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Shock-Wave Studies of PMMA, Fused Silica, and Sapphire*

L. M. BARKER aND R. E. HOLLENBACH
Sandia Laboratories, Albuquerque, New Mexico 87115
(Received 3 April 1970)

The shock-wave propagation characteristics of polymethyl methacrylate (PMMA), fused silica, ang
sapphire were measured for both compressive and rarefaction waves using plate-impact experimen(s anq
interferometer instrumentation techniques. The peak stress levels in the experiments were 22, 63, anq
120 kbar, respectively. The high-resolution measurements of the stress wave profiles showed the PMAM A
to be a complex material whose wave propagation is influenced by nonlinearity, strain-rate dependence, ang
elastic—plastic effects in which plastic working increases the zero-pressure volume of the material. The fuseq
silica is very well characterized as a nonlinear elastic material having the interesting property of propagating
stable rarefaction shock waves. The sapphire was nearly linear elastic to 120 kbar. The use of these threc
transparent materials as “windows” in laser interferometer instrumented shock-wave studies of atlyer
materials is discussed. The effect of the shock-induced variation of the index of refraction on the inter-

feromelter data was also measured and is presented.

INTRODUCTION

The use of shock waves in the study of high-pressure
equations of state and of the dynamic mechanical
properties of materials is now well known. Within the
last few vears laser interferometer instrumentation has
been increasingly used as a diagnostic too! in shock-
wave studies.’™ Some of the attributes of interferom-
eter instrumentation are that it can be very accurate,
it measures the velocity history at a point instead of
averaging the velocity over an area, and the instrumen-
tation need not perturb the motion. Shock rise times
down to about 1 nsec have been resolved, vet total
observation times of many microseconds are possible.

Interferometry can be used not only to measure free
surface velocity profiles, but also the velocity history
at the interface between a shocked sample material and
a transparent “window’ material.>® Such experiments
can be extremely valuable in measuring both compres-
sive- and rarefraction-wave profiles which are nearly
undistorted by the interface reflection process, provided
that the shock impedance (equal to the shock-propaga-
tion velocity times the material density ahead of the
shock) of the window material can be chosen close to
that of the specimen. However, since the interface
motion is influenced both by the specimen and the
window material, the dynamic mechanical properties
of the window material must be known in advance in
order to use the results of such a test to solve for the
properties of the specimen.

The purpose of this study was to carefully measure
the dynamic mechanical properties of three tranparent
materials of widely differing shock impedance in order
to obtain a spectrum of calibrated window materials.
Inasmuch as the laser beam used in window interferom-
etry must travel through a varying thickness of the
shocked window material, it was also necessary to
measure the effect of the shock-induced change of
index of refraction as a function of the shock com-
pression.

4208
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The experiments were conducted using g g
transparent material for both the specimen anq

window. Thus, no reflection occurred at the plane of
observation, and a direct measurment was made of the
particle velocity history at the plane internal tg th
transparent material. The direct measurement
particle velocity together with the precision of the
velocity interferometer and a laser-beam time-of-impact:
technique have resulted in some of the most accurate
dynamic-materials-property data yet taken.
The experimental methods emploved in the stresse
wave measurements are first reviewed, after which the
stress-wave data on polymethyl methacrylate (PMMA) m.
fused silica, and sapphire, respectively, are presented
and discussed. Finally, the measurements ol the index-
of-refraction effects are described and discussed, and a
more rigorous derivation of the velocity interferometer

presented.

STRESS-WAVE MEASUREMENTS

Experimental Techniques

The experiments were conducted using the gas-gun
facility described in Ref. 14, The gun has a 10-cm boré:
and can provide impact velocities up to about 0.69
mm/usec. The gun barrel is evacuated before each mr%
to prevent any cushioning effect at impact time. The
impact velocity and projectile tilt at impact are meas:
ured by the projectile’s shorting of charged m_mnw:nm._
probes. The resulting uncertainty in impact velocity 15
about 0.1%. The average tilt increases with :E.R.amsm
impact velocity; however, the tilt divided by the impact
velocity is generally less than 0.002 pad/mm/usecs
This leads to a shock tilt inside the target of less thal
0.002U, rad, where U, is the shock velocity in mm/usec:

The targets in this study were made of (WO disks
which were held together by a thin layer of %o.m
(Tig. 1). The impacted disk will be referred to a3 t
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usv‘m_.m. it was

 H2-3404 hardener)

SHO

. the other target disk will be called the
In all of the experiments described the window
ndow: .L..::,. material as the specimen, The “internal
¢ oﬂ.p,:m:,__/. vapor deposited onto the window before
jfror :_....u._,:: target pieces together,
nom the material for these f..zcﬁ..::o_:m was .:m2_ as
from the supplier—no lapping or polishing was
- laboratory. The PMMA was flat to about
.+ {he center 2.5 cm of the samples while the
| fused silica were from 0 to 500 nm convex.

1y al

6%% hily convex surface ensures that the bond laver
e =t hinnest at the center of the target assembly

wave profiles are measured.

Both the mirror and the rc:& layer had to be made

emely thin in order to achieve a negligible wave
,_.nm_..__.a._:om from the interface between the two target
..Mnnawm. The ,.:::_.A_oﬁOmzﬁ_ ::_._.c_.m. were of ::.:::EE
m__m were 60-120-nm thick. To achieve the thin bond
i necessary to assemble the target in a
glean-room OF n_c::w_?.:n: 22:.0:_12:. A thin epoxy
G parts by weight of Hysol 2038 resin to one part Hysol
7 was used as the adhesive. This
material has a shock impedance very similar to that of
.m,.g_;a? so the requirement for a thin glue layer was
,;awm stringent for the PMMA targets than for fused silic:
o sapphire. The PMMA was bonded by applying a
”._”n__.cv of epoxy to the center of one of the disks and then
‘dlamping the two pieces in a press at a pressure of
‘§kg/cm? over the entire area. Curing time at room
temperaturc is about 24h. Nominal bond layers of
0.02 mm arc obtained by this method. The flatter and
‘more rigid [used-silica and sapphire samples require a
much smaller droplet of glue (about $-mm diameter).
|If the surfaces are clean and the amount of adhesive
small enough, the samples can be pressed together by
finger pressure until white light fringes are clearly
ohservable hetween the surfaces outside the area over
which the droplet of glue has spread. It is quite easy to
make hond layers as thin as 500 nm at the center of the

SPECIMEN .\._zﬁmxz»r MIRROR

WINDOW

NG j+—DELAY LEG

TARGET
PROJECTILE
NOSE

™

.Vw\.r.tmgg SPLITTERS

baf /V
PHOTOMULTIPLIER

AV — TUBES
I'rg,

_.ﬁ__:_:_. Schematic of the laser velocity interferometer con-

Exfiorin. A m__._n_n-:m.._:oznv. :,TVm._umS. was .:zQ_. 3_. these

less ::_.:__.,. RCA 70045 photomultiplier tubes with risetimes of

With o .w._ nsee and Tektronix 519 traveling wave oscillscopes
Whsce risetimes were used to record the data,

CK-WAVE STUDIES OF PMMA, FUSED SiO,, AND SAPPHIRE
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Fic. 2. Oscillogram showing the BRACIS signal recorded
at impact time. The center trace shows the BRACIS signal, the
bottom trace is a 100-MHz timing signal, and the top trace
shows a timing fiducial.

assemblies. Good estimates of the thickness of the bond
layer can be made by inspecting the white light fringes.

