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ABSTRACT 

The attenuation of high pressure shock waves has been investi- 

gated.  High purity copper, 6061-T6 aluminum, 6A1-4V and 

a phase titanium, an uranium alloy and two alloys of beryllium 

were examined experimentally at pressures as high as 3 mega- 

bars.  Low pressure experiments were instrumented with a velo- 

city laser interferometer.  Intermediate pressures (to several 

hundred kilobars) were instrumented with manganin wire peizore- 

sistive gages and high pressure measurements were made through 

observation of free surface velocities. 

The results show that evidence of strength, as exhibited by 

elastic release wave behavior, persists to pressures of hundreds 

of kilobars and that the release wave structure is not elastic- 

perrectly plastic.  For the materials examined the release wave 

structures can be described as exhibiting a Bauschinger effect. 

For megabar pressures (beyond melting behind the shock front) 

fluid behavior is indicated by the lack of an elastic release 

wave. 
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INTRODUCTION 

It is well known that most solids exhibit an elastic-plastic 

form of behavior when subjected to high speed loading hy 

moderate strength shock waves, i.e. from the hugoniot elastic 

limit up to the order of 100 kilobars (1 kilobar = 
9        2 10 dynes/cm ).  At higher pressures  the plastic wave velo- 

city exceeds that of the elastic wave and only a plastic load- 

ing wave is observed.  It is also expected that materials ex- 

hibiting elastic-plastic behavior on loading would show elastic- 

plastic behavior upon unloading.  This is illustrated in Fig- 

ure 1 which shows the stress-strain behavior for the theoretical 

model of an elastic-perfectly plastic material. 

on 
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'y          2/3 Y 
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Figure 1   Loading and Unloading for an 
Elastic-Perfectly Plastic Material 
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For such a material the loading path lies 2/3 Y (Y is the yield 

strength) above the hydrostatic curve and is followed to the 

peak stress point, A.  The initial release path is AC and an 

elastic wave of that amplitude is generated.  The slope of AC 

is (K + 4/3 G) where K is the bulk modulus and G is the shear 

modulus while the slope of the hydrostat is C.  The release 

wave velocity is then 

C « J (K -H 4/3 G) (1) 

where p is the density of the material.  The unloading from the 

point C is then plastic. 

The question arises as to what degree this model matches experi- 

mental evidence.  Several phenomena may be expected to modify 

this behavior.  Many materials show strain rate sensitivity, 

i.e., increased resistance to deformation with increased rate 

of deformation.  This could be exhibited by increased yield 

strength upon loading and release.  The Bauschinger effect 

on release (an initially small yield strength followed by 

a rapid, then a slow increase) would be to spread the elastic 

rarefaction.  If the pressure is great enough the material 

behind the shock front will be molten and no elastic rare- 

faction would be expected.  Therefore, the purpose of this 

work has been to investigate the release wave behavior of 

several metals from high pressures in an effort to provide 

experimental information on the basic behavior of metals at 

high pressure. 

Attenuation of high pressure shock waves has been studied pre- 

viously by several investigators. Al'tshuler, et al. , mea- 

sured elastic release wave velocities at low pressures and 
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pleastic release wave velocities at high pressures by various 
(2) methods.  Curran ' explained the results of his aluminum 

free surface velocity experiments in terms of an elastic re- 

lease with the elastic yield increasing with pressure.  Erkman 
(3) and Christensen   describe similar experiments with alloys of 

aluminum and concluded that the shear modulus may reach a maxi- 

mum value at pressures between 100 and 340 kbars. Although 

mention is made, no conclusion is reached of the Bauschinger 
(4) effect.  Barker'  utilized the velocity interferometer to ob- 

serve release waves in aluminum from pressures up to 90 kbars. 

He concluded the indistinct elastic-plastic structures of the 

observed release waves could be best described through the 

Bauschinger effect. 

More recent observations have been made by Kusubov and 

VanThiel   and Fuller and Price   utilizing manganin wire 

gages.  These gages are capable of recording pressure as a 

function of time at one location within the material being 

examined.  From both these studies it can be concluded that 

elastic unloading occurs in alloys of aluminum and magnesium 

up to pressures of ^200 kbars.  The magnitude of the elastic 

release wave indicates an increase of effective yield strength 

with pressure in this range. 

With the exception of the work Al'tshuler, et al.   , and 

Fuller and Price ' all work has been performed with alloys 

of aluminum.  The work described herein details the investi- 

gation of shock wave attenuation of five metals and their 

alloys over a large range of pressures with the most accurate 

instrumentation techniques available.  Thus an alloy of alum- 

inum (6061-T6), pure copper, titanium (6A1-4V and pure in the 

a phase), two types of beryllium alloys (S-200 and a wrought 

alloy) and an uranium alloy were examined at pressures up to 

3 Mbars, 

■ 
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SECTION I 

EXPERIMENTAL TECHNIQUES 

LAUNCHING TECHNIQUES 

The technique used to launch flat impactor plates at pre- 

scribed velocities has been described previously in several 

reports.  The essentials of these descriptions are repeated 

here for completeness. 

The gun used to accelerate the impactor is an accelerated- 

reservoir light-gas gun with a launch tube bore diameter 

of either 29 miu or 69 mm.  This type of gun maintains a rea- 

sonably constant pressure on the base of the projectile dur- 

ing the launch allowing the acceleration of a variety of 

unshocked impactor materials.  Figure 2 shows the layout of 

the range. 

The gun consists of the following major components. 

1. Powder chamber. 

2. Pump tube, 87 mm inside diameter by 12 m long. 

3. Accelerated-reservoir high-pressure coupling. 

4. Launch tube, either 29 mm inside diameter by 
8 m long or 69 mm inside diameter and 8 m long. 

5. Instrumented target chamber and flight range. 

When the gun is loaded for firing, a weighted plastic-nosed 

piston is placed in the breech of the pump tube.  Gun powder 

is then loaded in to the powder chamber behind the piston and 
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the pump tube is filled to the required pressure with hydrogen. 

After ignition of the gun powder, the hydrogen is compressed 

into the coupling by the accelerated piston.  The saboted im- 

pactor is in turn accelerated by the release of the compressed 

hydrogen through a high pressure burst diaphragm. 

Figure 2   Layout of Light Gas Gun Range 

■.■ . ■■ 
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Prior to firing, the flight range and instrument charuber are 
-2 

evacuated and then flushed with helium to approximately 10 

torr to eliminate any spurious effects of gas build-up and 

ionization between projectile and target.  Sealing lips on 

the rear of the plastic sabot are pressed tightly against the 

inside of the launch tube bore by an interference fit and the 

high pressure gas, effectively eliminating blow-by. 

