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ABSTRACT 

The mechanism of crater formation due to hypervelocity impact 

is described, using a variety of experimental observations and 

theory as a basis. The currently accepted empirical correlations 

are also presented. The evidence is considered in the light of 

the problem of meteoroid impacts upon space vehicles, and such 

generalized predictions as are possible at the present state of 

the art are derived. 
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I. INTRODUCTION 

Hie purpose of the present paper is not to present a chart or graph 

showing the precise thicknesses of various materials required to provide 

adequate protection against puncture by meteoroids, nor to give estimates 

of rate of erosion due to repeated impacts by smaller bodies. The 

literature is already replete with such information, the various estimates 

often being in disagreement by several orders of magnitude^. The 

authors* purpose is to present as clear and complete (but non-mathematical) 

a description of the mechanism of crater formation in hypervelocity impact 

as is possible at the present state of the art, together with such data and 

empirical relationships as have been well established. Much of the infor¬ 

mation available has been obtained under experimental conditions not 

even remotely simulating those of meteoroids striking the relatively thin 

skin of a space vehicle, so that some effort will be made to expose the 

basic principles involved and to demonstrate the similarity, in principle, 

of the laboratory observations to the effects that will be encountered 

in space vehicles. 

II. DEBRIS IN SPACE 

There have been numerous estimates of the frequency of encounter, 

the mass distribution, and the physical properties of meteoroids, based 
(2) 

on various types of observation and conjecture. ' Figure 1 shows one 

opinion (no preference for this particular estimate is implied) which 

illustrates the range of conditions that must be considered. On the 

whole, only particles in the micron size range and having masses less 
.k 

than 10 grams are likely to be encountered with any significant fre¬ 

quency. Consequently, the space vehicle problem corresponds more to 

hypervelocity crater formation in thick targets than to perforation of 

thin plates. The meteoroid velocity range is fairly well defined; 

essentially all meteoroids are expected to have velocities between 11 

and 70 km/sec. Impact velocities, of course, can be greater or less 

by an amount equal to the velocity of the vehicle, so the range of impact 

velocities may be from practically zero to greater than 80 km/sec. 
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Opinion as to the density and other physical properties of the meteorites 

varies widely but, as will be shown, this is of little consequence. 

III. LABORATORY SIMULATION AND OBSERVATION TECHNIQUES 

The techniques for projection of "hypervelocity" particles and of 

observing the effects of impact have been considerably improved and their 

range of capabilities increased in the past two years. In the investi¬ 

gations whose results are described here, explosive projection techniques 

have been used exclusively. A number of different devices with different 

characteristics provide projectiles with a wide range of both velocities 

and masses, as shown in Table I. The range of conditions that can be attained 

by further development, using proven principles and techniques are shown, in 

addition to the ranges covered by past and current experiments. The vari¬ 

ations in mass cover the entire range of primary concern in space travel, 

and the velocities extend well into the lower portion of the range of 

interest, but capabilities still fall considerably short of the upper portion 

of the velocity range. However, as will be demonstrated, the higher velocities 

currently attainable are sufficiently high to assure that the mechanisms of 

crater formation being observed are typical of the high velocity regime; 

furthermore, the relationships developed are valid over a sufficiently wide 

range of conditions as to lend a considerable degree of confidence to extra¬ 

polations into the higher portion of the velocity range. 

Consistent with the purpose of studying the fundamental aspects of the 

problem, instrumentation has been diverse and elaborate. High speed photography 

has been used for sub-microsecond observations of surface phenomena and, in 

transparent target materials, such interior processes as crater expansion, 

shock propagation, and fracture.Plash X-ray photography has been used 

to observe both surface and interior behavior, including measurements of 
(3) 

transient density changes. 7 Several new techniques have been developed which 
(4) 

permit measurement of particle velocity' ' and of pressure-time profiles' 7 

during crater fonnation. Use has also been made of more mundane techniques 

such as impulse measurement by ballistic pendulum and recovery of spall and 

fragment residue, in order to assure a complete quantitative analysis. 
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IV. CRATER FORMATION - FUNDAMENTAL OBSERVATIONS 

'The manner in which a crater forms after an impact at high velocity 

is best illustrated by flash radiography. In Figure 2 is shown a series 

of pictures, taken with an exposure time of 0.2 usee, at the time inter¬ 

vals indicated after impact by a steel pellet upon an aluminum target. 

