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CORRELATION OF NEW HYPERVELOCITY IMPACT DATA

BY THRESHOLD PENETRATION RELATIONS

By Robert J. Hayduk, Paul S. Gough, * and Emilio Alfaro-Bou
Langley Research Center

SUMMARY

Threshold penetration data are established by impacting spherical projectiles onto
2024 aluminum single-wall targets. Nylon and cadmium projectiles were used at impact-
ing velocities from 3.0 to 6.8 km/s and 7.9 to 8.5 km/s, respectively.

These data are combined with existing data and compared with three threshold pene-
tration relations to assess their respective validities over a wide range of projectile den-
sities (0.745 to 8.65 Mg/m3). The relationships with projectile density to the 1/2 power
and 0.519 power (recommended in NASA SP-8042) appear to be valid over the extended
range of projectile densities considered in this investigation and may be used with con-
fidence over this extended range. However, the 1/2-power relation has greater utili-
tarian value inasmuch as it correlates all the data with a single proportionality constant
even though various target materials and examination techniques were used among the
researchers to establish the data.

INTRODUCTION

One of the environmental hazards confronting a space vehicle is the possibility of
penetration by a meteoroid. Studies of the environment indicate that the preponderance
of meteoroids consists of extremely minute particles (ref. 1) traveling at very high veloc-
ities and in many cases the wall thickness established by structural requirements provide
adequate armor protection. Critical areas of spacecraft are usually designed with a pro-
tective shroud or bumper which serves to fragment the meteoroid and spread the impulse
of the debris over a much larger area on the main wall of the vehicle. However, some
systems of spacecraft have requirements which preclude the use of a protective shroud
or bumper. For example, waste-heat radiators of space power systems must be designed
to resist penetration on the basis of armor (single-wall) considerations as the introduction
of a protective shroud or bumper would interfere with the radiative efficiency.

*Space Research Corp., North Troy, Vermont.



Accordingly, the meteoroid penetration problem of a single wall has received sub-
stantial attention in the literature. The objective of the overall research activity is to
provide the spacecraft designer with a reliable single-wall equation that he can incorpo-
rate into a design procedure. Several equations, which define the threshold of penetra-
tion in terms of target and projectile properties, have been presented in the literature.
(See refs. 2 to 8.)

The primary objective of this paper is to assess the validity of three current thresh-
old penetration relations over a wide range of projectile densities. For this purpose, new
threshold penetration data, corresponding to both high and low projectile densities, will be
presented. The facilities and techniques used to obtain these data will also be described.

SYMBOLS

d projectile diameter, m

KI constant of proportionality (eq. (5))

nip projectile mass, kg

t target thickness, m

Vp projectile velocity, m/s

et target elongation, percent in 5 cm

p projectile density, kg/m^

p, target density, kg/m^

THRESHOLD PENETRATION RELATIONS

Three current threshold penetration relations are considered in this paper. Two of
these relations are modifications of an empirical relation presented in reference 2. The
third is recommended in an NASA space vehicle design criteria document. (See ref. 7.)

In reference 2 Fish and Summers established the following empirical relation for
the threshold of penetration:

t
d \et/ „ 1/2
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where t, e^, and p, are the thickness, elongation (percent in 5 cm), and density,
respectively, of the target and d and Vp are the projectile diameter and velocity,
respectively. The penetration data of reference 2 were obtained by using 0.159-cm-
diameter aluminum sphere projectiles and a variety of target materials. Expression (1)
is essentially a relation between the projectile velocity and the target material proper-
ties, since no attempt was made to vary the projectile properties.

Theoretical analyses in references 4, 5, and 6 predicted that the proportionality

t PP*L- rr *^i- OC (2)

would apply at the threshold of penetration. The pp parameter is the projectile density.
A linear relation between target thickness and impact velocity was also determined ana-
lytically in reference 3.

It is apparent that the empirical results confirmed the theoretical predictions for
the dependences on impact velocity and target density. Hence, modification of equa-
tion (1), based upon theoretical analyses, results in the following relationship:

The experimental studies of reference 8 indicated that the target thickness at thresh-
old penetration was proportional to the square root of projectile density. Accordingly, the
empirical relation (1) of reference 2 was extended on an empirical basis in reference 8 to
the following relation:

,\!/2

1$ v»
It should be noted that both expressions (3) and (4) contain an explicit dependence on

the properties of the target. However, the NASA space vehicle design criteria document
for meteoroid damage assessment (ref. 7) recommends the following equation to define
the threshold of penetration for single-wall targets:

t v ™ 0.352n 1/6,, 0.875 /.vt = Kjnip pp Vp (5)

where specific values of Kj are provided for several target materials. The con-
stant KI for aluminum targets also depends upon the target examination technique
used to determine the threshold penetration. Inasmuch as reference 7 considered only
spherical projectiles, relationship (5) is recast to the form
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so that it may be more readily compared with expressions (3) and (4).

