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Experimental Studies Concerning the Meteoroid Hazard
to Aerospace Materials and Structures

J. W. GEHRING,* D. R. CHRISTMAN,! AND A. R. McMiLLANj
General Motors Corporation, Santa Barbara, Calif.

The expected meteoroid hazard to satellites and spacecraft is reviewed, and the hazard is
defined from the available references. Damage mechanisms include sputtering, cratering,
perforation, and spalling. The requirements for simulating the meteoroid hazard in the
laboratory and the capabilities of some available projection techniques, such as light-gas
guns and explosive charges, are discussed, and the application of special experimental tech-
niques to hypervelocity impact studies is described (including high-speed framing camera,
flash x ray, high-temperature furnace, and evacuated test chamber). Published empirical
relationships for describing the damage resulting from hypervelocity impact are reviewed
and compared with recent experimental data. Detailed test data are presented, including
photographs of typical test materials and structures and graphs giving quantitative test
results.

Introduction

THERE is considerable interest in, and concern over, the
problems of hypervelocity projectile impact, especially in

relation to the meteoroid hazard and anti-intercontinental
ballistic missile (AICBM) or antisatellite fragments. Meteor-
itic particles may damage satellites and spacecraft, and frag-
ments are of interest because of the obvious offensive and de-
fensive military applications. (Fragments, as considered
here, are meant to include both,"true" fragments, i.e., particles
of essentially random size and shape, as well as "unusual"
projectile configurations, i.e., rods, disks, etc.) The study of
the damage that would be inflicted by meteoroid or fragment
impacts requires the simulation of these impacts in the labora-
tory.

Meteoroid Hazard

Investigators have extracted data on meteoroids from
numerous sources; among these are astronomical observa-
tions,1 studies of the Zodiacal light and the Solar corona,2-3

luminous intensity measurements of meteors,4 satellite and
space-vehicle data,2-5'6 radar measurements,7 studies of meteor-
oids and meteoroid craters found on the earth,8'9 and visual
observations.10! Large meteoroids and asteroids are an im-
probable hazard because of their rarity; and micron-sized
meteoroids, though abundant, do not cause extensive damage
because of their relatively low impact energy. The meteor-
oids of intermediate size (10 ~3 to 1 cm) are the ones that pre-
sent the greatest hazard. Meteoroid shapes vary from highly
irregular to nearly spherical. However, at the velocities in-
volved in meteoroid encounters, the shape of the meteoroid
should not be a significant factor in the resulting damage.

Meteoritic particles that have been collected and analyzed
are divided into two general classes: metallic and stony. The
metallics are primarily iron and nickel, but include manga-
nese, chromium, and the precious metals. Stony particles are
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found to include such minerals as ferropigeonite, anorthite,
and ferrougite.11 In reducing material data to determine the
gross properties of the meteor's mass and size (or density), the
kinematic data are found to be insufficient for a direct deter-
mination ; and the measurement of luminous intensity T must
be used to determine the mass and thus complete the de-
termination of size or density. Unfortunately, r is not well
established, and there has been considerable uncertainty in
the determination of the density of meteoroids. Estimates of
density have ranged from 0.05 to 8 g/cm3. The latest esti-
mate is Whipple's value of p = 0.44 g/cm3 for cometary
meteoroids.12 Since most meteoroids are thought to be of
cometary origin and of composition similar to stone, the densi-
ties of meteoroids of intermediate size (10~3 to 1 cm) should
range from 0.4 to 3 g/cm3, giving a range in mass of about 10~9

to3g.
Velocity and distribution of meteoroids in space is another

area in which some quantitative estimates can be made. Fig-
ure 1 is a summary of mass frequency distribution data.3-12-38"40

Unfortunately, the bulk of this data is not applicable to space
in general, for observations and measurements have shown
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Fig. 2 Depth of penetration in semi-infinite aluminum
targets.

