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

Title Author 

Part I. 
Part 2. 
Part 3. 
Part 4. 

Part 5. 
Part 6. 

Part 7. 

Summary of Results 
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Calibration Studies on the Carbon 
Piezoresistive Gage 

W M. Isbell 
R. N. Schock. A. E. Abey, and A. G. Duba 
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F. H. Ree, W. M. Isbell. and R. R. Horning 
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BEHAVIOR OF POROUS BERYLLIUM 
UNDER THERMOMECHANICAL LOADING 

Part 7: Calibration Studies on the 
Carbon Piezoresistive Gage 

Abstract 

The calibrator!!), lime responses, and Hugoniot 
tor carbon piezoresrstivv gages Vrom two manu
facturers are presented. Tliese gages exhibit a 
high sensitivity of about -20c/c resistance change 
per (JPa at 0.5 GPa. Their equilibrium times, 
when tesieti in fused silica, exceed 0.6 jus below 

0.5 GPa but impmve at higher stresses and under 
better impedance matching conditions. They can 
be made of low atomic number materials, making 
them interesting candidates for studying the 
mechanical responses of materials to electron and 
.x-ray deposition. 

Introduction 

One uf several devices available to measure the 
response of materials to shock loading is the 
piezoresistivL- gage. The material most commonly 
used in these gages is Manganin. hut sodium, 
ytterbium. 6" 8 calcium.y lithium,9 c a r b o n , 1 0 ' " and 
others have also been tested. 

AJI these pie/oresistive materials have the com
mon characteristic that they can be made into 
thin assemblies of relatively small area, permitting 
their use as "in-material"' *• gages. In this con
figuration, the sensitive element is placed between 
layers of the host material to be tested. Since 
the gage is quite thin (^O.J mm), it usually 

Reference to a company or product name 
does not imply approval or recommendation of 
the product by the University of California or 
the U.S. Energy Research & Development Admin
istration to the exclusion of others that may be 
suitable. 

comes into 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 gage 
and test specimen may be very different. Thus 
if a suitable calibration has been 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 affect the profile shape, and accu
rate work requires 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 release 
wave profiles can be measured, and by using careful 
timing techniques, 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 com
ponents of the gages are substantially the same. 
Only gages with a nominal 5(M2 static resistance 
are reported here. 

The type-A gage, shown in Fig. 1, is made 
from a composition with comparatively low resis
tivity, as can be inferred from the aspect ratio 
of the sensitive element. The gage consists of 
the sensitive element, with its copper electrical 
leads, enclosed by a 0.025-mm-thick layer of 
type H Kapton en 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-
:"ion. The resistivity of the sensitive elements of 
tuese gages is higher than that of type A and 

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

Type-A gage 
sensit ive area: 

2 . 5 x 5 mm 

Type-B gage 
sensit ive areas: 

1 x 10 and Q.5 x 5 mm 

H 

V. i i 

T/ 

Kapton 
encapsulat ing \r 

-Copper l e a d s -

Fig. 1. Carbon piezorcsistive gages. Both type> 
are insulated on both sides b\ 25-pm-
thiek iype-tl Kapton film. Boih have 
copper leads. 

Experimental Technique 

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 et al. Projectile velocities 
were measured with four charged electrical pins 
protruding from the side of the muzzle,^ giving 
ihree measurements, 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 

the face of the projectile, and produced voltage 
pulses, which were recorded on raster oscillo
scopes. The relative timing of these pulses per
mitted calculation of tlk impactor tilt. Timing 
accuracy between pins is estimated at -^5 us. All shots 
except one had tilts of I mrad or less, resulting in tilt-
induced rise times in t'.w gages of 10 to tiD ns. 

Gages were bo..ded between flat plates of 
materials with known equations of state, taking 

DuPont trademark. 

The adhesive used was Hysol R8-238 (Dexter 
Corporation) epoxy resin with H2-3490 hardener. 
Adhesive thickness was approximately 5 /im on 
each side of the gage assemblies. 

-2-



Pin charging and 
signal m ix ing c i rcu i ts 

Four ve loc i t y 
and tr igger pins 

- T i l t pins 

Pin signal 
mix ing c i r c u i t 

i Trigger 

- P io jec t i l e body / 

One of six carbon gages- ' ' 

One of six 
manganin pu lse-

power supplies 
Two oscil loscopes 
per gage 

Fig. 2. Schematic representation of experimental setup. 

care that no air hubbies were formed and that the 

plates remained parallel <o one another within 0.3 

mrad. These large! assemblies were mounted in the gas 

gun ami sii tick b j project lies on whtch were mounted 

l inpacloi pialcs Willi k iHmi : equations o f state. 

