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A Shock~Wave Stress Gauge Utilizing the
Capacitance Change of a Solid Dielectric Disc
- I. INTRODUCTIONW

The stress-time profiles which result when solids are subjected to shock-wave
loading exhibit considerable detail when observed with fast time-resolution devices
such as Sandia quartz gaugesl 2 air dielectric capacitors,3- -6 and laser interfercmeter
devices, -9 Vave profiles have been observed which show significant stress amplitude
changes occurring in times-of 10“8 sec. It is the purpose of this paper to describe
a nev type of gauge capable of measuring either particle-velocity or stress with time-
resolution limited only by the rise-iime of the recording equipment and the planarity
of the shock-wave front. The signal from the gauge results from the capacitance
change of a solid dielectric disc which produces & current which is 1nscantaneously
proportional to the velocity of the stressed clec*crodeo

We will first show an analysis which demonstrates the physical basis for the
relationship between the shock-wave induced capacitance change and the current. Fol-.
lowing this analysis, we will describe the experimental program used to study the
properties of several promising materials and discuss the results obtained. This
investigation shows that synthetic single-crystal sapphire discs cut in the’ 60° orienta-
tion preferred growth habit are useful as gauges to stresses as high as about 100 kbar.
These geuges have been used for the measurement of a number of stress-time profiles.

II. ANALYSIS OF A SHOCK-LOADED DIELECTRIC DISC o ’ ' ST

While a shock=-wave is traversing a dielectiric disc to which an electrostatic
potential is applied, a current flows due to the shock-wave induced compression and
permittivity change. To understand the behavior of a solid dielectric gavge, we '
must consider.its response for time intervals which are short compared to the shock
wave transit time. The analysis considers the response of the disc to a stress~time
profile of arbitrary shape. The appendlx 1n~ludes an analysis of the response of the
disc to a step function Sureqs wave. .

Consider a dielectric disc with an electrosuatic potential between the -electrodes on
.the two plane surfaces of the disc while one face of the disc is subJeCted to a
ropidly changing impulsive load., Assume: (a) that the disc is in a state of one-
dimensional strain, (b) that the electric field, E, in the disc is one-dimensional,
(c) that the electrostatic potential dleerence, V, between the electrodes is constant,
(d) that the electric field has the seme value in the stressed and unstressed regions
of the dlSC,lO (e) that ihe stress is applied simultaneously to the entire electroded
area, A, of the disc, and (f) that the current, i, resulting from the capacitance change
flows in an external resistive load vnth a value such that the product of this resis-
tive load and the capacitence of the gauge gives a time constant which is short
conpared to the rigetime of the SIIEDS pulse,

Concerning the whirsical properties of the disc under shock-wave compression, assume:
{g) that the resistivity is infinite, (h) that all stress amplitudes travel with the
same velocity, U, (i) ithat arl stress amplitudes are steady, (Jj) that the wave velocity
is steady, (k) that the change in permittivity, €, with perticle velocity, u, is a
coustant which we will call v, and finally (4) that the dise eyhlblts no charge genera-
tion under shock,

For one-dimensional corditions, the disviacement current, i(t), is written ss



i(t) = Aap/at , R | _ @)

vhere t is the time and the electric displacement D = €E, may be evaluated as
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The x-d1r°Ct10n is taken along the axis of the disc whose thickness is 4, and the
position of the stressed electrode at x = O is taken to be time dependent. TFor a
constant potential across the disc, Eq. (2) reduces to :
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The displacement current can then be evaluated from Eq. (1) and Eg. (3) as
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where dx /dt is the parﬁicle velocity u(t) of the stressed electrode, € (t) = €; +yu

', is the stressed permittivity and c is the unstressed rermittivity. NOulng that the
assumed steady properties of the wave glve the condition that dx/dt = U, BEg. (k)
can be 51mp11f1ed to :
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Three terms in Eq° (5), [1- 7 1, i and‘/ru(x)dx depend upon the specific wave

shape being considered and cavse a time dcpsnusnt response., However, it can be -
readlly verlfled by reference to Eq. 5 that these contributions are of a mapnltude

(u./U) which 1s very ‘small For small values ol particle velocity. Neglecting chese
. terms Eq. (5) simplifies to the expression
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Eq., 6 Drovwdes a rvelation between the 1nstanoaﬂ~on” :t“rnnt and the iastantaneous
velocity of the ttressed eleoctrode. The first. term in hrackets gives the contributicn



due to the permittivity change and the second term gives the contribution due to
the shock compression.