The pellet's mass was 0.l8 gm. and its velocity 5.0 km/sec. The 

progressive growth of the crater over a period of approximately 50 to 55 

usee, can be readily seen; careful inspection of the last picture shows 

that the dimensions of the crater have actually decreased due to elastic 

(and possibly some plastic) recovery. During the very early stages, 

the remnants of the impacting body can be discerned at the bottom of the 

growing crater, but in the later pictures (i.e. after 5 usee.) it has 

completely disappeared except for some small fragments deposited on the 

walls of the crater. Although the pictures are difficult to reproduce, 
/ . 

a shell of highly compressed target material adjacent to the crater sur¬ 

face can be detected in several cases. 

Another important aspect of crater formation is illustrated in 

Figure 5. The pictures represent a sequence of flash radiographs taken 

at the indicated time intervals after impacts on lead targets; they 

show the front (impacted) surfaces and are intended to demonstrate the 

manner and extent of ejection of target material from the crater. The 

material flows along the surface of the expanding crater and is ejected 

at moderately high velocities. At high impact velocities, the mass of 

material ejected in this manner is very considerable; the total momentun 

in the "backward" direction associated with this "back-splashljis many 

times greater than the initial momentum (in the forward direction) of 

the inpacting body, so that the total forward momentum that must some¬ 

how be absorbed by the target body is also many times greater than that 

of the projectile.^ The implications are of critical importance in 

space vehicle protection, as will be shown later. The extraordinarily 

long time required to complete crater formation in materials like lead, 

even at modest impact velocities, is also evident in Figure 5> 
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Some of the details of crater formation are better illustrated by 

using transparent target;-, and optical photography. Figure 4 is a series 

of framing camera pictures, taken at a rate of O.i'" million frames per 

second, showing the effects of an impact on Lucite. In the early frames, 

the pellet can be seen approaching the target; the apparent termination 

of its ionization trail is due to the edge of the Fresnel lens used for 

back-lighting. In the first few frames after impact, the expanding 

crater can be seen, but no detached shock wave ahead of it; in the third 

frame after impact, the shock wave is finally seen to detach itself and 

thereafter the crater and the shock wave expand at different velocities. 

After about seven frames, the crater ceases to increase in dimensions, 

but the shock wave continues, gradually degrading into an elastic wave. 

For quantitative purposes, a streak camera provides better data than 

a framing camera. A rotating mirror camera picture of an impact similar 

to that represented in Figure 4 is shown in Figure 5; it constitutes a 

time-distance plot of events occurring in a plane that contains the 

trajectory of the impacting pellet, and shows the pellet (l), the shock 

wave in the target (2), the surface of the expanding crater (5), and the 

envelope of cracks propagating through the target (4). More complicated, 

special techniques have been developed to obtain the same data for opaque 

materials. 

Representative data showing results obtained by the various tech¬ 

niques are shown in Figures6 and 7. Figure 6 shows the intensity of the 

shock wave in Lucite as a function of distance from the impact point, 

for an impact at a velocity of 4.6 km/sec. The initial pressure is 

determined by the shock properties of the pellet and target materials 

and the impact velocity; it corresponds to the theoretical prediction 

for a plane impact. The pressure falls off veiy rapidly, however, as the 

wave propagates into the material, even during the period in which the 

crater expands so rapidly that the shock wave cannot detach. This is 

consistent with the concept that, as soon as deformation of projectile 

and target begins, the pressure at the contact surface will fall to the 

Bernoulli value (for compressible materials). The magnitudes of the 

pressures should be particularly noted, together with the fact that the 

pressure, for a given pair of materials, will Increase as the square of 
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the impact velocity. Thus, for a steel projectile striking Lucite at a 

velocity of 46 km/sec. (10 times that of the test) an initial pressure 
Û 

of 33 megabars (about 5 x 10 psi) would be expected. The same conditions 

would be produced by a meteoroid having properties similar to those of 

Lucite striking steel at 46 km/sec. 

