling water tor 24 hours The apparent wmass incredse 1
corded for several samples after subnersion was less than 0.5,
corresponding to a pourosity of about 1.5%. The existence of addivy !
porosity in our samples must then have beon due to vesicles that cannuod

communicate with the outside surface of the rock.

A series of ultrasonic wave specd measurcnents was performed
vn a large basalt sample. Using an exploding bridgewire as the
source of a strong elastic pulse, a guartz transducer was usced to
monicor arrival times as a function of distance. The mecasured P~wavo
speed was 0.56 cm/usec., Using a Poisson's ratio of 0.25%, the bulk
and shear moduli were calculated to be 0.492 and 0.295 Mbar respectivels .
These values of elastic constants were used in the basalt medel analysis.

14
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SECTION 1V

ANALYTIC MODEL FOR BASALT

The basic tool used in determining the analytic model is Physics
International's one~dimensional, time-dependent elastic-plastic com-
puter code, POD, This code solves, in fini‘.e-difference form, the
cquations of motion in plane, cylindrical, or spherical geometry for
! an elastic-plastic solid. A large variet, of equations of state,

including a variety of yield models, are available in the code.  We
3 have usced this code to correlate calculated wave shape and peak
stress attenuation to the observed data presented in Scection 111 by
adjusting in an itcerati're manner, the model used for the cquation
wf state.

The model devcloped was suggested by the fact that the minerals
in basalt, of which plagioclase feldspar is the major constituent,

' undergo an irreversible phase transition to a higher density form

under shock compression (Reference 15). The two-wave structure re-

ported by Gregson can be explained with a phase transition model;

further, it defines the upper limit of the low-pressure phase as

0.050 Mbar. For higher stress levels, the dominant influence on
the material behavior appears to be the irreversibility of the phase
transition. This phenomenon was observed by Rosenberg et al at SRl
(Reference 16) in shock wave experiments on fused quartz and tuff,
The proposed model for basalt is shown in Figure 5 and inciades the
pressure-compression data of Gregson and Jones. The pressure-
compression curve is divided into three regions representing a
low-pressure phase, a mixed phase, and a high-pressure phasc. The
low-pressure phase, extending from 0 to 0,050 Mbar and determined
from the wave speed measurements and Poisson's ratio, is described
by the equation

P, = 0.492 u + 0.570 u2 4+ 1.50 p°

b SRR R et = T,

15
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whoere p = D/po -1. The zero-pressure density of the low-pressure
phasa, bgr Was taken as 2.82 g/cm3. The mixed-phase region extends
from 0.050 to 0.435 Mbar and was fitted to pass through the Hugoniot
data of Gregson and join with the high-pressure data of Jones. The
egquation that describes the mlxed-phase region is

Py = 0.020 + 0.50 u + 0.278 12

¥Yor peak pressures greater than 0.435 Mbar, the basalt has completed
the transition to the high-pressure phase and is described by the
equation fitted to the !ugoniot data of Jones.

2

T - : 3
E £.98 My * <.97 Wy

H

where Wy = p/pH -1 and Py is the zero-pressure density for the high-
pressure phase, 3.90 g/cmz. This density is determined by the inter-

cept of the (PH, u) curve with the u axis.

The three equations presented above describe the solid curves
in Figure 5 and were used to calculate peak stress attenuation. 1If
one assumes a hydrodynamic reversible model (loading and unloading
take place along the curves just described and the yield stress is
zero), the calculated peak stresse¢s do not attenuate nearly as rapidly
as do the observed data (Reference 17). On the other hand, when an
irreversible phase transition model was assumed, the calculated stress
attenuation rate provided a close fit to the data. Furthermore, the
attenuation rate for peak stresses above 0.050 Mbar was essentially
independent of the particular yield model, being dominated by the
irreversibility of the phase transition. In the mixed-phase region
the irreversibility is taken into account by the fact that the
material unloads or relaxes along paths that vary in slope, shown
as dashed lines iu Figure 5. The particular unloading path is a
function of the peak pressure attained. For pressures greater than

0.435 Mbar, the material relaxes to zero pressure along the PH’

o

17
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W curve, while for peak pressures less than 0.050 Mbar the material

unloads along the P i curve. For peak pressure levels in the mixed-

’
phasce region, O.ZSOLMbar for example, the unloading curve is the dashed
line intercepting the PM, i1ocurve at 0.250 Mbar. The ¢i-»e of the
unloading curve in the mixed phase region is determined point-by-point
from the function dP (1) /dp evaluated as a linear function of n between

(dPL/du,ll and (dPH/du)“ .