While there is no problem in obtaining the required
16-cm-diam target plates of PMMA, it becomes ex-
pensive or impossible to obtain high-purity fused-silica
and sapphire disks in this dimension. Experiments on
the latter materials were conducted on smaller diameter
samples epoxied into aluminum rings. The aluminum
rings were lapped and polished to a surface flatness of
better than 200 nm/cm. The ring and sample were
then clamped to an optically flat fixture for bonding.
Parallel impact surfaces are ensured if this operation is
also carried out in a dust-free environment.

The accuracy of the measurement of wave velocity
for any material is dependent upon the detection of the
exact time of the impact. Although flush pins have
provided very good measurements of impact times on
opaque materials,"* a new method that provides even
greater accuracy was used on the transparent materials
discussed in this report. The method has been given the
acronym BRACIS, for Beam Reflection at the Center of
the Impact Surface. About 209 of the initial laser beam
is split off and transmitted into the target through a
prism cemented to the target free surface, after which
it undergoes total internal reflection at the center of the
impact surface (Fig. 1). The beam then exits from the
target through another prism and finally is reflected by
mirrors onto the photomultiplier cathode. The internal
reflection of the beam is suddenly eliminated at impact
time, and the resulting sudden loss of light at the
photomultiplier gives the precise time of impact at the
point exactly opposite the point where the wave profile
is to be observed. The BRACIS method allows the same
transducer, transmission lines, and oscilloscopes to
record both the impact time and the shock arrival time
at the mirrored surface. This eliminates any uncertain-
ties due to tranducer response time, transmission cable
lengths, etc. The detection of the impact time at the
center of the target surface also minimizes the effects of
irregularities in the surface contours of the impacting
plates. If one corrects for the difference between the
BRACIS light path length from target to photomulti-
plier tube and the interferometer-beam path length from

Boeing Ex. 1021, p. 7 of 24
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I16. 3. Velocity interferometer data with 0.2-usec time marks
and 100-MHz timing signals: (a) The arrival of a 12-kbar com-
pressive wave in PMMA (shot 319). The first part of the wave
was a shock which produced several fringes at a frequency too
high to be tracked by the photomultiplier. (b) The data of the
following rarefaction wave in the same shot. (c) The compressive
ramp wave in fused silica shocked to 37 khar (shot 363).

target to photomultiplier tube, the shock transit time
can be determined with an accuracy of 42 nsec or
better. An oscilloscope trace showing a BRACIS signal
is shown in Fig. 2. The method and arguments for its
accuracy will be presented in greater detail elsewhere.!

The Michelson interferometer technique! was used to
measure the wave profiles at the lowest impact veloc-
ities, and the velocity interferometer’® was used on the
rest of the shots. Figure 1 shows a typical impact con-
figuration along with a schematic of the laser light paths
and the velocity interferometer. The fringes from the
mterferometer are sensed by the photomultiplier tubes
and recorded oscillographically (Fig. 3). The particle
velocity history at the mirror inside the specimen
material is obtained from the oscillograms by measuring
the fringe count as a function of time F(f) and using the
velocity interferometer equation

A FW
27/ (14Av/vg)

Here, u(4) is the particle velocity at time {, A 1s the
wavelength of the laser light, 7 is the time required for
light to traverse the delay leg, and Av/yy is an experi-
mentally determined function which accounts for the
changing index of refraction as the stress wave pro-
pagates into the window portion of the target. The
measurement of Ay/yy is described in detail and the
above equation is derived in Sec. II. Notice that the
velocity interferometer provides a continuous record of
the velocity since the fringe count F(¢) can be measured
at any desired time during which data were recorded.
In practice, most of the data points desired are obtained

w(l) =

AND R.

B, H O L LN BiA C'H

by reading the peaks and troughs (half-fringe
and the midpoints (quarter-fringe point 3
pictures although this is not always trye.
F(1) can generally be determined to at |e
or better at any given time.

Polymethyl Methacrylate

Although several previous papers'™ |,
on the shock properties of PMMA in he |
region of interest here, the published dyq, W
sufficient and showed too much scatter 1o qllgy -
to be used as a calibrated window material with, v
further study. It was felt that some of the scatter 555 -
previously reported data could have hLeen cause a"
differences in the manufacturing details of the <E.mv
PMMA’s used. We therefore selected a particylay g.a :
and type of PMMA for calibration which we felg ioE_
be as reproducible as possible in commercially availyp)

stock,
as Jﬂa g

OW-Stree

The PMMA selected was Rohm and gy
UVA Plexiglas obtained in sheet stock. Its dengity W
measured as 1.184 g/em.? The direction of .mrS_m
propagation was always normal to the plane of the sheg
As previously mentioned, the samples were simply disks |
cut from sheet stock of the desired thickness; no surfaee
lapping or polishing was done. The initial temperatuge:
of the specimens was always 22°43°C. Examination o
the material between crossed polaroids showed it to be
strain free. |

The shock-input wave-propagation experiments, fieq |
impact directly on the specimen, used the impact con-!
figuration of IFig. 1. Table I lists the pertinent param-
eters of each test., The 2000 series shots are due to
Schuler.”t The impacts were symmetric, i.c., the E.ow
jectile nose and the target were both composed of
PMMA, except where noted.

In shots 312-319 and 2106R, the projectile plate
thickness and the specimen thickness were boths

w4|~|\||lﬂ|‘
VI | T |

/ 6.35 mm SPECIMENS ANC PROJECTILES

XCEPT AS NOTED.
THESE TWO SHOTS / Xg o
USED 6.50 mm FUSED '\
SILICA PROJECTILES /

0.4

v

0.3~ \
/ N\

0.2

0.1

PARTICLE VELOCITY {mm/usec)

|
2.0 3.0 4.0 5.0

TIME AFTER IMPACT (usec

I'16. 4. Measured wave profiles in PMMA.
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TasrLE I. PMMA shot summary.

