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Preface

This report is Part 7 of a seven-part scries on Behavior of Porous Beryllium Under Thermo-
mechanical Loading (UCRL-51682 Pts. 1-7). The titles and authors of the individual reports in the

series are as follows:

Title Author
Part |. Summary of Results W. M. Isbell
Part 2. Quasi-Static Deformation R. N. Schock, A. E. Abey, and A. G. Duba
Part 3. Shock Wave Studies W. M. Isbell and R. R. Horning
Part 4. Constitutive Model for Wave F. H. Ree, W. M. Isbell, and R. R. Horning
propagation
Part 5. Electron-Beam Studies O. R. Walton and W. M. Isbell
Part 6. Effect of Pressure on the Micro- J. E. Hanafee and E. O. Snell
structure of Plasma-Sprayed
Beryllium
Part 7. Calibration Studies on the Carbon R. R. Horning and W. M. isbell
Piezoresistive Gage
This work was supported by the Defense Nuclear Agency (Mr. Donald Kohler, technical moni-
tor) under the auspices of the U.S. Energy Research & Develoy Administration
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BEHAVIOR OF POROUS BERYLLIUM
UNDER THERMOMECHANICAL LOADING

Part 7: Calibration Studies on the
Carbon Piezoresistive Gage

Abstract

The calibrations. time responses, and Hugoniot
for carbon piczoresistive gages from two manu-
lacturers are presented.  These gages exhibit a
high sensitivity ol about -20% resistance change
per GPa ut 0.5 GPa.
when tested in fused sifiva, exceed 0.6 ps below

Their equilibrium  times,

0.5 GPa but immove at higher stresses and under
better impedance matching conditions.  They can
be made of low utomic number materials, making
them interesting candidates for studying the

mechanical responses of materials to electron and

x-ray deposition.

Introduction

One of several devices available to measure the
response of materials to shock loading is the
piezoresistive gage.  The material most commonly
used in these gapes is Mungunin.“"‘ but so(.lium,5
yllcrhiUm.ﬁ'8 catvium.? lithium,9 L'urbun,w'” and
others have also been lested.

All these piezoresistive materials have the com-
mon characteristic that they can be made into
thin assemblies of relatively small ares, permitting
12 guges.

“iguration, the sensitive element is placed between

their use as “in-material™ In this con-

layers of the host material to be tested.  Since

the gage is quite thin (0.1 mm), it vsually

*Reference to a company or product name
does not imply approval or recommendation of
the product by the University of Culifornia or
the U.S. Energy Rescarch & Development Admin-
istration to the exclusion of others that may be
suituble.
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comes intc pressure equilibrium with the material
under test within a few hundred nanoseconds by
a series of wave reverberations across the gage.
even though the shock impedances of the page
und test specimen may be very dilferent. Thus
if a suitable calibration has heen performed on
the gage, one obtains a direct measure of the
pressure in the test specimen. However, the im-
pedance difference between the gage and host
material does atfect the profile shape, and accu-
rete work requites the abiiity to calculate profiles
using the equations of state of the gage and
material under test.

Using “in-material” gages placed between suc-
cessive layers of the specimen, one can study the
evolution of waves as they propagate through the
material. Elastic and plastic compressive and reiease

wave profiles can be measured, and by using careful

timing technigques, wave speeds can be obtained.



Carbon Gage Construction

The two gage types discussed here were made
by different manufacturers. Both types are avail-
able in a variety of element sizes, lead materials
and dimensions, and insulator materials and thick-
nesses.  Differences in performance noted below
are apparently due to the different compositions
of the sensitive carbon elements, since other vom-
ponents of the gages are substantially the same.
Only gages with o nominal 50-82 static resistance
are reported here.

The type-A gage, shown in Fig. 1, is made
from a composition with comparatively low resis-
tivity, us can be inferred from the aspect ratio
of the sensitive element. The page consists of
the sensitive element, with its copper electrical
leads, enclosed by a 0.025-mm-thick layer of
type H Kupton‘ cn each side. Epoxy resin is
used to hold the assembly together. The total
package thickness is approximately 0.09 mm.

