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Material Phase Transformation Effects
upon Performance of Spaced Bumper Systems
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The response of thin metal sheets to impacts by spheres of like materials in the entire velocity range to
7.2 km/sec is considered. Regimes of impact are observed characterized first by the projectile remaining
intact, thence to projectile shatter, to melting of sphere and plate, and finally to vaporization of the materials.
The thickness of witness plate material required to defeat the forward moving debris created by the thin plate
impact is shown to depend on the physical state of the debris material. An analysis based upon planar shock
wave theory is shown to accurately predict critical points on the ballistic limit curve associated with both
incipient and complete melting and vaporization of the projectile and target materials.

Nomenclature

A, y = coefficient and exponent for Murnaghan equation
EH,PH, VH = Hugoniot energy, pressure, volume
EQ,VQ = normal energy, volume
z = zth state or point
P* = maximum shock pressure
s = spacing, cm
S = entropy, cal/°K
*i» *2 = thickness, cm
T = absolute temperature, °K
up = particle velocity in projectile, cm/ju,sec
UT = particle velocity in target, cm//xsec
V* = minimum volume
Vf = final volume, cm3/g
VQ, v = impact velocity, km/sec
F = Griineisen parameter

Introduction and Background

AS early as 1947, Whipple1 suggested that the most
./^efficient method of defeating the penetrating power of a
meteorite into the surface of a space vehicle is to provide the
surface with a bumper. In his book published in 1958,
Whipple2 discusses the bumper concept in some detail,
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suggesting that over-all hull weight might be dramatically
reduced by using the bumper concept.

Researchers since 1958 have developed the space bumper
concept and have sought theoretical models which would
explain the reason the bumper was effective and predict
results of real impacts in space. In 1964 Maiden and
McMillan3 described the failure modes of bumper configura-
tions at low and high velocity and suggested a one-dimensional
analysis that would aid a space craft designer to estimate the
bumper parameter values he would need in the construction of
his vehicle.

In 1970, Swift and Hopkins4 reported the effects of bumper
materials upon the performance of two-component hyper-
velocity impact shields. They noted that most bumper
materials performed equally well on a weight-per-unit-area
basis, i.e., bumper areal density was the only factor controlling
shield performance. This rule held exactly when one-dimen-
sional shock wave analysis indicated that the projectiles
(aluminum spheres) were melted by the primary shock wave
and the bumper material also melted. Small deviations from
the areal density rule were observed when the projectile
melted, but the bumper material was neither vaporized nor
shattered but left in the solid state. Shield performance
degraded dramatically when the shock impedance of the
bumper materials was insufficient to generate shock waves in
the projectile strong enough to melt the projectile material—
thus leaving the projectile material shattered but in the solid
state. The authors hypothesized that the critical shock
impedance of the bumper material needed to assure validity of
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the areal density rule is dependent upon projectile impact
velocity. This dependence involves the generation of shock
waves in the projectile of sufficient intensity to assure material
melting.

Nysmith5 very excellently described the type of damage to
the hull plate by the debris from the bumper impact, and dis-
cussed the physical processes by which the hull plate fails.
He pointed out that a ballistic limit curve of the hull plate may
have several peaks depending on the state of the material in
the debris cloud and the distance separating the bumper and
hull plate.

Experimental Design and Results

The experiment described below was devised to learn more
about the role of shock heating in determining the performance
of two-element hypervelocity impact shields. Specifically, the
hypothesis of Swift and Hopkins concerning projectile
melting is investigated, and its more general validity is
examined by applying it to a situation involving projectile
vaporization. The geometry shown in Fig. 1 is used to
examine the damage on the hull plate behind a bumper as a
function of impact velocity. The spacing s was held constant
at 5.08 cm; the projectile diameter d was 3.17 mm, and
bumper thickness ti was held constant at 0.787 mm.

In this series of tests the second, or hull, plate was used as the
indicator in all cases. The hull plate, type 6061-T6 alu-
minum, was varied in thickness at a given velocity to deter-
mine a ballistic limit thickness. The ballistic limit was defined
as a line between puncture and nonpuncture. Several
criteria were used to determine when puncture had been
achieved if the hole was not obvious: one was that no dye
penetrant would show on the reverse side; another was that
no gas should leak through the plate. In general, the gas
leak criterion was used on questionable penetrations.

Two materials were used for the impacting projectile and the
bumper plate. In the first case, 3.17-mm aluminum spheres
were impacted against 0.787-mm-thick 6061-T6 aluminum
plates. In the second case, 3.17-mm cadmium spheres
impacted 0.787-mm-thick cadmium plates. Aluminum was
chosen for the experiment because, in addition to being a com-
mon structural material, it has been carefully studied and its
hydrodynamic properties are well known. The cadmium was
chosen for comparison because the energies required for
melting and vaporization are small compared to other struc-
tural metals.