Careful attention to the condition of the launch tube is 

necessary for successful firing in the high velocity ranges. 

Bore linearity of better than 0.2 ram over the full 8 m length 

of the launch tube is maintained.  The internal diameter is 

maintained to within 0.01 mm.  Launch tubes are cleaned and 

honed after each firing and are removed every 15 to 20 firings 

for thorough reconditioning. 

Figures 3 and 4 show the instrumentation chamber designed for 

the high pressure studies.  The chamber is connected to the 

barrel of the gun only through an O-ring seal to allow free 

axial movement of the launch tube.  The target chamber is 

shock-mounted to prevent target displacement before projectile 

impact.  To facilitate this, several stages of mechanical iso- 

lation have been arranged in the barrel, I-beam support struc- 

ture and concrete foundation. 

The target charaber is a steel cylinder of 61 cm O.D. and 1.5 m 

length.  Physical access and instrument ports are precisely 

machined in a horizontal plane and in planes 45° above hori- 

zontal. 

Two sets of the ports are employed as X-ray windows and house 

the secondary spatial references.  The references are cross 

wires with the separation distance between windows (nominally 

30.0 cm) accurately determined by an optical comparator. 



■ 

MANUFACTURING      DEVELOPMENT     •     GENERAL      MOTORS      CORPORATION 

MSL-70-01 

Figure  3 Target Chamber 

STATION 
#1      STATION 

PHOTOMULTIPLIER 
LENS 

FILTER 

DELAY #2 

LAUNCH TUBE 

PROJECTILE 

X-RAYCAMERA 

30 NANOSECOND EXPOSURE 
FLASH X-RAY UNIT 

ACCESS DOOR 

LASER TRIGGER SYSTEM 

Figure  4 Top View of Target Chamber 
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Operationally, the ports are closed against O-ring vacuum 

seals with Plexiglas or magnesium windows for optical and 

X-ray instrumentation respectively or with steel cover plates. 

INSTRUMENTATION 

The impactor velocity measuring system consists of a two 

laser triggering system and a short duration dual flash 
(7) X-ray developed by Lingle and Jones.    With such a system, 

impactor velocities are measured accurately to ^ 0.03%.  The 

triggering system consists of two sets of neon-helium gas 

lasers aimed at photodetectors across the impact chamber ortho- 

gonal to and intersecting the line of flight of the projectile. 

Photomultipliers monitor the laser output through circular a- 

pertures and narrow band pass filters.  When light interruption 

occurs at each station because of projectile passage, a sharp 

change of voltage level is converted into a trigger signal of 

sufficient voltage to initiate a Field Emission Corporation 

30 nsec dual flash X-ray unit.  The X-ray flash exposes a Pola- 

roid film plate on the opposite side of the chamber by means 

of a fluorescing intensifier screen. 

Spacing between the two X-ray field positions is indicated 

by fiducial wires which are measured by an optical comparator 

to within 0.1 mm. Measurements of the impactor face of the 

projectile relative to -ehe  window fiducials allow determina- 

tion of the projectile position and distance traveled over 

the time interval measured between flash exposures. 

Figure 5 is an example of the shadowgraphs taken at the two 

X-ray stations showing the projectile in free flight before 

impact. 
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IMPACTOR TARGET 

,•-■■ 

JL -ji.        i i ■^.,.jh.-.a:. 

STATION #1 

Figure 5   X-Ray Shadowgraphs of Projectile 
Before Impact 

The free surface velocity data was collected through optical 

observation of the rear surface of the target blocks with a 

BecVman and Whitley Model 339B continuous-writing streak camera, 

This camera has the capability of recording at a rate of up to 

9 mm/psec on the film track. With the .076 mm wide slit nor- 

mally used, the minimum time resolution is 10 nanoseconds. 

For most of the experiments the camera was generally used only 

as a method of measuring time intervals and was not used to 

make any precise spatial measurements. 

.. , ■ 
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SECTION II 

DESCRIPTION OF IMPACT EXPERIMENTS 

Four methods were used to examine the arrival of rarefaction 

waves at the shock front: (1) Measurement of the motion of the 

surface as a function of time (laser velocity interferometer), 

(2) measurement of pressure as a function of time (manganin 

gage), (3) measurement of free surface velocity as a function 

of target thickness (step targets), and (4) measurement of 

shock velocity as a function of distance (optical wedge). 

The majority of the experiments were conducted at the higher 

pressure levels using techniques (3) and (4).  Design considera- 

tion of all four techniques are described below. 

DESIGN OF EXPERIMENTS 

The impactor plate had to be as thin as possible, posing 

problems in the design of projectiles capable of carrying 

undeformed plates to extremely high velocities.  The initial 

design of these plates made provision for a reinforcing ring 

about the outside rear of the plate to provide stiffness. 

The plate thickness was one millimeter and the inside of the 

rear of the plate was supported by a thin plate of Zelux.  It 

was found that this type of plate was very difficult to manu- 

facture and finish so that the impactor front and rear sur- 

faces were flat and parallel and that launch stresses caused 

severe plate curvature.  The plate was redesigned such that 

it could be machined with uniform thickness.  The sabot design 

10 
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was also modified such that the plate was supported on a 

thick disc of  Zelux.     It was determined by impacting a mirror 
with such a plate and observing the mirror with the streak 

camera that the flyer plate was  flat to within 0.C5 mm causing 
less  than 10 nanoseconds deviation. 

The experiments were designed such that the wave was  recorded 
before release waves  from the corners  and edges of the  target 

arrived at the measurement position.     Approximate shock re- 

lationships were established to provide reasonable design 
criteria. 

The velocity of  the head of the rarefactions was estimated to 

be: 

c    =  1.2 D + u (2) e p 

where c is the velocity of the elastic rarefactions and D is e 
the shock velocity associated with the particle velocity u . 

Er 

The accuracy of this assumption is demonstrated in Figure 6 

where release wave and shock velocities are compared for a 

variety of metals.  This figure includes data from the pre- 

sent study as well as other sources.  The tail of the rare- 

faction (return to zero pressure) was taken to travel at 

c2 = ^ taken at P = 0 (3) 
dp 

where P is pressure and p  is material density at pressure P. 