Two sizes of the type-B gage were used, as
shown in Fig. 1. Both were made from the same
lots of raw materials to avoid batch-to-batch vari-
ation.  The resistivity of the sensitive elements of
tnese gages is bigher than that of type A and

Experimental

All data taken in the present work were gener-
ated on an 89-mm-diam gas gun using techniques
similar to those described by other investigators
including Thunborg e_t_zg_.l3 Projectile velocities
were measured with four charged electrical pins

protruding from the side of the muzzle,]4

giving
three measuremnents, which agreed within 1 % or

better, Projectile tilt was measured on each shot
using an array of four piezoelectric pins arranged
around the periphery of the target (Fig. 2). These

pins were struck by the impactor, mounted on

“DuPont trademark.

2.

thus the aspect ratio is different; however, the
leads and Kapton insulation are similur for the
two types. The package thickness measured at
the active element is nominally 0.11 mm.

Type-B gage

Type-A gage
sensitive areas:

sensitive areo:

2.5x5mm 1 x10and 0.5 < 5 mm

re- %]

= m‘

b 37

X el [;lr
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1] { Kapton n”

9 rI encapsulorling MH

1 { materia 313
b _\P 1l
] \ [

) '/—Copper leads —
q
Fig. 1. Curbon piczorosistive gages.  Buth types
are insulated on both sides by 25.um-
thick 1ype-ti Kapton film. Bolh have
copper leads,
Technique

the face of the projectile. anid praduced voltage
puises, which were recorded on raster oscillos
scopes. The relative timing of these pulses per-
mitted calculation of the impactor tilt. Timing
aceuracy between pins is estimated at ~3 ns. All shats
except one had tilts ol | mrad or less, resulting in tilt-
induved rise tigwes in tae gages of 10 to 60 ns.
Gages were bo.ded” between flat plates of

materials with known equations of state, taking

'The adhesive used was Hysol R8-238 (Dexter
Corporation) epoxy resin with H2-3490 hardener.
Adhesive thickness was approximately 5 um on
each side of the gage assemblies.
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care that no ir bubbles were formed and that the
plates remamed parallel (v one another within 0.3
mrad. These farget asemblies were mounted in the gas
gun and strack by projectles o which were mounted
mpactor pistes with known equations of state,

This work included experiments with gages
bonded between plates of fused silica {Dynasil
5000). which were <truck by fused silica, and
esperiments in porous, plismassprayed beryllium
os: 159 g/nn" amnd 1.66 g/cm3.

All impactors were supported by 0.2 '.’L'm“ car-

of 1wo densiti

bon foam in the projectile assembly,

For the fused siliva experiments. six gages
{three of cach typed were wundwivhed butween o
thin target plate (~1.5 mm) snd a thicker plae
{~ 1 2.7 mm) which transmitted the wive away from
the gages. This configuration allowed all v'x gages to be
stressed under essentially entical impact conditions.

Some experitnents in poreus beryllium also

included six gages.  For these tests, however, the

maonganin pulse~
power supplies

3

ascilloscopes

Qre of six
Two oscilloscopes

per goge

Schematic representation of experimental setup.

ages wese imbedded at four different levels
within the porous material, including the impact
surface.  The beryllium plates were stotted to
receive the gages. and gage spacing was such that
the disturbance arising from the discontinuity
represented by a page did not reach an adjavent
page during the time of interest.  The beryllium
plates were struck by polymethyl miethacry late
(PMMA)} impuctors.

A simplified schematic of the gage signal-
recording system is also shown in Fig. 2. The
gages were powered by Sundia Corporation,
Modet 600-50-75. Manganin pulse-power supplics,
which inctude modified Wheatstone bridges to
eliminate large dv offset voltuges. Each gage
signal was recorded using two oscilloscopes with
one timed to permit coniinuous observation irom
power pulse turn-on through release wave passage.
The bandwidth of the recording system was

approximatcly 80 MHz.



