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CHAIRMAN'S REMARKS

Good afternoon, I am happy to be here this afternoon representing
the active Air Force interest in hypervelocity impact, in company with Harry
Davis of APGC, and a few in-house workers and contractors, some of whom
are presenting papers. I only wish there were more of us trying to do some
active work in some small portion of this fieid,

The introductory review paper in the field of experiments is by one of
the more distinguished long-term workers in the field of hypervelocity impact
and shaped charges, Dr. Robert Eichelberger of BRL,




INTRODUCTION -- EXPERIMENTAL STUDIES
R. J. Eichelberger

Ballistic Eesearch Laboratories
Aberdeen Proving Ground, Maryland

Before presentation of papers representing the 1esults of experimental
studies in hypervelocity impact during the past eighteen months, it is appropriate
to consider the state of knowledge immediately after the Fourth Symposium.

Experimental research generally falls into four -- not always readily
distinguishable -- categories:

a. Exploration of newly discovered phenomena;

b. Procurement of qualitative observations for use in phenomenological
or pseudo-theoretical mathematical description;

c. Testing of existing theory, qualitative or quantitative;
d. Accumulation of numerical data for engineering use.

Concerning each of these aspects of experimental research, the state of the art
after the Fourth Symposium can be superficially summarized as follows:

1. Exploration of hypervelocity impact had long since been completed.
A sufficiently clear and complete picture of the gross aspects of the problem had
been presented at the Rand Symposium in 1955 to effectively end this stage.

2. The phenomenological approach had provided a fairly complete des-
cription of the ultimate effects of "hypervelocity' impact (in many cases a question
arose as to whether truly hypervelocity conditions had been attained) ¢n a variety
of target materials; 1i,e., the form of the crater produced, including the effects
of oblique incidence, the effects of fracture in brittle materials, and the other
final and static manifestations of the impact. The transient aspects of crater for
mation had been subjectcd to observation by means of a variety of novel and
potentially very useful techniques; although thc experiments had not been sufficiently
extensive nor thoroughly enough analyzed to provide detailed, quantitative informa-
tion, they had yielded a physical model of the process that was accepted quite
generally. More will be said of this model below.

3. The testing of theory had proceeded to the point of discouraging all
the theoretical models that had been attempted prior to the Fourth Symposium.
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EXPERIMENTAL STUDIES

The various assumptions and simplifications used to arrive at tractable mathe-
matical forms had all been proven too unrealistic to be trustworthy. Only the
theoretical approach of Bjork, which does not depend upon a priori assumptions,
remained as a possibly acceptable treatment. With respect to Bjork's hydro-
dynamic calculations, the experiments were inconclusive. It had been amply
demonstrated that, at the relatively modest velocities attainable in the laboratory,
strength properties of the target material were not negligible, as implicitly
assumed to be in the hydrodynamic approach. The velocities attainabie had been
well below the lower limit for which the theory was expected to be accurate, how-
ever, so that the results did not constitute a critical test. Attempts to verify or
disprove the predictions of the theory with respect to influence of projectile density
and target density had been entirely futile because of the disagreement among
various experimenters as well as the inadequate velocity range.

4. The accumulation of engineering data had, of course, not even begun.
In order to obtain such data, one must be able to accurately simulate conditions
to be encountered in application, and the velocities attainable by known techniques
were not ncarly adequate., Only in "model' tests, with target materials having
very low wave propagation velocities, had truly hypervelccity impact even been
observed under control.cd conditions,

In more specific terms, the state of agreement {(or disagreement) among
experimental workcrs, with respect to each of the primary physical variables,
was:

a. Velocity - It was widely accepted that, neglecting low-velocity transi-
tion regions, crater volume ( r ) is proportional to v2 (V = impact velocity),
although there wcre not infrequent "anomalies' preseried, and there was consider-
able reluctance to extrapolate the relationship beyond the range of the data. The
data had been extended to 10 km/sec by use of microparticle data, and the linear
relation between volume and energy appeared to be still valid. It was also com-
monly agreed that craters in all ductile materials would be very nearly hemi-
spherical at sufficiently high impact velocities, although a few workers hcld
reservations about specific materials (not the same ones in all cases).

b. Mass - The validity of linear modelling laws was almost universally
accepted, having been demonstrated with a fair degrec of precision over eleven
orders of magnitude (10°10gm to 10 gm) in mass.

<. Shape - It was generally granted that projectile shape had no signi-
ficant influence on crater form or dimensions neglecting, of course, the extremes
of long rods or thin discs of very large diametcer.

d. Density - The influence of density, of either the projectile or the tar-
get upoil crater dimensions continued to be « subjecct of considerable controversy.
Opinions ranged from quadratic relatiors (between crater volume and projectilc
density) to no effcct. Unfortunately, none of the experimental observations were
made at sufficiently high velocities to permit the 'primary ' penctration contribu-
tion to the crater to be neglected, and only rarely were the data analyzed with any
attempt to remove the recognized influence of density upon the carly stapges of
crater formation from the correlations.
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EXPERIMENTAL STUDIES

E. Wave propagation velocity - With few exccptions, experimental
investigators agreed that the wave propagation properties of the target (or the
projectile} had no direct influenee upon crater formation, at least insofar as
final dimensions were eoncerned,

f. Compressibility - No attempt had been made to eorrelate crater param-
eters with the Hugoniot properties of the projeetile or the target.

g. Strength - The strength of the projectile was generally held to have no
measurable effect upon erater formation at velocities well above the transition
values. The strength of the target material, as measured statically in terms of
Brinell hardness number, ultimate tensile strength, or shear strength, had been
shown to have a primary influence at velocities up to 10 km/sec. In addition to
the more or less routine experiments, observing impacts on targets of various
materials or varying strength by heat treatment, the effects of varying target
temperature and of anisotropic properties of single crystals had also been clearly
related to strength properties. It was commonly;acceded that the energy required
to produce unit crater volume (E/ r ) is proportional to the Brinell hardness of
the target material.

h. Obliquity - Although there were relatively few experiments reported on
oblique impaet, the conclusions were in very close agreement. It was generally
accepted that eraters formed at very oblique angles of incidence would have a de-
gree of asymmetry dependent upon the impact velocity;, at sufficiently high veloc-
ities, the craters would be very nearly hemispherical, however, even at very
large angles of incidence. It was also widely agreed that the crater volume would
decrease with increasing obliquity, although the precise relationship had not been
well established.

All of the above remarks appl'_v only tc impact upon targets of ductile ma-
terials and very large dimensions. Only very cursory observations had been
made concerning impact on brittle (frangible) materials. Experiments with
thin plate targets had also been mainly exploratory, there having been no sys-
tematic, quantitative results obtained. Observations of phenomena associated
with crater formation, such as vaporization and ionization had been even more
superficial.

It must, then, be concluded that the significant successes of the experi-
mentalists lay almost exclusively in the realm of phenomological studies of the
mechanism of crater formation. This type of work had demonstrated the in-
hcrent weaknesses in all of the simple models used for mathematical treatment
and had yielded a fairly detailed qualitative description of the sequence of events
as they actually occur. The attempts to develop empirical formulae have yielded
no results that can be used with confidence because {(a) they do not reach into the
range of real hypervelocity for materials of interest; (b) there is no acceptable
theory that will span the gap betwcen thc velocity range of the data and the hyper-
velocity regime (the hydrodynamic approach in its present form is clearly not
valid at low velocity); and (c) the formulae are subject to so much oontrova-sy
that they are certainly not satisfactory in themselves for extrapolation. The
empirical work can be said to have provided only engineering data regarding
impact at modcrately high velocities and, possibly, a foundation for more useful
cxperimental work or for testing a more complete theory if one becomes available.
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EXPERIMENTAL STUDIES

H
} vewocity - v,

(a) (b) (c)

TARGET DENSITY = p
STRENGTH PARAMETER = K

(g) (h) (i)

Figure 1. Schematic representation of phenomenological modeli of crater
formation.

The phenomenological model of crater formation warrants a review,
especially for those who are not particularly familiar with it. The essential
features are illustrated in Figure 1. The first stages (b, ¢, d) consist of a
primary penetration resembling very closely thie shaped charge jet penetration
process. In really hypervelocity impact, the penetration velocity during this
stage will be supersonic with respect to the target material. The primary pene-
tration is completed in a very short time and leaves only a very small crater,
but it has resulted in the transfer of a great deal of energy to the target. The
energy is initially confined to a very narrow shell adjacent to the crater surface
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EXPERIMENTAL STUDIES

because; in typical cases, the early crater motion takes place at such a high
velocity that the shock wave cannot increase the intervening distance. The effect
of the high energy density and the concomitant high particle velocity is an exten-
sive cavitation, which persists for a time orders of magnitude longer than the
primary penetration and results in a many-fold enlargement of the crater.

During the latter stages of cavitation, the energy density decreases and the motion
of the crater surface becomes much slower; the shock wave will then pull away
from the surface and dissipate its remaining energy in plastic and elastic deforma-
tion of the target material, Finally, the crater ceases to expand and undergoes a
certain amount of contraction due to elastic recovery. If the material is brittle,
the remaining compression shock and reflected tension and shear waves may
producc extensive fracture that will partially or completely obscure the form of
the crater itself,

During the primary and at least the early portion of the secondary (cavi-
tation} portions of the process, a great deal of target material is ejected from the
crater at moderately high velocities; extensive shear deformation obviously takes
place near the expanding crater surface during this time. Later, apparently,
radial deformation occurs together with shear.

It is also interesting to re-establish a reference by means of which onc
can judge whether experimental data are appropriate tc hypervelocity impact. The
magnitudes of "transiticnal velocities' quoted by Hopkins and Kolsky during the
Fourth Symposium still comprise as useful a set of values as are available. Based

upon theoretical considerations, the values given for several of the common metals
are:

Steel Duralumin Aluminum Copper I.ead
Vi (mm/u sec) 0.046€ 0.065 0.013 0.008 0.002
Vo (mm/ u sec) 0.36 0.43 0.19 0.13 0. 04
Vg (mm/ u sec) 4.6 5.3 5.3 3.75 2.1

According to Hopkins and Kolsky, velocities in excess of V2 would corrcspond to
a hydrodynamic regime, and might be consideved marginally as beionging in the
hypervelocity range. To be assured of having attained a high cnough velocity,
however, one would havc to exceed Vg3, cntering a "sonic" regime; then,
another transition to an "'explosive' regime could still be anticipated for velocities
above 3Vs3. It is interesting to compurc the velocities attained in experiments
with these values.

31




OBSERVATIONS OF CRATER FORMATION IN DUCTILE (.., TERIALS
John H. Kineke, Jr.

Ballistic Research Laboratcries
Aberdeen Proving Ground, Maryland

INTRODUCTION

In the past several years a qualitative model of crater formation in
ductile materials has evolved, primarily from the synthesis cof basic experi-
mental observations made at the Ballistic Research Laboratories and several
other organizations. This model was described by Gehring at the Fourth Hyper-
velocity Impact Symposium (1a), and by Eichelberger and Gehring at the Amecrican
Rocket Society (2). Basically, this model divides the craler formation process
into four parts which can be characterized as the transient regime, the steady-
state regime, the cavitation regime, and the recovery regime.

During the transient regime, immediately after the projectile contacts
the target, the pressure at the interface is that which would occur under plane
impact with no lateral flow, Lateral flow of both projectile and target is initiated
by a release of pressure at the boundary of the projectile. At the same time shock
waves are propagated into both the projectile and target from the contact surface.
When the two shock waves become stationary with respect to the interface the
steady-state regime commences. During the steady-state regime, which persists
for times of the same order as the transient regime (less than one microsecond),
the projectile and target are deformed hydrodynamically, in accordance with the
theory developed to describe the penetration of shaped charge jets ) Because
crater growth is proceeding at a rate in excess of the dilatational wave velocity
uf the target material the region of compressed material is confined to a thin
sheil adjacent to the crater surface.

The cavitation regime begins when the projectile has been completely
deformed and is no longer supplying energy 1o the target. Thc c¢rater continues
to grow, but the shock wave detaches itself from the crater surface, because it
decreases in velocity less rapidly than the free surface of the crater During
this regime thc principal mode of deformation is shcar, which occurs parallel
to the walls of the expanding crater. The projectile and target material are both
ejected from thc crater at fairly considerable velocities, and a crater lip.is formed
1n the more ductile target materials. Finally, the energy density in the region near
the frec surface of the crater becomes so low that the intrinsic resistance of the
material to deformation cannot be overcome, At this point the crater ceases to
increase 1n size. In the fcurth regime the crater may shrink somewhat, due to
plastic and elastic recovery.
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CRATER FORMATION IN DUCTILE MATERIALS

TABLE I
Target Velocity Dependent Weighted Least [ 3
Mzterial Ra7ge Variable Squares Fit LILHCE )
km/sec,
Pb 2-12 pc/mp1/5 +0.399 + 0.‘700vp2/3 0.114
Cu 2-12 Pc/mpl/} - 0.766 + 0.671wp2/5 0.225
ca 2-10 1>c/mpl/5 +0.099 + o.snvpa/3 0.147
Za 2 -10 1>c/mp1/3 - 0.472 + o.679vp2/3 0.111
Steel - 1020 2.5 - 5.5 Pc/mp1/5 - 0.641 + o.snvpa/5 0.078
Al - 250 2.5 - 12 Pc/mpl/5 - 0.696 + 1.128vp2/5 0.7
Al - 202k 2.5 - 12 Pc/mpl/5 - 0.605 + 0.729vp2/3 0.165
Pb 2 .12 Dc/mpl/3 +0.891 + 1.358vp2/5 0.213
Cu 2-12 Dc/mpl/3 +0.331 + o.agovpa/3 0.040
ca 2 - 10 Dc/mpl/5 +0.285 + 1.136vp2/5 0.156
Zn 2 -10 Dc/mnl/5 + 0.k20 + 0.866vp2/5 0.030
Steel - 1020 2.5 - 5.5 Dc/mpl/3 +0.418 + 0-665vp2/5 0.0k9
Al - 250 2.5 - 12 Dc/mpi/5 +0.513 + 1.088vpz/5 0.131
Al - 2024 2.5 - 12 Dc/mp /3 + 1.048 + 0.666vp /3 0.191
Pb 2 - 12 Vo/a, +3.917 + o.aasvp2 2.78
Cu 2.12 v/, - 0.481 + 0.223vp2 0.3k
ca 2-.5,5 Vc/m + 0.02k4 + O.hShvpa 0.59
Za 2 -5.5 v /a - 0.295 + o.asiwp2 0.3k
teel - 1020 2.5-55 V/u - 0.195 + 0.092vp2 0.18
Al - 250 2.5 - 55  V/a - 6.029 + 1.131vp2 1.54
Al - 202u 2.5 - 5.5 Vc/mp - 0.726 + 0.268vp2 0.40
where : v_1s in units of km/sec., 1»"’::/1111)1/5 is 4in units of lo-lm/kgl/j,

Dc/mp

1/3

is in units of lo'lm/kg

) Vo/m, 18 in units of 107%° /xg.




CRATER FORMATION IN DUCTILE MATERIALS

'épik (4) and Bjork (5a) in discussing crater formation, treated the early
phases of the process. At the last Symposium a phenomenological model was
presented by Hopkins and Kolsky (1b). They qualitativcly discussed the entire
process, proposing that it could be divided into five regimes, depending for their
limits on the impact velocity and material properties. These regimes are char-
acterized as elastic, plastic, hydrodynamic, compressibie, and thermal, with
progressively higher impact velocities required for each.

This paper describes a number of observations whieh have been performed
within the framework of the model of Eichelberger and Gehring. These observa-
tions fall into three general categories: observations of the effect of target strength
on final crater size; observations of the rate of crater formation; and observations

of shock propagation and atienuation in targets after the impact of hypervelocity
projectiles,

EXPERIMENTAL OBSERVATIONS

1. Observations of the Effect of Target Strength on Final Crater Size

a. Crater Size Observations in Seven Metallic Materials

At the Third and Fourth Hypervelocity Impact Symposia (1c) (5b) (5¢), crater
data in semi-infinite targets of a number of materials were reported by the Ballistic
Researeh Laboratories. At the Fourth Symposium, data for steel projectiles with
masses up to 10 grams and velocities up to 10 km/see were presented. In the past
year and one-half, additional data at impact velocities up to 12 km/sec have been
eolleeted. All BRI. data accumulated to date are summarized in Figures 1-4 and
Table I. The target materials investigated are 1100-0 aluminum, 2024 aluminum,
ecadmium, copper, lead, 1020 steel, and zinc. Crater depth (P.) and erater
diameter (D) have been normalized by dividing by the one-third power of the
projectile mass. Least square fits have been made of these data to the two-thirds
power of the impact velocity. Crater volume (V) has been normalized by dividing
by the projectile mass; it has been fitted to the squarc of thc lmpaet velocity, Re-
gressions and statistics are shown in Table 1.

It should be notcd that the regressions do not differ from those shown at the
IFourth Symposium, Thus it can be concluded that the additional observations at
12 km/sec follow the same rclation as those at lower velocities: the volumc of the
crater is proportional to the encrgy of the projectile. This is in agreement with
the hypothesis that a large portion of the crater volume is formed by a shear process.
The common fundamental property of these seven materials which can be used to
corrclate alt of the data is now hnown, however, an empirical property, the
Brinell hardness, has been used successfully as a gaugc of the resistance of the
targets to shear deformation. It has been found that the ratio of the volume of the
crater to the energy of the impacting projectile varies as the reciprocal of the
Brincll hardness of the target, independently of the mass of the projectile, and
independently of the density of the projectile, for impact velocities greater than
the dilatational wave velocity of the target material.
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CRATER FORMATION IN DUCTILE MATERIALS
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Fignre 2. Summary of Normalized Crater Diameter Data for Seven Metal-
lic Target Materials 1n a Range of Impact Velocities from 2 to 12 km/sec,

b. Effect of Ambient Target Temperature on Crater Size

At the Fourth Symposium, Atlison, Becker, and Vitali (1d) reported
vbservations of the effect of target temperature on craters in cadmium, copper,
tead, and zinc. These observations were made in order to determine the effect
v cratering of changes in the mechanical properties of the target. Recently,
these observations have heen extended to include 1100-0 aluminum and 2017-0
aluminum tested at temperatures in excess of 90 per cent of the melting point,
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Summary of Normalized Crater Volume Data in Lead, Cad-
mium, and Copper ina Range of Impact Velocities from 2 to 12km/see

Steel pellets (mass: 0. 18 grams, velocity: 5. 01 km/sec) were fired into the
targets at normal incidence and the volumes of the craters measured. ‘L'he vol-
umes were plotied as a function of the normalized target temperature, defined
as the quotient of the target temperature at the time of impact (?K) divided by
the melting temperature of the target (°K), these data are plotted in Figure 5,
FFor the 1100-0 aluminum, the crater volume 1s a continually increasing
funcuon of the target temperature over the entire temperature range. This be-
havior 1s very similar to that exhibited by lead, and since all the common
elastic indices of pure aluminum are smoothly varying functions of temperatures,

there 1s little hope of correlating these data with any single mechanical property.

34




CRATER FORMATION IN DUCTILE MATERIALS

- 3
30-x 1073 -

kg
AL-2S0
20 -
Ve
mp
10+
Zn
~Z AL-2024
STEEL-1020
0 )| 1 | 1 1 B |
KM
. M
(0] i 2 3 4 5 6 SEC

IMPACT VELOCITY

Figure 4. Summary of Normalized Crater Volume Data in 250 Aluminum,
2024 Aluminum, 1020 Steel and Zinc in a Range of Impact Velocities from
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The results obtained with the 2017-0 alloy show that the crater volume is an

increasing function of temperature in the range from 0.1 (7T7°K)Y to 0. 7 (55001\');
above 5507 K the crater volume 1s essentially independent of the target tempera-
ture, an effect which possibly may be correlated with the metallurgical behavior
of 2017-0 aluminum at elevated temperatures.
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Figure 5. Effect of Target Temperature on Crater Volume in Targets of Two
Aluminum Alloys,

II. Observations of the Rate of Crater Formation

a. Rate of Crater Formation in lL.ead

Crater formation in lead targets is illustrated in Figures 6a-6o. The
pictures arc a sequence of flash radiographs at the indicated time intervals after
impact. These craters werc made by 0. 18 gram steel pellets striking at 5. 01
km/sec., The radiographs show the impacted surfaces of essentially semi-infinite
targets, and are intended to demonstrate the manner and extent of ejection of tar-
get material from the crater. The material flows along the surface of the expand-
ing crater and is cjected at moderately high velocities. At high impact velocities
the mass of material eiected in this manner is very considerable; the total

36




CRATER FORMATION IN DUCTILE MATERIALS

a. -5uSEC b. 15.6 uSEC

C. 26.8 uSEC d. 30.4 u4SEC.

e. 43.2 uSEC. f. 54.6 uSEC.

9. 60.4 uSEC. ! h. 89.8 uSEC

Figure 6. Surface Phenomena Associated with Crater Formation in a Lead Target.
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i. 108.8 u SEC J. I6I.7£SEC.

k. 180.8 uSEC. | 2. 230.0 uSEC.

Figure 6 continued. Surface Phenomena Associated with Crater Formation in a Lead
Target,

Pellet Material -- Steei - 1095
Pellet Mass --0.18 grams

Pellet Velocity -- 5,01 km/sec
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m. 3472 pSEC. .

n. 413.6 uSEC.

Figure 6 continued. Surface Phenomena Associated with Crater Formation
in a Lead Target
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m. 3472 uSEC. .

- n. 413.6 uSEC.

Figure 6 continued. Surface Phenomena Associated with Crater Formation
in a Lead Target
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Figure 6 continued. Surface Phenomena Associated with Crater Formation in a Lead
Target.
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Figure 7. Maximum Normal Height of Material Ejected

from Craters in Lead Targets.

momentum in the direction from which the pellet impacted agsociated with this
ejecta is many times greater than the initial momentum, in the opposite direction,
of the impacting projectile, so that the total forward momentum that must some-
how be absorbed by the target material is also many times greater than that of
the projectile.

The pieces of material ejected from the crater lip are not uniform in size,
There is a definite trend toward larger pieces later in the process. These later

pieces are ejected at continually lower velocities. The maximum normal height
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of ejected material is plotted as a function of tiine in Figure 7. The points at the
latest times may be unrepresentatively low, because ejecta may have passed out
of the field of the x-ray film. The data indicate a maximum velocity of 1 km/sec
for the ejected material. Since measurements have not been made of the ejection
velocity as a function of e¢jecta size, it is not possible to calculate the total mo-

mentum in the backward direction, It can be stated, however, from measure-

ments of the mass of the target before and after 1mpact, that fully one-half of the
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displaced crater volume is ejected under these impact conditions, which yields »
total ejected mass of about 35 grams, compared to the incident mass of 0. 18 grams,

Since lead is quite opaque to x-rays it is not possible to obtain an actual
time history of the crater depth and diameter, measured at the level of the impacted
surface. However, it is possible to obtain an appreciation for the growth of the
crater diameter. In Figure 8 the minimum outside diameter of the crater lip has
been plotted as a function of time, This increases very rapidly for the first 100
microseconds, then rises more slowly, apparently reaching a peak about 400 micro-
seconds after impact. Subsequently there is a decline in the crater lip diameter.
The initial phase of the crater growth does not correspond to the duration of the
transient and steady-state regimes in the model, these having been calculated to be
about one microsecond for the projectile used in this series of observations. Rather,
these observations fall in the cavitation regime, where the material is flowing with-
out impetus from the impacting projectile, and where the resistance to flow is supplied
principally by the dynamic shear strength. Gradually, as the energy density de-
creases in the vicinity of the crater, the shear strength becomes more effective and
the rate of crater growth is slowed considerably. Finally, it is reversed, due to
plastic and elastic recovery, eventually reaching its final value, shown as the region
between the dashed lines on the graph. For comparison, the final value of the inside
crater diameter is ploited as a solid line on the same graph.

b. Rate of Crater Formation in Aluminum and Lucite

The rates of crater growth in 1100-0 aluminum and in Lucite are shown
in Figures 9-11. The measurements of crater size in aluminum were made from
flash radiographs, while those in the Lucite were made from a streak camera
record. In both cases the projectile was a 0. 18 gram steel disc; the impact veloc-
ity into aluminum was 5. 01 km/sec, while into Lucite it was 4. 6 kin/sec. Thus
the impact conditions were almost identical with those in the crater rate study in
lead described in Section Il a. The final crater in Lucite, while difficult to meas-~
ure because of local fracture around the crater, was 15 mm deep; thus the crater
formation process in Lucite is essentially complete in about 10 microseconds,
In aluminum, the duration of the crater formation process is about 60 microseconds,
while the transient ard steady-state phase should encompass about 0.5 microseconds
for the impact in aluminum and 0.7 microseconds for the impact in Lucite, because
of the differing densities of aluminum and Lucite. Thus, in Lucite the cavitation
regime lasts about fiftcen times longer than the transient and steady-state regimes,
while in aluminum it lasts about 120 times longer than the transient and steady-
state regimes. This difference is probably due to the difference in behavior of
brittle and ductile materials at high rates of strain, The more ductile aluminum
exhibits a reduced resistancc to deformation at extreme rates; on the other hand,
the less ductile lLucite exhibits an increased strength, over its static strength,
at high strain rates. (See Section lII.)

c. Rate of Crater Formation in Wax

Crater formation has becn observed in nine-inch thick blocks of wax,
transparent to 600 kilovolt x-rays. A sequence of these craters at the indicated
times is shown in Figure 12a-12k. Gross differences in exposure, due to the large
thickness of the target, made it necessary to use shielding in front of that part of
the film which was directly exposed to the x-ray beam. This effectively cut down
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the scattered radiation which otherwise would have obscured the image of the

crater, but at the same time produced a loss of detail in the crater lip. The in-
stantaneous crater diameter and crater depth, however, are clearly evident. It
should be mentioned that this sequence is not at exactly the same magnification,

The first phase of the investigation with wax targets involved observation
of craters produced by small explosive charges. The craters shown in Figure 12
were made by one-half inch diameter by one-half inch long tetryl pellets, detonated
while in contact with the surface of the target. Subsequently, crater formation by
other size explosive charges and various hypervelocity pellets will be studied.

The instantaneous crater diameter and crater depth are plotted in Figures
13 and 14 as functions of time after impact of the detonation front on the target sur-
face. The crater diameter increases very rapidly in the first 100 microseconds,
in the same manner as the minimum crater lip diameter does in the lead target;
then, a further, much more slow, increase in diameter ensues, with rebound to
the final value of the diameter commencing about 1000 microseconds after the
crater started to form. The rebound in diameter observed is about ten per cent
of the final diameter. The rebound is crater depth is much more pronounced.
After the initial rapid rate of growth is completed the crater is forty per cent
deeper than its final depth. During the following 900 microseconds the crater
depth decays exponentially, and is still ten per cent greater than its final value
when the last observation was made. The ratio of crater depth to crater diameter,
or crater profile, plotted in Figure 15, reaches its final value about 400 micro-
seconds after the process started, The final crater is not a hemisphere, as would
be expected in the case of pellet impact; rather, it is somewhat shallower, because
an explosive charge instead of a hypervelocity pellet was used. Not only is the in-
trinsic mechanism by which craters are formed by explosive charges different,
because the energy is not all delivered in a direction normal to the surface of the
target, but also the energy applied per unit area of the targct surface is less than
5 per cent of that when a steel pellet impacts at 5 km/sec.

III. Shock Propagation and Attenuation

Details of shock propagation, and its attenuation, associatcd with the
impact of a hypervelocity pellet are best illustrated by using transparent targets
and optical photography. Figure 16 shows a selected frame in a sequence taken
with a 1. 2 million frame per second framing camera. The target is Lucite; the
impact was produced by a 0. 18 gram steel pellet, striking at 4. 6 km/sec. Eleven
microseconds after impact the shock envelopc and the free surfacc of the crater
behind it can be seen. For quantitative purposes, a streak camera provides
better data than a framing camera. A rotating mirror camcra picture of an im-
pact similar to that in Figurc 16 is shown in Figure 17, which constitutes a time-
distance plot of events occurring in a plane that contains the trajectory of the
impacting pellet. It shows: (1) the pellet before striking the target, (2) the
shock wave in the target, (3) thc surfacc of the expanding crater, and (4) the
envelope of cracks propagating through the target. The propagation of fracture
in the target prcvented obscrvation of the crater after it had attained its final
depth. Represcntative data are shown in Figure 18. The intensity of the shock
wave in lLucite 1s plotted as a function of distance from paint of impact, The initial
pressurc is dctermincd by the shock properties of the pellet and target materials
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C. 40 uSEC.

Figure 12. Time-sequence of a Crater Forming in a Wax Target
After the Detonation of a Small Explosive Charge on the Surface.
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e. 120 uSEC.

Figure 12 continued. Time-sequence of a Crater Forminy in a
Wax Target After the Detonation of a Small Explosive Charge
on the Surfacc.
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9. 440 u SEC.

Figure 12 continued. Time-sequence of a Crater Forming in a
Wax Target After the Detonation of a Small Explosive Charge on
the Surface.
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i. 840 uSEC.

Figure 12 continued. Time-sequence of a Crater Forming in a Wax Target
Aifter the Detonation of a Small Expiosive Charge on the Surface,
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j. 1000 uSEC.

k. FINAL CRATER

Figure 12 continued. Time-sequence of a Crater Forming in a
Wax Target After the Detonation of a Small Explosive Charge on
the Surface,
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TARGET MATERIAL = LUCITE
PELLET MATERIAL = STEEL
PELLET MASS = 0.18 GM

PELLET VELOCITY = 4.6 KM/SEC

— e

|
|
| 2
200}
PEAK | INSTANTANEOUS :
PRESSURE '\ CRATER DEPTH
(KILOBARS) T .
100}
3
c Il [ i 1 o 1 Il A Il _‘
0 8 % 24 32 40 0 2 4 6 8 10
DISTANCE, MM TIME, pSEC

RATE OF CRATER EXPANSION AND SHOCK
INTENSITY IN A LUCITE TARGET
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and the impact velocities; it corresponds to the theoretical prediction for a

plane impact. The initiai pressure falls off very rapidly, as the wave propagates
into the material, even during the period in which the crater expands so rapidly
that the shock wave cannot detach. This is conlistent with the concept that, as
soon as the deformation of the projectile and target begins, the pressure at the
contact surface will fall to the Bernoulli value ‘(for compressible materials).

The magnitude of the pressures should be particularly noted, together with the
fact that the pressure, for a given pair of materials, will increase with the square
of the impact velocity. It can be seen that the original pressure on the target was
nearly 300 kilobars; and, at the distance of 15 mm in the target, the pressure had
fallen to approximately 20 kilobars, or approximately 300,000 psi. Note that the
crater ceased to enlarge beyond 15 mm in depth, and that the Lucite was able to
withstand flow under a compressive force of this magnitude, while the static ten-
sile strength is of the order of 4,000-6, 000 psi, This supports the conclusion
that the dynamic strength of the more brittle materials, such as Lucite, increases
with increasing strain rate.

CONCLUSIONS

The experimental observations all tend to support the model discussed in
the Introduction.

1. The crater size observations at various impact velocities in a number
of target materials, and the crater size observations in the two aluminum alloys
at various temperatures indicate that the strength of the target material is the
predominant factor in determining the final crater size in targets of ductile
materials.

2. The investigation of shock propagation gives evidence that the dynamic
strengths of materials under hypervelocity impact substantially exceed those
under static loading conditions, in targets of brittle materials.

3. The observations of crater growth show that craters are formed in
periods of time long compared with those for the completion of the transient and
steady-state regimes. They also substantiate the existence of a rebound in the
crater dimensions in the latest stages of its development,
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HYPERVELOCITY IMPACT STUDIES IN WAX
J. T. Frasier
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Providence, Rhode Island

B. G. Karpov
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Aberdeen Proving Ground, Maryland

INTRODUCTION

The purpose of this paper is to present the techniques and results of an
experimental program being conducted in the Exterior Ballistics l.aboratory at
Aberdeen Proving Ground for the investigation of hypervelocity impact. The
intent of this prograrn is to contribute to what are felt to be two basic needs for
as complete an understanding as possible of the impact cratering process. The
first of these needs is for quantitative experimental information defining the stress
levels, deformation rates, and behavior of solids under the severe conditions of
loading associated with the cratering mechanism. This information is necessary
in the formulation of rational theoretical analyses describing the damage process.
The second need is for means through which the vaiidity of any particular theory
can he evaluated. At present, little other than observation of the final geometry
of an impact crater is possible. It would be desirable to have methods available
through which more detailed evaluations of the predictions of theoretical analyses
could be accomplished.

To fulfill the intent of the E. B. L. program, its major emphasis has been
toward the development and use «f experimental techniques capable of providing
significant data concerning the transient response of targets to macro-particle
impacts and the condition of targets suosequent to completion of the cratering
prcecess.  To date, all experimentation has made use of wax targets, 'This ma-
terial was selected because of several attractive features it possesses for in-
vestigations of the type desired. The most important of these is that it provides
a means whereby target blocks can be internally instrumented with relative ease
for the purpose of gathering transrent data, Also, 1t has a relatively low dilata-
tional wave velocity (approximately 1. 85 km/sec) and, as a result, allows inves-
tigations of a fairly broad range of impact conditions as determined Ly the ratio
(V/C) of impact velocity to dilatational wave velocity., These characteristics
coupled with the fact that the conventional mechanical properties and impact
behavior of wax are essentially those of a soft, ductile metal, makes it well suited
for the purposes at hand. The specific material in use is Petroflex Plastic Wax*

*Manufactared by Petroflex Corp. . now Beeline Refining Co., Salt Lake City, Utah.
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(p=0.91 gm/cm3). This is a petrolatum and paraffin mixture which is crys-
talline in structure. Its impact craters are visually similar to those in metallic
targets having well formed lips and minimal spalling, see Figure 1. It may be

cast Into homogeneous blocks free of entrained gas pockets and other inclusions
with little difficulty.

At present, significant information regarding the impact response of wax
targets has been obtained {rom several types of tests, These are:

1} standard crater damage tests,

2} tests in which data have been collected for determining the .
velocity of propagation and pressures of the disturbance
generated in target blocks by pellet impacts,

3) tests which provide data concerning the final deformation
state and den ity distribution in damaged targets,

4) and investigation of the amount and condition of the material
detached from the target blocks as a result of 1impact,

T

In the following presentation the techniques, resulis, and consequences of the

LOW

above mentioned tests will be given, Ina ases, the experiments werce vonducte
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by firing 0. 30 cal plastic (ethocel, » =1.2 gm/cm?‘) projectiles initially weighing
approximately one-half gram into nine inch cube target biocks. An N.R. L. type

light-gas gun was used as projectile launcher in conjunction with an evacuated
range facilif.y(l).

CRATERING EXPERIMENTS

Conventional cratering experiments were conducted on the wax target
material for the purpose of obtaining a general knowledge of its impact behavior
and to determine whether this behavior is similar to that exhibited by metals.
These results have been reported elsewhere ) and will only be summarized
here to provide a brief demonstration of the cratering characteristics of the mu-
terial. The data gathered in the course of the tests were the initial mass and
impact velocity of the projectiles, and the depth, diameter, and volume of the
craters formed in the target blocks. Crater dimensions were referenced to the
undistrubed face cf the blocks by removing the crater lips prior to making meas-

urements. The range of impact velocities covered was 0. 46 to 5.28 km/sec (V/C
from 0. 25 to 2. 88).