This work included experiments with gages 

bonded between plates of fused silica {Dynasil 

5000). winch were struck by fused silica, and 

experiments in porous, plasma-sprayed beryll ium 

of I wo densities: 1.5'» g/cnr and 1.66 g/cmA 

Al l impaetors were supported by 0.2 g /cnr car

bon loam in the projectile assembly. 

For the fused silica experiments, six gages 

(three o f each type* were nmlwiehei l between a 

thin target plate (^1.5 mm) and a thicker plate 

t -12.7 mm) which transmitted the wave away from 

the gages. This configuration allowed all i 'x gages to be 

stressed under essentially identical impact conditions. 

Some experiments in porous beryll ium also 

included six gages. For these tests, however, the 

gages were imbedded at four different levels 

within the porous material, including the impact 

surface. The beryl l ium plates were slotted to 

receive the gages, and gage spacing was such that 

the disturbance arising f rom the discontinuity 

represented by a gage did not reach an adjacent 

gage during the time o f interest. The beryll ium 

plates were struck by polymethyl methacrjlate 

(PMMA) impuctors. 

A simplified schematic o f the gage signal-

recording system is also shown in Fig. 2. The 

gages were powered by Sandia Corporation, 

Model 600-50-75. Manganin pulse-power supplies. 

which intrude modified Wheats lone bridges to 

eliminate large dc offset voltages. Each gage 

signal was recorded using two oscilloscopes wi th 

one timed to permit continuous observation from 

power pulse turn-on through release wave passage. 

The bandwidth o f the recording system was 

approximately 80 MHz. 

-3-



Results 

SOLID MATERIALS 

Gage calibration data wore obtained from 
experiments in which the gages were bonded 
between plates of fused silica. This calibration 
wm. accomplished using the Hugoniot of fused 
silica and the measured impactor velocities to 
calculate • pealc stresses generated in flic 
plates surrounding the gages. Fused silica was chosen 
a* a host matenal for several reasons, including 

• The r-nlinear elastic nature of the material 
(to "*---S GPa) gives rise to essentially flat-
topped shock waves with rise and fall times 
of <10 ns under the test conditions 
employed. 

• The Hugoniot of the material has been accu
rately measured and can be adequately 
simulated in hydrodynamic computer codes. 

• The material is very reproducible. 

• The transparent nature of fused silica allows 
visual inspection of the gage after assembly, 
thus avoiding errors from bubbles, bond 
separation, etc. 

liugoniot data reported by Barker and Hollcn-
bach were used. 

Our experimental results are listed in Table 1. 
Figure 3 shows the corresponding calibration 
curves for the two gage types. In addition to 
our results, manufacturers' data and data taken 
by Shay and Copcland' of this Laboratory, arc 
shown. 

Least-squares curve fitting resulted in the fol
lowing response functions for type-A gage6 over 
the indicated stress ranges: 

Our fit to the manufacturers* data: 

P = - 1 . 3 G 6 ( A R / R Q ) + U.77(AR/R 0 ) 2 

^ 3O.I2(AR/R 0) 3 + 40.S4(AR/Rfl)4 

± 0.!4GPa ( 0 < P < 5.10 GPa) (1) 

Shay and 0>pelaml\ daU taken in -1340 Mecl 

P = -:.4*>5(dR;R0l - : 3 > l . i a K ' R ( ) i : 

- 12.87UK R 0 > 3 * «•(«•- Gl»a 

(0 < P < l-' i" GPa) <2| 

Our djjju tak*iu La fused \IUCJ.: 

P - 0.1 {-I + exp (-l-U0fAR/K 0) 

- 3 4 . 9 3 ( 4 R R 0 r - 53.I4(AR/R 0)» 

- :9.38(<iR.'R 0)*')} i <M0ft GPa 

(0 < P < 3.43 GPa), <3l 

Table 1. Carbon-gage calibration daij l.iken in 
lused silica. 

Slu>[ 
No. 