LASER VELOCITY   INTERFEROMETER 

Experiments were performed at low stress  levels using the  laser 

velocity interferometer.     This  technique employs a He-Ne  laser 

11 
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to provide a monochromatic coherent light source.  The beam 

from the laser is reflected from the rear surface of the 

target.  This reflected beam is then split into two beams, 

one of which goes directly into a photomultiplier sensor 

while the second beam is delayed by reflection through a 

delay leg before recombination with the direct beam upon 

entry into the photomultiplier.  Because part of the beam is 

delayed by the length of time required to traverse the delay 

leg, the beams upon recoinbination will show a phase relation- 

ship dependent upon the length of the direct and delay legs 

and the frequency of the two beams.  For dynamic measurements 

the direct and delay leg path lengths will not change and 

changes in interference patterns are interpreted as changes 

in the frequency of the reflected laser beam.  These frequency 

changes are due to changes m the velocity of the motion of 

the target rear surface. The laser velocity interferometer is 

therefore a doppler system. 

The signal recorded shows no voltage change for constant velo- 

cities and (for uniform acceleration) sinusoidal varition of 

voltage for changes in velocity. 

The data resulting from interferometer experiments consist of 

oscilloscope traces showing non-periodic voltage oscillations. 

These oscillations correspond to changes in the interference 

fringe pattern upon the photomultiplier sensor. Each full 

oscillation corresponds to one full fringe shift. From the 

fringe shifts the velocity of the surface can be found from 

u = jp AN (4) 

13 
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where u is the velocity of the surface, A is the wavelength 

of the laser light, T is the time delay of the delay leg and 

AN is the total number of fringes recorded.  Small changes 

in this calculation of velocity are necessary during portions 

of the wave in which changes in velocity take place in periods 

of time comparable to t.  In general the adjustment is made 

to the time at which a given velocity is recorded to account 

for the time the signal spends traveling through the delay 

leg.  (In its simplest form this adjustment shifts the calcu- 

lated times by ^ T/2). 

The laser velocity interferometer allows very accurate velo- 

city-time profiles to be obtained at low stresses.  Because 

the stress wave being observed is reflected at the target rear 

surface, the wave interactions taking place may include spall. 

To record as much of the wave profile as possible, it is de- 

sirable to suppress spall.  This may be accomplished by plac- 

ing a transparent material of approximately the same impedence 

as the target on the rear surface and recording the motion of 

the interface.  In this way a large part of the stress wave 

is passed through the target-window interface, the thereby re- 

ducing the portion of the wave reflected as a tension wave and 

suppressing the tendency to spall.  The amplitude of the re- 

flected tension wave depends upon the impedence mismatch and 

on the initial amplitude of the compressive wave.  Unfortu- 

nately, only a few transparent materials of limited impedance 

variation are available.  This, and the fact that reflecting 

surfaces tend to degrade at higher pressure levels, generally 

limits the maximum pressure range for the interferometer tech- 

nique to 100 to 200 kbars. 

Using the previously discussed criteria, disk shaped targets 

were designed such that the area on the rear surface of the 

14 
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target used for reflection of the laser beam was unaffected 

by side rarefactions during the time of measurement. This 

design procedure was employed both for laser velocity inter- 

ferometer and for manganin gage experiments, where ^he entire 

wave was recorded.  Examination of records obtained with these 

instrumentation techniques have demonstrated that the target 

designs used were quite conservative. 

MANGANIN WIRE GAGE 

Experiments were performed with aluminum, copper and a titanium 

with manganin wire piezoresistive gages.  These gages were 

developed and built by personnel of the Lawrence Radiation 

Laboratory.  A description of the gage and its calibration can 

be found in Reference 8.  The gages are constructed by plating 

copper on 0.025 mm diameter manganin wire, leaving about 7 mm 

of unplated wire as the active gage element.  The gage element 

resistance is about 7 ohms.  The plated leads are then flattened 

and the assembly placed between two thin (.025 mm) sheets of 

mica for electrical insulation.  Total thickness of the assembled 

gage is about 0.15 mm.  A sketch of such a gage assembly is shown 

in Figure 7.  In the lower portion of the figure is shown the 

installation of the gage in a target.  Each target was equipped 

with two gages to provide redundant measurements. 

The manganin gage provides measurement of pressure as a function 

of time by means of the piezoresistive effect.  The resistance 

of the gage is measured during the time the shock pressure 

pulse passes by the gage position.  This is done by monitoring 

the voltage across the gage supplied by a constant current 

power supply.  This supply provides a moderate voltage (tens of 

volts), high current (several amps) pulse to the gage for a 
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•Manganin Wire 

MANGAN IN GAGE ASSEMBLY 

Impact Direction 

MANGAN IN GAGE TARGET 

Figure   7 Manganin  Wire Gage  Construction 
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short period of time {'v 100 ysec) . By recording the voltage 

change and through time and resistance calibration the pres- 

sure-time history at the gage position may be determined. 

The manganin wire gages were used at moderate pressures   

from about 76 kbars in aluminum and titanium to 400 kbars in 

copper.  Attempts to use these gages at pressures higher than 

400 kbars resulted in premature break-down of the gages. 

The advantages of using the manganin wire technique are: 

1. Ability to measure pressure time histories 

within the material being studied. 

2. Capability to make measurements at higher pressure 

levels than are possible with quartz crystal and 

interferometer techniques. 

The principal disadvantage is that the thickness of the gage 

and its different shock impedance than the surrounding material 

cause finite rise times which can obscure details of the stress 

wave profile. Also, the question of gage hysteresis (different, 

and possibly variable, piezoresistive coefficients on compres- 

sion and release) has not been resolved with sufficient ac- 

curacy to determine the effect on experimental error. 

STEPPED TARGETS 

Because gages are not available to record stress-time or 

particle velocity-time at higher stress levels {> 400 kbars), 

it was necessary to employ a technique to observe free surface 

velocity at various depths in the target materials and from 

17 
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these measurements infer release wave behavior.  This was 

done by recording the time required for the surface to cross 

a known gap.  The difficulty with this method is that if the 

shock that arrives at the free surface is attenuating, the 

surface may decelerate while crossing the gap.  To avoid the 

timing error produced by this effect, a thin shim, preferably 

of the same material as the target, was applied to the rear 

surface.  The situation of an attenuating shock in such a 

system is illustrated in Figure 8.  A rarefaction wave is 

shown propagating with finite, discrete steps, represented 

by the characteristics AC, AE, etc., in the figure.  After 

the attenuated compressive shock (OEB) reaches the rear sur- 

face of ehe shim and reflects as a rarefaction, the shim and 

target surface start to move together.  When the shim-target 

interface is overtaken by the rarefaction wave (AC) the in- 

terface separates.  The shim continues with the original free 

surface velocity while the surface itself is slowed to some 

lower velocity.  Thus the shim indicates the free surface 

velocity associated with the peak particle velocity of the 

wave that struck the shim.  If the shock wave was attenuated 

during its passage through the shim, the shim velocity will 

not correspond to the peak particle velocity but rather some 

lower average.  In general, free surface velocity error with 

this technique will depend upon the shape of the wave.  For 

a triangular wave of duration corresponding to the impactor- 

thickness (1 mm) and a shim of thickness 0.0125 mm, the error 

in the shim velocity would be 1.25%.  This would seem to be 

representative of the worst case that would be encountered. 

