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ABSTRACT 

Results of analysis of information obtained from photographs of a 
hypervelocity impact against a transparent target and from hypervelocity 
craters produced in impacts that involved the four possible projectile- 
target combinations of hxgh-purity copper and aluminum are discussed. An 
equation for hypervelocity crater depth is derived. Hypervelocity crater 
depth data for the four possible projectile-target combinations of high- 
punty copper and aluminum are presented in table form and used in graphs 
to test the theoretical equations. 
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1. Introduction 

Impact cratering has many important applications in the area of 
erosion. It operates in the erosion of objects that fly at h-’’ a 

in the erosion of turbine blades that collide 
with waterdrops present in wet steam. It is expected to be a prob¬ 
lem in the erosion of turbine blades operating with liquid potassium 
xn space vehicles and in the erosion due to the impact of micro¬ 
meteorites . 

Because impact cratering has been the cause of extensive damage 
already, i>uch work has been done in an effort to understand it and 
certain facts are known. Craters are formed as a result of impact 
with liquid drops as well as with solid masses. Furthermore the 
mechanism by which crater formation is accomplished appears to vary 
not only with the material properties of the projectile drop or 
solid mass and of the target but also with the velocity at which 
the impact blow is delivered. 

I•1 Cratering Mechanisms 

When liquid drops and ductile metal spheres impact metal plates 
at relatively low velocities, the cylinder of metal that extends 
through the target plate under the area of impact is set in motion 
as the pressure pulse, initiated by the impact, passes through the 
plate. Shear stresses, shown schematically as^A in Figure 1, exist 
around this cylinder of metal. Although shear stressesX'ß of Figure 
1 also exist in the target metal around the point of impact, the^A- 
shear stresses seem to be the principal cause of impact crater for¬ 
mation in metal plates when the impact velocity is relatively low. 

For this mechanism of crater formation the crater depth, D, 
has been found to be given by 

(1) 

where d is the drop or sphere diameter, c is sound speed, z is 
acoustic impedance (product of longitudinal wave speed and density) 
V is impact velocity, and V. is the lowest velocity at which a 
crater of noticeable depth is formed. The sub-p notation refers 
the quantity to the projectile drop or sphere and the sub-t notation 
refers the quantity to the target. The intercept velocity, V., is 

19 Et izp + 2t) ( Pj> ct 2t ' 1/2 where P is density and E, is1the 
energy per unit volume that can be absorbed by the target metal 
without fracture or plastic yield. A similar equation, but with 
different numerical coefficients, has been found to apply for 
craters produced by the impact of rigid steel spheres ¡2] . 

se/ 
Numbers in brackets refer to literature references 
of this report. 

at the end 
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FIGURE 1. SHEAR STRESSES PRODUCED IN A PLATE BY 

AN IMPINGING SPHERE 
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Impact craters are also formed when liquid drops impinge against 
target liquids. A detailed study of the behavior of the drop liquid 
fend target liquid when a liquid drop impacts the surface of a body_qf 
liquid has been carried out at the National Bureau of Standards ¡Jij . 
Briefly, the impinging drop delivers a substantial fraction of its 
energy to the target liquid at the point of impact. A crater forms 
in the target liquid at this point as a result of the ^b” s^ear 
stresses and a cylindrical wave of target liquid rises around the peri¬ 
phery of the crater. The drop itself flows out radially as it rides 
down into the target liquid on the receding crater floor. 

Stages in the impact of a waterdrop against water are shown in 
Figure 2. The streamlines in the flow around the enlarging cavity 
in the target Liquid resemble the lines of force around one end of 
a bar magnet ¿3J . At the time of maximum cavity depth, motion 
along the streamlines stops. After the time of maximum cavity depth, 
motion is resumed; it is, however, reversed in direction. See Figure 
3. 

The quantitative study of liquid-drop-versus-liquid impacts that 
has been carried out so far /~3j ^as covered only the case that the 
drop and target liquids are the same. For this case the impinging 
drop gives about half of its energy to the target liquid and the crater 
formed in the target liquid is essentially hemispherical at its time 
of maximum depth (see Figure 2). For the essentially hemispherical 
craters, which are produced when the drop and target liquid are the 
same, it has been found ¿'sj that the maximum crater depth, D, is 
given by 

2 

D = [( {d3 V /6.6667 gj + ¡311.49 Y/g2 )1/2 - 17.649 V/gJ1/2 (2) 

where y is the surface tension of the liquid used for drop and target 
and g is the acceleration due to gravity. From pictures taken by 
Rupe ¿4J , it appears that if the drop is of a higher density 
liquid than the target the crater will resemble a hemi-prolate spheroid. 

Fror eq. (1), the maximum depth of craters formed in metal plates 
by impact of liquid drops or ductile metal spheres varies as V*. From 
eq. (2) the maximum depth of craters formed in target liquids by impact 
of a liquid drop varies as V1//2. Crater depth in hypervelocity im¬ 
pacts has been found to vary as V2'3 over a wide velocity range the 
upper limit of which has not yet been determined with certainty [pj . 
It is noteworthy that V1/2 < V2'3 < V1 and that on the basis of the 
variations of crater depth with impact velocity the hypervelocity 
cratering mechanism that operates in the velocity range for which the 
v2/3_p0wer iaw applies may be intermediate between that for which the 
target is a solid and that for which the target is a liquid. 

3 
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FIGURE 3. STREAMLINES IN THE FLOW AROUND AN IMPACT 
CRATER IN WATER 
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The regions in which these power laws apply as impact velocity 
is increased are shown schematically in Figure 4. The vi-power law 
applies to impact against a solid target plate where the T7A-^hear 
stresses are the principal cause of crater fcrmation. The V^-power 
law applies to impact against a fluid target where the TB-shear 
stresses govern crater formation; the fluid target may be a real 
liquid or a solid that has been raised to a state of such high energy 
density that it flows like a liquid. The V2/3-power law seems to 
apply to impacts in which the target displays a quasi-fluidity but 
in which the l„-shear stresses cause the crater formation. Between 
these regions there must be transition regions in which more than 
one cratering mechanism contributes; this is indicated by stippled 
bands in Figure 4. 

1.2 Impact Mechanics 

When a solid sphere impacts a planar solid target at normal 
incidence, two pressure waves are initiated at the impact surface 
as is shown schematically in Figure 5. Pressure wave A of Figure 
5 moves into the target; pressure wave B of Figure 5 moves into 
the sphere. For hypervelocity impacts these pressure waves are 
shock waves. The particles of solid in both sphere and target that 
have been traversed by these shock waves have been given energy. 
The pressure, density, temperature, and entropy of the solid matter 
traversed by these shock waves have been increased. For impacts at 
very high velocity the compressed target metal that has been traversed 
by shock wave A of Figure 5 in the initial phase of the impact has 
such high energy density that it must flow as a result of the '¿„-shear 
stress of Figure 1; the compressed metal in the sphere must also flow. 

^ When shock wave B of Figure 5 reaches the bounding surface of 
the sphere, it reflects as a tension wave that moves back toward 
the impact surface. As this reflected tension wave traverses the 
sphere, the heated metal of the sphere, which is in a state of high 
energy density and is undergoing a fluid-like flow, is released from 
compression. Fusion of this metal is to be expected if its tempera¬ 
ture after pressure release is in excess of the melting point that is 
characteristic of the increased entropy state in which it exists. 

When the reflected tension wave reaches the surface of contact 
between the impacted sphere and the target, it is partly transmitted 
into the target and partly reflected back into the sphere. The 
heated target metal, into which the tension wave is partly trans¬ 
mitted, which is in a state of high energy density, and which is 
undergoing a fluid-like flow as a result of the X^n-shear stresses, 
will now also undergo fusion if its temperature after pressure re¬ 
lease is in excess of the melting point that is characteristic of 
the increased entropy state in which it exists. 

6 
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As the impact velocity is progressively increased, the amplitude 
of the transmitted wave of tension will increase and the amount of 
target metal that melts will increase. If the impact velocity is 
progressive^ increased, a velocity range should be encountered in 
which fusion of target metal accompanied by the outward flow of the 
melt as a result of the <B-shear stresses should become the dominant 
process in determining crater size. By means of a theoretical treat¬ 
ment, Olshaker and Bjork /j6j have found that the threshold velocities 
for incipient melting in impacts involving three of the four possible 
projectile-target combinations of copper and aluminum are: copper- 
copper, 4.4 km/sec; aluminum-aluminum, 5.0 km/sec; and aluminum-copper, 
6.6 km/sec. * 

At somewhat lower velocities the same cratering mechanism will 
operate because of the quasi-fluid flow of target material that is 
in a state of very high energy density. In metal plates, at still 
lower velocities, there is probably a transition region in which the 
low-velocity cratering mechanism £l,2_7 governed by the ^A-shear 
stresses of Figure 1 contributes in determining the crater size. 

2* Analysis of Some Aspects of Hypervelocitv Cratering 

The first analysis of any problem in phenomenological. Various 
aspects of hypervelocity cratering have already been reported and 
discussed Z7.7 . 

An experiment was designed at the National Bureau of Standards 
to collect a variety of quantitative hypervelocity cratering data 
that woulg provide a stringent test of a theoretical crater depth 
equation . The first phase of the experiment called for the 
collection of cratering data for impacts of the four possible pro¬ 
jectile-target combinations of high purity copper and aluminum. A 
la^:er>P^ase the experiment called for impacts made with use of 
plastic materials. Although the investigation was terminated after 
completion of only the first phase, two shots were fired with use of 
plastic proj'ectiles and transparent plastic targets. 

Inspection of the targets after the firings were accomplished 
and of Beckman and Whitley framing camera pictures of the impacts 
provided valuable information with regard to the crater-forming 
process. 

2,1 Information from Inpact Against a Transparent Target 

Stages in the impact of a 7.62-mm (0.3-in.) right circular 
cylinder of polycarbonate resin against a 4.9-cm ( 1.9-in.)-thick 
plate of poly(methyl methacrylate) at a velocity of 663,490 cm/sec 
(21,768 ft/sec) are shown in Figure 6. In section 1 of Figure 6, 

b/ 
The details of data collection for this experiment and the source 

of the hypervelocity firings are given in section 4. 
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distinct séparation of the outward-moving hemispherical pressure 
wave produced by the impact, which was indicated schematically as 
pressure wave A in Figure 5, can be seen after an elapsed time of 
2.2/a sec. Atthis time the outline of the pressure wave is a band 
rather than a line. Measurements of the radius of the hemispherical 
pressure wave were made £/up to an elapsed time of 9.2 f<- sec; they 
are listed in Table I. The slope of the plot of these radii against 
elapsed time indicates that the group velocity of the pressure wave 
is far in excess of the speed of sound in the target material. At 
an elapsed time of less than 1 sec its velocity is of the order 
of the speed of sound in the target material plus one half of the 
impact velocity. 