The analysis shows that for the highly restrictive assumptions used in the analysis
and for small values of particle velocities the current is instantaneously propor-
tional to the velocity of the input electrode for times before the rear electrode is
stressed. The instantaneous nature of this response is analogous to that observed
in the Sandia quartz gauge; however, the assunptions concerning the properties of
the dielectric material must be verified experimentally.  As we will demonstrate,

Eq. (6) describes the observed response of sapphire with good precision for neasure-
ments as high as about 100 kbar. '

ITI. EXPERIMENTAL INVESTIGATION

The instantaneous relation between the particle velocity of the input electrode
and the current is obtained only under the restrictive conditions given in the
analysis; hence, it is expected that only a very few dielectrics will actually re-
spond as predicted in Eg. (6). In particular, assumptions (h), (i), and (J) require
mechanical response which can only be obtained under elastic conditions. Since a
high pressure gauge is of particular interest, potentially useful dielectric materials
should have unusvally large Hugonlot elastic limits. Accordingly, our attention is
first directed toward such materials. After consideration of the elastic limits
observed in several promising dlelec trics, we will then describe measuremenrs of
dielectric properties uvnder shock-wave compression.

Hugoniot Elastic Linmit Measurements

. . . : . o . . 11,121
Previous studies of single crystal quartz under shockewave compression  #777 3

show unusually high Hugoniot elastic limits even though the values observed depended
upon the thicknesses of the samples and the driving pressure. X-cut samples have
Hugoniot elastic limits of about 50 kbar while Zecui samples exhibit a value of
about 120 kbar. Since & Z=-cut quartz disk is nonpiezoelectric, it is potenbwaJTy
useful as & solid dlelCCuTlC gauge to stresses of about 120 kbar.

Sapphire, single crystal Al 03, is noted for an extremely high elasblc stiffness

and a correspondingly high static tensile otrength of 100 kbar in whisker :orm.l
In addition, sapphire is now grown synthetically in sigzes sultable for shock-wave
.experiments. Therefore, a determination of the Hugonlot elabClC limit of qanpnlre
is of immedinte intercot. .

Measurements of the Hugoniot elastic limits of sapphire have been accomplished
for three crystallographic directions;l5 the z-direction, the x~direction; and the
. easy synthetic growth direction which is nominally 60° from the z-direction.'® It is
beyond the scope of this paper to give a detailed account of these measurements; and
they will be revorted in more detail later. Briefly stated, however, the free sur-
face velocity measurements (acconpllsned with a w1re~rcflect10n technigue siwilar to
that enployed by Wam«:erlell) show that the Hugoniot elastic limit depends upoun vhe
driving pressure in a particular crystallographic directicize The lowest value
obtained is 120 kbar for all three orientations at the lowect driving pressure oi
200 kbar. Thus sapphire has the elastic properties required of a gauge for measure-
p2ats of pressures to about 120 kbar. Because of the exceplionally high Hugoniot
elastic limitse of both quartz and sapphire, thelr dielectric Droportles can be ’
observed under large elastic compressions.



Dielectric Measurements

PelﬂlﬁtLVLtleS of solids under large compressions have not been extens1vely in=
vestigated even under static conditions. The permittivity of strontium titana te
hes been measured for pressures up to 50 kbarl( while the’ vermittivities of rubidium
chloride, sodivm chloride, and barium titanate have been measured for pressures up
to about 25 kbar.195195;20" A number of other materials have been investigated at
much lower pressures.2l;22 Previous shock-wave measurements of permittivity2s23 are
very limited and new experlments are needed with a more sensitive, geénerally appli=
cable uﬁchnloue°

To induce shockwvaves with prec1sely knowvn amplitudes and welle=defined profiles
into our dielectric samples, we utilize controlled projectile impact experiments.
The mechanical features of the experiment are the same as those previously reported
for the investigation of the physical properties of X-cut quartzoe As indicated in
Fig. 1, one dielectric disc, the specimen, is mounted ‘on the muzzle end of a come -
pressed gas gun. A second disc, the facing, of the same materisl is attached to the '
impact face of a projectile which 1is accelerated to various preselected velocities
by the compressed gas gun.2* The impact occurs in the evacuated barrel while the
projectile is still guided by the bore of the gun barrel. Rigid control of all
tolerances allovs the impacting surfaces to be aligned to within 5 x 10=% radian.
This value for the "tilt" satisfies the required condition of achieving closure
- between the impacting surisces in times short compared toc shock=wave transit time
across the specimen which is typically 250 nsec.

