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Problem Status

This is the thirteenth progress report covering
the work of the participants in the Hypervelocity
Kill Mechanisms Program. Work on this problem is
continuing.
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Amendments 1 through 7
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SUMMARY

W.W. Atkins - M.A. Persechino
U.S. Naval Research Laboratory

INTRODUCTION

Progress Report No. 13 is a semiannual technical progress
report covering the work of the participants in the Hyper-
velocity Kill Mechanisms Program for the period beginning
20 March 1963 through 30 September 1963. Reports covering the
work completed during and prior to this reporting period are
listed on the inside back cover of this report.

The work of this program has involved comprehensive studies
designed to evaluate the feasibility of defeating the mission
of an intercontinental ballistic missile by fragment impact
and/or by subsequent re-entry heating effects. These effects
include: direct kill by impact, extent of aggravation or
increase in damage caused by aerothermal effects on an R/V
during re-entry, aerodynamic instability of nose cones caused
by damage to the heat shield and structure, impact and thermal
damage to internal components and warheads, and perturbations
on the performance of ICBM booster vehicles. The HKM Program
is divided into the following four phases of work:

1. Impact Damage. - Initially BRL, NRL, AVCO and the
Canadian Armament Research and Development Establishment were
selected to study the effects of hypervelocity impacts on re-
entry body materials and structures. Aerojet-General was

selected to study the impact effects on propulsion systems.

The work of Aerojet has been completed and the final report has
been submitted to ASD for publication. The impact work per-
formed by AVCO has also been completed and a final report is



included in the body of this report (see Section C). The work
completed by CARDE was reported in Progress Report No. 11.
Only NRL and BRL are presently engaged in impact work for the
HKM Program.

2. Aerothermal. - In the early stages of the program, AVCO
performed a multitude of experiments on cratered heat shield
materials utilizing rocket exhaust and plasma jet facilities
in order to determine the thermodynamic effects on a damaged
vehicle during re-entry. 1In the later stages of the program,
punctured vehicles (vented and unvented) were analyzed. GE

and AVCO performed analytical and experimental studies on
coupled and uncoupled flows, jet impingement, jet diffusion,
and the determination of orifice coefficients for perforated
re-entry vehicles. GE conducted an analytical study for deter-
mining the aerodynamic effects on a damaged vehicle during re-
entry (the aeroballistic ranges and the wind tunnels of NOL and
AEDC were utilized to provide experimental data). An effective
kill mechanism did not evolve from these studies. During the
latter part of the second year's effort ARAP was added to the
participants in the aerothermal work and, at this time, a strong
fundamental research effort was established to determine a
rationale for coupled and uncoupled flows, impinging jets and
wall jets. A flight test program utilizing a NASA propulsion
and recovery system has been completed and the details of this
program are described in Section H. These tests provided both
external and internal heating data under actual environmmental
conditions.

3. Vehicle Vulnerability. - The vulnerability work initially
conducted for determining the vulnerability of re-entry body, war-
head, and associated arming and fuzing components by BRL and
Picatinny Arsenal have been terminated. A final report on the
vulnerability of nuclear warheads to aerothermal effects has been




prepared by Picatinny Arsenal (see Section Q).

Aerojet-General, under the technical management of the Weapons
Laboratories, Detachment 4, ASD, Eglin AFB has completed the
investigations for determining the vulnerability to fragment
impact of both liquid and solid rocket propulsion systems. An
analysis of the vulnerability of both the United States and other
vehicles is included in the Aerojet final report in publication
by Det. 4, ASD.

4. 1Intelligence. - The intelligence phase of the work was
designed to provide information and guide lines for the work
performed in the other phases of the HKM Program. A report
entitled "Soviet ICBM Re-entry Body Study'" has been prepared
by Raytheon. This report provides a description of the Soviet
ICBM based on early Soviet missile tests in the Pacific.

PROGRESS

The work described below is a summary of the technical
progress in each phase of the HKM Program for the period ending
30 September 1963.

1. Impact Damage Phase

The work covering the results of hypervelocity impacts
into Astrolite, oblique tape wound refrasil (OTWR) and RAD
60 HD is discussed in considerable detail in the final report
prepared by the AVCO Corporation (See Section C). This study
was to determine the minimum impact conditions required to
perforate a composite target consisting of an ablative material
bonded to a metallic back-up structure. The thickness of the
ablative materials used in these experiments was varied between
one-half and one and one-half inches. The back-up structures were

quarter-inch and three-eighth-inch aluminum and steel plates (flat

and curved).



Impact damage results are correlated in terms of the
projectile energy, target thickness, and an effective target
strength times a density weighted for thickness. Minimum
perforation energies were determined to within 20 percent,
and the distribution of fragments coming off the backface
of a target after perforation has been analyzed.

Examination of the heat shield damage results shows
that the hole size in a fixed thickness ablative increases
with increasing projectile energy and is independent of the
back-up thickness (or whether or not the back-up is perforated)
and projectile size; however, this study does show some hole size
dependence on the properties of the back-up material (see page
C27). All impacts were made normal to the target surface with
steel projectiles varying in mass between one-fourth and five-
grams and launched up to 5.5 km/sec in velocity.

Failure of the back-up structure has been described in
considerable detail. The results indicate that the mechanism
of perforation shows some dependence on the projectile diameter
to heat shield thickness ratio, as well as the heat shield to
back-up structure thickness ratio.

The overall conclusion concerning perforation, as defined
by the projectile parameters used in this study, is that
perforation is caused by a complex combination of shock effects
and the secondary impact of the broken projectile material on
the back-up structure.

The correlation which best fits the AVCO data for deter-

mination of hole size diameter (DA) in the ablative is

2/3
D, =K E

A 1 D (1)

where K1 and n are constants dependent on heat shield and



back-up material properties, and t is the thickness of the
ablative and bond. The data used to obtain this correlation
includes that from non-perforation, minimum perforation and
limited and complete perforation damage modes. Minimum per-
foration is defined as the damage mode where the ablative is
completely perforated but the back-up structure is only bulged
(fracturing, cracking, or petaling of the back-up material
just begins at this point in the complete perforation process).
Complete perforation is defined as the damage mode where the
hole diameter in the back-up is equal to or greater than the
hole diameter in the ablative.

When only complete perforation data from NRL, AVCO and
CARDE using steel projectiles are analyzed, the expression
for hole diameter in the ablative becomes

0y = % (8], 2)

where K, = 2 and y = 0.36, (ref. 1). Most of the targets
utilized an aluminum back-up structure; however, a few targets
used a steel substructure. These data also strongly indicated
that hole diameter in the ablative is independent of back-up
material and thickness.

Although the determination of hole size in only the ablative
material of a composite structure appears to be independent of
back-up material and thickness, the energy E required for
complete perforation of the structure is dependent on both of
these parameters. The empirically determined expression for

minimum perforation energy (see ref. 1 and Section C) is

T ~ K (E SinZ8)1/3, (3)

where T = total thickness of the ablative, bond and metallic



back=-up of the composite structure,

K = empirically determined constant dependent on the
back-up material,

E = projectile energy, and

6 = angle between trajectory and target surface.

The ablative materials used in the studies at NRL during
this period included laminated and chopped phenolic nylon and
refrasil and the GE Series 124A. The thicknesses varied from
one-half inch to two-inches. Back-up materials were steel,
aluminum, and magnesium varying in thickness from one-eighth
to one-fourth inch. One-inch-thick aluminum honeycomb was
used for back-up material for the GE Series 124A ablative.

The projectile velocities ranged from three to seven km/sec
and angles of obliquity from 90° (normal impact) to 15°.
Comparisons are made for impacts into actual re-entry vehicles
and the flat plate composites used for simulation. Impact
damage resulting from firings into these two types of targets
was in very good agreement at the energy levels studied.

Experiments with large mass (high energy) impacts have
shown that considerable structural damage was sustained by
the target, i.e., severe cracking, debonding and delamination
of ablative, as well as rupture of the metal back-up and rib
structure. Recent experiments indicate that total structural
damage can only be simulated by firings into actual vehicle
segments. These results will be described in the next progress
report by the NRL group.

Investigations by the BRL of impact damage to composite
targets utilizing an inhibited jet charge (aluminum projectile,
aspect ratio 3.5 to one) are continuing. The work consists of
the evaluation of various non-metallic materials such as
commercial grade polyethylene, phenolic glass-fabric laminate,



phenolic nylon-fabric laminate and glass backed by steel,
aluminum, or magnesium plates. All targets were impacted with
aluminum inhibited jet projectiles having a mass of 3.2-grams
and velocity of 9.2 km/sec (Scale I charge). The tests were
conducted at both 30 and 90 degree angles of obliquity. The
target-hole dimensions are used as a basis for evaluating the
effects of angle of obliquity and thicknesses of various com-
binations of non-metallic and metallic plates. Damage behind
the targets is shown on aluminum witness plates (Photographs

in Section A). The results of the 30-degree angle firings
indicate that the hole dimensions in the primary materials (non-
metallic) are similar to those obtained from primary targets of
equal thickness impacted at 90 degrees. These results are
consistent with previously reported data of impacts into ablative
targets (Reference 1).