The rates of crater expansion in Lucite, aluminum, and lead are shown 

in Figures 6 and 7. It will be particularly noted that the crater in 

Lucite is complete in a much shorter time than in aluminum, after impacts 

by similar projectiles, even though the projectile is "used up" more 

quickly in aluminum. In lead, the crater continues to expand for a much 

longer time, even after impact at a much lower velocity. 

The experimental evidence cited is intended only for illustration. 

It is further supported by electronic measurements of pressure, measure¬ 

ments of particle velocity, and measurements, of density. The interpreta¬ 

tion of the data has, in nearly all cases been checked by using two or 

more methods of observation. Observations have been made over a wide 

range of velocities (3 km/sec to 20 ka^sec) and of projectile masses 

(10-1^ to 10 grams) and materials to assure that the behaviour described 

is generally representative. Hie results of all of the experimental 

observations have been synthesized into a physical model of the phenomenon. 

V. MODEL OF CRATER FORMATION 

The model that has evolved from the combined theoretical and 

experimental studies to date is illustrated schematically by Figure 8. 

The projectile approaches the target initially at a velocity considerably 

in excess of wave propagation velocity in either material. Immediately 

after contact, a transient state is entered in which the pressure at the 

interface is that pertaining to a plane impact without flow - i.e. in the 

megabar range. Shock waves propagate a short distance from the contact 

surface into both the projectile and the target and at the same time 

release of pressure at the boundary of the projectile initiates lateral 

flow of both materials. As a result, in a very small fraction of a 

microsecond, an equilibrium condition is set up in which the two shock 

waves become stationary with respect to the projectile-target interface. 

During this steady-state regime, which also persists for only a fraction 

of a microsecond, the hydrodynamic theory that has been formulated for 



shaped chargescan be applied; it is particularly important in considering 

perforation of thin sheets because the projectile is progressively "used up", 

as illustrated in the third and fourth stages of Figure 8. It is characteristic 

of truly hypervelocity impact that the rate of crater expansion during this 

second stage is greater than the wave propagation velocities in the target 

material; consequently, the region of compressed material is confined to a 

thin shell adjacent to the crater surface and the energy density is extremely 

high. 

After the impacting body has been completely deformed and removed as a 

causative force from the system, the shock vave continues to expand and the 

crater with it; the intensity and velocity of the shock decrease; but the crater 

surface undergoes a more rapid decrease in velocity so that the shock vave de¬ 

taches itself and the thickness of the shell of compressed target material 

increases. This stage continues until the energy density behind the shock vave 

becomes too small to overcome the intrinsic resistance to deformation of the 

material, at vhich point the shock vave continues to expand as a low-intensity 

plastic or elastic vave; the crater then may shrink somevhat due to plastic and 

elastic recovery. In brittle materials the tensile stresses produced by re¬ 

flection of the shock vave from free surfaces vill produce fracture and spall 

that may, in extreme cases, obscure the fom of the original crater entirely. 