For symmetric impact, that is, the impact of identical materials, the varticle
velocity imparted to the specimen is exactly one-half the velocity of the impacting
surface. - This condition results for any material independent of the mechanical
properties involved., If there is no stress rela,xa"cion,25 the particle velocity is a
constant until wave reflections occur. The impact velocity is measured to a pre-

. cision of from 0.2% to 0.5% depending on the exncriment'20 thus, the particle velocity
imparted to the sample is preCLseTy spe01fled and can be easily varied over a wide
range.

For experiments within the elastic range, a single shock-wave propagates through
the sample, For this condition the stress imparted to the sample can be computed
from the conservation of momentum relation for a single stress Jjump into a medlum
at rest, :

- oty - | m

where 0 1s the x component of stress imparted to the sample and p is the undisturbed
density. The particle velocity is determined from the impact velocity measurement
while the shock-wave velocity is directly determined from the shock-wave tranalt time
1nd10aued on the P1PPtrxral gignal from the comple.

Slmwlarly, from the conservation of mass relation tne specific volume can be
evaluated as :

v/v, = leu/Uu -, . (8)
where Vs is the unstressed specific volume and v is the stressed specific volume

Three dielectric materizls in several crys{allog;gphic orientation have been
investigated: Z-cut guariz, Ze-cut and 60° sappnire,i® Xecut and Z-cut ruby (Al?o3
. — . . \ 1, o - . . . . . s A - —

.05% Cro doping . The axicl aligmment of the discs was within the speciTied crystal-
lographic oxientation to witnin 1 degree. Tho quariz smas synthetlc material



hydrothermally grovm by Sawyer Research Products. The sapphire and ruby were also
synthetically grown by the Iiinde Co. using a flame fusion Verneuil process. All
crystals were purchased from the Valpey Corp. who selected the material to flaw-free
specifications, and subsequently shaped, polished and oriented the dises to +1°,
The plane surfaces of the discs were flat to 3 sodium 1light bands and the faces were
parallel to 2.5 x 10-3 mm.27 Typical disc dimensions were 19 to 25 mm in diameter:
and 1.5 to 2.5 mm in thickness. A state of one-dimensional strain is assured by
using discs with diameter~to-thickness ratios of greater than 10.

Instrumentation

The seemingly contradictory electirical conditions require that the dielectric disc
be biased with a constant electrostatic potential and that the pulsed signal from the
disc be shunted with a resistive load. The circuit used consists simply of a chargad
coaxial cable? (unterminated) connected across the electrodes of the disc., The
coaxial cable has the propsrty that there is negligible D.C. potential difference
between the power supply and the disc; but during shockswave transit time, it acts
as a 50 N resistive load. This load and the capacitance of the disc result in an
R.C. time consiant of about 10=9 sec which is short compared to the rise~time of the
observed stress pulses. To obtain current pulses of the order of milliamps, electro=-
static potentials of the order of kilovolis must be applied to the disc and detection
circuit. The requirenent for constant eIPCtrostatlc potential is met since the
observed transient signel is only one part in lOL of the static potential. Hence;
the circuitry must also accommodate the additional static high voltage conditions.
With the coaxial cable system the gavge can be blased; its current output loaded,
and the current conduvcted to a location where it can be measured.,

The coaxial cable used was T/8-inch dismeter air-dielectric2® with a length of
95 meters beyond the coexial probe connector to the oscilloscope, This system intro=-
duces neglible distortion between the voltage pulse measursd at the oscilloscops and
- the current pulse output from the dielectric disc. The signal reflécted from the
open end of the cable does not interfere with the signal at the oscilloscope since
the pulse duration is tTypically 250 nsec and the reflected pulse arrives 81l nsec
later,

The connection to the oscilloscope is made with a low=loss coaxial capactive probe
which blocks the electrostatic signal, yet admits the pulsed signal to the oscillo-
scope. input. The oscilloscope used to display the transient signal was a high input
impedance 85 MHz device O with a risetime of about U4 nsec. The oscilloscope traces
were recorded photographically on high speed Polaroid film. The connection from the:
coaxial cable to the electrode is made with a short length of cable such that the
inductaence is lesz than 5 nhenry.

