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ABSTRACT 

Very high pressure and acceleration is necessary to launch flier plates to hypervelocities. In addition, the high pressure 
loading must be uniform, structured, and shockless, i.e., time-dependent to prevent the flier plate from either fracturing 
or melting. In this paper, a novel technique is described which allows the use of 100 GPa megabar loading pressures 
and 109-g acceleration to launch intact flier plates to velocities of 12.2 km/s. The technique has been used to launch 
nominally 1-mm thick aluminum, magnesium, and titanium alloy plates to velocities over 10 km/s, and 0.5-mm thick 
aluminum and titanium alloy plates to velocities of 12.2 km/s. 

INTRODUCTION 

The history of early launch capabilities and the developments of various launcher techniques up to the late sixties, 
which include the developments of explosive lenses (Taylor, 1984), explosive liners (Wenzell, 1987), smooth-bore 
guns (Asay et  al., 1985, Charters, 1987, Chhabildas, 1992) has been well documented. An explosive lens (Taylor, 
1984) is routinely capable of launching flier plates up to 6 km/s, while among smooth-bore guns, a two-stage light-gas 
gun propels projectiles the fastest. Current two-stage light-gas gun technology (Asay et al., 1985, Charters, 1987, 
Chhabildas, 1992) allows routine launching of 10 gm to 20 gm projectile mass to a velocity of N 8 km/s, although ve- 
locities in excess' of 10 km/s have been reported for ten milligram size particles (Seigel, 1979, Stilp, 1987). 

The interest in increased velocity launch capabilities was renewed in the early eighties. Techniques that are either avail- 
able or are in progress include (i) Van de Graaff accelerators (Keaton et  al., 1990), which can launch sub-micron size 
(10 "13 gm) particles to over 100 km/s, (ii) plasma accelerators (Igenbergs et  al., 1987), which can launch micron size 
(10 -6 gm) glass beads to velocities of 18 km/s, (iii) electrical discharge techniques such as the electric gun (Osher et 
al., 1987), which can launch 43 mg kapton flier plates to 18 km/s, (iv) electromagnetic techniques such as the rail-gun 
(Asay et al., 1990), which can launch a few grams to 7.5 km/s, (v) explosive techniques (Marsh and Tan, 1992), which 
can launch 1-mm thick steel plates to N 9 krn/s, (vi) inhibited shaped-charge techniques (Grosch et  al., 1991) that can 
launch a shaped charge jet tip of 0.4 gm to velocities of I 1 km/s, and (vii) an impact technique (Chhabildas et al., 1991, 
1992a) in which a time-dependent structured high pressure pulse is generated (upon impact) to launch 0.5-mm to 1.0- 
mm thick flier plates to velocities up to 12.2 km/s. It is the purpose of this paper to describe this impact technique to 
launch/accelerate flier plates to hypervelocities. 

There are two main requirements to launch flier plates to hypervelocities. First, very high pressures are needed to 
launch the flier plate, and second, this loading must be nearly shockless  and uni form over the entire surface. To achieve 
both these criteria, a graded-density material referred to as a "pil low" (Barker, 1984) or a "multi-ply" (Chhabildas 
and Barker, 1988, Chhabildas et  al., 1988) is used to impact the flier plate. When this graded-density material is used 
to impact a flier plate at high velocities on a two-stage light-gas gun, nearly shockless 100 GPa pressure pulses 
(Chhabildas et  al., 1990a, Chhabildas and Asay, 1992) are introduced into the flier plate. Since the loading on the flier 
plate is shockless, excessive heating is minimized to prevent melting of the flier plate (Chhabildas et  al., 1990a, 
Chhabildas and Asay, 1992). The method has been used (Chhabildas et  al., 1991, 1992a) to launch a 2-mm thick tita- 
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nium alloy plate to a velocity of 8.1 km/s, and 1-mm thick aluminum, magnesium, and titanium alloy plates to velocities 
in excess of 10 km/s, and 0.5 mm thick titanium and aluminum alloy plates intact to 12.2 km/s. With further improve- 
ments to this technique launch velocities approaching 14 km/s are expected (Chhabildas et  al.,  1991, 1992a). 