that the meteoroid flux distribution in space is not uniform/3

varying with solar latitude14 and with distance from the plane
of the ecliptic/ the plane of revolution of the earth about the
sun. In general, the meteoroid flux density, at least of dust-
like particles less than 10 ~4 g, decreases, the greater the dis-
tance from the earth and the ecliptic plane, although it in-
creases in the vicinity of the sun and the planets.3-15

Also shown in Fig. 1 are the "optimistic average meteoroid
flux" and the pessimistic average meteoroid flux.'716 These
two flux curves are intended to bracket the average actual
meteoroid distribution in space. This actual or true distribu-
tion is really a nebulous factor, since it is time-and-space-de-
pendent; that is, it does not necessarily remain constant with
time and, as noted, there will be some variation with location
in the solar system. Both fluxes are represented by equations
of the form <£ = k/m, where k is a constant and m is meteoroid
mass. As more information on meteoroid flux is made avail-
able through the use of satellites and spacecraft, a change
in the form of this equation may be justified. A more ac-
curate relationship may be </> = k/ma, where a is greater than
one, thereby reducing the frequency of the larger meteoroids.
The expected range of velocities for meteoroids is generally
agreed to be from 11 to 72 km/sec, relative to the earth.
Meteoroid impact velocity, relative to interplanetary space-
craft, could be in the range of 0-83 km/sec.

Whipple17 has indicated that the majority of meteoroids will
be in the range of 15 to 28 km/sec. Although laboratory
simulation techniques are presently available to only 21
km/sec,18 it is felt that these techniques provide true hyper-
velocity impact, and that the cratering phenomenon observed
is the same that occurs at higher velocities.

Targets

Impact damage to aerospace vehicles and structures can be
broadly related to two classes of targets: simple and complex.
Simple targets can be subdivided as follows: 1) semi-infinite—
a homogeneous material of thickness such that free-surface
effects will have negligible effect on impact damage for a given
set of impact conditions; 2) thick—a homogeneous material of
thickness such that free-surface effects will influence impact
damage, yet the target will not be perforated; and 3) thin—a
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p-0.28 in.
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p-hole

Fig. 3 Depth of penetration in flat targets of various
thicknesses. Projectile: 0.125-in aluminum sphere,
0.047g; velocity: 7.4 km/sec; target: 2024-T3 aluminum.

homogeneous target that is perforated. Complex targets can
be subdivided as follows: a) laminated—adjacent layers of the
same or different materials, with or without a bonding agent
between the layers; b) composite—two or more materials com-
pounded in such a wray that any given volume of the structure,
of adequate size, has the same composition as any other vol-
ume of equal size (e.g., an array of particles in a plastic
matrix); and c) pressure vessels.

As indicated by the previous definitions, simple targets are
usually distinguished on the basis of results of impacts, which
are related to impact conditions (e.g., projectile mass and
velocity), whereas complex targets are usually distinguished
on the basis of structure, material or application. Most mili-
tary and space vehicle configurations can be classified accord-
ing to these definitions. For example, the ablative shield or
heat sink of a re-entry body might be classed as a semi-infinite
or thick target for most projectiles; satellites and spacecraft
with thin aluminum hulls surrounding control gas tanks, elec-
tronic modules, or recoverable instrumentation packages could
be considered bumper-protected complex targets; and rocket
nozzles could be classed as laminated targets or pressure ves-
sels. Impact damage assessment and the use of test data in
establishing critical damage criteria must be related to the
mission requirements of the vehicle system or subsystem that
is being evaluated.

Laboratory Simulation Techniques

Light-gas guns19 are usually used in accelerating well-de-
fined projectiles such as spheres and rods, whereas explosive
techniques are usually used in accelerating less well-defined
projectiles such as microparticles20 and fast-jets.21 Three ac-
celerated-reservoir light-gas guns (0.22, 0.30, and 0.79 cali-
ber) were used in the present work. The impact ranges were
evacuated to pressures as low as 1 /*, and the velocity and con-
dition of the projectile before impact were obtained from
spark-shadowgraph stations. Impacts were photographed
using a high-speed framing camera at framing rates up to 1.4 X
106 frames/sec, a three-channel, 0.07-/* sec x-ray unit, and a
spectrograph-photomultiplier tube system.