Figure 2 shows the experimental results. The solid line
represents the best estimate of the ballistic limit for aluminum,
the dashed line for cadmium. The data was subject to some
scatter because of the statistical nature of the debris material.
The points marked by arrows are from the theory discussed
later. Figures 3 and 4 are photographs of typical damage to
the hull plate at the velocities shown. Figure 3 shows damage
behind an aluminum bumper, Fig. 4 behind a cadmium
bumper.

Each curve in Fig. 2 has an additional peak at velocities
above the traditional peak normally ascribed to material
shatter. To effectively describe the types of damage seen in
the photographs of Fig. 3 and Fig. 4, it is convenient to draw a

Fig. 1 Experimental configura-
tion showing the projectile, bumper,

and witness plate positions. O
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Fig. 2 Ballistic limit curves; t2 is the thickness of the witness plate.
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Fig. 3 Witness plates for the aluminum impact case, showing the
changing debris character and pattern.
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Fig. 4 Witness plates for the cadmium impact case, showing
changing debris character and pattern.
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Fig. 6 Schematic shock
Hugoniot-release isentrope
plot showing calculation
scheme described in the

text.

Fig. 5 Schematic composite ballistic limit curve showing the debris
character regions described in the text.

composite ballistic limit curve shown in Fig. 5. The hull
plate damage can be described in terms of the damage char-
acteristic to the various regions marked in Fig. 5.

Typical damage in region I is a single crater on the hull
plate. The projectile passes through the bumper suffering
only a loss in velocity and impacts the hull plate completely
intact. Figures 3A and 4A are examples of Region I damage.
Typical damage in region II is a graduation from a few fairly
large craters indicating the projectile break-up to a multitude
of very small craters indicating the projectile and bumper were
badly shattered. The damage on the hull plate in region III
retains a rather constant appearance throughout, with each
tiny crater becoming larger and deeper as the velocity increases.

At transition between region III and region IV the damage
begins to take on a new appearance. The many tiny craters
made by solid particles are interspersed with soft contour
craters made by liquid droplets. The change in damage
character can be seen by comparing Figs. 3E and 3F and
by comparing Figs. 4C and 4D. Throughout region IV the
ratio of liquid impact to solid impact increases with velocity
until complete melt is achieved. Complete melt is barely
reached in the A1-A1 impact as is seen in Fig. 3H. It is
interesting to note that region III does not exist in the Cd-Cd
impact situation because incipient melt is achieved before
complete shatter is accomplished. The hull plate damage
then goes directly from that characteristic of region II to that
of region IV. Damage typical of region IV is seen in
Figs. 3G and 4E. The damage on the hull plate throughout
region V is that of liquid droplet impacts. Figures 3H and
4F are examples of region V damage.

Region VI is characterized by a mixture of liquid and vapor
damage. The vapor peak at the transition from region V to
region VI occurs at incipient vaporization where the damage
mechanism changes from cratering to pressing by high-
pressure gas. Late in region VI and throughout region VII
the failure mode is by rupture and tearing rather than by
penetration and perforation. Figure 4G is typical of region
VII damage.

Discussion
The various peaks in the ballistic limit curves have been

attributed to the changes in either the mechanical or the
physical state of the debris cloud generated at impact behind
the bumper. The cloud consists of the projectile and bumper
material driven forward at impact. The first peak was
associated with projectile breakup, the second with melting,
and the third with vaporization. The authors are not aware
of any analytical techniques which will predict the velocity at
which projectile fragmentation will occur.

The analytical tools for predicting the changes in physical
state are' well in hand and will be outlined here. Assuming
the colliding bodies are planar, a relatively straightforward
one-dimensional planar shock wave analysis may be applied.
The competing processes of shock amplification by focusing,
shock decay by rarefactions, and mechanical working, all of
which are nonplanar shock effects, appear (from the data) to
have cancelling effects and thus are neglected in this analysis.

Consider the pressure/volume plane of the pressure/volume/
energy space depicted in Fig. 6. The material is shock com-
pressed along a Rayleigh line (that straight line connecting
VQ with V*) to some final state which lies on the Hugoniot
curve (a locus of end points of states arrived at by a non-
isentropic shock process).6 The release from this shocked
state is an isentropic process and thus follows an unloading
path indicated in Fig. 6 to some final volume Vf. Since the
entropy is increased during the shock process and is constant
during release, the final entropy is larger than the initial
entropy. The result is an expanded volume final state. As
the collision velocity is increased, the target and projectile
both experfence more shock heating so that upon release,
material phase changes may occur in both objects. Again,
using a planar shock wave analysis, predictions of the pressure
levels behind the shock wave that will cause these phase
changes may be made. The phase transition zones are
plateaus of constant temperature connecting points of the
onset and completion of a phase change in pure materials.