Results

SOLID MATERIALS

Gage calibration data were obtained from
experiments in which the gapes were bonded
between plates of fused silica.  This calibration
was avcomplished using the Mugoniot of fused
sifica and the mceasured impactor velocities to
c;ﬂcu\::lc‘s"6 peak stresses generated o e
plates surrounding the gages. Fused silica was chosen
as g host matenial Tor several reasons, including.

® The r-nlinear elastic nature of the material

(to ~2.8 GPa) gives rise to essentially flat-
topped shock waves with rise and fail times
of <10 ns under the test conditinns
employed.

® The Hugoniot of the material has been accu-

rately measured and can be adeguate
simulated in hydrodynamic computer codes.
® The masenal is very reproducible.

® The transparent nature of fused silica allows

visual inspection of the gage after assembly,
thus avouding errors from bubbles, bond
separation, ete,
Hugonigt data reported by Barker and Hollen-
buch! 7 were used.

Our e¢xperimental results are listed in Table 1.
Figure 3 shows the corresponding calibration
vurves for Uie two gage types. In addition to
our results, manufacturers” duta and dsta taken
by Shay and (‘upclund18 of this Laboratory, are
shown.

Least-squares curve fitting sesulted in the fol-
lowing response functions for type-A gages over
the indicated stress ranges:

Qur fit to the manufacturers® data:

P = -1.306(AR/Rg) + 11.71(AR/RQ)?
+ 30.1AR/Rg)3 + 40.54aRM*

+ 0.4 GPa (0 <P<510GPa) (1)

Shay and Copeland™s data taken in 4340 steel
P = -2.495(3R/Rg! - 2 200AR/Ry)

- P28MARRYD £ 0062 GPa

0 < P s Lav GPo 2
Qur daras ken i fused salicy:
P = 0.1{-1 + exp [-14.300AR/R
- 34.93(3K Rl - ST14AR/RY
- 2938(AR/R?|} 2 0100 G
0 <P <343 GPyy, (B
Table [. Carbon-gage calibration data taken
tused silica,
Projectile Calculated
Shot  veloany LLINON Gage .
No. 1, ) (GPa) Is pe AR R,
QE  0.5835 3433 A U.56012
A 05794
A L5823
B 04091
B 0.4576
" -0.4733
QA 04654 297 A -0.5220
A -0.5247
B 0426)
B 40,4290
Qb 0.3156 193 A -0.4446
A 0.4630
A V46306
B -0.3833
B -1.3844
QC  0.1657 1.046 A 03211
A 0.3049
A -0.3316
B 0.2937
B .2883
QD 0.0620 0.401 A 01610
A -0.1661
A 0.1637
B -0.1535
B -0.1534
B 0.1538

3
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Fag. 3. Gape cabibrations made by the manu-

Yacturers and by this Laboratory.

where Rg i the unstressed puge resistance, meas-
wred immediately betore the pressure wave

Error estimates shown are
Note that one
dats point showed sufficient deviation from the
main body of daty that it was not used in ob-
The
reasons behind this anomalous dars point were

reached the gape.
guadratic mean crrors in the fits.”

taining the Yeast squares fit in fused silica.

aot svident.

Calibration functions for Jarge type-B gages are:
Culibration function supplied by the manu-
facturer:

= -268(AR/%g) - L10AR/Kg)?

< BHAR/RGIGPa (0 <P< 185 GPa) (4)

Shay und Copelund’s data taken in 4340 steel:

P = -283%AR/Rg) - 1.248AR/Rg)?

- 24.68(AR/Rg)? * 0.019 GP

(0 <P < 1.54 GPa) )

Our duir token in fused sitica:

P = Q.{-l + exp |-13.75(AR(Rg)
- 26.13(AR/Rg)* - 28.13(AR/Rg P 1}

+ 0.142 GPa (0 < P <343 GPa) &)

The three datd points a1 0.4 GPa (Fig. 3b) were
obtained in a single experiment from pages that
had not reached equilibrium before release waves
from the rear of the impactors arrived at 1.0 w8
after the compressive wave arrival Fig. 4). Esti-
mates of the equilibrium values of AR/Rp. i<
values that these gages might have reached for
sulficiently long pulses, were used as anput data
for deriving Eq. (63,
estimates is about [0,

The unceriainty in these
Three type-A gages wer*
also employed i this experiment. Two of these
ceached equilibrium about 0.6 us after wave
armival.  The third had not reachied eyuilibrium
at 1.0 us. Impactor tilt in this experiment
degraded the compressive wave rise tinse by less

thun 0.06 us for cach gage.