The basic target configuration was established as blocks with 

shims on the surface and measurement gaps for the shims to cross. 

The further side of the gap consisted of a mirror constructed 

by attaching aluminized Mylar to thick pieces of plate glass. 

18 



MANUFACTURING      DEVELOPMENT     •     GENERAL      MOTORS      CORPORATION 

MSL-70-01 

Only one side of the Mylar is aluminized and this surface was 

on the side opposite the side struck by the shim.  This was 

done to avoid early extinction of the reflecting surface due 

to microjetting by the shim surface.  Because of this thickness 

of film, the velocity measured was a combination of the shim 

velocity and the shock velocity in the Mylar due to the shim 

impact.  A correction was made to determine the shim velocity 

using an estimate of the shock state in the Mylar.  The magni- 

tude of this correction can be estimated by calculating the 

shock velocity induced in the Mylar by assuming an impact of 

the shim material upon plfvxiglas.  Using this approximation, 

it is calculated that the maximum correction on the measured 

velocity ranges from 0.03% at an impact velocity of 25 mm/ysec 

to 0.7% at a velocity of 7.3 mm/ysec. 

t 

Figure 8   x~t Diagram of Shock-Rarefaction System 
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The targets were designed with two or three different thicknesses 

in order to obtain as much information from each experiment as 

possible.  The target design is shown in Figure 9. The target 

design allowed the same unaffected area on all steps for any 
target thickness. 

Mirrors 

Side Mirror 

Impactor Plate 

Figure 9   Step Target Design 

The reflectance of the shim is decreased when struck by the 

shock wave indicating the start of the shim motion.  The shim 

then crosses the gap and strikes the Mylar mirror.  The mirror 

reflectance is also altered and the two changes in reflectance 

are measured on the streak camera record to provide the time 

of flignt of the shim across the gap.  A representative streak 

camera record is shown in Figure 10,  Accuracies on the order 

of 0.5% to 2% in shim velocity are obtained when all errors are 
considered. 

For attenuating shock waves, the particle velocity associated 

with the peak pressure was calculated from the measured surface 
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velocity.  In several cases, the measured free surface velo- 

city for unattenuated waves exceeded twice the known particle 

velocity.  This effect is expected at high pressures as the 

irreversible entropy associated with the shock becomes appri- 

ciable.  For copper this effect was noted at moderate pressures 

and became more evident at higher pressures.  In aluminum, the 

effect was appreciable only for high velocity impacts.  Fig- 

ures 11 and 12 present the initial free surface velocity as 

a function of particle velocity (half the impact velocity for 

similar materials impacts) for the copper and aluminum respec- 

tively.  Also included in the figures are the computed free 

surface velocities.  These were calculated from: 

Vl  /   \  1/2 

ufs = uo + |      (^1       dV (5) /; N 
H 

assuming a Mie-Gruneisen equation of stc e and taking (y/V) 

to be a constant. 

Where:  uf is the free surface velocity 

u is J.ne  particle velocity 

P is the pressure 

V is the volume 

H refers to the hugcniot 

S refers to the entropy- 

As can be seen, the data is in good agreement with the computed 

values.  From this it is possible to determine the particle velo- 

city associated with a measured free surface velocity and to 

calculate the peak pressure in the attenuated shock as a function 

of distance of propagation. 
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The free surface shim technique allows determination of the 

particle velocity as a function of distance, at stress levels 

at which pressure or particle velocity gages will not function. 

The principle disadvantage to the technique is the fact that 

data is taken in increments and several experiments are re- 

quired to characterize a particular condition. Also, at high 

pressures the errors in measurement may be sufficient to ob- 

cure the detail of the release waves.  Thus the technique is 

primarily applicable to measurement of the elastic release 

wave velocity and of the attenuation due to the release wave. 

WEDGE TARGETS 

A few experiments at moderate pressures were performed with 

targets in the form of wedges.  The purpose of these experi- 

ments was to examine coatinuously shock propagation versus 

distance in the material.  The basic wedge configuration is 

shown in Figure 13. 

The angle of the wedge was selected to insure inclusion of 

the overtaking point. The apparent velocity of the shock 

arrival along the wedge rear surface was greater than the 

velocity of the shock front in the material so that distur- 

bances could not be communicated up the face of the wedge. 

The angles used ranged from 10° to 15°. 

The first attempt to use the wedge was made using rear sur- 

face shims and a free surface gap to a mirror. This method 

was discarded because of unevenness of the record caused by 

small imperfections in the shim surface and the mirror. 

Subsequent attempts to use wedges utilized direct observa- 

tion of the target rear surface to record shock wave arrival. 

25 
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Camera Slit Position 

Viewing Direction 
Target 

Relay Prism 

First Surface Mirror 

f 
Impact Direction 

WEDGE TARGET 

Figure 13   Wedge Target Design 

This is less desirable than observing free surface velocity 

because shock wave velocity is less sensitive to changes in 

the pressure of the attenuating wave than are the free sur- 

face or particle velocity.  Figure 14 provides an example 

of a wedge record.  The changes in shock velocity are evi- 

denced by changes in the slope of the shock breakout. 
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1/isec 

Figure 14   Wedge Streak Camera Record for 
Copper-1.192 mm/ysec Impact Velocity, 
Pulse Length 0.20 ysec 

Because the attenuation information is in the form of small 

changes in slope extraction of data from records of this type 

is formidable task. Two methods have been used to process 

the data.  The record was processed by converting the film 

record into a digital representation with an optical compari- 

tor (see Figure 15).  The digital information was then pro- 

cessed in two ways. The entire shock arrival x-t path was 

fitted by a linear least squares fit for time as a function 
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of distance.  Each point was then compared to this line and 

the difference plotted and recorded.  Thin type of result is 

shown in Figure 16, the results from a copper record.  The 

irregularity of this display is caused by point to point dis- 

persion in reading the film record on the optical comparitor 

and by the expanded time scale of the plot. The slope of the 

plot changes at between 22.5 and 25.  This indicates the shock 

velocity decreased at this point, a normalized depth of X/X = 

5.2 to 5.6.  This decrease in shock velocity is interpretted 

as attenuation of the shock front by the release wave from the 

rear surface of the impactor. 

The data was also analyzed by means of an "N" point differentia- 

tion scheme which calculates the local value of the derivative 

of distance along the face of the wedge with respect to time. 