From inspection of Figure 6, the target material that has 
been traversed by the shock wave of pressure remains transparent. 
It is not noticeably different from the as-yet undisturbed material 
of the remainder of the plate. However, where one of the 1-inch 
grid lines, which were photographed with the impact for measurement 
purposes, is viewed through it (see Figure 6, section 2), the grid 
line is seen to be distorted. If a line is viewed through an empty 
round-bottom flask it is not distorted, but if the round-bottom 
flask is filled with water a line viewed through it undergoes the 
same kind of distortion as that suffered by the grid line. From 
this it may be deduced that the distortion of the grid line is not 
produced by the hemispherical shell of the shock front but rather 
by a change in specific refractivity of all of the material that 
has been traversed by the shock front. This material is under high 
pressure and is in a higher density state than the undisturbed 
material of the remainder of the target plate. 

c/ 
The measured distances were obtained in terms of the distance 

between the 1-inch grid lines. They are not corrected for the fact 
that the grid was located a short distance behind the impinging 
projectile. 

y 
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TABLE I 

Measurements on the Views of Figure 6, Sections 1 and 2 

Elapsed Cavity Neck of Ratio Shock 
Time Depth Ejecta of Wave 

——1 — D _ N D/N Radius 

sec cm cm cm 

2.2 
3.1 
3.9 
4.8 
5.7 
6.6 
7.4 
8.3 
9.2 

0.77 
0.84 
1.04 
1.13 
1.24 
1.30 
1.38 
1.41 
1.40 

1.31 
1.44 
1.57 
1.67 
1.83 
1.91 
2.05 
2.14 
2.26 

0.59 
0.58 
0.66 
0.68 
0.68 
0.68 
0.67 
0.66 
0.62 

1.29 
1.58 
1.92 
2.20 
2.51 
2.80 
3.08 
3.38 
3.63 

11 
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At an elapsed tine of 16.2 sec (see Figure 6, section 3), the 
shock wave of pressure has reached the opposite face of the target 
plate and has reflected as a tension wave because this face of the 
target was maintained as a free surface. A dark area is seen to 
be formed in the leading part of the reflected tension wave. There 
is a gap between this dark area and the line of darkening on the 
reverse face of the plate where the pressure wave reflected as a 
tension wave. It is reasonable to suppose that this gap is the region 
of superposition of the reflected tension wave and the original 
pressure wave. In terms of this interpretation, darkening occurs 
in target material that is subjected to a high tensile stress (the 
darkening is due to crazing or fracture that results in light 
interference) and the net tension in the region of superposition is 
too low to produce darkening. 

From Figure 6, section 4, it can be seen that after an elapsed 
time of 19.7K sec the grid line at the center of the target plate 
is no longer noticeably distorted. When, however, the tension wave, 
which reflected from the rear face of the plate and is now moving 
toward the impact face, has passed over it (see Figure 6, section 5), 
it is bowed in the opposite direction to that observed in the views 
of Figure 6, section 2. The target material traversed by the tension 
wave is in a state of tension; its density has been reduced. In the 
views of Figure 6, section 5, the leading surface of the tension wave 
is no longer accompanied by darkening. This suggests that the 
material that is being traversed by the reflected tension wave at 
this time is being subjected to a tensile stress of reduced intensity. 

The two features of greatest interest in the views of Figure 6 
are the black hemisphere from which the shock wave of pressure detaches 
at an elapsed time of 2.2 p. sec and the black structure which moves 
down from the surface and eventually obscures the black hemisphere at 
an elapsed time of 10.1p sec. Specific attributes of these structures 
are considered below. 

The depth of the black hemisphere below the surface of the 
target was measured in the various pictures of Figure 6 in which the 
bottom of the hemisphere can be seen before it is completely obscured; 
they are listed in Table I. The measured values of depth are plotted 
against elapsed time in Figure 7 using two time scales. They are 
plotted as open circles using the 10-h sec time scale and as solid 
circles using the 100-^ sec time scale. From the locus of the 
open circles it can be seen that the black hemisphere reached max¬ 
imum depth at an elapsed time of 8.3 p sec. 

The depth of the cavity that was produced in water by impact 
of a waterdrop is also plotted against elapsed time in Figure 7. 
The points are indicated with triangles and the 40 m sec time scale 

14 
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nf *h!d; .ComParlson °f the locus of the solid circles with that 
ríJÍI*“8"91*? su99ests that, - although the black hemisphere 
reached its maximum sire in 1/3500 the time that was required for 
the cavity produced in water by impact of a waterdrop to reach 
maximum sire, it may have been following a somewhat similarïaw of 

Fin„rêV”ï?rI®nt b'tw'en th* blacX hemisphere shown in 
imnait ^ i;0"* 1 a"d 2> and the cavity produced in water by 
impact of a waterdrop shown in Figure 2 is that the black hemisphere 
has no high light; the light interference that it produces is similar 
to what would be produced by an opaque object. similar 

traverstó^th^uÍT in?fcaÍes hat th* Polymeric target material 
solid !”Pllt“d* aftock wav* of Pressure should remain 
traiíitií^ tí \ acrylat*) 9°es 1 trough a second order 
transition to the glassy state at a temperature of about 105°C /a 7 
^ïLcT?rI\thï inSid* WallS °f th* crat« as in the poly (methyl 
thl? +lat? Pîate after the imPact are darkened, which suggests 
that not only the glass transition temperature but even the de- 

°f the POlymer was reached. However, the 
density of mobile polymeric material above the glass transition 

below'this*tÍS n0rrlly leSS than thC densit^ the rigid latïrial 
elow this temperature. The same state of affairs is found in metals 

the d¿ns?tv°oí thS*S’i-¡¡* d'nsity oí ib* fluld state ls l*ss than 
Í. d*"'“y °f !h* solld «sí«- Fluidity should, therefore, not 
traversed*^ b?hlmP°S;tl0n ?f hÍ9h Pressure and the target material 
traversed by the high amplitude shock wave of pressure would be 
¿xpectea to remain in the rigid state. 

be det«Í^L°í "“'.i11' -laCk henisphere is an emjjty crater cannot 
Í h* Plctur's but the evidencejus t given suggests 

_m ndin^ ^alls 2Í. solid polymeric material. Rim’d 

result'in^icht'*^*! ^ ^ sub;iected to »«nsion, and crazing would 
íhítí ln light interference that would produce darkening in the 

?ha ref£tsSflaS ^ ^ in disc“«-9 tb« tension ¿ave that reflects from the reverse face of the target plate. If it is 

-the blaf h«"lsphere is an empty enlarging erat« in 

b¿ ¿l«t^ i“ mat'rla1’, itS KaUs would b* und«r tension; they would 
e expected to craze, and to appear dark and without a high light 

¿haí íh. ¿?raíh!d’-aS ÍS in a3t««™«"t with the observations giv«. 
a reasonable0supposition? “ emPty e"lar9in9 Cayity ia. ‘b«t«i««. 

The funnel-shapped mass of ejecta, which rises above the surface 
of the target in the pictures of Figure 6, is the counterpart of the 
cylindrical wave of target liquid in liquid-drop-versus-liquid-target 
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impacts (see Figure 2). If attention is fixed on the neck of this 
structure in Figure 6 it can be seen that, below the neck, the 
structure flares outward as it meets the surface of the target just 
as the true liquid wave does ii the views of Figure 2. In the 
tru« liquid impact the point at which the curve of the superstructure 
merges with the target surface is roughly one cavity diameter from 
the point of impact. 

If the black hemisphere is an empty cavity, it must have been 
formed by a fluid-like flow of target material in a state of extremely 
high energy density along streamlines similar to t^ose of Figure 3. 
Inspection of th<* pictures of Figure 6, section 1, at elapsed times 
of 1.3 to 3.1 sec shows that the outward flare of the ejecta below 
the neck in- this structure merges with the target surface within the 
confines of the black hemisphere. Consequently, at this time the 
black hemisphere must be larger than the empty impact crater that 
it obscures. At an elapsed tine of 3.9 to 4.8 sec the outward 
flare below the neck in the structure of the ejecta merges with the 
surface beyond the confines of the black hemisphere. And at an 
elapsed tine of 5.7^ sec a dark structure forms immediately under 
the area over which the outward flare below the neck in the ejecta 
meets the target surface. This dark structure moves down into the 
target. It has obscured roughly 2/3 of the black hemisphere at an 
elapsed time of 8.3^ sec when the black hemisphere reaches maximum 
size. The fact that the black hemisphere reaches maximum depth when 
only 2/3 of it obscured suggests that the dark structure moving down 
from the surface may not control the size to which the black hemi¬ 
sphere grows; it may, however, be checking free flow of the target 
material through which it has passed. It obscures the black hemi¬ 
sphere at an elapsed time of 10.1 |a sec. 

The target material in the outward flare below the neck in the 
ejecta was released from compression as it flowed upward around the 
rim of the cavity. This pressure-released material moved out radially 
over the transparent solid target beyond the confines of the black 
hemisphere at an elapsed time of 3.9 to 4.8 ja sec. It is possible 
that the dark structure that originates under the area covered by 
this pressure-released material is a wave of tension (relief) having 
high energy density which results in crazing in the solid target 
material traversed by it. Light interference by the crazed material 
would result in darkening in the photographs. The leading surface 
of the dark structure has the same diameter at an elapsed time of 
10.Ik sec as it had at an elapsed time of 5.7 sec, when it 
originated at the target surface; it is progressively somewhat 
broader at points closer to the target surface. 
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The appearances that have been described and the inter¬ 
pretations that have been tentatively advanced suggest a two-stage 
model for the hypervelocity cratering process. The first stage 
may be hydrodynamic flow of compressed target material in the state 
of high energy density as has been suggested for the hyrodynamic 
model of hypervelocity cratering El] . This flow should have 
streamlines similar to those in Figure 3, which are determined by 
the pressure distribution in the target material around the cavity, 
and should result in a crater which is approximately hemispherical 
xf the projectile and target materials are the same, or, more exactly, 
if they have the same acoustic impedance. Crater.shape is discussed 
in considerable detail below. The second stage envisaged should be 
different for different target materials. In the case of ductile 
metals, it may be continued fluid flow or quasi-fluid flow. In 
the case of brittle materials of relatively low strength, it may 
be crazing and fracture of pressure-released target material that 
has been traversed by the tension wave that originates at the surface. 
Not only the energy density in the pressure-released target material 
but also its characteristic mode of failure (ductile flow or brittle 
fracture) should determine which of the possible responses will occur. 

2*2 Information from Hypervelocity Impacts Against Metal Targets 

. Crater depth and crater depth/diameter ratio for hypervelocity 
impact of 3/16-inch copper spheres against copper plates and for 
3/16-inch aluminum spheres against aluminum plates are plotted 
against velocity in Figure 8. From the curves of Figure 8 it 
can be seen that crater depth for the copper-projectile-copper- 
target combination is about 0.1 cm greater than for the aluminum- 
project ile-aluminum-target combination in the velocity range for 
which data are given. A plot of similar data for 1/8-inch spheres 
produced essentially the same result. Also, the depth/diameter 
ratio for the copper-projectile-copper-target combination varies 
roughly between 0.55 and 0.59 whereas that for the aluminum-pro- 
gectile-aluminum-target combination varies between 0.52 and 0.56. 
Both of these differences are of the order of 10 per cent. 

A plot of the depth/diameter ratio obtained for impacts of 
copper spheres against copper targets using spheres of three diff¬ 
erent diameters is shown in Figure 9. Two conclusions can be drawn 
from the plot: (1) depth/diameter ratio is not a function of the 
size of the impinging sphere, and (2) the trend of depth/diameter 
ratio with increasing velocity is toward the limiting value of 0.5. 

When the spherical projectile and the target are of different 
metals, wide differences in crater size and shape are found for 
impacts in which the projectile diameter and impact velocity are 
the same. The depth/diameter ratio produced by hypervelocity impact 
of 1/8-inch spheres for each of the four possible projectile-target 
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combinations of copper and aluminum are plotted against impact 
velocity in Figure 10. The curves of Figure 10 suggest four 
generalities: (1) craters produced by high-density metal spheres 
impacting low-density metal targets have a depth/diameter ratio 
greater than 0.5, which means that they resemble hemi-prolate 
spheroids; (2) craters produced by low-density metal spheres im¬ 
pacting high-density metal targets have a depth/diameter ratio 
less than 0.5, which means that they resemble hemi-oblate spheroids; 
(3) craters produced by metal spheres impacting targets of the same 
metal have a depth/diameter ratio of approximately 0.5, which means 
that they are nearly hemispherical. In addition, (4) all three 
curves in Figure 10 show a trend toward the limiting value of 0.5 
as was concluded from the plot of Figure 9. 