The explosive accelerating devices used for impact experi-
ments include air-cavity charges, shaped charges, and micro-
particle charges. Charges of solid cast explosives (such as
Pentolite, Composition B, and Baratol) have been used.
Discrete projectiles with a mass from 0.1 to 5 g can be launched
at velocities from 2 to 21 km/sec,18 whereas small clusters of
microparticles with a mass distribution of 10 ~3 to 10 ~9 g can
be launched at velocities as high as 15 km/sec.20 The velocity
and condition of the microparticles and jets, and the actual
impact, were observed with the three-channel flash x-ray unit
and laser shadowgraphs (pulse duration 0.02 /zsec).

projectile

front view rear view

Fig. 4 Back spall from thick target. Target: 2.0-in.
2024-T3 aluminum; projectile: 4.14g polyethylene;

velocity: 7.9 km/sec.
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Experimental Observations

Simple Targets

The mechanisms of crater formation in semi-infinite metallic
targets have been studied in considerable detail by many in-
vestigators, and a number of empirical relationships have been
derived for predicting impact damage in terms of crater size
and shape. Four of the more commonly used penetration
laws22"25 are plotted in Fig. 2, which shows depth of penetra-
tion/projectile diameter (p/d) as a function of impact velocity.
Also shown on this graph are the results of recent experimental
work. Especially good correlation is shown between the work
of Eichelberger and Gehring23 and the work of Herrmann and
Jones24 in the range of 1 to 10 km/sec. The theoretical points of
Bjork25 show penetration to be proportional to impact velocity
to the one-third power. The empirical equation of Herrmann
and Jones24 also shows this dependence at high velocity, but
these authors specifically caution against extrapolation of their
equation to high velocities. The experimental data shown can
be represented as being proportional to velocity to the two-
thirds power. Theoretical calculations by Walsh et al.,26

show penetration proportional to velocity to the 0.58 power.
The data shown in Fig. 2 are applicable only to semi-infinite

targets. The importance of this is demonstrated in Fig. 3,
which shows the increase in depth of penetration as target
thickness is decreased. It can be seen that perforation of the
target occurs at a thickness significantly greater than the
crater depth in a semi-infinite target, and also that fracturing
of the rear surface of the target contributes to the total dam-
age. This fracturing is known as "spalling" or "scabbing"27!28

and is significant in the transition from semi-infinite to thin
targets. Spalling can be defined as fracture resulting from
reflection of a shock wave from a free surface; it is illustrated
in the right three targets in Fig. 3 and in more detail in Fig. 4.
Note that spalling can occur even though the target is not
perforated. The use of laminated structures as a means of
reducing or eliminating spall is discussed later in this section
under "Complex Targets."

Plots of depth of penetration vs target thickness, normalized
with respect to penetration in a semi-infinite target, are given
in Fig. 5 for two materials impacted under similar conditions.
For this particular set of impact conditions, a target of 316
stainless steel must be at least 1.4 times thicker than penetra-
tion in a semi-infinite target to prevent perforation and must
be at least 1.88 times thicker to prevent spall. For a target
of 2024-T6 aluminum under similar impact conditions, the
target must be at least 1.66 times thicker to prevent perfora-
tion and at least 2.4 times thicker to prevent spall. Several
investigators have indicated that a ratio of 1.5 would be suffi-
cient to prevent perforation, a value that is somewhat opti-
mistic. These ratios depend on material properties, as shown
previously, and impact velocity; however, the value to pre-
vent perforation will be in the range 1.4 to 2.0, and the value to
prevent spall will be in the range 1.8 to 2.6, for most impact
conditions.

Selection of armor materials designed to function under par-
ticular environmental conditions poses a complex problem.