Maximum
Impact Projectile Specimen particle Shock  Rarefaction
Shot velocity thickness thickness» velocity® velocity  velocity®
designation (mm/usec) (mm) (mm) (mm/usec) (mm/usec) (mm/usec)
312 0. 06090 6. 487 6.349 0.03045 2.843 2.97
313 0.06133 6. 147 6.284 0.03066 2.844 2.96
2109 0.06172 6.096 19.163 0.03086 2.838 2.97
2105 0.06167 6.558 37.452 0.03084 2.834 2.95
314 0.1511 6.416 6.185 0.07555 2.968 ol
315 0.1516 5.936 6.388 0.07580 2.959 3.22
2110 0.1511 6.070 12.824 0.07555 2.974 BE272
2112 0.1546 2.916 12.898 0.07730 2.958 3.22
2115 0.1514 6.038 37.539 0.07570 2.991 8823
316 0. 3085 6.063 6. 208 0.1542 8o 1 3.53
317 0.3090 5.974 6. 160 0.1545 3.130 3.54
2113 0.2999 6.274 25.252 0. 1500 3.113 3.51
2116 0.2985 6.208 37.283 0.1492 3.106 3.49
2106R 0. 4501 6. 568 6.359 0.2250 3.199 3.78
2107R1 0. 4604 6. 144 25.314 0.2302 3.178 3.76
2107R2 0.4616 6.333 37.903 0.2308 3.181 3.73
318 0.6412 6. 142 6.045 0.3206 3.268 4.20
319 0.6391 5.969 6.116 0.3196 3.268 4.18
2108 0.6217 6.337 25.189 0.3108 3.199 4.07
2111 0.6165 12.730 37.490 0.3082 3.203 vee
320 0.6092 6. 4954 6.269 0.4801 3.349 4.84
321 0.6147 6. 5054 6.350 0. 4805 3.342 4.87
324 0.6358 3.414e 6.010 0.6110 3.537
325 0. 6500 3831 5¢ 5.989 0.6250 3o Sl o

‘b At the impact
ﬁerw:n_n velocity of the leading edge of the rarefaction wave.

nominally 0.35 mm, with a 25-mm window thickness
backing the specimen. These shots measured both the
compressive and release wave shapes for various impact
velocities up to 0.6 mm/usec. In order to facilitate
comparison of the data, the measured profiles were
corrected  slightly to correspond to specimen and
Eo,.moEo thicknesses of exactly 6,35 mm. The resulting
Ve shapes are shown in Iig. 4 as curves I-V. As
icated in Table I, duplicate experiments were per-
med at each impact velocity except for case IV, and
1 of the measured curves are plotted under I-I1T
dV. The experiments were duplicated to demonstrate
‘Erepeatability of both the PMMA and the velocity in-
..a.SEa.:.q instrumentation. The repeatability shown
18, 4 is, of course, quite gratifying. Two additional
a.n:z::wz (shots 320, 321) were performed using the
;.me no.swm:z:mo:. except that a 6.50-mm-thick fused-
"@ plate was used in place of the PMMA on the pro-
' me_MMma.. .wcnmsmmw of the higher shock impedance of
o wgzwﬂ_n..: a Emreu_. maximum ?:.n:.u_m <m~o.n5‘ in
Beity of A was cvmx._uoa at the maximum impact
[ dee our test facility. The results of these two tests
PPear in Fig, 4 as VI. The first rarefraction wave

d Projectile plate was a fused-silica disk.
¢ Projectile plate was a tungsten carbide disk.

which originates at the rear surface of the fused-silica
projectile plate only partially reduces the particle
velocity in the PMMA because of the mismatch of the
shock impedances at the plane of impact. The second
rarefaction from the “ringing down” of the fused-silica
impactor is also present in VI. Shots 324 and 323
(Table I) used tungsten carbide impactors to increase
the peak particle velocity in the PMMA to over 0.6
mm/usec. The wave profiles are not shown, but the
compressive wave showed a rounding near the peak
particle velocity very similar to the VI curves of Fig. 4.

The compressive-wave profiles are characterized by an
initial shock with a rise time of no more than a nano-
second up to at least two-thirds of the final particle
velocity. This is followed by the more gradual rounding
up to the peak particle velocity, which is to be expected
of a rate-sensitive or viscoelastic material.* The rare-
faction wave profiles are very smooth. Notice, however,
that there is a steepening of the profile of curves V
during the final half of the unloading wave, just before
the final trailing off of the waves. This release-wave
characteristic is present in aluminum®? where it is
caused by the elastic—-plastic character of the material.
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F1e. 5. Compressive wave profiles for varying propagation distances in PMMA for the lower impact velocities

Curves V therefore suggest the possibility of an elastic—
plastic deformation mode in shock-loaded PMMA. If
this is the case, one would expect to see the same effect
in the higher particle-velocity shots. Unfortunately, the
plateaus between the two rarefactions of curves VI fall
at about the same particle-velocity level where the
increase in slope should begin, and thus the effect is
masked. However, other evidence for the elastic—plastic
behavior of PMMA will be given below.

A number of additional tests were made to determine
the effect of specimen thickness on the wave shapes.
The measured compressive wave shapes from these

experiments as well as those of Fig. 4 arc reprodyg
Figs. 5 and 6. Tt can be seen that the wave shape chyy
by varying degrees with increasing thicknesses, dep
ing on the peak particle velocity. The release waves 4
increased thicknesses are not shown, but they are ery
much like those of Ifig. 4 except that thev are more
spread out in time, in close agreement (within %ﬁ..g
particle velocity at any given time) with a simpl
centered wave assumption.

The results of these experiments are plotted in Fig. /7
on the shock-velocity—particle-velocity (/i) plane for
comparison with the work of other investigators i1

IuSEC.
e
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Fic. 6. Compressive wave profiles for varying propagation distances in PMMA for the higher impact velocilivs.
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Jocity was simply the thickness 0
rhe shock Mm Iyy the transit time of the first disturb-

g & 3 3
rget dV! corresponding particle velocity was taken as
d .HWA_WE_.. icle velocity reached in the wave, i.e., one-