References 2, 7, and 8 have established the validity of their respective relationships
over a wide range of target material and impact velocities, but a relatively narrow range
of projectile properties. Most of the data have been established with projectiles having
densities between 2.26 and 2.79 Mg/m^. The data of references 2, 8, and 9 are summa-
rized in table I. It may be seen that no high-density data and only two low-density data
points are included, namely, nylon (1.035 Mg/m^) and Inlyte (0.745 Mg/m^).

The data of table I are reinforced by five new data points obtained with nylon pro-
jectiles (1.14 Mg/m3) and are extended by two new data points obtained with cadmium
projectiles (8.65 Mg/m^), presented in table II. This information permits an assessment
of the three threshold penetration relations over a much wider range of projectile density.

EXPERIMENTAL FACILITIES

The new threshold penetration data presented in this paper were obtained in two
facilities; these facilities are described in appendixes A and B. The lithium-hydride
exploding foil facility at NASA Langley Research Center has been used to generate data
with nylon spheres, and the light gas gun facility of the Space Research Corporation has
been used to establish data with cadmium spheres.

The lithium hydride gun operates very simply — the energy stored in a capacitor
bank is used to explode a short piece of aluminum foil surrounded by lithium hydride pow-
der. The decomposed lithium hydride produces a high-pressure plasma which propels
the projectile, a nylon sphere or slug. The projectile, traveling in an evacuated chamber,
passes through a velocity recording system before impact on the target.

The light gas gun operates on the principle of repeated shock compression of hydro-
gen to provide a high-pressure driving gas which accelerates a saboted projectile. Upon
exiting from the barrel, the sabot is separated from the projectile and prevented from
impacting the target. A velocity recording system obtains in-flight information on pro-
jectile displacement, elapsed time, and integrity. The operational characteristics of the
light gas gun are fairly standard; however, considerable time was spent in adjusting the
gun parameters to meet the specific requirements of this test program.

DESCRIPTION OF NEW DATA

The data obtained with the facilities briefly described previously are presented in
table n. They consist of five nylon projectile data points and two cadmium projectile



data points. Each of these data points was obtained by a bracketing process which involved
several firings to determine the threshold of penetration. All targets were single walls
made of 2024 aluminum.

Nylon Data

The nylon projectiles were spheres with nominal diameters of 0.159 cm, density
of 1.14 Mg/m^, and impact velocities from 3.0 to 6.8 km/s. Because of the high launch
accelerations, deformation of the projectile was practically unavoidable. The photo-
graphs of figure 1 illustrate the range of deformation deemed to be acceptable by these
investigators.

The targets used with the nylon projectiles were 7-cm-diameter 2024-T4 aluminum
disks of various thicknesses. The photographs of figure 2 illustrate the no-penetration,
threshold of penetration, and penetration conditions of impacted targets. All impacted
targets were tested for penetration by means of a penetrant dye and by a standard labora-
tory helium leak detector at a pressure differential of 1 atmosphere. (1 atmosphere
equals 0.1013 MN/m2.) Both methods yielded the same results.

Typically, a series of targets at room temperature, all of the same nominal thick-
ness, were impacted with nylon projectiles at various velocities. The object was to nar-
rowly bracket the threshold of penetration with penetrations and no-penetrations. The
velocities given in table n for the nylon data represent the average of a penetration and
a no-penetration test.

Cadmium Data

The cadmium spheres launched by the light gas gun were nominally 0.318 cm in
diameter with a density of 8.65 Mg/m^. Two data points were established - 8.0 and
8.4 km/s. These cadmium data points were established by holding the projectile velocity
relatively constant from shot to shot and varying the target thickness. The tolerances in
table n indicate the bracketing range achieved. The penetration threshold was established
by subjecting the target to a pressure differential of 1 atmosphere of air and checking for
leaks.