Figures 2, 3, 4, and 5 present the data on cratering. As can be seen by
comparing these results with similar data for metallic targets, the behavior
demonstrated by these curves is qualitatively that of most metals. In particular,
this is true for such materials as copper, zinc, cadmium, and lead for which
data is available for a comparable range of the parameter V/C. (See, for instance,
References 3, 4, and 5.) In the case of lead, considerable data are available for
comparison and it is worthy of note that both this metal and wax demonstrate.the
dip in the normalized crater depth versus impact velocity curve in evidence in
Figure 2. Also, the linear dependence of crater area on impact momentum
shown in Figure 5 is common to both. Furthermore, wax, as lead, possesses a

non-linear relation between crater volume and kinetic energy of impact projectile,
Figure 3.

The general conclusion provided by the wax cratering data is that, where
comparison is possible, this material's impact behavior is in no way qualitatively
dissimilar-to that of metals. The consequence of this similarity of behavior is
that it implies more detailed obscrvation of the response of wax to the impact
process can yieid pertinent information on the mechanics of linpact damage in

materials of more practical interest. On this basis, study of the transient re-

sponse and the condition subsequent to crater formation of wax targets has been
pursued,.

THE TRANSIENT RESPONSE OF WAX TARGETS TO IMPACT

To obtain information concerning the transient behavior of targets under
impact conditions, a technique has been developed which is capable of providing
data concermng the propagation and particie vetocities at the front of the disturb-
ance generated in targets by an impacting pellet.  The hasis of this technique is
the e.m. f. generated 1n a wire moving in a magnetic field. 'this is made use of
by imbedding fine wir=s (0. 003 1n. Cu) at selected positions within the targets,
placing the blocks in a strong magnetic field, and monitoring on oscillescopes
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the e. m. f. induced in the wires when they are set in motion by the particles
surrounding them during the target deformation process. The monitored e. m. f,
provides time of arrival data of the disturbance front at each wire station and
the velocity history of each wire. With this information, it is possible to cal-
culate the velocity of propagation of the front and the veloeity of the particles
behind it. Consequently, by use of the standard relations for conservation of
mass and momentum through a shock, the pressure, p, (strictly, the com-
pressive stress normal to the front), and the velume change through the front
can be determined. Thesc relations are:

P

e

py Uv (1)

(U-v)/ U (2)
where

PO is the material density ahead of the front,

U is the velocity of propagation of the front,

v is the particle velocity directly behind the front, and

T and T, are the volumes per unit mass directly behind and
ahead of the front, respectively.

To date, two variations of the basic technique described above have been
utilized. In the first, wires are placed through the entire width of the targets so
that a nine inch length is normal to the trajectory of the pellet and transverse to
the flux lines of the magnetic field surrounding the blocks see Figure 6. The
standard arrangement makes use of three pick-up wires monitored by two dual
beam oscilloscopes. The intermediate pick-up wire is observed on each oscil-
loscope to provide reliable time of arrival data. Typical records from a firing
using the set-up are shown in Figure 7TA. The oscilloscopes are triggercd by
a break wire on the face of the targets.

The second variation of the pick-up wire technique is identical to that
just described except that the wires are placed within the blocks with only one-
half inch of their length transverse to the magnetic flux lines, This "short
wire' arrangement provides data which can be more reliably interpreted in
terms of the particle velocity history in the disturbed target than the first
variation. This will be remarked upon in more detail later.

The initial tests whiea were cenducted with the velocity pick-up wire
technique made use of the first, "long wire,' variation described sbove (@),
They provided a general survey of iire pellet engendered disturbance as it
traveled through the turget blocks: gave an indication of the usefulness and
reliability of the experimental technique; and served as a guide in planning
further tests. A summary of the most significant results from these tests will
he given here, The experrments were performed with wires placed either three
and six mches; two, four. and six inches. or one, two. and three inches from
the impacted target face. With these wire spacings, extensive firings in the
low 1mpact velocity range of 0.4 to 1. 6 km/sec showed the propagation velocity
of the disturbance to be constant at about 1.85 to 1. 90 km/sec. This is the
dilatational wave velocity of the target. To observe propagation velucities
definitely 1n excess of this constant value, it was necessary to exceed an
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impact velocity of 3.0 km/sec with wires placed one, two, and three inches from
the point of impact. Results of such tests are shown in Figures 8A and 8B as

plots of average wave velocity between wire stations versus impact velocity. The
first plot shows a constant average velccity betweén wires two inches, four inches,
and six inches from the face of the block for impact velocities up to 1. 6 km/sec.
The second plot indicates that the wave velocity increases linearly (wires at one,
two, and three inches from face) with impact velocity. As a means of reference,

it is worth noting here that the final crater depths associated with the impacts
above 3.0 k-n/sec were greater than one inch, the location of the first wire station.

At impact velocities of 0. 76 km/sec and 4. 06 km/sec the long wire e. m.f. -
time records provided by the oscilloscopes were used to evaluate the particle
velocity directly behind the front of the disturbance traveling through the target
blocks (see Reference 2 for the details of this analysis). With this data and the
propagation velocities provided by Figure 8, the pressures and volume ratios,

T /10, at the front were detcrmined from Equations 1 and 2. ,The results of
these calculations are shown in Figure 9 as plots of pressure versus distance
from point of impact and, in Figure 12, as points for the Hugoniot curve of the
target wax. To provide a reference scale for the data of Figure 9; the final
crater depth, the tensile rupture strength (static), and strong shock threshold
pressure of the targets have been indicated on the graphs. The latter pressure
is that at which the propagation velocity first exceeds the dilatational value and is
about 4 x 108 dynes/cmz.

Two features of the data presented in Figures 8, 9, and 12 should be re-
marked upon here. The first is the rapid decay of both propagation velocity
(when above 1. 85 km/sec) and pressure as the wave front progresses through
the targets. A more detailed knowledge of the character of the attenuation would
be useful and naturally suggests the use of wire spacings appreciably smaller than
the one inch of these data. Details of the manner in which the propagation velocity
decreases as the wave front travels into the blocks are required to avoid introduc-
ing uncertainties in evaluation of p and 7/ 7 from Equations 1 and 2. This
difficulty arises when U exceeds 1. 85 km/sec and use is made of an average
velocity determined by widely separated timing stations.

The second significant feature of the data is the extremely good agreement
between the cxperimentally dctermined low pressure portion of thc Hugoniot and
that predicted by the bulk modulus of the target material, i.c., d _ = -K

dr/r,)
This provides an encouraging overall evaulation ot the creditability of the pick-un
wire technique,

In order to obtain more detailed information concerning pressure and
velocity of propagation, tests are currently becing conducted using a station-to-
station spacing between wires of 1/4 inch. Also, the short-wire (1/2 inch trans-
verse to magnetic field) variation of the basic wire technique is being utilized,
This is done to avoid the somewhat tedious and uncertain analysis required to
deternune particle velocities from tne wong wire e. m. f. -time records. The dif-
ficulties are a result of the fact that the length of a long wire in motion continually
Increases as it is enveloped by the hcmispherical wave front. However, a half-
inch wire length is sufficiently short to be considercd constant for prartical pur-
poses and its velocity and that of the particles surrounding it is given by:
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v= e/B 2 (3)
where e = observed e. m. {., abvolts,

B = magnetic flux density, lines /cm2, and

2 = length of pick-up wire, cm,

At present, the most extensive data obtained from short-wire tests are
for an impact velocity of 4. 0 km/see. In Figure 10, data of these experiments
are given as a plot of average wave velocity between the 1/4-inch timing stations
against distance from the impact face. These data show the history of the veloc-
ity of the front with considerable detail. Specifically, the rapidity and non-
linearity of the deecay should be noted.
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Figure 10

To determine the pressures at the front of the disturbance, the e, m. . -
time oscilloscope records were interpreted to evaluate the particle velocities
directly behind the shock. Typical short-wire oscillnscaope records are shown
in Figure 7B. To evaluate the particle velocity, the peak e. m. f. of these re-.
cords is read and used in Equation (3). Thus, with this data and the wave veloc-
ities provided by Figure iU, the pressures and volume ratios, r/ r,, may be
caleculated. In Figure 11, the averaged results of the pressure evaluations are
shown on a semi-logarithmic plot of pressure against distance from the point of
impact. The data indicatc an exponential decay with distance. The rate of attenua-
tion is of the order of 4 to 1 for each inch of travel. This is in substantial agree-
ment with the data of Figure 9.
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The magnitude of the pressures shown in Figure 11 should be pointed out.o
At a distance of one inch from the target face, the evaluated pressure is 56 x 10¥
dynes/cm2. This is more than two orders-of-magnitude greater than the conven-
tional static tengile rupture strength of the wax (0.24 x 10 dynes/cmz). Also, it
should be noted that the strong shock threshold pressure of about 4 x 108 dynes/
cm? is an order-of-magnitude greater than the rupture strength. This latter
pressure is reached at a distance of about 2 3/4 inches from the face of the target.
Thus, it is seen that relatively intense pressures are present at the shoek front
for appreciable distances into the blocks.

The pressures set forth in Figure 11 and the corresponding values of 7/ LN
given by Equation (3) are shown in Figure 12 as points for the Hugoniot curve of
the target wax. These data join well with those provided by the long wire tests
at low pressure. The agreement at higher pressures (30 x 108 dynes/cm?) is not
as good, but this was to be expected due to the uncertainty in the long wire pres-
sure evaluations when U exceeded 1. 85 km/sec.

TERMINAL CHARACTERISTICS OF TARGET BLOCKS

In order to have definitive data regarding the condition of targets sub-
sequent to completion of the cratering mechanism, mcthods are being develuped
for examining their final deformation state and for determining the condition
and amount of material detached from them as a result of impact. Presently,
the results of such experiments are only partially quantitative, However, they
arc informative and will be described here.

To examine the final deformation state within targets, they are cast in
alternating layers of dyed and colorless wax, fired upon, and then sectioned
through the center of the crater, The result of such a test at an impact velocity
of 4.0 km/sec is shown in Figure 1. As demonstrated by the photograph, it has
been possible to cast a portion of the target in firmly bound layers having dis-
tinct boundaries. The most interesting featuie of this photograph is the overall
view 1t gives of the final target deformation. In particular, it is worth noting
that the entire lower portion of the crater is definitely lined with the wax of the
first colored layer below the surface. The initial depth of the lower boundary of
this layer was about 5/8 inches while the final crater depth was 1 1/2 inches.
This 1ndicates that all the material actually expelled from the tarpet during crater
formation is 1initially quite c¢lcse to the target surface and that the majority of the

crater formation simply consists of transport of material from one location in the
target to anothey. :

Anorher interesting feature of the final condition of wax target blocks is
the character of the highly disturbed region in the vicinity of the crater. This
region i1s very distinct in any sectioned target and can be seen in Figure 13. It
seems to be analogous to that secn in sectioned and etched metallic targets where
an area of definite change in crystal structure 1s present (6)  In the case of wax,
it has becen found that the density of this region is definitcly less than that of the
undisturbed material. Whether this is due to sevcre fracture or dilatation as a
result of the pressure release wave 1s not known.
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Figure 13

To investigate the armount and character of the material severed from
damaged blocks, their mass loss has been determined by weighing targets before
and after firings. Also, a collector has been employed to gather the expelled wax.
For 4. 0 km/sec impaets the mass of the detached material is approximately 30
percent of that required to fill the final volume of the erater. Abocut two-thirds
of this 30 pereent eonsists of large spalls from the lips of the crater. The re-
maining third is in the form of small, uniform size particles which apparently
are separated from the target during the early stages of contact between pellet
and target. A further characteristic of the material expelled from targets is
the presence of a very small amount of vaporization. This 1s indicated by
deposition of a very thin wax filin on the observation ports of the evacuated range
during tests. No estimate of the mass of material vaporized has been possible.
The presence of vaporization, of course, implies the existence of relatively high
temperatures at the target surface during the very initial stages of crater forma-
tion, at least. Further evidence of high temperatures is given by the recovery
of charred particles of the plastic projeetiles in use,

DISCUSSION OF EXPERIMENTAL TECHNIQUE AND RESULTS

Comment 1s necessary on the accuracy of the pick-up wire technique used
to evaluate wave velocities, particle velocities, and pressures.. Based on the
reliability of the times read from the oscilloscope records and the accuraey of
wire placement, the expected maximum errors of individual average wave veloe-
ities determined in the long and short wire tests are t 6 percent and % 10 per-
cent, respectively, Of course, the reliability of averaged data from a number of
tests Is better,
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The adequaey of the methcd used to determine particle velocities is
difficult to 2ssess quantitatively. Basically, the uscfulness of the technique
depends upon whether the pick-up wires assume the motion of the particles sur-
rounding them. As a result of examining sectioned targets subsequent to impaet
tests for evidence of relative motion between wires and the material round them,
and by eomparing oscilloscope reeords from pick-up wires of various densities,
it appears an accurate description of the wax's motion is provided by the e, m. f, -
time data, Furthermore, the overall aceuracy ot the entire method of data acqui-
sition and reduction associated with determining particle velocities, pressures,
and volume ratios ean be examined through use of the Hugoniot. As noted earlier,
the agreement of the experimentally determined low pressure portion of the curve
with its predicted shape is very good. At higher pressures, comparison of the
present results with extrapolated data (minimum pressure of 500 x ol aynes/
cm®) of tests performed on a paraffin wax (p also 0. 91 gm/cma) by investigators
at Los Alamos {7} is also extremely good. In fact, the solid curve used to repre-
sent the data points of Figure 12 is that of the analytie fit of the Los Alamos data.

In view of the factors mentioned above, it does not seem unreasonable
to assign arbitrarily an accuracy to the Hugoniot data of about * 15 percent. Of
course, this figure applies to the averaged data of a number of tests and not the
results of a particular experiment. While greater aceuracy is certainly desirable
and is antieipated with refinemint of techniques, that presently atiainable is not
particularly distressing in view of the severe laek of quantitative data of the type
provided by these tests. In short, the test results are meaningful.

With the results presented in the precedingseetions in mind, a brief
partiaily quantitative, description of the transient response of wax targets to
impaet can be given. Attention must be focused on the 4.0 km/sec ease (Figures
10, 11, and 12). However, this is totally representative, since it is well within
the hypervelocity region of the target material, i.e., V/C = 2.16, The pressure
initially generated at the target face by the pellet is very intense and may be
roughly estimated by extrapolation of the curve of ifigure 10. This gives a value
of 230 x 108 dynes/cm®, a pressure three orders-of-magnitude greater than the
conventional mechanical strength of the material (= 0. 24 x 108 dynes/cmz).
Associated with this intense pressure are temperatures sufficiently high to cause
‘a very small amount of vaporization of the target. Subsequent to the initial con-
tact of pellet and target; the pellet is rapidly expended (in the order of 10 4 sce),
a relatively small amount of material is expelled {from the block in the form of
particles, and a hemispherical shock front starts to travel throngh the target,
The velocity and pressure of this front attennate fuirly rapidly as 1t progresses,
By the time it has reached the position of the final crater depth, iis pressure has
decreased to about 36 x 108 dyncs/(:m2. With continued travel, the pressure
decays to the sirong shock threshoid at a distance into the target about twiee the
final crater depth.  The wave front then iravels at the dilatauonal velocity with
continued decay of pressure, sece Figures 10 and YA, As regards the final defor
imation of the target, reference to Figure 1 shows that very severe deformation of
the target s confined to a reglon within about /4 inch of the crater surface.
However, as indicated by Figure 13, the material is markedly disturbed to an
appreciably greater depth,

As noted previously, the largest of the pressures represented by the
results given here 1s several orders-of-magnitude greater than the conventional
&
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mechanical strength of the target wax. This is the case in any material suffering

a hypervelocity impact. The existence of such pressures at the front of the dis-
turbance in the targets implies rather severe stress levels within the region under-
going deformation. As a result of these stresses, it is frequently assumed the
strength of the target material may be neglected in describing the cratering mecha-
nism; the customary basis of the assumption being that the mechanical strength is
very small compared to the stresses. The process of crater formation, or at
least portions of it, is then termed "fluid" or "hydrodynamic'. The adequacy of
this assumption is the subject of controversy and the usual justification for its use
is certainly not tenable. Whether the fluid concept of the impact process is rea-
sonable must be based on a comparison of stress gradients and material strength,
and not on a comparison of stresses, per se, and material strength. Stated other-
wise, the pertinent question is whether the strength of the material is small com-
pared to the inertial forces present during the impact deformation process. Based
on the criteria emphasized above, arguments too numerous to etlaborate on here
may be devised to substantiate or refute the hydrodynamic concept of impact
damage. The authors' opinion is that it is an extreme simplification when applied
to any stage of the cratering mechanism other than that when the project maintains
a semblance of its integrity. However, arguments for or against the assumption
are, in the main, of the plausibility variety.

Definitive quantitative experimental data is needed to settle questions
concerning the impact process such as that mentioned in the preceding paragraph.
Such information can only be obtained from experiments specifically designed to
vield pertinent and reliable results about the transient and terminal characteristics
of cratering. In this manner, appropriate concepts can be conceived and evaluated.
The techniques and results presented in this paper show that the study of wax tar-
gets under impact conditions is a very useful means for obtaining the desired
information. This is a result of the relative ease with which it can be instrumented
and observed both during and subsequent to the cratering phenomenon. Further
advantage will be taken of its uscfulness through design and application of meaning-
ful cxperimental methods.
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CORRELATION OF HYPERVELOCITY IMPACT DATA
Walter Herrmann and Arfon H. Jones

Massachusetts Institute of Technology
Cambridge, Massachusetts

ABSTRACT

Published experimental data on cratering by high velocity projectiles in
quasi-infinite metallic targets, comprising over 1,700 data points, generated at
fifteen laboratories, were collected and analyzed statistically. The fit of the
data to a simple power law was investigated, and it was found that the penetration
depth in the high velocity region is best fitted by the ncn-dimensional equation

P /3 w3

where P is the penetration, d the projectile dimension, K= Pp/P'

the projectile to target density ratio, and B = p, V¥ He , where V is
the projectile velocity and H¢ the Brinell Hardness of the target, in appropriate
units. The value of K is near 0. 36 for most materials. It was found that the
cratering efficiency could be approximately fitted by

E -2/3
0 A5 S H
Ve |l(-K !

where E is the projectile kinetic energy and Ve the crater volume, with a value
of K near 3.1 for most materials.

The experimental data were also compared with the theoretical prediction
of Grimminger, Bohn and Fuchs, Bjork, Opik, Whipple, Langton, and Grow, and
hydrodynamic jet theory. Only the theory of Bohn and Fuchs showed reasonable
agreement over most of the velocity range. Pased on this observation, the fit of
the data to an empirical expression of the type

273
% = kK™ Iog.(l + Lk—z&)

was investigated. This expression was found to fit the experimental data for
ductile projectiles over the entire experimental velocity range. The constants
ki and kg were found to be close to 0. 6 and 4 respectively for most materials,
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Validity of exirapolations of these expressions to higher velocities is
discussed, and it is concluded that, bccause the expressions are not based on
rational theoretical grounds, extrapolation either to higher velocities or other
materials cannot be carried out with any confidence.

1. INTRODUCTION

Cratering and penetration of targets by projectiles traveling at velocities
at which the projectile suffers severe deformation or breakup has recently re-
ceived a great deal of attention, due to the importance of this phenomenon in the
protection and lethality of space vehicles and ballistic missiles.

A great deal of experimental data has been publishcd by a number of
laboratories, and considerable theoretical work has appeared during the last few
years, Limited comparisons of data from one laboratory with those from another,
and of experimental data with theoretical predictions have shown some large dis-
crepancies.' Considerable confusion exists, because, except in a few instances,
the data from one laboratory are not directly comparable with those from another,
since identical materials, projectile shapes and velocity ranges were not used.
Kach laboratory has produced a different empirical expression which was found to
fit the limited range in experimental parameters explored at that laboratory. The
empirical expressions are more or less contradictory, and when extrapolated to

velocities of interest in space applications, lead to large disagreements in predicted
penetration.

Consequently a study of currently available impact data was carried out in
an cffort to clarify the situation. Insufficient data were available for projectile-
target configurations, other than normal incidence on a quasi-infinite metallic
target, to warrant extensive correlation, and this study was therefore restricted
to the latter configuration,

2. EXPERIMENTAL DATA

During the data acquisition phase, thirty-nine groups active in high velocity
impact were contacted. The work in progress at each laboratory is indicated in
Table I. Data on penetration depths, diameters and volumes in quasi-infinite targets,
released prior to April 1961, was gathered.

In many cases, the data was presented in non-dimensional graphical form.
Actual tabulations of measured quantities were supplied in only a few instances, In
most cases, additional information had to be rvquested, in order to extract meas-
ured quantities from data plots. In a few cases, some difficulty was experienced
in extracting measured quantities from data plots, due to the fact that relevant
information was not provided, or because only excessively small scale data plots

were supplied, and as a consequence some uncertainty is associated with the cor-
responding data.

Considerable difficulty was experienced in obtaining reliable material

property infermation, Material properties such as indentation hardness were
measured on the actual target specimens in only a few instances. In many cases,
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material properties had to be taken from handbooks, (Ref. 1) corresponding to the
material specification, with a consequent large uncertainty. In several instances,
material specifications were so incomplete as to make it impossible to deduce even
very approximate values for material properties, thus rendering the corresponding
data valueless for the present correlation,

It is very strongly urged that experimenters publish tabulations of measured
quantities in all future work, and determine actual material properties of the target
and projectile materials, so that the experimental data will be more generally useful,

The extracted data has been tabulated in uniform units and format in Ref-
erence 2, Over 1,700 data points were obtained for normal impaet on quasi-infinite
metallic targets. Most of this data lay in the veloncity range 1, 500-10, 000 ft/sec.
Fifty-two projectile material-target material combinations are represented. These
are shown in matrix form in Table Il together with the veloeity ranges covered by
the data for each material eombination,

For those material eombinations for which a reasonably large number of
experimental points existed, plots of penetration versus veloeity were prepared.
Sinee both spherical and cylindrical projectiles of different sizes were represented,
the penetration arbitrarily was normalized by the equivalent sphere diameter

defined as
”a
a= ($3)
’ (1)

While data for a few material combinations from individual laboratories was very
smooth and showed little scatter, most of the data shiowed scatter of the order of

t 0.05inpsd, where p is the penetration depth, With the above definition of

d , 1o shapeé or size effect could be detecied within the seatter of the data, How-
ever, the scatter was in most cases such, that in comparing spheres and cylinder
of unit length to diameter ratio, the cylinder length or diameter could be used
directly as the equivalent sphere diameter without increasing the scatter significantly,

3. COMPARISON WITH PREVIOUS THEORIES

Predicted penetraticns on the basis of the theories of Grimminger (Ref. 3),
Bohn and Fuchs (Rel. 4), Opik (Ref. 5), Whipple (Ref. 6), Langton (Ref. 7), Grow
(Ref. 8), and shaped charge jet theory (Ref. 9, 10) were inserted on the individual
data plots, covering twenty-four material combinations. In addition penetrations
predicted by Bjork's theory (Ref. 11) were inserted on plots for aluminum pro-
jectiles striking aluminum targets, and steel projectiles striking steel targets,
Examples are shown in Figures 1 through 6.

All of the theories were originally proposed for very high impact velocities,
and would therefore not be expected to show good agreement in the experimental
velocity range. Most of the theories not only showed little agreement with the
experimental data, but also showed a different trend over the experimental velocity
range. One exception 1s the theory of Bohn and Fuchs, which showed surprising
agreement with the data at low velocities for quite a number of materials, but

enerally slightly overestimated penetration at higher velocities.
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Bohn and Fuchs assumed that the resistance to projectile penetration was
a combination of a static part, proportional to the Brinell Hardness of the target,
and a dynamic part proportional to the instantaneous projectile velocity squared.
They therefore assumed that the force resisting penetration could be expressed as

P e Feuregip ) ]

where ‘Ht is ilie target Brinell Hardness (with dimensions of a stress in appro-

priate units), Py. the target density, v the instantaneous velocity, and f a
shape factor defined by

f = ! i .
‘m—nfnw dA 3)

where dA is an element of the projectile area perpendicular to the direction of

motion, and 4’ the inclination of that element to that direction. For spherical
projectiles, the value f = 2/3 was given.

Integration of the equation of motion

~Fdx = 5 mpvdyv

A
2 @)

between the limitsx=0Q, v=V ;%X=P, v=0, where V is the initial projectile
velocity and p the final penetration depth, yields

-%-_-.3—4'-K{Ioge [|+,\/—'2—T] 2:/;?} )

where K= %
and B = (p' —572)

Here, d is defined according to Eq. (1).

A slight increase in the value of § would have the effect of reducing
the predicted penetration at higher velocities, thus leading to better agreement
over the entire velocity range. The ecomparative success of Bohn and Kuehs'
theory suggested that an expression of the gencral type Eq. (5) might prove usefui
as an emplirical correlation expression,

4. CONSTRUCTION OF EMPIRICAL EXPRESSIONS

It is a great advantage to express empirical cxpressions in non-dimensional
form. It is therefore convenient to enquire into ccnvenient non-dimensional param -
eters formed from physical quantitics cntering into the cratering problem. The
geometric quantitics are straightforwurd: viz., characteristic projectile size ¢
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TABLE II (Continued)
EXPERIMENTAL PROJECTILE - SEMI-INFINITE TARGET
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crater size P and projectile velocity V , Not so obvious are the material
properties important to the problem. Drawing on static material properties quan-
tities which might be considered to be relevant are the densities Pp , Py , of
projectile and target respectively, the sonic velocity ¢ , relevant elastic
modulus G , yield stress Y , the indentation hardness H,, and the energy
necessary to heat, melt or vapourise unit mass of material Q . In addition,
since the problem is dynamic in character, parameters to characterise strain
rate effects, and change of compressibility with pressure may be relevant, Such
quantities have, however, not been satisfactorily defined at the present time,

Not all of the material properties are independent., For example cz= G/p.
There is an approximate dependence of indentation hardness on yield stress, as
may be seen in Figure 7. The Brinell Hardness is defined as the load applied to
a spherical stylus divided by the area of the resultant depression, and thus has
dimensions.of a stress with conventional units kilogrammes per square millimeter.
Expressing Y and H: in identical units, the relation is approximately

H N 38Y
' (6)
Drawing on these elementary material properties considered relevant in

the cratering problem, one might form the following convenient non-dimensional
parameters.

p/d Penetration Ratio
K= Pp :'P' Density Ratio
M= V/c¢c Mach Number
T = Vz/Q Thermal Parameter
B= pV%H  Best Number
The last parameter appears so frequently in both empirical expressions
and simplified theoretical expressions, that it seems appropriale to give it a
name. Following a suggestion of Dr. John S. Rinehart *, it is proposed that
this parameter be termed the Best Number in honour of tlie early French ballis-

tician Best who carried out cratering experiments between 1835 and 1845,

t is likely therefore that the pcnetration may be cxpressed as a function
of the above parameters, i.e,,

P _
£ = f(K,m,8.T) o

Many different empirical expressions have bheen used to correlate pene-
tration data at various laboratories. Some of these are tabulated in Table I1I

&

Proceedings of the Third Hypervelocity Impact Symposium, Vol. 1, p. 187,
February 1958.
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together with materials and velocity ranges for which they have been used.

Those expressions which are dimensionally correct are mostly in the
form of a simple power law

»_«Kk'm'6"
d

(8)
where K is a constant.
In particular, the expression introduced by Charters and Locke 12
P = kK2PM
d (9)
and that in use at the Naval Research Laboratory 13, which is in effect
P - xk"8"” (10)

d

have been used extensively.

A simple power law such as Eq. (9) or (10) which has the general form

P _ m
-a-—kV an

may be derived by assuming that the resistance force on the projectile is of
form

. F ax’
(12)

where X Is the instantaneous distance of the projectile below the target surface,
By inserting Eq. (12) into the equation of motion Eq. (4} and integrating, it may Le
verified that the result is equivalent to Eq. (11) with n={2/m -1).

avly empirical {its to armor penetration data at very low velocities were
found to have a velocity exponent M in Eq. (1) near 2. Thus N=0 | und the
resistance force is in effect assumed to be 1independent of depth. Later work at
higher velocities indicated that penetration was proportional to 43 o1 n=1/2.
High velocity experiments can be fitted by a velocity exponent of 2/3, implying
n=2 . Now in actual fact, the projectile is known to deform at high striking
velocinies, 1n effect increasing its presented area as the penetration proceeds,
This effect is neglected in the simple reasoning used above. Thus it seems that
the effect of projeciile deformation appears as an increase in exponeat f in Kq,
(12).

At the highest experimental velocities, the projectile in fuct appears to
flow very much like a liquid over the surface of the crater, which 1s observed to
be nearly hemispherical., Assuming the projectile to be an incompressible liquid,
and crater expansion to he hemispherical, leads, on ussuming the pressure between
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the projectile and target to be a constant K, to an appreximate expression for
the force resisting motion

F=k2wrxt

which on integration leads to an exponentm= 2/3in Eq. (11),

The assumption that the pressure between the projectile and target is
constant during the motion is hardly justified, since the projectile decelerates,
eventually coming to rest, at which time the retardation force may be expected to
be zero, Thus, an assumption which may be made is that the force resisting
motion depends on the instantaneous projectile velocity V .

£ =k pv’ (13)

A force of this type would be encountered by a rigid projectile moving through a
non-viscous liquid of density Pt . Integration of the equation of motion Eq. (4)
between limits xz2Q , v=y ; X3P , y=0 then leads to an expression of the
form

= kKlogeV

alo

(14)

A logarithmic function has the interesting property that it may be approxi-
mated by functions of the form of Eq. (11) over limited ranges of the variable V
the cxponent of m decreasing as YV increases, One might therefore suppose
that a sultable logarithmic expression might prove useiul for empirical fits to pene-
tration data over a wider range in velocity than may be fitted by a simple power
law,

When the velocity of the projectile becomes very low, the resistance
force does not become vanishingly small since the material 1s a solid.  This may
be mtroduced 1n a number of different ways.  Following shaped charge jet theory,
the limits of integration of the equation of motion may be ultered to x=0 , v=V
X=p . V3Vo where Ve is the velocity below which no target deformation will be
produced,  The corresponding stresz {12 p'v%) may be assumed to be proportional
to the vield strength of the target, or by Eq. (6) to the Brinell Hardness, i e

2

This then leads to a penetration law of the form

B 172
2 = kKioge (= )

d 9o \ ke (15)
Alternatively, this effect mayv be accounted for as follows, Under static deforma-
tion, the resistance force mav be assumed to be related to the Brinell Hardness
Cthe target, Thus the resistance fores mayv be approximated by
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F = x/4 d® Kk (pywv® + KpH)
(16)

which on integration of the equation of motion Eq, (4) leads to a penctration taw

b _ B (7
d sk.K'°°9{'+ kz} D

Bohn and Fuchs used a slight modification of Eq. (16) to obtain their
equation (Eq 5).

The behaviour of Eq. (15), (17), and (5) may bc gruphically illustrated by
plotting the corresponding functions

p

(18)

LA 2

d = 0gel 1 +£2)
(19)

P 3
e k{loq'“ o I+ } (20)

using logarithmic coordinates. (Ifig. ¢) Straight lines on this plot then represent
an equation

p m
d (21)

with the slope of the line corresponding to the exponent M, The functions can

be made to comelde over a wide range in variable R by sustable adjustment of the
censtants K1 Eqo (18) through (20) above.  In purticudar Eq. {195 and (20) may
he made to ahinost coincide over a range over which the carves can be approximmated
by a. (2D with M {from 2 to about 2/3. Thus, they may be equally suttable for
cmpirical correlation purposes.  Fquation (17), corresponding to Eq, (19) was some
what srbitrarily chosen for use in the present study,

Actually FEq. (17) must at this point be considered simply as a convenrent
two-parameter empirical expression, since olearly neither realistic compressibil-
1ties of the materals imvolved, nor realisti wogeometries
nto 1ts dervation, The same mast be said of Fag. (11).

, have beer mtroduced

4]




Penetration p/d

CORRELATION OF HYPERVELOCITY IMPACT DATA

40
10 R :
Bq. 19
B & S : 3 :
ESE i it
i ; S e .
= _Eq. 18 £
| »GEs i
o'l T l{ J1
[o]] | 10 100

Fig. 8 Behaviour of Logarithmic Penetration Laws

Eq. 20

1048
pues
ot




CORRELATION OF HYPERVELOCITY IMPACT DATA

The fit of the data to empirical expressions of the form Eq. (11) and (19}
are investigated in the foliowing.

5. EMPIRICAL POWER LAW

The dependence of penetration on velocity is best illustrated by log-log
plots. Figure 9 illustrates the vehaviour for copper targets struck by ductile
projectiles. The penetration may be seen to be approximately proportional to

v"ﬂ at low velocities, and V!lﬂ at high velocities, with a smooth transition
between these regions, The region in which the penetration is nearly p1oportional
to y#3 will be here arbitrarily defined as the low velocity region, Within this
region, projectiles generally suffer relatively minor deformation, and craters are
generally observed to be almost cylindrical or conical, without excessive inertial
expansion of the sides of the crater. The region in which the penetration is nearly
proportional to y2/3 will be here arbitrarily defined as the high velocity region.
Within this region the projectile suffers major deformation, and the crater is ob-
served to expand laterally to a nearly hemispherical shape. The intermediate
region will be referred to as the transition region, within which the flow changes
character from low velocity behaviour to high velocity behaviour,

I"igure 10 illustrates the behaviour {or copper targcets struck by brittle,
high-strength projectiles. The low velocity region is extended to higher velocities
than in the previous case. At the onset of the transition region the projectile is
observed to fragment into several pieces, which separate during the penetration
to effectively increase the presented area of the projectile.  This generally results
in an abrupt reduction in penetration. At higher velocities, the projectile is
observed to fragment into many small pieces, and the flow approximates normal
ductile projectile transition behaviour. 'The high velocity region is similar to that
for ductile projectiles.

It was desired toinvestigate the [it of kq. (11) to data in the high velocity
region, and in particular to investigate the dependence of the proportionality
constant on materizl properties, Sufficient data existed so that the dependence of
the constant on each parameter could be investigated separatetly,

In particular, numerous sets of firings were reported in which closely
similar target materials were used, but different projectile materials were used,
In particular three studies were reported in which steel projectiles heat treated
to different hardnesses were employed with identical targst malerials. Maiden
(Ref. 14) reported penetration in 1030 steel targets by steel spheres heat treated
to a Brinell Hardness of 210, 290 and 580, The data wus in the high velocity region,
and no effect due to projectile strength was apparent.  Blake, Grow and Palmer
(Ref. 15) report penetration by two types of stainless steel spheres in lead targets
with Brinell Hardness of 155 and about 400 (handbock values) respectively in lead
targets. While large differences are evident in the transition region, no effect
due to projectile strength may be seen in the high velocity region.  Abbot (Ref, 16)
has reported penetration in hard 30 RC steel targets by steel projectiles heat
treated to a Brinell Hardness of 140 and 703 respectively, Small differences
appear in the penetration by the two types of praojectile up to the highest veloeity
explored, but all of the data lie in the transition region. While the above evidence
15 hardly conclusive, these firings would seem to represent extreme cases of
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projectile strength variation, and it might be assumed that projectile strenpgth
does not affect the data in the high velocity region.