e the ?.E.nn:_o Mn_cnmﬁ\ in the symmetric impact
o . curve in Fig. 7 is drawn through the 6.35-
..H.Je n-thickness data points of this paper. All
ints touch the curve except for the two on a:vmn
little over 0.6 mm/usec. The zero-particle
. oecent of the curve is in excellent agreement
city intercept 0% longitudinal el o
" the zero-pressure ongitudinal sonic velocity o
,‘a 9,76 mm/usec measured by Asay et al.* .
1 m our thicker specimen data fall essentially on
,Mwm-szz curve up to particle velocities of 0.15
,u.mer.. At a particle velocity between about 0.15
0,20 mm/pusec, however, the .m_:.nr velocity
OMES & function of the thickness, This corresponds to
evel of about 7 kbar, The maximum decrease in
average shock velocity through the thick .mvmnm_:nsm
almost 2%. The effect of a nmmzwmm_:n.mrcn_ﬁ
ocity with increasing v..o_um.mm;._cc distance is con-
nt with a strain-rate! sensitivity of PMMA in its
tic-deformation mode above 7 kbar.
The high-pressure data of previous investigators up
ioa U, of 8 mm/uscc appear to be fit fairly well by a
¢ U~ relationship.® This leads one to expect that
alinear Usut Hugoniot might be reasonably accurate
through the low-pressure impact-stress range as well,
cspecially considering that no elastic precursor has been
observed. The present data show that this is not the
case, however, because of the large hump in the Usu
ourve below about 0.4 mm/usec particle velocity. Two
previous works'™!7 also indicated the presence of an
anomalous (7~ behavior in this region although the
investigations were not complete enough to establish
this as the normal hehavior of PMMA. Their data are

—

36
3.4
32
30 ® THIS WORK
x LIDDIARD
5 SCHMIDT & EVANS
28
-
0 0. 0.2 0.3 0.4 0.5 0.6 0.7
PARTICLE VELOCITY mmiu sec)
G, 7. 5

The 44, ._:x,_ﬁ velocity vs ﬂ.mmr particle velocity for PMMA.
Where m, ‘cent numbers give the number of data points ~.c<o_<2_
fough ﬂ or more data points coincide. The solid curve is drawn
SR the 6.35.mm propagation distance data of this work.
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Iig. 8. Input and (ransmitted waveforms in PMMA, The
input waveforms were gencrated by impacting (wo disks of fused
silica. The PMMA specimen thickness was 6.35 mm.

shown in IFig. 7, where good agreement with the data of
this paper is shown.

A further verification of the shape of the low-pressure
Ugeu curve was obtained from two shots which used
fused-silica ramp-wave generators. It will be shown in
the next scction that fused silica has the property of
causing a shock front to become a ramp-wave front as it
propagates through the fused silica, Thus, by cementing
a PMMA-specimen disk onto a fused-silica disk and
then impacting the opposite face of the fused silica,
one can introduce a ramp-wave front into the PMMA.
Furthermore, since we have accurately characterized
the fused silica and reasonably well characterized the
PMMA, and since the shock impedance of the fused
silica is considerably larger than that of PMMA, the
shape of the ramp-wave input into the PMMA can be
accurately computed. The ramp-wave inputs for shots
326 and 327 arc shown in I'ig. 8. The thickness of the
fused-silica ramp-wave gencerator determines the steep-
ness of the ramp. Shots 326 and 327 used silica thick-
nesses of 254 and 38.1 mm, respectively. The trans-
mitted wave profiles of Fig. 8 were measured at a vapor-
deposited mirror inside the PMMA at 6.35 mm from the
fused-silica-PMMA interface.

Referring to I'ig. 7, one would expect the leading edge
of a ramp wave propagating through PMMA to
“shock up” quickly because of the initial rapid increase
in shock velocity with increasing particle velocity. Above
a particle velocity of about 0.13 mm/usec, however,
the slope of the Ug&u curve in Fig. 7 is substantially
reduced, and therefore the shocking-up process should
be much slower. The transmitted waveforms of Fig. 8
show exactly this effect, and thus they reconfirm the
presence of the hump in the low-pressure Us—u relation-
ship. When the data of shot 327 were reduced to a stress—
strain path, they were found to agree with the previous
data of this paper not only qualitatively, but quantita-
tively, as well (Fig. 9).

Pastine® has predicted the general shape of the U
curve of I'ig. 7 from considerations of the intermolecular
and interchain forces in polymers. The apparent
agreement of Pastine’s predictions with our measure-
ments is partly fortuitous since he did not consider a
plastic vielding mode and since such a mode would
accentuate the concave downward nature of the early
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« MEASURED HUGONIOT POINTS
& POINTS ON THE LOADING PATH
FOR THE RAMP WAVE

o INPUT SHOT (NO. 327)

HUGONIOT

UNLOADING PATHS

STRESS (KBAR)

0 05 10 15
STRAIN

I'ic. 9. PMMA Hugoniot and selected loading and unloading
stress—strain paths calculated from the measured wave profiles.

part of the Usu curve. Indeed, the curvature measured
is several times larger than calculated by Pastine.
Nevertheless, Pastine’s theory does predict a steep
initial slope of the U/~ curve when compared to metals,
which is in basic agreement with our measurements.
The observed initial slope of about 3.0 was somewhat
larger than Pastine’s predicted slope of 2.0 to 2,7.

The method of Ref. 26 was used to calculate the
stress—strain paths followed by the PMMA during the
experiments. The method approximates the measured
particle-velocity histories by histograms of particle
velocity vstime after impact. Lagrangian wave velocitics
U are calculated from the times of the jumps in # in the
approximation of the data. The changes in stress ¢ and
strain e corresponding to the jumps in « are then ob-
tained from the equations expressing conservation of
momentum and mass:

Ao = poUAu (1)

(2)

Here, po is the zero-strain material density, and the A’s
signify the final value minus the initial value of the
operand at the jump in question.

Strictly speaking, this method of calculation of the
stress—strain path is valid only for materials in which the
wave velocity U at any given particle-velocity level # is
constant. This implies that U should not depend on the
strain rate. Although part of the wave profile in PMMA
does not always quite satisty this requirement, there are
nevertheless several reasons for performing this type of
analysis. First, with the experimental information at
hand, one cannot do a complete analysis including rate
effects and thereby deduce a unique, rate-dependent
constitutive relation for the material.? Second, com-

and
Ae= Au/U.

BARKER AND R. E.
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paring the results of the rate-independen calenlos
for several different impact velocities an( mannp.__m
configurations can show the degree 1o whic, _.w_mu
material departs from the rate-independent ass s
Finally, it can be shown that the :::imcmmaw !
strain paths derived by the method outlineq g), e
reasonably accurate descriptions of the _:ﬁmmﬁ ‘
havior in the individual experiments. Sope »w €
arguments for the adequacy of the m:o,ﬁm;m:cmso

are presented in the Appendix. Pathg

The stress-strain points calculated from Eqg, 1 _
(2) are given in Table II. It was not NECessary fo e
the iterative procedure required of free surface me ;
ments® because no measurable free surfuce or mﬁs.m.vw
reflections occur at the measuring point in these e
ments. The loading—unloading stress-strajp
corresponding to wave profiles V and VI on Fig g
plotted in Fig. 9. The cusp in the unloading path of
shot 320-321 data (unloading from the highest
niot point) corresponds to the point at which the.
PMMA “rested” just before the second rarefaction
wave arrived (see Fig. 4). The cusp is due to the strain
rate sensitivity of PMMA; a similar effect in alumi
was detected and is reported in Ref. 26.