I'mjs'ctile 
\clticil>" 
t . i im.ps) 

<\il..-ul.iii.-il 
SUV'S 

l.'Ps' iKRu 

QK 0.5835 iJ.!.! A -U.Sf-13 
A -0.57'M 
A 0.5>t.!3 
li -0.4l.91 

II -0.4733 
(,)A 0.4654 2.779 A -0.5220 

A -0.S247 
H -0.4:1.1 
IS -0.4290 

OB 0.3156 I 931 A -0.4446 
•\ -0.41.30 
A -0.4r,.'l(> 
B 0.3833 
H -0.3848 

0C' 0.1657 1.046 A -0.3211 
A (1.3(149 
A -0.3316 
B -0.3937 
B -0 2883 

QD 0.0620 0.401 A -0.1610 
A -0.1661 
A -0.1637 
B -0.1535 
B -0.1534 
6 -0.\$JS 
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3 5 
I 
f 4 

Type-B gages ' ' 
"—Manufacturer's data 
—a— This work (large gages infused 

silica) . . 
- — Shay and Cope land 

This work (small gages *n *w$ed 
silica) 
This work t small gages 'in parous 
beryllium) 

-0.60 -0.40 -0.20 

AR'R* 

Put. t Idiiv" calibration* made bv the mami-
faemrers ami by this Laboratory. 

where Ro is IIK' unstressed gage resistance, meas
ured immediately before the pressure wave 
reached the gage, l-rror estimates shown are 
iiuadratic mean errors in the fits.* Note that one 
data point showed sufficient deviation from the 
main body of data that it was not used in ob* 
laininp the loust squares fit in fused silica. The 
reasons behind this anomalous data point were 
not <.'videm. 

Calibration functions for large type-B gages are; 
Calibration function supplied by the manu

facturer: 

P = -Z6S(ARf1Q) - 2.10(AR/R 0) 2 

- 28.7<AR/Ro>3GPa (0 < P =£ 18.7 GPa) (4) 

Shay and Copland's data taken in 4340 steel: 

P = -2.837(£R/R 0> - 3-248^R/R 0 > 2 

~ 24-68fdR/R 0) 3 ± 0.019 GPa 

(0 < P < 1.54 GPa) (5) 

Gat daw lakes in fm&$ silica: 

P = (U{-1 + exp I - I S J S C & R / R Q I 

- Zt.mARiRQ}-- 28.13(AR/R 0) 3j} 

±0.142 GPa (0 < P < 3.43 GPa) (6) 

The three data points at 0.4 GPa (Fig. 3b) were 
obtained in a single experiment from gages that 
had not reached equilibrium before release waves 
from the rear of the impactors arrived at 1.0 AIS 
after the compressive wave arrival (Fig. 4). Esti
mates of the equilibrium values of AR/Rg. ' e -
values that these gages might have reached lor 
sufficiently long pulses, were used as input data 
for deriving &|- (ft). The uncertainty in these 
estimates is about 10'i. Three type-A gages wer* 
also employed in this experiment. Two of these 
reached equilibrium about 0.6 w after wave 
arrival. The third had not readied equilibrium 
at 1.0 JJS. Impactor tilt in this experiment 
degraded the compressive wyve rise time by less 
than 0.06 p& for each gage. 

The stated quadratic mean errors in our data 
are functions of data scatter md the degree to which 
the chosen functional forms can ue adjusted to fit 
the data sets. The individual data points are esti
mated to have uncertainties of ±2^ tu fctctioaal 
resistance change and in stress. 

-5-



Stress wave profiles calculated from two of the 
waveforms of Fig, 4 ate plotted in Fig- 5 aions; 
with a liydrodyuamicahy calculated profile of 
stress 1.1 the gages. Both the gages ami Hie theo
rem.al wave profile show reverberations or "Ving-up" 
to the leading edge of the waveform as the g^es 
equilibrate with the surrounding material, vtever-
beratio»s appear at 0.25 GPa and above hi the 
calculated profile. The ability to resolve these 
srr>»JI perturbations on the leading edge of the 
wave babied us to construct a Hugouiot for the 
gage packae , as discussed below. 

The effect of nonzero strength in the carbon 
foarn supporting the rear surface of the impactor 
is evident in that the calculated and the measured 
profiles do no: .-viiir.) to zero stress after the 
passage of the wave. The fidelity of the gages in 
ieproducing the release portion of the wave indi
cates that the gages do not exhibit excessive 
hysteresis upon release. The second peak in the 
profile, appearing at about 2.1 w, is a reflected 
wave winch made a round trip from the gag? sur
face, through the first fused sihea plait' and im
pacted, and back to the gages again, flaib types 

-2.0\-

-6.Q\-

0.4 0 .8 1.2 1.6 2 .0 

Time — u.$ 

Fig. 4. Temporal responses of thiee type-A and 
three large type-B gages to the 
0.40-GPa pulse shown in Fig- 5. The 
host martial was Kised mUes. 