The integrity of the cadmium projectiles was established just prior to impact by
means of a flash X-ray photograph. Figure 3(a) shows an X-ray photograph of the pro-
jectile and also presents front and rear views of the 2.57-cm-thick target. The target
held the pressure differential without leaking. The retention of shape illustrated by this
projectile was typical of five of seven shots used to define the two data points. However,
the two remaining shots involved deformed projectiles. The more deformed of these two
projectiles is illustrated in figure 3(b) together with front and rear views of the target.
The impact in this test involved a measured velocity of 8.0 km/s onto a target which was



2.22 cm thick. The target was tested under a pressure differential of 1 atmosphere and
was found to leak.

Examination of figures 3(a) and 3(b) reveals pitting around the craters formed by
the cadmium projectiles. This contamination of the target was due to the presence of
sabot fragments. The degree of contamination illustrated was found to be unavoidable.

CORRELATION OF DATA BY THRESHOLD PENETRATION RELATIONS

In this section the degree of correlation of the data by expressions (3), (4), and (6)
is examined. In what follows, the five nylon data points are grouped with existing data

'from table I and compared with the three threshold penetration relations. (See fig. 4.)
This is done because the values of the correlating parameters associated with the nylon
data fall within the range of the referenced data. Since the cadmium data essentially
extend the range of the correlating parameters by a factor of two or four, the cadmium
data are then compared (fig. 5) with the extrapolated least-squares line and lines of other
slope defined subsequently. The data presented in figures 4 and 5 may be identified by
reference to tables I and n.

Figure 4(a) presents the data correlated according to equation (3). The five new
data points for nylon projectiles (\- — |) plus the nylon (•) and Inlyte (^) data points of ref-
erence 8 do not cluster about the least -squares fit line as well as the other data of refer-
ences 2, 8, and 9. The trend of these lower density projectile data points seems to be at
a higher slope.

Figure 4(b) clearly reveals the improvement in the correlation of the data when the
projectile density dependence is changed from p to p ^ - . (See eq. (4).) The low
density projectile data points are brought into excellent agreement with both a least -
squares fit line and the line from reference 8.

As reference 7 does not generalize the penetration relation (5) to an explicit depend-
ence on target material properties, the data shown in figure 4(c) are all for aluminum
targets. The pressure and visual criteria refer to the basis by which the threshold pen-
etration was determined. These lines correspond to known values of the constant Kj
(eq. (5)) for aluminum alloy targets at room temperature as given in reference 7. The
data point from reference 8 is the only one determined by a visual criterion, the others
were established by a pressure criterion. The data fit both the least -squares fit and vis-
ual criterion lines very well, the pressure criterion line lying on the conservative side.

In figure 5(a) the cadmium data of table II are compared with the extrapolated least-
squares fit of figure 4(a) and the poor correlation is evident. Since the velocity variation
of the data is not extensive, the failure of expression (3) to correlate all the data is thought
to be due to an incorrect projectile density dependence.



Similarly, in figures 5(b) and 5(c), the lines of figures 4(b) and 4(c) are extrapolated
to compare with the cadmium data. The figures show a remarkable agreement between
the extrapolated relations and the cadmium data. Both expressions (4) and (6) appear to
be valid over the extended range of projectile densities considered in this paper (0.745 to
8.65 Mg/m3). However, it can be seen by examining equations (4) and (6) that the depend-
ence on projectile density is essentially the same. Expression (4) seems to have greater
utilitarian value inasmuch as it correlates all the data with a single proportionality con-
stant even though various target materials and examination techniques were used among
the researchers to establish the data.

CONCLUDING REMARKS

An experimental investigation was made of the hypervelocity impact of spherical
projectiles onto single-wall targets of 2024 aluminum. Threshold penetration data were
established by using nylon projectiles at velocities between 3.0 and 6.8 km/s and with
cadmium projectiles between 7.9 and 8.5 km/s. These data were combined with existing
data from the literature and compared with three threshold penetration relations to assess
their respective validities over a wide range of projectile density (0.745 to 8.65 Mg/m^).

The relationship with the linear dependence on projectile density failed to correlate
the data. Since this relationship arose from analytical consideration of certain simplified
physical models of the hypervelocity impact phenomenon, the implication of the failure is
that the models did not include all the principal mechanisms involved in the penetration
process.

Both relationships with projectile density to the 1/2 power and 0.519 power (recom-
mended in NASA SP-8042) appear to be valid over the extended range of projectile den-
sities considered in this investigation and may be used with confidence over this extended
range. However, the 1/2-power relation has greater utilitarian value inasmuch as it cor-
relates all the data with a single proportionality constant even though various target mate-
rials and examination techniques were used among the researchers to establish the data.