During the second and third stages of crater formation, the deformation 

is mainly shear parallel to the vails of the expanding crater. Eie flov velocity 

is very high so that the projectile material and the target material are both 

ejected from the crater vith considerable velocity. It is only at relatively 

low velocities that the pellet material is found plated or scattered as small 

particles over the surface of the final crater, ttie amount of shear occurring 

at extremely high strain rates is responsible for the classification of target 

materials in two groups; ductile and frangible. The ductile materials, in¬ 

cluding all metals as well as waxes, vet clay, etc., flow for a much longer 

time after impact, apparently because of a decrease in their resistance to 

deformation at extreme strain rates. This behaviour is not clearly understood, 

but is similar to that used in some new impact extrusion processes. The 

frangible materials include the long chain polymers, siliceous materials, and 

stones; they have in common, in addition to their brittleness, a monotonie 

increase in resistance to deformation with increasing strain rate, even at the very 



high rates involved in hypervelocity impact. As a result, the crater stops 

expanding in Lucite earlier than in aluminum (see Figures 6 and 7) 

despite the relative magnitudes of their static shear strengths. 

This peculiarity of ductile materials has been one of the main 

sources of difficulty in formulating a complete theory. Hydrodynamic 

calculations^ yield accurate detailed predictions for the initial 

stages of the process, but fail to correctly predict final crater dimensions 

because they take no account of the "after flow" of the target material. 

Since a very large fraction of the crater expansion takes place during 

this stage, the result is a complete disagreement between calculations and 

experiment as to depth of penetration and crater volume, or the variations 

in crater dimensions with change in velocity. 

During the initial stages of the process, some fusion and ionization 
(9) 

of both projectile material and target material occur' . However, neither 

phenomenon has any detectable effect upon the correlations obtained. 

Reviewing the model described above it is readily evident that 

different properties of impacting and impacted bodies are of importance 

during the various stages of crater formation. In the first, transient 

stage, the impact velocity and the Hugoniot properties are the only 

important ones in establishing the pressures. The lateral dimensions, 

relative to length of the projectile will determine the length of time 

required to achieve the equilibrium condition that is typical of the 

following stage; if the length is only a small fraction of the smallest 

lateral dimension, the steady-state regime will be unimportant - the 

energy will be dissipated during the transient regime and a broad, 

shallow crater will be obtained instead of the classical hemisphere. 

In the second, steady-state stage, the densities and compressibilities 

of the projectile and target materials are of importance, as well as the 

velocity and the dimensions of the projectile; all enter intoen evaluation 

of the intensity and the duration of the pressure pulse produced during 

this stage. The duration of the steady-state regime can be estimated 

rou&ly to be 

(1) t. 4. ( 1. /v^j 
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where L is the length of the projectile, V the impact velocity, pp the 

density of the projectile, and the density of the target. Both 

compressibility and strength are neglected in this simple formula, 

but it provides useful orders of magnitude. For example, a meteorite 

1 mm in length striking a body of equal density at a velocity of 

40 km/sec. would produce a steady-state regime lasting only 0.05 H sec 

and would penetrate a distance of 1 mm into the body during that time. 

The duration of the preceding transient regime would have been much 

shorter, however. For projectiles whose length is many times greater 

than their lateral dimensions, the steady-state stage of the process 

becomes far more significant and the crater formation becomes very 
(7) 

similar to a shaped charge jet penetration' . 

The theoretical aspects of the third, "cavitation", stage are more 

obscure. In principle, it would be expected that the profile of the 

pressure wave developed during the first two stages would be of 

some importance, as well as the strength of the impacted body. In 

practice, as will be shown below, only the resistance of the target 

material is of measurable significance. This stage of the process 

becomes so dominant in high speed impacts on ductile materials that 

the effects of the density and compressibility of the target 

material and of the density, compressibility, and even the dimensions 

of the projectile cannot be detected in empirical correlations. 

Returning to the example in the preceding paragraph, if the target 

body were sufficiently thick, the final crater would be a hemisphere 

about 12 mm deep in 2S0 aluminum or about 6.4 mm deep ln 75ST alloy. 