The only other parameter tc account for variation of penetration by different
projectiles is the projectile density. By fitting straight lines to tire high velocity data
on log-log pleis of the type of Figures 9 and 10, for numerous target materials struck
by a large number of different projectile materials, it was found that the proportion-
ality constant for each target material was very nearly proportional to the projectiie
density to the 2/3 power, a fact first observed by Charters and Locke (Ref, 12),

213
In order to confirm the penetration dependence on (PpV) in the high velo-
city rcgion, and to obtain reliable values of the proportionality constants for cach
targct material, the following procedure was adopted. Linear large scale plots of

(p/d)
(va)ZIl

versus velocity were prepared, If the expression

P
_d_ = k|P:/3v215

(22)

fitted the data, then the resultant points should form a straight line as in Figure
11(a). Acuwally, since a different velocity exponent fitted the data in the low velo-
city and transition region, thc plots would be expected to appear as in Figure 11(b),
and the proportionality constant sirould be obtainable from the straight line portion
of the curve, The velocity at which the curve became horizontal would represent
the lower limit of the high velocity region, for that material combination. If a
density exponent other than 2/3 fitted the data, the curves for different projectile
materials should separate, as in Iigure 11(c).

Exampies of actual data plots for 2024 -T3 aluminum, half hard copper, and
lead targets are shown in Figures 12, 13 and 14, While the data points in the hori-
zontal pertions of the curve largely represent firings with aluminum projectiles,
the curves for other projectile materials do ('on?',grge to the same value of Ko
confirming the dependence of penctration on p . Only very. rough vatues of
Limiting velocities could be obtained, but the value of ki corresponding to the
horizontal portions of the curves could be obtained quite accurately for several
target materials,  least squares fits of the values of Ki | together with standurd
mean deviations, were obtained, using experimental points for velocities above the
estimated limiting velocity for cach material combination,  These are listed in
Table TV,

The eficcts of target strength could be determined separatety, sinee vatues
of ki could be determined for several types of aluminam, copper and steel targets,
which varied i hardness, but had closely siinilar densities and sonic veloeities,
Vatu-s of Ky found above were plotted versus the target hardness He on top-log
paper. [Figure 15, ‘The uncertainty flags represent standard mean deviations in
ki and uncertaintres in We . It mav be seen that the points for cach target
material may be approximaiely f1tted with a line of slope -1/3, within the uncer-
winty in the data, indicating a dependence of the form

m
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TABLE IV
EMPIRICAL FITS TO THE PENETRATION LAW
p P 2/3 4 V2 13
o=k [ Pf
d \ Pt Ht
213 s
Target 4 Hy 9 Max. Vel. P Hy P
{gm/cc) (kg/mm?) (km/sec) PP P V2 d
Al 1100F 2.79 * 4.37 LI
Al. 2024 & 24ST 2.68 114-120 3. 98 0.413°1 0,007
Cu. (36) 8. 88 36 3.33 0.266 £ 0.009
Cu. (65) 8. 88 65 5.27 0.419 L 0.031
Pb. 11. 34 4 5. 00 0.312 t 0.020
Stl. 1020 7.69 111 3.45 0.378 ’_ 0.0i0
Stl. 1030 7. 69 123 3. 96 0.371 Y o.012
Stl. 30 RC 7.74 302 3. 52 0.279 Y 0.004
Cd., 8. 66 23 5. 01 0.309 ! 0.046
Ag. 10. 4 3 2. 54
Zn. 7.13 45 2.51 0.371 Y 0.014
1/3
H, for these materials lsunknown,  The values of k/ llh' for these are:

CORRELATION OF HYPERVELCCITY IMPACT DATA

0058 ——= T T
537 S e 1T Tergst: lead -
0.050 = i Projectiles: O Aluminm —

(1)‘ 1100k Al target, (0,257 t 0. 008) *-l }.g)_i cm/dyne
target (0,277 7 0.024) x 1077 cm/dyne * "7
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23 vtll

P
— = ke
d Hy? @23)

Values of K2 were computed from values of Ki listed in Table IV by

- [ 1 . . . .
k.z = H, K , uncertainty intervals in K2 being obtained from
a combination of standard mean deviations in ki and uncertainties in H¢

No correlation of K2 with sonic velocities could be found. However K2
could be approximately correlated with target density. From Figure 16, the slope
of the logarithmic plot of K2 versus Py is seen to be close to =|/3, leading
to an approximate empirical penetration law

P - 2/3,,U3
o =036 + 006)K*™8 (24)

The maximum and minimum values of thc proportionality constant above
correspond tu the {two extreme lines drawn on Figure 16. The correlation is
clearly not very exact. The uncertainty indicated in Eq. (24} above would seem
reasonable, but some material combinations may deviate from the mean value
by as much as 25 percent.

Some interesting trends appear from plots such as Figures 12, 13, and 14.
The lower velocity liamit of the high velocity region is dependent on both projectile
and target material. For example, the points for nylon projectiles striking alum-
inum targets in Figure 12 indicate that the high velocity region is not attained until
a velocity of at least 17,000 ft/sec is approached,

The stresses induced in the target are a function of projectile velocity.
A convenient measure of the magnitudc of the average stress is the initial stress
induced on first contact of the projectile on the target.

The initial maximum pressure, gencrated on first contact of the projectile
and target, may be estimated quite accurately from cne-dimensional shock theory.
Based on the experimental observation that the shock velocity U and material
velocity V* behind the shock are very nearly related linearly

U=c¢+svVv"
(25)

the shock relation

(26)
*
where P~ is the pressure behind the shock, may be applied to the shock pro-

ceeding into the target and the shock receding back into tiir projectiie, to provide
iwo simultaneous equations for P* and y*

P'= pyV'(ey + S,V )

P'= pp(V=V") [cp+ 5p(v—v"] (27)

i
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where V is the initial projectile velocity. Analytical solution is diffieult, but

a simple graphical method may be used for rapidly finding P* gnd V* . However,
it has been observed that for velocities above 10,000 it/sec, 'V : is very nearly a
linear function of VY, and may be approximated by

v 172 K"V 28)

leading to an expression for the initial maximum pressure generated by the impact

P'm 1/2 K™,c, v + 174 5, K¥%, V2 (29)

The maximum error involved in this approximation is about 20 percent,

At low velocities, the initial pressure will be comparable to the yield
strength of the material. Thus the target material strength, which tends to inhibit
ihe penetration, becomes relatively more important at lower velocities, until at
some very low vclocity, the initial stress will be less than the yleld strength of
the target material, and no permanent deformation will result. This effect reduces
the penetraticn predicted by Eq. (24), at low velocities.

Equation (24) shows that the initial induced pressure is a function of the
density ratio. Thus, the maximum pressure induced in the target by a low density
projectile is much less than that induced by a high density projectile at the same
velocity, In the *ransition region therefore, at a particular projectile velocity,
one might expect that the effects of material strength in inhibiting the crater forma-
tion will be much greater in the case of low density projectiles, thus leading to the
type of behaviour observed in Figures 12, 13 and 14.

Howevcr, at the same time, there will be an effect on the projectile. In
the transition region, the shock in the projectile generally rises abeve the level
of the original target surface. Since the sides of the shocked zone are unsupported,
the projectile material will be forced to flow laterally, this motion being inhibited
by the materiai strength. In the case of a nylon projectile, although the initial pres-
sure induced by the impact is relatively low, tHe material has very low strength,
and considerable lateral flow of the projectile may be expected, with consequent
increase in presented area and decrease in penetration. On the other hand, although
the initial pressure induced by & uranium or tungsten projectile will be very much

higher at the same velocity, these materials have relativel; high strength, and not
too much lateral flow may be expected,

These transition region strength effects may be expected to become unimpor-
tant when the initial induced pressure is very much higher than the yield stress of
the material. By examining the lower limiting velocities of the high velocity region,
es'timated from plots sueh as Figures 12, 13 and 14, it was found that the limit
P >100Yy , where Yy is the static yield strength of the targel, seemed to be
reagonable. Making use of Eq. (6), the lower limit of the high velocity region is
then approximately

*

L>350

-

(20)
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For high strength projectiles showing "brittle" projectile behaviour, the
limit Eq (30) was found te be 100 low. Unfortunately strengths of projectiles have
almost never been reported. One piece of information due to Blake, Grow and
Palmer (Ref. 15), for stainless steel projectiles shot into lead targets, indicates
that an extension of Eq. (30) may be adequate,

p*
— > 30
Hp (31)

The lower limit then corresponds to the maximum of the two velocities given by
Eq. (30) and (31).

Nothing can be said at this point about the upper velocity liinit of the high
velocity region, the highest velocity data considered in the study showing a pene-

tration dependence on ng , and speculation on this matter will be deferred te
a later section.

Crater diameters, measured in the plane of the original target surface,
have been reported for a large number of experiments. The ratio p/De¢, which
may be regarded as a crater shape parameter, was plotted versus velocity, in
order to determine crater shapes in the high velocity region. Examples are shown
in Figures 17 and 18 for copper and lead targets respectively. Numerous authors
have noted the trend for the shape parameter to tend to 1/2 in the high velocity
region, indicating that the crater had become nearly hemispherical.

However, it is apparent from Figures 17 and 18 that this is not true of all
material combinations. Craters formed by low density projectiles such as alum-
inum and magnesium were found to tend to a ratio p/D¢ of about 0. 4 in the high
velocity region, indicating a crater somewhat shallower than hemispherical,

In many target materials, it was also observed that tungsten and tungsten carbide
projectiles lead to values of p/De of 0. 6 or greater in the high velocity region,
indicating craters deeper than hemispherical,

Measured crater volumes have also been reported for many of the experi-
mental firings, Many authors have noted a tendency for the ratio of the projectile
kinetic energy to the volume of the crater E/Ve to become approximately constant
in the high velocity region. Plots of E/Ve versus velocity were prepared for each
target material for which data existed. Examples ure shown in Figures 19 and 20,
While measurements were generally restricted to velocities hordering on the high
velocity region, the trend for E/Ve to become a constant in the high velocity
region did seem to be confirmed for those few material combinations for which
niph velocity data existed.  Also evident was a trend for the asymptotic values of
E/Ve todepend on projectiie density, a fact first noted by Sumrmers, (Ref. 17),
This 1s clearly tllustrated in Figure 20, Asymptotic values of E/Ve in the high
velocity region were estimated {from the data plots.

The dependence on projecitle density could be estimated separately,
since values of E£/Ve could be estimated for several projectile materials in lead,
opper, alumin im and steel targets,  Values of E/Ve were plotted versus K
log-log paper (Fig. 21) {from which it appeared that E/Ve¢ was proportional to
K'Y . Computed vaiues of EK“"VC were then plotted versus Hy {Fig, 22,
note linear scale). » The points indicated a rough proportionality with target

on
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hardness, leading to a very rough correlation of the form

E_ _ o3
Ve 31K H, (32)

Some of the material combinations may show a deviation of as much as
50 percent from this law, but results for most of the material combinations may
be expected to lie within * 30 percent.

It is interesting to note that if craters are assumed to be hemispherical

in the high velocity region, a law of the type Eq. (32) may be derived directly from
Eq. (24) by noting that

1 o 48 z
E= 7 "¢ 4PV
R A

resulting in an expression

ET = 29 K '"Hy
¢ (33)

This differs slightly from Eq. (32) in both constant and exponent in density
ratio. The correlation of E/ V¢ with density ratio is quite good (Fig. 21). The
fact, noted above, that craters formed by low density projectiles are shallower
than hemispheres, and craters formed by high density projectiles are deeper than
hemispheres, leads to the discrepancy. Thus the volume of craters formed by
low density projectiles is underestimated by Eq. (33). It may be seen from
Figure 21 that a reduced volume for a low density projectile and an increased
volume for a high density projectile would lead to a higher negative exponent in

K . as in Eq. (33).

The correlation equations Eq. (24) and Eq. (33) may be compared with
previously published correlation expressions, Several empirical expressions in
Table III are based on a penetration dependence on velocity to an exponent greater
than 2/3. It may be concluded that these fits apply to data in the transition region.
The fact that even approximate correlations could be obtained with elementary

material properties must be attributed to the small range in materials considered
in derivation of these expressions,

Attempts to fit the present data by expressions of the form Eq. (9) were
unsuccessful., No provision for target strength variation is made in expressions
of this type. The assumption that the effects of material strength are negligible
in the high velocity region, has been shown to be erroneous. The fact that data
for lead and half-hard copper targets could be correlated on the basis ol Eq. (9)
with identical constants must be considered fortuitous. Data for copper targets
of much less or much greater hardness could not be correlated by Eq. (9) with
the same value of the constant.

The expression Eq. (10} differs from Eq. (24) only in the value of the
constant, and in exponent of the density ratio, Equation (10) was dcrived, on the
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assumption that craters are hemispherical in the high velocity region, from the
expression of Feldman (Ref. 18)

E _
v, T 28 h (38)

which may be compared to Eq. (32) derived here.

These also differ only in the value of the constant and in exponent of the
density ratio., Attempts to fit the present data by Eq. (34) led to considerably
increased scatter, indicating that Eq. (32) is preferable.

It is thus not surprising that Eq. (24) and Eq. (10) do not correspond.
Attempts to fit the high velocity data by Fq. (10) by a method of least squares led

to a consider: ly larger standard mean deviation than when Eq. (24) was used,
indicating that the latter is preferable.

6. EMPIRICAL LOGARITHMIC LAW

Individual least squares fits were obtained to the experimental data for
cuch projectile-target material combination, fitting Ky and K2 in the equation

2= log {1 + -E-.} (35)

by using a standard iteration method on a high speed digital computer. Only
materials exhibiting "ductile" behaviour were included, since for "brittle" pro-
jectile behaviour, the penetration is not a monotonic function of velocity, and
thus could not be fitted by an equation of the type Eq. (35).

Results are tabulated in Table V. Individual fits are very good, mean
deviations being no larger than the scatter in the data. However, values of
K, and K2 varied with material combination. Attempts were made to find ¢or-
relations of Ky and Kg with elementary material properties. No correlation
was found with €t or Ht , and the best correlations obtained are shown in Figures

23 and 24 respectively on the basis of density ratio, leading to approximate values
of Ky and K :

k, & (0.6 £+ 02)K?®

k, 8 (4 £ 2)K*® (36)

for most materials, although some "anomalous"™ material combinations lie outside
the indicated ranges.

it has been shown that a logarithmic function of form g, (19) can be ap-
proximated by a power law of form Eq. (21) with exponent m = 2/3 over a range
27 < € <6 Lo Eq. {36) may be approximated by

LY
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% = 0.6 Km[+ K2* B]Ua

_z & 0.4 K% g

(37

which may be compared to Eq. (24).

7. DISCUSSION

Although the empirical expressions are not based on physically realistic
concepts, and there is therefore no scund basis for expecting extrapolations to be

valid, it is nevertheless interesting to investigate the consequences of extrapola-
tions to higher velocities,

Figure 25 shows experimental data points and penetration predicted by Eq.
(22) and (35) with appropriate constants from Tables IVand V for' 1020, 1030 and
30 RC steel targets struck by steel projectiles. Also shown are the three theoreti-
cal points computed by Bjork (Ref. 11) for iron targets struck by iron projectiles.
A logarithmic scale has been used to accommodate a wide velocity variation.

The theoretical points of Bjork arc based on numerical integration of the
conservation equations with a realistic equation of state for the solid materials
at high pressures neglecting shear strength. Thus the theoretical points would
be expected to provide a rational upper limit for the penetration in the absence
of shear strength. The steel targets used all have rather high strengths, and it
might be expected that the actual penetration would bhe somewhat below that com-
puted by Bjork, at least at the lower velocity (5.5 km/sec).

The experimental data for all three targets lay in the transition region,
the highest velocity points bordering on the high velocity region. Thus the log-
arithmic fits are strongly influenced by the transition strength effects, discussed
in Section 5. The effect of the transition region strength in reducing penetration
is more marked at low velocity., Thus the effect is to increase the initial slope
and increase the curvature of the two-parameter fit, These two effects partially
offset one annther, as may be seen from Figure 25, so that the extrapolations
agree fairly well with Bjork's point at 72 km/sec., However, the extrapolation
may be expected to overestimate the actual penetration at lower velocities.

A similar plot for 24ST and 1100F aluminum targets is shown in Figure
26. In this case, the 1100F material was very soft, and almost all of the experi-
mental points used in the data fit lay in the high velocity region. Thus, transition
strength effects have only a weak influence on the fit.

In view of the very limited physical significance of the logarithmic fit,
the remarkable agreement of the logarithmic fit with Bjork's theoretical points
must be considercd somewhat fortuitous. It may be pointed out that the log-
arithmic expression fits the theoretical points of Bjork considerably better than
a law of the type p/d = gy V3.
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For the 24ST material, the transition region extended to about 2. 5 km/sec,
so that transition strength effects have a somewhat greater influence on the logarith-
mic fit. Nevertheless the extrapolation shows just the type of behaviour which
might ke expected. The penetration is less then that predicted by Bjork neglecting

strength effects, the offset being reduced as the velocity increases (this is still
irue on a linear scale).

It must be pointed out that transition strength effects may be such that
extrapolations of the logarithmic penetration law for material combinations other
than the five considered here (Figs. 25, 26) may be quite unrealistic. The power
law extrapolations in each case, of course, lead to much|larger predicted penetra-
tions than computed by Bjork. Based on the assumption that Bjork's calculations

provide a reasonable upper limit, it may be concluded that extrapolations of the
power law are unrealistic,

Based on the previous discussion, it may be speculated that there will be
another region of impact in which the penetration will be proportional to vi/e .
It is to be expected that target material strength effects will in fact be negligible,
and craters will be hemispherical, in this region, It would be appropriate to
reserve the name hypervelocity for this region,

The lower velocity limit of this region will clearly be a function for target
strength, as it may be theorized that, based on the logarithmic penetration law,
the limit will be given roughly by

B 5 36
k2 (38)

with K2 supplied from Table V. However, since the slope and curvature of
the logarithiic fit are strongly influenced by the transition strength effects, it
is clear that the limit Eq. (38) cannot be expected to be too accurate. As data
become available at higher® velocities, definition of the limit can be refined,

The lower limit of the hypervelocity region, prcdicted by Eq. (38), is
11.4 km/sec for aluminum striking 24ST aluminum targets, 5.3 km/sec for
aluminum striking 1100F aluminum targets, 8.2 km/sec for aluminum projectiles

striking .half hard copper targets, and 2 km/sec for lead projectiles striking lead
targets.

An additional effect may enter in the hypervelocity region. Since the
compression of the material is by a shock process and expansion is adiabatic,
the material is left at a higher terhperature than ambient on release of pressure.
While little effect may be expected during the high pressure phase of the motion,
material strength may be drastically reduced during the later stages of the motion,
particularly for low melting poirt alloys, leading to increased penetration. It is
possible that this effect may be operative in lead at velocities near 2 km/sec, and
thus mask a change in penetration law from y3®to V8,

It may be notcd tnat thc Best Number has the significance of the ratio of
a px_‘essure(p' Vz)to the strength of the material. Somewhat greater physicai
significance mdy pbe introduced by assuming that the instantaneous interface pres-
sure is related to the instantaneous velocity by the shock relation Eq. (29).
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Integration of the equation of motion Eq. (4) with

k.4 2 *
F=kigd (P + kz2Hy) @)

then leads to

¥
P ==1}-
P = leIOQo{| %7 sz.} R (46)

where R may be shown to vary with velocity but become a small constant at
high velocities. It is interesting to note that when V >>» ¢t the first term in
the expression for p* Eq. (28), is negligiblc compared to the second. Noting
that S, is nearly 1.5 for all of the materials considered here, it appears that
Eg. (36) is an approximation for Eq. (40) at very high velocities. This suggests
that a correlation of the type Eq. (40) may be feasible. In fact, some of the
scatter in the constants of Eq. (36) may be due to the poor approximation for
the interface pressure in Eq. (36).

8. CONCLUSIONS

Two empirical fits to the experimental data have been found., When used
with constants given in Tables 1V and V for the particular material combinations
which have been investigated experimentally, these expressions are useful for
interpolation purposes within the velocity ranges covered by the data.

It has been shown that material strength inlluences penetration in the high
velocity region, defined as the region in which the pcnetraticn is approximately
proportional to the two-thirds power in velocity. Craters in this region are not
necessarily hemispheres. The effects of target sirength arc expected to be non-
negligible throughout the high velocity region. A hypervelocity repion is postu-
lated, in which target strength will in fact be negligible, but it is likely that
penetration will be approximately proportional to the one-third power in velocity.

Only very rough correlations of the constants in the empirical expressions
with simple functions of elementary material properties can be found. That some
correlation exists at all must be ascribed to the fact that there Is some correlation

between dynamic compressibility and strength properties, and etementary static
properties.

While the existence of a dependence of the constants 1n the correlation

expressions on more complex functions of etementury material properties cannot
be ruled out, 1t appears to be a hopeless teshk (o deduce g

functional relation-
ship trom the data alone. This 18 partialiyv due to the low precision in many of tne

g3

medasuremeants, and partially due to the fact that only very Tew material combinations
have been investigated in the high velocity region, so that insufficient information
exists to untangle the separate eifects ol the many comptex phenomena occurring
furing the crater formation process.

The simple correlation expressions used here were derived on the hugis

Tuite unrealistic physic al models of the cratering protess.  Therefore, they
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cannot be expected to contain much physical significance, nor to provide a
rational basis for extrapolation, Before much further progress can be made
it would seem necessary to carry out further theoretical work on the cratering
problem, in order to be able to deduce a more physically realistic functional
relation. Such a theory must necessarily contain realistic compressibility,
geometrical and strength effects. This involves integration of the strongly
nonlinear differential equations of motion and equation of state.

While numerical integration will not lead to a functional relationship
such as that sought, an-extension of Bjork's analysis to include shear strength
should be attempted, if only to gain deeper insight into the magnitude of the
varied strength effects occurring during the cratering process. Such insight
may then aid in deducing the required relationships.

It may be concluded that the present empirical relations have very
limited physical significance or valuc for extrapolation purposes, a property
generally common to empirical expressions. Without a rational theory, no
information can be gained, other than that contained in the experimental data.
However, a good understanding of the physical phenomena accompanying the
cratering problem has been gained. Further work should therefore be directed
towards formulating a rational theory.

The help of personnel from most of the laboratories listed 1n Table 1
both in making data and other information available, and in discussion is grate-
fuily acknowledged. Without thec patience and understanding of Miss Helen
Petridcs, who programmed the lcast squares fits, and organised the data un
punched cards, and of Mrs. Marion Andrews cf the Lincoln Computation Centre,
and Miss Maxine Weiner who typed the manuscript, this study could not have
been carried out.
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REVIEW AND ANALYSIS OF HIGH VELOCITY IMPACT DATA
E. P. Bruce
General Electric Company

Philadelphia, Pennsylvania

ABSTRACT

A thorough review has been made of existing experimental data applicable
to the impact of high velocity projectiles with semi-infinite metal targets., Em-
pirical equations relating depth of penetration and erater volume to properties
of the projectile and target have been derived based upon the assumptions that:

1) projeectile shape does not affeet crater shape for projectiles which
range from spheres to eylinders up to one caliber in length, and

2) craters are hemispherical,
Both of these assumptions are supported by the available data, Additional

data and/or a rigorous theoretical treatment of the problem are required to
evaluate the utility of the equations at higher impact velocities,

SYMBOLS

Pe - depth of penctration, measured from the plane of the undamaged
target surface to the deepest point in the crater,

D¢ - crater diameter, measured in the plane of the undamaged target
surfacc.
l)(.‘\1 \J - crater diameter, used onty in describing craters formed under
4 e N

oblique impact, measured in the plane of the undamaged target
surface and in-line with the projectile trajectory.

D(-\”\. - crater diameter, used only in desceribing craters formed under
g AN . .
oblique nmpact, measured in the plane of the undamuged target

surface and normai to the projectile trajectory,

Ve - crater volume, measured to the plane of the undamaged target
surface,
Vp - projectile volume,

439




REVIEW AND ANALYSIS OF DATA

P p - projectile mass density
P T - target mass density
v - impact velocity, measured normal to the target surface for impact

at either normal or oblique incidence,

C - velocity cf propagation of a plane longitudinal wave in a slender rod.
D - diameter of a cylindrical projectile

L - length or heigat of cylindrical projectile

Dg - diameter of a spherical projectile or diameter of a sphere having

the same mass as a cylindrical projectile.

e - incidence angle in oblique impact, measured from the normal to the
target surface to the projectile trajectory.

INTRODUCTION

Early in 1960, a review of existing single particle metal-to-metal impact
data was initiated at the General Electric Missile and Space Vehicle Department,
The reasons for this review were three-fold. First, the available data and
analysis indicated that a uniform crater shape, that of a hemisphere, was appiroached
as the impact velocity increased; second, the available, general, empirical rela-
tions for depth of penetration and crater volume were based on only a small perticn
of the existing data; and third, the existing rciations for depth of penetration and
cratcer volume, while based on separate analyses of penetration and volume data,
did not vield a compatible set of equations. Specific reference is made to the fol-
lowing equations 1

2/3 2/3
PelbDg = 2.28 (pp/pp) / (v/c) / 1)

/2

3 2
VelVp =34 (pp/Py) (v/c)

(2)

which were, at the time this study was initiated, the latest and most generally
applicable relations in the field. H the assumption is made that for sufficiently
high impact velocities only hemispherical craters will appear, then ihe penetra-
ameter and the crater volume parameter / are
tion parameter (pp/l)q) p (VC/\/P) re

related, from geometrical considerations alone, by

VoIV

- 3 2
C P - 4 (})C/DS) ( )
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Examination of Equations 1 and 2 shows that they disagree with the requirements
of Equation 3 both in the value of the jnumerical constants and in the exponents
to which the quantity (pp/pT) is raised, Consequently, the available data

were examined to determine the projectile-térget systems for which hemispherical
craters had been observed. A % 20 percent limitation on (Pc/Dg) was selected,

that is, only penctration and volume data in the veiocity range where  (P/D¢)

had reached and remained within the limits 0.4 < (Pc/De) < 0.6 as the
impact velocity was increased were considered. For these selected cases, a
method of analysis similar to that used by Huth, et al. ,2 Charters and Locke3,

and Summers 1 was utilized. Specifically, the penetration and crater volume data
were examined to ascertain whether equations of the same form as Equation 1 and

2 would result which would, at the same time, satisfy Equation 3. In order to
incorporate data obtained as a result of impact investigations in which non-spherical
projectiles were used, the diameter of a sphere having the same mass as the non-
spherical projectile was calculated for these data and used in determining the pene-
tration parameter (PC/DS) . Kineke's investigations with cylindrical

projectiles of varying fineness rati 4 form the basis for this step. Midway
through this analysis, the data presented at the 1860 Hypervelccity Impact Sym-
posium by Kinekes, Atkins 6, and Maiderl7 were included in this review. These
daia represent a large percentage of the available high velocity data.

IMPACT AT NORMAL INCIDENCE

The sections that fellow are devoted to the presentation and analysis of.-
impact data. Detailed information describing projectile material, size, and
shape; target material; projectile and target material properties; and param-
eters of interest with respect to the projectile-target system are presented in
Table i. Material properties have been taken from handhooks in all cases where
they were not prescnted in the data source,

Crater Profile
Data illustrating the variation of (P¢ /D) , the ratio of crater depth

to crater diameter, with impact velocity are shown in Figures 1-7 for projectile-
target systems 1 which projectiles of various materials have been impacted
against targets of aluminum alloy, zinc, tin, steel, cadmium, copper, and lead,
The low velocity peaks in the parameter (PC/DC) , which occur only in certain
systems, are associated with undeformed projectile penetration. The higher
velocities required to produce projectilc shatter also produce increasing degrees
of flow in the target with the net result that even though penetration is increasing
(cases have been observed where penetration initially drops off with the onset of
projectile shatter 1) a larger increase in crater diameter is taking place due to
the dissipation of momentum in the targct. [Examination of the lead target data
indicates that both the presence ano amplitude of the low velocity peak depends
upon some function of the relative projectile-target densities and strengths, The
tungsten carbide-lead system exhibits the highest peak -- tungsten carbide is
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TABLE ! AUMMARY OF PROJECTILE, TARGET. AKD FROJECTILE-TARGET AYSTEM FROPERT(ES
PROJECTILE TARGET evsTEM
» " Ll
n ’ ¢ 3
HIE A SHAPE MATERIAL MATERWAL - wn s | oy | B x, | seremence | ¢
. vem (m Jem ST
3/8-\n dia sphere Aluminum 28 1100 F Aluminum mm 3 041 1037 [338 JaTee [ O
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1a @2 aphere §0.338 0 55-in dia e 217 | same as projecinie IR s 108 1 R RTRE 113 lo]
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Vie-ia ds ephere 2ine 7.13 Same as projecilie 713 3 om0 1 81 | 3oz 1" (]
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030 and s mengan-
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VARIATION OF CRATER PROFILE PARAMETER WITH IMPACT VELOCITY FOR
VARIOUS PROJECTILE MATERIALS AND ALUMINUM TARGETS
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VARIATION OF CRATER PROFILE PARAMETER WITH IMPACT
VELOCITY FOR TIN PROJECTILES AND TIN TARGETS
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VARIATION OF CRATER PROFILE PARAMETER WITH IMPACT VELOCITY
FOR STEEL PROJECTILES AND CADMIUM TARGETS
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boih stronger and more dense than lead. However, both steel and eopper exhibit
peaks while 2024 - T3 aluminum does not -- all are less dense and stronger than
lead.

The data show, however, that as the impaet veloeity increases, the erater
profile parameter (PC/DC) approaches 0.5, the value corresponding to hemispheri-

eal craters. The velocity at which this level is reached can be quite high, particu-
larly for cases in which either strong heavy or strong light projectiles impact
against a strong target as illustrated by the data for tungsten carbide and 2024 - T3
aluminum impacting steel (Fig. 4).- It is of interest to note that the (pC/DC) =0.5
level is, in general, reaehed at a relatively low veloeity for systems in which the
projectile and target are of identical materials. The data for the aluminum pro-
jectile - 1100F atuminum target system (Fig. 1) also indieate that small differences
in material densities do not alter this observation.

4.0 —~ VARIATION OF CRATER PROFILE PARAMETER WITH IMPACT VELOCITY
FOR VARIOUS PROJECTILE MATERIALS AND LEAD TARGETS
3s b FIGURE-7
PROJECTILE MATERIAL SYMBOL REFERENCE
30 TUNGSTEN CARBIDE ® 6
LEAD foXo) ¥}
COPPER e 13
25 - STEEL AALMN 45)3,16
o} ALUMINUM a 6
20 % 8 2024-T3 ALUMINUM of 13
(P/D¢) o
15 + %
A o)
10 —%A A
" o HEMISPHERICAL CRATERS
05
o
0 1 i 1 ] ] 1 | ] i 1 1 J
0O 05 10 135 20 2% 30 35 40 45 50 55 60

IMPACT VELOCITY-KILOMETERS PER SECOND

Depth of Penetration

The penetration data for all projectile-target systems whieh have reached
and maintained a value of (PC/DC) within the established 1 20 pereent tolerance
are shown in Figures 8-14. These data, as presented, deseribe the variation of
penetration in sphere diameters with the non-dimensional veloeity parameter

(v/c) . The data have been arranged in the order of increasing target density
and subdivided to reflect effects due to increases in projectile density for eonstant
target density, The vertical line shown on eaeh figure separates the data for

which P(‘ /D(‘L) is within f 20 percent of 0.5 from the lower velocity data --

L
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only data to the right of this line have been used in this analysis. These data

have been analyzed, by a modified least squares technique, to determine the
constant Kj in the following relation:

/3

P /DS = Kl(v/c)2 (4)

C

Normal least squares fitting procedures would result in determination of both

the constant K; and the exponent; however, the exponent was fixed in this analy-
sis since it had been established in a number of separate investigations 1,5,6,
The values of K thus determined are presented in Table I,

The penetration data for the 2024 - T3 and T4 aluminum, steel, and copper
systems in which the projectile and target materials were identical (Figs. 8b, 11,
and 13c respectively) and for the 2024 - T3 and T4 aluminum projectile-copper tar-
get system (Fig. 13a) illustrate systems in which the (P-/D¢) = 0.5 level is
reached either at relatively low velocities and maintained throughout the velocity
range or by a build-up from values less than 0.5. For these systems, the varia-
tion with (v/c)2/3 is reached by a smooth transition after a higher power depend-
ence., The penetration data for the following systems illustrate cases in which
the (Pc/De) = 0.5 leve!l is reached following low velocity undeformed pro-
jectile penetration in which much higher values of (P /D) are attained;
steel projectiles-copper targets (Fig. 14b), and copper projectiles—leé'lFBtargets
(Fig. l4c). For these cases the variation of (PC/DS) with  (v/c) is

reached after a similar higher power dependence followed by a region in which
penetration decreases and then increcases. No effort has been expended in trying
to define a minimum velocity at which (v/c)2/3 dependence will appear for a

given system. The two types of build up io this dependence are of primary interest
in low velocity applications, however, thc rather complete picture thus afforded
illustrates that, for many systems, the highcst velocities recorded werc barely
sufficient to yicld impacts that produced the characteristic high velocity crater
shape.

Crater Volume

The crater volume data, presented and ordered in a manner similar tn
that uscd with the penetration data, are shown in Figures 15-21, These data have
also been analyzed by the modified least square technique to determine the con-
stant Ko in the relation

. . 2
VelVp = Ky (v/c) (5)
The cxponent was [ixed as shown in Equation 5 based upon the results of a number
of’independent investigations, 1. 5.6, 7 many of which included portions of the total
body of data included 1n this analysis. The values thus obtained for Ky are tabu-
lated in Table L

“u7



REVIEW AND ANALYSIS OF DATA

{o/a)

068 L9 S ¥ €62 2 &1 068495 ¥ €62 2 € 10
1o

) s

8]

0 2
sz

ﬁu 5

d°
»
1l
H o oo WAN:NNTY €1-9202 L.% -1¢
1 P o WONINOTY $1- 9202 9
= 139MV1 ONY ¢
| 30NINIIIM W0BNAS 34 53r0uq:STIVINILYN {5 H
3 o1 {50/ %)

n\m.unodwlv\\ 3) b

7 . 2
sz

€

q31= (a77) - S 1GBNAS 0399V 4
S3HIHAS- ST0BNAS CIDOV1INN R
3dVHS 311193r0Nd

s

°

ra

8

6

ol

q8-34NOI4

S139¥VL OGNV S3NLI3M0Nd ACTIV WANINNTY HOJ H3L1INVHVIS
ALIDOTI3A LOVAE H1IM ¥3LINVHVE NOILVHLINId 40 NOLLVIHVA

1378

o168 LY S ¢ £82 2 S 0168 ¢ 9§ r 62 2 © 4
" T T 7 T T TTTT T T T T T (4]
* m —t S ~ s

| |

bt e i — e 1
it ﬁ 4 * + - : + S e e —H ¢z
#“_»L_ +——t T T ~H¢

)i | b | S | JULA I e .
_ _ T — _ 1 T IBEREREER 14
- 1 L 1 b1 (8 (L () ) ) (s (| .
9 b NOKINNTY 300 A4
3IONIHIAIM 0ENAS IviHILYN 130NV 14

- i —
o o i i e 5[ A S |

4; e 4 L @ o (50 %)
.

b+ {——] s

“ 1 +——y——1 2
I | + R 62

\ | €r70340% - 1€

1 {1 $3U1I3r0¥d WIININGS |

T 11T TTT T 1T 7T T T T .*v

: b ¢

+ e e e S T »
HH!T.TZ:.TFQ e S i

e f% D A.