TECHNICAL ISSUES 

The principle of gun operation is primarily based on using the energy release from high pressure compressed gases to 
propel projectiles to high velocities and is schematically depicted in Figure 1. I f P ( t )  is the time dependent driving pres- 

~. Velocity V 

Projectile Mass M 
Fig. 1. Schematic of a gun launcher. 

sure history used to propel a projectile of mass M in a gun barrel (of length L) having a cross sectional area A, then it 
can be shown that the projectile's terminal velocity V can be represented by 

l 
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This principle of gun operation is being used in the operations of smooth-bore gun launchers developed for controlled 
impact studies. Specifically, in a single-stage compressed-gas gun a 0.04-GPa gas pressure is used to drive a projectile 
weighing approximately 1 kg to a terminal velocity of N 1.1 km/s, while the combustion gaseous products from nitro- 
cellulose propellants in a powder gun will yield a pressure of 0.3 GPa and propel a - 1 kg projectile mass to a velocity 
of over 2.3 km/s. In a two-stage light-gas gun the hydrogen propellant is dynamically compressed to a peak pressure 
of - 0.7 GPa to 1.0 GPa to launch a projectile mass of 10 gm to 20 gm to a velocity approaching 8 km/s (Asay et  al., 

1985). To achieve higher velocities the mass of the projectile is decreased, while the average driving pressure is in- 
creased. This is also indicated in Figure 2 as a plot of projectile velocity vs. peak projectile acceleration. 
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Fig. 2. Driving pressure history vs time and the relationship of velocity vs acceleration of projectiles 
for smooth bore guns 

It would seem, therefore, (see Eq. 1) that either gas loading pressures be sustained for a longer duration, or yet higher 
driving gas pressure and higher acceleration be used to accelerate projectiles to hypervelocities. The former has been 
attempted on the two-stage light-gas gun by using collapsible launch tubes (using explosive techniques) to achieve lex- 
an projectile velocities in excess of 11 km/s (Baum, 1973). However, attempts to launch flier plates to high velocities 
using higher gas pressures of ~ 100 GPa (Barker et  al.,  1990a, 1990b) and higher acceleration have resulted in plate 
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fragmentation (Chhabildas et  al., 1990a, 1990b). Under these loading conditions the flier plate is subjected to (nonuni- 
form) driving pressures which are orders of magnitude above its elastic limit, resulting in severe deformation. Because 
the flier plate has limited tensile strength, the non-uniformity in gas pressure loading over the entire face of the flier 
plate can be sufficiently large to cause flier fragmentation (Chhabildas et  al., 1990a, 1990b). Thus, the non uniformity 
in gas pressure loading over the entire face of the flier plate should not exceed the fracture strength of the plate. 

First, very high pressures are needed to launch the flier plate to hypervelocity, and second, this loading must be nearly 
shockless, structured, and uniform over the entire surface. Shockless acceleration of the plate is crucial to prevent 
shock-induced heating and subsequent melting of the flier (Chhabildas et  al., 1990a, Chhabildas and Asay, 1992) dur- 
ing the loading process. A structured release pressure pulse is needed to prevent tensile failure of the flier plate. Uni- 
form loading over its entire face is necessary to prevent plate fragmentation. To satisfy these criteria, a graded-density 
material is used to propel the flier plate. When this graded-density material is used to impact a flier plate at high veloc- 
ities with a two-stage light-gas gun, nearly shockless 100-GPa pressure pulses are introduced into the flier plate. This 
time-dependent pressure pulse subsequently propels the flier plates to hypervelocities. The resultant acceleration of 

12 2 9 these flier plates, launched using impact techniques, is 10 cm/s (10 g). 

EXPERIMENTAL TECHNIQUE 

This section briefly describes the experimental techniques employed to augment the launch capabilities of Sandia's 
two-stage light-gas gun. The experimental impact configuration is indicated in Figure 3. The two-stage light-gas gun 
used in these studies had a bore diameter of 29 mm. As indicated in the figure, a two-stage light-gas gun projectile faced 
with a graded-density impactor is made to impact a thin flier plate located at the muzzle end of the barrel. Implemen- 
tation of these techniques require that the barrel of the two-stage fight-gas gun be extended (Barker et  al., 1990a, 1990b) 
by adding an expendable section, and also that the flier plate be laterally confined to minimize two-dimensional effects 
(Chhabildas et  al., 1991, 1992a). 