The Table II loading-unloading data in which the
peak stress was less than 7 kbar shows a relatively sma
hysteresis. Although the PMMA is nonlinear below
7 kbar, it appears to behave as a nonlincar viscoelastic
material.2 However, the loading-unloading paths for
peak stresses ahove 7 kbar begin to show a pronounced
hysteresis which is suggestive of elastic-plastic behavior
(Fig. 9). As previously mentioned, the shape of the
rarefaction waves of Fig. 4, cuves V, is also reminiscent
of the release wave shapes in aluminum?®* where
elastic—plastic effects were clearly present. Inasmuchas
Schuler? finds the viscoelastic interpretation of thels
data to fail above 7 kbar, an elastic-plastic deformation=
mode coupled with rate dependence must be considereds

One apparent argument against the elastic-plast
hypothesis is that the usual elastic precursor is neve
evident. However, it is possible to have plastic yiel
in such a way that the plastic wave velocity is never I8
than the elastic wave velocity., The ramp-wave .&r
showed that there is little or no tendency for the Waves
to “shock up” in the region from 7 to 10 kbar, which
indicates that the PMMA may be just on the verge S
showing an elastic precursor in some of the shock-inpt :
experiments. A second argument against n:—mmn\_u_aﬂ ;
behavior might be that none of the unloading SWe=
strain paths show a residual compressive strain &n .
returning to zero stress, The unloading path of wro.ﬁmm\. 3
and 319 in Fig. 9 illustrates the point by appearn’
approach a net extension at zero stress.” This 1578
contrast to elastic-plastic metals, which do show
residual compression in the direction of shock ?.%».m%
tion. References 1, 5, 29, and 30, for example, m.:e.a ;
perimentally determined residual compressions s
aluminum. However, a residual compression followHia:
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Lante I Stress—strain points on the PMMA loading and unloading paths calculated from the

measured wave profiles. Stress in kilobars.
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Shot number

Mode

Unloading

312 and 313 314 and 315 316 and 317 318 and 319 320 and 321 2106R
Suress  Strain Stress Strain Stress  Strain Stress  Strain Stress  Strain Stress  Strain
0.000 0.00000 0.00 0.0000 0.00 0. 0000 0.00 0.0000 0.00 0.0000 0.00 0.0000
0.877 0.00914 237 0.0222 5.05 0.0434 9.14 0.0722 14.61 0.1098 6.69 0.0549
1.024 0.01077 2.46 0.0236 5527 0.0453 10.26- 0.0817 16.79 0.12069 7.43 0.0612

2,03 0,0257 5.41 0.0467 10.92 0.0876 17.39 0.1320 7.72 0.0639
5.55 0.048t 11.33 0.0917 17.75 0.1333 7.93 0.00639
5.67 0.0500 11.539 0.0946 18.08 0.1388 8.06 0.0674
11.71 0.0963 18.34 0.1426 8.18 0.0689
11.82 0.0980 8.29 0.0707
11.91 0.1000 8.36 0.0722
11.99 0.1024

1.024 0.01077 2.63 0.0257 5.67 0.0500 11.99 0.1024 18.34 0.1426 8.36 0.0722
0.814 0.00873 2.42 0.0240 5.07 0.0439 11.07 0.0978 17.25 0.1386 7.70 0.0681
0.609 0.00666 2.04 0.0208 4.27 0.0400 10.14 0.0927 16.13 0.1344 6.85 0.0626
0.407 0.00434 1.68 0.0176 3.49 0.0339 9.25 0.0874 15.05 0.1300 6.03 0.0568
0.211 0.00237 il &% 0.0142 2.74 0.0276 8.39 0.0818 14.02 0.1254 5.24 0.0508
0.024 0.00009 0.97 0.0109 2.01 0.0210 7.58 0.0760 13.02 0.12006 4.47  0.0440
0.63 0.0074 1.21 0.0143 6.80 0.0700 12.08 0.1157 3.73 0.0383
0.30 0.0038 0.65 0.0072 6.04 0.0636 11.17 0.1104 3.01 0.0317
—0.01 —0.0001 0.03 —0.0005 5.32 0.0571 10.31 0.1049 2.31 0.0249
4.61 0.0504 9.51 0.0990 1.63 0.0179
3.92 0.0435 8.77 0.0926 0.98 0.0106

3.25 0.0365 8.39 0.0881

2.59 0.0293 7.58 0.0833

1.95 0.0219 06.74 0.0777

1.32 0.0144 5.95 0.0717

0.73 0.00064 5.25 0.0649

4.94 0.0611

2107R1 2107 R2 2108 2113 2116 327

Stress  Strain Stress Strain Stress  Strain Stress Strain Stress  Strain Stress  Strain
0.00  0.0000 0.00 0.0000 0.00 0.0000 0.00 0.0000 0.00 0.0000 0.00 0.0000
6.02  0.0504 6.03 0.0503 6.22 0.0512 4.43 0.0385 4.60 0.0403 1.35 0.0140
7.00  0.0386 6.71 0.0560 7.43 0.0613 4.87 0.0424 4.96 0.0435 2.80 0.0271
7.58 0.0638 7.4 0.00625 8.33 0.0689 5.23 0.04357 5.18 0.0455 4.37 0.0395
§8.00 0.0679 7.85 0. 0666 9.07 0.0753 5.45 0.0481 5.39 0.0475 5.89 0.0516
8.25 o.o\woo;_, 9.79 0.0818 5.48 0.0488 7.460 0.00637
10. 47 0. 0888 9.02 0.0758
10.98 0.0947 9.80 0.0819
10.57 0.0881
11.30 0.0945
11.64 0.0981
11.87 0.1011

Unloa ing 0.0709

0.06706
0. 0609
0.0526
0.0427
0.0310
0.0202

7.85 0. 0666 10.98 0.0947 5.45 0.0481 5.48 0.0488

7.42 0.0638 10. 41 0.0917 5.10 0.0455 S.11 0.0461

06.43 0.0570 9.50 0. 0866 4.30 0.0396 4.31 0.0402

GASS 0. 0504 8. 62 0.0811 3.53 0.0335 3.54 0.0340

4.47 0.0418 7.79 0.0735 237050272 2.79 0.0277

3.15 0.0302 6.99 0.0695 2.05 0.0207 2.07 0.0212
6.21 0.0034 1.34 0.0139 1.36 0.0144
5.46 0.0571 0.67 0.0069 0.69 0.0073
4.74 0.0505

This cannot
be deter-
mined be-
cause cdge
eflects
obscured the

release.
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TanLy IT1. Stress—particle-velocily Hugoniot points.