1T T izt i e St

©g-34N914

S139HVL AOTIV WNNINNTY ANV S3THLO3rON¥d WNNINMTY Y03 ¥3L13WVvHWd
ALIDOT3A LOVAWI HLIM H3L3WVHVd NOILVHLINId J0 NOLI™HVA



REVIEW AND ANALYSIS OF DATA

Q) (o/4)
e L9 E ¥ tez ez ¢ ol168¢ 9 € ¢ tsT 2z o 10 068 L9 S @ tsz z s 0168L 9 € v £¢2 2 ¢! 10
0 - T T 7 10
_ |
5 i s
2
4 HH R
¢ T T 1 sz
8 Y S SR S
] o v {
DNIIT 00 i —— s
5 5 4 c Iz | 4_ R "
* M 3ow3u343u  sTomwas  LIOUYL ONY 3 LI300Ug _H-+ =3 €
2 14— 9
6 . P ¢
5 Ot (%ar%) ' J=7|8
bi |° - M‘ 1 o1 (%a/%0
. T
4 - 4 4 ——
o A 2 T ¢
7 ¢z L - 4 D S S
£/213078 ¢ g 3308 7 1 i 2
P + % B U GEE Y
SITLIICOUd IWHYONAD —— ¥ 1 —JL JU_ e —{ ¢
s S3M3INIS - SIOBMAS OISOV 1IN
9 3dYHS 3NLIICO A
: R B S S
6 —
o ! iy s
96-3uN914 ! T—s
S139HVL ONIZ ONV S3LI3MO¥d 1331S ¥0J ¥ILINVAHVd “ T M
1

ALID0T3A LOVANI HLIM B3L3NRVHYD NOILVHLINID 4O NOILVIBVA
D6-—3YNOI4

$1394vL ANV S3TNLI3rO¥d ONIZ HO4 ¥3L3INVHVd
ALIDCTI3IA LOVANI HLIM ¥3L13IWVYHVd NOILVHLINID 40 NOILVIHVYA



REVIEW AND ANALYSIS OF DATA

(78)
ol168L 9% » § 2 01%9L 9% v € k4 0e6sL S ¥ € 2 100
100
t4
£
»
<
]
IS
e
13
oo
€ PO (137avi 338) 133is
: [o) 13345 O€O! 161V B
1.30¥VL ONY 3711931084 z
INIYIIIY TOGNAS EvieN o
<
Ly v
4
3 ’
s
§
| '
T
€72+ 34078 \lf q
.
—~
\ “AD 1 (@7 ) - STOBWAS 0399V 1d — |
$3¥3HJS - STIOBMAS 03IDOVIINN
3dVHS 313r0ud —
1 d
<
L )
IS
L]
&
11-38N914

S1394WL ONV $371193M0¥d 1331S ¥0J ¥313WvYHVd

%0/7%4)

ALIDON3A LOVAWI HLIM 331INVEW NOILVYLIN3d JO NOILVIHVA

(9/A)
0I6B L8 & ¥ €62 Z Gl OCl6eB:29 S ¥ €62 2 s 10
T 19
i
z
52
(G1ON ONVE NI 16VD S130uViei o) NiL 1€
({070W 13318 NI 1SVD S130MVLIM () NIL
130MV1 ONV 3W13roue 1%
IINFNION WVaNAS caviegivm 1
.
4
N
.
N (8gr2)
4+ 51
W 1
h A qsz
1334076 =17 :
637111931084 TWIINIHGS
JD SR
s
w 9
I.I..]_ s
e
! .
I a
Ol -34N914

$139¥8vl ONV S$371103r0dd NIl HO4 H3ILINVHEVd
ALIDOTI3A LOVAWI HLIM H3L1L3INVHYD NOILVEL3IN3d 4O NOILVINVA



REVIEW AND ANALYSIS OF DATA

s
(9/7na) ()
ole8L9S v ¢ 2 068L9 S v ¢ 2 oreee 95 v ¢ [4 100 016 82 9 & ¢ € ¢z 2 - o168 L 9 & g e2 2 ¢ o
100 ~ [Ke]
: | "
] p‘o WNNNINNTY  €1-0202 £ m :
1 o) ANNINATY o1 - 9202 M 1 —1 ¢
<
30N3¥3334 I0ENAS  IVIHILVA 3 NLDIr0Hd ’ |
m.,o . =] + v
El FUEFEL] I0BNAS ¢
N I T + * —1 ?
t Pl
= ¢ B — 4
: < (50/%a) 18 s’
N% 1 4
0 ¢ Q y —{ &1
9
T ¢ S P - 42
e - 81 “. + c2
AN H ]
€/2+34078 s dat@) I i
J\%‘ 94 1510/ T)-§ 108NAS 0399V 13 T o ¢
SIUIHAS - STOBNAS GIOOVIINA 1 ] —
34VHS 311L03FONd $37103r08d TWOHONITAD v
€
T T — &
’ s
& . ]
: e
§ 1 i 3
pg1-38N914 o 2I1-3un9o14
S1398VL WNINAGYD ONV $311103r0yd 1331S ¥04 ¥ILINVYY
S1394VL H3dd0D ONV S3T1L03rodd ATTIV WININMTY HO4 ¥313NVHVd ALIDGI3N LOVAAI HLIM H3LINVEVA NOILVHIINId 40 NOILVIMVA

ALIDON3A LOVAWI HLIM ¥3L3NVHVd NOILYHLINId 30 NOILVIHVA

451



REVIEW AND ANALYSIS OF DATA

t3/n)
(a/4a)
®e@gL9 s » € 2 0168496 » € 2 0o68L9GC ¥ € 2 00 0168 & 9 ¢ 2 £ €2 2 14 0168 ¢ 9 & v € 67 2 (3] 10
TTT T 7T LA R R L L o _ _ *ﬁ T T T TT - - ——— 10
€ vV 434403 A | | 11
I o] ¥3dd0d ! 4 T 7 N e e
G
4 © 434403 . . e 8
NI OMAS 1 55 oug SavikILY o o _ e o s s e .
I n v N €l (1 37@vs 33s) 133is 7 e &
; " s o) 1338
@ | s cEED I o S
8 IONIWI4IW SI0BWAS TviMIlww 3TuoIrOWd | O
— T T T e S e e By o S
£/2+ 34078 R “ + o~ |+M.Q e 5 <+ =
Sq, 2, T 1|1+H64H — s
+—t—t— - - - -~ 2
¢ f0/7d) +—t—+ ZJ,H B s -+ 01 (%a/%)
v 1 € [> ok
: | RE
s mmy t—t——11 229] e e R T e | 48!
4
us 8 P 4 J §
! 8 €/2+3d01S T T T T T ¢
- 5 50 O S e S 8 Jez
A2 1=10/7)-SI0BWAS 039974 T T SHIANITAD- S108AAS a39ovIs ¢
| $343IHAS - S10BNAS 03%0VT1aNn | ¢ | §3Y3AdS- SI0BWAS QIO TANN
3dYHS 371103r0Hd T ] B SRR 1°
i N i . e S e i 0 A T ] §
' -+ S i s Rt fum s St I
g —— £ 14 0 0 e e OS -
A +—+ - 4 b e e
s e e e S s s o
2¢)-38N914 q¢l-34N914
S1395YL NV SINLIIr0Nd ¥IddOD HO4 HALIWVHYL $1398VYL 43d4d0D ANV S371L93r08d 1331S 804 H313INVHVd
ALIDON3A LDV HLIM HILIWVHYD NOILVHLINId 4O NOILVIHVA

ALIDON3A LOvdidl HLIM H3LINVEYY NOILYHLINId 40 NOILVINVA

42



REVIEW AND ANALYSIS OF DATA

(3/a)
oléas 9 ¢ » €c2 2 SI 01682966 ¥ €822 & ro
10
Sl
2
§2
[
[} yujal (1378ve 33$) 13318
T s o 13318 4
[T 308383438 10GNAS IVIEILVA 3711103r0Hd 3
9
=1 ¢
]
6
o1 (50/%;)
o | lal n ]
P 3]
2
Y
In 2] o
24, c2
! €
bm SYIONITAD - §TO0BNAS 0399v1d
£/2:3d075+] $393IHAS - §T10BNAS 039OV IINN ——] ¥
P 3dVHE 311L03r0ud 3
[~
°
L
]
i 6
1 e]]
qbi-3HNO 14

S139HVL QV31 OGNV S371LO3r0Hd 1331S HOJ ¥313IWVHVd
ALIDOT3A LOVAWI HLIM H3L13NVHYd NOILVHLIN3d 30 NOLLVIEVA

(3/4)

o6 29 & ¥ €82 2 olee s 9 § » €62 2 ¢! 10
T 1]
|

1
2
$2
J
o € jojao} RONINNTY £ 1-9202 €
I3 o] MANINNTIY  ¥L- 9202
o i 4
3ON3U343Y  TOBNAS  IVINILYN 3L Oud = q
jol
[
£ +-0 !
+
— [}
6 $q,0
o1 °a/d)
< S
" 4
— 12
€2 34018
I s2
p7d A9 1(@/ NN-§108WAS 0399vIs — | §
S3MIRAS STOBNAS 0399V 14NN
3dYHS 311123r0Nd i
]
|
- O
I
— 9
3
Le]]
DI-38NOI4

S1398V1L V31 ONV SIVLIAN0Ud AOTIV WNNIKNTY 8O HILINVHVI
ALIDON3A LOVGN) HLIM ¥313WVEVd NOILVHLINId 40 NOLLVIHVA

433



REVIEW AND ANALYSIS OF DATA

)

OB L9 S » S22 M 016829 S ¥ €8T 2 10

o

= sl

ol 2

&2

£

v

1 v ¢

1T #» o] 2

T o ) L

T 3oM3u3438  0ENAS u
o1 (%q/%)

— (-3

+ 2

4_ sz

4 3

€72+ 34075 1
WD 14(0/T) — SI0GMAS 0300V ___|
STUTHIS - SIOOWAS 4390V 1NN

3dVHS 3 WLO3INONd s

?

i

°

6

ol

P¥I-3¥N914

SLIADYVI ANV SATILDILOdd AvdTl
YOd dILIANVIEVA ALIDOTIA LOVANI HLIM
YILIWNVEIVd NOILVILINAL A0 NOILVIYVA

(¥a)
o60 L9 s v £S2 T s§I Oe8L 9 S v €82 2 €I
i
1
€ 00
IONWLI 08MAS
©
o]
1 -
o)
£/2« 34078
t
MAD 1+{0/9- $T0GNAS 0300V 14
$3uINgS - VIS 0IDOV
VNS TULIINOMd
)
d¢1-38N91J

$1398VL QV31 GNV S31LI3M0¥d H3dd0D HOJ H3L3INVEW
ALID013A LOVdW! HLIM HILIWVHWS NOLLYHLIN3d 40 NOULVRIVA

454



REVIEW AND ANALYSIS OF DATA

The volume data do not reflect the changing nature of the parameter

(pC/DC) as strongly as do the penetration data. The crater volume data at

low velocities in systems that reach the (Pc/D¢) = 0.5 level either at rela-
tively low velocities and maintain it throughout the velocity range or by a build-up
from values less than 0.5 (Figs. 15, 17-19, 20a, 20c, 2la, and 21d) show very
slight, if any, deviations from the established high velocity variation. However,
for every system in which (pC/DC) has peaked at a value above 0.5 at low

velocities and has reached 0.5 from above at higher velocities, a definite shift

is present in the volume data that is associated with the transition to high velocity
cratering after projectile shatter occurs. In every case the shift is toward lower
high velocity values of (V /VP) than would be estimated based upon an extrapo-
latic» o low velocity data.” This characteristic behavior is illustrated by the fol-
lowing prejectile-target systems: steel-copper (Fig. 20b), steel-lead (Fig. 21b),
and copper-lead (Fig. 21c).

Effect of Projectile and Target Density

The penetration and crater volume data for systems in which zinc, copper,
and lead were used as targets indicate, by increases in K; and Ko which cor-
respond to increases in projectile density (see Table I) that penetration and crater
vclume are functions of projectile density. The data also indicate, for systems
in which aluminum, steel and copper were used as projectiles, that penetration
and crater volume are also functions of target density. The crater volume (Ks)
data have been plotted versus target density (for constant projectilz density
families) and versus projectile density (for constant target density families), as
shown in Figures 22 and 23. The resultls }of previous investigations 1, 7 indicate
that Ko should be proportional to (pT)‘-3. 2 and to ( pp)3/2 . Accordingly,

lines representing this variation have been drawn through the data for each family

in Figures 22 and 23, The data exhibit some scatter; but in general, lhey sub-

stantiate the previous results.  The penetration data (Kq) permit an independent

check on these observations, since, If these data satisfy Equation 3, then Kj
-1/2 1/2

should be proportional to (P 1) and to (Pp) . The penetration

data are presented in Figures 24 and 25, along with lines which deseribe the

above variation for each family. The proposed variation adequately describes

the actual variation, indicating compatibility between the penetration and crater

voiume data as required by Equation 3.

Correlation of All Data
The step remaining in the establishment of general penetration and crater

volume equations requires a determination of the constants of proportionality in
the relations

2

1/2 2/3
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and

3/2 2
VelVp = Ky (PP/_PT) (vie) (7

Equation 3 again provides a check between the two sets of data, since it requires
that K4 = 4 (K3)3. The values of Kj and K4determined by averaging over the
complete body of data, thereby giving the data from each projectile-target system
equal weight, are: Kg = 2.01, and Ky = 30.25. The agreement between the sets
of data is again satisfaetory, since 3 [Ky4 = 1. 96, The following general
equations, which satisfy Equation 3, thu4s result for high veloeity cratering in
semi-infinite, ductile metal targets:

1/2 2/3
P./Dg = 1.96 (Pp/p) (v/c) (8)

/2

3 .2
Vo/Vp = 30.25 (Pp/pp) tv/c) C)

It should be noted that these equations are based on the limited amount of data
presently available and that the objective of this stydy was to develop equations
suitable for engineering estimates of impact effects. Consequently, extrapolations
to higher impact velocities are, as yet, largely unsupported by experimental data.
However, micro-particle data8 at an impact velocity of 10 km/sec for steel pro-
jectiles impacting both copper and lead targets supports both the dependence of
penetration on the two-thirds power of the impact velocity and the observation

that high velocity impact craters (for particles larger than the material grain size)
are hemispherical,.

In order to illuscrate the accuracy of Equations 8 and 9 and to compare
them with Equations 1 and 2, the predicted values of (pC/DS) and (VC/VP)

evaluated at (v/e) = 1, given by each expression have been plotted for each
projectile-target system versus either Kj; or Ky. The results are shown in
IFigures 26 and 27, Dashed lines representing ¥ 10 percent error limits have been

drawn on cach curve, These curves illustrate the following:

1) that fquation 8 generally predicts depth of penetration more
accurately than does Equation 1,

2) that the crater volume data are not accurately predicted by either
of the equations, with Equation 9 possibly more accurate than

kquation 2.

3) that the data in which al'iminum alloys were used as targets are
poorly predicted in all cases, and

4) that for systems in which the projectile and target matcrials were
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identical, both the penetration (Kl) and crater volume (K2) data
decrease in a manner that corresponds to increasing material
strength or hardness properties.

The inability to predict cratering effects in the aluminum alloy targets could be
due tc a number of things. First, the data cover a range of impact velocities
which does not extent to the value of the rod sound velocity (c) in these materials.
Kineke? has established the following conditions for a truly hypervelocity impact:

1) the crater must be hemispherical in shape, and

2) the component of the impact velocity normal to the target
surface must be greater than the velocity of a plastic
(dilatational) wave in the target.

The dilatational wave velocity for the aluminum alloys (approximately 6.2 km/sec)
exceeds the rod sound velocity -- consequently, even though these data fall within
the (PC /DC) limits established for this investigation the maximum impact veloc-
ity falls far short of the dilatational velocity. Second, the properties (shear
strength, hardness, etc.) of aluminum alloys vary over a wide range. While no
strong effect at high velocities due to material strength or hardness has been
indicated by the remainder of the data, the aluminum alloy target data combine

a relatively low maximum test velocity (when compared with the dilatational wave
velocity) with relatively high strength target materials, possibly resulting in a
strong low velocity-material strength effect. Additional, higher velocity data

for these alloys are required to clarify this issue.

The variation in K, and Ky for the identical projectile-target material
systems indicates that penetration and crater volume are also dependent upon a
weak function of the target material properties. Several authors have suggested,
based upon either experimentai results or theoretical considerations, that impact
cratering is dependent upon various mechanical or physical properties of the
target material. Rinehart and Pearson?, and PalmerliQ et al , have found that
target shear strength is an important parameter. Allisonll, Summersl, and
Feldmanl? have shown effects due to variation in target Brinell hardness. Within
the limitations of the present study, however, these parameters do not appear to
have a strong effect. As in the case of the aluminum alloy data, additional higher
velocity data are needed before a definite conclusion can be reached,

IMPACT AT OBLIQUE INCIDENCE

The preceding section was.limited to an analysis of the case in which the
projectile approaches the target along the normal to the target surface, This
section is devoted to an examination of the data which apply to the related prob-
lem of impact at angles of incidence other than normal,
Crater Profile

The limited amount of data illustrating the variation of ([’(‘ /I)(,) with

Impact velocity at oblique angles of incidence are presented 1n Figure 28, The
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erater profiles produced when steel projectiles impact against lead targets at
both normal and oblique angles of ineidenee are compared at equal values of
normal impact veloeity. The oblique impact data represent a series of tests at
6090 incidenee in which both the mass and total velocity of the projeetile were
aried and a series of tests in which angle of incidence was varied while pro-
jeetile mass and total velocity were held constant. It is apparent from these
data that the eharaeteristie high veloeity crater shape is realized in oblique
impact at roughly the same value of normal impact velority as is required in
normal impaet. It is also evident that the low velocity peak in (PC/DC) observed

under normal impact is not present for low values of normal velocity under
oblique impaet conditions. In oblique impart, low normal velocities are asso-
ciated either with very high total velocity - high angle of obliquity impact or with
low total velocity - low angle of obliquity impaet.

Further evidenee that the charaeteristie high veloeity erater shape is
reaehed in oblique impact at high values of normal impaet velocity is presented
in Figure 29. A eomparison of the ratio of the diameter of the erater mouth that
is in line with the projectile trajeetory (DCMA ])' to the diameter at right angles
to the projectile trajectory (DCMIN)’ both measured in the plane of the undamaged

target surfaee, indicates that the craters produeed are cireular at high values
of normal impact veloeity.

Depth of Penetration

Data illustrating the variation of the penetration parameter, (PC/DS )

with the impact veloeity parameter, (v/c) , for oblique angles of incidenece are
presented in Figures 30 and 31. Here data obtained by impaeting eopper spheres
with copper targets and by impaeting steel into lead at both normal and oblique
angles of incidence are compared at equal values of normal impactiveloeity. The
data indieate that under high velocity conditions, projeetiles of equal mass im-
paeting at either normal or oblique incidenee penetrate to the sanie depth provided
they have the same veloeity normal to the surface. In the ease of steel iinpacting
into lead at oblique incidence, the typical transition region between undeformed
projeectile penetration and high velocity penetration is not prescnt, This supports
the earlier observation that the low velocity (pC/DC) overshool does not oeeur

in oblique impact.

The combined crater profilc and penetration data indicate that, under
high velocity impact conditions, it is impossible to determine either causitive
particle mass or vclocity by examination ¢f a crater. Consequently, to the extent
that the surface of the Earth and Moon react as ductile metals under high velocity
impact conditions, these data invalidate calculations of the mass and velodty
cf thc meteorites responsible for terrestrial or lunar cratcrs that are based only
or observations of the craters.
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VARIATION OF CRATER PROFILE PARAMETER WITH IMPACT VELOCITY
FOR NORMAL AND OBLIQUE INCIDENCE
STEEL PROJECTILES AND LEAD TARGETS

FIGURE-28
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IMPACT VELOCITY-KILOMETERS PER SECOND

VARIATION OF CRATER SHAPE PARAMETER WITH IMPACT VELOCITY
FOR OBLIQUE INCIDENCE
STEEL PROJECTILES AND LEAD TARGETS

FIGURE -29
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CONCLUSIONS

A thorough review has been made of existing experimental data applicable
to the impact of individual high velocity metal projectiles with semi-infinite
metal targets. The following empirical relations,

1/2 2/3
P~/Dg = 1.96 (Pp/Pv) (vie)
and
3/2 2
VC/VP = 30.25 1pP/p,T). (v/ic)

relating depth of penetration and crater volume to properties of the projectile
and target have been derived based upon the following assumptions:

1) projectile shape and orientation do not affect crater size or shape, and
2) high velocity craters are hemispherical in shape.

Both of these assumptions are supported by experimental results; however, the
first must be qualified slightly to apply only to either sphcrical projectiles or
to cylindrical projectiles up to one caliber in length.

It should be noted that the objective of this study was to determine
whether an analysis of the total body of impact data would result in a compatible
set of equations’of sufficient accuracy for engineering design purposes. The
extension of the results to conditions not covered by the available data involves
certain elements of uncertainty; however, some evidence is available which
indicates that the trends established by these data appear at velocities of 10 km/sec,

Evidence has also been presented which indicates that, under high velocity
conditions, particles of identical material and mass impacting at either normal
or oblique incidence produce idcntical craters providing they have the same
velocity normal to the surface.
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HYPERVELOCITY LAUNCHERS AND HYPERVELOCITY IMPACT
EXPERIMENTS AT ARDE, FORT HALSTEAD
F. Smith, W. A. Clayden, C. R. Wall, and D. F. T. Winter

Armament Research and Development Establishment
Fort Halstead, Kent, England

SUMMARY

This paper outlines the development of hypervelocity launchers at ARDE
using fairly conventional techniques. Velocities up to 25,000 ft/sec have so far
been attained.

The paper also summarises a series of impact studies on solid targets
and thin plates inclined to the direction of motion. Future tests are discussed.

PART 1 - THE DEVELOPMENT OF HYPERVELOCITY LAUNCHERS

1. Introduction

In 1956 we at ARDE embarked on the development of hypersonic facilities.
Our first step was the development of the light gas gun tunnel (Ref. 1) in which a
light gas at high pressure accelerated a light piston in a gun barrel compressing
and heating a working fluid, usually air. The working fluid was then allowed to
expand through a throat to a working section giving a running time measured in
fractions of a second.

The success of this technique led us to consider the possibility of adapting
it to the design of a launcher for hypervelocity projectiles. Calculations were made
(Ref. 2) on the basis of 4 light gas, hydrogen, driving a light piston to compress
helium which in turn was’'the driver gas for the model. We were particularly
attracted to the use of cornpressed gas at room temperature rather than techniques
then starting in U. S. and Canada involving propcllants, explosives and gas com-
bustion. Subsequently, for safety reasons, we substituted helium for hydrogen.

2. Theory

A series of calculations were made using the now familiar non-dimensional
variables s, t, u based on the simplified layout shown in Figure 2. It is not
intended here to examine the theory in detail, but merely to point out a few conclu-
sions.
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The first point which is often not sufficient'y stressec is the importance
of high speed of sound in the launcher gas (Fig. 3). Al high model velocities an
increase in speed of sound is much more important thaa ¢n :acrease in pressure,
and this led us to think of multiple shock heating ahead of the pistun. In practice,
however, it is difficult to achieve this and at the same time have a pixton ieavy
enough to maintain peak conditions for sufficient'timc. However, we believe th. i
the piston should be light rather than heavy.

Secondly, the non-dimensional curves of Figure 4 show that for infinite
chamber volume, the chamber should be large in diameter relative to the launcher
barrel (curves 2 and 3). If, alternatively, we postulate that the pistoi moves for-
ward to maintain constant pressure and speed of sound there is little gain with
large chamber diameter (curves 3 and 5) but a large gain with a chamb«r of equal
cross-section to that of the barrel (curves 2 and 4). This led us to think that piston
extrusion to give constant peak conditions is a desirable feature. Howevur, when
we look at a typical case (Fig. 5) it is obvious that the gain is only achieved when
the piston face is nearly equal in area to the launcher barrel and moving at very
high velocity. If the piston fails to extrude at the required velocity then thevre will
be a marked loss in performance. If it succeeds in attaining this high velocity, it
is extremely difficult to prevent the piston following the modei down the launcner
barrel and rangc.

In soine circumstances, however, this may not be an embarrassment and'
there may be other reasons why piston extrusion is desirable. Chartcres (Ref. 5)
gives an example whcre a fragile model is limited in the peak accelerations it can
stand, although here of course there must be a loss of perfecrmance when compared
with a model without this limitation.

The conclusion here 1s that the launcher should be tailored to suit the re-
quired conditions and fortunately the caiculations for the design are easy to make
and are a reliable indication of parformance. In our attempt to attain maximum
velocity we have found that bar>el strain and gas wash rather than, as might be
supposcd, our use of the relatively simple techniques using cold compressed helium
as a driver gas have set the practical limits. This is not to say that with careful
design and better barrel materials the more sophisicated systems currently in use
in North America might not yield better model velocities, but at present wc have
achieved velocities of 25,000 ft/sec with a 0. 15-gm, 0.25-inch calibre, model
which is not dissimilar to the results obtained in North Ainerica,

As we said before the main gain in performance if gas wash is not a serious
limitation would be by gain c¢f temperature, i.e., speed of sound in thc gas. Shock
hcating as wc have mentioned is one way, preheating of thc driver gas is another
way if it can be achieved without contamination. Use of propellants to prcheat
tends towoffset the gain in temperature by an increasc in molecular weight of the
gas and some form of electrical heating seems dcsirable. Beccause of the rcduction
in § when spced of sound is increased, a longer launcher Larrcl may then be de-
sirable.

Experiments at ARDE have shown that whilst at 10,000 ft/sec a 100 calibre

long barrcl is adequate, at 25,000 ft/sec 200 calibres length is necessary to achieve
full performances  Higher velocitics will probably require a still longer barrel.
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3. Development of the No. 1 Launcher

Following the theoretical examination of the design of a hypervelocity
launcher, - a small launcher was built, primarily as a prototype of a larger
launcher. The No. 1 launcher is shown in Figure 6. The launcher barrel is 1/4
inch calibre, 4 feet long. The compressor barrel is of 1 inch calibre and 5 feet
long separated from the chamber 3.7 inches diameter, 3 feet long, by a double dia-
phragm. An intermediate pressure between the two diaphragms, each insufficient
to hold the full pressure, is reduced when a firing is required causing first one and
then the other diaphragm to burst.

During the period 1958-59 the driving pressure was limited to 4, 000 psi
due to a lack of suitable pumps and the impact tests described in Part II were made
during this period. A maximum veloeity of 12, 000 ft/sec was achieved in this con-
dition and the effects of piston mass, compressed barrel pressure and secondary
diaphragm thickness were investigated. In 1960 the driving pressure was raised
to 10, 000 psi and a peak velocity of 24, 800 ft/sec was obtained. Barrel wear was
excessive at these velocities and experiments were made to improve the compressor

barrel-iauncher barrel joint. Leaks at this point caused a marked reduction in
launcher velocity.

Experiments with piston mass and material resulted in the use of a simple
cylinder of polythene weighing 45 gm. A lighter piston is just as effective but the

tendency for the whole piston to extrude down the launcher barrel is greater for
the lighter piston,

The range on the No. 1 launcher is simple and consists of five sections 12
inches diameter 4 feet long each with 3 pairs of observation windows. Timing is
by interruption or reflection of a light beam. The range pressurc is from 10 at-
mospheres down to 1 mm Hg; the launcher barrel is evacuated in all tests. The
cffect of muzzle flash was reduced by a dump chamber with baffles and by setting
back the photographic equipment normal to thc line or flight,

Barrcls of 1/8 inech and 1/2 inch calibrc have also been tested on this
launcher., The 1/2 inch calibrc gave an cxpected reduction in veloceity to 15, 000
ft/sce although the kinetic energy is greater than for the 1/4 inch barrel. The
performance of the 1/8 inch barrel was poorer than expected possibly due to the
effect of boundary laycr on such a small diameter.

4. No. 2 Launcher

The No. 2 launcher is approximately 5 times larger than the No, 1 having
a compressor barrel 5 inches diameter and 21 feet length. Launcher barrels
available are 1/2 inch, 1 inch, and 1. 8 inches calibre which it is anticipated will
give veloeities of 25,000 ft/sec (1/2 inch 0. 8 gm, 1 inch 8 gm) and 20, 000 ft/sec
(1. 8 inches, 45 gm). Doubling the model mass will reduce the velocity by approxi-
mately 10 percent.  Installation is now proceeding and preliminary firings at 4, 000
psi driving pressure have yielded results simiiar to those obtained with the No, 1
launcher. The range is at present limited to 50 feet in length but it is hoped to
double this 1n the near future. Provision is made for veloeity measurements and
photography 1n two directions at right angles every 4 feet along the range. Hypoer-
velocity 1mpact studies can be made.
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5. Other Developments

A third launcher similar to the No. 1 launcher will te used with an ionized
range section to study ionospheric problems., A number of ionizing techniques are
being examined and R. F. generation seems the most promising at the moment.
Similar work is already in hand on a plasma-heated low density tunnel and the range
will be used to study plasma effects in the presence of a magnetic field stationary
with respect tc the gas.

We also have under devclopment a passive telemetry system to give model
attitude on the range. The model contains a tuned circuit (of the order of 3 mega-
cycles/sec) and passes through a long coil tuned to the same frequency. The two
coils behave like a transformer, the impedance of the fixed coil being a function of
the attitude of the secondaréy coil (Fig. 8). Preliminary firings with a 1/2-inch
calibre model up to 1/4 10° g acceleration are very promising, It is proposed to
modify the system at a later date to a semi-passive system giving direct information
from the model. In this respect it will be similar to developments at AEDC, CARDE
G. M. research laboratories (Ref. 5) z._.'_ld elsewhere.

In the passive role, measurementof model attitude might eventually lead to
a considerable reduction in photographic recording and subsequent computation. A
paper will be published shortly on this work,

PART II - SOME EXPERIMENTS ON HYPERVELOCITY IMPACT

1. Introduction

Impact phenomena at high speeds have recently become important because
of the desire to obtain some understanding of the damage which will be sustained by
the skin of a missile or space vehicle when struck by fragments of meteorites,
More basic information on the behaviour of materials when subjected to very high
loads may also be obtained.

The general problem of the damage sustained by a plate when struck by a
fragment at high velocity contains a number of parameters and there does not yet
appear to be an adequate theory or even a complete understanding of the physical
processes. The comparatively simple case of a crater formed in a semi-infinite
target when struck by a sphere at normal incidence has been studied experimentally
by a number of workers and several empiriral iaws relating the penetration to the
irmpact Mach number (ratio of the velocity of the projectile relative to the target/
speed of sound in the target given by \/%)have been proposed. This work

has been extended at ARDE and some experiments were undertaken during the
latter part of 1959 to show the general trend of damage which might result as the
shape of the fragment, the angle of impact and the thickness of the target were
varied; most of the results are given in this paper.

2. Results

The ARDE No. 1 light gas gun described in Part 1 of this paper was used
to fire 1/4-inch projectiles into targets which were 4 incnes in diameter, gas
pressure was 4,000 psi limiting the projectiie velocity to a maximum of 12, 000
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ft/sec. Consequently most of the tests described here were made at velocities
of 10, 000 ft/sec,

2.1 Impact of spheres into semi-infinite targets at normal incidence

No adequate underlying theory exists for impact at speeds of the order of
10,000 ft/sec but several workers (e. g., Refs. 7 and8) have attempted to relate
the penetration of spheres to the velocity of impact and the target properties with

a simple expirical formula of the form

= (e) (R)
P_ (U .
d (Ct Py n

where P is the penetration, d is the diameter of the projectile, k, n, and
m, are constants U is the velocity of impact, ¢, is the speed of sound 1n the

target given by E./P and p , p are the densities of the projectile and
t/p ' p

target respectively.

The penetration results of a systematic series of firings in which spherical
projectiles were fired into various targets are plotted against [ U in Fig-
pﬁ? /Ct

ure 9 and compared with previous results, These results which were obtained for
8 widely differing combinations of projectile and target material do not deviate by
more than 30 percent from a mean line given by

P % %
P P\ (U
——2-0( ) (—) (2)
d Pf Cf

and apart from a constant of 2 instead of 2. 28 this is similar to the relationship
obtained by Charters and Locke; in fact our results for aluminium and lead

targets are {itted slightly better by the Charters and Locke formulae. A deviation
of as much as 30 percent however is considerably morc than would be expected by
experimental error alone and it now seems likely from the growing volume of ex-
perimental data that whilst the correlation given by Equation (2) may be sufficient
for engineering purposcs for a limited range of velovities and materials it does

not completely explain all the phenomcena. When the depth of penetration is com-
pared on the basis of Equation (2) there does not appear to be any marked differ-
ence between the ductile materials such as aluminium and copper and the brittle
materials such as ‘cast 1ron and titanium, nevertheless, the craters are completely
different.  Figure 10 illustrates typical craters formed in various materials
ranging from very ductile aluminium to brittle perspex. It may be seen that in the
case of the aluminium target the target has undergonc considerable plastic deforma-
tion but has lost:very little material, whereas, 1n thc case of the cast iron target
there 1s little plastic flow and most of the material from the crater has been lost,
This is because in a brittle material the dynamic hoop stress produced by the im-
pact causes extensive cracking and small fragments fall away from the target,

It apoears therefore, that when considering the damage to brittle materials the
size of the crater 1s probably unimportant and the extent of the cracking should

486




EXPERIMENTS AT FORT HALSTEAD

be taken into account, this is particularly well illustrated in Figure 10e, where

the radius of damage in the perspex target is about six times that of the crater,

The elektron target shows that it is possible to have counsiderable plastic deforma-
tion and cracking together. The reason for the conical crater in titanium (this effect
is repeatable) is not obvious but an examination of an etched specimen shows that the
region of deformation and cracking is roughly hemispherical.

The magnitude and direction of the plastic deformation of the aluminium
target was obtained and it appeared that the deformation was roughly spherically
symmetrical with a centre in the middle of the crater. Taking this point as an
origin the deformations, Sx and Sy, and strains, €y and €, , in the hori-
zontal and vertical pianes respectively have been plotted in Figuré 11, as a function
of x and y. These curves show that below a horizontal plane through the orig:n
the target deformation is spherically symmetrical. Qualitatively it appears that the
top part of the material from the crater has gone into the 'splash' and in deforming
the free surface whilst the bottom part has deformed the whole target in a similar
manner to a spherical expansion. By considering conservation of mass across a
spherical surface centred at the origin the deformation of the target 8f may be
expressed In terms of the radius r and the volume of the lower part of the crater

8V . thus
2 3 3
_3V=3w’(r+8r) -r

which may be written as
(Sr) + 3r(8r) + 3r2(8r) —ofy=o. (3)

This curve has been fitted to the experimental points in Figure 11 and it may be
seen that the fit is good. The ratio of the volume of the lower part of the crater
8V to the total volume of the crater V is about one third for this target. At

large distances from the crater the deformation is given approximately by

=38V
IS 2wr2 - (4)

The strain may be obtained from (4) by writing

P ¢-19)
dr

and this curve has been drawn through the experimental points in Figure 1: and
agamn the frt s good. At large distances from the crater the strain is given approxi-
mately by

-8V

€« = —

3.
v 5)

Applying (5) to the aluminium target and taking the Limit of plastic flow to be given

by & =0.001, plastic flow will have extended to over 2 1n from the centre of the
crater. The analysis given above does not appear to be applicable to targets which
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lack symmetry such as Elektron and cast iron. The relationship given by Equation
(5) may be used io obtain an estimate of the size of a target which is required be-
fore it may be considered semi-infinite and for this purpose 3v may be replaced
by an cstimated V.