The result of this processing is shown in Figure 17. As can be 

seen there is again a decrease in the derivative starting between 

22.5 and 25 along the face of the wedge, in agreement with the 

least squares fit treatment.  The derivative given on the plot is 

the velocity of the shock breakout across the face of the target, 

not the shock velocity in the material. Correcting for the 

wedge angle produces a shock velocity of 4.86 mm/nsec for 

this experiment.  This value is in good agreement with other 

copper measurements for the particle velocity of 0.596 mm/ysec. 

Use of the wedge allows continuous observation of the shock 

wave front as it moves through the target material.  In prin- 

ciple, this allows a very accurate determination of the point 

at which the shock front is overtaken by the first release 

wave.  In practice the observed quantity, the shock velocity, 

changes so little with small changes in particle velocity, 

which are associated with the initial portion of the release 

wave, that the overtaking point is very difficult to deter- 

mine. 
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SECTION   III 

EXPERIMENTAL  RESULTS 

During the course of  the program the following materials 
were  examined experimentally: 

1. OFHC Copper 

2. 6061-T6 Aluminum 

3. 6A1-4V Titanium 

4. Pure Titanium (in the a phase) 

5. S-200 Beryllium 

6. A Beryllium supplied by Lawrence Radiation 
Laboratory similar to Brush Beryllium QMV 

7. An Uranium Alloy 

Table I presents the yield strengths, elastic properties 

and shock properties of these materials. 

OFHC COPPER 

This pure (.399) form of copper has a relatively low yield 

(2.7 kbar compressive yield strength), is ductile and strain 

rate sensitive.  Experiments performed at low pressures 

(52 kbars) were instrumented with the laser velocity inter- 

ferometer.  These profiles ure presented in Figure 18 in terms 

of interface velocity versus time.  In order to suppress spall 

such that the unloading portion of the wave could be observed. 
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the experiments were performed with fused quartz windows on 

the target rear surfaces.  The laser beam was reflected from 

the quartz-copper interface.  Due to the impedence mismatch 

between the target and window the interface velocity is greater 

than the particle velocity, but is less than the free surface 

velocity.  Profiles were obtained for three values of X/X 

(target thickness/impactor thickness); 2.55, 5.11 and 11.01. 

In all the profiles a ramped elastic pre ursor is evident with 

a velocity of 4.75 mm/ysec followed by a ramped plastic wave 

with a velocity of ^ 4.5 mm/usec.  There is no definite elastic- 

plastic release wave structure evident in these profiles.  The 

indicated release wave velocity of greater than 5.3 mm/ysec 

exceeds the expected plastic release wave velocity.  Although 

there is no clear cut elastic-plastic release wave structure, 

the first release wave, because of its velocity evidently is 

an elastic wave. 

A number of intermediate pressure experiments were performed 

at about 400 kbars with manganin wire gages.  Typical of the 

results of these experiments is the pressure-time profile 

shown in Figure 19.  The elastic precursor is not observed 

at this pressure level as the shock is overdriven (the shock 

velocity is greater than the elastic precursor velocity). 

There is a finite rise time on the front of the wave that is 

attributable to impact tilt and to the finite gage thickness. 

There is also some unevenness on the top of the record due to 

system noise.  The smeared elastic-plastic nature of the re- 

lease wave can be seen in this record with an initial drop in 

pressure followed by a change in slope and then another pres- 

sure drop.  The double inflection is taken to be the demarca- 

tion between elastic and plastic behavior.  The stress does 

not return to zero because the copper impactor plate was backed 
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with a plastic plate to insure impactor flatness.  Again exam- 

ination of the velocity of the first release wave shows it to 

be much higher than expected for the plastic release wave. 

In order to obtain comparisons of the pressure-timn records 

with other forms of data the manganin records were transformed 

through the conservation equations: 

^1 dp s: dP/c^ 

and 

| 

i 

du = dP/pc 

(6) 

(7) 

where p is the local material density 

P is the pressure 

c is the local sound speed 

u is the particle velocity. 

Tht: results could then be transformed into the particle velo- 

city or free surface velocity versus distance plane through 

the method of characteristics as shown in Figure 20.  The 

elastic-plastic nature of the release wave is no longer evi- 

dent.  The same procedure was used to project the pressure- 

time results into the stress-strain plane.  In Figure 21 the 

result of this transformation is shown along with the hugoniot 

of the material.  The loading path here is taken along a Raleigh 

line.  The unloading path drops below the hugoniot indicating 

elastic release.  The release path cannot be followed to zero 

stress because of the plastic backing of the impactor plate. 

This experimentally determined stress-strain release path shows 

no definite change from elastic to plastic behavior.  If the 
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Figure 21   Copper Stress-Strain Release Paths 
from Manganin Wire Gage Records 
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maximum difference in stress between the hugoniot and the re- 

lease path is taken to be 4/3 of the yield, the value of the 

yield strength is then about 10 kbars at 400 kbars peak pres- 

sure from these experiments.  This is to be compared with the 

quasi-static yield of 2.7 kbars and the value of 3.2 kbars 
3 

yield at 10 /sec strain rate. 

Attempts to obtain pressure-time profiles at higher stress 

levels were not successful due to premature gage failures. 

Data at higher pressures was obtained through the free sur- 

face technique.  Experiments were performed at impact velo- 

cities of 2.5, 5.6 and 7.3 mm/psec corresponding to pressures 

of 0.65, 2.01 and 3.03 Mbars.  Data from experiments at an 

impact velocity of 2.5 mm/ysec are shown in Figure 22.  The 

overtaking point is clearly between values of X/X of 4.5 

and 5.5.  Also shown in this figure is the overtaking point 

determined from a wedge experiment.  The overtaking point 

from the two types of experiments agree quite well. 

Results from experiments performed at an impact velocity of 

7.3 mm/ysec are shown in Figure 23.  Here because of irrever- 

sible heating effects, the free surface velocity was signifi- 

cantly higher than the impact velocity.  The overtaking point 

lies between X/X of 4 and 4.4 indicating a release wave velo- o 
city between 8.91 and 9.48 mm/ysec.  Because of the large 

amount of heating at the peak pressure level, the free surface 

velocities cannot be taken to be twice the particle velocities. 

The values must instead be corrected for heating effects 

through Equation 5. 

Tha  normalized attenuation for initially unattenuated pressures 

or 0.4, 0.65 and 3.03 Mbars are presented in Figure 24.  With 

increasing pressure the distance before initial attenuation 
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takes place becomes less and the initial rate of attenuation 

increases.  The initial release wave velocities inferred from 

the experimental results are presented in Figure 25 as a func- 

tion of p/p or relative comparessioi.  The plastic release 
0 (1) wave velocities as determined by Al'tshuler, et al.   ar^ alsj 

shown along the calculated hydrodynamic release wave velocities. 