0.125 IN. PYREX SPHERE, 0 . 0 4 g

VELOCITY = 7.6 km/sec

0.094 IN. PYREX SPHERE, 7.6 km/sec
o 2024-T6 ALUMINUM TARGET
A 316 STAINLESS STEEL TARGET

1.0 2.0
THICKNESS OF TARGET

700 1300

TARGET TEMPERATURE (OF)

Fig. 6 Depth of penetration vs temperature,

Operation at elevated temperatures is an example. Using the
crater-depth predictions,22-29 beryllium appears to be a prom-
ising armor material on the basis of weight of material pene-
trated. Experiments evaluated on this basis (Fig. 6) support
that conclusion. However, a more detailed examination of
experimental results shows (Fig. 7) that reduction of penetra-
tion is not a sufficient criterion for damage evaluation, since
cracking, spall, or delamination may also be serious modes of
damage. The evaluation of damage must be based on the
applications of the structure in question. For a fuel tank,
spall or delamination may not be serious damage. For a liq-
uid-filled radiator system, perforation, spall, cracking or de-
lamination may present serious problems.

One of the most important aspects of hypervelocity impact
is that of perforation or penetration of thin targets. Numer-
ous investigators17'30"32 have analyzed the use of a thin shield,
separated from the main structure, to provide protection to a
missile, spacecraft, or satellite from meteoroids or fragments.
Experiments conducted at velocities up to 8.5 km/sec support
the conclusions that both the target and projectile flow
upon impact, material is ejected from both sides of thin tar-
gets, and the thin shield is effective because it causes the pro-
jectile to break up, spreading the fragments over a large area
on the backup plate.31 These facts are demonstrated by a
framing-camera sequence in Fig. 8 and by damage photo-
graphs in Fig. 9. Of particular interest here is the spall that
has come off the rear of the backup plates at the higher veloci-
ties. This spall, caused by the shock wave resulting from the
high momentum of the debris that impacts the backup plate,

PENETRATION IN SEMI-INFINITE TARGET

Fig. 5 Depth of penetration vs target thickness.

Fig. 7 Impact damage to heated beryllium target.
Target: 1.063-in. beryllium, 700°F; projectile: 0.094-

in. pyrex sphere, O.OlSg; velocity: 7.5 km/sec.
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Fig. 8 Framing camera sequence of solid sphere impact-
ing a multiple-sheet target.

indicates that the shield concept may not be of advantage un-
der all conditions, i.e., the damage capacity of the debris be-
hind a thin plate might, in some cases, be more severe than
when no bumper is used.

The effectiveness of a thin shield in reducing total penetra-
tion of semi-infinite targets is demonstrated in Fig. 10.
At impact velocities below 4 km/sec, the shield does not reduce
total penetration, and there is some evidence that the penetra-
tion is greater with a shield at these low velocities. The dam-
age to the bumper-protected target reaches a maximum at
about 4.5 km/sec, decreases, and then levels off at 8 km/sec.
It is believed that heating of the projectile debris and initial
shield debris through the shock-release mechanism plays an

PROJECTILE: 0.125 IN. ALUMINUM SPHERE, 0.047 9
TARGETS: O SEMI-INFINITE 2024-T3 ALUMINUM

D 0.005 IN. 2024-T3 ALUMINUM SHIELD
2 IN. SPACING
2 IN. 2024-T3 ALUMINUM BACKUP

I

0 2 4 6 8
VELOCITY (km/sec)

Fig. 10 Penetration in a bumper-protected target and
semi-infinite target vs velocity.

important role in this behavior. Theoretical treatment and
experiments indicate that, with sufficiently high impact pres-
sures, melting and even vaporization of the debris can occur.31

Treatment of the damage that results from the impact of this
debris upon the backup structure has been initiated. These
studies indicate that even though the penetration in a bumper-
protected target may be slight, the momentum loading can be
severe, resulting in damage through spall, delamination, or
bending. The effect of bumper thickness is shown in Fig. 11.
It is seen that the optimum bumper thickness for minimum
penetration is a function of velocity, which means that a
bumper that must operate over a range of velocities cannot
give maximum protection at all velocities.