2.2 Impact of spheres into semi-infinite targets at varying angles of incidence

Figure 12 1ilustrates the results of firing 1/4 inch spherical aluminium
projectiles at impact speeds of 10, 000 ft/sec into 'semi-infinite' copper targets
with the surface inclined at anglcs betwcen I0° and 90° to the line of flight of the
projectile. The results show that the penetration is approximately proportional

to the sine of the angle of incidcnce for engineering purposes the results may be
fitted quite well by

P
- = (2 at 90° incidence) sin 8 .
d d
The volume may be fitted by
\' \'
[_‘7 = (= at 90%ncidence) sin? § ]

At small angles of incidence the crater consists of one main cavity and a series of
subsidiary cavities as th~ugh the projectile had formed several small drops soon after
impact each of which had gone on to form a cavity. At small angles of incidence alsc
the length of these chains of craters tends toc become equal to the length of the diameter
of the projectile projected on to the target surface. This might be expected since the
projectilc tends to simply smear itself along the surface leaving only a very small
impression, At small angles of incidence the crater is by no means well defined.

At normal angles of impact there is evidence to show that the crater dimensions
can be correlated on a bssis of impact Mach number and hence to simulate very high
speed impact the above series was repeated using lead targets. Somewhat similar
results are obtained but in this case the crater is not dependent upon the anglc of im-
pact in the range 609 to 90° and at small angles of incidence a well-defined crater is
formed with a lip on one side.

A third scrics of tests was performed in which the impact angle was hcld con-
stant at 20° and thc projectile velocity varied from 3,000 to 10,000 ft/sec and the
results are shown in Figure 13. As the impact speed increases the crater changes
shape from a shallow smear to become almost axisymmetric with only a small "splash"
on one side to indicatc that the projcctile has not entcred at normal incidence; further,
at all spceds the deepest part of the cavity is towards the launcher. Under these con-
ditions, it is interesting to notc that the pcnctration is proportional to the impact veloc-

ity and the crater volume is proportional to the energy as in the case of normal in-
cidence impact at low speeds,

2.3 lmpact of spheres into thin targets at incidence

Figure 14 shows the results of firing 1/4 inch spherical aluminium pro-
jectiles at 1mpact speeds of 10,000 ft/sec into thin copper targets with the surface
mnclined at various angles between 102 and 90° to the line of flight of the projectile.
The results show that the depth of penetration when defined as shown in Figure 14
is shightly less than in a semi-infinite target presumably because some of the
energy of the projectile has gone into bending the plate, These tests were repeated
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for a series of thin lead plates and the results showed a similar trend,

The results in section 2, 1 show that the depth of penetration of spheres
into semi-infinite targets at normal incidence is proportional to the velocity raised
to the power of two-thirds, so far consistency with this relationship, a criterion
for penetration of thin inclined plates might be expected to be of the form

b* 213 /Po\213
a- k(%) <P_p> sin 8, (6)
t t

where b* is the minimum thickness that will not be penetrated, The best results
obtained for copper and lead targets is obtained with k = 2. 75 and this relation-
ship is shown in Figure 14. It must be admitted, however, that the two-thirds
power in (6) cannot be justified from the results into inclired plates, as these
were all performed at one velocity.

3, Conclusions

Crater dimensions have been obtained in various metal targets when
attacked by 1/4 inch diameter spheres with velocities up to 10,000 ft/sec and the
penetration correlated approximately with the relationship

P ﬁ’_>213(_l-_1_)213

which is in reasonable sgreement with much of the existing work. The deviation
of the experimental points from this empirical relationship is more than can be
attributed to experimental error and whilst it may be adequate for the praectical
problem of damage assessment withina limited range of velocities and materials
it Is not adequate to explain the whole phenomena of impact. The penetration of
brittle targets may be estimated with the above formitta but this is of little use

in assessing dumage since a region of severe cracking may surround the erater,
The deformation surrounding the crater in & ductile aluminium target was spheri-
cally symmetrical about a point below the target surface apart for a small region
extending to half the depth of the crater just below the surface.  This fact enables
the extent of plastie flow in a ductile target to be readily determined and henee the
size of target required for a particalar experiment may be estimated,

When 1/4 mnch aluminium spheres were fired into inclined lead and copper
targets at 10, 000 ft/sec the depth of penetration was roughly proportional to the
sine of the angle of incrdence and the volume was proportional to the square of the
sine of the angle of incidence,  When tead targets were attacked at a constant angle
of incidence of 209 with 1/4 inch aluminium spheres the crater tended to become
axially symmetric as the impact speed mereased to 12,000 ft/sec, indicating that
1f a crater was caused by g meteorite moving at speeds of several titnes this value,
12 would in all probability be completely symmetrical for all but very smaull angles

of mcidence Even though the angle of incidens e was 209 the penetration was pro
portional to the impact velocity and the « rater volume proportional to the kinetic
energy.

Thin lead and coppertargets were attacked by 1M -inch aluminium spheres at
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10, 000 fi. sec at normal incidence and it was found that the crater diameter in-
creased with the target thickness and in some circumstances became greater than
in a semi-infinite target. Projectiles completely penetrated targets whose thick-
ness was significantly greater than the depth of penetration of a similar projectile
in a semi-infinite target; this was partly due to the phenomenon of scabbing
whereby the compression wave from the impact is reflected from the back of the
target as a tension wave and the back of the target then fails under tension. This
effect was much more pronounced wi:h the lead targets as lead is weak in tension,
Craters (complete perforations) in thin targets (thickness less than half the depth
of penetration in a semi-infinite target) were caused by loss of material rather
than any significant plastic flow. When these targets were attacked at incidence
the crater dimensions were similar to those obtained for semi-infinite targets
provided the target was not penetrated. A minimum thickness of target for non-
penetration, b* , is given by the following empirical relationship.

b* 213 [P\23
2s 2.75(%') (P—:’) sin 8.

4. Further Developments

Consideration is being given to a basic research programme, aimed at a
better understanding of the process of crater formation and plastic flow, in the
target material.
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OBSERVATIONS OF HYPERVELOCITY IMPACT
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INTRODUCTION

Since the Fourth Hypervelocity Impact Symposium work has. continued
1t NRL to increase the amount of experimental data available to all investiga-
tors of hypervelocity phenomena. Particular attention has been given to impact
studies of both hard and soft aluminum, 2014 and 1100F, 'and two types of steel,
1020 and hardened 4340 steel. Spheres of aluminum and nylon (3/8-in. diameter)
were the principal penetrators for these studies. The highest velocities attaired
were 6. 03 km/sec with an aluminum sphere and 5. 64 im/sec with a nylon sphere,
Aluminum spheres of 1/4-inch diameter were also fired; maximum velocity was
6.27 km/sec.

EXPERIMENTAL TECHNIQUES

Cratering of quasi-infinite metallic targets has continued, with prime
interest in aluminum and steel. There were two species of each material studied,;
1020 stecl (BHN 121) and hardened 4340 steel (BHN 280), and 1100F aluminum
(BHN 25) and 2014 aluminum (BHN 119). The Brinell hardness numbers were ob-
tained by measuring machined samples taken from targets.

A light-gas gun consisting of a 40-mm compression section, expendable
middle breech, and 50-cal launch tube was the accelerator for the majority of
the results reported. Other experimental information was obtained with a pro-
jector using @ standard gun powder as the propellant. Light-gas-gun firings were
conducted in a ballistics range usually having an ambient pressure of 1/4 atmos-
phere, since this pressure was found necessary to eliminate the sabot. Photo-
graphic records of each shot were examined for evidence of ablation. There
usually were no signs of burning, and when burning was seen it was negligible.

A series of tesis was conducted in which 3/8-inch diameter aluminum
spheres were dropped from various heights onto 1100F aluminum, and the pene-
tration measured. Since the force accelerating the sphere was only gravity; and
sincc the sphere {BHN 125) was harder than the target, it was assumed that the
sphere acted as a perfectly inelastic penetrator and that the resulting crater was
a spherical segment. Experiments were conducted in open air, and an appropriate
drag correction was applied to the calculated velocity. The minimum velocity was
1.77 x 1077 km/sec.
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CRATER SHAPE

Craters in the 1100F targets were all approximately hemispherical and
well formed. With the more brittle 2014 aluminum, aluminum pellets produced
nearly hemispherical cavities; however, this was not true after nylon impact.
The ratio of penetration to crater diameter was about 0. 2, Neither species of
steel exhibited crater hemisphericity for either aluminum or nylon projectiles;

ratios of penetration to crater diameter were approximately 0.3 and 0. 2 respec~
tively.

VOLUME-ENERGY RELATIONSHIPS

Graphs have been made of the crater volume-impact energy data for the
various combinations (Figs. 1-4}. The velocity ranges shown on the figures
accentuate the differences in impact energies for the two projectiles, since the
velocities are nearly the same but the mass ratio is 2,5 to 1. As would be ex-
pected the aluminum sphere is a much more efficient projectile than the nylon
sphere, since for each material shown a nylon penetrator requires more energy
to displace a unit volume of target material. Ultimately the values of energy per
unit volume for the nylon spheres may be changed when more data are available
at higher veloeities, sinee it is felt that at true hypervelocity conditions the
energy-per-unit volume parameter should be independent of projeetile properties.
This, however, should not be implied about target properties.

The cavitation of 1100F aluminum 1s of spccial interest, because of the
wide range of available data. A spectrum of energy with 0.2 x 1072 joule as a
minimum and 23 x 103 joules as a maximum is shown in Figure 5 on a log-log
plot with crater velume in cubic centimeters as the ordinate., Results were ob-
tained with the light-gas and powder guns, and from the drop tests. A straight
line was drawn through thie data with the equation V = 3, 05 x 10‘3}30- 92, where K
is the impact energy in kilojoules, Hence, it can be said that for the given pro-
jectile-target system the volume is approximately proportional to the energy
through the various phases of cratering;, very low velocity, tunneling, transition
and hypervelocity. A factor of 1£9- 98 s unaccounted for and could be due to heat,
deformation of the projectile (at high velocities), and/or experimental scatter.
Calculations made with this retationship show a maximuin deviation of 5 percent
over all zones of penetration.  Figure 6 shows the higher-velocity regime, shown
in Figure 5 as the zone bounded by the I-km/sec and 6-km/sec points, plotted on
rectangtar coordinate paper; crater volume V s the ordinate and impuct en-
ergy Ik the abscissa. A linear relationship is plotied, as is the experimentaliy
determined curve, These curves fit the experimental points quite wetl,

IFrgure 7 shows the results of projecuing saboted aluminum cyhnders, 1,27
grams.  Also shown are previously reporied cylinder dauta (1) obtamed from tests
with the unsaboted, or shear-tvpe cyhinders, ‘The lincar relatuonship 1s also shown,
The saboted projectile points agree quite well with the sphere resualts, whereas the

unsaboted data show excessive scatter. FThis scatter 1s cavsed by an maccurate

mass flgure in the energy ecxpression. his tends to conflirm *he hypothesis that

varmation of 1mpact mass 1s a major obstaacle to the attainment of neanmgpgfal ter-

minal balhistic data with unsaboted aluminum linders,  The exact nature of the

varidation 1s unknown, 1t ild be due to rrepular shearing of the shear plug or
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erosion in the barrel. Since the successful saboting of penetrators is by no means

a well-defined technique, the evaluation of the mass loss of a cylindrical projectile

is a topic which merits further study. Such methods as flash radiographs and high-

speed photoéraphs of small, high-velocity fragments are not yet developed to the
extent that precise mass determination can be accomplished,

PENETRATION OF ALUMINUM TARGETS

The analysis of penetration of thick targets is of interest for several reasons
The question of whether the process 1s due to momentum or energy exchange has
not yet been answered,

Alsu the effect of target material properties has not been
evaluated.

There is conjecture that at very high velocities the impact pressure far
exceeds the material tensile strength so that strength can be neglected,
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An energy exchange or 2/3 power law states that crater volume is pro-
portional to the impact energy, and a momentum exchange or 1/3 power law
states that crater volume is proportionai to the impact momentum, A graph of
normalized penetration, penetration P divided by sphere diameter Dg versus
the cube root of velocity is shown in Figure 8 for the two types of aluminum.
The curves are linear and an expression of the form P/Dg = K v1/3 4 Ko is
obtained where K1, and K9 are empirical constants. For the 2/3 power law,
values of energy per unit crater volume K3 for the 1100F and 2014 aluminum,
were substituted in the semi-empirical penetration relationship.

3m 4y 1/3 2/3 . . . .
P =( ) v ; where m is the impact mass and V is the impact
411Kq

velocity,  This equation was derived assuming hemisphericity of the cavity.

Figure 9 shows the four equations in graphical form; also shown are the
experimental data. The data agree favorably with both laws in the velocity regime
thus far attainable. For both aluminums it appears that velocities in excess of
10 km/sec are needed to fully resolve the V exponent question,

R. L. Bjork, using a hydrodynamic model, has propounded a theory which
culminates with the conclusion that crater volume is proportional to impact mo-
mentum, He feels that at high enough velocities target strength does not affect
penetration; and this is shown in Figure 8 by the bounded region, where the
penetration characteristics of both types of aluminum should merge {2,3). Ex-
amining the available information, it is seen that the 1100F points are in the
region and the 2014 points are approaching it. It is possible that both materials
will pass through the region and not merge. Substantially more data at higher
velocities are needed for verification of these statements.

CONCLUSIONS

Although much new information has been obtained about hypervelocity
impact phenomena, still more data at higher velocities are needed before several
pertinent questions can be answered. The effect of target strength is not yet
resolved, although it appears from the E/V wvalues for the different grades of
aluminum and steel that at the velocities attained physical properties are important,

Another point of conjecture is the exponent of the velocity term, whether
it should be 1/3 as for a momentum transfer or 2/3 as for an energy transfer.
IExtrapolation of the aluminum sphere-soft aluminum target data for another cycle
of impact energy would probably not be out of order, since one would not expect
deviation from a linear relationship after eight cycles, Figure 5. The volume-
energy curves for each pellet-target combiration are linear and do not show any
tendency to curve cver.,  On the penetration curve, both 1/3-power and 2/3-power
laws louk quite reasonable.

The validity of unsaboted aluminum cylinder data is questionable.  Because
of the loss of mass, the volume-energy curves using these data are not considered
reliable.  Results obtained with saboted aluminum cylinders show excellent agrec-
ment with the sphere data, unfortunately saboting increases the acceleruted mass
and lowers attainable veloaities,
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OBLIQUE IMPACT OF HIGH VELOCITY STEEL PELLETS
ON LEAD TARGETS
George M. Bryan
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INTRODUCTION

The formation of craters on solid surfaces by the impact of material
bodies traveling at high speads has been of great interest, for some time, in
the fields of astronomy and geology. This interest arcse in connection with the
origin of lunar craters and the recognition of meteor craters on the earth. More
recently the necd for information regarding meteoritic damage to space vehicles
has created new interest in impact cratering, particularly on metal surfaces. At
the same time development of laboratory methods for shooting metal projectiles
against metal surfaces at near-meteoric velocities has made it possible to study
cratcrs resulting from projectiles whose mass, velocity, and angle of incidence
are known. Knowledge gained in such studies can in turn be applied to thc older
problems of lunar and terrestrial craters, where such inforrnation is not avail-
able. The status of these two problems can be summarized very briefly.

The origin of lunar crateys. -- Although some half dozen or so scparate
hypotheses have Leen proposed to explain lunar craters since their discovery by
Galileo in 1610, present-day controversy is limited almost entirely to choosing
betwcen meteoritic impact and some sort of volcanic action, Largely as the
result of an exhaustive discussion by Baldwin 1 the impact theory is probably
the more widely aceepted at present,  The main objections to this theory have
been based on the fact that all the craters appear to be almost perfectly circular,
while one would expect that meteor falls over the years would involve a large
range of angles of incidence.  Against the volcanic hypothesis, on the other hand,
are the very large sizes of many of the eraters and their general shape as com-
pared to terrestriui voleanoes.

Meteor craters on the earth, -- It was not until the twenticth century
that anv terrestrial craters were recognized as arising from the impact of
vete As late as 1933 some grologists did not accept the large crater in
A1Z0Ng as a4 meteorite or e present time there 1s disagreement cor -
erning the the I 1 earth, notal e O rate
[AAYY '.Q.l“! 0 16:d erorle It \Y X Here 3
m
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one would expect random angles of incidence, yet most of the dozen or so well-
attested meteorite craters on the earth are roughly circular.

The high degree of circular symmetry found in both lunar and terrestrial
craters was a serious stumbling block until 1924 when Gifford 2 discussed in some
detail the similarity to be expected between high velocity impact and explosion. In
fact, he called the crater forming process following impact an explosion process as
opposed to simple mechanical indentation. By this he meaul that the very large amount
of kinetic energy possessed by the meteorite as it reaches the surface 1s quite suddenly
madc available to a small region of the target in the form of greatly increased molccu-
lar motion of a small amount of target material. Meteorite and target material are
quickly vaporized and the rcsulting high pressure produces an explosion in the same
way that a quantity of chemicai explosive would. The crater produced would be cir-
cular even though the path of the meteorite were not normal to the target surface.

A typical meteorite has far greater energy per unit mass by virtue of its impact
velocity than does the most powerful chemical explosive.

More recently Baldwin I has pursued these ideas in a strong argument for
the impact theory of lunar craters. In order to give additional credence to the
exiplosion hypothesis he sought similarities in the geometrical aspects of lunar
craters and craters from chemical explosions on the earth, In particular he
considers the relationship between depth and diameter and claims that when one
is plotted against the other the data fall on a single smooth curve from the
largest lunar craters to the smallest shell holes. Because the largest chemical
explosion pits are considerably smaller than the smallest lunar craters, it was
neccssary 6 include several large terrestrial meteorite craters to bridge the gap
and thus mrake the curve at all convincing. That it is convincing is attested to by
the many refercnces to it in the literature as proof of the cxplosion hypothesis 3.
Nevertheless, La Paz? casts considerable doubt on the validity of the curve just
at its most crucial point when he questions the figure used by Baldwin for the
original depth of the Arizona crater, In any case the significance of the correla-
tion has p.obubly been overemphasized and, as a result, the concept of rapid
aporization of weteorite and target material in a relatively small region followed
by explosive releasc of the concormitant high pressure has become widely accepted.

In an altvrr}utivv approach to the problem of cratering by metcorites Opik 5,
md aiso Rostoker 7, treated meteorite and turget us perfect fluids under the ex-
tremely high pressures involved.  As in Pugh's theory ! of penetration by high
olocity metatire jets, the fluid was considered to be 1incompressible,  Thug the
rocess was viewed primarily as a mechamecal splashing out of the material from
he crus o As ight be expected, these ussumptions ted to a relatively tractable
athematical model 1n contrast to the largelv qualitutive descriptions of the ex-
plosion model,  However, only normal incidence wus considered so that nothing
iid be suid about the shape of the crater for oblique impact.  Of course the
crfect fluld treatment 1s applicable only for the short time that the pressure is
arge compared to tne strengths of meteorite and target materals so it was
essars o nclude some sort of resistance to plastie flow or rupture, which
ild assert 1tself us the pressure dropped off, 1n order to obtain a realistic
noai "ne flha rater yLurne,

Guiford and Buldwin la nsiderable stre: nothe idea that the meteorite

14t g 1Le i ong wit U,od tia vaporized and that this vapori-
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ization is the source of the explosion. Furthermore they consider the explosion
as quite separate from the initial impact and penetration; the meteorite hits,
buries itself beneath the surface, and then explodes. Incompressible fluid models
look upon crater formation as the result of hydrodynamic flow of both meteorite
and target from the moment of contact until the pressures fall to the order of the
material strengths. These two theorics should be looked upon as representing
particular aspects of the complete cratering process which includes elastic and
plastic behavior, incompressible and compressible fluid flow, and vaporization
(see, for example, Hopkins and Kolsky 8). Thns the problem is extremely
complex,

The difficulties encountered in obtaining a quantitative theory of cratering
on the basis of the meager data available were equalled by the experimental dif-
ficulties entailed in simulating the phenomenon under controlled conditions in the
laboratory. Muzzle velocities of conventional guns are not high enough to produce
anything beyond ordinary plastic flow, and early work consisted mainly in attempt-
ing to achieve higher velocities by various means. As technique developed, data
became available on the sizes and shapes of craters formed on various metal
surfaces by projectiles whose mass and velocity werz presumably known. The
lack of a suitable theory led to many attempts to correlate the data with various
physical properties of the targct and projectile, Most of these empirical cor-
relations tend to indicate that crater volume is directly proportional to the kinetic
energy of the incident projectile, the proportionality constant being a function of
parameters depending on the projectile and target materials 9-13, ilowever, this
proportionality holds only over rather restricted ranges of incident energy and
conflicting conclusions are drawn with regard to the way in which the results
deviate from the linear relation., In most cases, particularly at the higher veloc-
ities, fthe scuaiter in the data 1s probably too large to establish the uniqueness of
such correlations.

Such eflforts are often hampered by uncertainty in the impact velocity and
11 the mass ot the projectile actually reaching the target. Thus while the major
effort hus been directed toward raising projectile velocities to the meteorice range,
there 1s conslderable need for carefully controlled experiments at soinewhat lower
velocities where the state of the projectile as it reaches the target is accurately
known.

e present work moanvestigation of both the volume and the shape of
the cruter formed massi e lead targets by a stecl projectile of fixed energy as
i functy f e of meidencs Lead was chosen in order to minimize effects
{tze oy thee mechanicn ‘neth of the target material since such effects, even in
nuct oy ! ohid ) el ‘olyv simmaell role in Dimpuct phenomena
1t me ol O
PROGECTOR DN
' ¢ e ] i cuelerate o elal poltet to a
e hig el ¢ ans {0y ust with known loss of rmass)
At X 1015 answe s afficiently tow veloc -
u 1 v 308 propel 2 apand in a v onfined

A 1 ¢ ‘ ¢ ¢ (O . Inosa steem,
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the projectile velocity is limited by the fact that the large mass of propellant

gas must be accelerated along with the projectile. Beyond about 1500 meters

per secorid further increase in the powder charge, loading density, and barrel
length is reflected primarily in greatly increased pressure gradient in the

column of propellant gases with relatively little increase in pressure immedi-
ately behind the projectile and consequently little improvement in muzzle velocity.

Attempts to increase pellet velocities have usually followed one of two
alternatives, The first is the so-called light gas gun 14 in which the expansion
of the chemical propeliant is used to compress a much lighter gas such as helium
or even hydrogen, which in turn expands and accelerates the projectile. The use
of a high energy propellant in the first stage in combination with a very light gas
in the second makes possible a substantial increase in final pellet velocity.

The second approach, which is the one adopted here, attempts to replace
the conventional propellant with a high explosive. This obviates the need for a
barrel since all of the acceleration is achieved by impulsive loading in times of
the order of a microsecond, The acceleration of metal fragments by means of
high explusives is of course nothing new; it is the basis of all fragmentation type
bombs and warheads. The present problem is chiefly one of keeping the pellet
intact and aiming it accurately. The technique has been developed over the past
dccade or so to a point where it now constitutes a relatively simple, inexpensive
and convenient means of achieving useful pellet velocities. Itis possible to obtain
5 kilometers per second with a single solid projectile of fairly well known mass,
and up to 10 kilometers per second or more in shaped-charge jets. This is only
an order of magnitude or so beiow naturally occurring metcoric vclocities. Therc
are difficulties, however, in connection with projectile mass and shapc. In the
single projectile type the highest velocities have been obtained only for relatively
flat disks and with considerable loss of mass, thc amount of which is not accurately
known, In the shaped-charge jet a velocity gradient exists which causes it to stretch
stretch and eventually break up into fragments traveling at differcnt velocities, It
would be necessary to isolate onc fragment and determince its mass as well as its
velocity,

In the design of a projector system for this experiment, cinphasis was
placed on delivering an accurately known mass and on maintaining approximately
unit aspect ratio (ratio of length to diamcterj at some expense to velocity,

When a flat steel disk is acceleratcd from one end of a cylindrical charge
by a detonation wave initiated at the other end it 1s found that fructure occurs
primarily near the periphery of the disk since the free boundary permits the com-
presscd metal to unload radially as well as axially near the edge.  If this radial
‘omponent Is large enough to overcome the strength of the stecl the edges will
spall off. Near the axis all the unloading occurs axially hefore o rarefaction wave
can sweep n from the edge to permit radial motion.  Fhus if the reqgaired pelbet
18 a relatively small disk surrounded by a tightly fitting washer-shaped ring of

the same material, it will stay intact while the ring breaks up. The difficult
with this scheme is that fragments from the ring follow essentially the sume patl
as the pellet, striking the target at the same pom:, and th hres 1
due to the pellet 1tself, In the past this difficults has bes PAL N i

tied

the surrounding ring ou* of lea Wood's meta

by the fime it re o5 the targe! sut I'nie
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mismatching at the boundary between pellet and ring but the system is found to
work fairly well in keeping the pellet intact and, against relatively hard targets
like steel, contributes little damage to the surface.

On the other hand the damage caused by Wood‘s metal surrounds on lead
targets was too great to be tolerated and an alternative system had to be found
for the present work. As a first attempt, the end of the charge and the surround-
ing Wood's metal ring were made conical as shown in Figure 1. This gives a
radial component to the motion of all the Wood's metal, so that if the angle @ is
large enough the extraneous target damage will lie outside the region of interest,
However, as @ increases from zero the pellet receives less and less support
against radial unloading and begins to break up. It was found that for Wood's
metal surrounds no value of @ would give both sufficient support of the pellet
and sufficient dispersal of the surround at the target. The Wood's metal was
then replaced by steel and it was found that for a steel pellet 1/16 inch in diam-
eter and 1/16 inch thick an angle of 2-1/2° gave ample dispersal, while the
greater strength of the steel surround retarded the radial expansion at the pellet
boundary long enough for the pellet to unload axially.

The final charge design, which yields a pellet velocity just over 3 km/sec,
is shown in Figure 1. Since there is no barrel to guide the pellet after it begins
to move, accurate aiming depends entirely on holaing very close tolerances with
regard to cylindrical symmetry, The main charge is Composition B (60% RDX
and 40 % TNT) 5 inches long and 1-5/8 inches in diameter, This is initiated by
a No. 8 detonuator in conjunction with a pressed tetryl booster charge 1/2 inch
thick and 1-5/8 inches in diameter, The Composition B is cast over the metal
components, which are aligned accurately in a 1-5/8 inch diameter cylindrical
charge mold. In order to maintain good contact between the explosive and the
metal components a ring of shellac is smeared on the surround, near its outer
edge, before the explosive is poured. The pellet 1s a press fit in the surround,

MEASUREMENT OF PROJECTILE CIIARACTERISTICS

Projectile velocity,-- The veclocity of the projectile was determined by
timing its flight over fixed distances. A model 7270 Beckman-Berkeley Time
Interval Meter with a ten-megacycle tiine base was used to record the time,
The timer was started and stopped by pulses from charged condensers which
are suddenly discharged by shorting switches at the beginning and end of the
flight. The starting switch consisted of a pair of No. 28 Nylclad copper wires
twisted together and taped to the side of the charge at the boundary between the
charge and the steel surround.  The stopping switch consisted of iwo sheets of
lead foil about 5 mils thick separated by a sheet of paper about 1 mil thick,

Average velocities were measured over several path lengths in order
to detect any acceleration or any systematie error arising from time lags in
the pulsing systems, Distance-time data are plotted in Figure 2, together with
a least-squares linear fit of the dauta. The velccity 1s seen to be constant over
the range checked and has the value

v 2 {0.3186 % 0.0015) «x 10° ( mi/secr.
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Projectile mass. -- Several charges were fired into stacks of 1/2 inch
Celotex sheets and the projectiles recovered intact after passing through three or
four inches of Celotex. The distance between the charge and the Celotex was
about 70 cm. The projectiles were weighed to a tenth of a miiligram before aud
after firing. A one or two percent loss in mass was found. Since a good fraetion
of this loss probably occurred in the Celotex, it is a safe estimate that the mass
lost in air is of the order of a percent or less,

The pellets were nominally 1/16 ineh lengths, The important quantity is
the mass, The average mass of the pellets used was

m = (0.0234 ¥ 0.0001) grams

where the limits represent an approximate standard deviation of the mean for a
ten-shot sample. Based on a density of 7, 81 g/cms, this figure corresponds to
an actual volume about 5% less than the nominal volume.

CRATERING EXPERIMENT AT VARIOUS ANGLES

With the mass and velocity of the incideirt peliet aecurately known there
remained the problem of aligning the charge axis with the target surface at the
desired angle. The method adopted is shown in Figures 3(a) and 3 (b). A 1-5/8
inch stecl rod about 18 inches long was rigidly attached at one end to the roof of
the firing chamber. An 18-inch length of wood molding of right angle cross section
was taped to the lower end of the rod, and extended about 14 inches beyond it,
After alignment of the target the charge wac taped to the molding with the pellet
aiming down and with the charge extending about an inch beyond the molding., The
target was mounted cn an adjustable frame placed on the floor of the chamber
below a l-inch thick baffle plate. The pellet wuas fired through a 3/4-inch hote in
the baffle.

The target was aligned bedore the charge was mounted.  This was done
conveniently by the simple optical method indicated 1in Fignre 3¢1).  First, the
desired angle of 1ncidence 1s set roughly on the adjustable target stand,  On the
target surface 1s placed a machinist's combination square and protractor set
accurately to the desired angle of incidence. A mirror is fixed Lo the surface of
the square.  When the target angle 1s equal to the angle set on the protiactor the
mirror is then perpendicular to the charge axis, as determined by the picce of
molding.  This adjustment is made with the help of a telescope taped to the motd-
Ing in the poesition to be occupled by the charge,  The telescope is focused on its
own tmage 1n the mirror and the target stand adjusted by means of its leveling
screws antrl the 1mage of the front end of the telescope is centered on cross harrs
m the focal plane. Two preces of wiilte tape about 1/8 inch wide, placed across
the objective of the telescope at right angles to ecach other, define the center of
the rmage.

With this adjustment completed the mirror-protractor assembly 18 removed
and he telescope focused on the target surface which is then marked at the point

covered by the crouss hairs. The diameter of the telescope body was equal to the
‘hurge drameter so the pellet should strike at this point. Deviation of the actual
‘crater from s pomt then represents deviauon of the pellet path from the charge
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Fig. 3 Experimental arrangement for oblique angle cratering.
(a) Optical system for aligning target. (b) Charge and target
ready for firing. Baffle plate is in place on large stand.
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uxis and corrections to the incident angle can be taken into account where neces-
sary. The telescope is then removed and the charge mounted in its place.

Ten shots were fired at each ol the following anglcs of incidence (meas-
ured from the normal); 0, 20, 30, 35, 40, 45, 50, 55, 60, 65, and 70 degrees.
The targets were lead plates approximately 6 inches x 6 inches x 1 inch, The
upper surfaces were machined flat on a shaper. The target was approximately
140 c¢m from the charge, but this distance varied a few centimeters depending
on the angle setting., The baffle plate was about 40 cm from the charge,

Typical craters are shown in Figure 4. A good idea of the accuracy of
the system can be obtained from the plan views by comparing the positions of
the craters with the intersections of the scribed lines on the target surface,
(A second set of marks, scribed after the shot, define the longitudinal and trans-
verse lines along which subsequent measurements were made.) The maximum
difference is of the order of one or two centimeters, corresponding to less than
a degree of angular error. This error is in addition to the unknown, but pre-
sumably much smaller, error in the initial alignment of the target with the tele-
scope uaxis, The actual uncertainty in the angle of incidence i5 considered to be
of the order of one degree,

MEASUREMENT OF THE CRATER CHARACTERISTICS

Both the volume and the shape of the craters are of interest, For normal
incidence at these velocities the craters are almost perfectly hemispherical re-
gardless of the shape of the projectile, as long as its aspect ratio is not too dif-
ferent from unity, This characteristic has been widely used as the criterion
for the hyperveiocity regime of impact. It is usual, therefore, to measure depth
and diameter as well as volume, In the case of oblique impact it is of interest
to examine the deviation from the hemispherical shape as the angie of incidence
15 increased, Diameters were therefore measured in both the transverse and
longitudinal directions,  These measurements as well as the depth, were made
with a low-power traveling microscope,  As shown in Figure 4, diamcters were
measured at the tevel of the undisturbed surface, and depths were measured
down firom this surface,

A diameter was measured by first focusing the microscope on the un-
disturbed surface, then moving it across the rim until the walt came into focus
at the «ross harrs,  tThe position of the microscope was recorded and it was
then moved across the crater untit the wall again came into focus, when the
position was again recorded,  The microscope was then moved 2cross the rim
1o the undistaurbed surface on the fur side, where the focus was rechecked. In
the course of making depth measurements, complete verucal profiles were oh-
tained along the hine of syvnmumetry i the tongrtudinal direetion by measuring the
depth at 1 omm antervals,  This procedure made it possible to ascertamn the maxi-
muwm depth with considerable assurance regardless of the degree of asymmetry
and 1 fact gave a graphic picture of the asymmetric shape of the rater,

Crater volume was tuken to be the volume betow the original surface of

“he materiat,  Fo determine this the crater rims were machined down to the
mdisturbed sarface. FThe crater was then Difted with modelhing ciay of known
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Fig. 4. Typical craters from impact on lead at 3.2 km/sec. Pellet came
from the left in these photographs. Magnification is approximately 2:1,
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Fig. 4 (Continued), Typical craters from impact on lecad at 3.2 km/sec.
Pellet came from the left in these photographs., Magnification i1s approx-
imately 2:1.

522




STEEL PELLETS ON LEAD TARGETS

density. The excess clay was carefully shaved off with a razor blade, The
remaining clay was removed and weighed.

RESULTS

The results of the crater measurements are summarized in Table | and
plotted against the angle of incidence g in Figure 5. The depth measurements
P have been doubled in Figure 5 to permit direct comparison with the transverse
and longitudinal diameters Dyand D . For hemispherical craters we have Dy =
D p = 2P. The results show that at normal incidence the crater is not quite hemi-
spherical; 2P is greaier than the diameter, Casual inspection of the plan views
in Figure 4 leaves the impression that the craters are circular out to rather large
angles; however, careful measurement shows that elongation begins to occur as
suon as a deviates from zero.

Crater volume is shown as a function of cos @ in Figure 6. The relation
18 quite linear except at the extremities of the curve, This suggests that the vol-
ume is linear In the component of velocity or momentum of the fragment normal
to the target siurface. However, when these results are combined with a similar
set of data obtained by Kineke 15 fora, 18 gram pellet with a velocity of 5 km/sec
it is found (Fig. 7} that the ratio of crater volume to fragment energy is a linear

other words, at any angle of incidernice the volume appears to be proportional to
the incident kinetic energy and the proportionality constant is a linear function of
the cosine cf the angle of incidence.