The conclusions that have been drawn suggest that the depth/ 
diameter ratio is a function of material properties at least one 
of which changes with impact velocity. To obtain some insight into 
which properties might be involved, the value of the depth/diameter 
ratio for each projectile-target combination was read from the 
curves of Figure 10 from a velocity of 1 km/sec through a velocity 
of 7 km/sec. The empirical values are given in section A of Table 
2. The values for the unlike projectile-target combinations were 
then computed taking the ratio of the identical combinations to be 
unity. The compute! values of the unlike combinations are given 
in Section B of Tab - 2. Finally, the projectile/target ratio of 
three material properties (yield strength, acoustic impedance, and 
density) was determined. These ratios are given in section C of 
Table 2. The projectile/target acoustic impedance ratio is identical 
with the inverse ratio of the particle velocities. Comparison of 
the ratios of section C of Table II with those of section B shows 
that the yield strength ratio and density ratio are in poor agree¬ 
ment. The elast'c wave acoustic impedance ratio (or the inverse 
particle velocity ratio) is a good fit at an impact velocity of 
1 km/sec; it is a progressively less good fit at higher velocities. 
The acoustic impedance is the product of density and longitudinal 
wave speed. Both of these properties will take on new and as yet 
undetermined values in the target and projectile material that has 
been traversed by the shock waves. This could account for a shift 
in the value of the ratio as impact velocity is increased. The 
evidence presented suggests that acoustic impedance may be the 
material property that affects the depth/diameter ratio of the crater. 

Surface and cross-sectional views of craters formed using the 
four possible projectile-target combinations of copper and aluminum 
are shown in Figure 11. These craters were formed at the highest 
or close to the highest impact vélocités for which data were collected. 
Low-velocity craters in the case of copper spheres impacting aluminum 
targets are distinctly tubular but at high impact vélocités the crater 
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TABLE II 

Values of Crater Depth/Diaraeter Ratio and Ratios of 
Pertinent Material Properties 

A. Depth/Diameter Ratio 

Velocity km/sec 1 2 3 4 5 6 

Projectile 
Cu 

Cu 

A1 

A1 

Target 

1.36 1.08 0.955 0.89 0.84 0.82 0.81 

Cu 0.48 0.52.0.52 0.5230.5230.52 0.515 

A1 0.48 0.52 0.52 0.523 0.523 0.52 0.515 

Cu 0.20 0.29 0.345 0.37 0.385 0.395 0.40 

B. Depth/Diaraeter Ratio with This Ratio Unity for Identical Combinations 

Velocity 

Pro-fectile 
Cu 

Cu 
A1 

A1 

km/sec 

Target 

A1 2.83 2.08 1.84 1.70 1.61 1.58 1.57 

Cu 1*0 1.0 1.0 1.0 1.0 1.0 1.0 
A1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

011 0.4,2 0.56 0.66 0.71 0.74 0.76 0.78 

C. Ratios of Pertinent Material Properties 

Combination Yield Strength Acoustic Impedance Density 

Projectile TargeT yp/Vt 

Cu A1 4.28 

Cu Cu 1.0 

Al A1 1.0 

A1 Cu 0.23 

i /2 

2.47 

1.0 

1.0 

0.41 

t 
3.30 
1.0 
1.0 

0.30 

27 



CROSS SECTIONAL VIEW CROSS SECTIONAL VIEW

SURFACE VIEW
ALUMINUM VERSUS ALUMINUM

m
SURFACE VIEW 

COPPER VERSUS COPPER

FIGURE 11, SECTION 1. SURFACE AND CROSS-SECTIONAL VIEWS OF 
CRATERS POR FOUR PROJECTILE-TARGET COMBINATIONS

I



is widened to a shape resembling a hemi-prolate spheroid. It is 
characterized by a curious step formation; the surface of the 
steps is coated with copper. Comparison of the surface view with 
the cross-sectional view (see Figure 11, section 2) reveals that 
the steps are not concentric rings; they appear as isolated spots 
in the surface view. A metallurgical investigation of the grain 
structure around the steps on a cross section of a crater of this 
kind might reveal information of interest, but time was not 
available for this study. 

There was a residual deposit of the projectile sphere in 
most of the craters. The method used to determine'*the depth of 
the projectile residue in the craters produced by each of the 
four possible projectile-target combinations of copper and aluminum 
is described in section 4. The depth of the projectile residue 
that was found for impacts of 1/8-inch-diameter spheres is plotted 
against impact velocity in Figure 12. Several interesting facts 
can be gathered from the plots: (1) The depth of the projectile 
residue falls rapidly to a negligible value as the impact velocity 
is increased. After the first minimum depth is reached, however, 
the depth of the projectile residue appears to rise and fall. 
Whether it will go to zero in each case cannot be determined from 
the plot but it is reasonable to assume that this will be the case. 
(2) The curves for copper spleres impacting copper targets and 
for aluminum spheres impacting aluminum targets are similar. (3) 
The curve for copper spheres impacting aluminum targets lies above 
the similar metal curves and the curve for aluminum spheres im¬ 
pacting copper targets lies below them. This is the same positioning 
as that found in the plots of depth/diameter ratio against velocity. 
(4) In the case of aluminum spheres impacting copper targets, the 
projectile residue is completely negligible after the impact 
velocity has reached 3.5 km/sec. This fact is explained by the 
incandescent appearance of the ejecta in the early stages of such 
an impact; this is described below. The evidence suggests that 
when an aluminum sphere impacts a copper target at high velocity, 
the aluminum sphere literally burns up. 

Inspection of Beckman and Whitley framing camera pictures 
of the ejecta from the craters produced by impacts involving the 
four possible projectile-target combinations of copper and aluminum 
was informative. Selected views of the impact of a 3/16-inch 
aluminum sphere against an aluminum plate at 4.727 km/sec (15,510 
ft/sec) are shown in Figure 13. From the views of Figure 13, 
section 1, there appears to be no evidence of incandescence in 
initial stages of this impact. There is a neck in the structure 
of the ejecta in these views; below this neck the structure flares 
outward as it meets the surface of the target. This configuration 
is characteristic of liquid impacts (see Figure 2). The ejecta 
appear to consist of coherent streams and resemble the ejecta of 
the initial phase of a true liquid impact (see Figure 2). 
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In the bottom view of Figure 13, section 1, discreet particles 
are visible in the ejecta. The configuration of the particles in 
the later views shown in Figure 13, sections 2 and 3, suggests that 
the fluid or quasi-fluid jets or streams may have segmented and 
broken up into streams of discreet masses. This type of breakup 
is characteristic of liquid jets; it is a result of instability. 

In the later views shown in Figure 13, section 2, the neck 
in the structure of the ejecta has disappeared and the base of 
this structure rises at a sharp angle from the surface of the 
target. Furthermore, pieces of the raised metal structure at 
the mouth of the crater are breaking away so that the height of 
this collar-like structure above the target surface is less in 
the lower view of Figure 13, section 2, than in the upper view; its 
height is still further reduced in Figure 13, section 3. This 
seems to be the source of the large masses in the ejecta. The 
irregular shape of these masses suggests that they are in the 
solid or in a semi-solid state. 

The measured diameter of the crater produced by this impact 
is 2.273 cm (0.8949 in.) The measured diameter of the neck in 
the structure of the ejecta in the lower view of Figure 13, section 
I, is 2.21 cm (0.870 in.) This suggests that nearly the full 
size of the impact crater v/as reached while the ejecta were in a 
fluid or quasi-fluid state. This deduction is in agreement with 
the evidence which suggests that discreet masses in the ejecta are 
formed by the breakup of fluid or quasi-fluid streams. 

The reported volume of the residual crater formed by this 
impact is 2.867 cm3 which is equivalent to 7.738 grams of aluminum. 
Because is requires 10.63 x 10^ ergs to heat a gram of aluminum 
to its melting point and to give it its latent heat of fusion, it 
would require 8.225 x 1010 ergs to heat and melt the contents of 
the crater. Because the reported average mass of the 3/16-inch 
aluminum spheres that were used is 0.1544 grams and because the 
impact velocity was 4.727 km/sec, the energy delivered by the 
impact was only 1.724 x 1010 ergs or only enough to melt 0.2096 
the contents of the crater. 

The evidence just given points to the conclusion that the 
fluidity being observed is not a true liquefaction but a quasi¬ 
fluidity. The quasi-fluidity may be flow of target metal that 
has such high energy density that it is no longer confined by 
a crystal lattice, that is, an extreme form of plastic flow. 

Incandescence in the first stages of the impact makes its 
appearance at an impact velocity of about 5.2 km/sec (17,000 
ft/sec) both for impacts of 3/16-inch aluminum spheres against 
aluminum targets and for impacts of 3/16-inch copper spheres 
against copper targets. That the threshold velocity is the same 
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for both of these projectile-target combinations is surprising 
in view of the fact that: (1) the impact energy is roughly three 
times larger for the copper impact than for the aluminum impact 
because of the density difference between copper and aluminum, 
and (2) the energy required per gram to heat and melt aluminum 
is roughly 50 per cent larger than that required to heat and melt 
copper. A possible explanation of this may be that aluminum under¬ 
goes more plastic flow than copper does and, therefore, may be more 
efficient in converting impact energy to heat. 

The impact of a 3/16-inch copper sphere against a copper 
target at 5.270 km/sec (17,290 ft/sec) is shown in Figure 14. 
In the first view of Figure 14, section 1, the sphere is 
approaching the target; in the second view the impacted sphere 
is incandescent. The first two views of Figure 14, section 2, 
show the ejecta as consisting of fluid or quasi-fluid streams. 
Comparison of Figure 13, section 1, with Figure 14, section 2, 
shows that the structure of the aluminum ejecta has a more distinct 
neck than the structure of the copper ejecta has; beln«* this neck 
it flares outward as it meets the surface of the target. 

In this respect the aluminum ejecta resemble the ejecta from 
a true liquid impact (see Figure 2) more than the copper ejecta 
do. Olshaher and Bjork [tj have found that the threshold 
velocities below which liquefaction is not to be expected are 
5.0 km/sec for impacts of aluminum against aluminum and 4.4 km/sec 
for impacts of copper against copper. From the views of Figure 
13, section 1, and those of Figure 14, section 2, an aluminum- 
against-aluminum impact at 4.727 km/sec appears to be more fluid 
than a copper-against-copper impact at 5.270 km/sec. This 
evidence confirms further the tentative conclusion that the 
fluidity which is being observed is not a true liquefaction. 

As was observed for the impact of an aluminum sphere against 
an aluminum target in the views of Figure 13, segmentation of 
the fluid jets into distinct masses can be seen in the bottom 
view of Figure 14, section 2, and the breaking away of pieces 
of the collar-like structure at the mouth of the crater can be 
see in Figure 14, sections 3 and 4. 

Three views from the impact of a 3/16-inch aluminum 
sphere against a copper target at 5.328 km/sec (17,481 ft/sec) 
are shown in Figure 15. Impacts with this projectile-target 
combination at this velocity are distinguished by: (1) strong 
incandescence in the initial stage, (2) a greater tendency for the 
structure of the ejecta to spread horizontally than is the case 
for the other projectile-target combinations of copper and aluminum, 
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and (3) small rather than large solid masses in the somewhat sparse 
ejecta. In the light of the fact that the depth of the projectile 
residue found in the craters for this projectile-target combination 
was very small (see Figure 12), the strong incandescence produced 
suggests that an aluminum sphere may be heated to the point of vapor¬ 
ization when it impacts a copper target at about 5.2 km/sec (17,000 
ft. sec). 

3• Equation for Hypervclocity Crater Depth 

^^ gner9y tfoit Mass of Crater Contents Removed 

To gain further insight into the type of flow that may be in¬ 
volved, the energy ger unit volume invested in formipg the impact 
crater was studied -4 In the firings that were made to obtain the 
experimental data. Mylar screens were unfortunately used to trigger 
the Beckman and Whitley camera. It is very likely that a projectile 
sphere, whose surface layer is strongly heated as a result of air 
friction on passing through the gun, would lose mass on penetrating 
such a screen. Because small spheres would be more strongly heated 
than large ones, it was considered that the data for the 1/8-inch 
and 3/16-inch-diameter spheres would be more reliable than those for 
the 1/16-inch-diameter spheres. 