1 2

Having established that the yield model is of relatively small
importance in determining stress attenuation rates above 0.050 Mbar
(Reference 17), a hydrodynamic yield model was assumed for the mixed-
and high-pressure phases and effort was concentrated on the low-pressurc
phase. An additional justification for assuming a hydrodynamic yield
model in the mixed- and high-pressure phases is that the mineral com-
paction associated with phase transition suggests a loss of cohesion

between adjacent material elements.

Figure 6 presents calculated and observed stress attcnuation
data, showing the effect of various yield models in the low-pressure
phase. The hydrodynamic yield model (Y = 0) does not provide a
sufficiently high rate of peak stress attenuation. On the other hand,
a Coulomb-Mohr yield model, Y = 1.4 + 1.38 P (kbar) as obtained from
triaxial strength data (References 18, 19, 20), results in too rapid
stress attenuation. The best fit to the attenuation data was obtained

by using a Von Mises yield of Y = 1.0 kbar.

The stress-time profiles calculated using the irreversible phase
transition model with a 1.0-kbar Von Mises yield model in the low-
pressure phase are compared with experimental profiles in Figure 7.
The area under the stress-time curve rcupresents the impulse delivered
to the material by the shock wave and thereby determines the resulting
material displacement, i.e., crater size. We feel tha. the computed

stress profiles are in good agreement with the observed profiles and

18
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that the basalt model presented here, although not unique, provides
a reasonable material description for computing divergent shock waves
in basalt.
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SECTION V

DESCRIPTION OF HYPERVELOCITY IMPACT LEXPERIMENTS

A, IDEAL OPERATION OF EXPLOSIVE DRIVER

The linear explosive driver represents a technique whereby a
substantial portion of the chemical cnergy of an explosive is con-
verted in a controlled manner to the kinetic and internal cnergy of
a gas. Basically, the energy densities in the gas are produced by
a strong shock generated by the progressive collapse of a tube. The
collapse of the tube is such that it may be represented as a piston
propagating into a gas. The ideal model used to describe implosive
driver operations is quite similar to that used to explain the basic

discontinuous motion produced by a shock wave.

The operational characteristics of the linear explosive driver
are shown in Figure 8. A thin-walled metal tube, the pressure tube,
containing the driver gas is surrounded by a chemical explosive.
After the explosive is initiated, a detonation wave propagates in
the explosive along the outside of the metal tube. The pressure
behind the detonation wave accelerates the wall of the tube in
toward the axis, sealing the tube and forming a conical-shaped
piston (Figure 8b). The velocity of the piston D equals the deto-

nation velocity of the explosive. The motion of this piston generates

a strong shock wave in the stationary column of driver gas. If the
gas behaves ideally and has a constant ratio of specific heats Y,
then the velocity of the shock wave S is (y+1)D/2. The position-
time histories of the piston and shock wave are shown in Figure 8c
for an ideal driver gas (y = 5/3). These trajectories are presented

in the dimensionless coordinates

ctl
i
|

and

X
i
Qi X
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Here x and t are the distance and time after the shock wave begins

to move ahead of the detonation wave, d is the internal diameter of

the pressure tube, and D is the detonation velocity of the explosive.
These coordinates facilitate the comparison of systems having difterent
dimensions or different detonation velocitices.