Parlicle
Shot Stress velocily
number (kbar) (mm/usec)
312-313 1.024 0.0305
314-315 2.629 0.0755
2113 5.455 0. 1487
2116 5.484 0. 1502
316-317 5.666 0. 1544
2107R2 7.8353 0.2100
2107R1 8.248 0.2220
2106 8.361 0.2250
2108 10. 984 0.2960
318-319 11.988 0.3200
320-321 18. 340 0. 4690

unloading in the longitudinal direction (but before
lateral relaxation) is to be expected only if the plastic
strains during loading and unloading produce little or
no zero-pressure volume increase. While this is true of
metals, it does not follow that it is true of PMMA. In
fact, one can easily visualize a model in which the
plastic deformation produces considerable breaking of
chain bonds, If such a process is irreversible on the
microsecond time scale of these experiments, the broken
bonds will represent a net loss in cohesion of the
material, and a resulting gain in volume might be
expected.

The curve of Fig. 9 labeled ‘“Hugoniot” is drawn
through the peak stress—strain points of the individual
shots of Table II. A better name might be the “equilib-
rium” curve, since those stress—strain points on the
curve are not attainable through a single, sharp dis-
continuity in stress from the initial condition and since
the material appears to be in a quasistatic equilibrium
state. However, an apparent equilibrium on the micro-
second time scale of these experiments does not neces-
sarily coincide with equilibrium behavior on a vastly
different time scale, such as seconds or years. Therefore,
“Hugoniot” is used in the sense that it is the locus of the
peak stress—strain states achievable on the microsecond
time scale through impact loading of the material.

There is a cusp in the Hugoniot at about 7-8 kbar,
which is further evidence of the onset of plastic yielding.
The data from the ramp-wave shot No.327 coincide
with the Hugoniot up to the cusp as would be expected
because that region is nearly elastic. Above the Hug-
oniot elastic limit the ramp-wave data fall between the
Hugoniot and the shock-input stress—strain path of
shots 318 and 319. The endpoint of the ramp-wave shot
again coincides with the Hugoniot, however. Again, this
is consistent with a rate-dependent yield effect, since the
strain rate in the ramp-wave shot above the Hugoniot
elastic limit is intermediate between the essentially zero

BARKER AND R. E.
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strain rates prevailing at the Hugoniot
higher strain rates on the loading path of

In using a calibrated material, it is of
to have the Hugoniot points on the
velocity plane, Table III contains this i

Pointg gr et
shotg 3181

ten Cony;, ,
m__.cwmlmvﬂ
?_.:Sm.on ;

Fused Silica

: The _Emm.n. nrummnno&.mmow of compressive wave g
in fused silica, including the ramp-wiyve front: v
about 40 kbar, were first reported by W, ickerle i pf
His wire reflection experimental technique wge S
lacking in precisionYbelow the 100-khay mﬁom.w
when compared to techniques presently availab}
he made no observations of rarefaction wayes, Hm.. vl
theless, he was able to conclude that {he fused e
behaved as a nonlinear elastic solid up to the ,
change which he measured at 98 kbar, Oy Presey
study of fused silica® greatly refines Wackerle's
pressive wave data in the low-stress region and copf
his assertion of elasticity by determining thay
release stress-strain path followed in a rarefaction
coincides with the compressive stress-strain path
determines the compressive wave shape,
The vitreous SiO, samples used in the experiments for
this study were made from GE type 151 fused silica:
Tts density was measured at 2.201£0.001 g/cm?, anl
according to the manufacturer, it had an impurity leve]
of about 55 ppm. The velocity of the toe of the ramps
wave front, which should coincide with the dilatationa
sound velocity, was 5.9340.01 mm/usec. Fraser®
measured the densities and dilatational velocities of a
number’of vitreoussilicas. He found that the dilatationa
velocity varied up to 0.6% and the density varied upito
0.19, depending on the fictive temperature® of the
particular silica. Although Iraser did wvot study GEI
type 151 fused silica, one can infer from a comparison
of densities and dilatational velocities that the fictive
temperature of our samples was probably low, i
900°-1000°C. As previously stated, the material
used as received from the supplier with surfaces It
0 to 500 nm convex and polished to a surface quali
60-40% or better. Visual inspection of the malt
showed it to be free of voids and internal strains. All
the experiments were conducted at 22°43°C. :
The nine shots which provided data on the W
propagation characteristics of fused silica aré
marized in Table IV. Compressive wave shapes W
measured on all but shot 362, which was mvmn—maaﬂ.
rarefaction-wave experiment. Rarefaction wave S1EES
were measured on shots 351, 363, 354, 355, and J
The rarefaction data were lost on shots 350 and mm.m e
were masked by the prior arrival of edge effect3is
anticipated) on shots 356 and 357. As can be seen ol
Table IV, two shots were fired at each of four diffe
experimental conditions, in addition to the It
wave shot 362, The duplication of exper
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TasLe IV. Summary of fused-silica stress-wave-measurement experiments.

Maximum

Impact Projectile Specimen particle Peak

Shot velocily thickness thickness? velocity? stress
number {(mm /usec) (mm) (mm) (mm /usec) (kbar)
350 0.3077 6.457 6.464 0.1338 18.90
351 0. 3068 6.485 6.452 0.1334 18.85
333 0.63583 6.454 6.466 0.3291 38.64
363 0.630 6.480 6.485 0.315 37.08
354 0. 6262 3.254¢ 6.492 0.5644 05.17
KRN 0.06326 3.178 6.495 0.5710 65.94
336 0.6160 6.375 25.428 0. 3080 36. 30
357 0.6182 6.472 25.437 0.3091 36.42
362 0.6138 6. 487 0.0 0. 3069 36.00

m‘.w...o_: i
b At the impac

Jemonstrates the rep atability of the material and the

umentation.

Although the maximum particle velocity at the
ppact surface varied from 0.15 to 0.57 mm/usec and
e compressive-wave propagation distance varied from

40 25 mm, it was found that the initial ramp on the
.oE..m_.nmm?m wave was always the same simple centered
vave. Thus, the ramps for all eight shots superimpose on
each other when plotted as 2 vs 1/S, where S is the
mmév_m thickness and f is the time after impact. This
result is shown in Fig. 10, where the measured u-vs-
_u&m__om arc all scaled to an S of 1 em. The spread in the
amp data of all of the experiments was less than +4
sec at any given # when scaled to the 1-cm sample
vickness. The data from shots 356 and 357 scaled to
llem agreed within 42 nsec, as might be expected
because of the finer resolution provided by the greater
simple thicknesses. Data points from Wackerle’s®
erage’” compressive wave profile are also shown in
- 10. Although Wackerle’s data differ from ours by
asmuch as 75 nsec at a given particle velocity, the
di rence is nevertheless probably within Wackerle’s
Cxperimental error.