The impact energy per unit crater volume was determined for 
impacts of 1/8-inch- and 3/16-inch-diameter spheres at velocities 
for which the volume of the pellet residue was considered to be 
negligible in comparison with the crater volume. J5/ Because the 
energy invested per unit mass is the really significant quantity in 
question, the energy/volume ratios were multiplied by the reciprocal 
of the target density. The impact energy per unit mass of target 
metal displaced from the crater is plotted against the impact energy 
in Figure 16 and best-fit lines have been drawn to the data. The 
iines of the plots in Figure 16 have a positive slope. The significance 
of this is that the crater is costing more energy per unit mass of 
its displaced contents as the impact energy is increased. 

From Figure 16 it can be seen that the points for the 1/8-inch 
spheres and those for the 3/16-inch spheres fall on straight lines 
that have a different slope. For 3/16-inch spheres, the straight 
line for impacts of copper spheres against copper targets has the 
same slope as the straight line for impacts of copper spheres against 
aluminum targets, but the intercept on the ordinate is different. 
Similarly, for 1/8-inch spheres, the straight line for impacts of 
copper spheres against copper targets has the same slope as the 
straight line for impacts of copper spheres against aluminum targets. 

dj 
This approach was suggested by Dr. George Irvin of the Naval 

Research Laboratory, Washington, D. C. 

The volumes of the craters were measured at the two locations 
where the hypervelocity firings were made. See section 4. 
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r« +-The ía 0f the sl°Pes of th® lines for copper spheres im¬ 
pacting aluminum targets is 0.321 and that of the lines for copper 
spheres impacting copper targets is 0.292. The inverse ratio of 
the sphere masses is 0.305 and this suggests that the slope of the 
line may be inversely proportional to the sphere mass. This sup- 

ïmDacîrof%/?ï!f-he observation that the straight line for 
i pacts of 3/16-inch aluminum spheres against aluminum targets has 
the same slope as the straight lines for impacts of l/8-in?h copper 
sp eres against both copper and aluminum targets. The reported 
average mass of the 3/16-inch aluminum spheres that were used is 

ÍAÍfí !iamS and that OÍ. the 1/8“inch copper spheres is 0.1546 grams, 
These masses are essentially identical. 

The slope of the lines using copper spheres as projectiles 
appears to be given by 0.0036/M where M is the mass of the im¬ 
pinging sphere. The data using aluminum spheres as projectiles 

wide scaÏtereinSthÎqr T* purpOSe of this ^lysis because of the 
^nh!r!c • Î" h points. The data for 3/16-inch aluminum 

aluInl,?u,11 targets have somewhat less scatter than 
îh %data f0r alum;Lnum spheres. If the straight lines for 

spheres ^ ^ f°r impaCtS °f 3/16"inch aluminum 
imately by 0?M4/Í 15 COnSldered- th* sloP« « given approx- 

i 4- Thï ®icance of the intercept on the ordinate for the 
plots of Figure 16, which is obtained by extrapolation, is not 

velociív1^1^* Tt 13 an ener9y Per unit mass at zero impact 
til * !• ^13 su9gests that it involves the lattice energy 

Howler Írtl10” í°r the 9uasi-fluid ^ that is observed. 
However, it seems to involve more than this for two reasons: 

thi a.9iven target material is different when 
fl °fnrtbC linPacting sphere is different, and (2) the intercept 

ger for copper targets than for aluminum targets which is 
the reverse of what would be expected if one presumed that the 
activation energy for the quasi-fluid flow varied as the energy 
per unit mass required to heat and melt them (see Table ÏII.). 
Because the lines produced by different sphere sizes for a given 
projectile-target combination converge at the intercept, the inter¬ 
cept is not a function of sphere size. 

For spheres of different metals impacting targets of the 
same metal, the following information can be obtained from Figure 
16. The intercept on#the ordinate for aluminum spheres impactina 
aluminum targets is 1.80 x 109 ergs/gram; that for copper spheres 
impacting aluminum targets is 1.20 x 109 ergs/gram. The ra?io 
of these intercepts for the case that the target is aluminum is 1.5. 
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TABLE III 

Properties of Copper and Aluminum 

Property Dimensions Aluminum Copper 

Melting temperature, Tra 

Vaporization- temperature, 

Tm 
Heat content H 298.15 

Heat of melting, H 
ml y 

Heat content H 298.15 

Heat of vaporization, Hv 

Density, , at 20°C 

Sound speed, C 

Acoustic impedance, Z 

°K 

T °K 
V 

ergs/g 

ergs/g 

ergs/g 

ergs/g 

g/cra3 

cm/sec 

g/sec’cvn 

a 932 

a 2,720 

a 6.68 X 109 

a 3.95 X 109 

a 30.04 X 109 

a 108.86 X 109 

b 2.6989 

C 6.318 X 105 

d 1.705 X 106 

s—- 

1,356 

a 2,855 

a 4.63 X 109 

a 2.05 X 109 

a 14.09 X 109 

a 47.94 X 109 

b 8.96 

C 4.691 X 105 

d 4.203 X 106 

D. R. Stull and G. C. Sinke, Thermodynamic Properties of the 
Elements, A. C. S. No. 18, American Chemical Society, Washington, 
D. C., 1956 

Metals Handbook, 8th Edition, American Society for Metals, Metals 
Park - Novelty, Ohio, 1961. 

Values of sound speed in infinite medium for 1100-0 aluminum and 
annealed electrolytic tough pitch copper measured in NBS Sound 
Section, by Carroll Tschiegg. 

Product of sound speed and density. 
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Similarly, the intercept on the ordinate for aluminum spheres im¬ 
pacting copper targets is 2.20 x 10^ ergs/gram; that for copper 
spheres impacting copper targets is 1.42 x 109ergs/gram. The ratio 
of these intercepts for the case that the target is copper is 1.6. 
Exact agreement cannot be expected considering the amount of scatter 
that exists in the experimental data, but the closeness of the ratios 
suggests the generalization that for projectile-target combinations 
of copper and aluminum and using a given target material, 1.5 times 
as much energy per unit mass is fed into crater formation when the 
projectile is aluminum than when the projectile is copper. The 
significance of this appears to be that an aluminum sphere is a less 
efficient tool for forming impact craters than a copper sphere is. 

The particle velocity that is produced in the target metal as 
the result of an impact should be directly related to crater for¬ 
mation in the target and it is possible that consideration of the 
par tide velocity produced in the target may throw some light on 
why aluminum spheres are less efficient than copper spheres in 
forming impact craters. The particle velocity that is given to the 
target metal that has been traversed by the shock wave produced by 
the impact would be Zp V/(Z^. + Z ) if this shock wave were an 
elastic plane wave. p 

The elastic plane wave particle velocity in a copper target 
is V/2 if it is hit by a copper projectile and is 0.2886 V if it is 
hit by an aluminum projectile. The elastic plane wave particle 
velocity in a copper target is, therefore, 1.7 times as high when 
it is hit by a copper projectile than when it is hit by an aluminum 
projectile. Similarly, the elastic plane wave particle velocity in 
an aluminum target is V/2 if it is hit by an aluminum projectile 
and is 0.7114 V if it is hit by a copper projectile. The elastic 
plane wave particle velocity in an aluminum target is, therefore, 
1.4 times as high when it is hit by a copper projectile than when 
it is hit by an aluminum projectile. In each case it is seen that 
the particle velocity produced in the target is higher if the 
projectile is copper than if it is aluminum. 

Several observations made in section 2.2 suggest that another 
reason for the inefficiency of aluminum projectiles as compared with 
copper projectiles may be that more energy is lost as heat in im¬ 
pacting aluminum spheres than in impacting copper spheres. In 
particular, it was observed that in comparison with copper spheres, 
aluminum spheres tend to heat up to incandescence at lower impact 
velocities than would be expected. 

If the impacting sphere is heated to the point of incandescence 
and vaporization, energy, which could have been transmitted to the 
target when the shock wave in the sphere returns to the impact sur¬ 
face after reflection from the trailing face of the sphere, 
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is irreversibly lost as far as crater formation is concerned. 
It is possible that projectile-target combinations in which such 
losses occur may be inefficient from the standpoint of crater 
formation. 

The development of heat is associated with plastic flow and 
this suggests that the dynamic strength of the sphere metal and 
the particle velocity induced in it may be important parameters 
in determining crater forming efficiency. The dynamic yield 
strengths of the copper and aluminum that were used are not known. 
The static yield strengths given in Table IVindicate that the aluminum 
is more subject to flow than the copper and this is in agreement with 
the observation made in section 2.2 that the ejecta from the crater 
produced by. an aluminum-aluminum impact resemble the ejecta from a 
true liquid impact more than the ejecta from the crater produced by 
a copper-copper impact do. It is also in agreement with the ob¬ 
servation that the aluminum spheres tend to heat up to incandescence 
at lower impact velocities than would be expected when comparison is 
made with copper spheres. 

The effect of particle velocity can be studied by considering 
the elastic plane wave particle velocity in the projectile. If 
the shock waves that are produced in hypervelocity impacts were 
elastic plane waves, the particle velocity in the projectile would 
be given by + Zp). For the impact of an aluminum sphere 
against an aluminum target or for the impact of a copper sphere 
against a copper target this velocity would be V/2, but for the 
impact of an aluminum sphere against a copper target t is 0.7114 V. 
Therefore, when an aluminum sphere impacts a copper target the 
elastic plane wave particle velocity in the sphere is 1.4 times as 
large as when a copper sphere impacts a copper target at the same 
velocity. That this is directly related to production of in¬ 
candescence and vaporization in the sphere can be seen from the 
observation in section 2.2 that the projectile residue in impacts 
of aluminum spheres against aluminum targets at high velocities 
is similar in amount to that in impacts of copper spheres against 
copper targets but that when an aluminum sphere impacts a copper 
target at high velocity it literally burns up. 

The effect of tha yield strength of the projectile metal may 
be separated from the effect of the particle velocity in it by 
considering copper-copper impacts and aluminum-aluminum impacts. 
The particle velocity in the target and in the sphere is the same 
for each of these like-metal impacts. However, it was pointed out 
in section 2.2 that both the crater depth and the crater depth/dia¬ 
meter ratio were 10 per cent higher for the copper combination than 
for the aluminum combination. In terms of the preceding discussion, 
the lower cratering efficiency of the aluminum combination would 
appear to be the result of greater transformation of energy into 
heat in the sphere as a consequence of the fact that the aluminum 
that was used tends to undergo plastic flow at a lower applied stress 
than the copper. See Table IV. 
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TABLE IV 

Tensile Properties of the Metals Used 
in the Experiment 

Specimen Yield Strength 

Material kg/mm^ psi 

Tensile Strength Elongation 

kg/mm psi per cent 

Copper 4.704 

Copper 5.343 

Copper 5.322 

Copper 5.090 

6,690 20.790 

7,600 21.099 

7,570 20.818 

7,240 20.909 

29,570 60.9 

30,010 62.3 

29,610 63.9 

29,740 63.4 

Aluminum 1.034 

Aluminum 1.174 

Aluminum 1.378 

1,470 5.175 

1,670 4.936 

1*960 4.626 

7,360 55.2 

7,020 55.1 

6,580 62.4 



tllc^sam€ impacting targets of different 
metals the following information can be obtained from Figure 16. 

thl fphfres aluminum targets the intercept on 
the ordinate is 1.80 x 10* ergs/gram and for aluminum spheres im- 

ïhe caLCth«trtÍarSe^8 U iS 2*2° X 109 er9s/gram. The ratio, for 
the case that the spheres are of aluminum , is 1.2. Similarli, 

ordina?eeLS?h?íeS ^§actin9 aluminum targets the intercept on the 
coDoer tarn*îl i **9«/giam and for copper spheres impacting 

íh 9! 18 1,42 X 109 er9®/pram. The ratio, for the case 
sPheJes are of copper, is also 1.2. The fact that the 

har th® sanie value suggests the generalization that when 

of Conner anH9«rn-mCta Vo* ^ Ín ProJectil®-target combinations 
ferf in?« ? aluminum, 1.2 times as much energy per unit mass is 

° ^ formatlon when the target is copper than when the 

scíihí in i“ appears îhat the reason for thisshould be 
sought in the particle velocity induced in the target metal as a 

+ W?e lnJPact* ln the transmission coefficient, which governs 
the extent to which the shock wave that is induced in the project™ 
by the impact is transmitted inte the target, and in the activation 
energy required for the quasi-fluid flow that takes place. 

tarn^Smi??iiC!îe? ^ Particlc ^locity that is given to the 
target metal that has been traversed by the shock wave produced by 
the impact would be 2py/(Zp + Zt) if this shock wave were an elastic 

targetWisev/2 if I^is pârtÍCíe v?locity in a copper 
target is V/2 if it is hit by a copper projectile and is 0.2886 V 

l- , bY an aluminum projectile. The elastic plane wave 
particle velocity in an aluminum target is V/2 if it is hit by an 
aluminum Projectile and is 0.7114 V if it is hit by a copper pro- 
jectile. If the impacting spheres are of aluminum, the ratio of 
t e particle velocity produced in an aluminum target over that 
produced in a copper target is 1.7. If the impacting spheres are 
of copper, the ratio of the particle velocity produced in an 
aluminum target over that produced in a copper target is 1.4. The 

Pil V*l0CltY in the target, which is an important consideration 
in crater formation, is higher in each case considered when the 
target is aluminum than when the target is copper. 