The pressure P, in an ideal gas behind a strong shock wave is

2
given by the conservation equations as

_ Yy + 1 2
P2 = Pl + 2 (-§-) D

where Pl and Py are the pressure and desnsity of the stationary gas
ahead of the shock. This relationship indicates how conditions in
the shocked gas can be varied over a considerable range of gases (y),

initial loading densities (pl), and explosive (D).

When an explosive driver is used to launch projectiles the shock
wave in the driver gas is reflected from an area change cr breech {(in
a chambered gun). The reflected shock brings the gas essentially to
rest, converting its available kinetic energy to additional internal
energy. This process produces a reservoir of gas having an extremely
high energy density and sound speed. This reservoir of gas is then

used to accelerate the projectile.

The operation of a chambered explosively driven gas gun, as uscod
in this program, is illustrated schematically in Figure 9. The pressurce
tube is initially filled with 60 atm of helium, while the barrel con-
tains 1 atm of helium. The projectile is positioned three body diamcters
downstream of the breech. As the high pressure behind the detonation
wave collapses the pressure tube, a 6-kbar shock is driven into the
stationary helium gas as depicted in Figure 9b. On reflection from

the breech, the chock forms a reservoir of high-pressure (=~ 36 kbar)
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gas which accelerates the projectil A slight base pressure on

the projectile as it leaves the barrel causes the sabot picces to
separate from the enclosed model, as illustrated in Figure 9d. A
more complete discussion of the operational details of explosively

driven launchers can be found in References 6 through 8.

The 6.4-km/scec launcers used in this program have a 100-cm-long
barrel with a nominal 1.71-cm bore. The overall length of the

launchers is 209 cm Jnd each requires 5.5 lb of nitromethane.

B. PROJECTILE~-SALO'T' DESIGN

Projectile behavior is strongly coupled to the gas dynamic
cycle of the launcher and the dynamic response of the barrel. Com-
puter techniques (Reference 21) are capable of accurately predicting
dynamic projectile-launcher interaction, thus avoiding trial-and-
cerror design methods. Because an existing launcher design was used
in this program, the gross projectile behavior had been previously
integrated with the launch cycle; however, the details of the sphere
and sabot geometry were chosen to minimize residual distortion of

l.0-g sphere.

The two sabot pieces and the sphere were made of a lithium-
magnesium alloy (LAl41A), which has been used extensively at Physics
International as a projectile material. Its low density (1l.38 g/cm3)
and relatively high yield strength (13,000-15,000 psi) lead to high
velocity as well as good resistance to fragmentation and distortion.
During the launch cycle, however, the projectile is subjected to
base pressures of roughly 36 kbar, many times the projectile yield
strength. Under these conditions of high axial compression the
projectile behaves plastically and its lateral surface is forced
against the walls of the launcher barrel. As the surface of the
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sabot crodes due to wall friction, the high base pressure continually
foree:s more material against the barrel wall.  The mass louss to
crosion s acconnted ter by a decrease in the overall length of the
projectile,  The net deformation within the sabot package is the re-
sult of the radially outward material flow and accompanying length
contraction.  The deformation is greater toward the base (rear) of
the projectile because the time-integrated stresses are larger there
than at the front ot the projectilie, For this reason, the sabot was
dostygned with the sphere positioned toward the front of the sabot.

A longitudinal cross section of the assembled sabot is shown in
Figure 10, The mass ot the sphere was 1.0 g and the total mass of
the sphere and sabot picces was 4.2 g.

C. DIAGNOSTIC RANGE

A nonexpendable shot stand was constructed that provided precise
positioning of the launcher and target. The launcher barrel was
clamped to two adjustable supports, providing a fine adjustment for
bore-sighting the gun with the desired point of impact on the target.
The 195-cm distance betwcecen the launcher muzzle and the target face
comprised an atmospheric free-flight diagnostic range. A stripper
plate, designed to stop the sabot piceces without perturbing the
sphere, was positioned approximately 165 cm down range from the
launcher muzzle. The sphere passed through a 3.8-cm-diam hole in
the stripper plate while the sabot picces, separated from the sphere,
impacted against the stripper plate. Range diagnostics used to
monitor position-time points of the projectile included doubly
aluminized Mylar shorting switches, a high-speed streaking camera,
and three pulsed X-ray units. The resulting radiographs, in addition
to giving position-time data, presented visual information as to the
separation of the sabot pieces, condition of the sphere, and in some
instances ejecta thrown off the target during the cratering process.
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D. BASALT TARGET INSTRUMENTATION