Fig. 3. 
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Schematic of a graded-density impactor/flier-plate experiment 

Flier Plate Configuration 

As shown in Figure 3, the flier plate used in these experiments consists of a center plate made to fit exactly into a guard 
ring. The outside diameter of the guard ring used in these studies was 29 mm, while the inner diameter of the guard 
ring and the diameter of the center plate was 19 mm. The ratio of the center flier plate thickness (1-mm) to its diameter 
(19 mm) is approximately 0.05. Two-dimensional effects due to radial release waves (generated upon impact) emanat- 
ing from the edges of the plate would cause a velocity gradient across the radius of the plate. Large velocity gradients 
across the radius of the plate would cause the flier plate to bend and, perhaps, even fragment. The guard ring geometry 
indicated in Figure 3 allows a control led separation of the center plate from its edges without causing the entire flier 
plate to fragment. Confinement in a tungsten target fixture is desirable for maximizing the diameter of intact flier 
(Chhabildas et  al., 1991). It may not be essential for launching the central region of the flier, however. But, this central 
region must then be isolated from the edge interactions with guard-rings. This prevents wave-propagation induced frac- 
tures from propagating in from the outer radius, and allows the intact core of the flier to separate in a controlled fashion 
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as the flier plate bends during launch and flight. Tungsten makes a good confinement fixture, but calculations have in- 
dicated that a material such as steel (Chhabildas et al., 1991) could provide a satisfactory confinement. 

The flier plate materials used in this study consisted of titanium (Ti-6AI-4V), aluminum (6061-T6) or magnesium 
(AZ31) alloys. As indicated in Figure 3, a TPX or a lexan plastic buffer is used in most experiments. (TPX is a regis- 
tered plastic product purchased from the Polymer Corporation, Pamona, California, and has an approximate density of 
0.82 gm/cmJ.) The plastic buffers will further cushion the input pressure pulse and will have a tendency to minimize 
the tensile strength induced in the flier plate (Chhabildas et al., 1991, 1992a) 

Table 1. Summary of Graded-Density lmpactor/Flier-Plate Experiments 

Experiment Graded- Pillow/Backing or Buffer/ Impact Flier-Plate 
No. Density Multi-ply Assembly Flier- Plate Velocity Material/ 

Material Thicknesses Thickness Velocity 

(mm) (ram) (kin/s) (kinds) 

Ti40 Pillow 2.206/2.00 0.0/2.050 6.3 Ti6/8.1 

WS6 Pillow 4.58/1.00 1.50/0.98 6.3 Ti6/9.5 

JSC12 Multi-ply 1.00/0.61/0.47/0.41/0.30/0.92 1.53//1.01 6.0 Mg/9.92 

JSC18 Multi-ply 1.11/0.60/0.55/0.43/0.30/0.91 1.51/0.998 6.3 A1/9.85 

EHVLI Multi-ply 0.64/0.33/0.28/0.31/0.19/0.52 0.81/0.41 7.2 A1/I 1.6 

EHVL2 Multi-ply 0.61/0.30/0.24/0.32/0.20/0.44 1.21/0.43 7.35 Ti6/l 1.9 

EHVL3 Multi-ply 0.62/0.30/0.23/0.33/0.19/0.44 1.25/0.42 7.35 A1/12.2 

EHVL4 Multi-ply 0.65/0.28/0.23/0.30/0.15/0.43 1.48/0.74 7.35 Ti61/10.6-10.4 

Projectile Design 

A lexan projectile which has a facing of a graded-density material such as a pillow or a multi-ply impactor backed by 
tantalum is used in these studies. A 'pillow' impactor is fabricated using powder metallurgical techniques (Barker, 
1984) such that a smooth variation in its shock impedance occurs through its thickness. The shock impedance of the 
impact surface of the graded-density material is that of polyolefln, and the shock impedance of the back surface of the 
pillow resembles copper or tantalum. A 'multi-ply' impactor (Chhabildas and Barker, 1988) is fabricated by bonding 
a series of thin plates in order of increasing shock-impedance from the impact surface. The series of layered materials 
used in these studies consisted of a plastic TPX, magnesium, aluminum, titanium, copper, and tantalum. The thickness 
of each layer is precisely controlled to tailor the time-dependent stress pulse required to launch the flier plate intact, 
and is indicated for each experiment in Table 1. When these graded-density materials are used to impact a titanium 
alloy flier plate at a velocity of ~ 6.3 km/s, an initial shock of approximately 50 GPa, followed by a ramp wave to over 
100 GPa is introduced into the flier plate. At higher impact velocities the input pressure profile would result in a higher 
peak pressure pulse resulting in launching flier plates to yet faster velocities. This is indicated in Table I. The diameter 
of the graded density materials (either pillows or multi-ply impactors) used in this study was ~ 27 mm. 