The calculated release wave velocities are obtained using the 

Mie-Gruneisen equation of state the linear fit to the hugoniot 

resulting in: 

2   „2 c  = V V \x       1-Sn / 
2 ^ 2 

+ P   C Mo  o 
1+Sn 

(l-3n)3 J 
(8) 

where V is the specific volume behind the shock 

P  is the shock pressure 

C and S are the constants of the linear o 
fit of shock velocity, D, to the par- 

ticle velocity, u, D = C + Su o 

Y  is Lnc Gruneisen parameter and 

r, - i    v 

o 

The sound velocities were calculated assuming y/V is a con- 

stant. 

The value shown on the ordinate of Figure 25 is the longi- 

tudinal wave velocity determined from ultrasonics measurements, 

The inital release wave velocities determined from the lower 

pressure experiments agree well with the elastic release wave 

velocity for copper given by Al'tshuler et al. (1) The two 
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highest pressure points agree, within the error shown, with 

the Al'tshuler plastic wave data points and the calculated 

plastic release wave velocity.  These results are taken to 

show an approach to purely hydrodynamic behavior. 

6061-T6 ALUMINUM 

This alloy of aluminum is fairly strong with a cumpressive 

yield of about 3.2 kbars, ductile and strain rate insensitive 

at room temperature. 

A series of intermediate pressure experiments were performed 

with maganin wire gages to examine the unloading of the aluminum 

alloy.  The experiments resulted in the series of pressure-time 

profiles shown in Figure 26.  The peak pressures here range 

from 76 kbars to 237 kbars.  An elastic precursor is not ob- 

served at these pressure levels and the finite rise time is 

attributed to shock tilt across the gage and the finite gage 

thickness.  As higher pressures are attained in the material 

the elastic-plastic structure of the unloading wave becomes 

more obvious.  Although there is no elastic stress plateau the 

waves are reasonably clear.  An increase in the magnitude of 

the elastic release wave can be observed with increasing pres- 

sure.  In these records the release wave does not go to zero 

pressure because the impactor is backed with a plastic plate 

to insure flatness during launch. 

Again, in order to obtain comparisons of the pressure-time 

records with other forms of data the manganin records were 

transformed through the conservation Equations 6 and 7. 

When the manganin records of the aluminum experiments are pro- 

jected onto the free surface velocity versus normalized target 
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thickness plane, the effect of increased release wave velocity 

with increased initial particle velocity may be seen (Figure 27). 

The overtaking points become progressively smaller for increas- 

ing free surface velocity, indicating higher release wave velo- 

cities.  The initial rate of decrease is greater for the in- 

itially higher stress states. 

Although the e^stic-plastic nature of the release wave is 

fairly clear in the stress-time record of the manganin wire 

record, it is not discernable in the particle velocity or 

free surface velocity versus target thickness presentation. 

Based upon these results, it would be very difficult to detect 

elastic-plastic behavior from experiments measuring free sur- 

face velocity as a functior of target thickness. 

In Figure 28 the manganin records have been translated into 

stress-strain release paths. Also shown is the hugoniot for 

6061-T6 aluminum.  The release paths start from points on the 

hugoniot and in all cases drop below the hugoniot.  This indi- 

cates an elastic-plastic release, as a hydrodynamic release 

would run above the hugoniot.  Once again, because of the 

plastic backing plate, the paths cannot be followed to zero 

stress. The offset from the hugoniot of the release path 

increases with increasing pressure.  If the difference be- 

tween the hugoniot and the release path is taken to be 4/3Y, 

then we have the following values of the yield as a function 

of pressure. 

Peak Pressure Y 
kbar kbar 

0 3 
76 3 

111 5 
163 6 
237 8 
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Measurements made at higher pressures utilized the free sur- 

face method.  Experiments were performed at nominal impact 

pressures of 8.24, 0.24, and 1.01 Mbars.  Only the release 

wave overtaking points were measured at the higher pressures. 

The results of the lower pressure experiments are shown in 

Figure 29.  Also shown in this figure is the hydrodynamic 

prediction of attenuation. 

A comparison of the free surface velocity data and the manganin 

wire results are also shown in Figure 29. The manganin wire 

results have been projected by characteristics into the particle 

velocity-distance plane for this comparison.  The manganin wire 

results agree with the free surface measurements on the location 

of the overtaking but not upon the rate of attenuation.  The 

free surface velocity measurements indicate a faster rate of 

attenuation. 

The normalized attenuation versus distance for aluminum is 

shown in Figure 30. Again, as with copper, the overtaking dis- 

tance decreases with increasing pressure. For the range of 

pressures shown here, 0.076 to 0.24 Mbars, the initial rate 

of attenuation seems to be the same. The attenuation curves 

seem to be offset vertically in relative particle velocity by 

the same amount for the range of distances shown. 

A number of high pressure experiments were performed with 

6061-T6 aluminum. From these experiments only approximate 

values of the release wave velocity could be obtained.  The 

values obtained indicate that the initial release from pres- 

sure levels of 0.69 and 1.01 Mbars is elastic. This may be 

seen in Figure 31 where the release wave velocities measured 

in this work and others are compared. The high pressure 

points fall above the release wave velocities determined by 

Al'tshuler et al.   indicating an initial elastic release. 
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Two calculated plastic release wave velocity curves are shown 

in Figure 31.  Both were calculated from the Mie-Gruneisen 

equation of state and the linear fit to the hugoniot as des- 

cribed by Equation 8.  The upper curve was calculated using 

the linear fit of Al'tshuler, et al.(17) 

D = 5.341 + 1.353 u (9) 

where D is the shock velocity 

u is the particle velocity. 

This is shown to demonstrate the agreement between the Rus- 

sian experimental release wave points and the calculation 

based on their linear fit. The velocity of the first release 

wave observed at the highest pressure level in this work is 

significantly higher than the expected plastic release wave 

velocity. This result is taken to imply that the first re- 

lease wave at this pressure level is elastic. 

The evidence from the experiments with 6061-T6 aluminum at 

stress levels up to 0.25 Mbars show that the initial release 

wave is elastic and that the magnitude of the elastic wave 

increases with increasing pressure although the elastic re- 

lease wave is not well separated from the plastic release 

wave.  At pressures between 250 kbars and one Mbar, the 

initial release is believed to be elastic on the basis of the 

comparison with plastic release wave velocity.  The elastic 

release wave velocity starts initially about 20% higher than 

the plastic release wave velocity predicted by hydrodynamics, 

continues to increase at that rate, and then the final two 

points tend back toward plastic release wave velocity. 
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Note that the various  alloys  of aluminum represented in 

Figure  31 cannot be distinguished   (within experimental error) 

by their initial release wave velocities. 
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Figure 31   Release Wave Velocity vs Compression 
for Aluminum 
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TITANIUM 

Two types of titanium were examined, an alloy (6A1-4V an- 

nealed) and .995 pure titanium in the a phase.  Only free 

surface velocity and wedge experiments were performed with 

the 6A1-4V alloy and only manganin wire gage experiments with 

the a titanium. 