Thus, the craters would be 12 mm deep by 22 mm in diameter in the 

2S0 and 6.4 mm deep by 10.8 mm in diameter in the 75ST targets - so 

nearly hemispherical that only careful measurement would distinguish 

the difference. In the experiments represented by Figures 6 and 7» 

the durations of the two chief stages of crater formation and the 

depths of the crater at the end of each would be, approximately: 
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Target Duration (u sec) Crater Depth (mm) 
Steady-state Cavitation Steady-state Cavitation 

Lucite (V=5 km/sec) 0.7 

2S0 Aluminum 

8 2.5 15 

(V= 5 km/sec) O.5 

Lead (V=2.k km/sec) 0.8 

40 

100 

Ï.? 
0.8 

12 

24 

Even at modest impact velocities, the craters will appear to be very 

nearly hemispherical, if the pressure at the contact surface is sufficient 

to freely deform the projectile. 

The extent of the final recovery and shrinkage depends entirely upon 

the mechanical properties of the target material. Little work has been 

done on this stage. 

The final conclusion from all of the theoretical and basic experi¬ 

mental work is that for "reasonable" shapes of bodies impacting at 

meteoroid velocities on metallic targets, hemispherical craters will be 

produced, the dimensions of which will be, to a good approximation, 

independent of all properties of the target except its resistance to 

shear deformation. For the so-called frangible target materials, the 

detailed properties of the projectile and the target are more likely to 

be important and empirical correlations may reflect a mixture of momentum- 

dependent and energy-dependent phenomena. 

Some qualitative predictions relevant to impact against thin layers 

can also be drawn from the model described. First, the impacting body 

itself will not penetrate a layer thicker than, roughly, 

(2) 

although a perforation will be produced in thicknesses many times 

greater, and spall from the target layer will be projected behind. 

Second, in ductile materials, because of the major contribution of 

cavitation to the crater dimensions, and the relatively long time re¬ 

quired for the flow to take place, the diameter of the hole produced in 

a thin plate should be considerably less than the diameter of the crater 

in a thick plate; the hole diameter should decrease systematically with 

decreasing plate thickness because the stress required to support con¬ 

tinued flow will be relieved by shock reflection in a thin plate before 
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the process is completed. This will not be as important, however, in 

the case of frangible materials. Thirdly, if the layer is thin enough 

to permit penetration by the meteoroid itself, reflection of shocks set 

up by the impact will probably result in shattering and dispersion of 

the meteoroid, although porous bodies are sometimes compacted instead. 

Fourth, the spall ejected from the rear surface of the plate will 

generally be dispersed over a fairly large solid angle. This effect, 

added to the probable shattering of the meteoroid itself, comprise 

the basis of the "Whipple bumper" concept for protection of space vehicles. 

A word of caution must be sounded regarding dependence upon this device, 

however. Momentum considerations applied to the above model for impact 

at very high velocities suggest that the concentration of spall particles 

together with the multiplication of momentum may result in greater 

rather than less damage to components behind. 

Some conjecture concerning the effect of oblique incidence can also 

be drawn from the model. At high Impact velocities, the length of time 

required to transfer all of the energy from the projectile to the 

target is so short compared to the total time of crater formation that 

the problem can be treated, to a fairly good approximation, as one of 

instantaneous deposition of energy on a small area. Consequently, 

the craters would be expected to remain hemispherical even at large 

angles of incidence. Momentum considerations, however, Indicate that 

the "cratering efficiency" should decrease with increasing obliquity 

of incidence, although no thorough theoretical analysis of the problem 

has been carried out. 

The model outlined mainly represents a synthesis of the basic 

experimental observations made at the Ballistic Research Laboratories. 

It is, however, in close agreement with those portions of the current 

theoretical treatments that are valid; the latter are still undergoing 

refinement at the HRL and elsewhere. The model is also in close aggree- 

ment with empirical correlations that have been obtained, in general. 

In some specific cases apparent disagreements can be found, but they are 

without exception the results of observations at relatively low velocities; 

in all such cases known to the authors, a careful inspection of trends 

14 



observed when impact velocity is increased indicates that the model is 

entirely valid for the conditions of interest in the meteoroid problem. 