L)

The stated quadiatic mean errors in our dotd
are funcgions of data scatter and the degree to which
the chosen functional forms can ve adjusted 1o 41t
the data sets. The individual data points are esti-
mated 1o have uncertainties of 2% in fractional
resistance change and in stress,



Stress wave profiles valeulated from two of the
waveforms of Fig, 4 ate plotted in Fig. 5 alony
with a lydrodynamicatty caleulaged profile of
stress 11 1he gages.  Both the gages and the theo-

reti _al wave profile show reverbetations or “ving-up™

Wt the Jeading edge of the waveform as the gapes
equilibrate with the surrounding materisl.  Rever-
berations appear at 0.25 GPa and abuve in the
caleulated profile.  The ability to resolve these
small perturbations on the leading edue of the
wave enabled us 1o construct a Hugonivt for the
gage packae . as discussed below.

The effect of nonzero strength an the carbon
taam svpporting the rear stirface of the impactor
is evident in that the caleulated and the messured
profiles do nO: Tetury O Zero stress atter vhe
passage of the wave, The fidelity of the gages in
veproducing the release portion of the wave indi-
cates that the sages do not exhibit exvéssive
hysteresis upon release, The second peak in the
profile. appearing at about 2.1 ws. is a retlected
wave which made o round trip from the guge sur-
face, through the first Fused silica plute and im-

pactor. and back ta the gages again, Both types

=
t
™
q
«10.0 RS TSP AU SR Y SIS RS
0 0.4 0.8 12 1.6 29
Time — ps
Fig. 4. Temporsal responses of thice type-A and

three lurge type-B gages to the
0.40-GPa pulse shown in Fig. 5. The
host material was fused silied.

0. 50 Y
0.45 \Hydmdynomical ty

T T T

colculated stress
0. 40k
0.350
o
G 0.301
1 0,250 -
5 !
= 0.20+
w
0.15p-
0. 10—
0. 051~ '
0:11;41.i~~!-‘v
0 0.4 0.8 1.2 1.6 2.0 2.4
Time — us
Fig. 5. Theoretical and evperpuentad wane pro-
(Hes caleubated irom one of the typsA
and one ol the type-B pege responses
shown o g 4
of wiges repreduced thus delad reasananty well.

indicating the ability of Ui gages 1o raspond to
subsequent stresses after e mitial compresspe
release eyvle.

In Fig. o, we show calcalations and data taken
at 06 A, The wpe-A gage veathed rquitdiom
within about 05 ps: another gage (not shownd
responded in about 03 ps. Two type-B gages tore
nished data in this experiment,  Both were near
(29744} equifibrium within 1,1 ps atter shock arri-
val. At stili higher stresses, thie response times
continued to decrease for borhy types of gupes. a8
might be expected because of the higher wave
speeds. and thes shoThes equifibration tmes,
achieved at higher stresses.

An effective Hugonio! for both tvpes of gages
was calculated from the structure evident on the
compressive portions of the wive profiles (see
Fig. 4). The stress in the gage equilibrated with
the stress in the swirounding fused sitica by a
series of reverbera’.oms across the gage. Where the

steps of inceeesing stress were sufliciently well
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defined. the Hugoniot jump conditions were used
te determine the “averape” Hugoniot of the gapge

package.  Data were obtained in the range of
G114 to 0.966 GPr. A least squares fit to the
duta ise

P= 224 U+ 470 UF £ 0019GPa. (T

where Up is the particle velocity in kmfs.  This
Hugoniot, along with an initial density, Pq. of

© 33 gm/cm3, wus used fo represent the pages in
our hydrodynamic culculutionsl9 of wave profiles.
The tused silica Hugonr ¢ used was that given in

Ref. 17.