DISCUSSION OF RESULTS

A detailed theory of cratering is out of the question at the present time.
It is a problem 1nvolving three-dimensional time-dependent fluid flow, which
also must include plastic and elastic behavior as the initial high pressures fall
to values comparable to the slrergths of materials involved., Even the related
but much simpler problem of a steady state, perfect fluid jet impinging on a
perfect fiuid surface has been solved only in two dimensions where the methods
of complex variable are applicable. "Fhe many attempts to solve this relatively
simple problem in three dimensions have failed.  Any interpretation of the ex-
perimental resualts described above must thercfore rely primarily on plausibility
arguments based on conservation of energy and momentum,.

it 1s known that a considerable amount of material is splashed out of the
crater, carrying with it a large fraction of the totwal cnergy initially available,
It can be assumed that the final crater volume V is a function of the difference
between the total iitiat energy I D and the kinetic energy Eg carried away in
this fashion.  PFurthermore the simplest possible form for this function will be
assumed, namnely that the volume is directly proportional to the energy difference,
That 1s

V = K (Ep - Eg)
v V _x(1-Es
Ep Ep
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Fig. 5 Crater dimensions vs. impact angle &« .
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where E = %‘ mv? is the kinetic energy of the pellet. In order to make use of
the conservation of momentum we write Eg as tine sum of the kinetic energy
Ecm of the center of mass of the material splashed out and the energy Er
relative to the center of mass. Thus

1l 2
Bs  _Em+E, gn'v Ep
EP Ep ‘%mva ED
Put
) E
u.-_.,)-%_,ea__E,r.:
P
E
_S_-u)\2+e
Ep

In the case of normal incidence the law of conservation of momentum gives
mv - (-m'v') =mv (1 + pu}r) = fF at = I,
where | is the total impulse delivered to the target. Solving for A we obtain

1 I
kﬂi<ﬁv—-1>u

—_ 2
Then Es,u 1 I .3 2+e-l I -1 + e
Ep u? mv tu mv

-
or
L=KL1-£ <_I_-1>2-e}.
Ep 13 mv

Note that if volume is proportional to energy, as indicated by most experimental
results, then thc quantity in brackets must be constant. It is not unreasonablc
that thic be approximately constant over limited ranges of v,

For thc arbitrary angle @ we consider normal and tangential coinponents
of momentum:

mvp - (-m'vy) = mvpy (1 4+ udg) = I,

mveg - m'vy = mve (1 - pA ) = I

where A\p = n_, Ay = . Putting vp=vcos @ , v=v
Vn vt
sin @ gives
An = l —_In -1 » -A = l It -
u \mv cos a t W \mvsing )
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1 2 2 2 2,2 2
Eg _3 m' (A,° v© cos® a + A\{ v° 81n© q)

+ €
Then Ep

1 2
5mv

2 2
-u()\:cosaa-f—)\tﬂin a) + e

2
-1 ((I_“-cosa)2+<1—t-81na> +e.
" 1

mv mv

The tangential forces are primarily viscous and should be much smaller
than the normal pressures developed upon impact (except perhaps at very high
values of a ).

I
Setting Iy = 0 gi ith 1 = 2
etting Iy =0 gives (w1 n v

Eg

8 =1 12-21 cos a + 1 + e
Ep T n n

or v - 2 _ 1 42 1 _
B Kn.incosa K{Ein+ﬁ.+e 1 0

The experimental results then imply that the quantities

2
K£1 =2a
T
and
1,2 1
are independent of v and a . Solving for i, and U yields

2
K b _ \/x2 b _ )
iﬂ'i(l"'}( e) + 32'(1"'?(‘ e) 1

Thus iy and B may still depend on v and a but only through e. However,

the ratio i,/ W is constant. a and b are the slope and intercept of the line in
Figure 7. ‘The quantity e is unknown but should be small compared to unity and
can be neglected in making a rough calculation. K can be related to the shear
strength of the target in accordance with the following rather crude picture:

The energy difference E - Egcan be looked upon as the energy avail-
able to onen the crater against whatever forees tend to prevent it -- predomin-
antly the critical shear stress € . 'llie work done by this energy in forming
a crater of volume V is then approximately given by

v
E, - Eg = g 6o AV' = oo V

frgm which K,)- 1/ ¢ o Under normal rates of 1oadi_nl% c - is of the order of *
10~ dynes/cm”™. Using this value, witha = 3.7 x 10 cm” ferg and b - 1.0 x
10_10 (':113/01‘;;1, we cbtain in = 54, W & 2900. Since the entire mass repre-
sented L the crater votume divided by the mass of the pellet is only 150, this

529




STEEL PELLETS ON LEAD TARGETS

figure is much too large. At the very high rates of loading which occur in crater-
ing a. will be higher than the usual handbook values and may even approach its
theoretical value of 109 dynes/cm2 or so. A value of 10° dynes/cm2 gives 1, & 6,
k' = 31, . This value of i seems to be about the right order of magnitude as esti-
mated from the flash radiographs in Figure 8. If these arguments are valid,
must be closer to the theoretical than to the statically measured value at these
rates of loading. For normal incidence A _ % ,15 and the fraction of the initial
energy which is carried away is Es/Ep T uA r21-_:_,74%.

[ 4

A relatiou belween crater depth and crater diameter can be derived on
the assumption that the cratering process consists of a primary penetration, in
which the projectile is eroded away, followed by a so-called "afterflow" of the
target material which is the result of the high pressures developed in the primary
penetration and which continues after the projcctile is used up until the pressure
has fallen to the order of the material strengih of the target. This is essentially
the model used to explain penetration by shaped-charge jets 7. In that case, how-
cver, the penetrator is a very long thin jet so that the primary penetration domin-
ates the process; the afterflow concept merely explains, in a qualitétive wéy,
the fact that the hole is much wider than the jet and, in soft materials, slightly
deeper than the primary penetration theory predicts. In cratering at hyperveloc-
ities the reverse is true. The projectile can be looked upon, approximately, as
a very short jet, and the resulting primary penetration, which depends only on
the length of the jet and not on the velocity, will therefore be small. The after-
flow, which depends on the initial pressure, will increase with increasing velocity.
The afterflow has approximate spherical symmetry so that when it is large enough
to dominate the primary penetration the crater approaches a hemisphere, regard-
less of the geometry of the primary penetration,

According to this model, at normal incidence a crater would be approxi-
mately hemispherical if the primary penctration P, were just half the projectile

diameter d (see Fig. 9). But jet penctration theory gives

where £ is the length of the penetrator, p , its density, and g, the density
of the target.  The vertical elongation of the crater P - - D will be given by
P - 1 D= - l d = g 1
2 Po - 3 b er/ey -5

or {for unit aspect ratio (g = d):
1 ]
P-=Da=t -1
> (\/pp/p.C 5) .

IFor an angle of 1incidence a the primary penetration reaches a
depth below the target surface given by

P=p,cosa=1_ ,\/pp/pt_ cos a
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and the vertical elongation becomes

1 --1— .
P - ED =4 -‘ipp/pt cos a 5

In Figure 10 the quantity (P -I-D)/z is plotted against cos a for the lead
data, togethcr with the line predxcted by this equation for a steel pellet (P

7. 81 g/cm ) on a lead target (P, =11.35 g/cm3). A small amount of alummum
data at 60° obliquity is also shown On the whole the agreement is good enough
to indicate that the concept of primary penetration followed by afterflow com-
prises an adequate description of cratering in lead at 3 km/sec, As the pellet
velocity is increased P and D increase while g remains the same so that
the relative asymmetry decreases and the crater appears more and more hemi-
spherical. There would seem to be no necessity for introducing any sort of
vaporization or other explosion mechanism to explain hemispherical craters,
even at oblique angles of impact.

T he tendency for the lead data to fall off in a stepwise fashion with
decreasing cos @ may be connected with the transient nature of the primary
penetration of a short pellet. There is not sufficient time for the formation
of a true steady-state penetration process asvisualized by the jet theory, Non-
steady shocks and rarefaction waves undoubtedly complicate the picture. The
fact that 17SO aluminum falls below 250 aluminum is an indication that the

strength of the target, which is neglected in the simple jet theory, does M fact
play a role,

SUMMARY

It has been shown that for any given angle of incidence the ratio cof crater
volume to projectile energy is approximately the same for projectile velocities
of 3 and 5 km/sec. This is in agreement with the general trend of results at
normal incidence which indicates that volume is proportional to the projectile
energy. In addition, this ratio is found to be a linear function of the cosine of
the angle of incidence. Interpretation of this in terms of the requirements of
conservation of energy and momentum provides sufficient information to estimate
the fraction of energy which is carried away by the ejected material, provided
the dynamic critical shear stress is known,

The relation between crater depth and crater diameter as a function of
Impact angle indicates that the cratering mechanism can be adequately described
as a process of hydrodynamic penetration followed by a radial flow, resulting
from a residual momentum and kinetic energy of target material produced by
the 1nitial high pressures. This flow continues until the dynamic pressure falls
below the strength of the target.
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HYPERVELOCITY IMPACT OF HEATED COPPER

Murray Rockowitz
Charles A. Carey
John F. Dignam
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ABRSTRACT

Hypervelocity impact of semi-infinite blocks of heated OF!IC type
copper has been made with aluminum, chrome alloy steel and tungsten cur-
bide projectiles of 1/4 gram mass at velocities up to 6.5 kin/sec. The target
temperature varied between room temperature and 1600°F, All impacts were
made normal to the target surface.

An investigation is made to determine how the impcrtance cf target
temperature and mechanical properties vary with increasing projectile
velocity. Also a correlation of the variation of energy/volume and target
tensile strength is made.

INTRODUCTION

. The 1mpact of copper taigets has been studied 1,27 extensively up to
velocitics of 2 kni/scc. Atkins 4 summarizes the penetration data obtained for
aluminum, and tungsten carbide projectiles into copper targets. There have
been scveral studies 9.6 performed on heated targets, ch'gusons presented
the results of impacting copper targets with tungsten carbide projectiles at
target temperatures of 759 and 8000F. Allison3 impacted targets with steel
projectiles at a velocity o” 5 km/see, varying the target temperature between
room temperature and 1100° I¥. He showed a corrclation between the volume
of material removed and such mechanical properties of the target as the brittle
to ductile transiiion in cadmium and zine, and the annealing inflection in the
tensile strength of worked copper. To a good approximation 1t has been shown®
that the ratio of projectile energy/volume removed is directly proportional to
the Hrinnel hardness of the target, and penetration is proportional to the cube
root of Brinnel hardness? of the target,

This paper 1s an attemnpt o do the following:

1) extend the existing data of impacts into heated copper to
velocities up to 6 km/se:
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2) correlate the variation of energy/volume and tensile
strength with target temperature,

3) investigate how the importance of target temperature
and mechanical properties vary with increasing impact velocity.

The work presented in this paper was performed under contract to the
ARPA (ARPA 149-60),

EXPERIMENTAL CONDITIONS

The projectiles used were aluminum 7075-T6 (density 2,78 gms/cc),
chrome alloy steel (density 7. 8 gms/cc), and tungsten carbide {(density 14, 9
gms /[cc) spheres and cylinders of about 1/4 gram mass. The dimensions of
the projectiles were 1/8" dia. tungsten spheres, 5/32" dia. steel spheres, and
bore-size (0. 22" dia.) aluminum spheres, cylinders (0. 220" dia. x 0.165" long)
and sphere-cone cylinders.

The targets used were semi-infinite (6" x6'" x 3"") blocks of Oxygen Free
High Conductivity (OFHC) type copper. Because of the importance of target pro-
perties in the cratering process, a determination of tensile strength, Young's
Modulus and grain size at temperature was made., The results are shown in
Table 1 and 2. Brinnel hardness measurements across scctioned blocks in the
dircction of impact were made, and the average reading was 72.

The impacts were made at the Avco RAD Ballistics Range Facility. The
0. 22 caliber light gas gun was used to launch projectiles at velocities up to 6500
m/sec, A description of the Ballistics Range, 0.22 culiber light gas gun, and
method used to launch bore-size-projectiles has been presented in a pre-ious
paper 10 A sabot was devcloped for the 0. 22 caliber gun n order to launch the
highcr density projectiles at velocities up to 4800 m/sec. The sabot was con-
structed of aluminum and consists of five pieces. Four accurately machined
quarters of a cylindrical scction are locked togcther by the spherical projectile.
The fifth part is a disk with a conical back surface which acts as a driver that
pushes evenly on the sectioned cylinder.

Two Kerr cell shadowgraph stations were used to obtain velocity measure -
ments,  The velocity obtained by mcasuring the time of flight over a measured
distance between the photographic stations was corrccted for drag to obtain the
actual impact velocity,

I'he targets werce heated along two edges and one face by means of nichrome
wire heating elements located in an insulating box. The powcer supply consisted
of a 110 volt 60 cycle line. The targets were heated to the desired temperature
and then immediately impacted. A chromel-alumel thermocouple imbedded at the
top of the block was used to determine target tcmperaturc,  Calibration checks
were made to determine 1f temperature gradients existed within the target., The
measured gradients were found to be negligible.

I'he heating apparatus was mounted on a table top and the entire configura

on g ed at the end of the range. A mvlar window was used at the end of the

inge woa vacuum t maintained 1n the range,  The target was positioned
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TABLE 1

TENSILE PROPERTIES OF TARGET MATERIALS

Temperature Tensile Strength Modulus of Elastieity
(°F) (psi x 1073) (psi x 1076
75 29.2 16. 3
700 14. 4 11.7
200 11.4 10. 2
1200 3.75 3.7
TABLE 2

ASTM GRAIN SIZE AFTER COOLING

Target Grain Size Grain Size
Temperature Near Crater : BDase Material
(°F) (mm) {mm)
1560 0.120 to 0.150 0. 200 to 0. 250
1560 0.120 to 0. 150 0.150 t0 0. 200
1560 0.120 10 0,150 8. 200 to 0. 250
800 0.010 to 0.015 0.120 to 0. 150
800 0.010 to 0. 025 0.150 to 0. 200
800 0.035 to 0. 040 0. 150 to 0. 200

approximately seven inches from the mylar window when impact occurred,

Neasurements of penetration depth, crater diameter and volume were
made following impact, A micrometer depth gage (accuracy ! 0,005 cm) was
used to determine penetration depth below the original surface of the target, and
a vernier caliper {accuracy ! 0.0! cm) was used to measurc the crater diameter

at the original surface level, Volume measurements {accuracy - 0.05cc) were
made using a glycerine solution, The following sections describe the results
obtained,
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RESULTS

The results of the study are shown in Figures 1 through 12. Some of the
plots denote points as being calculated. Some of the saboted impacts revealed
parts of the driver disk in the crater., Where it appeared as if the crater diam-
eter was undisturbed, the diameter was recorded. In an effort to make use of
the data obtained on targets where sabot fragments were observed, a linear fit
was made to the square of thc center diameter and the crater volume, The
results are shown in Figure 7. The data points marked calculated refers to
points obtained in this manner.

1. Nature of Craters

The craters observed were characterized by a layer of projectile material
covering the target material, the extent of which varied for the three pellet ma-
terials, The aluminum results showed a thin layer of aluminum plating the copper
up to and including the lip of the crater, indicating the viscous fluid flow of the
projectile. At the high temperature, (1600°F) and high velocity, {4000 to 6000
m/sec) cases, a film of brass was noticeable covering the aluminum filim. The
brass is formed due to the presence of 0.1 percent zinc in the aluminum (7075-T6)
projectile, For steel and tungsten carbide impacts, the appeararce of the projectile
residue was that of both a thin layer concentrated on the bottom and fine particies
found higher on the crater walls. Some of the steel impacts resulted in a small
cone of steel {about 1/16" diameter and 1/16" high) located at the bottom of the
crater, indicating that in these cases the projectile did not completely disintegratc.
The steel impacts that did not exhibit this small conc showed a hole in the steel
lining of the crater about the diameter of the cone. The presence or absence of
this cone obviously affects the depth measurements but has negligible effect on the
volumes measured. Therc were no noticeable changes in crater profile except for

dimensional ones at the high target temperatures, for the steel and tungsten car-
bide impacts.

The shape of the craters varied with projectile material. The aluminum
and stecl cratcrs have depth to diameter ratios of approximately 0.4 and 0. 5,
respectively, at the high end of the vclocity scalce, whereas the tungsten carbide
results show craters which arc somewhat decper in penetration, having a depth
to diameter ratio approaching 0.7 from above, at thc upper limit of the velocities
considered. The criteria that the depth to diameter ratic of 0.5 is a necessary
condition for hypervelocity region, indicates that the tungsten carbide impacts
are not in the hypervelocity region.

2, Volume kEnerpy Relationships

Figures 4-b show the variation of volume of material removed as a function
of projectile energy for different target temperatures.  For a given target tem-
perature, the volume mncreases with increasing projectile energy in 4 non-tinear

manner,  Atkins 4 and others have suggested that a linear volume-energy relation-
ship 15 a characteristic of L‘.’pc:'g- ocity 1mpact,  This implies that encergy dis-
S1pa ed per unit crater volume, ==, 1S a constant ovel that velnciiv region {or o
given projecuie-arget combination.  Bjork T theory on the other hand predicrs
that voiume 15 proportional to projectile momentum at high velocities, nmolving
_E 15 a Ginear function of velocity in the nyperveloaity regior The plot:

\%
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E

-y~ versus velocity, Figures 8-10, show that v increases linearly with velocity,

Atkins % and others 12 have noted that for several projectile target combina-
tions the energy per unit volume can be expressed as a linear function of the target
Brinnel hardness. Hardness readings at temperature were not available for the
copper used, but since the variation of tensile strength with temperature is quite
similar 13, 14 to the hardness temperature profile, = was correlated with the
measured tensile values, Figure 11 is a plot of versus tensile strength for
the different projectile materials considered., Thé& curves are shown for several
projectile velocities, A linear relationship exists of the form:

%:cmd 1)

where | is the tensile strength of the material
¢, d, constants which depend on projectile velocity.

The intercept values, which have been determined by extrapolation, repre-
sent the energy/volume values near the melting point of copper, and the difference
between this value and the energy/volume at a tensile value of 29,000 psi (target
at room temperature) represent the change in L due to the influence of target
temperature. If one normalizes this differencevby dividing it by (29 x 103 psi),
a comparison of relative contribution of temperature effects on for different
projectile velccities can be made. The results show in general that the extent of
influence of target temperature on the cratering efficiency does not change with
increasing projectile velocity over the range of velocities considered, his
implies that we are impacting at velocities where the strength properties are
important considerations.

Bjork's analysis was made ignoring the strength properties of the target
material,

If one combines the linearity conditions of §7 with velocity and target
tensile strength, one can write the [ollowing general expression:

E
= aU+bvecUved 2)

Where U = target tensile strength
v = projectile velocity
a,b, c,d constants
which can bc rewritten

v = E (3)
aU+ bvtcUv+d
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Dividing both numerator and denominator by projectile velocity, letting
V get very large and holding U constant, one obtains:

V=kmyv

which is valid at velocities where the strength properties of the target are small
enough to be ignored. This conclusion is in agreement with Bjork's assumption.

Other investigators have noted a correlation between ihe volume of ma-
terial removed during impact and the annealing region for copper. Allison in
Reference 3 showed a large increase {about 100 percent) in volume occurring
around the annealing region (500° F to 800° F) for steel impacting electrolytic
tough pitch copper. The tensile strength of the copper used by Allison showed
a decrease of 75 percent over that temperature region. The copper used in this
study (OFHC 1/4 hard) had a tensile-temperature profile which-was considerably
different from that used by Allison, and the results obtained show a Smoother
volume-temperature variation over a similar temperature range. F:igure 12
summarizes the above statements by comparing graphically the dependence of

and tensile strength on temperature for both the results obtained by Allison
and the authors, The conclusion that one can make from a comparison of this
sort is that the response of the target material to particle impact is strongly
dependent on the way the target material is worked prior to impact,

3. Penetration

Figures 1-3 are plots of the depth of penetration as a function of projectile
momentumn at target tempreratures of 752, 800° amd 1600° F, In general, the
results show that at a given target temperature, the penetration increases with
increasing projectile momentum or velocity. Also, the depth of penetration in-
creases with increasing projectile density.

The aluminum data represents impacts made with the projectile of varying
shape, over a small range of masses (0. 20 to 0. 30 gm). Cylinders, spherc¢s and
sphere-cylinder-cones were fired to investigate the effect of projectile shape or
orientation on the subsequent damage. The results do not indicate any significant
changes in the crater geometry occurring with the different shapes.

Figure 3 is a plot of the tungsten carbide data, including results obtained
by Ferguson of the Naval Research Laboratory (reference 5). The targets used
in the NRL study were anncaled blocks having an average Brinnel Hardness of
48.0 for the as received blocks, The NRL studies indicate that the transition
velocity for tungsten carbide into copper occurs approximately at 1 km/sec, at
a target temperature of 75° F, and does not change in value when the target is
impacted at 800° F, The results of the NRL study, if extrapolated into the veloc-
ity region reached in this study, show slightly higher values of penetration depth
occurring at the same projectile velocity, This can probably be attributed to the
differcnce in Brinnel Hardness of the two target materials considered, since there
is evidence from the aluminum data (see Fig, 1) that the penetration into an an- -
neated target (BHN 41) is somewhat greater than that into the (1/4 hard OFHC)
(BHN 72).
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CONCLUSIONS

The impact of semi-infinite biocks of heated OFHC copper with aluminum,
steel and tungsten carbide projectiles of 1/4 gram mass at velocities up to 6.5
km/sec yielded craters whose dimensions increase with increasing target tem-
perature, Both the depth of penetraiion and volume increased with increasing
projectile density.

The results show that the ratio of (projectile energy/volume of material
removed) varied linearly with both the projectile velocity and the target tensile
strength. Combining these two results it was shown that the crater volume will
be proportionai to the projectile momentum at velocities high enough so that
one can neglect the strength properties of the target. These velocities exist
beyond the runge considered in this study, since the results showed that the
strength properties of the material are still significant at these velocities.
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SPRAY PARTICLE TECHNIQUE
FOR STUDYING HYPERVELQCITY IMPACT
Thomas Lee, William Clark and Emerson Cannon

Utah Research and Development Company
Salt Lake City, Utah

INTRODUCTION

The problcm of accelerating large masses to high velocities is one which
is formidable. Accelerating a small mas (less than 1073 gram) to a high velocity
is not so difficult and has bcen donce with some degree of success, The method
used at Utah Research and Dcvelopment Company is one which utilizes spray
particles. The disccvery of spray particles and the subsequent recognition of
themn as a tool for studying hypervelocity particle behavior and hypervelocity
impact was madc by the authors and others at the University of Utah High Veloc-
1ty Laboratory. It was noted while studying the spcctral characteristics of the
impact flash that the light from the impact flasii was mainly concentrated in some
rather long strcamers extending out from the point of impact. Open-shutter
photographs of the impact flash (Fig. 1) show these strcams of light clearly.
Furthcr Investigation showed that when an obstacle is in the path of one of these
streamers a secondary impact flash is produced. The cxistence of the secondary
impact flash indicates the presencc of spray particles producing the secondary
flash. R. E. Blake () made a rather detailed study of the velocity and size
distribution of spray particles. Clark, Kadesch and Grow 2) deseribed the
behavior of spray particles in terms of meteorite theory and suggested experi-
mental techniques for studying single spray particles.

The striking similarity between the micro-craters made by impacting
spray particles and the normal macro-craters was noted while tooking at a spray
smpact area on steel shim stock through a microscope.  As is seen in Figure 2,
the micro-craters have all of the characteristies of the normal craters In aium-
inum, They have the same symmetrical pattern, the raised hp and the delicate
petals,

FExperimental work 1n the research facility of Utah Research and Devetop-
ment Company has been anmed at obtaining a single spray particle whose velocity
may be measured accurately and whose diameter and mass may be determined,
The experimental method of domng this 1s simple and straightforward in ouddine,
but considerably less simple in pracu

The ability to obtain data which 1s of value from small particle 1mpact
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Figure 1
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depends to a large degree on the validity of scaling laws employed. When the
hydrodynamic model of impact damage is employed, (as has been done by most
theorists) it is nccessary to assume either that viscosity is of negligible impor-
tance or that it plays a large role. The validity of the assumption made deter-
mines, to a large extent, the ability of a given scaling law to represent the facts
as will be discussed. It is possible to determine the effect of viscosity on the
process of crater formation by varying the size of the impending projectiles over
several orders of magnitude while maintaining a relatively constant velocity.
The experiments which are reported in this paper are ideally suited for this
purpose and have been used to determine the effect of viscosity on the cratering
mechanism. This paper also indicates some scaling phenomena of importance
in predicting damage due to projectiles of large mass at high velocity.

TECHNIQUES

Presently, the gun being used at URDC is a 25 caliber, smooth-bore,
experimental gun that is well known to many of the readers. A picture of the gun
mounted to the vacuum tank is seen in Figure 3. This gun is chambered for a
243 swift cartridge. The cartridge is ivaded with a standard load and the one-
quarter-inch steel sphere is forced into the mouth., The gun is fired into a
vacuurm range whose pressure measures 6 mm in mercury. The target assembly
is seen in Figure 4. The primary target -- the target into which the steel sphere
impacts -- is seen at the bottom of the assembly. Above the primary target is a
steel box, Within the box are windows through which the photomultiplicrs ob-
scrve the trails of the spray particles and the secondary target onto which the
spray particles impact,

The relative positions of various components of the target assembly can
more readily be seen 1n Pigure 5. The leading edge of the primary target is lined
up directly below the aperture into the box., A few expcrimental shots at URDC,
correlated by the work of the High Velocity Laboratory, showed that the smallest
spray and the fastest spray was cjected at nearly right angles to the line of travel
of the primary particles. Figure 6 shows the distribution of the spray. The micro-
particies are exclusive in the first five degrees of are as measured out from the
face of the target. To take advantage of the highest velocity particle it was nec-
essary to take care to be in the five degree region, The spray from the primary
unpact must then pass through the tiny apcrture and in front of the photomultiplicr
slits before striking the secondary target.

I'or the most reliabie measurements exactly one spray particle should be
admitted to the velocity and diameter measaring system.  This is obtained by ad
justing the entrance apertare by trial and error. The most recent, and apparently
satisfactory, entrance aperture is 0,1 millimeter by 0,1 millimeter, Spray part-
1cles enter every shot and occasionally only single or separable doubles pass,

The secondary target 1s presently 245T aluminum.  The surface is polished
on the buffing wheel with 600 grit silicon carbide, A higher polish is, of course,
possible, but experience has shown that the extra effort is not worth the results
on this grade aluminum, The target 1s mounted 1n a target holder (Fig. 7) which
“can be accurately returned to the same spot for each successive shot,  This
facrhitates the locating of the spray particle impact area under the mieroscope,
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Figure 4
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The microscope used to study and measure the spray particle craters is
a Unitron, Model BU-11 metallograph microscope. Although the microscope
itself has provision for taking photographs it was found more convenient to photo-
graph the cruters through the eye-piece. The scale on all pictures shown is 2.5
microns/scale divisioun,

‘Two velocity measuring systems are required, The first measures the
time of flight of the primary (steel sphere) pellet from the gun muzzle to the
iimmpact on the primary target., The photomultiplicr which sces the impact sends
a signal which both marks the arrival on the primary velocity oscilioscope and
triggers the sweep for the spray velocity oscilloscope. The photomultipliers see
the spray particle as it successively passes in front of each slit and strikes the
secondary target, Thce signal from each cell is recorded on the scope trace and
photographed. The oscilloscopes are calibrated for sweep synchronization with
a T'ektronix time mark generator,

Drag Theory:

In this work the particle diameters have been determined from the rate
at which particles lose veloeity, The simnaller the spray particle the more rapidly
it will slow down from friction with the atmosphere, Air motecule collisions with
fast metal objects are not perfectly elastie, Some energy appears as heat in the
metal, The size of this fraction is of some interest but is not at present accurately
known. Rough calculations indicate that spray particltes having an initial velocity
around 10 km/sec are melted quickly but evaporation does not change their diam-
eters seriously while they traverse the apparatus.  Liquid drops are accarately
spherical under the conditions of interest, surfuce tension forces greuatly exceeding
the drag forces, Spray particles are normally much smaller than the mean free
path of motecules in the gas through which they are passing.,  The spray particle
velocity 1s high compared to the random motecutur motion.  Drag on the spray
particies is then due to repeated collisions with stationary gas molecules, 1t cun
be reliubly computed and for a spherve is equal to the cross-sectional area times

p v2 where e 15 the density of the gas and v the spray partiele velooity,

In differential equations the rate at which the spray particie decelerates 1s

: 2
d2x/dtz k{dx /dt)

then upon integrating

x - (/K0 (v kV 1)

)

Fhree (<, t) points furmsn safficient information to calealate the mitial
velocrty Vooand the deceleration factor, k. From k oand the Tiee motecale draug

O ¢

theory the particte diameter can be calculated,

Inerta forces, equatron state pressures, and material strength foroes
scale lincarly, that s, ater formation 1s influenced by these foroes only. The
ratio of (rater dimension to pellet dimension 1s ndependent of pellet s1ze. On the

other hand, viscous rees scale m such a way that ther influence increases for
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smaller upparata, Consider a sphere moving through a viscous fluid, by Stokes
law the drag force on it is
Drag force = 6xrn V
I* = sphere radius
n = fluid viscosity
V" = sphere velocity

Dividing by the sphere mass, 4/3x r'3 p . the deceleration is

dv _ _ 89 2V
a0 et

integrating it 1s found that the range of the sphere is
range = 2Vopr” pr’
9n
It follows that the ratio of the range to the sphere radius is directly proportional
ta the radius,  The lhinpact case of a deformable pellet penetrating mnetal is more
complicated than that of a sphere of constant dimensions penetrating a viscous
fluid, but lir a general way the same scaling laws should apply. If a cemimeter-
size pellet is stopped by viscous forces in about 10 radii, a micron-size pellet
should be stopped In 1073 radii leaving practically no crater at all,  Put another
way, if viscous forces are significant for an impact of an ordinary centimetenr-
size pellet they should be overwhelmingly dominunt in the micron-size range,

Data and Conclusions:

The duta plotted 1o Figare 8 was tuken from steel-alumium data by
Q)

Johnson (3) and

4)

d S

thers at the Hipgh Velocity Luboratory and {from the Kineke
duta us reported at the Fourth Hypervelooity Symposiam.  Johnson and cornpuny
were Dring 3/16-in-h <teel spheres into aluminum while Kincke fired rlut steel
Bavs off the fuce of explosives into aluminum, The Kimeke data was modified by

gssuining the dises o be spheres of cqmivalent mass,

I'he diaeneter of the erater in the data reported from URDC 18 subjpect 1
! ble error [N ten diffreutt to deternnne the digmeter ot the surface o
thee 11 eiai becanse the 56050 teh hagher and che craten ders o
alimost veg 20 ) Polew Crater diameters were nreasared from bhlown
prapin 1034 Irpar I'1s p ihie Hiore ¢ should he
el Thn e gral ‘ . [ W 1O NS ¥ TR ) Gy HH
4 ‘ t ! ‘ 123 t ;
4 b Tl it e dilarnets ! : Jra Hp sphey e
f 1 ¢ noed ] o F chle provec e 1 h a way *ha
joo )8 SRR Y ' t ' ' YRR gop° ¢ 1 Vel
t e W eopa gt ! LA SR T
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IYigure 8

These duta (Fig, 8) indicate the ratio of crater diameter 1o pellet diameter
15 about the sume for a given velocity foi pellets i the centimeter and micron-size
ranges,  The crater shapes are not conspieuously different. We conclude that the
effect of viscous forces 1s small 1n the micron-size ranges.  Due to the scaling
laws, the effect of viscous forees must then be completely negligibte for pellets
i the centimeter-size runge and the neglect of viscous forces in the “J()l'k(s)
cratering theory 1s justified,  We further

onclude that dhll‘u’.x}’!,' to a space V!.‘lll("l(:
fue 10 proje tiies f lar renass at high ve
i . IS I8

selly may be predicted by scaling
lmearly from phenomena observed in spray particle mmpact,
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I would like to address my opening remarks to this Experimental
Session from the standpoint of the organization for which ! work, the National
Aeronautics and Space Administration. In the space program, there are a
variety of areas where the hypervelocity field is of fundamental interest.
These include: hypervelocity interactions of a projectile with gas; hyper-
velocity impacts on surfaces as the moon and space vehicles; the meteoritic
environment for reliability in space missions; and some fundamental aspects
of the scientific exploration of the solar system, particularly the nature of
matter in the interplanetary space.

Although the re-entry problem for ICBM development hus been solved,
an exiension of this problem area is required for entry into planetary atmos-~
pheres at velocities greater than escape velocity, The interaction of a probe
upor etitry into the atmospheres of Mars and Venus must be understood in
order to obtain measurements of thesc planetary atmospheres and to land
instrumentation on the planetary surfaces.

In the lunar program, it is expected that within the next two or three
years instrumentation will be soft-landerd on a lunar surface, and within the
decade, it may be possible to send men to the moon and return them to the
carth, The lunar surface represents a unique sample of muteriut exposed to
the space environment and unaffected by the telluric crosion processes from
an atmosphere and water. The surface has been bombarded by meteoroids for
mitlions of years and the signature of the craters thus formed may soon be
examined in detail,  We would like 1o know the effects of the meteoroid bomi-
buardment on the lunar surface, the degree of formation of dust, the effects of
spallation, the crater shapes at immpact velocities up to 70 km per/sec, and
whether a metcoritic material may be recovered from the lanayr surface.  For
such an investigation, extended theories and experiments on hypervelocity
cratering 1s important in order to delineate the evolutionary variations of the
tunar surface and its geological history.

The meteorite environment is also of importance for space missions
particularly for mmanned spuce {light @ind for missions to the planets, There 1s
concern about the rehability of storage of liquid fuels for extended fhghts;
concern for the design parameters of radiators of large areas to be used in
conjunction with nuclear power sources for propulsion, and, concern for the
safety of a crew on extended flights,  Based on available information of the
metearitie environment, the data on hand 1s presently insufficient for proper
evatuation of design parame*cers,  Not! only 1s the knowletdge of cratering effoects
at impact velocities up to 70 km of himated value, but also the knowledge of dam-
age to thin turgets and the effect f cratering by cometary particltes of low
density (001 per o) not well known,
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Hypervelocity impact studies are important also in the scientific explora-
tion of the solar system, particularly with the study of interplanetary matter by
direct measurements, i, e,, cosmic dust, meteoroids, asteroids, and comets,
Inthesedirect measurements, the interaction of the particles with the sensors
again occur at velocities up to 80 km per/sec. The physics of the impact effects,
particularly in translating any measurements from the sensors to the under-
standing of the particle mass, velocity, and structure, is exclusively tied to
our knowledge of the hypervelocity-impact physics. The astrophysical signifi-
cance of such studies is apparent as a basis for understanding the origin of
comets and stellar bodies, The value of such measurements is therefore r=-
lated to the understanding of hypervelocity impact phenomena.

Thus, for a number of space-age problems, the study of hypervelocity
effects indicated that theoretical and experimental work for the exploration of
the solar system should be extended to velocities ranging close to 100 km per/sec.
The studies of space environment are of immediate interest and should be con-
tinucd to delineate the probability of impact and ihe hypervelocity studies are
important in determining the methods of designing space vehicles for this
environment.
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AN EXPERIMENTAL INVESTIGATION OF SINGLE
ALUMINUM "METEOR BUMPERS"
Don Humes, R. N, Hopko, and William H. Kinard

NASA Langley Research Center
Langley Air Force Base, Virginia

INTRODUCTION

Man and machine are now traveling 1n a new environment -- space.
Meteoroids are part of this environment and thus pose a potential hazard to the
space traveler. Considerable research effort is being directed to define this
hazard. If it is discovered that meteoroids pose a serious hazard to space
vehicles, means of reducing the hazard must be found. Several fabrication
techniques to reduce the damage from meteoroid 1mpacts are presently being
studied. This report describes an investigation of one fabrication technique
which utilizes a ""Meteor Bumper', first proposed by Fred Whipple as a means
of reducing impact damage. FPigure 1 Illustrates the meteor bumper which is
sunply a thin shield placed a short distance in front of the main structural wall.
It is envisioned that meteoroids would be fragmented andfor vaporized upon
impacting the bumper and the resulting debris dispersed over a large area of
the main wall,

SCOPLE OF TIHE PRESENT INVESTIGATION

In this investigation, the bumper shiceld thickness and the spacing between
the bumper shield and the main structurat wall have been varwcd,  The bumper
shictds were 2024-T3 aluminum atloy and varied in thickness from 0,016 to 4,0
projectile drameters.  The muain walls were all 2024-T4 atuminum altoy.