No attempt will be made here to describe the mathematical theory in 

detail, but a representative sampling of empirical correlations is 

presented in the next section. 

VL. EMPIRICAL CORRELATION 

The data presented in the following pertain exclusively to the "ductile" 

target materials. Corresponding observations with frangible materials are 

not available because of the difficulty of obtaining usable measurements 

of the dimensions of the true crater; as noted earlier, the effects of 

profuse fracture and spallation often totally obscure the form of the 

crater. 

A. Crater Shape 

It has previously been established in the literature^1*^ that craters 

produced by hypervelocity impact are typically hemispherical. The craters 

shown in Figure 9 h&ve often been used to illustrate the progressive 

approach tp the hemispherical shape as impact velocity is increased. 

Actually, the crater is only approximately hemispherical, since the 

steady-state penetration contributes a cylindrical section near the 

target surface. Careful measurements^11^ have shown that the depth of 

the crater is given very accurately by the formula 

(5) P = + T 

where D is the diameter and T is given by equation (2). 

B. Volume-Energy 

The linear relation between the volume of the crater resulting 

from hypervelocity impact has been established previously^. Figure 

10 is presented here, nonetheless, because it demonstrates the range 

of validity of the correlation. It is clear that the linear correlation 

holds very well for a wide variety of target materials. Furthermore the 

data used in Figure 10 (each point represents the mean of a number of 

observations) cover a range of particle masses from lO"11 to 10 grains, 

illustrating the range of proven validity of the established scaling 

laws^11While the velocity range covered in Figúrelo barely reaches 
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the lower boundary of the meteoroid velocity range, it does extend beyond 

experimental data published previously. Data obtained at the ERL with 

the short Jet devices are not included because the masses are not as 

precisely determined, at present, as for the other projection devices; 

however, the available observations lie well within the uncertainty 

in mass determination of the regression lines of Figure 10, extrapolated 

to velocities up to 21 km/sec, indicating that the linear relationship 

can be used with a fair degree of confidence throughout the meteoroid 

velocity range. 

C. Target Strength 

In discussing the model of crater formation, the importance of 

resistance to shear deformation at high strain rates as a controlling 

parameter was emphasized. In practice, the large variations in mech¬ 

anical properties of nominally identical target materials have neces¬ 

sitated the use of a gauge of resistance that can be measured directly 

on individual targets. For this purpose, the Brinell hardness has 

been found to provide a surprisingly good criterion^11^12^. In 

Figure 11 is shown a correlation between the ratio of kinetic energy 

of the impacting body to volume of crater produced and the Brinell 

hardness number. It should be emphasized that the data represent 

results from a number of sources, obtained with projectiles ranging 

in mass from 10"^ to 10 gm. and in velocity to 15 km/sec; furthermore, 

pellets of a variety of shapes and of materials ranging from nylon to 

tungsten carbide have been used. The points lying farthest from the 

correlation line, without exception, represent the cases in which the 

target strengths were least well known (handbook values have been used 

in some cases), and invariably repetition of experiments using targets 

of known hardness has yielded closer agreement. Hie results support 

very strongly the conclusion from fundamental considerations that 

cavitation plays the dominant role in crater formation in ductile 

materials and explains the linear relationship between volume and 

energy. 



D. Temperature Effects 

The effect of changing target temperature has been investigated for 

a number of materials, 'typical results are illustrated in Figure 12. 

The variations in crater volume with temperature are entirely consistent 

with the changes in metallurgical properties of the materials (specifically, 

the shear strength) even to the apparently peculiar behaviour of copper, 

I7SO aluminum alloy, and zinc. Thus, the data simply reinforce 

the conclusions concerning the role of resistance to deformation. 