Complex Targets

Although complex targets have not been analyzed to the
same extent simple targets have, they are of greater interest to
the design engineer because they represent functional vehicle
structures, as well as practical meteoroid-protection systems.
The use of laminates can result in significant changes in the
nature of the damage to a structure as a result of hypervelocity
impact,33as demonstrated in Fig. 12, in which all of the four tar-
gets are of equal weight per unit area. The plain aluminum tar-
get was not perforated but was severely spalled. The addition
of a polyethylene laminate behind the aluminum resulted in
perforation of the aluminum, but no spall was ejected from the
back of the structure. A copper laminate behind the alumi-
num prevented perforation and spalling of the aluminum, al-
though the copper was severely deformed. The copper/
aluminum laminate at the bottom is shown for comparison
only, since this combination does not offer any advantages
with regard to penetration or spalling. The main point illus-
trated in Fig. 12 is that the type of protection required (mini-
mum penetration, no perforation, or no spall) will determine
the combination of materials and thicknesses.

A more complicated application of laminates is shown in
Fig. 13, namely, tubular structures that have been considered
for use as space radiators for nuclear auxiliary-power sys-

t,/d =
0.2 0.4

SHIELD THICKNESS

Fig. 9 Multiple sheet target: backup plate damage.

PROJECTILE DIAMETER

Fig. 11 Penetration vs bumper thickness.
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Fig. 12 Effects of laminates on spall and perforation-
flat targets.

terns.29 Without the laminate, or liner, the tube was per-
forated, and the shock wave generated by the impacting pro-
jectile caused a substantial piece of spall to be separated from
the inside wall. A thin liner of a tough, ductile material ac-
tually reduced the weight per unit length and prevented both
perforation and spalling.

Honeycomb structures with thin face sheets have high stiff-
ness- and strength-to-^ eight ratios; however, under conditions
of hypervelocity impact, the honeycomb cells serve to channel
the debris from the projectile and face sheet. This results in
substantially higher impulsive load per unit area and greater
penetration, than would occur in the absence of the honey-
comb cell structure.

Hypervelocity meteoroid impacts against windows can
seriously affect guidance and control systems or docking-
maneuvers, especially in manned spacecraft, by impairing the
transparency of the windows. Two examples of this are given
in Fig. 14. The acrylic window has been severely damaged

p

Fig. 14 Impact damage to windows. Projectile: 0.125-
in. glass sphere, 0.04 g; velocity = 7.7 km/sec.

in the area of impact but still permits outside observation.
The laminated glass window, however, has been rendered
almost useless as a result of the impact. Also of concern, of
course, would be any through-cracks in the windows that
might result in loss of pressure inside the vehicle.

Another structure that warrants special attention under
conditions of hypervelocity impact is a pressure vessel. 34~36 A
projectile may perforate the vessel, spewing particle fragments
and spall into the vessel and allowing leakage of its contents;
or the projectile may not perforate but could generate a shock
wave into the internal gas or liquid, resulting in excessive
stresses in the walls of the vessel or otherwise damaging the
vehicle. The impact damage to a relatively thick-walled,
liquid-pressurized vessel is shown in Fig. 15. The damage has
been confined to a clean puncture of the vessel wall that could
be repaired. There are some cases, however, such as impact
against relatively thin-walled, highly stressed structures,
where the vessel fails catastrophically with no possibility of
repair.

Projectile Effects

The results of a series of experiments conducted to assess the
effects of projectile density at an impact velocity of 6.6 km/sec
are given in Fig. 16. The penetration is proportional to
pp,°-19 whereas results of a similar series of tests at 2 km/sec22

showed penetration to be proportional to pp.°33 Note the sig-
nificant decrease in exponent for an increase in velocity from
2 to 6.6 km/sec. Extrapolating these results to meteoroid
velocities (11 to 72 km/sec) indicates that the influence of pro-
jectile density on penetration would probably become small,
and may even be negligible.26

Fig. 13 Effect of liner on spall-cylindrical targets. Fig. 15 Impact damage to liquid-pressurized vessel.
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Fig. 16 Penetration from equal mass spheres of various
densities.