Diaenostics 

Following impact, seven flash X-rays are taken of the flier plate while it is in motion. They are used to estimate the 
velocity of the flier plate and also to check its integrity following impact and subsequent acceleration by the shockless 
pressure pulse. Four of these flash X-rays are taken while the flier plate is in the aluminum barrel extension, usually a 
few microseconds after impact. The energy of the first four X-rays is 600 keV, and the pulse duration is 3 ns. The pulse 
duration is sufficiently small to "freeze" the motion at the present velocities. The other 3 X-rays are taken after the 
flier plate has exited from the muzzle and are located ~ 80 rnm, 170 mm, and 350 mm from the impact position. These 
X-rays sources have a 300-450 keV energy and a 25 ns pulse duration. Due to the hypervelocities achieved in this study, 
the 25 ns pulse duration can cause a 250 txm blurring of the flier plate while in flight. Radiographic pictures of the flier 
plate, taken in flight over these large distances allow an accurate measurement of its velocity. The flier plate velocity is 
determined to within 1%. 
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RESULTS 

In all the experiments performed to date, the graded-density projectile driver is allowed to impact the buffer-flier plate 
combination. The impact velocities are indicated in Table 1. The impact velocities are not measured but are estimates 
based on the two-stage light-gas gun performance data and are accurate to - 2%. As mentioned above plastic buffers 
were used in most experiments in an attempt to further cushion the launch. The plastic buffer will also reduce the mag- 
nitude of the tensile states generated in the flier plate material that result from wave interactions (Chhabildas e t  al., 
199 l, 1992). Titanium and aluminum alloy flier plates were used in this study, because of their high-fracture resistance 
properties (Chhabildas e t  al., 1990a, 1990b). At an impact velocity of ~ 6.3 km/s, this technique has launched intact a 
l-ram thick Ti-6AI-4V titanium alloy plate to 9.5 krn/s, a 1-mm thick 6061-T6 aluminum alloy plate to 10.4 km/s, and 
a 1-mm thick magnesium alloy plate to l0 km/s. Radiographs of some of these experiments are shown in Figures 4, 
and 5. As the impact velocity is increased to ~ 7.4 kin/s, flier plate velocities of 0.5-ram thick aluminum and titanium 
plates have been increased to over 12 krn/s. Radiographs of these latter experiments are summarized in Figure 6. 

Fig. 4. Radiographs of experiment Ti40. The titanium flier plate is moving from left to right at 
a velocity of 8.1 km/s. 

Radiographs of a 2.05-mm thick Ti-6Al-4V flier plate moving at a velocity of 8.1 km/s as a result of impact by a grad- 
ed-density driver at - 6.4 km/s are indicated in Figure 4. A copper backing was used in this experiment. The sequence 
of radiographs indicated on the left in Figure 4 is taken over the first 60 mm from launch impact position. The radio- 
graphs on the fight are taken after exit from the aluminum muzzle, after a total travel distance of 85 ram, 152 mm and 
357 mm from impact, respectively. As indicated in the figure, the flier plate is extremely flat even after a propagation 
distance of 357 ram. This is believed to be due to optimal experimental impact conditions, such as (i) extremely good 
impact with very little impact misalignment (tilt), (ii) a good (uniform) pillow, and (iii) the thicker flier plate dimension 
in this experiment. This is evidenced by the symmetry of the projectile/pillow debris trailing the flier plate at a velocity 
of - 5.5 km/s. The mass of the center plate (flier plate) is 2.6 gm. A similar experiment with a 1-mm thick titanium 
flier-plate (experiment WS6 in Table 1) yields a velocity of 9.5 km/s. 

Radiographs of experiment JSCI2 are indicated in Figure 5. In this experiment a nominally 1.0-mm thick magnesium 
flier plate was impacted by the multi-ply impactor at a velocity of approximately 6 km/s. A 1.5 mm thick TPX plastic 
buffer was also used in the experiment. The first two radiographs shown on the left in Figure 5 are taken over a flight 
distance of 60 mm while the flier plate is in the extended aluminum muzzle, and the radiograph indicated on the right 
is taken at a flight distance of ~ 160 mm from impact location. The mass of the center plate without the guard ring is 
().5 gm and the magnesium flier plate is moving at a velocity of 9.92 km/s in this experiment. 
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Fig. 5. Radiographs of experiments JSC 12 and JSC 18. in which the flier plates are magnesium and 
aluminum alloys, respectively. In both experiments the flier plates are moving from left to right at 

10 km/s. 