In order to efficiently stady the effectiveness of the various bumper shields,
the muin structural walls were all thiek enough to be considered quasi-intinite,

The spacing between the bumper shictd snd the maim walls vuried from zero
6 proyectile diameters,  The projectiles used in obtaining penetration duta were
), 0625 -men-tiameter copper spheres and were saboted diaring firings from both

poader guns and light gus guns.,  Several 0, 220-inch-diameter alurminum spheres
were fired to obtain photographie data, ‘The bumper targets impacted by projec-
tites fired from che hight gus guns were contained in an evacuated test chamber

while impacted, Fhe targets itmpacted by projectles fired from the powder poun

WOere 13 n noan open range,  nstrumentation was ecmploved to measure the
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velocity of the projectiles and to establish that the projectiles were launched
undamaged and separated from the sabots before impacting the targets.

DISCUSSION OF THE RESULTS

Effect of impact velocity. The effect of projectiles impacting bumper shields
at various impact velocities is shown in Figure 2, This figure shows photographs of
0. 22-inch-diameter aluminum spheres after penetrating 1/8-inch-thick aluminum
bumpers at impact vclocities of 2,700, 4, 600, 7,300, and 13,400 feet per second.

At the impact velocity of 2,780 ft/sec the projectile which probably is the leading
large fragment is essentially intact suffering only a slight deformation. One plug
punched from the bumper can be seen following the projectile and a small ring of
metal is visible just being spalled away from the bumper. When the impact velocity
was increased to 4, 800 ft/sec the projectile appears to be fractured in several large
fragments which are remaining close together in a roughly small spherical pattern,
Behind the projectile fragments can be seen a cone of bumper fragments. When the
impact velocity was further increased to 7, 250 ft/sec the projectile fragmented into
smaller fragments which spread out such that they are indistinguishable from the
fragments from the bumper, At the highest impact vclocity of 13, 400 ft/sec an
cxpanding clliptical cloud of very small fragments was found,

The total measured penetration obscrved in a bumper protected wall combi-
nation at varying impact velocities is 1llustrated in Figure 3. Thc total penetration
which is the bumper thickness pcnetrated plus the penetration in the main target is
plotted on the ordinate with the impact velocity plotted on the abscissa, Plotted for
comparison purposcs arc the pcnetrations achieved at identical impact velocities
in quasi-infinite targcts with no bumper shields. The thickness of the bumper shields
used were all one-half the diameter of the impacting projcctiles,

It can be noted that the pcnetration into the unprotected quasi-infinite targets
increased with inercasing impact velocities for the entirc velocity range observed,
fn the Tow vetocity range, the penetration into the bumper protected targets also
increased with increasing impact velocities up to a velocity of about 6, 000 ft/secc.

At this velocity the penetration appears to reach a maximum value and as the mpact
veloclties are further increased the penetration decreases,

Examination of the data shown in Figure 3 an the low veloerty range shows that
at these impact velocities the bumper shields were mceffective in reducing the penc-
tration, L fact the projectiles penetrated deeper in the bumper protected targets
than in the unprotected targets. This greater penetration in the bumper targets was
due to the fact that less projectile momentum or cnergy was required to penetrate the
bumper shield than was required to penetrate an cqual depth in the quasi-infinite tar-
gets. This fact has been shown in Reference 1. In the Tow velocity range the copper
projeciiles were mtact and essennially undeformed after penetrating the bumper

shield as was the low veloerty aluminum proje ctile shown in Figure 2

<.

Penetration data of Figure 3 at ninpuact velocities above 9,000 ft/see shows that

1w bumpers were effective i reducing the total penetration below that obtamed in thee

protected targets. The pper projectiies were observed to hegin fragmenting
turing the penetrat i the pers at impact veiocity above 9,000 {4 /sec, alimost
wice the e tv required to begin fragmenting the larger abumimum projectih 1S -

ated an Frgare 2,
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The fragmentation of the higher velocity projectiles as they penetrated the
bumper and the dispersion of the fragments over a large area of the main target
accounts for the ability of the bumper shield at the higher impact velocities to reduce
the penetration.

In hypervelocity impacts the crater volumes are observed tc he a function of
the kinetic energy of the impacting projectiles. In a bumper target system the energy
is spread over a large area of the main target due to the projectile fragmentation and
the dispersion of the fragments and there is a tendency to produce a very large diam-
eter shallow crater rather than the usual hemispherical eraters observed in unshielded
targets. If the distance between the bumper and the main target is sufficient, many
small individual craters are produced. The small crater having the deepest pene-
tration will be that one produced by the fragment having the greatest energy.

The decrease in penetrations with increasing impact veloeities shown in the
high velocity range of Figure 3 results from an increase in the degree of projectile
fragmentation which occurred at higher and higher impact velocities.

The veiocities of the particles resulting from the penetration of a bumper
shield vary widely. The measured velocities of the fastest fragments observed always
increased with increasing impact velocities as shown in Figure 4. The increased rate
of projectile fragmentation with increasing impact velocities shown in Figure 2, how-

ever, overshadowed the effects of the increasing fragment velocities and caused the
penetration to decrease.

If the fragment sizes and the fragment velocities continue to change at veloe-
1t1es above 16,000 ft/sec as they have in the 9,000- to 16,000-ft/sec range then it is
pussible that the penetration depths in bumper protected targets may decrease and
approach being equal only to the bumper thickness. If this trend be correct then it
appears that possibly the maximum impact penelration damage to a shield protected
wall may result from particles impacting at rather low velocities.

Effect of bumiper spacing. The effects of the spacing between the bumper
shield and the main wall are illustrated in Figure 5. ‘T'his figure is a plot of the total
penetration as a function of shield standoff,

It can be seen that at impaet velocities up to about 9,000 ft/sec the penetrations
were not affected by standoff. In this velocity range as has been mentioned the pro-
jectiles remained intact after penetrating the bumper. At impact velocities above
9,000 ft/see in which cases the projectiles were fragmented by the bumper the pene-
trations were observed to decrease with increasing standoff up to a point beyond
whieh additional increases in the standoff had no further effect. The deerease in
the penetration observed as the standoff distance was increased up to about 40 times
the projectile diameter occurred as the result of the greater dispersion of the frag-
ments and consequently the reduced number of compound craters formed. The com-
pound craters are those cratcrs formed by two or more {ragments impacting on or
near the same location and consequently influencing the penetration depth of each
other,

A typical dispers:on pattern of fragments 1s atlustrated in Figure 6 which
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shows a series of sequence photographs at varying times of a 0, 22-inch-diameter
aluminum sphere after penetrating a 1/8-inch-thick aluminum bumper. The im-
pact velocity in this case was 13,400 ft/sec. The two vertical lines visible in the
photographs behind the bumper are reference marks and are out of the plane of
the projectile track. Once the standoff was sufficient to essentially eliminate
any compound cratering, further increases in the standoff had no effect on the
penetration,

Also indicated in Figure 5 is the apparent necessity for the bumper stand-
off to ke at least eight times the diameter of the impacting projectiles for a maxi-
mum p. netration depth to be obtained such as observed in Figure 1. At standoff
distances below about 8 projectile diameters the penetration appears to always
increase with increasing the impact velocity. When the standoff distance was
greater than about 8 projectile diameters the maximum penetration was obtained
at an impact valocity of 9,000 ft/sec and this maximum penetration was not in-
fluenced by the exact standoff distance. This fact may indicate that relatively
short standoff distances will be sufficient to limit meteoroid penctirations of
spacecraft. However, there are other factors to consider which may govern
the required spacings between bumpers and main structural walls. Two such
factors are the possibility of the total pressure pulse generated by the impact of
a cluster of bumper and impacting particle fragments being sufficient to bend the
main wall and produce a crack or to produce a spall from the back surface of the
main wall. To reduce these types of damage considerably grealer spacings may
be required than those just sufficient to limit the penetration.

The effect of bumper shield thickness. Figure 7 shows the variations of
penetration with impact velocity into six target arrangements that varied only in
bumper thickness. The bumper thicknesses in curves (a) through (f) of Figure 6
were 0.16, 0.25, 0.5C, 1.0, 2.0, and 4. 0 projectile diameters, respectively.
In curve (a) the penetration increased throughout most of the velocity range of
the data reaching a penetration depth of abcuat three projectile diameters at an
impact velocity of 11,000 ft/sec, The very thin bumper shields used in these
targets were unable, iIn the velocity range investigated, to fragment the projec-
tiles sufficiently to reduce the penectration depths.

In the (b) curve of Figure 7 the penetration increased to an observed
maximum of slightly less than three projectile diameters at a veloeityof 10,000
ft/sec then decreased with additional increases in velocity until a velocity of
about 12,000 ft/sec was reached at which point the penetrations again began to
increase with s:1ll further velocity increases. The fastest impact velocity on
these bumper shielus which was in excess of 15,000 ft/sec still failed 1o {rag-
ment the projectiles to the degree necessary to cause the penetration depths to
diminish with increasing impact velocities, The dip occurring at 1mpact veloc-
ities slightly greater than 10, 000 ft/sec resuits from the start of fragmentation.
In curves (¢} and (d) the bumper thickness was sufficient to permit extreme
fragmentation of the projectiles within the velocity range investigated. Both of
these curves follow the same general trends observed in Figure 3 with an
apparent maximum penetration of about 2-1/4 projectile diameters being ob-
tained at an impact velocity of about 8,000 ft/sec,

In curve (e) the largest poruon of *he total penetration observed from each

impact was in the bumper shield due to its thickness, At velocities above 10, 000
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ft/sec the penetrations observed appear to be remaining very nearly constant
with further velocity increases at a maximum value of 2. 75 projectile diameters.

In curve (f) the impact velocities investigated were not sufficient to per-
mit the complete penetration of the bumper shields. The penetration depth in
the bumper shields increased with increasing impact velocities reaching a value

o

of about 3. 75 projectile diameters at the maximum impact velocity obtained.

By observing the maximuin penetrations obtained with the varying bumper
shield thicknesses shown in Figure 7, an indication of thc most effective bumper
thickness can be obtained, Figure 8 is a plot of the maximum penetrations ob-
served in Figure 7 as a function of the thickness of the bumper shields. The
maximum penetrations taken from curves (c), (d), and (e) of Figure 7 are felt
to be probahly the maximum penetration that can bc obtained with the respective
target arrangements used; in curves (a), (b), and (f) thc maximum penetrations
were not established. It was established, however, that these maximum values

will be at least equal to or greater than the maximum penetrations obtained during
these tests.

The bumper shield thickness investigated which provided the greatest
protection appears to be about one-half the projectile diameter.

As mentioned before, all of the back main walls of the target arrange-
ments used in this investigation were thick enough to be considered quasi-infinite.
Designers of spacecraft are interested in the minimum finite thickness of material
required to defeat impacting projectiles or meteoroids. Calculations were made
to determine the total finite thickness of material required in a bumper and main
back wall structure to just dcfeat the projectiles used in this investigation. The
results of Reference 1 were used in making these calculations which indicated
that finite plates 1. 5 times the penetration depths observed in quasi-infinite tar-
gets are required to just defeat the projcctiles. The results of these calculations
are shown in Figure 9 which is a plot of the total thickness of material required
to defeat the impacting projectiles on the ordinate and the bumper thickness pletted
on the abscissa. [t can be seen that the minimum thickness of materiul required
to defeat the projectiles is about three projectile dianeters with the bumper shield
thickness equal to the projectile diameter., This means the inain wall thichness
must be twice the projectile diameter in order for the total of the bumper and the
wall thickness to be equal to the value of three projectile diameters,
should be noted 1in Figure 9 that varying the

It also
bamper thickness by plus orr minus
a factor of two produces results which dre atmost equallty effective,

The curves shown m Figures 8 and 9 are for the purticutar materials used
in this investigation. It is, however, felt that the trends observed witl also be ol -
served for the cases of meteoroid impacts against any materials used i bumper
and mamn walls of spacecraft. It is therefore felt that they can he extremely usefut
as a guide in designing space siructures for penctration protection,

Concluding 1emarks.  Resulis of this "Meteor Bumper mmvestigation have

indicated that impact damage from high velocity particles can be greatly redaced
by using a properly selected bumper shietd.  With such properiyv selected shields
the penetration damage on bumper protected wal ymbinations was observed to

be hhimited to a maximum valaee which occurred at retatively low impaect velocities,
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SINGLE ALUMINUM "METZOR BUMPERS"

The bumpers were observed to be effective only if they are spaced greater than

8 projectile diameters in front of the back wall. Standoff distances greater than
this may be necessary to limit bending or spalling of the back wall; however, they
will not reduce the maximum penetration that can be achieved in the bumper pro-
tected wall.

The optimum design for the conditions of this investigation to defeat the
projectiles used was found 1o be a bumper shield equal to the diameter of the
impacting projectiles, a standoff of 8 projectile diameters or greater, and a
back main wall equal to twice the diameter of the impacting projectiles and also
~qual to twice the thickness of the bumper shield.
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THE PERFORATION OF THIN PLATES BY HIGH VEI.OCITY FRACMENTS
R. W. Watson

Carnegie Institute of Technology
Pittsburgh, Pennsyivania

INTRODUCTION

Since its inception, the major effort in the hypervelocity research field
has been directed toward the solution of the problem of cratering in semi-infinite
targets. llowever, the impact failure of thin targets, particularly the light struc-
tural alloys, has become an increasingly urgent problem. For the past year and
a half our research group has been engaged in an extensive expcrimental program
to determine the parameters governing the failure of thin plates under the impact
of high velocity fragments. A wide variety of experiments have been completed.
The results of several of these investigations have led to the formulation of a
simple model that adequatcly describes ccrtain aspects of the perforation phe-

nomena. It is the purpose of this paper to describe these experiments and to
discuss this thecoretical model,

EXPERIMENTAL STUDIES

Fragment Projector

A precision fragment projector is essential in any hypervelocity study.
Variations in striking velocity and delivered mass complicate the analysis of the
experimental data obtained in impact tests.  For this reason u serious develop-
mental effort was made to obtain a high quality fragment projecior.  The final
domgn_ which yrelus a fragment having a velocity in excess of 3 kni/sec, is shown
in Figure 1. The charge 1s Composition B (60 % RDX and 40 7% 'TN'T), 5 inches tong
and 1=5/8 inches in diameter, It is mitiated by a1 5/8&1mch-diameter by 1/2-inch-
thick tetryl booster used in conjunction with a No. 8 electric detonator.  The charge
1s cast darectly on the steel surround containing the fragment, a Ketos steel cyl-
inder 1/16 ineh in diameter and 1/16 inch tong.  This compact fragment geometry
was selected to mummize the effects of fragment tumbling on the outcome of -
pact experiments.

In experimental tests the fragment 1s usually projected through a t=inch-
thick baffle plate contaiming a 1-inch diameter holte, Faperience has shown that
a 6-inch standoff 1s adequate tor dispersion of the tupered steel surround,
tensive veloctitly

ox -
measurcements and recovery experiments showed that the pro-

N ( 4 .
jector produce ingle iragments having an average velocity of 3170 20 20 m/sec
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Fig. 1 Pertinent features of the fragment projector used in
perfcration studie: with aluminuin and magnesiurm alloys.
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and a delivered mass of 0.0230 ¥ 0.0005 grams; the original fragment mass
was 0, 0224 £ 0. 0002 grams. Close range flash radiographic studies indicated
that the fragment was not appreciably deformed during the acceleration period.

Recovery Experiments

An experimental study was made to determine the composition of the
material ejected from the back surface of thin plates during the perforation pro-
cess. For this purpose various thicknesses of aluminum and magnesium alloys
were securely attached to a water collection pot and impacted with 3170 m/sec
frapments. Care was taken to assure that only the matcrial projected through
or spalled from the back surface of the plate was collected. The collected ma-
terial was then chemically analyzed for steel content. The result of these tests,
shown in Figure 2, show that within experimental error, all of the impacting
fragment mass is projected through the target whenever complete perforation
takes place.

Residual Velocity Measurements

Visual inspection of the material collected in the recovery experiments
indicated that the fragment perforated the thinner targets (1/16 inch) without
undergoing serious deformation. As a result of this observation an extensive
flash radiographic program aimed at determining e¢merging fragment velocity
as a function of target thickness was initiated. The experimental arrangement
used in this investigation is depicted in Figure 3. The two delay networks are
adjusted in a manner that allows the fragment to be viewed at a sufficient dis-
tance behind the perforated plate to permit accurate distance measurements,
T'ime measurements were accomplished by recording the interval between the
luminous flash occurring at impact and the x-ray burst. A typical timing trace
1s shown in Figure 4 along with a radiograph showing a fragment 110 g4 scc
after hmpact., The two vertical strips on either side of the radiograph correspond
to aluminuin and steel wedges attached to the fiim cassette; these wedges assist
in identifying the material revealed in the radiographs.  The individual results
of this serics of tests are presented in Table I, The spread in the data obtained
under a given set of experimental conditions is greater than anticipated on the
basis of varlation in impacting fragment mass or velocity,  This probably can
abhated to either minor variatitons in fragment orlentation at impact or 1o
small differences i the physical properties of the target materials,

o fieg

THEORY AND DISCUSSION

At an napuct velocrty of 3170 w/sec the tntial dynainie pressure far

exceeds e ordanary vield strengih of the oy pger matermls used in this stud; and

15, an fact, several times the vield strength of "he mmpacting fragment. Howewer,
the pact phenomena desoribed here cannot be centirely aseribed (o fluid rmpac
where both the target ar parcting bods are treaved as fhods, L2 The mass
ccovery experiments and the rodiographic investigation support this contention,
As enclladlge aeems, @ S48 UM D 1Y Sl mfmite tarpgets of the various alloys
1 STIRite i ke T Pl ica steerts which e chararterst of prase
1d 1nspac Weere (deey at arrow and in many mstances the iragment rengaan
were found e Ided a‘cr botton i1t s assumed that the perforation
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process is completed before any marked radial expansion of the impacting frag-
ment can take place the following simple analysis can be made,

Table I. Residual fragment velocity as a function of target thickness for a 3170
m/sec, 0.023 gm steel fragment perforating various light weight alloys.

Target Thickness Residual Velocity
(in.) {m/sec)
25-0 175-0 2024-T3 AZ51X,B90-L6T
(Aluminum) { Aluminunm) (Aluminum) (Magnesium)
1/16 2566 2540 2358 2688
2169 2525 2185 2728
2566 2568 25L5 2725
2L00 265, 2338 2704
2640 2567 24,87 2783
Average 2528 2569 2392 2725
1/8 1935 1810 1579 2185
2056 1828 1800 1935
1558 1570 1794 2150
1917 1757 1366 2060
2000 16448 1609 oo
Average 1893 1722 1629 2082
3/16 1220 856 602 1985
111k 999 795 1541
1275 1010 723 1672
981 1433 63k 1371
1070 1102 573 162L
-- -- - 1660
Average 1132 1080 665 1642
1/k 916 -- - 978
622 -- - 966
507 - = 972
350 -- - 1073
Los -- - 920
Average 560 -- - 931
Treating the target as an incompressible fluid, 1ts resistance to penetration
can be expressed as
.2
p-1/2p 472 ¢k (1)

. .
where g, 1s the target density and z 1s the instantancous fragroent velocity,

This expression and variations of 1t have been used 1in ¢ variety of penetration
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theories. 3:4 The term 1/2 P 32 is the stagnation pressure and represents
the inertial resistance of the target; the factor k accounts for the strength effects

of the target in resisting deformation. The equation of motion of the fragment then
becomes

me# = - (1/20¢ Ap22 + Kk A @)
where
mg = fragment mass =.0234 gm
py = target density = 2.7 gm/cm
Ay = fragment cross section (assumed constant) =
initial fragment area = 2.0 * 10" ° cm
z = instantaneous depth in target measured from
the surface of the target
Since the radiographic data givez as a function of z the substitution % = 2
dz
aZ

considerably simplifies the treatment of Equation (2). On making this
substitution the equation of motion is integrated once to give

A
P A 52 k A - Py
1/2 —m *  Tm; = Constant . € m, (3)

Tne constant of integration can be evaluated from the condition that whenz = 0

zZ v, . the initial fragment velocity. Equation (3) then reduccs to
- ptAf z _ ptAf z
L2 2 my 2k mf¢
27 = v,Te v 5—;— e -1 (4)

The strength term k can be evatuated from the final condition that wheu 2z = 0

z =1’ , the maxinaim value of penetration observed in semi-infinite targets of
the material under consideration,  This method was used to calceulate residual
fragment velocity as a funcu f target thickness for the various materials tested,

I'he results of the calcealations, represented by smooth curves, are shown in IFigure
5 along with the measured values given n Table 1 As can be seen, agreement be-

tween theory and experiment is quite 4. It should be pointed out, however, that
the method of evaluating the strength fo v, coupled with the form of Equation (4)
assures a reasonably pood fit,  Neverther the model described here does have
some salrent features of consuderable interc - They can be summarized briefly

as follow

(1)  ‘The values of the strength factor,  k , caleniated from Equation (4)
are considerably in excess of the handbook vaiies of static strength
for all of the materiatls tested, Phe culenlated v were 3,37,
4.86, 650, and 4. 92 4ll t1mnes 1““J dynesfoem respectively for the
25-0, the 175-0, and the 2024-T3 aluminum alloys, o ¢ the ASTM
AZ51X, BU0-46T muenesium alloy,  The static vield st feach
of these materials is of the order of 1 - 2 - 109 dynes/cime i the

sirength factor, k . has any real physical significance, the aes
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observed here are probably due to an inincrease strength associated

with a high strain rate. It is well knowr that the strength of most

material increases markedly with increasing strain rate. Rough
estimates indicate that the strain rate involved here is in excess of

109 inches per inch per sec. There are no data available in this

region for direct comparison purposes but dynamic tests at strain

ratcs of 104 - 109 inches per inch per sec show increases in strength

of from 2 to 10 times the static strength for a variety of materials. 9.6,7,8

T T v T T T T T T T Y

1780

Aluminum 2SO0 Aluminum

T
|
250 N |7
: o ]
el
O
1500 é 7 B @ b
©
5
1000 g1 t al
500 41| I
| |
0 | il 1 1 I I 1 L . 1 ! "
0O Ol 02 03 04 05 06 07 O 0l 02 03 04 05 0.6
vO T T T T T T — T T T L4 T T
300

Aluminum 2024 T3 Moqgnuium Alloy-AZ 51X,
$ BY90-4867

{1 -
150 1 t 1
1000 1 } 1
500 1 t T

0 A 1 A A 1 A 4 4 1 A 1
O 01 02 03 04 05 06 07 O O! 02 03 04 05 06 07

Target Thickness — centimeters

Fig. 5 Residual frogment velocity as a function of torget thickness for a 0.023 gram
fragment having on initial velocity af 3170 m/sec The data points represent
the average of five individual measurements. The smooth curves were calculated
from theory.

I he appearance of the target dengity term in Equation () seems 10

be essentially correct. While the strengths of magnesium and alom-
tnum are comparable, their densities are considerably different, an
yvet, there ecqually Lagreement between theory und experinen
fort h materia
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Since the fragment used in these studies had a fixed geometry and
initial velocity a rigorous test of the general validity of Equation (4)
could not be made. However, this equation can be rearranged to
express P , the maximum penetration, in terms of the target and
fragment parameters. In this form comparison with the work of
other authors can be made, The penetration formula is

mf P t 2

F = In (1 + — ) (5)
Py Ag Zk— Yo

A series of experiments described by W. Atkins at the Fourth Sym-
posium on Hypervelocity Impact affords a particularly intercsting
comparison. In his impact experiments the total depth of penetration
in a variety of metals was determined as a function of impact velocity.
The projectiles used were 1/4-inch-diameter tungsten carbide spheres
having a mass of 2.09 grams. Among the target materials investigated
was 1100F aluminum, a material having physical properties closely re-
sembling those of 25-0 aluminum. The results of the penetration tests
with this material are reproducec in Figure 6 along with a set of theo-
retical curves computed from Equation (5) using various values of the
strength factor, k , along with the parameter involved in the NRL
experiments. The lower curve was computed using the value of k
determined from our results with 25-0 aluminum. As can be seen
agreement between theory and experiment is very good at the higher
impact velocities. The upper curve was computed using the handbook
value of the yield strength of aluminum. The central curve was fitted
to the data in the low velocity region by using a value of k computed
from the data point at 1506 m/sec. Taken together, the results shown
in Figure 6 indicate the value of k is not truly constant for a given
material but may represent a strength averaged over the entire pene-
tration velocity spectrum, This observation, coupled with the current
theories on the sirength of metals, suggests that the model described
here might be useful in determining the propagation rate of defects in
various materials. ¥ Experiments in this general area are currently
In progrcss.

For historical accuracy, it should be pointed out that Equation (5) is F
identical to a penetration formula derived by J. V. Poncelet 1n 1324, 9,10
Ilis formnula, originally tested at impact velocities of the order of 1000
ft/sec, expresses the pcnetration in a given matericl as

m b 2

S'—mlﬂ(l*-a—- vo ) (6)

b3
or
2
-t

m = mass of projectiie

A = cross-scctioned arca of the projectile

vp = initial velocity of the projectile
The constants a and b , empirically determined from peunetration
studies, can bc identificd with the target strength and density terms
appearing 1n Equation (5). To date, this formula has been applied
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Fig. 6 Penetration depih as a function of impact velocity for a 1/4 in.
diameter tungsten carbide sphere weighing 2.09 grams. The data points
represent results obtained at NRL. The smooth curves were calculated
from theory using various values of the strength constant.
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with some success to the case of armor penetration, 10
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INTRODUCTION

The increasing demand for information pertaining to the effccts of hyper-
velocity impact on targets of finite thickness has led to the following investigation
of target perforation by a small, high velocity projectile. The behavior of five
different target materials, lead, aluminum 250, 202450 and 2024°T-3, and mag-
nesium AZ51X, B90-46T, has been investigated at two angles of attack, 0 degrees
and 60 degrees. The projectile employed throughout is a 0. 024 gram steel cylin-
der, projected at a velocity of 3.2 km/sec., The target materials varied in thick-
ness, ranging from 0,031 inch to !. 0 inch. Graphs are presented which illustrate
the following: hole dimensions as functions of target thickness, mass of spall as
a function of target thickness, and the spatial distrmbution of the spall fragments.

EXPERIMENTAL PROCEDURE

Throughout this experiment, 1 5/8-inch by 5-inch cylinders of composition
B (60 RDX/40TNT) were used to project the high velocity fragmems, The charges
were mitiated by 1 5/8-1mch by 1/2-inch iotryl boosters, used 1n conjunction with
nuniber 8 eleciric detonators. A conical steel surround, which had a ! 5/8-inch
diameter and 1/16-inch thickness with an apex angle of 175 degrees, was fixed to
the end of cach charge. A «ylindrical ketos steel projectile, 1/16 inch by 1/16
inch was imbedded in the apex of the surround.  This yielded a projectile velocity
of 3.17 T 0.05 km/sec und o mass of 0, 024 F 0. 0005 grams,

A typireal shoouing arrangement is shown an Figure 1. The spall mass
measurements were made by replacing the stand i Figure 1 with an aluminum
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tank. The target was rigidly fixed to the tank, which was filled with water,
The recovered material was weighed on an analytical balance, and the amount
of projectile material present was determined by a chemical quantitative
analysis,

The spall distribution data are all based on fragments penetrating a
0.001 inch 2SO'aluminum witness foil, The foil was situated behind the target
as shown in Figure 1. After firing, the foil was marked in polar coordinates r
and ¢ , and the number of perforations on each polar element of area was counted,
In all cases, the origin of the polar coordinate system, was taken directly below
the point of impact; i.e., on the normal to the target, through the point of impact.
he arcas described were projected back to the point of impact, and the correspond-

ing solid angles were determined. The symbols used throughout, are shown in Fig-
urc 2.

EXPERIMENTAL RESULTS

The hole characteristics of aluminum 2SO, aluminum 24S0 and lead at 0
degrees obliquity can be seen graphically in Figures 3 and 4. In Figure 3, the
ratio of the entrance diameter to diameter in an infinite target is plotted as a
function of the ratio of the target thickness to penetration in an infinite target. The
graph illustrates, that within experimental error, the curve emanates from a point
corresponding to the dimensions of the projectile and rises to that of an infinite
target, when thc target thickness is approximately 0.6 Pc, where P¢ represents
the penetration in an infinite target. Figure 4 is a similar graph, but for the
exit diameters. The curve is similar to that for thc entrance diameters, until
0.6 P, after which it diminishes to zero.

Figures 5 and 6 are similar curves, but for an angle of attack of 60 degrees.
The results are essentially the same as those at 0 degrees.

Associated with lead is a spall phenomenon which does not occur in the
stranger materials. Figure 7 shows the spall diameter minus the exit diameter
as a function of target thickness, at 0 and 60 degrecs obliquity.

The mass of the target spall as a function of target ithickness [or two

obliquities arc shown in Figurcs 8-12. All of the materials secm to maximize
at 0.6 P..

The total number of spall particles emerging from the back surface of
thc target as a function of target thickness is shown graphically in Figures 13-17.

Figure 18 15 a graphical representation of the per cent change in number
of spall fragments per change in solid angle, as a function of solid angle, for 0
degrees obliquity. The data have been reduced to this state, by assuming that
thc spall distribution is independent of target thickness or material. The assump-
tion is bascd on previous investigations with shaped charge jets. This scems (o
be a valid assumption. At 0 degrees obliquity, the pattern of spall has circular
symmetry about an ax:s normal to the target, and through the perforation.

In order to determine the center of the dispersion pattern at 60 degrees
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obliquity, graphs of the per cent change in the number of spall fragments per
change in azimuthal angie on the witness foil, as a function of the azimuthal angle,
have been drawn. Assuming independence of thickness, a reduced plot for aium-
inum 2S0, aluminum 202450 and aluminum 2024 T-3 is shown in Figure 19. It
should be noted that @ = 0 degrees 1s in the direction of the projectile trajectory.
A similar plot for lead is shown in Figure 20. It can be seen that, once again,
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lead differs, in that the areal density of spall hits is essentially constant, or if
any maximum occurs, it 1s at ¢ % 180 degrees. Employing the results of these

graphs, plots were made of the per cent of the number of spall fragments per

solid angle as a function of solid angle, within a given increment of the azimuthal

angle. For the three aluminum alloys, the increment was -10° > ¢ > 109,

399




PERFORATION OF FINITE TARGETS

24S0 — AL
120 — =
® a- 0° Pc = PEN. IN. AN INFINITE TARGET, a=0°
© a- 60° Ecl'_’ PEN. © " " " a=60°
100
=
E
4 A
e /
n / \ \
z ! \
o 60 . \- 1T 1 e
e / /
— /
/ /
a /
< 40 ,_"
* /
/ P,
— (o
/ Pe |
20 |+ : : "
/ | |
/ | |
/ | |
! !
o 1 4
| 2 3 q
Y /16 /\e yrs /I /e

TARGET THICK. (iIN))

FIG. 9-GRAPH ILLUSTRATING MASS OF TARGET SPALL

AT A FUNCTION OF TARGET THICKNESS FOR
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and they are shown in Figures 21 through 24. This determines the angle about
which circular symmetry of the spall occurs. For the three aluminum alloys,
this aais makes an angle of 50 to 55 degrees with the normal to the target and has
the azimuthal direction ¢ = 0. Lead, shown in Figure 26 is within an increment
-60° 2 ¢ = 609 The maximum for lead occurs very near the origin, and is very
similar to the results at 0 degrees obliquity.

CONCLUSION
The spall and target damage data obtained from finite targets impacted
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with a high velocity projectile indicates a similarity to that vccurring with
shaped charge jets. [t is not yet conclusive however, and depends heavily on
the results of further investigations. The investigations are continuing, and
will be mpleted 1n the near future, at which time they will be reported.
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PENETRATION OF THIN PLATES
K. N. Kreyenhagen and L, Zernow

Aerojet-General Corporation
Downey, California

1. INTRODUCTION

This paper discusses the process of penetration of thin plates by hyper-
velocity projectiles. In the expcriments which will be described, aluminum
alloy plates of 0. 100-in. thickness are impacted by one gram titanium projectiles
at velocities of the order of 5 km/sec. These conditions are in a rcgime where
complete penetration easily occurs. The results of these experiments suggest a

general model {or such impact and penetration phenomena.

2. IMPACT AT NORMAL OBLIQUITY

Figure 1 is a series of photographs made by a rotating mirror framing
camera showing the impact of a 3/8-in. dia by 1/8-in, titanium disc of one gram
mass at 5.0 krma/sec on a 0.100-in. thick plate of 2024-T6 aluminum alloy in air
at approximately 1/50 atmosphere, The camera was run at low speed to extend
the time coverage -- hence the impacting projectile is smeared. (The projectiles
in all experiments which will be described were accelerated by an explousive
cavity charge.) As the disc penetrates, a diverging pattern, which might be
called a penetration envelope, is seen to emerge from the back side of the target
plate. . A luminous phenomenon occurs on the front surface of the plate.

These processes are more easily understood by the use of flash radiog-
raphy. In Figure 2, a series of x-rays is shown of the same general impact
situation as was described for the framing camera test. This series was made
by repetition of essentially idcntical tests. In the second view, taken shortly after
impact, a "splash” of very small particles from the face of the target plate is seen.
This splash, which involves considerable less material than is found with semi-
infinite targets, is apparently due at least partialiy to some form of jetting origi-
nating as the surfaces come in contact. The specific configuration of the initial
portions of the splash is probably a function of the geometry of the impacting
surfaces. The velocity of the fastest visible splash particles in Figure 2 is about
the same as the impact velocity.

During penetration, the projectile was fractured rather completely by the

interactions of tne 1mpact-induced stress pulse with the free surfaces of the disc.
At 4.6 km/sec impact of titanium and aluminum, this pressure is initially 640

(1)
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PENETRATION OF THIN PLATES

kilobars. The target material is also fractured. From the back side of the plate
emerges the envelope of these projectile and target fragments. The heaviest
visible fragments are seen grouped near the leading edge of this pattern. The
velocities diverge, hence the pattern disperses ~-- in this case with an angle of
about 30©, Looking back at the target plate itself, we can see chips of target
material spaiiing or breaking off the edge of the new hole at relatively low veloci-
ties on both sides of the target. It is apparent by comparing the second and third
views that the formation of the final dimensions of the hole is taking place long
after the initial penetration has occurred.

3. IMPACT AT 45° OBLIQUITY

Figures 3 and 4 are framing camera and flash radiograph series showing
the sarne impact situations as were considered above, except that the impact
angle is now 45°. The general process of penetrating is the same as for normal
(909 impact-higk velocity splash, projectile and target breakup from impact,
emergence of a diverging fragment pattern, and fracture of the edges of the anew
hole. For 45° impact, however, both the splash and fragment envelope patterns
are suwwongly skewed, rather than symmetrical as in perpendicular impact. The
_major portion of the splashing particles travel normal lo the impact velocity,

The fragment pattern on the back of the plate is deflected, or refracted, approxi-
mately 25°,

The radiographs in this slidc again represent four scparate rcplicate

shots. It is of interest to note that one large fragment of the projectile -- or
pcrhaps of the target -- survived thc impact and penetration processcs in every
tcst,

4, IMPACT AT 25° OBLIQUITY

Again impacting one gram titanium dises at approximately 5 km/sec on
0.100-in, aluminum, Figures 5 and 6 show the effects of 259 obliquity. The
fruming camera series In IYigure 5 illustrates rather wel! the nature of the de-
flected pattern of fragiments emerging from the back of the targel.  In the x-rays
of 259 impact in Figure 6, the sume general mode of penetration as was noted
previously is retained, but with very pronounced effects due to the severe obliquity
being evident.  The splash particles now travel along the tirget su~face  Onc
baurely visible particle is moving at nearly 7 kim/scce.