Figure 32 presents a manganin wire record for the a titanium. 

Examination of the front of the wave shows a slow rise (due 

in part to the gaga response time) and some unevenness on 

the top of the record due to system noise.  The release wave 

shows a smooth transition from elastic to plastic behavior. 

This record was typical of the records obtained for a titanium 

at pressures of 80 and 134 kbar. 

The manganin wire records have again been projected into the 

stress-strain plane (in Figure 33).  Here the hugoniot has 

been extrapolated downward from the high pressure hugoniot 

and does not reflect a possible phase transition in this 

material at approximately 100 to 120 kbars.  The release path 

shows a large offset from the hugoniot and, if taken to be 

4/3 Y, the value of the yield is approximately 8.5 kbars. 

This can be compared to a quasistatic compressive yield 

strength of about 5 kbars.  However, this material is very 

strain rate sensitive and shows a compressive yield of about 

8 kbars when loaded at a rate of 600/sec.  Stress-strain tests 

have also shown that the yield is significantly reduced when 

the temperature is increased.  The manganin wire gage results 

probably represent a mixture of the two effects, i.e., increase 

of the yield point due to rate of loading and pressure and 

reduction of the yield point due to shock heating. 
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Additional data were obtained for an alloy of titanium 6A1-4V. 

This is a high strength material with a compressive yield 

strength of about 9.6 kbars, moderately ductile (13% elonga- 

tion) and strain rate sensitive. Free surface velocity mea- 

surements were made at a nominal impact velocity of 2.6 mm/ysec 

The results of these experiments are shown in Figure 34.  The 

results suggest a gradual decrease in free surface velocity 

up to X/X of about 7 followed by a sharp decrease.  A sub- 

sequent experiment performed with a wedge gave no clear indi- 

cation of this behavior.  Further, since the manganin wire re- 

cords gave no indication of this behavior with the pure titanium 

it is concluded that the gradual initial decrease in the free 

surface data is only an apparent effect probably caused by 

data scatter. 

The overtaking point as determined by the wedge experiment 

agrees very well with the free surface velocity data. 

Figure 35 presents the initial release wave velocities observed 

in the titanium versus relative compression. Also shown here 

is the calculated plastic release wave velocity. As in the 

case of the aluminum alloys, the data from the 6A1-4V alloy and 

the pure a titanium are, within experimental error, the same. 

The initial difference between the calculated plastic release 

wave velocity is quite large but appears to have decreased at 

a compression of 1.27. 

59 

- ■■ ■■■■.-..., i 



MANUFACTURING      DEVELOPMENT     •     GENERAL      MOTORS      CORPORATION 

MSL-70-01 

"   1 
/ 

1 

E / 
1        ^ / 
l        <= / 

S u 1 
1      t— E 1      § (O 

c «■J 

1      < >> 
1      v0 ■o 

o 
V. 
■o 

v 
<\ 

/ 
r^*       ""^ / *"1 

3            / 
f 

«/»         / 
£/ < 

1          a> 
1              CT> 

■o 
V □ 

1             ^     ' 
l                \0 
k     db -^ 

o 
o 
6 

1 1 

«M 

IT» 

O 
X 

o 

• ir\ 

«M 

Dasrf/iuui) Ail0013A 33VJynS 33yd 

o 
<u 
(0 
^ 0) 

v_ 0) 

1 rH 
3 
a< 

V£> 
• «i 

CM (N 
1 II g o 
3 X 

■H \ 
Ö X 
to 
4J 4J 
■H (0 
En 

w> 
U • 
0 rg 

>« II 
(0 

0) *4-l 
r^ D 
^ 
(0 0 
,'J •U 
m 

■H T3 
Q c; 

N 
(0 •H 
> H 

m 
>,g 
+J h 
•H 0 
Ü z 
0 

rH * 0 
0) >i 0) 
> -u to 

■H   3. 
0) Ü 
o 0 r- 
«J rH iH 

M-l <D    • 
H > O 
3 
W ■u x; 

ü +J 
0) «0   XJ\ 
(U Cu c 
M 6 (U 
Cx H  ^ 

^ 
n 
0) 

^ 
&• 

-H 

60 



MMMMMMi 

MANUFACTURING     DEVELOPMENT     •     GENERAL     MOTORS     CORPORATION 

MSL-70-01 

o 
«> 

e 
E 

o 
o 

> 
< 

< 

%. 

Figure 35   Release Wave Velocity vs Compression 
for Titanium 
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BERYLLIUM 

Two types of beryllium were examined under the program, a 

wrought beryllium (similar to Brush QMV) supplied by Lawrence 

Radiation Laboratory and S-200 beryllium. Because of the high 

angle of intrusion of the lateral release waves the targets 

were constructed with only two steps, rather than three as 

employed with targets made of the other materials. The data 

from the experiments are presented in Figure 36 for both 

materials. Within experimental error there appears to be no 

difference in the results for the two materials. These data 

show a gradual decrease in free surface velocity at X/X 

values of 1 to 3.5 then a Fharp decrease at X/X of about 

4.5. The sharp decrease is interpreted to be the arrival of 

the elastic release wave from the rear surface of the impactor 

plate.  By using an overtaking distance of X/X of 4.2 with a 

shock velocity of 9.6 mm/ysec an elastic release wave velo- 

city of 13.6 mm/usec is inferred. 

It is not clear why the gradual decrease in free surface velo- 

city occurs between values of X/X of 1 to 3.5. Close examira- 

cicn of the experiments and the results show that this decrease 

is a real effect since it is regular and was observed in all 

experiments. The accuracy of the individual experiments is 

± 2%.  The data show decreases outside this range. The shims 

used on the target surface in all experiments were of aluminum 

foil.  These aluminum shims were observed to fly off the 

beryllium surface with a velocity approximately three to four 

percent lower than the beryllium impactor velocity. This is 

the expected difference due to the impedence mismatch between 

the beryllium and the aluminum at 225 kbars.  The decrease in 

the free surface velocity may be due to shock dispersion, a 

rate effect or twinning. 
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Beryllium-2.5 mm/ sec Impact Velocity, 
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Two sources of possible error were examined for their effect 

on measured velocities:, The data were examined to determine 

if the elastic precursor was affecting the results. The free 

surface velocity was measured by measuring the time required 

for the thin surface shim to cross a small gap of known width. 