Radiographs of experiment JSC18 shown in Figure 5 are those of a 0.998-mm thick aluminum plate launched at 
9.98 krn/s. A multi-ply graded-density impactor is used in this experiment to impact the (stationary) buffered-flier-plate 
at ~ 6.4 km/s. A 1.5 mm thick TPX plastic buffer was used in this experiment. The entire sequence of radiographs 
shown in Figure 5 are taken over a flight distance of ~ 523 mm from the impact location. The first three radiographs 
are taken over a flight distance of ~ 60 mm while the radiograph marked as 6 on the right is taken after it has been 
launched 523 mm from the impact position. The flier plate is moving from left to right at a velocity of 9.85 km/s. The 
center plate has a diameter of 17 mm in this experiment and weighs 0.59 gm. 

In Figure 6, the radiographs of a 0.43-ram thick titanium flier plate moving at a velocity of 11.9 km/s are indicated. The 
higher velocity achieved in this experiment is a result of impacting the buffered-flier-plate by the multi-ply impactor 
at an impact velocity of 7.4 krrgs. A 1.21-mm thick TPX plastic buffer is used in this experiment. The sequence of ra- 
diographs shown on the left are taken after a travel distance of 60 mm, while those on the right are taken after a travel 
distance of 180 mm and 350 mm respectively. The mass of the center titanium flier plate without the guard ring is 
0.55 gm in this experiment. 

Fig. 6. Radiographs of experiments EHVL 2 and EHVL3 in which the flier plates are titanium and 
aluminum alloys, respectively. In both experiments the flier plates are moving from left to right 
at a velocity of 11.9 klrds and 12.2 km/s. 
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Figure 6 also indicates the radiographs of an aluminum flier plate launched at 12.2 km/s. In this experiment the multi- 
ply impactor impacts the stationary aluminum flier plate at a velocity of 7.35 km/s. A 1.25-ram thick plastic buffer was 
used in this experiment. The sequence of radiographs shown on the left are taken over a transit distance of 60 mm. The 
flier plate appears to be intact as it is exiting the muzzle. However, after a flight distance of 350 mm, the flier plate 
appears to have lost its shape and appears to have transformed into a "slug" of material. This is attributed to the melt- 
ing of the flier plate. At a higher impact velocity i.e., at 7.35 km/s, the magnitude of the first shock transmitted into the 
aluminum flier plate is sufficiently high to cause it to melt upon release. 

DISCUSSION 

A 
As mentioned in Equation 1, the velocity V of the flier plate can be represented by V = ~  fP (t) dt. The time-depen- 
dent, high-pressure, shockless loading pressure pulse P(t) that is needed to launch the mer plate to high velocities is 
provided upon impact and is represented by the term ~P (t) dt. This is indicated in Figure 7 for the experiment EHVL 
2 shown in Figure 6. An impact velocity of 7 km/s was assumed in the calculation, instead of the experimental impact 
velocity of 7.35 km/s. Numerical simulations of the graded-density impact experiments were performed using a version 
of the Lagrangian code, WONDY which uses a tabular equation-of-state (EOS) option (Kerley, 1988). The calculation- 
al model treats the pillow as a series of zones having impedances that increase from that of a polymer approximating 
polyolefin at the impact surface, to that of the copper or tantalum backing plate. The zone thicknesses are chosen so 
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Fig. 7. Calculated stress history on the base of the EHVL2 flier-plate experiment shown in Figure 6 is 
indicated on the left. Predicted velocity history for the flier plate is shown on the right. 