The results from impacts at 90 degrees indicate that for
the polyethylene, fiberglas and nylon, the hole sizes in-
creased with decreased non-metallic target thickness for a
given back-up thickness. For the same non-metallic thickness,
the hole sizes did not vary appreciably with different back=~up
thicknesses or materials. These findings are consistent with
other data from impacts into ablative materials for the complete
perforation regime. However, it is suggested by AVCO, for the
non-perforation and minimum perforation regions that the
physical properties of the back-up metals do "have some in-
fluence on the hole diameters in the non-metallic materials.
This material-property effect is not apparent in the complete
perforation cases probably because the impact energy is well
above the required minimum perforation energy.

Figure 1 is a plot showing hole size in the primary material
vs energy per unit thickness for the three non-metallic primary

materials with steel back-ups. (data points include incomplete



perforations and firings at 30 degrees). These data are com-
pared with equation (2), and the results show that 75% of the
data points agree to within 257 of the values predicted by
equation (2).
A comparison of equation (2) with data for the three primary
materials with magnesium and aluminum back-ups is shown in
Figure 2. It should be noted that in both figures nearly all of
the data points fall below the curve, and equation (2) represents
very close to an upper limit on hole sizes for the inhibited
jet data. Considerable improvement in the accuracy of pre-
diction can be achieved by determining a new Kp, constant for
only the inhibited jet data. This new value of K, is approxi-
mately 1.5. This lower value of K, for these studies is
primarily a result of the following differences:
a. Properties of the non-metallic materials. The materials
used in the inhibited jet experiments are significantly
different from those used in the ablative experiments, and
b. Material and shape of the projectile. Steel projectiles
with a length to diameter ratio of approximately one were
used to develop equation (2). Density and shape of the
inhibited jet projectiles are significantly different.

Experiments are presently being conducted at NRL to deter-
mine the effect of projectile material on hole size as well as
to damage effects behind the target. Extreme differences in
the shape of the projectile may also require a change in the
exponent of equation (2).

2. Aerothermal Phase

Under this phase ARAP, AVCO and GE have continued
internal heating and structural studies needed to develop the

technology required to assess the potential of thermal kill
during the re-entry of am R/V, which has been damaged by hyper-
velocity impact prior to or during re-entry. Significant progress



has been made in both flight and ground tests of vented models
containing relatively small perforations. The two-flight program,
conducted with the cooperation of the NASA Langley Research

Center, resulted in the successful telemetry of data and the re-
covery of experimental payloads for both flights. Identical models
to the flight models were tested in the GE Malta Rocket Exhaust
Facility. Analysis of the results obtained indicate general
agreement of internal heating patterns from flight and ground
tests. However, several anomalies were disclosed:

a. The internal pressure in the first configuration
(inlet at the stagnation point) was much higher than expected.
For later portions of the flight, the values were greater than
the computed external stagnation pressure.

b. The maximum internal heat flux for the above configura-
tion fell far below theoretical predictions for most of the heat-
ing period of the flight, after agreeing well with theory at
the time of peak heating rate.

c. In configuration two (inlet 60 degrees from the stag-
nation point) severe external heat shield ablation occurred
immediately downstream from the inlet orifice. Only slight
indications of such aggravated heating were present in the Malta
rocket exhaust test of the same configuration.

d. Inlet orifice coefficients required for mass and energy
conservation were on the order of 25 to 50 percent of the value
derived from the Malta test for configuration two. Differences
in external approach flow viscous effects appear to be a possible
cause of this result.

The results of the flight test work have provided general
confirmation of the conceptual models and theoretical analysis
previously derived to predict internal pressure and heat flux
of perforated re-entry vehicle compartments. It is expected
that as additional experimental data become available in the



basic problem areas of orifice flow characteristics, jet
diffusion, and jet impingement heat transfer the anomalies
discussed will yield to rational explamations. Complete details
of the two-flight program are contained in Reference 2.

An internal heat transfer model for test work in the '"coupled
flow" regime (large holes in unvented vehicles) was designed,
built, and tested in the Cornell Aeronautical Laboratory's
Wave Superheater Hypersonic Tunnel. Relatively low internal
fluxes were measured for all orifices tested over a range of
A/Vglafrom .01 to .20. Further testing of the model will be
done at higher pressures at AEDC. Additional orifice flow
experiments are under way at AEDC to determine flow character-
istics of orifices having supersonic tangential approach flow.
Flow rate, jet velocity profiles, and jet direction are being
determined over a Mach number range from 1.5 to 5.0, for various
orifice diameters, wall thicknesses, and orifice pressure ratios.
Two tests will include flows through holes produced by hyper-
velocity impact into an actual ablative structure. Experiments
for providing a comparison of the effects of drilled vs actual
impact perforations in an ablative and metal back-up structure
are scheduled for the GE Malta Rocket Exhaust Facility. The
primary objective of this program is to determine the effect
of relatively large perforations on the thermostructural be-
havior of unvented re-entry vehicle models. Also presented in
Section H are the results from a thermal kill study on the C-1
Advanced Target Model, basic analytical developments in- the
thermal studies, and estimates of structure temperature rise
due to coupled flow heating for determining the failure altitudes
for the C-1 target and for the Mark 3.

A review of the work performed by ARAP is presented in
Section L. These efforts include: a study of vented uncoupled
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flow produced by a hole at the stagnation point plus one or
more holes on the aft poftion of a vehicle; theoretical and ex-
perimental work on coupled flow phenomena; tests for determining
effects of localized heating of composite materials; application
of foam materials for protecting re-entry vehicle interiors
from aerothermal effects; and theoretical and experimental
studies of impinging and wall jets.
3. Vulnerability

Although all vulnerability work has been terminated,
a final report on the vulnerability of nuclear warheads to
aerothermal effects has been submitted and will be briefly
summarized in this section. Distribution of this report has

been made by Picatinny Arsenal to the various organizations
on the HKM distribution list.

This report (listed on the inside back cover) presents
the results of a study at PA on the feasibility of aero-
thermal kill of an incoming nuclear warhead.

Based on estimates previously reported in the aero-
thermal phase of the HKM Program, a solution has been presented
for the response of a nuclear warhead to intense pulses of
thermal energy. The thermal stresses and the forces developed
on the most vulnerable segments of a nuclear warhead have been
calculated and the magnitude of the lethal energy input for a
number of structures has been established. The vulnerability
estimates refer to typical U.S. weapons, and the flight
histories in the study are typical of advanced ICBM's.
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APPENDIX

Brief Review of Information on Foam Materials

By

R.S. Snedeker

This paper is a brief review of information
on existing foam materials. The use of such materials
has been proposed as a possible means for preventing
or inhibiting internal damage to re-entry vehicles by
aerothermal effects.

June 1963

Aeronautical Research Associates of Princeton, Inc.
50 Washington Road, Princeton, New Jersey



1. Introduction.

This brief review has been prepared for the purpose of
providing very general descriptive and technical information
on foam materials. The use of such materials has been
proposed as a possible means of preventing or inhibiting
internal damage of certain reentry vehicles due to aerother-
mal effects which may occur after the skin of such a vehicle
has been punctured in flight. For this application, a light
welght foam material of high thermal stability could be used
to fill all open interior cavities. Assuming that only
slight mechanical damage to the foam occurs at impact, it
1s suggested that critical interior structures may be pro-
tected from the direct effects of the subsequent large
reentry heat fluxes for a sufficiently long period to negate
a possible kill due to such heating. It 1is assumed, of
course, that the physical conditions prevailing would be
such that an aerothermal kill would occur were it not for
the presence of the foam, that is, no other effective
hardening method has been used and the vulnerable regions
of the interior structure are, indeed, exposed to possibly
lethal heating. The information contained herein is indica-
tive of at least some of the materials which might be used
in this way. 1Its primary purpose is to provide background
knowledge for the ultimate determination of the desirability
of further, more detailed studles of the behavior of foams
under severe mechanical and thermal loads. It is not
intended that this information should represent any specific
recommendation of a particular material for this purpose.



2. QGeneral description of foam materilals.

Many new foam materials have been developed in the past
decade. Whlle the emphasis seems to have been in the area
of synthetic organic materials (plastics), some newer foams
and foam-like substances can now be made from ceramics
(fused quartz) as well as graphite and some metals.

The principal organic foams which may have some-value
in the present application are the urethanes, epoxies, sili-
cones, and phenolics. All of these materlals can be fabri-
cated 1n combination with various additives, or fillers, to
enhance specific properties of importance. For example, the
dielectric constant of a given foam may be adjusted by
incorporating sultable amounts of metal powder. When the
basic foam 1is comblned with any variety of such fillers, the
possible range of avallable foams 1s enormous. Indeed,
within limits set only by the basls material, the properties
of foams can be taylored both chemically and through varied
production technlques to satisfy innumerable requirements.

Some of the foam properties and physical qualities which
are of importance to this review are discussed below. Numer-
1cal data on some specific foams are presented in Section 4.

Physical Structure. Foam structure is usually described in
terms of cells and cell walls or membranes. These cells,

which are essentlally bubbles in the basis material, may be
entirely enclosed and isolated from adjacent cells (closed
cell foam), or they may be entirely open and interconnected
(open cell foam). For some foams, at least, it is possible
to regulate the percentage content of open cells, so that any
desired degree of porosity may be obtalned.