The initial motion of the shims was detected by their loss of 

reflectivity.  If the elastic precursor was causing the change 

in reflectivity (with resulting low free surface velocities) 

the measured shock velocities in the specimens would be the 
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elastic precursor velocity. Because the shock velocity ob- 

served in all experiments corresponded to the plastic wave 

velocity, it was concluded that the signal of initial motion 

of the shim as recorded in the experiments was caused by the 

plastic wave.  The possibility that the elastic precursor, 

although undetected, caused the surface to move prior to the 

arrival of the plastic wave was also examined.  It was found 

that the motion due to the elastic precursor would causa a 

reduction of about 0.2% in the gap width for the experiments 

performed and an increase in the free surface velocity of the 

same amount.  Therefore, the observed effect is associated 

with the plastic portion of the compressive wave. 

o N 

URANIUM ALLOY 

A limited group of experiments were performed using impactor 

plates and targets of a uranium alloy supplied by Lawrence 
Radiation Laboratory. The density of this alloy was 

16.41 grams/cm  . ^•L6'  Cooper shims were used in these experi- 

ments. The results of the experiments are shown in Figure 37. 

These data indicate an overtaking distant  of X/X of about 

4.8. This taken with a particle velocity of 1.26 mm/ysec and 

a shock velocity of 4.46 mm/ysec gives a release wave velocity 

of 4.88 mm/ysec. 

The data is somewhat suspect because it is felt that the im- 

pactor plates were broken prior to impact. Examination of the 

streak camera records of the experiments showed unexplained 

discontinuities in the traces. Au experiment was performed 

in which a plate of the uranium alloy was impacted directly 

upon the reflecting surface of a mirror, and the mirror ob- 

sorved with the streak camera.  The record from this experiment 
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showed that the impactor plate was not flat upon impact and in- 

dicated that it was broken in the center.  Subsequent experi- 

ments of the same type were attempted using stronger backin/ 

plates behind the uranium plate and lower launch velocities with- 

out success. 
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Figure 37   Free Surface Velocity vs Distance for 
Uranium Alloy--2.5 mm/ysec Impact Velocity, 
Normalized to Ufs=2.5 at X/X0=2, Pulse 
Length 0.23 psec 
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SECTION IV 

CONCLUSIONS 

From the preceeding experimental results several conclusions 

may be drawn: 

1.  For all materials examined elastic release wave behavior 

observed.  For those materials for which pressure-time 

profiles were recorded, increases in strength were ob- 

served with increases in pressure. The presence of sig- 

nificant shear strengths was observed through comparison 

of observed sound velocities with the observed or calcu- 

lated plastic release wave velocities as in Figure 38. 

The velocity of the first observed disturbance is com- 

pared to plastic release wave velocity. Most of the data 

cluster about a line of slope 1.2. Data significantly 

below the 1.2 slope line are expected when the temperature 

behind the shock front becoites sufficient to melt the 

material in the compressed state and the shear strength 

becomes zero.  Elastic waves will then no longer be ob- 
(18) served.  McQueen, et al.    calculate the onset of melt- 

ing for copper to be at a pressure of 1.33 Mbars.  The 

upper two copper points shown in Figure 38 above this 

pressure and fall about a line of slope equal to one. 

Since this represents plastic release wave velocity we 

take this to indicate melting behind the shock front. 

The highest pressure point for aluminum (1.01 Mbar) indi- 
(19) cates elastic release.  Urlin    has predicted melting 

to occur in aluminum at approximately 1 Mbar.  These ex- 

perimental results indicate that melting has not yet 
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occured at this pressure. The difference in melting 

characteristics of the alloys of aluminum may account 

for this behavior, however. 

With the exception of beryllium (see below) and the 

two copper points, all the points fall about the 1.2 

slope line indicating no melting behind the shock front. 

Because shock wave velocity is approximately equal to 

plastic release wave velocity, the fact that data cluster 

about a line of slope 1.2 provides the basis of approxi- 

mating elastic release wave velocities for materials 

whose release wave properties are not known. 

The observed increase of strength followed by an eventual 

loss of strength when melting is approached suggests that 

the two effects, heating and increasing strength, aro in 

competition. For pressures where there is little shoch 

heating the material strength increases. As the pressure 

is increased, heating produces a slower rate of increase 

in elast/c  strength and finally a decrease to essentially 

no strer. ith when melting occurs. For this behavior there 

would be a pressure at which the material would show a 

maximum strength. 

2.  In none of the materials examined was elastie-perfectly 

plastic behavior clearly observed. From the stress-strain 

release paths it is concluded that the Bauschinger effect 

was observed for copper, a titanium and 6061-T6 aluminum. 

From the free surface velocity experiments with other 

materials it was not possible to separate elastic and 

plastic release waves. 
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3. Examination of the results shown in Figure 38 leads 

to the conclusion that, Poisson's ratio (v) is not a 

strong function of pressure and temperature up to the 

onset of melting.  Further the elastic release wave 

velocity is related to plastic release wave velocity 

by 

CP " I 1+V ) 
1/2 

(10) 

For the materials shown in Figure 35, v is approximately 

.3 which leads to a ratio or slope of about 1.24.  Beryl- 

lium is a significant departure from this with v = .055. 

The beryllium ratio of elastic to plastic wave speeds is 

predicted to be 1.64 and 1.41 is observed indicating a 

decrease in Poisson's ratio. 

4. From the results of the experiments and other data such 

as shown in Figure 35, alloys of metals show little dif- 

ference in their elastic release wave velocities, at the 

high pressures tested.  This does not imply that the de- 

tails of the release waves are the same. 

5. Through the course of the experimental program it became 

clear that without pressure-time or particle velocity-time 

measurements it is very difficult, if not impossible, to 

identify elastic-plastic behavior.  Examination of the 

pressure-time plots and the resulting projections into 

free surface velocity-distance plots demonstrates that 

the elastic-plastic release waves observed in the pres- 

sure-time plots are not clearly shown in the free surface 

velocity-distance plane. 
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Experiments with wedges were useful only to identify 

the overtaking of the shock front by the first release 

wave.  Extraction of attenuation data from wedge re- 

suits requires differentiation of the dataf which re- 

sults in errors that can obscure the rate of attenua- 

tion.  Examination of this problem revealed also that 

wedge experiments can be an extremely delicate measure 

of wave curvature or impactor curvature.  Extremely 

small curvature of the impactor plate can obscure 

the rate of attenuation. 

This work has shown that elastic release waves persist to very 

high pressures. The significance of these high pressure elas- 

tic release waves in attenuation should be further evaluated. 
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