1. Embedded Manganin Gauges

The impact targets were fabricated from basalt rock samples.
Piczoresistive manganin gauges were embedded in targets at various
depths from the front face by sandwiching the gauge between two
slabs of basalt. The manganin gauge configuration was similar to
that shown in Figure 2, with the notable exception that a copper-
nickel gauge was not employed. Typically, two independent manganin
gauges were incorporated into each target. One gauge was positioned
directly behind the point of impact and one off-axis but along the
same plane. This configuration allowed stress profiles at two

different distances from the point of impact to be obtained from
each shot.

A manganin gauge record obtained on an impact test i3 shown
in Figure 11. The upper trace is monitoring the output voltage
from an on-axis manganin gauge 2.97 cm behind the point of impact.
The vertical sensitivity is 2.0 V/cm and the horizontal sweep speed
is 1.0 usec/cm. The first rise of roughly 1.3 cm repiesents the
power supply turn-on. The second rise, occurring 4 cm from the start
of the trace, is due to the stress pulse emanating from the projectile
impact point. The final sharp fall-off toward the end of the trace

indicates gauge failure. The lower trace is simultaneously displaying

the same gauge signal at an increased vertical sensitivity of 0.5 V/cm.

The baseline is suppressed so that the power supply turn-on brings
the trace on scale. The piezoresistive calibration factor allows the
voltage-time profile to be translated into a stress-time profile. For

the sample trace in Figure 11, the peak stress as calculated in this
manner was 50.8 kbar.
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Vertical Sensitivity
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Horizontal Sweep
Speed = 1.0 cm/usec

FIGURE 11. TYPICAL MANGANIN GAUGE RECORD
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- Crater Observation

Because emoedded gauges require the target to be composed of
two slabs of material held together by epoxy, it is not possible
to obtain stress profiles and meaningful final crater data from the
same target. Therefore, two targets were designed and constructed
from a large block of basalt to obtain a final crater. A slab of
solid basalt 35.5 by 35.5 by 10.0 cm was surrounded on five sides
with 1.27-cm-thick aluminum plates, leaving a 35.5- by 35.5-cm face
of basalt exposed. The aluminum plates provided a shock impedance
match with the basalt, reducing the probability of spalling the
sides of the basalt block. Vacuum grease was applied between the
basalt and aluminum to eliminate any voids due to surface irregularities.
The aluminum plates were squeezed against the basalt while concrete
was poured around the plate assembly, leaving only the basalt face
exposed. The concrete block containing the basalt target measured
66.0 by €6.0 by 30.5 cm and provided inertial containment for the
aJuminum plates and basalt. An assembly of this design was used
for a« ¢+ 4-km/sec and a 11l.6-km/ impact.
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SECTION VI

RESULTS OF IMPACT EXPERIMENTS

A. LAUNCHER PERFORMANCE

A total of nine hypervelocity impact tests (Shot Nos. 397-10
to 395-18) were conducted during this program. The first shot,
(Shot 395-10) launched a saboted 1.5-g magnesium-lithium alloy
sphere to verify the launcher and projectile design. At this poin.
in time the l-g spheres were not available; thus the larger spheres
were used. Because the sabot pieces must be thinner to accommodate
a larger sphere, the use of a 1.5-g sphere represents a more severe

test of projectile integrity than the 1l-g sphere.