While they are not true foams, there are two other
material structures which should be mentioned in this
context. They are the syntactic foams and the spun filament
type materials. Syntactic foams are formed by packing
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together small hollow spheres or other shapes and bonding them
with a suitable adhesive. Although the hollow spheres them-
selves constitute a closed cell system, the spaces between
them may be filled to an undetermined degree with the bonding
substance so that the over-all effect may not be entirely

that of a closed cell foam. The spun filament material is
most familiar as the glass wool used for many insulation
applications. Obviously, this material may be classed as
"open cell,"

- Foaming methods. True foams may be produced in several ways
depending on the materials involved. A gas from an outside
source may be passed through the ligquid ingredients to form
the foam which is then cured either chemically or thermally
so as to maintain its structure. The foamlng process is
sometimes enhanced by means of mechanical agitation or whip-
ping of the mixture. On the other hand, certaln ingredients,
elther liquid or powder, may be added to the basic constitu-
ents which then react chemically to form a gas which in turn
creates the foam. Reactions of such foaming or blowing agents
may be controlled chemically so as to generate a wide variety
of cell structures and material densities. The degree of
temperature dependence of these reactions may be varied so
that the foam will not form untll a certain activation temper-
ature is reached. This technique has been applied, for
instance, to the case of foams formed from a mixture of
powdered ingredients designed to be activated by solar radi-
ant heating. Regardless of the foaming method, much of the
gas initially trapped in closed cells eventually diffuses

out through the cell walls unless the foam's outer surfaces
are sealed to prevent this. Therefore, the gaseous content

of many foams 1s eventually just air under ambient conditions.
Some foams designed for low thermal conductivity can maintain
a substantial amount of their low conductivity gas only if

1-3



they are enclosed in an airtight space.

Most foams are formed simultaneously with the reaction
that creates the basis material itself. For example, a resin
and a curing agent when combined will produce a solid material
if no blowlng agent is used. Some of the properties of foams
which depend only on this basis material, are, therefore,
identical for foamed and solild forms.,

Because of the variety of foaming techniqgues used for
different materials, some foams may be made to foam in place
while others must be made under more carefully controlled
‘conditions and later cut to the desired shape. Amblent pres-
sure conditions during foaming will, of course, have an
effect on the structure of the resulting foam as will the
build up of 1nternal pressure due to physical confinemént of
the expanding material,

Density. A wide range of foam density is possible. Some
foams can be made with densities of less than 2 lb/ft3, where -
as heavier foams can approach the density of the solid materi-
al. Foams of the same denslty can be made to contain many
small cells or only a few large cells in a given volume. In
general, however, the smaller the cells, the greater the
mechanical strength for a given density.

Rigidity. Foam rigidity 1s usually dependent upon the flexi-
bility of the basis material. Ceramics or resins which are
normally hard or brittle yield rigid foams, whereas the
elastomeric substances and some of the other resins can be
made very flexlble. For a given material, the rigidity will
depend on cell size and structure (percentage of closed cells)
and foam density.

Elasticity. A foam's elasticity or ability to return to its
original size and shape when a deforming load is removed,
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need not depend on the elastic quality of the basis material
alone. Some light welght foams with a high percentage of
closed cells in which the cell walls are thin and highly
flexible will regain their original shape as long as the
cell walls are not stressed beyond their elastic limit. In
this sense, of course, most materials have some elasticity.
Foams made from the various rubbery materials will have
elasticity which, again, depends on cell size and structure
and density.

Mechanical strength. Foam strength is usually defined in

terms of the compressive and flexural modulli because these
quantlities are most useful in analyzing foam behavior for
most typical foam applications. Since foams have found their
widest use as insulators against thermal loads or mechanical
shock, where they are applied either as fillers, liners, or
cores of composite structures, their tensile and shearing
strengths have not been investigated very thoroughly. For
some foams, strength properties may depend on the direction
of the applied load since some foaming techniques produce a
highly anisotropic material. As mentioned above, the compres-
sive and flexural strength of foams is usually greater if the
cells are small.

Thermal conductivity. Heat is conducted in foam not only

directly through the solid cell wall and connecting material,
but also across the cells through the gas they contain.
Recently 1t has been possible to develop low thermal conduc-
tivity gases which when used in closed cell foams yield foam
2 _ %p/in,
For comparison, the conductivity of spun glass fiber material
is .26 Btu/hr -rt2 - °F/in. Much work has been done with
foams to achieve low conductivities because of their wide

thermal conductivities as low as .1 Btu/hr - ft

use as insulators. A great deal of data are therefore
available,.
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Specific heat. Because the mass of trapped gas in any foam

is small compared to the mass of basis material, the specific
heats of the foam and the basis material should be almost
identical. The behavior of various foams when subjected to
heating can be quite complex including a combination of
several forms of breakdown depending on the chemical composi-
tion and the heat applied. Because of this, the ability of

a foam to withstand high temperatures is generally stated in
terms of a decomposition energy rather than a heat capacity
or specific heat. Obviously, the concept of a latent heat

of fusion or vaporization is also 1lnappropriate for many such
materials. |

Types of failure. Aside from certaln tests designed td

determine compressive and flexural strength, pertinent infor-
mation on mechanical fallure of foams 1s rather meager.
Recent work in the field of foam filled composite structures
designed to prevent puncture by hypervelocity bodies has

cast some light on the behavior of foams when subjected to
penetration by small particles, but any detailled analysis of
failure pfbcesses under these conditions seems to be lacking.
It seems safe to conclude, however, that a foam subjected to
a localized compressive load due elther to structural impact
or gas flows of high dynamic pressure, will fail when the
local compressive strength of the cells is exceeded. If

the material is falrly brittle, the cells will collapse and
the resulting Sméll particles will either lodge in the
undamaged structure or be blown away. If the material is
elastic, the compression will continue until a tearing action
results in the surface layers of highly compressed cells. It
appears that consideration of tensile strength may be important
in the analysis of this type of failure. Obviously, some
combination of these two mechanisms should result for foams

of intermediate elasticity.
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Thermal fallure depends to a large degree on the chemical
composition of the materlal used. Organic foams exhibit a
variety of breakdown symptoms as the temperature is raised.
These include discoloratioh, softening, deforming, and the
like. At still higher temperatures, the degradation process
can include the initial stages of chemical decomposition and
even combustion, although 1t is possible to introduce materi-
als which cause self extinguishment in such cases. In many
organlc foams, the carbon remaining after total chemical
decompbsition maintains a layer of foamlike structure
equivalent to the char layer formed by sollid ablatives under
simlilar conditions. It appears that such a foam char layer
could extend the foam's usefulness as an absorber of jet
kinetic and thermal energy under HKM conditions.

It 1s 1likely that ceramic and metal foams will soften
and melt at high temperatures and then fail mechanically,
although no specific information on this type of failure
mechanism has come to light at present. Information on the
thermal degradation of refractory materials such as pyrolytic
graphite foam is also lacking.
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3. Use of foam packing as protection against aerothermal
effects.

It will be instructive to review briefly the manner in
which a foam packing may behave when subjected to potential
aerothermal kill conditions. It is first assumed that the
vehicle's skin is punctured by the hyperveloclty impact of a
pellet. 1Initial damage due to the impact 1tself is of some
importance, since the cavity created in the packing may have
a bearing on 1initial aerothermal conditions. The only studies
that have come to light with some relevance to thls problem
are concerned with the hyperveloclity impact resistance of
composite materials, some of which contain foam cores sand-
wiched between metal outer and inner skins. One such study
was conducted by the Goodyear Corp. using both rigid and
flexible urethane foams with densities ranging from about
1 to 6 lb/ft3. Another study of similar structures by the
General Electric Co. consldered elastomeric foams (silicones).
In this latter study, however, all observed 1lmpacts resulted
in denting of the inner wall so conclusions about effects on
the foam core alone must be confined to the region Jjust
inside the outer skin.

Considering the urethane resultsf.it appears that spall
particles from the outer wall as well as fragments of the
pellet create cavities in the foam which may be either
ellipsoidal or cylindrical depending on the degree of pellet
fragmentation occuring on impact. Whilile the size of such
cavities is a function of a number of material variables
and impact conditions, it does appear that the principal
cavity producing mechanism is the vaporization of the foam
due to the heat generated on impact. 1In addition to this

¥While the ensuing discussion 1s based on experience
with urethane foams, it is likely that similar conclusions
will apply for any pure organic foam, i.e. not including
effects of fillers, since all organics tend to decomp8se at
fairly low temperatures (anywhere between 400 and 900°F).
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primary cavity damage, some degree of irregular localized
mechanical penetration damage due to small particles seems to
occur depending again on the materials being used. In some
cases, there is also evidence of failure of the foam-to-skin
bond around the impact hole. Measurements made under a
variety of conditions seem to indicate a nearly linear
relationship between the penetrated foam weight (cavity)

and the foam density for a given type of foam (urethane).