To determine the critical pressures marking the beginning
and ending of the mixed phase condition, one must obtain the
residual energy after shock compression and subsequent
isentropic release. These can be obtained from the shock and
release P-V loci. The energy behind the shock wave is
determined from the Rankine-Hugoniot equation

which is derived from the two Hugoniot shock jump conditions
describing conservation of mass and momentum. To relate
the Hugoniot pressure to volume the Murnaghan7 incomplete
equation of state was chosen:

McQueen et al.8 have developed the following equations
which one can use to develop the release isentrope P- V locus
shown in Fig. 6.

- (r/F),[p,-i AK/2 + EU-
l+( r /F) ,AK/2 - (3)

(4)

These equations are obtained from the combined first and
second laws of thermodynamics:

dE=TdS-PdV

and the Griineisen difference equation :
(5)

Si - EH) (6)
The energy under the isentrope is found by integrating the
P-V locus numerically. Although material phase changes
are nonisentropic processes, the work of Asay9 indicates that
release from the shock state is nearly isentropic even when
crossing phase lines. This isentropic energy is then sub-
tracted from the Hugoniot energy as calculated by Eq. (1) to
yield the residual energy. The internal energy (at atmos-
pheric pressure) for each critical point (the release state of
interest is at atmospheric pressure) is available in various
publications. The data and equations listed in Wicks and
Block10 were used for aluminum and cadmium. The above
calculations were solved iteratively until the residual energy
matched the critical energy.
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Table 1 Pressures associated with phase change points

Material

Melt Vapor

Incipient Complete Incipient Complete

Const P, Mb VQ, km/sec P, Mb V0 km/sec P, Mb VQ, km/sec P, Mb VQ, km/sec

Cd*
Cd
Al&

Al

r
T/V
r
T/V

0.32
0.31
0.68
0.65

1.86
1.82
5.62
5.43

0.456
0.44
0.95
0.89

2.41
2.34
7.04
6.77

0.746
0.701

3.36
3.23

Beyond range
Beyond range

4.65C

7.5C

of interest
of interest

10.4
13.8

« Materials constants: A=0.0931 Mb, y = 5.52, T=2.33.
* Materials constants: A = 0.1704 Mb, y = 4.3, T=2.0.
c Beyond range of applicability of Murnaghan equation.

The Griineisen parameter r is constant or at most a function
of volume during mild compressions. Parallel calculations
based upon F-const and F/K= const were performed. The
particle velocity behind the shock wave at the critical pressure
is obtained from :

For the cases treated in this report, the projectile and target
are the same material so that the boundary condition at the
projectile/target interface, v = UT + «P, reduces to v = 2uT.
The results of all these calculations are shown in Table 1.

These critical velocities are indicated in Fig. 2. It is of
interest to note the positions of the predicted critical points.
In the case of cadmium, the predicted incipient melting stage
still lies under the shatter peak, while the complete melt
prediction lies in the valley. One might postulate that upon
completion of melting, successive additions to the projectile
kinetic energy just increase the amount of hull plate material
required to completely defeat the projectile. This is seen to
be the situation with cadmium until incipient vaporization
occurs. The additional kinetic energy gained beyond the
incipient-vaporization point is consumed in the phase trans-
formation. Also with the onset of vaporization, the damage
mode on the hull plate begins to change and becomes one
characterized by a long, low-level stress attributable to a
gaseous cloud. A similar description applies to the aluminum
case. However, the onset of melting is noted by a distinct
peak, and the completion of melting is in the valley.

Conclusions

Although somewhat simplified analytical forms are used
here, the data/theory match indicates the validity of the
approach. The one-dimensional analysis employed, although
incomplete, is sufficiently powerful both to predict the peaks
and the valleys of the ballistic limit curve in this velocity
interval and to indicate the reason for their existence and
location. The authors, therefore, must conclude that what-
ever other processes operate at impact within the bumper and
the projectile, the simple one-dimensional shock compression
and isentropic relaxation are dominant.

The one-dimensional analysis predicts the impact velocity for
the onset of melting, complete melting, and incipient vapor-
ization in the impact velocity range of the experiment for
impacting of like materials. The same type of analysis can
be used to predict Hugoniot conditions when different
materials impact. The residual temperature upon isentropic
relaxation can be calculated for each constituent in impacts
of unlike materials. The ballistic limit curve for the hull plate
behind such bumper impacts may be complicated by the
individual melting and vaporization temperatures of each
material. In general, the assumption of r = const appears
to give the best prediction of critical points on the ballistic
limit curve.
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