A lov-noise regulated powver supply3l with accuracy of #,.25% and less .than 5 mv .
noise is used to apply the electrostatic potential across the disc through the cable
as shown in Fige 1. T ”yplcal 51gpdl levels are from 1 to 10 milliamp with tyo;cal
bias. voltages of frcn 500 to 2000 volusn

The sample asscmbly consists of an electrode disc of mild steel in intimate con=
vact with the rear of the dielectric dise. The electrode is comnected directly to
the center conductor of .the coaxial cable and this entire assembly is encapsulated
in a low shrinksge epoxy reslu inside a specimsn holder., The coaxial cable ground
shield connection is made between the input =lectrode snd the ground ring by vacuum
vapor depositec aluminua film across the impzct face of the assembly. This film has
a resistance of 0,1 ohm per square, :



Results

A typical record obtained on 60° orientation sapphire at the relatively low stress
emplitude of 30 kbar is shown in Fig. 2. The waveform corresponds very closely to
the response predicted by Eq. (6). The finite risetime is a result of the closure
time to impact the entire face of the disc. To confirm that the observed signals
result from the capacitance change, experiments were conducted in which no electro-
static potential was applied to a sapphire disc shocked at 100 kbar. No signal was
detected. Further, when voltage is applied to the disc the signals were found to
scale according to the thickness, area, voltage, and wave velocity in the manner
specified by Eq. (6). These considerations provide a direct verification that the
observed currents result from the anticipated capacitance change of the dielectric
discs under shock-wave loading. :

The records obtained in the Z-cut quartz experiments showed considerable "noise"
at all stress levels. Further, the signals showed distortions resulting from exces-
sive internal conduction at all stress levels. Thus, even though current amplitudes
showed a linear increase with stress from 25 to 70 kbar Z-cut quartz is not suitable
for a gauge material. .

As both the strain and permittivity change become large at the higher stress
amplitudes, the factors neglected in deriving Eq. (6) become detectable and the
current profile deviates from a constant value. The solution given in the appendix
for the current resulting from a constant amplitude shock-wave shows that for the
values of capacitance change observed at 100 kbar for the 60° orientation the current
should decrease 12% during wave transit time. To provide for this effect the current
value used to characterize the data is the jump in current, i, i? observed at impact

time, As_indicated vy Eq.. (6), it is possible to_separate - the experimentally adjust-
,r,rr-wkh_able parameters 4, A, and V from the physical properties U, €, and vy, Thus, a factor
i L E 11{ /AV, called the scaled capac1t1ve current, specifies the current Jjump obtalned

....at a given particle velocity. The values observed for Y were negative for all the
) materlal 1nvest1gated That 1s to say, the perm1tt1v1ty decreased w1th 1ncrea31ng stress

The scaled capacitive current values observed for two crystallographic orlenta- A
tions of ruby are shown in Fig. 3. These values for both the x and 2z direction show
a pronounced change in slope at particle velocities between O. 09 and 0,11 mm/usec
(40 to 50 kbar). This arises from a nonlinear permittivity change and prevents use
of ruby as a time-resolved gauge for stress above about LO kbar. Further, both ruby
orientations show excessive internal conduction for stress amplitude above 50 kbar.
Thus ruby discs can be employed as time-resolving stress gauges to stresses up to
only 40 kbar. .

The values obtained for the two sapphire orientations are shown in Fig. L, Both
orientations show linearly increasing values of I with increasing stress. Again,
however, for stresses greater than about 4O kbar the Z-cut discs show excessive
internal conduction, and a tlme-resolving gauge in this orientation will be limited
to measurements below 40 kbar, :

The response of the 60° orientation sapphire discs is more encouraging in that I
increases linearily with particle velocity and the resistivity under shock remains
much higher than for the other materials investigated. Up to a stress of about
T5 kbar the resistivity remains high enough such that it has no effect on the records.
Above T5 kbar internal conduction beccmes dztectable and at 100 kbar ‘causes the
current to decrease about 25% during wove trensit time. At thls same stress & 12%
decrease is predicted for the step function stress input (see appendix), This effect
is not expected to affcct stress readings of sharply rising wave fronts but would



appreciably affect wave profiles with slowly rising stress amplitudes. Thus, 60°
sapphire has the dielectric properties required for a solid capacitance gavge in &

useful pressure range, and we will consider the mechanical properties of this material
in more detail.