0.50 P i — r ^ — i — • — : — i — < — • —r—r-r— 
0.45 rHydrodyr iamsca!!^ 

\ ca lcu la red stress 
-

0.40 

0.35 

0.40 

0.35 

s 0.30 _ if -
1 0.25 - V 

ft s" ype B 

1 0.20 - I 

0.15 - Type A • " " " I A 

o. to - 1 A 
0.05 

0 1 1 , , , ! , 1 S_i—L_ 
0.05 

0 
3 0.4 0.8 1.2 1.6 2.0 2.4 

Time -- u s 

F\s. 5. Theoretical .iiid espcrnueniji w;i\e pro
files calculated imni one of (he '.yp.-A 
•j&\<\ «iw c*V vivo iv^v-ll t ^ tcsvonses 
shown in l-ia. 4. 

of gaiies reproduced this detail R\is,m,ml> well, 
indicating ihe ability of Vic ptgv, to respond to 
subsequent stresses after m< initial compressive 
release cycle. 

In Fi«. «. wv show calculation*, and data taU'n 
ciliii.iVniwn 

within aboui 0 5 /is; another gage lilo! shown1 

responded in jfbuNt 0.3 fiS- Two iype-B sage* ftit-
nished data in this experiment. Both were near 
(>97<-> equilibrium within 1.1 (is afie/ shock arri
val. At still higher stresses, the response times 
continued to decrease for both types of gugc*. as 
might be expected because of the hiyhe. wave 
^prexift. wiiS tfi«fc shxwVM ^wttbTTrtiwri i im«, 
achieved at higher stresses. 

An effective Hugomot for both types of gages 
was calculated front the structure evident on the 
compressive portions of the wave profiles /see 
Fig. 4). The stress in the gage equilibrated with 
the stress in the sin rounding fused silica by a 
series of revecb^rat.ans across the gage. Where the 

file:///calculared


1.2 

1.0 

0 . 6 

0 .2 

l : ig . <\ Theoretical and experimental wave pro-
t't lc calculated from orii" typc*A and 
<:ic lvpc-B gage j t a peak stress dl 
I .Oh <;Pa. 

defined, the Hugoniol jump conditions were used 

in determine the "average" Hugoniot o f the gage 

package. Data were obtained in the range of 

0.114 to 0.966 GP:t. A leant squares fit to the 

dutu is: 

(7* 

Ht.goniol. along wit.'i an initial density, fin. of 

33 gm/cin , was used to represent the gages in 

our hydrodynamic calculations' o f wave profiles. 

The fused silica Hugo in ; used was that given in 

Ref. 17. 

t'OROUS BERYLL IUM 

Type-A and small type-B gages were also tested 

in vorous beryl l ium as pari of a program to char 

v.lerize the response of the lat tc ' material to a 

variety of loading condi t ions.-* ' " - ' One point of 

interest was the possibility that, because o f micro-

sl retching of the .arbon element by the action of 

the pores, the gag'.-* inighl exhibit a different cal

ibration in porous material 3tun in solid material. 

A series of tests were performed in which an 

\-t:ul qeiT*? pm* was bunched against a porous 

beryllium targe! containing a carbon gage. The 

conclusion o f this study was that, for the carbon 

gages and material tested, no anomalous effect 

wir. found. Our tvpe-A gage calibrations in fused 

silica and porous beryl l ium agreed wit 'uu experi

mental error. Ttie small t>pe-B gage Vibrat ion 

agreed wi th the calibrations obtained by the man

ufacturer and by Shay and Copeland in solids 

(Fig. 3b). 

Figure 7 illustrates the use of four small 

type-B gages to observe the evolution of a wave 

propagating through porous beryl l ium after im

pact by PMMA. The " X " values indicate the 

distan :c of propagation through the beryl l ium 

specimen. Note tiiat one gage waj located at 

the impact surface. H ie pea it stresses measured 

by the gages agreed withir. e\perimenta! error 

with those calculated hydrodynarnically through

out the stress range meusued in porous beryl l ium 

10.5 to 1.7 ('.Pal. The gajes performed satislac-

tonly , wi th no evidence ot premature gage failure 

or of anomalou resistance changes caused by 

inicrostreahing of the carbon element by the 

porous structure of the beryl l ium. 

-7-



Application Considerations 

Carbon gages have a large magnitude, negative 
thermal coefficient of resistance compared to 
Manganin gages. If electrical power levels of 
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 fiS. Thus, lor precise 
work, the user should apply as little electrical 
energy 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 derived in this work, the 
resistances were measured immediately before 
pressure wave arrival. 