POR0OUS BERYLLIUM

Type-A and small type-B gages were also tested
mn norous beryliium as part of a program to char
woerize the response of the latte; material to a
vanety of loading mndumn.\:("‘21 One point of
ingerest was the possibility that, because of micro-
stretching of the carbon element by the action of
the pores, the gage snight exhibit a different cal-
ibrution i porous material Than in solid material.
A series of tests were performed in which an
Nt guantz pane was bunched apainst a porous
beryllium targe! containing a carbon gage. The
conclusion of this study was that, for the carbon
ages and matenial wsied, 1o anomalous effect
wos found.  Our type-A gape calibrations in fused
silica and porous beryllium agreed wit'usi experi-
-ahibration

mental esror. The small rype-B gage
agrecd with the calibrations obtained by the man-
ufacturer and by Shay and Copeland in soids
{Fig. 3b).

Figure 7 illustrates the use of four small
type-B gagges to observe the evoiution of a wave
propagating through porous beryliium after jm-
pact by PMMA. The X" salues indicate the
distan :¢ of propagation througis the beryllium
¢ was located st

specimen. Nole that one g

the impact surface.  The peak stresses measured
by the goages agreed within eperimental esror
with those calculaied hydrodynamically through-
out the stress range wwastied in porous bervilium
(0.5 10 8.7 GPab.
tonly, with no evidence ot premature gage tailure

The gages performed satistuc-

or of unomalow resistance changes caused by
microstretching of the carbon vlement by the

porous structure of the berylliumn.



Application Considerations

Carbon gages have o large magnitude, negative

thermal cocfficient of resistance compared to

Manganin gages. If electrical power levels ol
hundreds of watts are applied, as is common with
Manganin and other comparatively low-sensitivity
gages, carbon gages will decrease in resistance by
a few percent in 10 or 20 ws. Thus, for precise
work, the user should apply as little electrival
cnergy to the gages before impact as possible
and/or measure the gage resistance from power
pulse turn-on to pressure wave arrival.  For the
calibration functions desived in this work, the
resistances were measured immediately  before
pressure wave arrival,

As a1 matter ol practical interest, type-A gages
showed more variutions in calibration within a
This

variation is illustrated in Fig. 4 for a comparatively

manulacturing tot than did type-B gages.
low stress.  This difference was observed through-
out the range of stresses used. On the other
hand, the type-A gages showed somewhat faster
time respoitse, as discussed below.

As with other in-material gages, carbon gages
oxhibit @ capacitive effect associated with
compression of ilie insulating diclectric by metaliic
host materials. 1 the case of Manganin gages,
s effect results in a negative spike at the
The

effect is more insidious in carbon gages, because

beginning of an otherwise positive signal.

0.7

0. 9|
0.5
0.4
0.3

Stress — GPa

0.2

0.1

0 0.4

Time — ps

Fig. 7. Evolution of a pressute wave propagating
through porous beryilium struck by
1.27-mm-thick polymethy! methacrylate,
as observed using four carbon gages at
different depths in a single cxperiment.
X is the distance from the impact sur-
face to the plane of the gage.

the increase in capacitance in paraflel with the
sensitive clement resalts in the same reduction in
impedance that is characteristic of the negative
piczoresistive effect in the gage.  Thus, careful
interpretation ol experimental records is usually
required to distinguish between low-level precursor
waves and the capacitive effect in metaliic
specimens.  Interpretation of the slowly rising
baseline accurring in the fecords fr the three

gages in Fip. 7 is representative of this problem,

Discussion

The type-A gage calibrations obtained by the
manutacturer, Shay and Copeland, and us bave
shown cacellent consistency (Fig. 3a). These
calibrations have all been accomplished with gas
guns, but using a variety of materinls, The
nes . cturer used PMMA, 7075-T6 aluminum,
67 4% V-80%Ti alloy, 2024-T3 alumiinum, brass,

8

Shay and Copelind used 4340

stecl; and we used fused silica and porous beryl-

and fused silica.

lium. The slight divergence between the suanu-

facturer's calibration and our own above 2 GPy

is within the gage-to-gage repeatability.
Experiments were conducted on the large type-B

gapes by three groups, N:mmunn.'" Shay and



(’npu]und‘m and us.  The latter two used similar
gas gun technigues, while Natmann used an

a2 .
ty== to generate short-duration,

exploding foil
high-amplitude stress waves.