Mechanical Property Measuremnents

The quality of synthetic sapphire grown in the 60° orientation i1s generally nwch
better, and the material is more readily available than other orientations because
this is the preferred growth direction. However, from the standpoint of its elastic
properrties this orientation vould not have been an obvious choice for a gaUﬁe ma iﬂrlaln
The elastic response is somewhat uncertain since +this orientation is not a "specific"
direction. Generally, an anisotropic crystal responds to a longitvdinal motion with
both shear and longitudinal components except in "specific" directions which give
pure longitudinal motion. Since the 60° orientstion is not a specific direction, it
is possible that & shear wave might be produced and propagaie through the crystal at
a velocity much slower than the longltudinal velocity. The current-time measurements
are very sensitive to the propzsriies of the shock-wave. If a slowver moving siress
wvave of significant amplitude were present in the disc, 1t would be expzacted to
affect the amplitvde and time dependence of the current. There is no evidence for
the presence of a slower moving wave in any of the records.

In order o explore the mechanical response of 60° discs in more detail, an
additional experiment was periormed. A specimen disc 12,7 mm thick was impacted at
30 kbar with a quartz gouge to measure the stress and particle velocity imparted to
the disce. An additional guartz gauge located at the rear of the sapphire specimen
recorded h° aﬁr¢val of the stress pulse produced by the impact. This "front-back"
experimmnt permits two independent evaluations of the mechanical properties of
the impacted specimen on the same experiment. A delayed arrival of a shear wave
would be easily detected. The experiment showed a single longitudinal shock-wave
arriving at the rear quartz gauge. The amplitude of this wave agreed within experie-
mental error with the stress value measured at the impact surface. The propagation
velocity of the wave also agreed with that determined from the capacitance change
measvrements. Thus, it appears that a single longitudinal shock-wave propagates
within tthe elastic range of.60° orientation sapphire. Even though this orientation
is not a specific direction. sapphire shows a very symmetrical elastic response in
the various directions.37s3 (For exemple, the elastic constant c is numerically
equal to the elastic constant c ) For that reason onse mxght expect that the
anistropic response is too pmal§3uo be detectable.

H

The appreciable deJormatLon encountered in the elastic range of sannhlre (about
2% at 100 kbar) would be expected to cause some small increase in wave velocity over
the low signal value. The transit time measvred from our capacitance change records
give a direct measurement of the wave velocity. In addition, wave velocity measure-
ments were obtained on the previously described quartz gauvge experiment and the
free=-surface~velocity measurcmentst? to determine the Hugoniot elastic limit. The
precision of the wvave Velociﬁy measurements made from the capacitance change recordis
is presently limited to *1%. The precision of the other twc experiments is '7/_p.<
The linear fit to these data is U = 10.96 + 0.98 v, where U and u are given in.
mm/UScc This fit shows the wave velocity to increase 2% al 100 kbar. This small
change in wave voiocity with increasing particle velocuty will have only & minor
influvence on rauge performance,

IV, SUMMARY AND CONCLUSLONS
This paver has shown the analytical basis fcr the nwe of the capacitance thange of
a solid dieleetric disc for time-resolved strescs or particle veloclty measurementc,
An exverimental method for stndying the permitiivity change induced by the

L]



one-dimensional strain shock-vave loading was developed and applied to the study
of quartz, ruby, and sapphire discs. Sapphire in the 60° orientation ig Found to
have appropriate properties for use as a gauge for stress bdulses of arbitrary shape
to 75 kbar and for the measurements of stress jumps to 100 kbar. Ruby and sapphire
in the 2z and x directions could be used as gauges up to stresses of about 4O kbar.
A more detailed study of the 60° orientation discs is required to obtain more dats
in smaller stress increments and to investigate the higher siress region in more
detail,

The major limitation for use of the sapphire gauge is the short recording time
(typically 250 nsec) limited by the wave transit time in the gauge. This is suffi-
cient time for meaningful observations on jumps in siress but multiple wave fronts
such as are encountered in elastic~plasitic wave propagation studies generally
require more observation time. However,; measurements on thin samples are easily
accomplished as indicated by the record showvn in Fig. 5. This sapphire gauge record
shows a measurement of the elastic-plastic wave profile propagated through a sample
of spheroidized 4340 steel. The elastic wave amplitude is 21 kbar, and the plastic
wave amplitude is 75 kbar. Other measurements recently accomplished with the
sapphire gauge include a Hugoniot elastic limit determination on [lOCﬂ germaniuvm
(53 xbar) and a determination of a first-order phase transition in a 20 Cr 8.5 Ni
steinless steel at TO kbar.