5. A PROCIESS FOR THIN-PLATIE PENETRATION

Three scparate phenomena are observed in the experiments which are

istrated above.  The first 1s splashing from the target surface, which consists
f tiny parucles jetting out of the contact zone during the initial phase of impact,
I'tre nd phenomenaor the breukup of the projectile and a portion of the tar

get plate, with the resaluing group of fragments emerging from the back of the
target plate in a diverging pattern,  ‘The third phenomenon, which appears {(as in
the third view of Figure 2} to be distinet tr the other two, 1f the hresking off

{ the edges of the newly forimed hole int 1ps or small fragments which trave
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outward slowly from both sides of the target plate. Because of this edge fracture,
the final dimeunsions of the hole are not established until many microseconds
after the initial penetration has been completed.

Since shearing action would be expected to eject these edge fragments
towards the back of the target plate, the symmetry of the slow moving group of
fragments on both sides of the target plate suggests that a compression, or shock
wave, rather than a’'shear wave, is responsible for the enlargement of the hole
to its final dimensions,

With the exception of the early splashing phenomenon{which is probably
due to non-ideal geometry during early impact) the penetration model suggested
here for 5 km/sec impact conforms to the general pattern of the 20 km/sec

case proposed during this Symposium in the numerical solution of Bjork and
Olshaker,

6. MULTIPLE PLATE PENETRATICN

In the regime of target plate, projectile, and impact characteristics
where the plate is easily penetrated and the praojectile is fractured, any sub-
sequent target behind the initial plate will be impacted by a large number of
small, high velocity fragments. The effect of these many fragments on the

second target plate may be greater than that of the original projectile on the
initial target,

Figure 7 is a series of radiographs taken of one test with a four-channel,
sequential x-ray system. The first two views are of a sne gram titanium disc
before it impacts a 0. 100-in, thick 2014-T6 aluminum alloy plate at 4. 1 km/sec.
The third view shows fragments of the projectile and target about ten inches
behind the initial target. The fourth view shows the same group of major
fragments just prior to impacting a second, simitar target, or witness plate,

In the photos above the radiograph prints, the two target plates are
shown, Simple penetration has occurred in the inttial plate,  Of the fragments
which emerged from the back of this plate, eleven penetrated the secord plate
which was spaced 40 1n. away. The threce major holes can be currelated with
corresponding fragments in the third, and perhaps in the fourth radiograph,

The total area of the holes in this second plate is greater than the arca of the
smgle hole in the first plate,  This lust observation is of some 1nterest
designing "meteor bumpers' for space vehictes,  Under many impoct conditions,
‘hin plate armoiring may actually enhance damage to the defended thin plate

For example, Figure 8 shows the damage to a series of thin plates which
had Lheen arrvanged in a parallel array, with one-inch scparation. Note that the
penctration hole 1n each succeeding plate gets larger, This is not to say that
spaced armor or meteor bumpers are uscles 1 harimful -- but rather that such
devices should be applied with caution to the defense of soft targets,
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EXPERIMENTAL HYPERVELOCITY IMPACT CRATERS IN ROCK
H. J. Moore and R. V. Lugn

U.S. Geological Survey
Menmnlo Park, California

D. E. Gault

National Space and Aeronautics Administration
Moffett Field, California

INTRORUCTICN

An experimental investigation of hypervelocity impact on rock is being
conducted jointly by the Ames Research Center of the National Aeronautics and
Space Administration and the U.S. Geological Survey. Projectiles are launched
with light-gas guns at the Ballistics Range at Ames Research Center. The craters

and ejecta produced in these experiments are being studied by the U. S. Geological
Survey.

The phenomena of impact on basalt, sandstone, dolomite, and nephrite
have been investigated. Proiectiles weighing from 0,02 (¢ 0.4 grams were ac-
celerated to velocities of 4, 27 x 10° cm/sec (14,000 fps) to 7. 28 x 10° cm/sec
(23, 900 fps) with a light-gas gun using hydrogen as the propellant medium
(Charters, Denardo, and Rossow, 1957), Steel, aluminum, pyrex, polyethylene,
and some complex projectiles were taunched and impacted the targets normal
and obliquely to plane rock surfaces in an atmosphere of air with 2 nominal pres-
sure of 25mm of mercury. The metal and pyrex projectiles were mounted in
supporting four-piece nylon sabots which guided the projectiles down the launch-
ing tube, After launch, aerodynamic drag acted to separate the sabots from the
projectiles. Impact velocities were determined with time measurements and
spark photographs of the projectiles in flight.

Impact of projectiles of the size employed produced craters in the rock
targets chiefly by ejection of fragments (Fig. 1). Craters produced by about 20
shots have been examined in detail. The craters are small roughly conical de-
pressions with crushed and intensely fractured rock at the bottoms of the depres-
sions. The ejecta are composed of pieces of the projectiles and rock fragments
ranging in size from a few microns or less to several centimeters in maximum
dimension. In this paper the structural features of the craters are described and
the mechanisms by which they are formed are inferred.
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Figure 1. Photograph of crater and ejecta produced by impact of 0.588
diameter polyethylene sphere at 5.08 km/sec in basalt. Ejecta classified
in logarithmic size intervals.
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EXPERIMENTAL CRATERS IN ROCK

CRATER MORPHOLOGY

The typical craters produced are shallow inverted wide base cones approxi-
nately 0.6 to 2.4 cm deep and 4 to 12 cm across (Fig. 2) The outer margins of
the eraters are irregular in plan-view, whereas the lower parts of the craters are
generally more symmetrical. In most cases, gently sloping crater walls join
smoothly with a concave. floor near the center of the crater. The crater walls are
rough and hummocky in detail, and local reversals of slope are commonly present.
Rises and depressions and, in some cases, cone-shaped protuberances occur on
the floors of the craters (Fig. 2). Atypical crater shapes are occasionally pro-
duced, such as one crater in sandstone which has a stem-like extension and
resembles a thick-stemmed sherbet glass (Fig. 3).

CRATER STRUCTURE

Crushed rock and a variety of fractures are produced in the target blocks
by impact. Fractures formed in response to several different conditions of stress
can be recognized and, for convenience of discussion, may be classified as follows:

(1) shear fractures, (2) radial fractures, (3) spall fractures, and (4) concen-
tric fractures.

Ciushed rock. Crushed rock occurs on the floors of all craters Figs 1,
2, and 3). In the crushed rock, individual mineral grains are broken and displaced
and some are pulverized. The separation between microscopic fractures increases
and the number cf pulverized grains decreases rapidly from the crater floor into
the target block. In pcrous granular rocks, such as sandstone, the pore spaces
are closed up and the many grains are pulverized, whereas, in dense non-porous
rocks with interlocking crystals, unbroken polyhedra are formed which are en-
closed in a matrix of crushed rock.

Shear fractures. Shear fractures occur in the floors of some craters
(Fig. 2). The surfaces formed by shear fractures are smooth and may be identi-
fied by thc presence of grooves and striae, The grooves and striae are oriented
parallel to the direction of slip. Grooves and striae on individual shear surfaces
converge toward the axis of symmetry of the crater (Fig. 2). In some craters,
the shear surfaces intersect to form narrow truncated pyramids (Fig. 4). In
craters in dolomite, some of the shear surfaces are cone-shaped with the grooves
and striations radiating outward from the apex of the cones (Fig. 5). Similar cone-
shaped shear surfaces found in nature at probable sites of meteorite or comet
impact have been called shatter cones. Shear fractures in craters in basalt are

marked by intensely pulverized rock; weakly developed grooves and striae are
rarely present.

The shear fractures are slip surfaces which have formed in response to
shear components of strcss probably resulting from differences in thc principat
stresses in the diverging shockwave. Differences between the principal stresses
behind the shock front will occur under conditions of plastic flow whenever the
ratio ¢f the shear strength of the rock to the peak shock pressure is not negligible.
Cone -shaped shear surfaces are probably propagated from rclatively incompres-
sible small regions or grains as the shock advances. The shear failure in such a
dynamic system may be somewhat analogous to that which occurs undec static
uniaxial compression of rock.
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Figure 3.

Impact Crater in Sandstone.
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Figure 4. Photograph of Crater Formed in Nephrite by impact of
0.300 g Cooper-Faced Cylinder at 4.85 km/sec.
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Shear fractures and conical surfaces are systematically distributed with
respect to the axis of symmetry of the crater. The axes of two shatter cones in
a crater in dolomite intersect thc crater axis at a depth from the original surface
between one-third and one-half of the depth of the crater (Fig. 2). Ina crater in
nephrite, bisectors of angles between adjaccnt shear fractures intersect at two
points in cross-sectional planes {Fig. 6) and in three dimensions, the points of
intersection of all shear fracture bisectors describe an oval centered about and
perpendicular to the axis of crater symmetry., The plane of the oval lies at about
one-half the depth of the crater from the block surface. A spherical projectile
was used in the experiment with dolomite whereas a cylindrical projectile was used
in the experiment with nephrite. The differences of the crater structures produced
in these two experiments may be related partly to the differences in the projectile
characteristics or to differences in the physical properties of the target or both.

Radial fractures. Fractures radiating from the crater axis are present
in most craters (Figs. 7 and 8). The fractures are tensile breaks with rough sur-
faces and are nearly perpendicuiar to the surface of impact on the target-block.
Many radial fractures are discontinuous; isolated radial fractures may cccur
several centimeters from the crater walls. In some dense nonporous rocks such
as nephrite and basalt, the radial fractures are, in many cases, propagated far
beyond the limits of the erater. In porous rocks such as sandstone and dolomite,
the radial fractures are generally confined to the crater and die out rapidly with
depth.

As shown by the rough surfaces formed, radial fracturing is produced by
tensional failure of the rock. Tensile stresses may be expected to occur at right
angles to the direction of propagation of expanding shock wave when the shear
stresses behind the shoek wave are of the sanie order or less than the dynamic
shear strength of the roek. Discontinuous radial fractures are probably propa-
gated through local regions of relatively low tensile strength.

Spall fractures. Spall fracturcs are tensile breaks formed by rarefaction
waves reflected from free surfaces of the target blocks. These fractures form
the outer parts of the crater walls and in addition occur beneath the crater walls.
The parts of the crater walls formed by the spall fractures are the rough irregu-
larly hummocky surfaces. The largest fragments of ejecta from a crater can be
fitted snugly into their respective places of origin in the crater wall in "jig-saw"
puzzle fashion (Fig. 9). Inward sloping spall fracture surfaces are present on
the inward part of the largest fragments, and smaller fragments from the ejecta
may also be fitted in turn into their respective positions on these surfaces. About
half of the totai mass of ejecta from most craters is made up of pieces that may
be replaced in the ¢rater on a concentric series of spall fracture surfaces (Fig. 9).
lLLarge fragments which are eompletely separated by a spall fracture from the tar
get block but which were not ejected are present in the walls of some craters.

spall fractures that do not mtersect the rock surface in all directions

yeenr around or intersedct the walls of most craters,  In general, such fractures
can be traced from the crater wall upward and outward into the target block where
the fracture dies out.  In rare cases, spall fractures dysappear when traced down
ward toward the crater from the orsipinal surface of the block., 1n stull other cases,
spall fracture ‘¢ four . do not extend to ether tne crater wall or the orig

nal surface target !t
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Figure 5. Photograph of Cone-Shaped Shear Surfaces
on Floor of Crater in Dolomite Formed by Impact of
3/16-inch aluminum Spheres at 5.61 km/sec.
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0 | INCH

Figure 8. Topographic and structural map of crofer in nephrite (see

figure 4 ) showing radial fractures and spall fractures poraliel with the
sides of the target block. Crater areg is shaded; contour interval is
0.25 centimeter.
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Figure 9. Photograph of Crater with Refitted Spall Fragments. Crater
Formed by Impact of 0.588 cm Diameter Polyethylene Spheres at 5.96
km/sec in Basalt.
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Figure 10. Photograph of spall Region on Reverse Side of the Target
Block of Basalt Struck by 3/32-inch Aluminum Sphere at 7.28 ke /scc.
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Spall fractures are also formed in dense nonporous rocks by rarefaction
waves reflected from sides of the target blocks other than the sides struck by the
projectiles. A circular region of spalling formed on the reverse side of one target
block of basalt. A shallow pie-shaped crater was produced by ejection of fragments
from about one-third of the circular spall region (Fig. 10). The irregular hummocky
sapll fracture surface exposed is similar to the spall fracture surface in the crater
(Fig.11). formed around the path of penetration of the projectile. Where fragments
were not ejected, the block surface is domed-over the spall region. The limit of the
dome is marked by a line of incipient fractures that may be seen as a faint light-
colored trace in Figure 10. A spall fracture underlies the entire dome and separation
of the two fracture surfaces increases toward the center of the dome, Because the
spall fracture dies out in places at the margin of the dome, the fracture must have
been propagated from the central part of the spall region outward. Spall fractures in
the impact craters were also propagated outward in most cases as is shown by their
tendency to die out when traced from the crater into the target block.

Certain features formed by spalling in impact craters in rock are similar
to the features formed by spalling in craters produced by small charges of high
explosives detonated at shallow scaled depth (see, for example, Duvall and
Atchison, 1957). The shape of the outer parts of the crater walls, the shapes of
the largest fragments, and the character of the spall fracture surfaces produced
in the impact and high explosive experiments are closely similar. Reflection of
the  shock from a free surface as a rarefaction is the principal mechanism:in: the
formation of both types of craters. Tensile fractures are initiated where the
tensile stresses across the rarefaction wave are equal to the dynamic tensile
strength of the rock.

The difference in shape of craters produced in rocks and the hemispherical
craters produced in most metal targets by hypervelocity impact is due chiefly to
spalling. Rocks have tensile strengths ( = 30-60 kg/cmz) about two orders of
magnitude less than the tensile strengths of metals ( = 2 x 103 - 6.8 x 103 kglcmz)
and fail in tension beyond the region of plastic flow.

Concentric fractures. Short discontinuous arcuate fracture surfaces con-
centric about the axis of the crater are present at the edges of some craters.
These fracture surfaces are nearly perpendicular to the original surface of the
target block and extend a fraction of a miilimeter below the target block surface.

Concentric fractures are probably a result of tensional failure of the rock
by flexing. High-speed photographs show that some spall fragments rotate out-
ward as they leave the crater. Thus, if the spall fracture does not extend to the
surface of the target block, tensional failure by flexing will occur at the outward
extremities of the spall.

SEQUENCE OF EVENTS IN CRATER FORMATION

The sequence: of events in the formation of hypervelocity impact craters
in rock may be determined from the combined study of high speed photographs
and the geometrical relations of the crater structures and ejecta. A series of
photographs of oblique impact of an aluminum sphere on basalt taken with a
Beckman-Whitley camera (Figs. 12a.b, c,d, and e) iliustrates the phenomena
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Figure 1i. Photograph of Crater in Basalt Formed by Impact of 3/32-
inch Aluminum Sphere at 7.28 km/sec.
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of fragment ejection. Except for asymmetry of the spray of ejecta, similar

phenvmena are observed in cases of impaet at normat incidence.

In all experiments a luminescent front is generated at the moment of
impact (Fig. 12b) whichis propagated away from the projectile trajectory at
speeds nearly twice the speeds of the projectile at small angles to the target
biock surface (Fig. 12e).

As the projectile penetrates the rock, a bowl-shaped spray or column of
fine-grained ejecta is produced which grows rapidly in height and basal diameter
(Figs. 12¢. d, and e). The expanding column of spray grows upward at a rate
that is the same order of magnitude as the speed of the projectile. The lumines-
cent front and initial ejecta column are similar to the impact flash and initial
column of ejecta produced by hypervelocity impact on metals (Gehring, 1960;
and Charters, 1960). The initial column of ejecia produced by impact in rock is
probably formed by flow of strongly shocked material along the watl of an expand
ing hemispherical cavity in the rock as illustrated for impact in metals by Gehring
(1960). Becausc the Initial shock pressures greatly exceed the dynamic shear
strengths of the roexs, the conditions of flow during the initial stages of cavity
growtih cun be approximately described as hydrodynamic (Bjorik, 1958).

The basc of the column of high speed ejecta expands to a radius cqual (o
the depth of the final crater within a few microseconds. During the same interval
of time a low dome Is formed on the surface of the target (Fig. 12c¢). The visible
radius of the dome increases at a rate equal to one-half to three-quarters the
acoustic velocity of the rock out to the radius of the final crater (Fig., 12d). The
surface of the dome rises and the base of the high spced ejecta column continues
to expund at rates very much slower than the upward rate of growth of the column
(I"iyp. 12c¢). Upward growth of the dome is fastest ncar the base of the column,

The dome exhibits irregularities which may be correlated w:th the margins
ol large spall fragments in the ejecia. IFor example,

the bump about midway on
the right slope of the dome illustrated

i Figure 12d is the edge of an inner spall
{ragricnt separating frorm the rotating outer spuatl tragment; and, the flat-topped
bump on the teft side of the dome 15 unother spall fragment,

T'he 1nner part of the dome and thus ¢
1s composed start to rise fi
outer part of the dome.

he 1nner spall fragments of which 1t
rst and continue to rise at a more rapid rate than the
Individual spall fragments are thereiore sct in motion

suceessively i order of therr distance from the center of the

crater,  This suc-
cessive ovrder ol eje

mis also illustrated by the Tact the

"Ll outermost spall frag
ments in some cases f{ail boe ege

ted from the crater (Mg, 2),

UMMARY

Hypeove v impact craters in rock are formed by o combinoston of
plastre flow sccompanied by crushing und sheaoing of the rock target and by ejec-
n ool the strongly shocked debms and of relatively undeformed fragients torr

se along *ensile fractures,  The formation of the crater begims with peastriation
! the proreciile . probably ande rnearly hvdrodynarmic nditions, and the prop
¢ ¥ : f targer  Crushing and shearing of the b
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occurs in the region cf plastic flow behind the shock front out to the distance at
which the stress differences near the shock front drop below the dynamic shear
strength of the rock., Tensile fractures are propagated beyond this distance in
the direction of propagation of the shock front. Other tensile fractures are
initiated by tensile stress across a rarefaction wave produced by reflection of
the shock wave from the free surface of the target block. The outer part of
the crater is formed by ejection of relatively coarse fragments torn locse by
tensile fracturing. Individual pieces derived from the peripheral parts of the
crater are bounded by parts of the initial target surface, and a combination of
radial spall and concentric fracture surfaces.

Many of the features observed in craters produced by hypervelocity
impact in rock, such as the crushed rock, shear fractures, radial fractures,
spall fractures and concentric fractures, are also present in craters produced
by high explosives in rock and soil (see, for example, Allsman, 1960).
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MICROPARTICLE HYPERVELOCITY IMPPACTS FROM RANGER I
W. M. Alexander and O. E. Berg

National Aeronautics and Space Administration
Greenbelt, Maryland

ABSTRACT

An experiment to study cosmic dust was flown on Ranger I, launched
August 23, 1961. The instrumentation provided simultaneous nreasurements

of the momentum and energy of a microparticle impacting on acoustical and
light flash detectors.

Recent hypervelocity laboratory studies using microparticles ( ~78
gm/ec) with velocities of 3.5 x 109 cm/sec L v g lL1x 108 cm/sec indicate
that the Ranger I Cosmic Dust Experiment detected particles having momentum
and energy greater than ~ 3 x 10-6 dyne-seconds and ~ .5 ergs, respcctively.
The threshold mzss sensitivity for the energy dctector is also a furniction of the
particle density. Preiiminary data from Ranger I indicate that ten to fifteen
percent of the particles detected had densities less than 2 gm/ ce,

P

INTRODUCTION

In recent years 2 number of experiments designed to measure various
physical parameters of interplanetary dust particles have been flown on rockets,
satellites, and deep space probes, To date, the acoustical detector has provided
tne most statistically significant data, tigure 1 (MeCracken and Alexander,
1962). .ddittonal measurements ol dust particle parameters have been made with
the ll;_‘,h" flash detectors.  Prior to March, 1961, lal)(H'aL()x'y calibration of sensors
in dust particle experiments using microparticles with masses less than 10-9 gms
and velocities in excess of 4 » 10”7 emfsec did not exist, At that time, taboratory
impact studies began using acoustiical, light flash, and sonization detectors
(Fritchtenicht, 1961). The laboratory particles had the following dynamic prao-
perties,

density, ~ 8 pm/ec
mass, 5« 1071 <m £ Tx L)-“gn., and
velocity, 3.5 x 102 em/sec < v £ 1.1 = 10” cinfse .

From the resulis of these studres and the use of present hypervel ty penetration
theors 1t 18 apparent that the dust particle expermment on Ranger |

)

. . Fy
on August 23, 1961, detecied partrctes of different densities

, launched

645




MICROPARTICLE IMPACTS FROM RANGER |

10 v

<&> EXPLORER YIII (PRELIMINARY)
VL ® VANGUARD I
@ EXPLORERI
e o OSUROCKETS
o] ®© spPuINIKIT
o o'k ® SPACEROCKETI
RS W SPACEROCKETI
ac 5 INTERPLANETARY STATION
e © PIONEERI
3
~ 103
Wy
[* 7]
=d
v
[
< 3
a 0
2
[V ]
(e
«q
o .4
»x 10
-
-d
(7
<

!O-S — ()
\
\
- L | | LN
wo" 10'¢ 10°° 10°° 1077 10°¢ 102

PARTICLE MASS IN GRAMS

Figure 1. The average distribution curve established by direct
measurements from microphone systems for interplanetary dust
particles in the vicinity of Earth

EXPERIMENT INSTRUMBENTATION

Figure 2 shows the functiona k diagram of the cosmie dust experiment
4

VIS A pd " he YRS nstraumentation of Ranger bt ‘the experiment con

wed two s ! ash and o o, owi detected pact f dust




MICROPARTICLE IMPACTS FROM RANGER 1

\_——‘———- 2 4 Al

751 C -I‘—""'"" Acoustical Detector
PMT o
Light Flash
Detector
[o-— >—g
HV Cal S0 - Mic/Am
Supply a Amp, 'ﬁ
int
LL Logic

'

DAS - Telemetry

Figure ¢. Block diagram - RANGER 1. Cosmic dust experiment,

647




-

MICROPARTICLE IMPACTS FROM RANGER !

. Ames Penstration Criteria
30 2. Vp = I5 km/sec
3. Crater Depth = 4

2.5

o i 2 3 4 5 o 7 8
p, Particie Density

Figure 3. Threshold crater cirteria for detection of light flash

particles on a smgle su-~face,  The tmpact surface was the fuce of the photomulti-

plier tube.  The acoustical detector was attached to the glass envelope of the PMT:

therefore, simultaneous detection of the 1mpact of 4 single particle with both sen-
s was possible

The previously mentioned impact studies indicate that the sensitivity thresh-
{
id for the Ranger | acou al detector was 31 1.5 x 1079 dyne € for velocities

p to 1.5 x )’) e/ oy
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The PMT, Figure 2, had an evaporative coating of aluminum on the face
of the tube. This coating had to be penetrated before the lLight flash sensor would
detect an impacting particle, Numerous equations have been derived for the depth
of impact surface penetration of a hypervelocity particle as a function of the dynam-
ics and composition of the particles and the impact surfaces (Charters and Locke,
1958; Summers, 1959; Collins and Kinard, 1960, Bjork, 1960). For the purpose
of an initial interpretation of the Ranger 1 dust particle experiment data, the approach

outlined below is taken in order to develop a mass sensitivity threshold for the light
flash detector,

Most of the presently used criteria show penetration to be a function of
particle diameter and particle veiocity to the 2/3 or 1/3 power. The criteria de-
veioped at the Ames Research Laboratories in recent years also includes physieal
parameters of the impact surface and of the particie (such as particle density),

The equations of the Ames group (called the Ames criteria) are used at this time
since they were evolved from experiments where the pariicle density was varied
over an order of magnitude ( ~'1,5to ~ 17 gm/cc). The Ames velocity was above
the point of fluid flow, though not as high as low meteor velocities. In the Ames
criteria the penetration is a function of the following particle variables: (1) particle
diameter, (2) pariicle density to the 2/3 power, and (3) particle vclocity to the 2/3
power. To establish a threshold mass sensitivity, an impact velocity and depth of
penetration necessary for light detection were assumed. Using the Ames criteria,
a penetration depth of 4 microns and avelocity of 1.5 x 10% ¢m/sec, the diameter of
the threshold particle as a function of particle density was determined and shown in
Figure 3. Figure 4 shows the light flush thrcshold sensitivity in terms of particle
mass as a function of density. The acoustical sensftivity threshold (expressed in
terms of mass assuming the velocity stated above) is also shown in Figure 4.

The curves in Figure 4 demonstrate that the experiment could measure
three diffevent types of events: An impact detected by the light flash sensor alone;
a simultaneous detection of a single impact by both sensors; and an impact detected
only by the acoustical sensor. The latter cvent would only be a particle of low
density.

RESULTS

Ranger I was launched on August 23, 1961, Due to a vehicle system mal-
function, the spacecraft was placed in a near carth orbit resulting in a spacecraft
lifetime of only a few days. However, the dust particle experiment functioned prop-
erty for this period, and data was obtamed from several telemetry stations, A
small sampling of the dust particle distribution ncar the carth for w short period of
tume was obtained from the experiment.  However, the unique contribution of this
data appears to be an nitial satellite measarement of particle density.

Data from sixty-six minutes of the Ranger | dust particle experiment
showed the {ollowing types of tiupacts:

Light flash only 42 event
Roth deteciors 9 events
Acoustical only Uoeven

T events
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The above information indicates that between ten and fifteen percent of the
Lmpacting particles had a density probably less than 2 gm/cc. A'densily greater
than 2 gm/cc is indicated for sixty to seventy-five percent of the particles, It is
interesting 1o note that these percents are quite similar to those reported recently
by Hemenway from rocket coflection experiments,

Other approaches concerning setection of peuetration criferia could have
heen nsed,  However, until a considerable advance has been made in penetration
criteria, it appears reasonable 10 use the Ames criteria, One of the impact studies
previously menticned was an investigation of the penetration of aluminum on glass,
The dimensions of thie hole opening on the glass side of the Al for impacts approach-
ing 1 » 106 em/sec were within a factor of 1.2 of that predicted by the Ames criteria
{density constant), Impact studies where the density of the particie will vary by a
fuctor of 4 from those in use at the present time will be forthcoming in the near
future,

Another question can be raisced concerning the use ot a constant velocity in
the computations.  For particles of micron dimensions that are very near the earth,
the velocitips should be near earth's escape velocity,  Other factors could cause
velocity variation, but it is felt that this variation is less than the densily parameter
variation, The velocity preblem may be resolved if the analysis of velocity modula -
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SUMMARY -- EXPERIMENTAL STUDIES *
R. J Eichelberger

Ballistic Research Laboratories
Abderdeen Proving Ground, Maryland

The Fifth Symposium has been the recipient of a number of very interesting
experimental papers. It is necessary to examine critically, however, their con-
tributions to the state of knowledge, in the light of the situation existing previously.

To consider the more specialized papers first, that by Moore, Lugn, and
Gault on imnact in rock was especially interesting. It comprises a tour de force
of the complex phenomena in brittle materials resulting from the passage and inter-
action of the various stress waves ensuing from hypervelocity impact., They have
also shown evidence supporting the concept that the fracture phenomena are super-
posed upon a cratering process which is not different at least qualitatively, from
that observed in ductile materials. Thus, their results are in agreernent with
earlier observations on brittle materials, but have materially advanced the state
of detailed knowledge of the variety of effects to be studied by a careful investigator.
Kineke's observations of shock velocity in lucite have brought to light )
another important characteristic of at least one class of brittle materials, the poly-
mer plastics. He has demonstratcd what appears to be a relatively large strength
effect ¢ compared with metals) that is of very grcat interest with respect to high
speed deformation of solids, and may be of considerable practical importance,
also. It clearly illustrates that a hydrodynamic approximation, neglecting strength
cffects, cannot be properly applied to all materials; it is important to learn whether
the resistance to deformation is dependent upon deformation rate.

in the work reported on thin target verforation, that of Watson is very
interesting, especially with respect to the very precise agrecment between pre-
dicted and obscrved results. It must be always kept i moind, however, that the
physical model uscd and consequently, the resuits, arc applicable onily at inter-
mediate velocities; they are not representative of hypervetocity imipact.  The work
of Humes, Hopko, and Kinard represents a beginning to the accumulation of engi-
necring data pertinent to protection of space vehicles from metcorowd impact, The
paper of Vitali, Becker, and Watson (published herewith, although not presented
at the symnosium) provides cven greater detail and quantitative descriptions of
the effects of plate perforation,

Caution must be observed, however, 1n applving any of the conclusions.
The velocities attained in the experiments have not been sufficientty high, and the

* Remarks are confined to the unclassified papers presented in the experiment
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theoretical treatments are not sufficiently complete (and are as yet untested),

to permit confident prediction of behavior under hypervelocity conditions. For
example, the type of "bumper" experiments that have been conducted by a num-
ber of laboratories, in the range of impact velocities from 3 to 5 km/sec, indi-
cate that bumpers can be very’effective. On the other hand, it is known that the
considerable amounts of material ejected from the crater produce an "amplifica-
tion" of forward momenium. Even at moderate impact velocities, the momentum
absorbed by a target is more than double that of the impacting projectile; Soviet
workers have estimatied that at meteoroid velocities an amplification of an order
of magnitude would be experienced. If such an increase in momentum were trans-
mitted to the surface of a vehicle by means of the spall projected from a bumper
plate, more damage might be done to the vehicle than would have been done by the
projectile itself. While there is no evidence to show that such would be the case,

the possibility suggests caution in the interpretation of the experimental obser-
vations,

With respect to the more general aspects of crater formation, the most
promising investigations reported were those pertaining to transient phenomena,
reporterd by Kineke and by Frazier and Karpov. Kineke, in particular, has pre-
sented the initial results of a comprehensive analysis of the conditions existing
during crater formation, which has already yielded significant results in terms
of duration of the stages of cratering, pressures produced, and influence of
material properties., Combination of these techniques with the newer, more
potent acceleration techniques currently available should be very fruitful and
should produce information on truly hypervelocity impact. Supplemented by
techniques that are in final stages of development, which will provide observations
of nressure pulse shape and of particle velocity, they should yield data entirely

adequate for a detailed test of theory or for use as a foundation for theoretical
efforts.

While these techniques are extremely promising, they have as yet provided
only preliminary observations. Their intensive exploitation stiti lies in the future.

The purely empirical approach has remained relatively unproductive. The
symposium has received two major contributions in the form of surveys and
analyses of ail the available impact data, by Herrmannand by Bruce (the latter
published but not presented orally). These papers can be extremely useful, pro-
vided llerrmann'scomments are given appropriate attention: the results rerresent
a purely expirical analysis, without foundation in theory, and consequently cannot
tre trusted for extrapolation. More specificaliy. o account has been taken in
e¢ither case of the nultiple-stage character of the process under s:udy;, the influ-
ence of parameters that are important in only one stage is averaged over all, in
effect neglecting the changes in relative importance of the several stages with
varying velocity. It 1s perhaps regrettable that a more precarious but potentiaily
more useful znailysis, based upon the phenomenological model, was not attempted.

The impact of the new empirical work presented can perhaps be hest
summarized by considering each physical parameter, as was done in the introduction,
and noting any changes in opinion occasioned by work during the past eighteen months.

a. Velocity - The general uimpression that crater volumne is directly pro-
portional to V¢ has been considerably reinforced, but still applied only to veloc-
ities less than 12 km/sec (see below, under Strength),

654




PENETRATION P/d4

EXPERIMENTAL STUDIES

b. Mass - Scaling laws have been further supported. However, the
conclusion of Cannon, Clark, and Lee that the validity of linear modeling laws
implies viscous forces are negligible must not be carelessly extended to include
strength parameters that are independent of deformation rate. Consequently,
the scaling results cannot be accepted as vindication of a hydrodynamic treatment
of the phenomenon,

c. Shape - No change.

d. Density - No essential improvemcnt in the situation is evident. Super-
ficial.analysis of data still yields the result that density of both projectile and
target play a role, but does not separate contributions to primary penetration and
to cavitation.

e. Wave propagation velocity - No change. Again some reservations must
be held, though wave propagation properties certainly are important in determining
at what impact velocities changes in cratering mechanism will occur, even though
they do not appear in empirical correlations,
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f. Compressibility - Still no attempt at correlation.

g. Strength - It is unanimously accepted that the resistance to deformation
of the target material is important in the tests reported but, on the basis of very
dubious extrapolations (Herrmann, and Rockowitz, Carey and Dignam) the inference
has been drawn that the strength effects would diminish at higher impact velocities.
In Figure 1 is presented an adaptation of one of Herrmann's correlation plots, with
data obtained from micro-~particle impacts at 10 and 12 km/sec on 1100F and 24ST
aluminum targets. Since the particles were iron rather than aluminum, their close
agreement with Herrmann's correlations cannot be atiributed any great significance.
The important point is that the ratio of penetrations into the two alloys is the same
at 12 km/sec as at much lower velocities. Furthermore, tests conducted at the
Ballistic Research Laboratories just prior to the symposium, using 17 km/sec jet-
pellets fired into the same two alloys, showed that the influence of strength was
still unabated at that velocity.

h. Obliquity - The work reported by Smith, Clayden, Wall, and Winter
and the paper by Bryan (published, but not included in the symposium presenta-
tions) arrive at different conclusions concerning the quantitative correlation
between crater dimensions and angle of obliquity. While the relationship proposed
by Smith is more plausible, physically, it falls outside the range of uncertainty of
Bryan's and Kineke's experimental data. In Figure 2, Bryan's correlation is shown

with the U, K. data included for comparison. There appears to be no significant
discrepancy.

In more general terms. it appears that the purely empirical approach to
the hypervelocity impact problem has been singularly unproductive. Inability to
achieve sufficiently high impact velocities to adopt a straight-forward engincering
procedure, together with a regrettable lack of perception in analysis of the data
obtained, have essentially prevented any significant progress. The latter failing
is particularly lamentable because there is no justification for it. Procedures for
analyzing crater data, with a view to extracting all possible information pertinent
to the cavitaticn part of the process, were demonstrated at the Rand Symposium
in 1955. Since then, a phenomenological model has been established which lends
further support to the methods outlined. Yet, not a single paper has shown any
inclination to {ollow the methods that have already been provided. Detailed inspec-
tion of crater profiles is completely neglected, and the techniques for determining
1low patterns (Sinith, et al., and Frazier and Karpov) are used as onc-time demon-
strations rather than as a means of accumulating useful quantitative information.
The difficulties are likely to be circumvented in the immediate future by use of the
new projection techniques described carlicr in the symposium; it is nonetheless
discomforting to realize the amount of effort that has been expended for so little
gain,

The future, on the other hand, appears to hold particularly bright promise.
Combination of the new projection techniques with the metheds described for ob-
scrving transient conditions should finally provide a definitive test of the theoretical
results as well as the urgently needed empirical data.
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Figure 2. Comparison of data pertaining to effect of oblique incidence.
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