As shown in Fig. 3b, the results of Naumann’s
study and the Shay and Copelond study were
quite similar, while our results, consistent within
themselves, are quantitatively different. 1t is likely

that this difference arises from batch-to-batch

sarialions of the gages rather than differen
experanental techniques,

The small type-B gages we tested in porous
beryvilium exhibited a calibration very similar to
those obtained for large guages by the other
investigators,  We tested only three small papes
in fused silica {at 3.71 GPu). again with results
which agreed well with the manufacturer's.

Additional data taken with large and small
type-B pages in materials with known equations of
state might be very usetul in evaluating bateh-io-
Vateh repeatability and gage sensitivity to host
matterial and gage size.  In any case, we suggest
that other investigators may wish to verily the
calibration ot their type-B gages.

The functional form that we have used in
fitting our calibration data. a product of exponentials,
Egs. (3) und (6). is more complex than the
polynomials chosen for the other calibrations and
gives similar resulls over the range of our data.

We have chosen this form because it tends to
produce @ curve with fewer observable inflection
poims near the origin than ao the polynomials

we have attempted lo use.  Thus, the product
ol exponentials has resuited in slightly better [its
to our data at Jow stresses,

The temporal response of carbon gages
insulated by Kapton is a complex function of
stress, host materiul. and gage type. Data taken
in fused silica indicate that the lower the stress,
The

equilibration time of type-A gages is approxi-

the slower the gages come to equilibrium,

mately 0.2 ps above | GPa, atthough mdividual

records showed response times greuter than this
value.  The response time of type-B gages is
somewhat Jonger, possibly because of their

siightly preater thickness.  An average response
time of 0.2 v s not achieved untif o stress of

about 2 GPa in fused silica.

Under impedance-matchied conditions in which the
shock impedance of the gage is equal to that of the
host material, the gage should remain cssentyally
in pressure equilibrium with the surrounding host.
This cquilibrium would hold exactly it the gage
were made of 3 single, homogencous material
having no sirain rate effects, In this idealizad
case, gage response time should be defined entirely
by parasitic reactunces and would be very fast
compared to the gages studied here,

Thus we should expect faster carbon page
response when the shock impedances of the gage
assembly and of the host material ure more neary
equal than when the gages are tested in fused
silica. [Indeed, this faster response was cxhibited
when both types were used in porous bervllium,

as was noted above for small type-B gages.

However, even with near-perfect impedance
matching, neither type gage has a reactance-imited

Both Naumann!C

response for fow stress levels.
and Charest! ! have published waveforms produced
by carbon gages with Kapton insulation and with
PMMA used 2s the host material, (PMMA has «
Huogoniot and un inidal density which are very
similar to those of carbon-Kapton gages) in both
reports, the gages exhibited initially fast responses
(about 0.2 as to reach 95% of full amplitude wt
stresses below (L5 GPad. Howcever, nearly all
low-stress waveforms that should have been {lat-
topped exhibited ramped tops.  In fact, Naumann's
shot 2841 had two carbon-Kapton gages with
ramped tops lasting 10 ps at 0.21 GPa,

Within our experimental error, the same Hugoniot
applies to bath types of gages, even thuugh they

have different pressure-sensitive elements.  This



result is not unreasonable because the gage-
assembly specific volumes differ by only about
1.6% (0.754 em3/g for type A and 0.766
cm3/g for type B), which is well within the
uncertainty in the data points. The range
of the Hugoniot data was limited to slightly
less than 1 GPa,
because reverberation wave speeds were so high

This limitation existed

at higher stress levels that the steps in the
leading edges of the wave protiles were too
short to be resolved by the gages with their

response time limitations,

We wish to note that the measurements
described above were taken over a limited stress
range (0 to 34.3 GPa). Because of the nature of
the mathematical fits to the dala. extrupolations
1o high stresses should be made with caution.