that the impact generates a sequence of multiple shocks in the target; both experiments and calculations have shown 
that a calculational model of this type gives a loading history that closely approximates the smooth quais-isentropic 
loading of a pillow (Chhabildas and Barker, 1988, Chhabildas et al., 1988). When a multi-ply material is used as a grad- 
ed-density impactor then the zones represent the exact thickness of the materials used. The titanium alloy experiment 
shown in Figure 6 for EHVL2 had a 1.21 mm plastic buffer and an impactor backed with tantalum. As indicated in 
Figure 7, the calculated driving stress history is a 50 GPa shock followed by a relatively shockless loading from ap- 
proximately 53 GPa to 120 GPa over a time duration of ~ 0.2 Ixs. The entire loading pressure pulse is applied over a 
duration of ~ 0.5 ~ts. The calculated velocity history resulting from this driving pressure pulse is also shown in Figure 7. 
The calculations predict a terminal velocity of approximately 11.1 km/s for the flier-plate when impacted by the grad- 
ed-density impactor at 7 km/s. A calculation using 7.4 km/s as impact velocity would have predicted a flier-plate ve- 
locity of 11.7 km/s. In the experiment, impact by the graded density impactor was at a velocity of ~ 7.4 km/s, launching 
the titanium flier plate at 11.9 km/s, in excellent agreement with predicted values. Calculations also indicate that due 
to the time-dependent loading, the residual temperature of the titanium flier plate after it is compressed to 1.2 Mbar and 
launched at 11.9 km/s is expected to be ~ 800 K. When compared to its melt temperature o f -  2000 K, the flier plate is 
relatively "cool" and well below its melt temperature. 

The aluminum flier plate experiment identified as EHVL3, and indicated in Figure 6 is launched at 12.2 km/s. The flier 
plate appears to have lost its shape due to a loss in shear strength. The experiment suggests that the thermal state of the 
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aluminum plate is very near its melt boundary and this is confirmed by calculations. A WONDY calculation as men- 
tioned above indicates that the driving stress history is a shock in excess of 50 GPa followed by a relatively shockless 
loading from approximately 50 GPa to 120 GPa. The magnitude of the first shock (over 50 GPa) transmitted into the 
aluminum flier plate at an impact velocity of 7.4 krn/s is sufficiently high to cause it to melt upon release. Flier plate 
materials that have higher melting points than aluminum, such as titanium, steel, tantalum, or molybdenum are not ex- 
pected to exhibit this behavior. Thus, impact velocities less than 7.4 km/s are expected to launch aluminum plates intact 
i.e., without melting if the current design for the graded-density impactor is used. An alternate technique is to use a 
lower-density material such as plastic foams, either as a buffer or as the first layer of the graded-density impactor, so 
that the magnitude of the first shock generated upon impact in aluminum is considerably less than 50 GPa. 

Very high time-dependent and structured pressure pulses are used to launch intact flier plates in this study. The loading 
pressure is applied over a duration of 0.5 Its to 1 Its to launch flier plates to velocities up to 12.2 km/s. The acceleration 
of the flier plates launched to hypervelocities is on the order of 10 I2 cm/s 2, (109g) and is at least three to four orders of 
magnitude higher than that used on current two-stage light-gas guns. This is indicated in Figure 8, where the accelera- 
tion of the current hypervelocity launcher (HVL) is compared to those from other smooth bore guns. Unlike two-stage 
light-gas guns in which the projectile is accelerated over 200 times its bore diameter (caliber) dimensions (Charters, 
1987) the flier plate is accelerated in this study over distances of tens of millimeters. 
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Fig. 8. The stress history on the base of the EHVL2 titanium flier-plate shown in Figure 6 propels the 
flier plate at an acceleration of over 109g. 

The mass of the plate can be represented by M = 9xA, where 9 is the density of the plate, x its thickness and A its cross 
sectional area. Equation (1) can therefore be expressed as 

I 

0 

(2) 

Equation 2 suggests that the velocity of the flier plate is independent of its cross sectional area and depends only on its 
thickness and the time-dependent driving pressure pulse. This would be true if two-dimensional effects were not 
present in these experiments. The maximum mass that could be launched in the absence of any two-dimensional effects 
would be the diameter over which the graded-density driver impacts the flier plate. This impact interaction occurs over 
a 27-mm diameter in this study. Two-dimensional effects due to radial release waves (generated upon impact) emanat- 
ing from the edges of the plate would cause a velocity gradient across the radius of the plate, thus limiting the one di- 
mensionality of the experiment. In this study, a guard-ring geometry indicated in Figure 3 allows the launching of a 
19 mm diameter center plate. It is therefore useful to express the velocity of the flier plate as a function of its mass 
density (px) and this is plotted in Figure 9 for the series of experiments performed in this study. As indicated in the 
figure the terminal velocity of the flier plate is dependent on the impact velocity of the graded-density driver. Also, as 
shown in Figure 9, the presence of plastic buffers further augment the terminal velocity of the flier plates. 