The flexibility or rigidity of the foam does not appear to be
a factor in this relationship. Another mechanism which has
been suggested as a possible contributing factor in foam
failure is the sudden local builld-up of pressure due to the
products of vaporization during charring of the foam.
Although no specific investigation of this problem has been
uncovered, it 1s the opinion df some technologists that there
is 1little likelihood of an appreciable effect of this kind.
Of course under conditions which include high heating rates
as well as impact, no such opinion seems possible since this
also appears to be an unexplored problem.

If it is assumed that a cavity is created in the filler
in the manner just discussed, 1t is apparent that an initial
flow condition in the form of a Jjet through the hole may be
established on reentry. On the other hand, if there were no
cavity, but just a small opening in the skin with the foam
surface nearly flush with it, it 1s concelvable that there
would be more dlfficulty in establishing such a jet. Since
this case represents a very large A/V2 3, progressive forma-
tion of a cavity might take place due to some coupled flow
effect, thus tending to steadlly decrease 1-\/'\72/3 (V here
being the volume of the cavity in the foam). This process
might continue and gradually become governed more by impinge-
ment effects than by coupling. The rate at which these
processes occurred compared to rate of reentry heating build-
up would, of course, ultimately determine the value of foam
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as a hardener. Cavity enlargement under coupled flow condi-
tions would probably be almost entirely due to thermal _
destruction of the foam, whereas under impingement conditions
the mechanical effects of jet dynamic pressure would have to |
be considered. A simple test of a urethane foam under high
enthalpy conditions was conducted by AVCO. In this test a
rocket exhaust was passed parallel to the exposed surfaces

of two foam samples held in contalners set into the test
section wall. With a stagnation enthalpy of 5200 Btu/1b

and a running time of about 3 seconds, the two samples failed
in the followlng manner: one sample had burned out of its
container almost entirely, while the other had a spherical
concave depression burned in the exposed surface. The first
result was apparently 1lnconclusive due to a suspected con-
tainer leak, but the second seems to be indicative of the
gradual cavity formation mentioned earlier.

Returning to the seemingly more realistic situation in
which a cavity is created on impact, the key factor may be
the initial value of A/V2/3 so created. If the cavity 1s
large, then the initial aerothermal condition would be impinge;
ment. If'the cavity is small, a coupling effect would be in
force at first. It is somewhat paradoxical that a foam that
is damaged less on impact gives rise to the higher internal
heating rates assoclated with coupled flows. Of course, it
is quite possible that after a very short time the effects of
two quite different initlal conditions would be equalized due
to the phenomenon just described. No reliable numerical
evaluation of this situation appears to be possible on the
basis of test data avallable at present.

Thermal and mechanical failure mechanisms of various
types of foam have already been discussed briefly. It would
seem that any valid analysis of these processes as applied to
the geometry and environmental conditions being considered is
impossible on the basis of available data. It does seem '
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possible, however, to delineate with some Justification
certaln basic characteristics for a foam which might be of
some value as an anti-aerothermal hardening material. These
characteristics and some of the candldate materials which
have come to light are discussed in the next section.
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4, Possible candidate materials for foam filling.,

The most desirable qualities for a foam to have for the
application in question are low density, high mechanical
strength, and resistance to short term perilods of high heat
flux. Other considerations might include ease of fabrication
or installation, noninflammability, bondability, lsotropicilty,
etc, Obviously, some compromlse must be made among the prin-
cipal qualities listed., The secondary items appear to have
some degree of latitude in their selection for many types of
foam, For the purposes of introducing specific data on certain
foams, the discussion will be limited to foams with densities
below 15 1b/ft,

Organic foams.

Since all organic foams (urethanes, epoxies, silicones,
phenolics, etc.) decompose when heated to temperatures that
are low compared to expected reentry temperatures, the prime
consideration for the present application must be the time
dependence of the degradation process, No specific informa-
tion of this kind is known to us at present. However, some
general idea of relative decomposition energiles for various
materials can be supplied. For organic foams, decomposition
energies fall in the rangé of 500 to 800 Btu/1lb., Presumably
this range caﬁ be adjusted and perhaps even extended for a
particular foam by using filler materials wilth higher specific
heats than the foam. This technique, of course, introduces
a welght penalty since the usual filler materials would un-
doubtedly weigh more than the foam they displaced. A more
promising possibility - from the standpoint of successful
hardening by this method - 1s the case of organic foams which
leave a structurally sound char layer on the exposed surface
after the organic substances have been completely destroyed.
As in the case of solid plastic ablative materials, this char
layer acts to protect the unaffected material below from both
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dynamlic pressure and heating loads, Again no specific data
have been found for foams, but it has been suggested that an
upward extension of the decomposition energy to perhaps
4000 Btu/1b would be realistic. Although this figure is based.
on foams weighing more than 20 1b/ft3, it should not be
substantially different for lighter materials. Specific heats
for organic foams are in the range between .3 and .4 Btu/1b-°F,
Some information on specific organic foams whilch may be
useful in this application with densities below 15 lb/ft3
follows: ‘

Urethane, A self-extingulsing urethane foam manufactured by
the Hooker Chemical Company, Durez Division, Tonawanda,

New York is available, This foam can have densities as low

as 3 lb/f't3 and can be foamed in place, A char structure of
the type already mentioned remains after total destruction of
the material by heating. A hetrofoam polyol, which provides
the self-extinguishing property, and polyphenolisocyanate
(PAPI) are the principal chemical constituents. Fillers can

be used, and the foam will cure at room temperature, Heat
conductivities as low as .1 Btu/hr-ftz—oF/in have been

achieved for urethane foams, but the exact value for the above
foam is not known at present. Urethanes are available in rigid
or flexible forms with a wide range of percentage of open cell
structures., Their degree of structural anisotropy varies with
the foaming method. There are numerous manufacturers of urethane
foams of specialized and nonspecilalized types.

Epoxy. A principal developer and manufacturer of epoxy foams
is the DeBell and Richardson Company, Hazardville, Connecticut,
Epoxy foams have been made by this firm which have densities
down to 2 1b/ft3. These foams are rigld and contain about

90 per cent closed cells, They cannot be foamed in place, but
the carefully controlled manufacturing process results in a
highly isotropic structure, (A foam-in-place epoxy powder is
manufactured, however, by the Emerson and Cuming Corporation,
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Canton, Massachusetts. Thls company also manufactures hollow
epoxy spheres which could be used as a syntactic. These spheres
can have a bulk density as low as 7.5 1b/ft3 and are stable at
temperatures upyto 3500F. _Their compressive strength is

500 psi.) No cohesive char remains after complete vaporization,
which can occur at about SOOOF. It appears that epoxy foams

are of particular value where structural strength is a factor,
Typical mechanical properties for a 5 lb/ft3 epoxy foam are

2700 psi for the flexure modulus and 2100 psi for the compressive
modulus, both at room temperature. Under a compressive load

of 90 psi, the cells of this foam will collapse. A shearing
strength of about 300 psi has been measured for a sample of

foam with a density of 13 lb/ft3. Thermal conductivity values
are .26 and .29 Btu/ft%-hr-CF/in for 5 and 13 1b/ft3 foams,
respectively.

Silicone. These foams are of the elastomeric type, and there-
fore cannot be made rigid. Principal developers and manu-
facturers of commercially available silicone foams are the

Dow Corning Corporation, Midland, Michigan, the General Electric
Company, Waterford, New York, and the Emerson and Cuming Corp~-
oration. Silicone foams can be made with very low densities,
but a structurally useful foam must weigh at least 10 lb/Tt3.
Foaming in place 1is readily achleved using a mixture of either
powdered or liquid ingredients, and the resulting cell

structure is predominently open (about 90%). These foams are
noninflammable and will maintain their structural integrity
under prolonged exposure to temperatures as high as 6500F.
Compressive strength is in the 200 to 300 psi range at room
temperature, with a marked drop-off with increasing temperature.
A thermal conductivity of .3 Btu/ft2—hr-oF/in is typical.
Silicone foam has found some application in combination with
honeycomb and other similar supporting structures as a heat
shield and impact resistant material, but data on char forma-
tion and ablative characteristics for unsupported foam havé

not come to light.
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Phenolic. Phenolic foam is manufactured by the Union Carbide
Plastics Company, New York, New York. This material is formed
from a liquid resin by a process that results in a somewhat
anisotropic product. It is a rigid, open cell, thermoset

type plastic which will retain its dimensional stability

after prolonged periods at temperatures up to 4LOO°F and which
can be foamed in place. Density can be as low as .33 1b/Tt3.
Average structural properties for a 2 lb/f‘t3 phenolic foam
include compressive and flexural strengths of 25 psi, tensile
strength of 20 psi, and a shearing modulus of 400 psi. A

4 lb/ft3 foam exhiblts approximately double these values.

The principal application of this material has been as an
insulating core in a sandwich structure. Thermal conductivity
is a function of density and mean temperature, but usually
falls between .2 and .3 Btu/ft° - hr - °F/in. Although

no quantitative information is availlable on char properties,
it does appear that a cohesive char does remain after the
organic material has been destroyed. The foam 1tself is
self-extinguishing.

Inorganic--foams.