In terms of the particle velocity in the target, from this 
and. from the proceding discussion, maximum cratering efficiency 
should result from the use of copper spheres and aluminum targets. 
This is m agreement with what is observed experimentally. Efficiency 
in crater formation would then appear to vary directly with the 
particle velocity produced in the target. In view of the tentative 
conclusion arrived at above that particle velocity in the projectile 
is associated with loss of energy as heat and hence with inefficiency 
in cratering, it would appear that cratering efficiency varies 
inversely with the particle velocity produced in the projectile. 
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Combining these trends, cratering efficiency varies directly with 
the particle velocity produced in the target and inversely with the 
particle velocity produced in the projectile. The quotient of these 
elastic plane wave particle velocities is simply the quotient of the 

+ 2t)J / [zt V/(Zp + Zt)J = 
ic impedances was found to c 

with the crater depth/diameter ratio in section 2.2. 

When the shock wave that is induced in the projectile by the 
impact moves through the projectile and reflects from its trailing 
face, it reflects as a tension wave. The particle velocity in the 
tension wave has the opposite direction fror the particle velocity 
in the initial pressure pulse. When this wave comes back through 
the projectile and returns to the impact surface, it is partly 
transmitted into the target and partly reflected back into the 
sphere. It is possible that the part of this tension wave that 
transmits into the target serves as a cutoff for the cratering 
process because the particle velocity in it is opposite in direction 
to that in the compressed target metal. 

If the shock waves that are really produced in hypervelocity 
impacts were elastic plane waves, the transmission coefficient would 
be 2 Zt/(Zj. + Z_). For a copper sphere impacting a copper target 
the transmission coefficient is 1.0, and for a copper sphere im¬ 
pacting an aluminum target it is 0.5772. The ratio of transmission 
into the copper target over that into the aluminum target is 1.7. 
For an aluminum sphere impacting a copper target the transmission 
coefficient is 1.4228 and for an aluminum sphere impacting an 
a 1 uninun targ^*: it is 1.0. The ratio of transmission into the 
copper target over that into the aluninun target is 1.4. From 
this standpoint a copper target appears to be less efficient for 
crater formation than an aluminum target. 

The activation energy for the quasi-fluid flow of the target 
metal must also be an important cratering parameter. This energy 
is not known. If real liquefaction were involved it would be the 
sum of the energy required to heat the target metal to its fusion 
temperature, H, and the latent heat of fusion, . It is possible 
that the first of these quantities may provide a satisfactory 
measure of the activation energy for flow without liquefaction. 

Properties of copper and aluminum are given in Table 3 and 
quantities that may be of interest in approximating the intercepts 
of the plots of experimental data shown in Figure 16 are given in 
section A of Table V. In section B of Table V the values of 
several functions are tabulated for the four projectile-target 
combinations of copper and aluminum. The numerical constants for 
these functions were selected to make the value of the function 
the same as the experimental intercept for copper-copper impacts. 

zvzt, 
or 

p' t » 
relate 

acoustic impedances, £zp V/(Zp 
and the quotient of the acoust 

50 



TABLE V 

Approximate Functions for the Experimental Intercepts 

Section A. Pertinent Quantities 

Projectile Target 2,/(2,+^) 2^/(2,.+2^ 2,/Zp _¡¡_ H + Y 

ergs/g ergs/g kg/nm^ 

Copper 
Aluminum 
Aluminum 
Copper 

Copper 0.5000 
Copper 0.7114 
Aluminum 0.5000 
Aluminum 0.2886 

0.5000 1.000 4.63x109 6.68xl09 5.114 
0.2886 2.465 4.63xl09 6.68xl09 5.114 
0.5000 1.000 6.68xl09 ia63xl09 1.195 
0.7114 0.406 6.68X1091Q.63X109 1.195 

Section B. Experimental Intercepts and Approximate Functions 

Experimental 0.6134 H Zf 
Projectile Target Intercept (Zt + Zp) 

ergs/g ergs/g 

Copper 
Aluminum 
Aluminum 
Copper 

Copper 
Copper 
Aluminum 
Aluminum 

1.42 X 109 
2.20 X 109 
1.80 X 109 
1.20 X 109 

1.42 X 109 
2.02 X 109 
2.05 X 109 
1.18 X 109 

0.4251 ( H+ )Z+ 0.5553 Y Z» 

(Zt + V (Zt + Zp) 

ergs/g 

1.42 X 109 
2.02 X 109 
2.26 X 109 
1.30 X 109 

ergs/g 

1.42 X 109 
2.02 X 109 
0.33 X 109 
0.19 X 109 



#1 

For the functions involving 4h andlH + <r. the nunerical constants 
are dinensionless but for the function involving the yield strength 
Y the numerical constant has the dimensions of volume, it can be 

Haluef of the functions that the expression 
0.6134 HZt/(Zt + p) give® the best representation of the observed 
intercepts, the values of this function are in good agreement with 
the observed intercepts for copper projectiles; the values are about 
10 per cent in error when the projectile is aluminum. However, be- 
caus® of the scatter in the experimental data obtained with aluminum 
spheres, the intercepts on the ordinate in Figure 16 for Impacts of 
alumínala spheres could be changed quite a bit. It is noteworthy that 
the acoustic impedance quotient Zt/Zp could not be used as a factor 
with any of these functions without worsening their agreement with 
the observed intercepts. 

3*2 Equations for Crater Depth 

equation for the straight lines of Figure 16 can be written 
with the use of the general equation for a straight line and with 

th^ ?X^reSsi<1S that are able to represent the experimental 
slopes and intercepts. Taking the slope to be given by 0.0036/M, 
which was obtained from the impacts of copper spheres and is thought 
to Je more reliable than the expression 0.004M, and taking the inter- 
cept to be given by 0.6134^H Zt/(Zt + zp), the straight lises of 
Figure !6 are given by MV2/2m =. (0.0036/fi) (MV2/2) + 0.6134^H Zt/ 

^t * Zp) where M *8 the mass of the impinging sphere, m is the mass (3) 
of the target metal displaced from the crater that forms AH is the 
heat content per gram of target metal integrated from room temperature 
to the characteristic fusion point of the metal, and Z is the acoustic 
impedance (product of longitudinal wave speed and density). From 
equation (3). ' 

m = MV2/ {p.0036 V2 + 1.2268 Ah Zt/(Zt + Zp)J 
(4) 

is given by** °f Spherical ProJ«ctile, in terms of its diameter, d, 

M Pp/6 
(5) 

and for heal spherical craters, the mass of the crater contents dis- 
placed, in terms of the crater depth D, is given by 

m 2lfD Pt/3 (6) 

rhe depth/diameter ratio of the craters was found to correlate with 
the quotient of the acoustic impedances of the target and pro fee tile 
metals. Let this quotient be introduced into equation (6) *n the 
following way, ' ' * 

= 2 7r(ZtD2/Zp) D pt/3. (7) 
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n/Jj _^®C :Hing that the volume of a hemi-oblate spheroid is 
21ía_ b/5 and that of a hemi-prolate spheroid is 2^ab2/3 where a 
is the major and b the minor seniaxis, it can be seen from equation 
(7) that when ¿p > Zt the crater should resemble a hemi-proUte 
spheroid, when ¿p ^ 2t the crater should resemble a hemi-oblate 
spheroid, and when Zp = Zt it should be a hemisphere. Because this 

WÍth What.is observ®^ experimentally, equation (7) 
is considered to be a satisfactory way of taking the crater depth/ 
diameter ratio into account. y 

Introducing equations (5) and (7) into equation (4), and 
solving for D produces the equation 

Zr)Pp/Z+ P ZpPp/Zt Pt 
O = 0.62596 ¿--0036 y» „ l.2zbs&H + J-p] 1/3 d 

(8) 

Values of crater depth calculated with use of equation (8) 
are plotted with the experimental data in Figures 17, 18, ig and 
20. From inspection of each of these sets of curves it appears 
that equation (8) shows an over-all general agreement with the 
data and that agreement of equation (8) with the data is better 
the smaller the sphere size and the lower the impact velocity. 
Calculation of the curves using .004AI for the slope of equation 
(3) produces essentially the same result but with slightly worsened 
agreement with the data at high velocities. From the curves it 
appears that better agreement with the data might be produced if 
the values of H were slightly smaller. This suggests that the 
real activation energy for the quasi-fluid flow may be slightly less 
than the value of the heat content integrated from room temperature 
to the fusion temperature. The quasi-fluid flow may occur before 
the fusion temperature is reached. 

For velocities above 6 km/sec, a gradual change-over from 
quasi-fluidity to true fluidity will occur. One would expect 
that for these velocities the heat of fusion, Ç, must be added to 
ZlH in equation (8) in order to provide the energy required for 
fusion. However, at these high velocities the importance of the 
term 0.0036 V2 will probably make the inclusion or omission of 
t unimportant. 

It is noteworthy that the use ofAH to approximate the 
activation energy for the quasi-fluid flow that takes place, which 
appears to be acceptable for pure copper and pure aluminum in the 
annealed state, will not apply for metals that have an increased 
strength due to alloying, heat treatment, and other means* However, 
the strength of metals that is produced in these ways is gradually 
lost as the temperature of the metal is increased. It is possible 
that the use of A H for the flow activation energy of metals 
strengthened in these ways nay be reliable for heated targets. 



Squation (8) should be tested further with experimental crater 
depth data for the four possible project!le-target combinations 
of other pairs of pure metals. It is believed that if studies 
similar to that described in this report were to be mad© utilizing 
the four possible projectile-target combinations of other pairs of 
pure metals, more information of value in clarifying the Jiyper- 
velocity cratering mechanism would be obtained. 

For very high impact velocities the term 1.2268ÄH Zt/(Zt + Z-) 
in the denominator of equation (8) is small in comparisonwith the1 
term 0.0036 V^. To consider equation (8) at velocities higher 
than those for which data are given in Figure 16' involves an extra¬ 
polation which may or may not be reliable. If, for purposes of 
speculation only, one is presumptions enough to take the limit of 
equation (8) at infinite impact velocity, one finds 

(9) 

From equation (9), for the case that the spherical projectile 
and the target are of the same metal, the limiting value of 
crater depth is about 4 sphere diameters. However, reliance 
should not be placed on equation (9) until it is tested with 
experimental crater depth data obtained at very high impact 
velocities. 