The result of the shot was that the sphere while launched to
an abnormally high velocity of 8.1 km/sec, was damaged during the
gun cycle. The attained speed considerably exceeded the anticipated
speed of 6.4 km/sec. Although the driver diagnostics indicated a
normal detonation and shock trajectory, a driver malfunction was
speculated to have occurred after the last diagnostic pin reported.
A premature detonation of the sensitized nitromethane initiated by
exposure to the 6-kbar helium shock would drive a very strong shock
into the projectile. This snock would account for both the high
speed and broken condition of the projectile. Whereas the nitro-
methane for this shot was sensitized with 3% ethylenediamine, it was
decided that future shots would use nonsensitized nitromethane. An
additional result of the initial shot was that the non-expendable

shot stand proved a practical concept.

Two small modifications made in the desigin of the next shot,
(Shot 395-11) were: the initial projectile position was moved from
two to three body diameters downstream from ~he area change to
provide a more uniform shock loading, ancd the nitromethane was non-
sensitized. A radi-~graph of the projectile in flight indicated
that the l1.5-g sphere was in good condition. The muzzle velocity

of the sphere was 6.7 km/sec.
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The purpose of the third shot (395-12), was to determine the
separation rate of the sabot pieces rrom a 1l-g sphere. This infor-
mation was necessary for determining the size and position of the
sabot stripper plate. By extrapolating the observed sabot separa-
tion rate as taken from three in-flight radiographs, it was deter-
mined that a free flight of 165 cm from the muzzle of the launcher
was required before attempting to strip the sabot pieces. Having
successfully launched a 1l-g sphere and determined the sabot stripper
position and configuration, a series of five identical launchers was
fabricated and fired (Shots 395-13 through 395-17) into basalt targets.

A typical position-time plot showing the explosive driver opera-
tion and the projectile trajectory is presented in Figure 12. Four
pulsed X-ray units are indicated; however, only three of the four
positions were used on any one chot. A series of three radiographs
of the projectile taken both before and after sabot stripping is

shown in Figure 13.

The first radiograph (Figure 13a) shows the sabot pieces separated
from and trailing the sphere. 1In this picture, the sphere was travel-
ing from left to right at 6.- km/sec, 115 cm (an estimated 175 usec)
downrange from the muzzle of the launcher. Aerodynamic counterpressure
is beginning to deform the sabot pieces. The flattened trailing edge
of the sphere was characteristic of all projectiles launched during
this program and results from the high base pressures experienced
during the launch cycle, as previously discussed in Section V-B.

Since the deformation of the sphere involves a change in trailing
edge geometry, not in energy or momentum, there is a negligible effect

on the cratering process.

Figure 13b was taken 145 cm dovnrange from the launcher and shows
the sphere and sabot pieces continuing to separate. In Figure 1l3c,
the sphere is 173 cm from the launcher and has just passed through

a 3.8 cm-diam hole in the center of the sabot stripper plate, visible
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a. Before Stripping, .
Sphere 115 cm Downrange

b. Before Stripping,
Sphere 145 cm Downrange

c. After Stripping,
Sphere 173 cm Downrange

FIGURE 13. RANGE RADIOGRAPHS OF SPHERE BEFORE AND AFTER
SABOT STRIPPING
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O
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in the center of the radiograph. The sabct pieces, severely broken
and having a separation of almost 7.5 cm, are about to impact &gainst
the stripper plate. The face of the basalt target was positioned 195 cm

from the launcher.

The average impact velocity for Shots 395-13 through 395-17 was
6.4 km/sec. With the exception of Shots 395-14 and 15, the velocity
deviations were within 1%. Cratering data from the former shot, how-
ever, are of limited value because the sphere grazed the edge of the
stripper plate. Although the sphere was shattered, the fragments did
not disperse appreciably and s*ress profiles from the target impact
were obtained. However, because the sphere was not following the
intended line of flight, the relative position of the point of impact
and manganin gauges is not known. Radiographs from the other shots
in this series, taken roughly 20 cm in front of the target, indicated
that the sphere was in good condition and headed for the intended

point of impact.