, Two inorganic true foams and one syntactic are available
at densities below 15 lb/ft3. A fused quartz material has
been developed as well as a syntactic consisting of silica
spheres. Decomposition energies for these ceramics are in
the neighborhood of 4000 Btu/1lb, although it seems possible
that values as high as 7000 Btu/lb may be achieved with
further development. A foam of pyrolytic graphite is also
available which can be expected to have a decomposition
energy of about 25,000 Btu/1b. None of these materials can
be foamed in place.

Fused quartz. This foam material is a product of Emerson
and Cuming. It 1s a closed cell foam with a density of
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12 1b/ft3. Short term exposure to temperatures as high as
3OOOOF is possible without melting. Thermal conductivity is
approximately .3 Btu/ft2 - hr - °F/in. On further local
heating beyond the melting point, this foam will vaporize,
but no over-all fracture will occur (presumably because of
its low thermal expansion coefficient).

Silica spheres (syntactic). Another development of Emerson

and Cuming, these micron-sized spheres have a bulk density

of about 11 1b/ft3 and remaln stable at temperatures as high

- as EBOOOF. The density of a composite material consisting

of these spheres plus a bonding agent will, of course, depend

on the density of the latter. Compressive strength of the
spheres alone is about 1000 psi under hydrostatic load condi-
tions, and the thermal conductivity is about .4 Btu/fte—hr-oF/in
at room temperature.

Pyrolitic graphite. This material has been developed recently
by the General Electric Company. The foam has a density of
from 1 to 2 1b/ft3. No mechanical strength of thermodynamic
data are avallable except that 1t maintains structural integri-
ty at 2500°F and that it sublimes at 55000F. Energy absorp-
tion of 25,000 Btu/1lb is sufficient to cause oxidation.
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5. Sources of information on foams.,

In the course of the 1nvestlgation of foam materials
Just described, use has been made of a number of information
sources. The following listing of these sources is not
intended to represent a complete 1list of foam manufacturers,
developers, or literature sources; 1t 1s merely a review
of the sources upon which the present memorandum 1s based.

Published articles and technlcal papers.

1. Technical Data on Plastics, February 1957.
Table of foam properties.

2. Subject Index, Bibliography, and Code Description of
Technical Conference Papers on Plastics, 15 Februafy
1961 - 23 February 1962, Plastics Technical Evaluation
Center, Pilcatinny Arsenal, Dover, New Jersey. Plastic
Report No. 11, June 1962.

Bibllography on foam papers.

3. 8Self-Erecting Flexible Foam Structures for Space Antennas.
V. L. Vaughan, Jr., and E. L. Hoffman. NASA TN D-1610,
1963.

4, Modern Plastics Encyclopedia, 1962.

Table of foam thermal conductivities.

5. Plastics in Orbit. Modern Plastics, February 1962.
Article on applications of plastics including foams.
Some data and references.

6. Environmental Factors in Thermal Conductivity of Plastic
Foams. G. A. Patten and R. E. Skochdopole. Modern
Plastics, July 1962. ‘

Article covering technical factors affecting foam
production. Some data on properties. References.

7. Thermal Conductivity and Structure in Rigid Urethane
Foams. R. H. Harding and B. F. James. Modern Plastics,
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March 1962.
Article on thermal conductivity of foams. Experimental
data and analysis. References.

Urethane Foams for Aerbspaoe Application. H. R. Moore.
Modern Plastics, June 1962.

Article on specialized applications of urethane foams.

Environmental factors discussed. References.

Making Mines Safer. Modern Plastics, August 1962,

Article on unique application of self-extinguishing
foam including data on air permeability.

There are numerous other technical papers covering

chemical formulations and production techniques, but which

have little direct bearing on the present problem.

Company technical memoranda.

l.

High temperature composite structure. Seventh quarterly
progress report. Martin Company Engineering Report No.
12317, April 1962.

Report on development of heat shield material composed

of resin-impregnated ceramic foams.

Improved hypervelocity impact-resistant structures.

R. R. Wallace and E. P. Bruce. General Electric Company,

Missiles Systems Department, Philadelphia, Pennsylvania.
Study of hypervelocity impact on bullt-up structural
materials for reentry vehicles. Discussion of impact
effects plus photographs.

A new system of protection from hypervelocity particles.
B. W. Reynolds and R. H. Emmons. Goodyear Aircraft
Corporation, Akron, Ohio. (Presented at Sixth Hyper-
velocity Impact Symposium, Cleveland, 1963.)

Extensive study of hyperveloclity impact effects on
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built-up wall materials for space vehicles. Experi-
mental results and photographs. References.

Company commercial literature.

1.

Emerson and Cuming, Incorporated, Canton, Massachusetts.
Technical Bulletins on various foam products. Includes
density, strength, and thermal specifications for
urethane, epoxy, silicone, and ceramlc foams of their
manufacture.

Dow Corning Corporation, Midland, Michigan. Technical
Bulletins on silicone foams; both liguid and powder forms.
Data on density, strength, and thermal properties.

General Electric Company, Siiicone Products Department,
Waterford, New York. Technlical data sheets on silicone
rubbers. Mechanical and thermal data for solid material;
no specific information on foamed forms,

Union Carbide Plastics Company, New York, New York.
Technical bulletin on properties and uses of phenolic
foams. Mechanical and thermal data and discussion of
fabricating methods.

Hooker Chemical Company, Durez Division, Tonawanda, New
York. Technical bulletin on self-extinguishing urethane
foams., Mechanical, chemical, and thermal data.

There are several other companies known either to manu-

facture foams or to be engaged in the development of uses

that may have some bearing in the present case. Among those

which have not been contacted directly to date in this regard

are.

Minnesota Mining and Manufacturing Company
Radioplane Division, Northrop Corporation

Narmco Materials Division, Telecomputing Corporation
Hughes Aircraft Company
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Companies which have been contacted or visited are listed
in the next subsection.

Company visits.

Discussions of the applicability of foams as aerothermal
protective materials were held with pefsonnel from several
companies engaged 1ln research on these materials. Much of
the information presented in the foregoing review 1s based
on these discussions. Companies visited and some of their
areas of speclalization are listed as follows:

1. Goodyear Aircraft Corporation (visited by Mr. Gray of
"ARAP). Discussions with Messrs. Reynolds, Baldwin,
Stimler, Pake, Welling, and Romick. Use of foams in
inflatable structures. Bullt-up materials for impact
protection.

2. AVCO (visited by Mr. Gray of ARAP; meeting held at NRL).
Discussions with Messrs.' Lurie and Timmins. Experimental
and developmental work on special applications of ure-
thanes, epoxles, and silicones including study of high
temperature capabilities.,

3. General Electric Company, Silicone Products Department
(visited by Mr. Snedeker of ARAP). Discussilons with
Messrs., Pfeifer, Lampe, and Preston. Research, develop-
ment, and production of silicone rubber materials
including foam.

4, G@General Electric Company,'Missiles Systems Department
(visited by Mr. Snedeker of ARAP). Discussions with
Messrs. Stewart, Shaw, and Shenker. Research and devel-
opment of speclalized foam materials for reentry vehicle
applications including silicones, ceramics, and pyrolytic
graphite. /

5. DeBell and Richardson Company (visited by Mr. Snedeker
of ARAP). Discussions with Messrs. Mead and Schnitzer.
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Research, development, and production of plastics includ-
ing epoxy foams for special applications.
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6. Conclusions.

The principal intents of the present review have been
to provide general background information on foams and to
investigate the current research and development status of
applications having some bearing on the use of foam as an
Interior protective packing material. As a result of the
information gathered to date, 1t appears that little if any
research 1s now under way with this specific application in
mind. No data on combined thermal and dynamic pressure
loading of such materials has been uncovered, although the
- Martin work on heat shields represents a simllar loading
condition with a different geometry. Data on mechanical
propertles of foams under varyling pressure environments as
well as ailr flow data are also lacking except for rather
sketchy information on certain commercial and industrial
applications (air filter elements, etc.). It is evident,
therefore, that any further study of the possible value of
foams for the application being considered will require more
detailed experimental investigations under conditions more
closely approximating those of an aerothermal kill,
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SUMMARY (U)

(C) Investigations of damage to composite targets resulting from
hypervelocity impact is continuing at the Firestone Tire and Rubber Co.
Three additional phases of the study have been completed with one
observation per condition. All targets were impacted with the same
aluminum projectile used in Phases I and II (3.2 grams at a velocity of
9.2 km/sec). The tests were conducted at both 30 degree and 90 degree
angles of attack. The target hole dimensions are used as a basis for
evaluating the effects of attack angle and thickness combinatiens of
face-plates and back-up plates.

(C) 1Initial design work on the scale 2 inhibited-jet charge has been
completed. This design will provide damage data for impacts of a 25
gram aluminum pellet with a velocity of 9.2 km/sec (1 x 106 joules).
The pellet aspect ratio of 3.5 to 1 is the same as that obtained with
the Scale I design.

(U) Thin metallic plate perforation studies are continuing at the

Bureau of Mines. The data for impacts in the 2.0 to 5.0 km/sec velocity
range were summerized in a previous report. Certain concepts, based

upon these experiments, were established and the applicability of these
concepts to higher impact velocities are being determined. The results

of preliminary experiments with the 3.2 gram aluminum pellet at a velocity
of 9.2 km/sec are compared with the earlier results obtained with
projectiles in the lower velocity range.