To consider equation (8) at low velocities involves no extra¬ 
polation. For impact velocities up to 5 or 6 km/sec, the term 
0.0036 V2 in the denominator of equation (8) is small in com¬ 
parison with the term 1.2268AH Zt/(Zt + Zp). Neglecting the 
term 0.0036 V¿, equation (8) reduces to the approximate equation 

D = 0.5884 

An equation identical with equation (10) except that AH is 
replaced by AH +£., where is the latent heat of fusion, and 
the numerical constant is 0.665 was derived before the study 
of the data given in section 2.2 was completed. The derivation, 
which was based on a model of partial fusion of the target metal 
displaced from the crater, is given briefly below. 

3.3 Approximate Crater Depth Equation 

If similarity exists in the partition of energy for the limited 
hypervelocity regime in which crater depth varies as the 2/3 power 
of the impact velocity, then the fraction of the impact energy 
that is used in fusion may be relatively constant within the regime. 
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Although this argument is speculative, it suggests that the equality 

(constant) (available energy) = (volume melted) P (AH + c ) 

may be a reasonable assumption to make in deriving a crater-depth 
equation. For hemispherical craters of radius D, use of the 
assumption given by equation (11) would produce the equality 

dL ( D3 p /3) (AH +e) = (constant) ('H'Pp d3 V2/12) 

whered.is the fraction of the crater contents that melts. From 
equation (12), 

D = (constant) |p^ d3 V2/<t pt (AH + t fj1^3 

Equation (13) applies only to hemispherical craters; such 
craters are formed only if the impacting sphere and the target 
plate are of the same metal. On introducing the acoustic 
impedance ratio, which appears to be related to the depth/diameter 
ratio of hyper velocity craters, into equation (12) one obtains 

A [2 TÍPt D (Zt D2/Zp)/3j (AH + C) = (constant)jjlíí^ d2 V^/lzJ 

From equation (14), for projectile-target combinations in which 
Z = Z , the crater is a hemisphere; for projectile-target 
combinations in which Zp^ Zt, the crater should resemble a hemi- 
oblate spheroid; for projectile-target combinations in which 
Z_ "7 the crater should resemble a hemi-prolate spheroid. 
Afid from equation (14), 

D = (constant) (Zp/Zt) 1/3 jd3 Pp V2/<1 (AH + £-)] 1/3 

To obtain maximum crater depth from equation (15), it is necessary 
to have an explicit expression for <!(, the fraction of the crater 
contents that melts. 

It was pointed out in section 1 that crater depth in impacts 
involving no fluidity («l- 0) varies as V1, that crater depth in 
impacts involving partial fluidity (0<*<<1) varies as V2/3, and 
that crater depth in completely fluid impacts (A = 1) varies as 
yl/2. The amount of fluidity that is produced increases with the 
impact velocity. However, the velocity range over which crater 
depth varies as V2/3 is further characterized by the empirical 
finding that crater volume varies as the impact energy and, there¬ 
fore, as V2. 

Although the absolute amount of fluidity and the crater volume 
both increase as the impact velocity is increased¿ it is assumed 
that in the regime where crater depth varies as 3 the ratio of 
the absolute amount of fluidity to the crater volume, that is, the 
melt-fraction a, has a very small dependence on V, and, for practical 
purposes, may be regarded as independent of V. If <L is essentially 
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combination °f V* ^ wil1 be a constant for any given projectile-target 

If the tension wave that reflects from the bounding surface of 
the sphere and returns to the impact surface were an elastic plane 
wave, the ratio of the stress in the transmitted wave to the stress in the 

be 2 Zt/*Zt + zp)‘ Because the amount of fusion of 
target metal that can occur depends on the extent tovbich the reflected 
tension wave that returns to the surface of contact is transmitted inte 
the target, may be some function of the acoustic impedance ratio 

* * ZPj- If this is the case, it follows that will have different 
values for different projectile-target combinations. 

In the light of the preceding discussion, let it be assumed that 

(constant) Zt/(Zt + Zp). {16) 

On introducing equation (16) into equation (15) one obtains 

D = p g/(A H + f )| (Pp/r,) {(Zt t Zp)/Zt'j (2pAt)] 1/3 d v2/3 (17) 

where the constant of proportionality for and the constant that 
limits the amount of the impact energy that is used in fusion are 
combined in the numerical constant p. The average value of the con- 

* wht'':''b waf ^und by inse?ting experimentally observed values 
°f e?!fîîion Í17)» is 0*665 Introducing this value of ßinto 
equation (17), 1 

D = 0.665 ßl/4H + t; )}(Pp/pt) [(Zt + Z )/Zt} (Zj/Zt)Jl/3 d V2/3 (18) 

The locus of equation (18) is plotted as a dashed line in Figure 17. 
18, 19 and 20. The equation is not plotted for impact velocities below 
2 a/seí because an equation based on a model involving fusion would 

°r th2Se Ver^ l0V v®locities- It can be seen from the plots îï iOCUS °* eq^ation (18) is in as good agreement with the data 
“ In SOWe °f plots the agreement appears 
to be better than that of equation (8). Equation (18) has too steep 
a slope at high velocities; this is the result of neglecting the 
velocity dependence of the investment of energy in crater formation. 

As noted above, equation (18) was derived before the study of 
the hypervelocity data that is reported in section 2.2 was completed. 
A aodel involving melting of target metal at velocities below even 
4 km/sec is unrealistic in view of the observation cited in section 
2.2 that impacts against aluminum have the characteristics of fluid 
impacts at lower velocities than impacts against copper. This 

The derivation of equation (18) was presented at the Sixth Hyper- 
velocity mpact Symposium ¿5j . Due to an error in obtaining the 
ntegrated value of H, the value of was incorrectly given as 0.695 

at that time. 
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conclusion also follows from the finding of Olshaker and Bjork /6] 
that melting could not be expected at the low impact velocities for 
which equation (18) is seen to give relatively good agreement with 
the experimental data in Figures 17, 18, 19, and 20. The flow that 
occurs at velocities below 6 km/sec is a quasi-fluid flow rather 
than a true fluid flow. If the reasoning used in deriving equation 
(18) is oriented around a quasi-fluid flow model, it provides a 
theoretical backgroundfor the derivation of equation (8Î that neg¬ 
lects the velocity dependence given by the term 0.004 and that 
uses +*' for the flow activation energy rather than AH. 

4. Collection of Experimental Data 

An experiment was designed at the National Bureau of Standards 
to obtain data that would provide a stringent test of a hypervelocity 
crater depth equation. It called for the collection of cratering 
data for each of the four possible projectile-target combinations of 
high purity copper and aluminum. Because a hypervelocity gun was 
not available at the National Bureau of Standards, arrangements were 
made to have the firings carried out elsewhere. 

The hypervelocity firings were made at two locations. A total 
of 67 test firings were made at Eglin Air Force Base, Florida, from 
August 1, 1960, to July 1, 1961. At the end of this period, the 
hypervelocity projectors and associated equipment used to make the 
firings were transferred to Arnold Engineering Development Center 
at Tullahoma, Tennessee, where additional firings were made by 
ARO-Inc. from July 10, 1961, to June 25, 1962. The launcher and 
range used in making the test firings have been described [ßj . 

To reduce the number of variables to a minimum, cratering data 
were collected only for normal impact of metal spheres against the 
planar surface of edge-supported metal plates. The metals selected 
for use in the experiment were high-purity aluminum (99.99 per cent 
aluminum), and oxygen-free high-conductivity copper (99.96 per cent 
copper ). 

The metal plates used for targets were of different thicknesses 
up to 5.08 cm (2 in.) thick. The criterion used in selecting the 
plate thickness for a given sphere size and impact velocity was that 
there should be no noticeable bulge on the reverse side of the plate 
as a result of the impact. 

The static tensile properties of the metal were measured at the 
National Bureau of Standards by Mr. Nesbit L. Carivile. Standard 
ASTM round tensile specimens were machined, annealed,and tested at 
very slow rates in a Riehle pendulum hydraulic testing machine. The 
head speed was 0.0762 cm/min (0.03 in./min) before yield; it was 
increased to a maximum of 0.381 cm/min (0.15 in./min) after yield. 
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IMPINGEMENT VELOCITY , km/SBC 

FIGURE 17. CRATER DEPTH PRODUCED IN IMPACTS OF COPPER SPHERES 

AGAINST COPPER PLATES 
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IMPINGEMENT VELOCITY, km/sec 

FIGURE CRATER DEPTH PRODUCED. IN IMPACTS OF ALUMINUM SPHERES 
AGAINST ALUMINUM PLATES 
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FIGURE 19., CRATER DEPTH PRODUCED IN IMPACTS OF ALUMINUM SPHERES 
AGAINST COPPER PLATES 
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IMPINGEMENT VELOCITY, km/sec 

FIGURE 20. CRATER DEPTH PRODUCED IN IMPACTS OF COPPER SPHERES 

AGAINST ALUMINUM PLATES 
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Strain was autographically recorded on a Baldwin-Templin type (solenoid) 

J** d*taTobtained werc O-2 Per cent offset ïiÎld strength, 
tensile strength, and elongation in 5.1 cm (2 in.). The results of 
measurements on specimens of each metal are given in Table IV. 

M/a The\8jher€ 3lzes were 0-15875 cm '1/16 in.) diameter, 0.J175 cm 
(1/8 in.) diameter, and 0.47625 cm (3/16 in.) diameter. The inheres 
were formed from wire made of the same metals as the target plates? 
During the course of the firings, the spheres were fabricated by two 
different manufacturers. The size and weight of the spheres as 
determined by measurements on samplings at Bglin Air Force Base and at 
Arnold Engineering Development Center are given in Table VI. 

Both the projectiles and targets were annealed to remove work 
1¾¾ JT ciiäiri inçj • 

Z'11 °5 tbe firin93 were made at reduced pressure to prevent 
abiation of the projectiles as far as feasible. In the firings made 

/'ll™ Ba!e the tar9et Chamber Pressure was maintained 

ran "^pressure ^wa^bet ween Cïrand'1 lo'inrn ^ thE 

The impact velocity was determined from Beckman and Whitlev 
camera pictures of the impinging sphere just before it struck the 
target. The required measurement is the distance travelled by the 
sphere between consecutive frames. Resolution of the projectile 
image limits the accuracy with which this distance can be known. 

each AÍr FOr-e B^e ^ reP°rtcd velocity was determined for 9 bVVera9în9 flVe film readin9S made by each of two observers 
f?r eaCï ffieasurenient w«re selected at random from a 

group of several people. The readings were made with the aid of a 

??£!ead“ "hif -Rifled the 3S-mm camera film aPProxiL?ely L 
t ^ velocity was calculated by an IBM 7090 computer. Data 

ft?d?hIÍOI\aC^!raCy WaS found to h® °*5 P«1 cent. The maximum error 
of the velocity measurement and reduction system was estimated at 1 5 
per cent of the reported velocity. 

measured^r^^ÏL0^?006 °f tfavel from a reference point was 
^ senes of frames using an optical comparator, Recordak 

T °r Fâirchild reader. The data were fitted by the 
method of ieast squares to a linear curve by a machine orogram which 
yielded standard error of fit and velocity. It was estimated that 
the errors involved m the determination of time and distance allowed 
an absolute velocity determination within 1 per cent. 

mW™oîICrsde?th WaS measured at E9lin Air Force Base with a depth ZJ Tl 9 T accuracy of 1 0.00127 cm (+ 0.0005 in.). Only 
one reading was made for each crater. At ARO-Inc. the crater depth 

62 



» 

TABUE VI 

Nominal Size 

1/16 in. 

1/16 in. 

1/16 in. 

1/8 in. 

1/8 in. 

1/8 in. 

3/16 in. 

1/16 in. 

1/16 in. 

1/8 in. 

1/8 in. 

1/8 in. 

3/16 in. 