The gauge seems imnediately applicable to impact surface measvrements of mechanie
cal properties as previously described.32 One very desirable feature of the
sapphire gauvge is that it has a high acoustic impedance (very close to that of steel)
and as such allows direct measurements of wave profiles in high impedance materials
without wave reflections. In practice we find the sapphire gavge no more diffieult
to use than the quartz gauge. The sapphire gauge unit is easier to assemble than
the quartz gauge becavse a guard-ring configuration is not used, and it does not
seem necessary in the configurations tested.,

The milliampere signal level is somewhat restrictive compared to the ampere signal
level achieved with the quartz gauge. However, we are currently using gauges 38 mm
in diameter and 2,5 mm thick which give a current of 4 ma at 23 kbar when an electro=
static potential of 2 kilovolts is applied. This signal level is high enough for
reasonably easy weasvurements. o -

It should be emphasized that the general concept used for the solid capacitance
gauge is potentially applicaeble to materials olher than sapphire., Although it is
doubtiul that many materials will be useful to 100 kbar, it is certainly conceivable
that a number of materials may be useful at lower stress levels. It may be adven-
tageous to use other materials at low stresses in order to do impedance-matched
experiments. The analysis and experiments reported in this papsr show the conditions
for which these solid capacitance gauges will operate,

Appendix
37

Copacitance Change From A Constant Amplitude Stress Pulse
The analysis given for current produced by the capacitance change resulting from

a stress pulse of arbitrary shape neglects the effect of the slightly different
electric field in the stressed and unstressed rcgions of the disc. The effect of
neglecting this can be mvalvated by deriving the current cxpected.from a constaont
emplitude strese wove, The anelysis mokes use of the gams essumptions as in the main
text except that no restriccion is placed on the value of the electric fields in the
various regiens of the disess In vhat follows, the subscript (1) refers to the
unstressed repgion, and the subscript (2) refers to the stressed region,
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‘Since the electric displacements are equal in the stressed and unstressed region

of the disc : , ‘ '
| | A=

The constant electrostatic potential between the electrodes require that

E,(U=u)t + E (LUt) =V . ‘ A=2
Solving for El from'qu A=2 and substituting this velue into A-l gives
E,.= = 2 ' A=3
: . 2 el(Uwu)t + 62(&=Ut) ,
'Solving for the displacement current and collecting the various terms yields
A=k

i@z _ 'Yifi@&[ﬁ]u+-€(u/U;(ﬁu/€\2] L
A [@et/e) + B e/

vhere € is the unstressed permitvivity.

This result shows that the effect of the constant field assumption is principally
‘to neglect terms :‘Ln_‘(Yu/e)2 which are second order terms in the change in permittivity.
The largest eéffect will be at the highest stress encountered. Comparing the solution
of Eq. A=l to Eq. 6 for the values obtained for €0° sapphire at 100 kbar we find that

Eq. A=l gives a current 8.5% higher than Eq. 6 at t = O and a current 4.0% lower at
"t = 4/U. Thus, the true response shows a decrease in current of 12.4% at 100 kbar.

. This effect will not cause serious difficulties in the gauge response.

a
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Fig. 2.

Fig. 3.
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Figure Captions

Schematic diagram showing the shock loading method and the charged coaxial
cable instrumentation systen. : : :

Typical current pulse resulting from a 60° orientation sapphire disc im=- :
pacted symmetrically at 30 kbar. Time increases from left to right. The
wave transit-time is about 250 nsec. The timing wave shown akove the gauge
signal is 50 MHz while the lower trace is a voltage calibration.

Scaled capacitive current values observed for the ruby discs. With wave
velocities of 11l.1 mm/iisec and a density of 3.986 g/cm3, 8 particle

_velocity of 0.l mm/lsec is associated with a stress of .2 kbar. - The wave

vélocity Qhanges only about 2% in the particle velocity range shown.

Scaled capacitive currentﬂvalues observed for the sapphire'diséso With
vave velocities of 11l.1 mm/lisec and a density of 3.986 g/em3, a particle
velocity of 0.l mm/usec is associated with a stress of.hhoz kbar,.

Stress=~time profile observed with a sapphire gauge on a sample of
spheroidized 4340 steel which is 3,18 mm thick., Time increases from left

to right. The gauge recording-time is about 250 nsec. The maximum stress
observed is 75 kbar. A timing fiducial is shown before the arrival of the
elastic wave., The propagation of the elastic wave through the rear elec-
trode of the gauge causes the inverted signal observed late in the trace,

The small amplitude sinusoidal trace at the botiom of the figure is a :
50 Mz timing weve and the larger amplituvde trace is ‘the voltage calibration.
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