Figure 17 shows x-ray photographs of three different pro-
jectile shapes after impacting a thin shield. The x-ray of the
rod shows a significant portion of the projectile still intact.
Projectile shape, then, can strongly influence the damage in-
flicted upon a structure. This result is significant in military
applications where projectile shape can be controlled, provid-
ing that the projectile orientation at impact also can be
controlled. However, for meteoroid impact, it is reasonable
to assume that the particles are approximately spherical, and,
consequently, that shape is not a governing factor in damage.

Impact Flash

One of the phenomena associated with the initial stages of
impact at hypervelocities is the emission of electromagnetic
radiation. The energy of this radiation is generally consid-
ered to be concentrated in the visible and near-visible regions
of the spectrum; this enhances the use of this radiation as a
potential source of information for determining the occurrence
of a collision, the damage inflicted upon a target, and the
identification of the target material. An impact flash is
shown in the last frame of the sequence in Fig. 8. The dura-
tion is the flash is normally very short—on the order of several
fj, sec, although the peak luminosity and duration of the flash
are functions of impact velocity and projectile and target
materials.

An empirical relationship has been established which per-
mits estimates to be made of the intensity of an impact
flash.37 The equation in its present form, however, can ac-
count for variations in the target and projectile materials
only by use of a constant for each of the possible combina-
tions. The equation now appears as follows:

Lp = Cavn

where Lp is the peak luminosity (visible), a is the pre-
sented area of projectile on target surface, v is the projectile
velocity, n is the velocity exponent, and C is a constant. The
equation shows that: peak luminosity is proportional to pro-
jectile area, not to projectile mass (and, therefore, not to pro-
jectile momentum or kinetic energy); peak luminosity is
strongly influenced by impact velocity (n varies from 3 to 9),
depending on projectile and target properties; C is also a func-
tion of projectile and target properties (with target properties
being more important than those of the projectile). Finally, it
should be noted that there is no allowance for either the pres-
sure or the composition of the surrounding gas. Tests con-
ducted with air at pressures ranging from 0.0014 to 760 mm
Hg, and with helium at pressures of 0.004 to 760 mm Hg, have
shown that the peak intensity of the impact flash is indepen-
dent of ambient pressure in a helium atmosphere and that
there is a measurable effect on the peak intensity in an air at-
mosphere only at pressures above 0.20 mm Hg.

In the area of remote observation of impact radiation, cal-
culations have shown that observation of the impact of a ve-

Fig. 17 Effect of projectile shape: thin bumpers.

hide such as the Ranger spacecraft on the lunar surface is
probable when the moon is at opposition (dark surface).
Also, observation of a projectile's impact on a missile or satel-
lite at altitudes of 200-300 km is possible.

Summary and Conclusions
Detailed experimental studies of hypervelocity impact

phenomena and their effects on aerospace materials and struc-
tures can be carried out with available particle-projection
techniques. Empirical data are available concerning simple
targets, but it is apparent that, although there is a general
understanding of basic target behavior, there is a decided lack
of detailed knowledge concerning such specific areas as: 1)
the influence of variables such as strengths, density, wave
velocity, crystal structure and anisotropy on cratering in semi-
infinite targets and perforation of thin targets; 2) projectile
behavior after perforating a thin target, including the frag-
mentation of the projectile and the distribution of fragments in
terms of mass, velocity, and direction; and 3) high-strain-rate
properties of materials, including shock-wave propagation and
attenuation.

The behavior of complex targets is even less well defined
than simple targets, although some experimental information
pertaining to particular structures is available, and some
qualitative conclusions regarding the behavior of targets such
as laminated structures and pressure vessels can be drawn.
The study of complex targets usually requires specific experi-
mental programs before meaningful results are obtained.

Both projectile density and shape have been shown to in-
fluence target damage below about 10 km/sec, but the exact
role of projectile properties and configurations in cratering and
perforation is not fully understood and requires further experi-
mental and theoretical analysis.

Impact flash has potential application in the areas of hit de-
tection and target discrimination. Such an application would
require a detailed study of the spectral characteristics of the
radiation and determination of the quantitative effects of
projectile and target materials and structure.
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