Ahe measured wave profiles indicate a discontinuity
Hdceeleration at the leading edge of the ramps. Thus,
16 fused-silica wavefront provides anYexample of a
i Mn*n.a_ogzc: wave in nature. The m__oceaam of wc.nr

i ave been explored from a continuum mechanics
RNt of view by several theorists. In particular, Chen®
> Some of the present data in his review article on
,..._Qm:o: wave phenomena.

“fuse the wave profiles can be scaled, a single
- :ma%",_.wmm-m_.p.a: path will reproduce all of the
ditions SMS_H —:“o:_.am.. given the appropriate boundary
trai, ?.:do w_ e :a.s&.:: shots. Points on the stress-

e were determined by the Emarcm described

on on PMMA, and these points were fit by

¢ Projectile plate was a tungsten carbide disk.

the fourth-order stress—strain equation
a="T776.0e—4159¢*+30340€* — 69260¢, (3)

where o is the stress in kilobars. This equation not only
fits the present data very well to 65 kbar but also
converges to within 19,-29, of Wackerle’s® data in the
90-95-kbar range. Since Wackerle reported a phase
transition in fused silica at 98 kbar, it appears that
Eq. (3) may be reasonably good over the entire region
up to the phase transition.

The measured rarefaction waves were always orig-
inated by the reflection of compressive waves from the
rear surface of the projectile nose plate. The rarefaction
wave shapes measured on shots 351 and 363 were
shocks with rise times (or fall times, if you prefer) too
small to be resolved, i.e., less than about 1 nsec. The
rarefaction shock in fused silica was also observed by
Kusubov®* with a manganin gauge stress transducer.

0.6
e ——————
0.5
SHOTS 354, 355 —»
0.4 SHOTS 353,
4 363, 356, 357
1=
g \
S —
E 0.3 Wackerle's Dala ®
z \
>02]
S ® SHOTS 350, 351y
I
0.1 ©
¢ %
1.6 L7 1.8 1.9 2.0 2.1

Time/Propagation Distance {usecicm)

I16. 10. Compressive wave profiles in fused silica.
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<

I
1 2

TIME {yisec)

SHOT 362

DISTANCE FROM IMPACT:. 0
IMPACTOR THICKNESS: 6,487 mm

PARTICLE VELOCITY {mm/y sec)

al | I
2.35 2,40 245

TINE AFTER IMPACT (usec)

1. 11. Rarefaction wave profile at the impact planc. The

inset shows the complete particle-velocity history at the impact
plane. The section in the dashed rectangle is shown enlarged at
the left. The stair-step curve is the computer solution of the
impact problem using Kq. (3) for both loading and unloading of
the fused silica.

Such rarefaction shocks would be expected if the fused
silica is really a nonlinearly elastic material, as indicated
by Wackerle,® for in that case Eq. (3) should give not
only the loading stress—strain path but the unloading
path as well. To test this computer calculations using
the SWAP-9 code?” were made of the complete stress-
wave propagation history of shots 351 and 363 using
Eq. (3) for both loading and unloading. The calcula-
tions predicted the arrival of rarefaction shocks at the
measuring plane, and the caleulated times of arrival
agreed within 2 nsec (better than 0.19) of the meas-
ured arrival times. The elastic assumption was further
verified by shot 362, in which the motion of the impact
surface was monitored. It was found that the rarefac-
tion wave from the rear surface of the projectile plate
was not yet completely shocked up at the impact plane,
as shown in Fig. 11. The computer solution using Eq.
(3) also agreed extremely well with this finding, as seen
in Fig. 11, and again predicted the arrival time of the
shocked-up portion of the rarefaction to better than
0.19, of the time from impact. Thus, there seems little
doubt that fused silica is elastic in the range of stresses
covered by these experiments, i.e., up to 38 kbar.

Elasticity to 65 kbar was tested with shots 354 and
355. The complete measured wave profile of shot 355 1s
shown in Fig. 12 where the first three rarefactions from
the “ringing down” of the tungsten carbide projectile
nose plate are apparent. The computer fit of this shot
again used Eq. (3) for the fused silica plus an equation
of state for the tungsten carbide due to Karnes.® The
computer agreement is still good. Therefore, one can
conclude that the behavior of fused silica can indeed be
characterized, for all practical purposes, as nonlinearly
elastic to at least 65 kbar, and quite possibly all the way
to its phase transition at about 100 kbar. As pointed out
by Wackerle,® this should not be surprising in view of
the very high static tensile yield strengths for flame-
drawn quartz rods reported by Hillig.*

One final observation concerning the measured wave

AUINEID) TR A0

HOLLENBACH

profiles has to do with the very slight but e,
rounding near the peak particle velocity of m:mw:, _
lowest velocity shots of Fig. 10, Thiseffect iy X
of, though much smaller than, the pronounce
of the PMMA wave fronts. Thus, although y,, f
silica response in the experiments descriled here §
well characterized as elastic, it appears thyy mmm
observes with sufficient resolution there is mi.n_.
of a rate effect in the compressive waves of 35 &
and above. The corresponding effect in the ragefy, -
shocks was, if present, too small to be detecteq i
rarefactions of shots 354 and 335 cannot be cm..n
further illuminate the question of rate cffects ¢
higher stress levels because of the presence of Sue
effects in the tungsten carbide projectile platesss
The accurate description provided by Eq. (3) shay
make fused silica a very valuable material in sho
wave studies, not only as a window material for op
techniques, but also as a wave-shaping material capa
of providing both ramp compressive waves (as in ¢
study of PMMA) and rarefaction shocks. In
applications, however, the stress is desired as a fungy
of the particle velocity in a compressive-wave fropg.:
Therefore, a least-squares fit of Eq. (3) in the o plane)
is given by 1

o=131.7u—"73.61u2+99.471* — 41.63u4.

oar;s ¥

The o-u data points which are fit by Eq. (4) were
obtained by numerical integration of

do=[(1/po) (do /de) ]"*du,

where Eq. (3) was used to define do/de. In the stress|
region above 40 kbar the correct Rayleigh line slope was
used in Eq. (5) over the “shocked-up” portion of the

T 0.8

2

e

i

>

[

S

o 0.4

>

= \, MEASURED DATA

—

g | COMPUTER SOLUTION
O 1 | |l||.—||l\ i _
1.0 2.0 3.0 4.0

TIME AFTER IMPACT (usec)

Fic. 12. Wave profile in fused silica resulting from i
a tungsten carbide projectile plate. The three small _.u_._»., p
are from the “ringing down™ of the tungsten carbide p an mh he
computer fit using Eq. (3) is also shown. At the top 18 .“n firl
oscillograms of the velocity interferometer data where t ﬁ <
of the compressive wave and the first two rarefact)
apparent.

el
factions
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Tasre V. Summary of sapphire stress-wave-measurement experiments.