In summary, carbon pages have high sensitivity,
making them particularly usctul for low-stress
work in noisy environments. However, their
relatively slow response time at low stress can
be troublesome tor short pulses, particulatly it
there is a large impedance mismatch between the

gages and the iost material under test,

Acknowledgments

We wish to thank W. M. Shay and A. B.

Copeland for their helpful comments and for

sharing their data with us.

J. A. Charest,

J. W, Lyle, and W. J. Naumann shared many

valuable discussions and recommendations.

J.oJ.

Dub, G. L. Hickman, and R. E. Neatherland did

excellent jobs of experiment assembly and

execution.

-10-



References

3. A, Fuller and J. H. Mice, Natere 193, 262 (1962).

2. D. Bernstein and D. D, Keough. J. Appl. Phys, 35. 1471 (1964),

3. E. Barsis, E. Williums, and C. Skoog, J. Appl, Phys, 41, 5155 (1970).

4. 1. M. Lee, J. Appl. Phys. 44, 4017 (19731,

5. R. L. Huddleston and R. F. Sludky. Sodium and Strontium Shock Pressure Transducer Technical
Reuorl. Unien Carbide Carporation. Nuclear Division, Ouk Ridge. Tenn., Y-12 Plant, Rept. Y-1673
(1969},

6. R. A. Stager and H. G. Drickamer, Science 139, 1284 (1963).

7. H. D, Stromberg and D. R. Stephens, J. Phys. Chem, Solids 25. 1015 (1964).

8. M. I. Ginsberg. Calibration and Characterization ol Ytterbium Stress T d Stanford Research
Institute, Menlo Park. Calil.. Rept, DNA2742F (1971), AD732778.

9. R. F. Williams and D. D. Keough, Bull. Am. Phys. Soc., Series 1l 12, 1127 (1967).

10. W. J. Naumann, Carbon Stress Gauge Development, Final Report, Effects Technology, Inc., Santa
Burbara, Calif., Rept. DNA3027F (1973). AD909553L..

1t. J. A. Charest, Development of the Carbon Shock Pressure Gauge, EG&G, Inc., Santa Barbara,

Calif., Rept. DNA3IOIF (1973), AD213951L.
12. P. J. A, Fuller and J. H. Price. Brit. J. Appl. Phys. 15. 751 (1964).

13. S, Thunborg, G. E. Ingram, and R. A. Graham, Rev. Sci. Instr, 35, 11 (1964).

14. G. R. Fowles, G. E. Duvall, J. Asay, P. Bellamy. F. Feistman, D, Grady, T. Michaels, and
R. Mitchell, Rev. Sci. Instr. 41, 984 (1970).

15. G. E. Duvall, “Shock Waves in Condensed Media,” in Proc. ol the International School of Physics,
Enrico Fermi; Physics of High Energy Density (Academic Press, New York, 1971).

16. 1. W. Taylor, “Experimentat Methods in Shock Wave Physics.” in Metallurgical Effects at High
Strain Rates (Plenum Co.. New York, 1973).

17. L. M. Barker und R. E. Hollenbach, J. Appl. Phys. 41, 4208 (1970).

18. W. M. Shay and A. B. Copeiand, Lawrence Livermore Laboratory, private communication (1973).

19. M. L. wilkins, Calculation of Elastic-Plastic Flow, Lawrence Livermore Laboratory, Rept. UCRL-
7322, Rev. 1 (1969).

20. W. M. Isbell and R. R. Horning, Behavior of Porous Beryllium Under Thermomechanical Loading:
Part 3. Shock Wav: Studies, Lawrence Livermore Laboratory, Rept. UCRL-51682, Pt. 3 (1974),

21. F. H. Ree, W. M. Isbell, and R. R. Horning, Behavior of Porous Bervllium Under Thermomechanical
Loading: Part 4. Constitutive Model for Wave Propagation, Lawrence Livermore Laboratory. Rept.
UCRL-51682, Pt. 4 (1974).

22. R. E. Graham, R. E. Wengler, and D, V. Keller, Trans ISA 9. 133 (1970)

MBB/rt/th /edas

11«