To increase the velocity of the flier plate one needs to decrease the thickness of the plate or increase the time dependent 
pressure loading pulse. In this investigation (see experiments EHVL in Table 1) we decreased the flier-plate thickness 
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Fig. 9. Hypervelocity performance of the graded-density impactor/flier plate experiment plotted as plate 
velocity vs mass density of the plate. 

by a factor of two and increased the graded-density driver velocity. These results are indicated as dashed lines in 
Figur~ 9. Since we also decreased the graded-density impactor thickness also by a factor of two (see Table 1) the quan- 
tity - S P  (t) dt  remains an invariant. This suggests that if the pillow dimension is increased by a factor of two, then 
there s~ould be no velocity penalty in increasing the flier plate dimension by a factor of two i.e., one should be able to 
launch twice as heavy a mass to the same velocity provided the graded-density impact velocity is kept the same. 

Results of the present studies are also shown in Figure 10 plotted as the maximum mass that can be launched on a 29- 
mm bore gun in the absence of any two-dimensional effects vs the mass that is currently launched as a 19-mm diameter 
plate. At higher loading pressures, however, since the sample thickness is approximately one-half of the ones launched 
the two-dimensional loading times are reduced by a factor of ~ one-half, resulting in minimal two-dimensional effects. 
Also, because the thermal state of aluminum is close to its melt boundary the guard ring does not separate distinctly 
from its center flier plate as effectively as it does at lower impact pressures. This is particularly true for aluminum flier 
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Fig. 10. Performance of the graded-density impactor/flier-plate experiments plotted as mass vs veloc- 
ity of the flier-plate. A, B, C indicate the ideal mass possible that can be launched on the cur- 
rent 29-mm bore gun while a, b, c indicate the mass that is launched as a 19 mm plate. 

plates. This allows launching of heavier i.e., larger diameter flier plates. Nevertheless, as indicated in Figure 10, first, 
a mass of approximately 0.5 gm can be launched to velocities of 12.2 km/s, and second, if techniques were introduced 
to mitigate two-dimensional effects then the potential of launching heavier i.e., massive flier plates exist for the same 
bore diameter. 
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As indicated in this study a graded-density impactor material has been used as a driver to launch nominally 1 -ram thick 
"aluminum, titanium and magnesium alloy plates intact to velocities over 10 km/s, and 0.5-mm thick titanium and alu- 
minum alloy plates (see Figures 4 to 6) to velocities over 12 krrds. The flier plate integrity may be summarized as fol- 
lows. For propagation distances of approximately tens of millimeters, the plate seems to be flat while in the aluminum 
muzzle. For propagation distances of hundreds of millimeters, the flier plate appears to be bowed, which can be attrib- 
uted to two-dimensional effects. The flier plate materials undergo a volume strain of 0.3 to 0.4 during high pressure 
(megabar) compression and are not expected to return to their original shape. Effects due to tilt, gas blowby, and non- 
uniformity in graded-density driver materials are expected to enhance non-uniform loading and two-dimensional ef- 
fects, and would result in flier-plate fragmentation. 

Plastic buffers are used to reduce the magnitude of tensile stress states induced in the material. They also have the net 
effect of augmenting the flier plate velocities as indicated in Figures 9 and 10. It is crucial that the graded-density driver 
dimensions and also those of the buffered flier plate be optimized to prevent spall fracture of the plate. This is shown 
in Figure 11 for experiment EHVIM in which a 0.74-mm titanium flier plate is impacted by the graded-density driver 
at 7.35 km/s. Calculations have suggested a tensile state of approximately 4.8 GPa in the flier plate, and as indicated in 
the figure, was sufficient to fracture the plate. 

Fig. 11. Radiographs of experiment EHVIA in which a spalled titanium flier plate is moving from left 
to right. The leading spall plate is propelled at 10.6 km/s while the second plate is coasting at 
10.4 km/s. The flier plate radiographs are taken over a flight distance of 360 mm. 

ENHANCED CAPABILITIES 

Materials 

Because of the softer loading history produced with a buffer layer, a computational study was made to see if the same 
system could be used to launch flier plates made of other materials. WONDY calculations were made for the same con- 
figuration as reported in this paper except with l-gm target plates of tantalum, molybdenum, iron, and a tungsten alloy. 
In all four cases, a terminal velocity of over 10 km/s was predicted (Chhabildas e t  al., 1991, 1992a) without either melt- 
ing or fracture. Experiments have not been conducted to date. 