E. Anisotropic Effects 

Still further support is found from tests with microparticles fired 

against single crystal targets and against targets in which the grain 
(l4) 

size is of the same order as that of the impacting body' In all such 

experiments, asymmetric craters have been observed, as illustrated in 

Figure 15 the shape depending in an entirely predictable npmer upon the 

degree of anisotropy of the crystal and its orientation. — 

F. Oblique Impact 

The effect of oblique incidence of the impacting body upon crater 

formation is of considerable interest in the space vehicle problem. It 

has been shown that, at moderate impact velocities, the craters remain 

essentially hemispherical until an angle is reached at which the component 

of projectile velocity normal to the target surface falls below the sound 

velocity in the target material. While this is only a rough "rule-of- 

thumb", without theoretical basis at present, it serves as a useful 

criterion for all the materials tested. The crater behaviour upon 

oblique impact is illustrated by the flash radiographs in Figure 14 

and by the sectioned targets in Figure 15* In the meteoroid problem, 

only impacts at very large angles of obliquity would yield other than 

hemispherical craters. 

The dimensions of the craters vary with angle of incidence regard¬ 

less of the shape of the crater, as illustrated by the plot in Figure 16 

The effect is great enough to be of considerable importance in estimating 

¿PTncgo to a space vehicle. Only a rudimentary theoretical explanation 

of this effect is available at present. 
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G. Thin Targets 

While the vast majority of meteoroids will be of such small size 

that their effect on a space vehicle would fall in the category of 

crater formation in a thick target or, in the aggregate, as surface 

erosion by cratering, there will be occasional ones large enough to 

perforate an outer layer of any reasonable thickness. In these cases, 

the size of the hole produced and the nature of damage done behind the 

first layer may be of crucial importance. 

In Figure I7 is shown a typical set of observations on the variation 

in hole diameter with plate thickness for constant impact conditions\ 

The diameter increases systematically from a value only slightly greater 

than the diameter of the projectile, for very thin sheets, to the diameter 

of a crater in an infinite target. This is entirely in accord with 

predictions from the model. Figure l8 shows a pair of plots of the mass 

of material, both remnants of the projectile and spall from the target, 

and Figure I9 shows the spatial distribution of material behind a target 

plate for two typical cases. Unfortunately, these data cannot be taken 

as typical of meteoroid impacts; the impact velocities were too low to 

assure the free deformation of the impacting body, as illustrated by 

Figure,20. However, the results are in such close agreement with pre¬ 

dictions from the model of crater formation for impacts at appropriate 

velocities as to encourage some degree of confidence in the predictions 

for meteoroid impacts. 

VII. CONCLUSIONS 

The model of crater formation presented in Section V is supported 

by such a variety and mass of experimental evidence, as well as theoretical 

reasoning, as to appear beyond serious question, at least in its 

qualitative features. There remains a great deal of experimental work 

on crater formation itself and on the behaviour of materials at very 

high strain rates, in addition to the subsequent refinement of theory. 
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before a complete mathematical description of the phenomenon can be 

expected. Nonetheless, with the model as a guide and with the 

available experimental data as a foundation, predictions pertaining to 

a wide range of conditions can be made with considerable confidence. 

On the other hand, one of the very weak points in the current 

state of knowledge is the lack of information on perforation of thin 

targets at meteoroid velocities. The word of caution concerning 

dependence upon "bumpers" for protection of space vehicles must be re¬ 

peated. Model considerations indicate that the concentration and 

damaging capacity of spall behind a thin plate will increase very rapidly 

at higher impact velocities. Observations at moderate velocities support 

this expectation. Only direct experimental test, using techniques that 

are now available, but have not yet been exploited for this purpose, will 

provide the critically needed quantitative data. 

Considering the present state of uncertainty concerning the 

physical properties of meteoroids, and the tremendous range of vehicle 

design possible, the authors do not deem it appropriate to present 

plots of predicted damage. Instead, the following "rules of thumb" are 

submitted for use by the reader: 

1. In sufficiently thick skins, a meteoroid having kinetic energy 

E, (in a coordinate system fixed with respect to the space vehicle), will 

produce a hemispherical crater of volume t, given by 

(4) t = 4 X 10”^ (c.g.s. units) 

where B is the Brinell hardness number of the skin material. 