COMPOSITE TARGETS (U)

(C) 1In Phase III of the composite target program, the four one-inch
primary targets, glass, fiberglass, phenolic nylon, and polyethylene, -
each with three different 1/8 inch back-up-2024T-3 aluminum, AZ 31BH-24
magnesium, and 4130 steel were impacted by the 3.2 gram aluminum pellet
with a velocity of 9.2 km/sec (135 x 10° joules). The firings were
conducted at a 30 degree impact angle (60 degree obliquity) to provide
a direct comparison with the results of the 90° angle of attack Tirings
in Phases I and II.

(C) Por Phase IV of the test series, the composite targets consisted

of two inches of the primary material bhacked by 1/8 inch of the secondary
target. In Phase V, one~inch primary targets were backed with l/h inch
secondary targets, with the glass target omitted. All targets were
impacted at normal incidence with the 3.2 gram aluminum pellet at a
velocity of 9.2 km/sec.

(C) The results of Phases III, IV and V tects are given in Table I

which lists the "throat" or minimum hole diameter in primary target and
the dimensions of the hole produced in the back-up material. Photographs
depicting the degree of damage to both the primary and back-up targets

are shown in Figures 1 through 28. 1Included in the photographs are the
two 1/4 inch aluminum witness targets that were in close contact with each
other and positioned 12 inches from the rear surface of the main target.



Individual shots can be identified by the serial numbers shown in the
photographs.

(C) Since the present results are limited to a single observation for
each condition, only a preliminary analysis of target damage can be
accomplished at this time. A more detailed analysis will be made when-
additional impact data is obtained and when correlation of the damage
with shock attenuation and pulse shape measurements are completed. These
measurements are presently being made at the Bureau of Mines.

PRIMARY TARGET DAMAGE (U)

(C) The results of the 30 degree angle of attack firings indicated

that the "throat" hole dimensions produced in the fiberglass and nylon-
laminate materials are similar to:rgéults obtained from targets of equal
thickness attacked at 90 degrees (Phase II tests). The hole sizes
produced in the polythylene targets appear to o ludependent of either
the thickness of primary or secondary targets and angle of attack.

(C) The 90° attack angle results indicate that for the fiberglass and
nylon targets the size of the holes produced increased with decreased
target thickness for same back-up thickness. For the same primary target
thickness the hole sizes did not vary appreciably with varying back-up
thickness or material. The behavior of the polyethylene targets again
was the same as described for the obliquity tests. The reaction of
polyethylene, particularly at high stress levels, will vary quite
drastically with temperature.

BACK-UP TARGET DAMAGE (U)

(C) The size of holes produced-in the back-up materials for the various
target combinations show the following features that are worthy of
consideration; (a) for the 30 degree attack firings, the hole dimensions
again are similar to results obtained from back-up plates in combinations
of equal thickness; (b) the effect of rolling direction on the non-circular
shaped holes appears to be more pronounced in some instances at the 30
degree angle of attack; (c) the size of the holes produced in the three
back~-up materials for the normal incidence firings 1s seen to increase
with decreased plate thickness. This condition is more evident for
primary target thicknesses of one inch.

(C) ‘'Uhe largest holes were produced in the 1/8 inch aluminum back-ups

and the smallest in the 1/4 inch steel back-ups. The hole sizes, produced
in the 1/8 inch steel, however, 'were larger than those produced in the
same thickness of magnesium. The composite target studies will continue
with firings against a specific target arrangement at a 10 degree attack
angle. Also, the targets used in phases II, IV and V will be impacted
with a 25 gram aluminum pellet (aspect ratio of 3.5 to 1) at a velocity
of 9.2 km/sec.

(U) Final design work on the scale 2 projector have been completed.



THIN PLATE STUDIES (U)

(U) Research on impact damage to three different thickness of the same
back-up materials used in the composite target studies was continued

using the scale I inhibited-Jjet projector (3.2 gram aluminum pellet at
9.2 km/sec). The target thicknesses were 1/8 inch, 1/2 inch, and 2 inches.
Firings were conducted to determine the spatial distributions of spall
numbers and masses as well as the relationship between various parameters
and spall particle size. The target perforation diameters and exit spall
diameters for the three target thicknesses are plotted in Figure 29. 'I'he
results are qualitatively similar to those obtained from the 5.0 km/sec
projectile. TFor both projectile velocities, the spall diameters become
increasingly more distinct from the perforation diameters as target thick-
ness increases. Also for a given target thickness, the same correlation
exists between the diameter of either the perforation or the spall and
some strength characteristics of the target material. Magnesium targets
produced the largest diameters and steel targets the smallest diameter.

(U) The radial distribution of spall particles for the 2-inch thick
magnesium and aluminum targets are shown in Figures 30 and 31. The
normalized distribution of spall numbers and a similar distribution for
mass numbers are shown. The 2-inch steel target was not perforated.
Although a spall was produced, the particles were too large and too few
in number to be analyzed for radial distribution. The distributions are
compared with data obtained with 3.2 and 4.0 km/sec projectile impacts
into aluminum targets. The present data appear to be distributed in a
manner similar to that previously observed.

(U) The distribution of spall numbers and spall masses obtained using
depth of penetration measurements into fiberboard witness material for
the three aluminum targets are shown in Figures 32 and 33. Data for
magnesium targets are plotted in Figure 34 and 35.

(U) Several features that apply to both the aluminum and magnesium data
are worthy of consideration; (a) the curves are maximum at the one-half
inch penetration level and decrease monotonically with increasing
penetration depth into the fiberboard witness target; (b) the distribution
of numbers and masses of spall particles is found to be a function of
target thickness. The percentage of the total spall numbers :or mass
captured by the first one-half inch thick sheet of fiberboard witness
material is maximum for impacts into the thinnest metal targets; the
percentage decreases with increasing target thickness; (c) the spall
particle size i1s seen to increase with depth of penetration. This is
evident when one compares a particular number distribution curve with its
corresponding mass distribution curve. For impacts into 1/8-in. aluminum
targets, 95% of the total number of particles are represented by only T2%
of the total mass at the first penetration level, 4% of the total number
contain 21% of the total mass at the second penetration level, and 1% of
the total number contain 6% of the total mass at the third penetration
level. ©Similar comparisons are noted for the other impacts.
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PROBLEM STATUS

This is an Annual Technical Progress Report.
Work on this Project is continuing.

AUTHORIZATION
NRL Problem 62 F04-11B
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SUMMARY

In this reporting period emphasis was placed on the
perforation characteristics of different types of ablative
materials. The targets were flat ablative plates bonded
to metal plates for simulation of R/V outer construction.
The ablation materials impacted were laminated and random-
chopped phenolic refrasil and nylon and G.E. Series 124A.
The thickness varied from 2-inch to 0.5-inch. The majority
of the materials used in these impact experiments were
one-inch thick. For the phenolics the back-up materials
were steel, aluminum and magnesium varying in thickness
from 1/8-inch to 1/4-inch. For the G.E., Series 124A
the back-up was a one-inch aluminum honeycomb. The
projectiles were solid steel, aluminum and plastic spheres.
The tests were made primarily with steel spheres. The
projectile velocity ranged from 3 to 7 km/sec and angles
of obliquity from 90° (normal impact) to 15°. Correlations
of the hole size with target thickness and composition,
projectile energy, velocity, size and density were ex-
amined for each of the composite targets. Some com-
parisons are made between impacts into an actual ablative
structure and the simulated flat plate targets. Photo-
graphs of all impacted targets discussed in the text are
shown in the Appendix. A"briéf description is given of
a solid sabot and stripping device which was developed
during this period for higher velocity impacts. Also
included as a separate topic are data and discussion on
steel into steel impacts. These data were gathered
from materials used as targets in firings in the develop-
ment of a sabot for firing dense projectiles.
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INTRODUCTION

The object of this work is to determine the impact
results on ablative materials and re-entry vehicle structures
from hypervelocity impact with compact projectiles of various
densities. Analytical means will be used to explain the ex-
perimental results and to correlate significant parameters
so that accurate and reliable impact predictions can be made.
Relationships will be established for penetration, minimum
perforation and complete perforation of the various composite
materials used in missile structures. The majority of the
impact experiments are accomplished using targets which
closely approximate the outside structure of actual vehicles.
A limited number of impacts are made into actual vehicle
sections.

PROGRESS

In this report year emphasis has been on the perforation
characteristics of ablative materials. These targets were
ablative plates bonded to a metal plate to simulate the R/V
outer structure. The projectiles were primarily steel
spheres with some aluminum and plastic. The projectile vel-
ocity ranged from 3 to 7 km/sec and angles of obliquity from
90° (normal impacts) to 15°. The ablative thickness varied
from 2-inch to 0.5-inch with 1l-inch thickness making up the
majority of the materials used in the impact experiments.

The tolerance on the ablative thickness was 1/32-inch. The
metal back-ups were steel, aluminum and magnesium varying
in thickness from 1/8-inch to 1/4-inch.