Having completed the impact tests at 6.4 km/sec, we attempted
to impact a basalt target at 12 km/sec. The launcher used for this
shot, 395-18, was designed under a concurrent fast-gun development
program. It was similar in concept to the 6.4 km/sec launcher, but
additional performance was obtained by explosively collapsing the
walls of the reservoir section of the driver. This collapse forces
more of the high-pressure driver gas behind the reflected shock to
expand down the barrel, imparting additional energy to the projectile.
Because of the recent design of the launcher, no attempts had been
made at firing sabot models. The projectile used in this impact test
was a 2-g, right-circular cylinder (magnesium-lithium LAl141A) with a
length-to-diameter ratio of 1/2. The target, intended to preserve
the resulting crater, was a 35.5- by 35.5- by 10.0-cm basalt slab
held in an aluminum and concrete assembly as described in Section V-
D-2. The target was not instrumented with manganin gauges.
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The measured impact velocity for this test was 11.6 km/sec,
and the projectile mass at impact was assumed to be 1.6 g, having
lost typically 20% to erosion in the launch process. The radio-
graphs of the projectile were lost because of a misfire in a delay
circuit. Examination of a streaking camera record revealed two small
fragments leading the major portion of the projectile; however, the
fragments were overtaken by the projectile before they impacted
against the target, which was found broken into several pieces. It
is not clear whether the target was broken by the projectile or by
the late time impact of a large steel blast shield. Assembly of
the basalt pieces showed that a large crater of the anticipated size

had been formed.

B. STRESS PROFILES IN BASALT TARGET

Figure 14 shows the relative positions of the intended point
of impact and manganin gauges. The depth between the point of
impact and on-axis gauge positions varied from 0.52 to 4.98 cm. The
off{-axis gauges were placed at the same depths from the front face,
but along a line drawn from the point of impac* at a 45-deg angle
with the target face. Therefore the distance from point of impact
to off-axis gauges varied from 0.74 te 7.05 cm. The measured peak
stresses ranged from 263 to 11 kbar. Since the on-axis gauge is
located a minimum distance from the intended point of impact, all
errors in stress level due to misalignment of the impacting sphere
and target resulted in a reduction of the observed stress level.
The maximum angular variation of the projectile was observed to be
0.7 deg. In some instances the peak stress observed at the on-axis
gauge was lower than that at the off-axis gauge, implying that the
point of impact was closer to the off-axis gauge. It was not en-
visioned in the design stage of the program that 0.7-deg angular
deviations of the projectile would be encountered. This inaccuracy
of the projectile trajectory is likely related to the sabot separa-
tion process. In future shots a redesigned sabot would be used,
perhaps consisting of four pieces of precisely the same mass.
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FIGURE 14. RELATIVE LOCATIONS OF EMBEDDED MANGANIN
GAUGES IN BASALT TARGETS
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All of the peak stress data are plotted in Figure 15 as a function
of scaled radius, whaere r, was taken as the radius of the impacting
sphere (rO = 0.556 cm). An estimated linear best fit has been drawn
through the data points. Because the precise point of impact cannot
be determined (which can introduce large errors in the scaled radius),
the two abnornally low data points at scaled radii of 2.82 and 7.55
were ignored when estimating the best fit. The flat plate impact
stress, calculated from the estimated Hugoniots for basalt and
magnesium-lithium LAl141A, is 500 kbar. The linear fit to the attenua-
tion data in Figure 15 intercepts the 500-kbar level at a scaled
radius of 1. At the same radius the experimental data indicate a
stress of roughly half this magnitude. It is interesting to compare
this result with a two-dimensional, time-dependent code calculation
performed at Physics International (Reference 22) of the impact of
an aluminum sphere moving at 7.32 km/sec, against a semi-infinite
aluminum target.. The initial coniiguration for the calculation is
shown in Figure 16. The calculated stress attenuation rate is shown
by the solid line in Figure 17, along with experimental data obtained
by General Motors (Reference 23) for the identical aluminum impact
cratering experime.at. The dashed extension of the calculation for
scaled radii less than 1.0 is an estimate based on the magnitlude and
duration of the flat plate impact stress. The calculated stress level
at a radius of 1 is iroughly half the flat plate impact value, a situa-
tion similar tc that observed in our basalt experiments. Also, the
linear fit to the data extrapolates to the flat plate impact stress
level at a scaled radius of 1. The falling off of the calculated
attenuation at large radii is due to the zoning of the problem.