V~lo¢i~y 

Studies in the present program have also focussed on exploring methods to achieve even higher plate velocities. Some 
of the possible velocity enhancement methods are discussed in this section. Studies using the WONDY code show that 
increased flier velocities could be obtained using buffer layers of plastic, explosive, or hydrogen on the impact surface. 
Calculations have indicated, that as a result of high-pressure compression and decompression these materials behave 
"energetically" in that the expansion velocities of these materials are extremely high. This results in an efficient 
"push"  on the flier and can further enhance its velocity. This concept has been tested through the successful launch of 
the aluminum and titanium flier plates using plastic buffers (see Figures 9 and 10). Additional calculational studies 
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were made to see if hydrogen, with its high sound speed, could be used to further enhance flier velocities. By replacing 
the plastic buffer with a 10-mm layer of liquid hydrogen, the velocity of the aluminum flier was predicted to increase 
from 10.4 km/s to 11.3 krn/s (Chhabildas et al., 1991, 1992a). If the impact velocity is further increased to 8 krn/s, then 
the calculation predicts a final velocity of 14.0 km/s for this design (Chhabildas et al., 1991, 1992a). Hence hydrogen 
buffers in combination with higher impact velocities appear to offer a way to achieve the extremely high flier velocities. 

Aoolications 

The capability to launch flier-plates to hypervelocities will allow well-controlled equation of state studies to be con- 
ducted in materials to high pressure and temperature regimes that have never before accessible in the laboratory before. 
As an example a symmetric impact experiment in high-impedance materials such as tungsten at 12.2 krn/s will allow 
Hugoniot states to be determined at stresses of 1.4 TPa (14 Mbar) and temperatures of 7 eV. Isentropic expansion of 
these materials from a high pressure molten state is expected to partially vaporize the material. Techniques employed 
on two-stage light-gas guns (Asay et al., 1990) can be used to determine the kinetics of shock-induced vaporization in 
materials such as lead to higher degrees of vaporization. These techniques can now be extended to include materials 
such as aluminum which has a low vapor pressure i.e., a high boiling point. With the increasing threat to space voyagers 
from man-made orbital debris the technique can be used to hurl plates at either a single shield (Ang et al., 1992, 
Chhabildas et al., 1992b) or multiple shields (Boslough et al., 1992) to help design and understand the operations of 
the proposed protection shields. 

SUMMARY 

A systematic study has been described in which an impact technique is used to launch gram-size plates to hyperveloc- 
ities. The high pressures that are needed to launch flier plates intact have been achieved by using graded-density im- 
pactor materials to impact stationary flier plates, over the velocity of range of ~ 6.3 km/s to 7.4 km/s on the two-stage 
light-gas gun. Upon impact, a shockless i.e., a time-dependent high pressure (100 GPa) pulse is produced at the flier- 
plate/impact interface. This allows shockless acceleration of the flier plates to hypervelocities without causing exces- 
sive heating leading to melt or vaporization. The pressure pulse must be tailored, however, to prevent spall fracture of 
the plate. The successful use of this technique has been demonstrated by launching intact 1-mm thick aluminum, mag- 
nesium, and titanium plates to velocities over 10 km/s, and 0.5 mm thick aluminum and titanium alloy plates to veloc- 
ities over 12 km/s. Although the technique has been used currently to launch Ti-6A1-4V alloy and 606 l-T6 aluminum 
alloy plates, calculations suggest that this technique can be extended to include other (high-density) materials. 

The flier plate velocities can be further enhanced either by using explosives, plastics, or hydrogen as a first layer of 
the graded-density impactor or on the flier plate itself. Calculations have indicated that as a result of high-pressure com- 
pression and decompression these materials behave "energetically," in that the expansion velocities of these materials 
are extremely high. This results in an efficient "push" on the flier plate and can further enhance the flier plate velocity. 
This concept has been verified by successfully launching a plastic buffered aluminum and titanium plates and is indi- 
cated in figures 9 and 10. The buffer has the added advantage in that it can mitigate spall fracture from occurring in the 
flier plate. Calculations also suggest that hydrogen buffers in combination with higher impact velocities appear to offer 
a way to achieve the extremely high flier velocities in excess of 14 km/s. 
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