Table I is a list of new measurements of previously
reported data obtained from experiments completed prior to
this year. The measurements are listed with the round
numbers in order to provide identification of the impact data
previously reported. Table II is a list of all targets im-
pacted during this reporting period with the impact conditions
and the data obtained. The targets listed in Table II are
in the following general order: phenolic refrasil, phenolic
nylon, GE 124A and R/V's. For the two phenolic materials the
laminated type is listed first and the random-chopped molded
variety is listed second. For the same ablative material and
projectile size the experiments are reported in the order of
increasing velocity. The perforation areas reported in both
Tables I and II were obtained by tracing the outline of the
minimum hole size in the ablative and measuring the enclosed
area with a polar planimeter. An equivalent diameter for a
circular hote, Dy, was then calculated from this measurement.
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In Appendix A, photographs of each target are shown
with the witness plates. The photographs for each target
are listed separately in the Appendix and appear in the
same order as in Table II. Ablative material properties
are shown in Table III.

Graphical correlations are shown in Figures 1,2,3,4
for the phenolic refrasil and nylon and the 124A material.
The correlations are the best that have been obtained
so far. Attempts to fit a curve to these data were not
satisfactory due to a lack of higher energy and higher
velocity data and to the large scatter in the lower regions.
The plots indicate that for the phenolic materials the hole
size trend is not increasing at the same rate above energy/
thickness ratios of 10 to 15 kilojoules per cm as it is
below these values. The experiments that are planned in
the next few months will provide additional data and it is
felt that a curve can then be fitted to the data. 1In
order to see how the data compare to previously reported
results an expression given in Reference 1 is plotted on
the same graph.

The impact experiments that were planned for the last
quarter of this report year were postponed because of
sabot development necessary for these experiments and for
support of the large projectile mass experiments using
the 8.2" - 2.5" light-gas gun.

PHENOLIC REFRASIL

The laminated and random-chopped refrasil phenolic
materials that were impacted this year are listed in
Table II along with the impact results obtained. The
ablative thickness varied from 0.5-inch to 2-inches and
the thickness of the steel and aluminum back-ups (when
used) varied from 0.125-inch to 0.25-inch. The pro-
jectiles were primarily steel, with some aluminum and
plastic (zelux), spheres and cylinders. All projectiles
except the plastic were saboted. Impact angles were
varied from 90° (normal impact) to 15°. Projectile
velocities covered a range from approximately 3 to
7 km/sec; masses from 1 to 15 gm. This corresponds to
a range of impact energies from 10 to 350 kilojoules.
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Figure I is a graph of the equivalent hole diameter
Dy in the ablative vs impact energy per unit of ablative
thickness for all the phenolic refrasil data that has been
obtained at NRL for the cases where at least perforation of
the ablative has occurred. The laminated and random-chopped
molded types are designated by triangles (4) and circles (0)
respectively. Although there is considerable scatter in the
data, a large number of impact conditions are covered. Note
that in some cases the back-up was not perforated and in
other instances the hole in the metallic back-up material was
not as large as the hole in the ablative material.

Consistent differences in the perforation diameters for
the laminated and random-chopped squares ablatives are not
apparent, however, there does appear to be some difference
in the front spall characteristics in the two types of
materials. As shown in the photographs of the Appendix
(see, for example, round numbers 4-865 and 4-866)the front
spall area in the laminated material is not much larger than
the perforation area. The spall cavity in the random-chopped
type is shaped differently and has a larger area than the
perforation.

In the impact experiments with the phenolic refrasil
material the back-ups usually came off the back of the
ablative during the impact. The material was procured with-
out back-ups and the bonding was made in-house. Two methods
were used: (1) a thin layer of glue was put between the
ablative and the metal and allowed to set overnight, with
weights to provide sufficient pressure to keep the two in
contact and (2) an epoxy bond with the ablative and metal
plate pressed together under heat. When the metal plate
came off during impact it pulled a very thin layer of
ablative material with it. The phenolic nylon and 124A
materials were procured with the back-ups already bonded to
the ablative. The bonding was 1/16-inch thick rubbery-type
for the phenolic nylon and 1/8-~inch thick felt-type bond
for the 124A. The back-ups for these latter two materials
did not come off as a result of impact.

The steel and aluminum back-ups used with the phenolic
refrasil always petalled when perforation of the metal oc-
curred. . A typical bulging and stretching of the metal
around the perforation that occurs prior to separating into
petals is shown by round number 1-1-65 where perforation
of the back-up did not occur.
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PHENOLIC NYLON

The impacted laminated and random-chopped phenolic nylon
materials are listed in Table II along with the impact
conditions and results. The back-up thickness was 0.25-
inch and the material was aluminum for the laminated nylon
and magnesium for the random-chopped type ablative. The
1 to 2 gm steel spheres impacted at 90° with velocities
from 3 to 5 Km/sec.

A correlation of the equivalent perforation diameter
in the ablative vs energy per unit thickness of the ablative
for all of the phenolic nylon data is shown in Figure 2.
Also shown in this figure are several impacts into R/V
structures. On the basis of this correlation these impacts
are in approximate agreement with the impact results from
the regular flat-plate target configuration. Analysis of
this impact data has been particularly difficult due to the
erratic results obtained. Whether this is due to different
characteristics in the material coming from different batches
or borderline transitions that occur at certain critical
velocities is uncertain. Results for round numbers 4-851
and 4-852 shown in the Appendix are an example of this in-
consistency. The projectiles in this case were 0.25-inch
diameter, ~ 1gm steel spheres impacting at 90° with a-velocity
of 4.75 km/sec. As shown in the photographs (see Table II
for actual measurements) the perforation diameters for the
two impacts are considerably different although the front
spall and hole in the magnesium back-up are approximately
the same. Although other correlations, and modifications
to the one used here have been tried, none have been as
successful,

Within the energy range of this data a difference has
been observed between the type of spall cavity formed in
the laminated phenolic nylon as compared to the random-
chopped type. The depth of the spall cavity in the
random-chopped molded material varies in a gradually in-
creasing amount from the outside edge of the spall cavity
toward the center of the perforation. The depth of the
cavity remaining in the laminated type is nearly constant
from the outside edge of the cavity toward the center
where the perforation is located. An example of this can be
seen in the Appendix by comparing round number 4-871 and 4-867.
The spall characteristics for the random-chopped phenolic re-
frasil and nylon are very similar. The laminated types of
these two materials have different spall cavities. An
example of this can be seen in the Appendix by comparing
round number 4-865 and 4-871.
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For lower energy impacts into the random-chopped
material, large pieces of the front spall are often re-
covered after impact and can be placed back into the spall
cavity. An example of this is shown in Figure 5 for
round numbers 4-851 and 4-852. The small hole where the
projectile entered the material is clearly discernible.

The shock waves resulting from these impacts were not strong
enough to disintegrate the material but were intense enough
to fracture the material around the perforation and loosen
large pieces of spall. '

The majority of the impact experiments with phenolic
nylon and refrasil were made with targets of 1l-inch thick
ablative with 1/4-inch metal back-up. For the cases of
complete perforation the hole in the metal back-up was
as large or larger than the perforation in the ablative. An
inconsistent result can be seen in Appendix A for round
number 4-889. 1In this case the ablative material was 1/2-inch
thick and the aluminum back-up was a 1/4-inch thick. As can
be seen from Table II the diameter of the perforation in the
back-up is only about 1/2 the diameter of the ablative hole.
Comparing this result to other similar impact conditioms,
e.g. round number 4-871, where the ablative thickness is
i-inch shows that the hole in the back-up is larger than in
the ablative. Whether the result shown by round number 4-889
is due to the physical difference in the thickness of the
ablative or a ratio between the ablative to back-up thickness
is not certain.

The aluminum back-up used with the phenolic nylon always
petalled when perforation occurred whereas the magnesium always
broke off in fragments.

GE SERIES 124A

A summary of the impacts into the 124A material with
nylon and steel spheres is shown in Table II. The 0.25-
inch diameter saboted nylon spheres (0.156gm) impacting at
90° did not perforate the composite target for velocities
up to 6.58 km/sec (rounds 5-~3-60 to 5-3-67). The 7/16-inch
ablative material was perforated at a velocity of about
4.6 km/sec (see round number 5-3-64). The ''projectile' was
visible in the bottom of the crater after impact in round
numbers 5-3-60, 61, 62 and after removal (round number
5-3-62) the weight of the nylon sphere was about the same
as before impact.
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It could be seen from visual inspection that part of the
"projectile'" was composed of ablative material fuzed to
the nylon. Although the nylon sphere did not perforate
the entire back-up, the associated impact in rounds
5-3-66 and 67 did loosen the last aluminum plate in the
honeycomb sandwich from the honeycomb for more than half
the contact surface.