2. If the thickness of the skin is less than (-|^— )^(or even 

if it is slightly greater), the skin will be perforated. 

3. No remnant of the impacting body will penetrate a thickness greater 

then T given by equation (2) without severe reduction in velocity. Using 

these rules, one can make up his own estimates of damage for any pre¬ 

ferred type of meteoroid or vehicle design. 

J. EH J. V. GEHRING 
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NO. OF IMPACTS 

M2/ DAY 

FREQUENCY DISTRIBUTION AND POSSIBLE ENERGY 
RANGE AS FUNCTIONS OF METEORITE MASS 
(AFTER F.C. JONAH: CRITICAL ANALYSIS OF SOLID 

DEBRIS IN SPACE, IAS PAPER NQ60-T3) 

Fig. 1 - Frequency Distribution and Possible Energy Range As Functions 
of Meteorite Mass (after F. C. Jonah: Critical Analysis of 

Solid Debris in Space, IAS Paper No. 6O-73). 
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V 

c. - 165 fJi SEC d. - 280 ¡JL SEC 

Fig. 5 - Surface Phenomena Associated With Crater Formation In A Lead 

Target. 

Pellet Material 

Pellet Mass 

Pellet Velocity 

= Steel - 1095 

= 2.9 gm 
= 2.4 km/sec. 
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Fig. 4 - Hypervelocity Impact in Lucite 

Sequence of high-speed photographs showing a hypervelocity 

particle striking a lucite target and the subsequent 

expansion of the crater and propagation of shock waves. 

Impact velocity = 5.01 km/sec. Time interval between 
frames = 2 |isec. 
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1.9 CM 
h-1 

0.59 KM/SEC 
Pc ^ 3.1 CM 

!> 

4 
2.9 CM 
I-( 

0.96 KM/SEC 

3.8 CM 

1.91 KM/SEC 

4.6 CM 
J--j 

3.07 KM/SEC 

Fig. 9 " Craters Formed In Lead Targets By Steel Projectiles Of Varying 
Mass and Velocity, Illustrating Change In Crater Shape With 
Increasing Velocity. 
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FÍ8*10 ‘ of Monuftlized Crater Diameter Data For Seven Metallic 
ïargit Materiale, At Inçact Velocities Up To 12 km/sec. Pellet 
Material, 1095 Steel. Data Indicate That Crater Volume Is 
Proportional To Pellet Energy. 



•ounce: 
A W. ATKINS NRL ( TUNtSTEN CARBIOK PILLCT) 
O J. KINEKE SNL (STEEL PELLET) 
0 0. FELDMAN SNL (CONTINUOUS COPPEN JET) 
I n. EicHELBcnssn cit (steel pellet) 

Fig. 11 - Cratering Efficiency as a function of Brinell 
Hardness Number. 
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Fig.12 - Effect Of Target Temperature On Crater Volume. 

Pellet Material = Steel (IO95) 
Pellet Mass - 0.I8 grains 
Pellet Velocity = 5*01 lan/sec. 
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Fig.15 ~ Micro Craters In Single Crystals.. 

Contour diagrams of typical hypervelocity craters 
made by iron particles striking at 10 km/sec. 

Single crystal specimens of copper had the (112) 
face in the plane of the target surface. 
Contour interval = 10 microns. ,,. 
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\ 3° 

2.32 KM/SEC 

60° 

2.32 KM/SEC 

60° 

3.22 KM/SEC 

Fig. 15 - Effect Of Angle Of Attack On Hyp 

Craters formed in lead targets by steel projectiles of constant mass, 
but varying velocity and angle of incidence; illustrating the 
interaction between the two variables and the symmetry of craters 
produced even at large angles of obliquity when impact velocity is 
sufficiently high. 
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