Size and Weight of Spherical Projectiles Used 
in the Experiment 

Diameter Weight 

MaiagiaJ . cn*_ q 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum 

Aluminum, 

group I 

group II 

group I 

group II 

group III 

0.157 

0.153 

0.157 

0.326 

0.320 

0.320 

0.477 

0.159 

II 0.156 

0.320 

0.315 

0.320 

0.476 

0.005115 

0.00519 

0.00560 

0.046420 

0.04636 

0.04660 

0.15440 

0.017780 

0.01778 

0.145440 

0.14535 

0.15460 

0.50620 

Copper 

Copper, groups I and 

Copper 

Copper, group I 

Copper, group II 

Copper, group III 

Source of 
Measurement 

Eglin APB 

ARO-Inc. 

ARO-Inc. 

Eglin APB 

ARO-Inc. 

ARO-Inc. 

ARO-Inc. 

Eglin APB 

ARO-Inc. 

Eglin APB 

ARO-Inc. 

ARO-Inc. 

ARO-Inc. 
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was determined with use of an optical depth micrometer. It was 
reported that the depth measurements were repeatable to within 
— 0.0005 cm (¿ 0.000197 in.). The depth measurements made at both 
Eglin Air Force Base and at ARO-Inc. were repeated at the National 
Bureau of Standards using a dial gage. The dial gage was calibrated 
in NBS Engineering Metrology Section where it was found that the 
maximum error in the dial indication of the movement of the plunger 
between any two random positions did not exceed ¿ 0.003 to 0.004 cn 
(¿.0.00118 to 0.00157 in.) and that the error in dial indication of 
the movement of the plunger from the zero position did not exceed 

t0 +0’003 C!n (+0.000787 to +0.00118 in.) at some positions or 

¡t'2^¾ (68^5°02 Cm (-0-00O3e4 to -0*000787 in.) at other positions 

After the crater depth neasurerents made at Eglin Air Force 
Base and at ARC-Inc. were repeated at the National Bureau of Stand¬ 
ards, toe craters were cut into two pieces in order to determine 
t.ie depth of the projectile residue that remained in the crater. 
The cuts were nade a little to one side of the center of the crater; 

e larger section was mounted in plastic. The mounted cross sections 
were then abraded until the depth of the crater in cross section was 
close to the depth of the crater that was measured before cutting it. 
The mounted cross sections were given a metallurgical polish and the 
depth of the projectile residue in the crater was measured with a 
machinist's microscope. 

The projectile residue was easily discernible in the craters 
formed by impact of aluminum spheres against copper targets and in 
those formed by impact of copper spheres against aluminum targets. 
For impacts in which the sphere and target were of the same metal 
it was necessary to bring the cross section to a high polish and 
etch^it to bring out the crack between the projectile residue and 
the garget material. A photograph of the projectile residue found 
by this technique is shown in Figure 21. In a small number of cases, 
it proved impossible to find the separating crack and in these cases 
the projectile residue could hot be measured. The work of neasurina 
the apparent depth of the craters at the National Bureau of Standards 
and the work of mounting and polishing the crater cross sections and 
measuring the projectile residue was done by iir. Raymond L. Hebèrt 
and Mr. David P. Dowd. 

The real depth of the craters is their apparent depth before 
sectioning plus the depth of the residue of the sphere material 
found in then. The apparent crater depth that was measured before 
the craters were sectioned, the depth of the projectile residua 
found m the craters, and the real depth of the craters is given in 
Table VII. The apparent crater depth given is the average of the 
value found by the investigators at Eglin Air Force Base or at ARO- 
Inc. and the value found at the National Bureau of Standards. The 
real crater depths are plotted against the impact velocity in Figures 
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A. PHOTOMICROGRAPH OF CRACK BETWEEN PROJECTILE RESIDUE AND TARGET

B. EXAMPLES OF SPHERES THAT MAY HAVE LOST WEIGHT BY ABLATION
BEFORE IMPACT.

FIGURE 21. EXAMPLES OF PROBLEMS IN DATA COLLECTION



17, 18, 19, and 20. In a few cases, the two values of apparent 
crater depth that were averaged were widely different. In these 

lln® iS draWn throu9h the point on the graphs to 
indicate the limits of real depth that would have been found had 

?uera9e¡!\ ïn mOSt cases the variatlon did not exceed 
•L lifts of th® symbol (square, circle, or triangle) used to 
indicate the point. 

The Beckman and Whitley photographs of the impinging sphere 

orSno+efhre Íí StrUCk Jhe tarset were inspected to determine whether 
of aMaÍí sf her - was intact, both from the standpoint of fracture and 

aid these rreainlv»^ta"!h0f Some doub«“l «se* were found and these are indicated with a question nark in the tabulation of 
the data (see Table VII, and in the plots of Figures 17^ l“ w, and 

iLm ?r,îr““np ?? 0f uhat were eeesidered to be doubtful cases are 
SDottiíü th3Uíe sh iThe WOrk °f lnspectin9 the photographs and 
spotting the doubtful cases was done by Mr. Raymond L. Hebert. 

5* SSaUfU Pmufretance in Lunar 

/loi" 3 C?mment should be made in regard to the suggestion L J that the central protuberance in lunar craters may be the 

Sv”uÍsaMOdLÍrte-UITÍrd‘aOVín9 Jet that f°rmS in the botton of cavities produced m liquids by the impact of a liquid drop. The 
upward-moving jet is formed by the recoil of the target liquid* the 
mechanism is shown graphically in Figure 3. -Liquid, the 

°rdef to an upward-moving jet at the bottom of a hyper- 
» there would bave to be a high degree of fluidity of 

the target metal around the crater walls for a sufficientlw Iona 

i^wí/ínríín* evidfncf» which suggested that the upward moving 
Ük forming in hypervelocity craters, was reported earlier m? ; 

the observation cited has since proved to be an artifact. It is ^ 

ïon^tions necessary for formation of this jet may 
be realized at higher impact velocities. 
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TABLE VII 

Summary of Hypervelocity Crater Depth Data 

Section (1) Copper Sphere Impinging Against Copper Plate at Normal Incidence 

Source 

ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
Eglin AFB 
ARO-Inc. 
Eglin AFB 
Eglin AFB 
Eglin AFB 
Eglin AFB 
Eglin AFB 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 

Eglin AFB 
Eglin AFB 
Eglin AFB 
Eglin AFB 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
Eglin AFB 
ARO-Inc. 
ARO-Inc. 

ARO-Inc, 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
AlO-Inc. 
ARO-Inc. 

Impact 
Velocity 
km/sec 

0.806 
1.146 
1.289 
U468 
1.798 
2.373 
2.766 
3.156 
4.030 
4.752 
5.038 
5.716 
6.775 

0.782 
1.408 
1.425 
2.006 
2.448 
3.287 
3.518 
3.583 
3.833 
3.978 
4.038 
4.718 
4.908 
6.304 

2.926 
3.520 
4.038 
4.538 

. 605 
4.736 
5.270 
5.586 
5.967 

Apparent Apparent 
Apparent Depth Depth Depth 
Eglin or ARO NBS Average 

crc cm _cm 

0.061 

0.128 
0.109 
0.168 
0.182 
0.264 
0.254 
0.300 
0.363 
0.399 
0.425 
0.419 
0.484 

0.048 
0.348 
0.343 
0.488 
0.573 
0.688 
0.716 
0.671 
0.749 
0.758 
0.788 
0.714 
0.043 
0.984 

0.996 
1.092 
1.184 
1.256 
1.292 
1.260 
1.391 
1.387 
1.394 

•Sphere Diameter 1/16 in. 

0.066 0.063 
0.124 0.126 
0.125 0.117 
0.168 0.168 
0.186 0.134 
0.248 0.256 
0.305 0.280 
0.324 0.312 
0.367 0.365 
0.463 0.431 
0.412 0.418 
0.412 0.415 

_0.470 0.480 
Sphere Diameter 1/8 in. - 

0.049 0.048 
0.336 0.342 
0.359 0.351 
0.487 0.488 
0.565 0.569 
0.651 0.670 
0.669 0.693 
0.667 0.669 
0.745 0.747 
0.748 0.753 
0.785 0.782 
0.717 0.716 
0.841 0.842 
0.970 0.977 

-Sphere Diameter 3/16 iri7 
1.005 1.001 
1.101 1.097 
1.184 1.184 
1.254 1.255 
1.287 1.289 
1.282 1.271 
1.390 1.390 
1.420 1.403 
1.424 1.409 

Sphere 
Residue 
_cm 

0.052 
0.029 
0.037 
0.024 
0.022 
0.011 
0.015 
0.007 
0.012 
0.015 
0.022 

0.093 
0.049 
0.051 
0.030 
0.018 
0.013 
0.011 
0.009 
0.011 
0.014 
0.008 
0.018 
0.015 

0.018 

0.010 
0.011 

Real 
Depth 
cm 

0.115 

0.155 
0.154 
0.192 
0.206 
0.267 
0.295 
0.319 
0.377 
0.446 
0.440 
0.415 
0.480 

0.141 
0.391 
0.402 
0.518 
0.587 
0.683 
0.704 
0.678 
0.758 
0.767 
0.790 
0.734 
0.857 
0.977 

1.001 
1.115 
1.184 
1.265 
1.300 
1.271 
1.390 
1.403 
1.409 
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TABLE VII (Cont'd) 

Suirnary of Hypervelocity Crater Depth Data 

Section (2) Copper Sphere Inpinging Against Aluminum Plate at 
Normal Incidence 

Impact 
Velocity 

Source ^Joo/sec: 

ARO-Inc. 0.772 
ARO-Inc. 1.312 
ARO-Inc. 1.S12 
ARO-Inc. 2.276 
Eglin AF3 2.419 
Eglin AFB 3.627 
Eglin /VFB 4.204 
Eglin AF3 4.770 
Eglin AFB 5.380 
ARO-Inc. 5.687 
ARO-Inc. 6.090 
ARC-Inc. 6.436 

Apparent 
Apparent Depth Depth 
Eglin or ARO I3S 

cm _   cn 

Sphere Diarrieter 1/16 
0.229 0.113 
0.380 0.333 
0.500 0.503 
0.546 0.548 
0.493 0.567 
0.757 0.749 
0.792 0.826 
0.759 0.786 
0.744 0.749 
0.833 0.866 
0.917 0.876 
0.917 0.903 

Sphere Diameter 1/8 

Apparent 
Depth Sphere Real 

Average Residue Depth 
cgl_cm cm 

in. 
0.171 - 0.171 
0.381 0.045 0.426 
0.502 0.032 0.534 
0.547 0.024 0.571 
0.530 0.024 0.554 
0.753 0.015 0.768 
0.309 - 0.809 
0.772 0.016 0.788 
0.746 - 0.746 
0.850 - 0.850 
0.896 - 0.896 
0.912 0.912 

Eglin AFB 0.741 
ARC-Inc. 1.278 
ARC-Inc. 1.673 
ARO-Inc. 2.133 
ARO-Inc. 2.240 
Eglin AFB 2.707 
Eglin AFB 3.200 
Eglin AFB 3.449 
Eglin AFB 3.530 
ARO-Inc. 3.604 
ARO-Inc. 4.206 
ARO-Inc. 5.340 

ARO-Inc. 2.690 
ARO-Inc. 3.036 
ARO-Inc. 3.496 
ARO-Inc. 3.740 

0.533 
0.833 
0.98E 
1.097 
1.135 
1.181 
1.377 
1.374 
1.374 
1.476 
1.631 
1.397 

0.539 
0.828 
1.019 
1.172 
1.173 
1.076 
1.384 
1.401 
1.467 
1.481 
1.656 
1.365 

•Sphere Diameter 3/16 in 
1.966 
2.047 
2.258 
2.276 

1.979 
2.077 
2.273 
2.289 

0.536 
0.831 
1.004 
1.135 
1.179 
1.128 
1.380 
1.388 
1.420 
1.478 
1.643 
1.881 

1.972 
2.062 
2.266 
2.232 

0.011 
0.098 
0.068 
0.058 
0.055 
0.047 
0.044 
0.027 
0.033 
0.018 
0.040 

0.057 

0.079 

0.547 
0.929 
1.072 
1.193 
1.234 
1.175 
1.424 
1.415 
1.453 
1.496 
1.683 
1.881 

1.972 
2.119 
2.266 
2.361 



TABLE VII (Cord'd) 

Summary of Hypervelocity Crater Depth Data 

Section (3) Aluminum Sphere Impinging Against Aluminum Plate at 
Morral Incidence 

Impact 
Velocity 

Source kr./sec 

Eglin APB 0.489 
Eglin A?3 1.239 
Eglin AFB 2.629 
AEO-Inc. 3.200 
Eglin AFB 3.216 
ABO-Inc. 4.076 
Eglin AFB 4.128 
Eglin AFB 4.345 
Eglin /d?B 4.436 
Eglin AFC 4.875 
Eglin AFB 4.900 
Eglin AFB 5.128 
ABO-Inc. 5.322 

ABO-Inc. 6.654 
ARG-Inc. 6.793 
-¡\RO-Inc. 6.924 
ARO-Inc. 7.292 
/\RO-Inc. 7.507 

Apparent Depth 
Eglin or ARO 
_ cr 

Apparent Apparent 
Depth Depth Sphere Real 
:iES Average Residue Depth 
cr cr._ _en en 

Sphere Jiarater 1/16 in. 