As :i matter of practical interest, type-A gages 
showed more variations in calibration within a 
manufacturing lot than did type-B gages. This 
variation is illustrated in Fig. 4 for a comparatively 
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 response, as discussed below. 

As with other in-material gages, carbon gages 
exhibit a capaeitivc effect associated with 
compression of the insulating dielectric by metallic 
host material*. In the case of Manganin gages, 
ilns effect results in a negative spike at the 
beginning of an otherwise positive signal. The 
effect is more insidious in carbon gages, because 

1.6 2.0 

Fig. 7. Evolution of a pressuie wave propagating 
through porous beryllium struck by 
1.27-mm-thick polymethyl methaerylate, 
as observed using four carbon gages at 
different depths in a single experiment. 
X is the distance from the impact sur
face to the plane of the gage. 

the increase in capacitance in parallel with the 
sensitive clement results in the same reduction in 
impedance that is characteristic of the negative 
piezoresistive effect in the gage. Thus, careful 
interpretation of experimental records is usually 
required to distinguish between low-level precursor 
waves and the capacitive effect in metallic 
specimens. Interpretation of the slowly rising 
baseline occurring in the records *\ r the three 
gages in Fig. 7 is representative of this problem. 

Discussion 

The type-A gage calibrations obtained by the 
manufacturer. Shay and Copeland, and us have 
shown excellent consistency (Fig. 3a). These 
calibrations have all been accomplished with gas 
guns, but using a variety of materials. The 
n--. • :. 'icturer used PMMA, 7075-T6 aluminum, 
6^,x;-4%V-90%Ti alloy, 2024-T3 aluminum, brass, 

and fused silica. Shay and Copeland used 4340 
steel; and we used fused silica and porous beryl
lium. The slight divergence between the manu
facturer's calibration and our own above 2 Gl'a 
is within the gage-to-gage repeatability. 

Experiments were continued on the large type-B 
gages by three groups, Naumann. ' Shay and 



(npdand, and us. The latter two used similar 
gas gun techniques, while Naumann used an 
exploding toil iVeility-- io generate short-duration, 
high-amplitude stress waves. 

As shown in l ;ig. 3b, tiie results of Neumann's 
study and the Shay and (opelaiiil study were 
quite similar, while our results, consistent within 
themselves, are quantitatively different. It is likely 
thai this difference arises from bateh-to-batch 
\;iri;iiions of the gages rather than differences in 
experimental techniques. 

The small type-B gages we tested in porous 
heryllium exhibited a calibration very similar to 
those obtained for large gages by the other 
investigators. Wv tested only three small gages 
in fused silica tat 3.71 GPa). again with results 
which agreed well with the manufacturer'*. 

Additional data taken with large and small 
type-B gages in materials with known equations of 
staii: might be very useful in evaluating batch-to-
balch repeatability and gage sensitivity to host 
material and gage size. In any ease, we suggest 
that other investigators may wish to verify the 
calibration of their type-B gages. 

The functional form that we have used in 
fitting our calibration data, a product of exponentials, 
l:qs. (3) and (It), is more complex than the 
polynomials chosen for the other calibrations and 
gives similar results over the range of our data. 
We have chosen this form because it tends to 
produce a curve with fewer observable inflection 
poims near the origin than uo the polynomials 
we have attempted to use. Thus, the product 
of exponentials lias resulted in slightly better fits 
to our data at low stresses. 

The temporal response of carbon gages 
insulated by Kapton is a complex function of 
stress, host material, and gage type. Data taken 
in fused silica indicate that the lower the stress, 
the slower the gages come to equilibrium. The 
equilibration time of typc-A gages is approxi
mately 0.2 pa above I GPa, although individual 

words showed response times greater than this 
value. The response time of type-B gages is 
somewhat longer, possibly because of their 
siightly greater thickness. An average response 
time of 0.2 ps is not achieved until ;i stress of 
about 2 GPa in fused silica. 

Under impedance-matched conditions in which the 
shock impedance of the gage is equal to that of the 
host material, the gage should remain essentially 
in pressure equilibrium with the surrounding host. 
This equilibrium would hold exactly if the gage 
were made of a single, homogeneous material 
having no strain rate effects. In this idealized 
case, gage response time should be defined entirely 
by parasitic reactances and would be very fast 
compared to the gages studied here. 