Langley Research Center,
National Aeronautics and Space Administration,

Hampton, Va., May 29, 1973.



APPENDIX A

DESCRIPTION OF LITHIUM HYDRIDE GUN AND ASSOCIATED TECHNIQUES

The nylon-projectile data points presented in this paper were obtained by using a
specially constructed launcher at Langley Research Center. The complete system and
the techniques used to obtain hypervelocity impact data are described in this appendix.

The components of the lithium hydride gun are labeled in figure 6. The energy
source consists of a 22-capacitor bank (two spares are shown, but are not in the circuit)
having a total capacitance of 317 juF. Each capacitor has an average capacitance of
14^ /iF and is connected in parallel. The bank can be charged to 20 kV for a total energy
of 63 400 joules. The energy level is varied depending on the projectile velocity required
and the mass to be accelerated.

Figure 6 also shows the simple drop switch used to close the electrical circuit
between the capacitor bank and the gun, the coil used to trigger the cameras and oscil-
loscope, the grounding switch, and power supply. The evacuated target chamber lies
between two pairs of cameras and flash lamps. The barrel of the gun protrudes into the
target chamber and the target is placed in a holder at the opposite end.

The lithium hydride gun (fig. 7) consists of a barrel, insulator breech, electrodes,
and housing. The steel barrel is 7.6 cm long and has a tungsten-copper heat-resistant
insert with a 0.159-cm-diameter polished bore. Barrels of shorter and longer lengths
have been tried but no improvement in performance over the standard length could be
observed. The projectile is a nylon sphere of 2.5 mg nominal mass and is inserted
snugly in the breech end of the barrel.

The breech is made of aluminum oxide and has two holes forming a V-shaped path
converging toward the barrel. A thin strip of aluminum foil placed in the V connects
the electrodes. Lithium hydride, used as the propellant, is measured and poured into the
two breech holes. The propellant gas is generated by an electric arc between the elec-
trodes after the aluminum foil has exploded; as a result, the lithium hydride is decom-
posed and a high-pressure plasma is produced. At maximum available energy the pro-
jectile emerges at the muzzle end approximately 15 ̂ s after the electric arc is initiated.

The carbon steel housing serves to maintain alinement and a vacuum seal between
the barrel and breech, as well as to contain the high pressures and insulator fragments.

A schematic of the velocity measuring system is shown in figure 8. The system,
which consists of two image converter tube cameras and two xenon-filled flash lamps,
records the displacement of the projectile and its integrity during flight. The cameras



APPENDIX A - Concluded

and an oscilloscope are triggered by the induced voltage in a coil located within the
expanding magnetic field of the capacitor discharge circuit. This signal is fed into a
time-delay generator in the cameras which causes the shutter to open at any time inter-
val up to 100 /is after the initial signal is received. For longer times, an external time-
delay generator is used. The time-delay generator is set to trigger the camera shutter
at the instant in which the projectile passes within the camera field of view. This time
has previously been obtained from a calibration curve of projectile velocity plotted against
stored energy in the capacitor bank. The cameras send a signal to the oscilloscope when
the shutter opens and the elapsed time between stations is recorded. The projectile
velocity is calculated from the displacement of the projectile and the time interval
between stations. (See fig. 8.)



APPENDIX B

DESCRIPTION OF LIGHT GAS GUN FACILITY AND ASSOCIATED TECHNIQUES

The cadmium-projectile data were generated by using the Space Research
Corporation light gas gun. An external view of the light gas gun is presented in figure 9
and the internal geometry is illustrated in figure 10. The two chambers of the gun are
initially filled with hydrogen at room temperature. The barrel is normally evacuated,
.together with the impact chamber, to a pressure of 1 torr (133.3 N/m2). The driving
pistons and the projectile are restrained by flanges during the load cycle. The breech of
the gun is charged with a fast-burning small-arms propellant.

The propellant is ignited by a pyrotechnic squib and burns to drive the first piston
forward in the first chamber, the hydrogen being compressed isentropically to approxi-
mately 300 MN/m2. When the pressure in the first chamber develops to a sufficiently
high level, the retaining flange of the second piston is either sheared or extruded. The
second piston is accelerated forward vary rapidly in the short second chamber and a
shock wave is developed. The shock is partially reflected at the tapered section of the
chamber and partially transmitted into the barrel to initiate the motion of the projectile.
The reflected portion of the shock wave will return to the piston face, be reflected and
again overtake the projectile. It is estimated that as many as three or four reflected
shock waves overtake the projectile during the launch cycle. The pressure in the volume
between piston and projectile is raised by successive shock compressions to approxi-
mately 1.5 GN/m2.