The best fit to the attenuation data shows that the peak stress
decays as (r/ro)-l’42. This attenuation rate is comparable with that
determined in the basalt modeling experiments described in Section III-A,.
The crater depth, as measured in Shot 397-17, is plotted in Figure 15 in

terms of scaled radius. At this on-axis depth, the peak stress has
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Impacting
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FIGURE 16. ORIGINAL CONFIGURATTON FOR IMPACT CALCULATION
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attenuated to roughly 60 kbar. This stress level is approximately
that at which the phacge transition in basalt begins. An admittedly
simple explanation of this correlation follows: As various mineral
constituents of basu«lt undergo a phase transition to a more dense
form, the basalt loses its competence and is ejected from the target.
However, as the peak stress (or more likely some time-integrated
stress) attenuates beclow the minimum level necessary for phase
transition, the basalt will remain competent, with any further

increase in crater depth being correspondingly small.

The impact study at General Motors (Reference 23) of peak stress
attenuation observed in 1100-0 aluminum targets showed that the final
crater depth in aluminum occurred at a peak stress level of roughly
70 kbar. Since the shock impedarnce of aluminum is very close to that
of the low-pressure phase of basalt, the material displacement in a
uniaxial strain configuration is expected to be similar for the two
materials. Therefore one would expect the material flow along the
axis of impact to stagnate at roughly the same stress levels in basalt
and aluminum. By comparison then, it is plausible that a negligible
increase in the basalt crater depth will occur after the peak stress

has attenuated into the low-pressure phase.

C. BASALT CRATER OBSERVATION

On two of the shots in the 6.4-km/sec series, a pulsed radio-
graph unit was used to observe ejecta thrown from the face of the
basalt target. Figure 18 is a radiograph of the target in Shot 395-16
.aken 7.3 usec after projectila impact. A dimensional reference is
provided by the 1.27-cm spacin, =i the saw teeth. This target was
instrumented with manganin yauaes; : lead can be seen protruding from
the top of the block.
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FIGURE 18.

RADIOGRAPH OF TARGET EJECTA 7.3
(SKOT 395-16)
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Figure 19 presents a similar view taken 13.6 usec after impact
on Shot 395-~17. The purpose of this shot was to impact a 1.0-g
sphere into a large basalt target at 6.4 km/sec. The target assembly,
described previously, was designed to preserve the cratered basalt
target. Figure 20 shows the resulting crater in the basalt slab.

The volume of the crater was 92 ‘' 4 cm3. The impact velocity was

6.4 + 0.1 km/sec, and the kinetic energy was 2.05 x 1011 ergs. A
plaster cast of the crater was sectioned along both a horizontal

and vertical plane through the center of the crater. The profiles
traced from these sections are presented in Figure 21. There is no
reacon for the asymmetry occurring in the vertical cross section.

As can be seen in Figure 18, a large piece of the surface was partially
separ.:ted, but not free, from the basalt slab. Had this piece come

loose, the volume of the crater would be greater and the symmetry

more complete.

Figure 22 shows the damaged crater from Shot 395-18, the impact
of a 1.6-g right-circular cylinder at 11.6 km/sec. The volume of
this crater was measured by symmetrically simulating the missing
outer diameter in the damaged quadrant, covering the shell of the
crater with a thin sheet of Mylar, and filling wi*h water. The
volume was measured to be 670 * 5 cm3; however, because of the
damaged condition of the target an accuracy of * 20% would be
reasonable. The kinetic energy of the projectile can be estimated
at 1.1 x lO12 ergs, assuming a 20% mass loss to erosion during the
launch cycle. Because of the lost diaynostics it is not possible
to assign a meaningful error limit to the impacting energy. Ffigure
23 shows a cross section of the crater. The depth and diameter of

the crater were 4.7 and 23 cm respectively.
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Moore, Gault, and Heitowit (Reference 24) have presented impact
cratering data for basalt indicating that the mass of target ejecta
per unit of projectile energy is an increasing function of projectile
energy. These data, along with those obtained from the present pro-
gram, are shown in Figure 24. A least-squares fit to the data of
Moore et al., indicated the following relationship:

_ o 1/2 1.189
M = 10°20.613 (-2> E (1)
where M, = ejected mass (grams)

E = projectile energy (ergs)

P
op = projectile density
Py = target density

The square root of the density ratio of projectile-to-target density
is a normalization factor that facilitates the comparison of craters
formed by projectiles of different densities. The exponent of the

ncrmalized energy term

o)
=
(&) . .8

differs significantly from 1.000, a fact noted in Reference 24 as
being consistent with a decrease of the effective target strength
of basalt with increasing size of the resulting crater.

The ejecta mass of the two craters reported in the present prc-

gram are plotted in Figure 24. The mass of target ejecta was determined

by multiplying the measured crater volume by the target density. The
two points although somewhat below the data of Moore et al, are con-
sistent with empirical relationship of Equation (1), and provide
confirmation of the effective target strength theory.

i




PIFR-118

4—
/
. /'/ @
/o
! /
3
,’ ’ \')
P
E} p - /
: &
b =
Z ../’ .
; e
+ ! . JAue ©® Present PI Data
g 1 e
& ey
w A * Moore, et al.
o) ,/. .
Q . /v »
A S
0. =
-1 E T e R, e S e o L ol
8 9 10 3 12
a : X
Log Projectile Energy (5:§éétpg:g;§{y) (ergs)
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SECTION VII

SUMMARY

A program has been instituted, under Contract No. NAS 9-8031
for the National Aeronautics and Space Administration, that has as
its goal the correlation of the size and morpholougy of lunar sur-
face craters with the mass and velocity of an impacting meteroid.
In this first phase of the program a series of hypervelocity
impact tests were performed, and static and dynamic material
behavior tests were carried out and used as the basis for an
analytic model describing basalt.

The propagation of spherically diverging shock waves has been
studied experimentally in basalt and a mathematical model incor-
porating material properties has been constructed to describe this
propagation An irreversible phase transition by the constitutive
minerals of basalt played an important role in the material be-

havior. The model used to fit the data had a constant yield strength

of 1.0 kbar.

An explosively driven light-gas gun was used to launch 1.0-g
spheres to a speed of 6.4 km/sec and impact against basalt targets.
Basalt was selected for this study because of its apparent likeness
to lunar rock. Some of the basalt targets were instrumented with
embedded piezoresistive manganin gauges that monitored stress-time
profiles at various depths within the target. Other targets were
composed of massive assemblies designed to allow complete crater
formation to occur without the influence of edge reflections. The
crater formed by a 1.0-g sphere traveling at 6.4 km/sec (projectile
energy of 2.05 x lO11 ergs) had a volume of 92 cm3 and a depth of
2.5 cm. From the observed peak stress attenuation data, the peak
stress at a depth of 2.5 cm was found to be approximately 0.060
Mbar. This is roughly the same stress level at which a phase tran-

sition occurs in basalt.

23
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A modified launcher was used to fire a 2-g cylindrical
projectile against a basalt target at 11.6 km/sec. Although the
integrity of the proiectile at impact was not verified an' :he
target was subjected to nonimpact induced damage, it was still
possible to investigate the crater. The volume of the crater was

estimated to be 670 cm3, while the projectile energy at impact

was estimated to be 1.21 x 1012 ergs. Within the accuracy of the
experiment the resulting two data points confirm the empirical
ejecta mass-projectile energy curve determined by Moore, Gault,

and Heitowit for basalt.

The next step toward attaining the goal of this overall
program would be to attempt an analytic simulation of a hyper-
velocity impact into basalt. The successful simulation of the
laboratory impact experiment wiil lend confidence to the analytic
simulation of a more realistic lunar cratering problem.
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