Thus we should expect faster carbon gage 
response when the shock impedances of the gage 
assembly and of the host material are more nearly 
equal than when the gages are tested in fused 
silica. Indeed, this faster response was exhibited 
when both types were used in porous beryllium, 
as was noted above for small type-fJ gages. 

However, even with uear-perfeci impedance 
matching, neither type gage has a reactance-limited 
response for low stress levels. Both Naiimarm'^ 
and Charest' have published waveforms produced 
by carbon gages with Kapton insulation and with 
PMMA used as the host material. tPMMA has u 
llugoniot and an initial density which arc very 
similar to those of carbon-Kapton gages.) In both 
reports, the gages exhibited initially fast responses 
(about 0.2 a* to reach 957c of lull amplitude at 
stresses below 0.5 GPai. However, nearly all 
low-stress waveforms that should have been Hat-
topped exhibited ramped tops, in fact, Naumann's 
shot 2841 had two carbon-Kapton gages with 
ramped lops lasting 10 /JS ai 0.21 GPa. 

Within our experimental error, the same llugoniot 
applies to both types of gages, even though they 
have different pressure-sensitive elements. This 
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result is not unreasonable because the gage-
assembly specific volumes differ by only about 
1.6% (0.754 cm 3/g for type A and 0.766 
cm^/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. This limitation existed 
because reverberation wave speeds were so high 
at higher stress levels that the steps in the 
leading edges of the wave profiles 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 tits to the data, extrapolations 
to high stresses should be made with caution. 

In summary, carbon gages have high sensitivity, 
making them particularly useful for low-stress 
work in noisy environments. However, their 
relatively slow response time at low stress can 
be troublesome for short pulses, particularly if 
there is a large impedance mismatch between the 
gages and the host 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. J. 
Dub, G. L. Hickman, and R. E. Neatherland did 
excellent jobs of experiment assembly and 
execution. 

-10-



References 

1. J. A. FulliT and J. II. Price. Nature 103, 262 (1962). 
2. D. Bernstein and D. \>. Kcmgli. J. Appl. I'hys. 35. 1471 (1964). 
.1. E. Barsis. K. William!., and C. Sknog. J. Appl, Phys, 41, 51S5 (1970). 
4. 1.. M. Lee, J. Appl. Pliys. 44, 4017 (I'l73l. 
5. R. L. Huddleslon and R. F- Sladky. Sodium and Strontium Shock Pressure Transducer Technical 

Report, Union Carbide Corporation. Nuclear Division. Oak Ridge. Tenn.. Y-12 Plant, Rept. Y-1673 
(1969). 

6. R. A. Stager and H. <".. Drickainer, Science 139, 1284 11963). 
7. II. 1). Strombcrg and D. R. Stephens, J. Phys. Client. Solids 25. 1015 (1964). 
8. M. J. Ginsberg. Calibration and Characterization of Ytterbium Stress Transducers, Stanford Research 

Institute, Menlo Park. Calif.. Rcpl. DNA2742F (19711, AD732778. 
9. R. F. Williams and D. D. Keough, Bull. Am. Pliys. Snc.. Series il 12. 1127 (1967). 

10. W. J. Naumann, Carbon Stress Gauge Development, Final Report, Effects Technology, Inc., Santa 
Barbara, Calif.. Rept. DNA3027F (19731. AD909553L. 

11. J. A. Charesl, Development of the Carbon Shock Pressure Gauge, EG&G, Inc., Santa Barbara, 
Calir., Rept. DNA310IF (1973), AD913951L. 

12. P. J. A. Fuller and J. H. Price. Brit. J. Appl. Phys. _L5. 751 (1964). 
13. S. Thunborg, G. E. Ingram, and R. A. Graham, Rev. Sci. Instr. 3_5. 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. of the International School of Physics. 
Enrico Fermi; Physics of High Energy Density (Academic Press, New York, 1971). 

16. J. W. Taylor, "Experimental Methods in Shock Wave Physics." in Metallurgical Effects at High 
Strain Rates (Plenum Co.. New York, 1973). 

17. I.. M. Barker and R. F. Hollenbaeh, J. Appl. Phys. 41, 4208 (1970). 
18. W. M. Shay and A. B. Copeiand, Lawrence Livermore Laboratory, private communication (1973). 
i9. 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 Way.; Studies, Lawrence Livermore Laboratory, Rept. UCRL-51682, Pt. 3 (1974). 

21. F. H. Ree, W. M. Isbell, and R. R. Horning, Behavior of Porous Beryllium 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). 