The internal ballistics of the light gas gun may be altered to the advantage of a par-
ticular program requirement by varying the propellant charge, the initial gas pressures,
the weight of the pistons, and the diameter of the barrel. The values of these parameters
were as follows: initial gas pressure in both chambers, 9 MN/m2; quantity of propellant,
1 to 1.3 kg, depending on the velocity desired; first and second piston weights, 450 and
300 g, respectively.

The diameter of the barrel was chosen to be 1.27 cm. Since the projectile was a
cadmium sphere having a diameter equal to 0.318 cm, it was necessary to utilize a sabot
which would support the projectile during launch and seal against the driving gas. The
sabot design used in the performance of this program is illustrated in figure 11. The
magnesium core provided axial strength to the sabot during the launch together with radial
support of the cadmium sphere. Obturation and resistance to initial motion were provided
by the Lexan cup. A ring of material was removed from the front of the magnesium core
and replaced by a Lexan ring in order to reduce weight. After assembly, a V-shaped
groove was left in the front face. The purpose of this groove was to isolate the projectile,

10



APPENDIX B - Concluded

as much as possible, from the effect of the device used to fracture and eliminate the sabot
after the launch was completed.

Figure 12 illustrates the system used to separate the projectile from the sabot, the
impact module, and the three flash X-ray units which were used to define the velocity and
integrity of the projectile. A small quantity of silicon grease was introduced radially into
the bore at two diametrically opposing locations. The grease decelerated the sabot and
induced separation from the projectile. The sabot then impacted onto the heavy steel fil-
ter where a small hole permitted the projectile to pass through together with a small
amount of debris from the sabot. After elimination of the sabot, the projectile traveled
approximately 1 m into the impact module.

The condition of the projectile prior to entering the filter and after exiting was
established by two 30 kV flash X-ray photographs, each having an exposure time of 100 ns.
These cameras were triggered by detection of the sabot at the muzzle and were pulsed
after a suitable preset delay. The time between the pulses was monitored on an oscillo-
scope. Figure 13 shows the three X-rays of shot 457. The fragments of the sabot are
observed behind the projectile in the first image whereas the second shows the projectile
isolated on the other side of the filter. From a measurement of the axial distance between
the two images one may determine the axial travel of the projectile, and subsequently, the
velocity. For the projectile of figure 13 the velocity was found to be 8.5 ± 0.1 km/s. Also
shown in figure 13 is a third X-ray photograph which was used to establish the integrity of
the projectile just prior to impact.

11
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TABLE II.- THRESHOLD PENETRATION DATA FROM IMPACT OF SPHERICAL

PROJECTILES ONTO 2024 ALUMINUM SINGLE-WALL TARGETS

Projectile
material

Nylon*
Nylon
Nylon
Nylon
Nylon
Cadmium**
Cadmium

Projectile
velocity,

km/s

3. 14 ±0.14
3.39 ± .17
4.01 ± .04
4.53 ± .08
5.36 ± .20
8.0 ± .1
8.4 ± .1

Target
thickness,

cm

0.155 ±0.001
,178± .001
.207 ± .001
.239 ± .001
.268 ± .001

2.37 ± .15
2.54 ± .03

* Nylon data established by varying projectile velocity while holding tar-
get thickness constant. (d = 0.159 cm; p = 1.14 Mg/m3; target material,
2024-T4 aluminum.)

** Cadmium data established by varying target thickness while holding projec-
tile velocity nearly constant, (d = 0.318 cm; pp = 8.65 Mg/m3; target material,
2024-T3 aluminum.)
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Undeformed Deformed

L-73-3075
Figure 1.- Examples of nylon projectile integrity.

No-penetration Threshold penetration

Figure 2.- Photographs of target damage.

Penetration

L-73-3076
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X-ray prior to impact Front view Rear view

(a) Velocity, 8.5 km/s.

X-ray prior to impact Front view Rear view

(b) Velocity, 8.0 km/s. L-73-3077

Figure 3.- Third X-ray photograph of cadmium projectile just prior to impact
onto target together with front and rear views of the target.
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