Comparison of the equivalent hole diameter in the
ablative vs impact energy is shown in Figure 3 for all the
steel sphere impacts. The results show that the impact
effects for this material are more dependent on the impact
angle than are the phenolic materials. For those materials,
with the data obtained so far, the angle of impact did not
make a large difference in the equivalent diameter of the
perforation, provided the energies were above the minimum
perforation value. In the 124A material both minimum per-
foration and hole diameter are dependent on the angle of
impact. As can be seen in Figure 3 the 15° impact hole
size compares favorably with the 90°. The 30°, 45° and
60° hole sizes are all larger than the 90°. It is interesting
that the ablative material hole sizes for 15° and 90° do
compare fairly well on an energy basis although the 15° im-
pacts did not perforate the entire target. Figure 4 is a
comparison of the equivalent hole diameter in the ablative
material vs impact velocity for 90° impacts with 0.25-inch
steél and nylon spheres. Round numbers 1-2-9 to 1-2-18
were impacts of this material with 0.25-inch steel spheres
at velocities from 3.86 to 5.57 km/sec. The steel spheres
completely perforated the target at all of the velocities
in this range.

IMPACTS OF MISSILE SECTIONS AND COMPONENTS

Impact data on components of actual R/Vs are needed for
two reasons: (1) To determine the damage to one of these
components from an actual impact and (2) To be sure that
the target configurations (sample sections approximating the
actual vehicle skin) used in the impact studies are pro-
ducing the same results as full scale vehicle impacts.

Round numbers 1-1-28, 1-1-31, 4-745 and CBA-1 listed in
Table II are impact experiments on actual components where
complete perforation occurred. A photograph of the impacted
cylinder and flare of an early Mark IV R/V, that was used in
Round Number CBA 1, is shown in Figure 6. The projectile
was Lexan cylinder and weighed 253 gms. before launching.

BV



The projectile impacted with a velocity of 5.6 km/sec.
The impact angle was 20° from the cylinder surface. The
point of impact was just forward of the 7/8" by 3/4"
steel flange shown in Figure 6.

Although none of the ablative and back-up structures
of the sample targets correspond exactly to that of the
vehicle, the resulting hole size based on damage to the
back-up material compares favorably with the E%T cor-
relation. It should be noted that extensive cracking
and delamination occurred to both the ablative and metal
structure of the R/V. A more complete discussion on
structural damage produced during this experiment will
appear in a forthcoming report on damage by large mass
fragments by C.D. Porter.

WITNESS PLATES

For most of the experiments reported during this past
year, a soft aluminum (1100F) witness-plate stack was
spaced about 10-inches behind and parallel with the target
(see Figure 7). This witness-plate stack was made up of
a series of 1/8-inch, 1/4-inch, or 1/2-inch plates with
zero spacing. For oblique impacts, an additional stack
was placed perpendicular to the target. The purpose of
the witness plate was to obtain an estimate of the
severity of the damage caused by the spall emanating from
the rear of the target after impact. From this information
the expected damage to intermal components of an R/V after
an impact on the outer surface can be approximated.
Initially it was planned to count the number of per=-
forations in each one of the plates making up the witness-
plate stack and to report this information. However, in
most of the firings the force of the blast coming from
the rear of the target mashed or welded the plates to-
gether making it very difficult to separate them. In
the Appendix is shown a photograph of the first witness
plate of the stack for each experiment where a witness
plate was used. Included in the caption of each picture
is the total number and thickness of the plates, the
distance of the first plate from the target, and the
depth of the deepest penetration measured normally from
the surface of the first plate.
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SABOT DEVELOPMENT

In order to simulate in the laboratory the impact
conditions that would exist during a fragment encounter
with an R/V it is necessary to accelerate dense projectiles
to velocities between 5 and 10 km/sec. Current interest
is primarily in high-mass projectiles of steel and uranium.
Initial attempts toward improving the design of split sabots
utilizing stronger materials failed because -&he severe
stresses imposed on the sabot during acceleration usually
resulted in the projectile breaking through the rear of
the sabot permitting the driver gases to escape resulting
in a lower projectile velocity than expected. All pro-
jectiles used in the impact experiments reported in the
tables were made with split sabots.

An improvement in saboting technique for dense pro-
jectiles at higher velocities was accomplished with a
solid sabot which is separated from the projectile after
it reaches maximum velocity. Of the various designs and
-materials used for solid sabots the best results were
attained with a composite type of fibreglas and plastic.
Figure 8 is a dimensional drawing of this type of sabot
used in a 30-caliber launch tube. The outer cylindrical
cup is Zelux and the inner core is Scotch Ply*, Type 1002
Crossply, which is a glass-reinforced epoxy resin. The
glass fibers are oriented perpendicular to the longitudinal
axis of the sabot. The dimensions have been scaled for
successful firings in larger diameter launch tubes ( up
to 2.5-inch I.D.). The calculations for determining the
maximum acceleration loading to which a given sabot and
projectile combination can be subjected, without break-
up of the sabot, .were based on a simple shear-out cal-
culation, using the shear strength of the sabot material,
thickness of material under the projectile and the pro-
jectile diameter and mass. The expected values of maximum
acceleration were provided by the NRL-Narec light-gas
gun computer program.

The use of a solid sabot required that a means be found

for separating the sabot from the projectile after ac-
celerating and removing the sabot from the trajectory. A

* Trade name for this product made by the Minnesota Mining
and Manufacturing Company.
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sabot stripping device consisting of a series of thin,
spaced plates with drilled holes attached directly to the
muzzle end of the launch tube was successfully tested.for
use with a 30-calibre launch tube. The 1/16-inch 1100F
aluminum plates were spaced 1/2-inch apart with the first
plate 1/8-inch from the muzzle. After further development
the stripper, as currently used, consists of only two
copper plates. The dimensions of the plates, holes and
spacers have been scaled successfully for use with larger
diameter launch tubes. The distance of the first stripper
plate from the muzzle has been held to no greater than
half the length of the sabot in order to insure that the
projectile will be separated from the sabot while the
launch tube is still guiding the sabot. With this arrange-
ment, accurate trajectory will result. This stripping
device has operated successfully for most of the firings.
Figures 10 to 12 are a series of flash x-ray pictures
taken from firing records which show the sequence of events
that take place. Figure 10 is a picture of a solid sabot
and steel sphere, several inches after leaving the muzzle,
when a stripper was not used. The photographs shown in
Figure 11 are taken at the same position after launch,

as in Figure 10, when the stripper was used to separate
the steel sphere from the same type of sabot. In the first
picture a single copper plate was used and in the second
picture two copper plates were used. In both cases the
steel sphere was out of the field of view but is shown in
another experiment in Figure 12. 1In this photograph a
larger field of view is covered than in Figure 11, and
both the steel sphere and the debris from the stripper
can be seen.

Modifications to the sabot and sabot stripper are
continually being made. It is expected that during
the next year the hypervelocity impact data, from 6 to
9 km/sec using solid spheres of steel and uranium will be
obtained.



SPACED STEEL PLATES

This section deals with impacts of steel spheres into
structures of specifically spaced steel plates, and these
data were obtained from targets and firings used in the
sabot development program. Targets were SAE 1020 or SAE
4340 steel. (Two impacts were also made into thick block
targets of 1020 steel). The masses of the projectiles
ranged from 1.05 to 100 grams, and impact velocities
ranged from 6.26 km/sec to 4. 48 km/sec. All impacts were
at 90° to the surface of the target. Table IV shows the
parameters and results of the experiments.

Phenomenologically, hypervelocity impact damage may be
divided into two categories: thin plate and semi-infinite
or thick plate. The former condition exists when the ratio
of the plate thickness (t) to the projectile diameter (d)
is much less than one. The critical ratio for this condition
to commence is dependent on the plate and sphere materials
involved, and impact velocity. The semi-infinite condition
exists when the specimen is large enough to prevent dis-
turbance of the crater by reflected waves from free
boundaries. A third, transitional category showing some
characteristics of the other two categories also exists.,
The different impact conditions are 111ustrated in
Figure 13.

The most realistic case from the viewpoint of pro-
tecting vulnerable missile components from a hypervelocity
kill is the thin plate condition (Figure 13a). 1In this
impact situation the intense initial shock is modified not
only by lateral rarefactions but by the release wave re-
flecting from the rear of the plate. The impact phenomena
can be described in terms of compressible, inviscid,
hydrodynamlc flow, and material mechanical propertles are
not of prime 1mportance For a specific impact (known
projectile and target and impact velocity) the resulting
hole will decrease and should approach the diameter of
the projectile as the thickness of the plate approaches
zero. Figure 14 illustrates this type of impact.

The transitional impact category (Figure 13b) exhibits
the characteristics of both thin plate (Figure 13a) and
thick target (Figure 13c) impacts. Although the target is
perforated, the hole is not as clearly defined as in the
thin plate, lateral flow of the target material is evident
as ‘ig spalling of the front and rear surfaces. Figure 15
is an example of this type of impact.

B1l1l



The thick target case is merely an extension of the
transitional impact category. The specimen’'s dimensions,
however, are large enough to prevent crater distortion by
reflected stress waves. Extensive discussion of thick
target cratering can be found in the literature.

Measurements were made of hole dimensions in each plate
of the structures under investigation. Depth of penetration,
and crater diameter and volume in thick targets were also
measured (Table 4). The ratios of minimum hole diameter to
sphere diameter (Dh/d) where Dy, is the hole diameter in the

initial plate are included. Although limited data are
presented, initial plate hole size may be predicted for an
impact situation from the hole of another impact provided the
materials are t