0.046 
0.104 
0.229 
0.245 
0.284 
0.310 
0.335 
0.323 
0.352 
0.335 
0.257 
0.371 
0.355 
0.354 
0.392 
0.390 
0.273 
0.425 
0.462 

0.049 
0.111 
0.232 
9.255 

•2.269 
0.327 
0.318 
0.325 
0.349 
0.360 
0.378 
0.368 
0.357 
0.354 
0.402 
0.392 
0.384 
0.413 
0.414 

0.047 
0.108 
0.230 
0.250 
0.276 
0.309 
0.326 
0. 324 
0.350 
0.348 
0.317 
0.370 
9.356 
9.254 
0.397 
0.325 
0.378 
0.419 
0.438 

0.047 
0.146 
0.247 
0.250 
0.2G9 
0.317 
0.340 
0.324 
0.358 
0.348 
0.340 
0.395 
0.367 
0.354 
0.426 
0.395 
0.378 
0.419 
0.438 

0.038 
0.017 

0.013 
0.008 
0.014 

0.008 

0.023 
0.025 
0.011 

0.029 
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TABLE VII (Cont'd) 

Sunmary of Hypervelocity Crater Depth Data 

Section (3) Aluminum Sphere Impinging Against Aluminum Hate at 

Normal Incidence 

Source 

Apparent 
Impact Apparent Depth Depth 

Velocity Eglin or ARO NBS 
J<n/sec cm cm 

Apparent 
Depth Sphere Real 

Average Residue Depth 
___ cm cm 

Eglin AFB 1.498 0.302 
ARO-Inc. 2.048 0.3P9 
Eg! j.n AFB 2.106 0.419 
ARO-Inc. 2.254 0.445 
ARO-Inc. 2.263 0.445 
ARC-Inc. 2.317 0.408 
ARO-Inc. 2.348 0.469 
ARQ-Inc. 2.548 0.570 
Eglin AFB 3.315 0.030 
Eglin AFB 3.987 0.625 
Eglin AFB 4.026 0.625 
ARO-Inc. 4.549 0.730 
Eglin AFB 4.566 0.696 
ARO-Inc. 4.820 0.678 
Eglin AFB 5.060 0.594 
ARO-Inc. 5.148 0.758 
ARO-Inc. 5.289 0.789 
ARO-Inc. 5.612 0.829 
ARO-Inc. 5.694 0.790 
ARO-Inc. 5.751 0.737 
ARO-Inc. 5,880 0,828 
ARC-inc. 6.920 0.936 

0.288 0.295 
0.393 0.396 
0.423 0.421 
0.429 0.437 
0.432 0.439 
0.337 0.397 
0.390 0.429 
0.555 0.562 
0.629 0.630 
0.638 0.632 
0.639 0.632 
0.736 0.733 
0.707 0.702 
0.657 0.667 
0.736 0.665 
0.756 0.757 
0.793 0.791 
0.825 0.827 
0.786 0.788 
0.725 0.731 
0.800 0.814 
0.934 0.935 

0.050 0.345 
0.039 0.435 
0.030 0.451 
0.032 0.469 
0.033 0.472 
0.037 0.434 

0.429 
0.012 0.574 
0.014 0.644 
0.020 0.652 
0.028 0.660 
0.017 0.750 
0.021 0.723 
0.016 0.683 

0.665 
0.757 
0.791 
0.827 

0.026 0.814 
0.024 0.755 
0.019 0.833 
0.019 0.954 
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TABLE VII (Cont’d) 

Summary of Hypervelocity Crater Depth Data 

Section (3) Aluminum Sphere Impinging Against Aluminum Plate at 
Normal Incidence 

Impact 
Velocity 

Source km/sec 

Apparent 
Apparent Depth Depth 
Eglin or ARO NBS 
_cm_ cm 

Apparent 
Depth Sphere 

Average Residue 
cm cm 

Real 
Depth 
cm 

ARO-Inc. 2.548 
ARO-Inc. 2.977 
ARO-Inc. 3.024 
ARO-Inc. 3.049 
ARO-Inc. 3.107 
ARO-Inc. 3.131 
ARO-Inc. 3.146 
ARO-Inc. 3.447 
ARO-I lie. 4.223 
ARO-Inc. 4.727 
ARO-Inc. 5.166 
ARO-Inc. 5.404 
ARO-Inc. 6.632 
ARO-Inc. 6.884 
ARO-Inc. 6.876 
ARO-Inc. 6.925 
ARO-Inc. 7.306 

Sphere Diameter 3/l6 in. 

0.799 
0.895 
0.898 
0.905 
0.902 
0.926 
0.913 
0.951 
1.088 
1.194 
1.298 
1.296 
1.337 
1.363 
1.334 
1.392 
1.429 

0.808 
0.917 
0.899 
0.914 
0.908 
0.934 
0.909 
0.947 
1.085 
1.178 
1.272 
1.280 
1.325 
1.353 
1.320 
1.377 
1.421 

0.804 
0.906 
0.898 
0.909 
0.905 
0.930 
0.911 
0.949 
1.087 
1.186 
1.285 
1.288 
1.331 
1.358 
1.327 
1.384 
1.425 

0.040 0.844 
0.025 0.931 
0.026 0.924 
0.027 0.936 
0.026 0.931 
0.026 0.956 
0.025 0.936 
0.022 0.971 

1.087 
0.020 1.206 

1.285 
1.288 
1.331 
1.358 
1.327 
1.384 
1.425 

Section (4) 

Eglin AFB 
Eglin APB 
ARO-Inc. 
Eglin APB 
Eglin AFB 
Eglin AFB 
ARO-Inc. 
Eglin AFB 
ARO-Inc. 
ARO-Inc. 
Eglin AFB 
Eglin AFB 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 
ARO-Inc. 

Aluminum Sphere Impinging Against Copper Plate at Normal 
Incidence 

.----- -Sphere Diameter 1/16 in. ---------- 

1.408 
1.417 
1.748 
2.373 
2.777 
2.955 
3.134 
3.318 
3.513 
3.603 
4.525 
4.566 
5.106 
6.020 
6.106 
6.539 
7.205 

0.033 
0.030 
0.097 
0.091 
0.094 
0.122 
0.124 
0.140 
0.153 
0.163 
0.188 
0.157 
0.214 
0.237 
0.229 
0.240 
0.254 

0.034 
0.031 
0,065 
0.091 
0.092 
0.122 
0.109 
0.145 
0.151 
0.166 
0.162 
0.167 
0.201 
0.240 
0.216 
0.248 
0.220 

0.034 
0.030 
0.081 
0.091 
0.093 
0.122 
0.116 
0.142 
0.152 
0.164 
0.175 
0.162 
0.207 
0.238 
0.222 
0.244 
0.237 

0.045 
0.032 
0.014 
0.015 
0.027 
0.011 
0.014 
0.011 

0.003 
0.001 

0.004 

0.005 
0.003 

0.079 
0.062 
0.095 
0.106 
0.120 
0.133 
0.130 
0.153 
0.152 
0.164 
0.178 
0.163 
0.207 
0.242 
0.222 
0.249 
0.240 
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TABLE VII (Cont'd) 

Summary of Hypervelocity Crater Depth Data 

Section (4) Aluminum Sphere Impinging Against Aluminum Plate at 
Normal Incidence 

Impact 
Velocity 

Source km/sec 

Eglin AFB 0.562 
Bglin AFB 1.465 
ARO-Inc. 1.833 
Bglin AFB 2.160 
ARO-Inc. 2.324 
ARO-Inc. 2.990 
Bglin AFB 3.828 
Eglin AFB 3.912 
ARO-Inc. 4.357 
Bglin AFB 4.566 
Bglin AFB 4.616 
ARO-Inc. 4.710 
Bglin AF3 5.201 
ARO-Inc. 5.514 
ARO-Inc. 6.141 
ARO-Inc. 6.400 
ARO-Inc. 6.944 

ARO-Inc. 2.697 
ARO-Inc. 2.973 
ARO-Inc. 3.729 
ARO-Inc. 3.914 
ARO-Inc. 4.396 
ARO-Inc. 4.645 
ARO-Inc. 4.969 
ARO-Inc. 5.309 
ARO-Inc. 5.328 
ARO-Inc. 5.377 
ARO-Inc. 6.022 
ARO-Inc. 6.106 
ARO-Inc. 6.262 
ARO-Inc. 6.386 
ARO-Inc. 6.563 
ARO-Inc. 6.869 
ARO-Inc. 6.896 
ARO-Inc. 6.950 

Apparent 
Apparent Depth Depth 
Bglin or ARO N3S 

cm_  cm 

Apparent 
Depth Sphere Real 

Average Residue Depth 
cm cm cm 

Sphere Diameter 1/8 in. 

0.149 
0.196 
0.199 
0.268 
0.325 
0.340 
0.396 
0.338 
0.386 
0.376 
0.335 
0.425 
0.461 
0.478 
0.525 

0.078 
0.149 
0.204 
0.202 
0.259 
0.318 
0.337 
0.392 
0.345 
0.373 
0.370 
0.334 
0.422 
0.452 
0.471 
0.509 

0.149 
0.200 
0.200 
0.264 
0.322 
0.338 
0.394 
0.342 
0.380 
0.373 
0.334 
0.424 
0.456 
0.474 
0.517 

Sphere Diameter 3/16 in. 

0.374 
0.384 
0.503 
0.528 
0.641 
0.574 
0.591 
0.662 
0.634 
0.609 
0.693 
0.682 
0.613 
0.734 
0.722 
0.766 
0.784 
0.755 

0.399 
0.368 
0.500 
0.529 
0.644 
0.582 
0.586 
0.657 
0.630 
0.611 
0.693 
0.688 
0.606 
0.738 
0.720 
0.761 
0.787 
0.757 

0.386 
0.376 
0.502 
0.528 
0.642 
0.578 
0.589 
0.659 
0.632 
0.610 
0.693 
0.685 
0.609 
0.736 
0.721 
0.764 
0.785 
0.756 

0.051 0.051 
0.070 0.148 
0.045 0.194 
0.034 0.234 
0.017 0.217 
0.034 0.298 
0.008 0.330 
0.003 0.341 

0.394 
0.007 0.349 
0.002 0.382 
0.003 0.376 
0.002 0.336 
0.004 0.428 
0.003 0.459 

0.474 
0.517 

0.043 0.429 
0.018 0.394 
0.004 0.506 

0.528 
0.004 0.646 
0.003 0.581 
0.005 0.594 

0.659 
0.632 
0.610 

0.002 0.695 
0.685 

0.002 0.611 
0.736 
0.721 

0.004 0.768 
0.002 0.787 

0.756 
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