Speed of  Speed of
Rarefaction  head of tail of
Projectile  Specimen  Maximum Peak Shock  wave spread rarefaction rarefaction
. {hickness  thickness i stress Peak velocity ratet waveb wave
Shot (mm) (mm) (mm/usec) (kbar) strain (mm/usec) (nsec/mm) (mm/usec) (mm/usec)
3.200 9.556 0.0616 27.59 0.00548 11.24 <1.6
3.218 9.555 0.0928 41.75 0.00822 11.29 <1.6
3.200 3.203 0.1814 82.19 0.01393 il &7 2.5 11.53 11.20
3.203 3.203 0.2573 117.4 0.02247 11, 43¢ 3.8 11. 69 11.20

ad of the rarefaction wave at the measuring station di-
the of rarefaction propagation.
{an velocity, obtained by dividing the original material thick-

glded bY
b pagrang

4 maximum correction in stress of about 0.03%,
s caused by using the Rayleigh line. This indicates
. (4) is very good regardless of whether or not
wave is shocked up; also it should be quite satis-
factory for determining the stress in rarefaction waves.
~ High-purity fused silica is an extremely good window
aterial for use in a radiation environment because of
resistance to radiation darkening and radiation

‘deal of light, as documented by Brooks.! The light
m.m:m_.mao: in the edge-effects region was a nuisance
‘even at the 0.15-mm/usec impact velocities. Thus, the
experiments using fused-silica windows must be designed
such that the luminescing edge effects region does not
adversely affect the collection of data.

Sapphire

- The decision to calibrate synthetic single-crystal
ALO; for use us @ window material was made partly
‘because of its uncommonly high shock impedance com-
pired to most other transparent materials. Also,
Decause of the extraordinarily high Hugoniot elastic
limit of from 120 to 200 kbar in the Z direction, 2 one
“Would expect sapphire to remain transparent to well
over 100 kbar. As it turned out, the highest shock stress
at which good data were obtained was about 130 kbar
i an index-of-refraction calibration shot. Two shots
ﬂ:.r stresses of about 150 kbar produced confusing data
,.a_a:or are attributed to an erratic optical behavior such
“Mm E.S.Semi.sna and/or loss of transparency. Thus, it
zvvfmm that sapphire should be useful as a window
.ms“”:o:m_ up lo a peak stress of between 130 and 150
y..ﬁ”:.. Because the peak stress lies within the elastic
.?»WN W.“:_ _agzmm of previous works which have
i _Amaa WE the elastic constants both at zero pressure
_.,wn_:o : 44, for example) and as a function of hydro-
) W. essure,’ it was inappropriate to perform a large
{ e of shock experiments on sapphire.

ness by the (ransit time.
¢ Inferred from leading and trailing edge of rarefaction wave speeds.

The samples used in the experiments were cut from
boules of synthetically grown sapphire such that the
direction of shock propagation was along the Z axis of
the material.”® Because of cost considerations and the
technological problems of growing large, high-quality
sapphire boules, it was necessary to use much smaller
samples of sapphire than were used in the PMMA and
fused-silica experiments. The sapphire pieces were disks
25-mm diameter by 3.2-mm thick and 19-mm diameter
by 9.5-mm thick. Some of the latter had small 45°
chamfers cut on the opposite sides of one face to provide
for the entrance and exit of the BRACIS light beam
(see the subsection on experimental techniques). The
surface finish and flatness were similar to those of the
fused silica. Visually, the material appeared to be free of
internal voids, but it produced a colorful, angular light
pattern when viewed between crossed polaroids and was
therefore apparently not free of internal strains. Its
measured density was 3.9854-0.005 g/cm?. The sapphire
experiments were also conducted at 22°43°C.

The shots which produced wave-shape data on sap-
phire are reviewed in Table V. Inasmuch as all the
experiments involved symmetric impacts, the maximum
particle velocity was always taken as one-half of the
measured impact velocity. Shots 400 and 401 were
designed primarily for index-of-refraction information.
However, both the compressive and rarefaction wave
shapes in these shots were essentially shocks, and this
fact, as well as the shock speeds, was evident on the
index-of-refraction data pictures. Thus, these two shots
are useful for both index-of-refraction and wave-
propagation information.

The actual wave profiles were measured in shots 411
and 413, which had experimental configurations similar
to that of Fig. 1. The BRACIS detection of the time of
impact was unsuccessful in both of these shots, however,
and thus no direct measurements of the compressive-
shock speeds were made. Nevertheless, since the pro-
jectile and specimen thicknesses were nearly identical,
we know that the time of initiation of the rarefaction at
the rear surface of the projectile plate coincided with the
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_.,5.a.xm_.e_.mo:c__.s.:, .
shot 411. The Cmn:_cmnc_vwnquwf for
shown in the inset where the ¢ ,c_.a t
is a 100-MHz timing calibragi, T8
middle trace shows a timing ma:. mr&
and the bottom trace shyy ueig],
velocity-interferometer dagy :w zﬁ
rarefaction wave shape. The yel :.aa
interferometer delay leg length vl
nsee on this shot, The ap vwnw&
rounding of the data poins wﬁnm:r
head and tail of the rarefaction js the
to the interferometer’s averagiy gcn.,
the velocity over the delay leg %_...ﬂm,.

el

"

0 : ; ' :

550 555 560 565

Time After Rarefaction Origination {nsec)

time of arrival of the compressive shock at the plane of
observation. Thus, since both the compressive shock
and the rarefaction wave were successfully recorded in
these shots, we have very accurate information on the
rarefaction wave velocities. If both the compressive and
rarefaction wavefronts had been shocks, we could have
inferred that the elastic behavior of sapphire was linear
and that the compressive and rarefaction wave veloci-
ties were equal. However, the rarefactions were not
shocks, but rather appeared to be linear ramps (Fig. 13).
The head of the rarefaction ramp arrived 16 nsec before
its trailing edge in shot 411, and in shot 413 the rare-
faction ramp spread was 24 nsec. This shows that there
is a slight nonlinearity in the elastic behavior of sapphire.
The fact that the rarefaction waves are ramps indicates
that the o—e behavior up to the peak stress of shot 413
should be well approximated by the linear Us—u
assumption where the corresponding o—e relation is
o= pCo%/ (1— Se)2. Here, Cp is the intercept of the
U.—u line at =0, and S is the slope of the line. In this
case, for the small strains of these experiments, it can be
easily shown that the compressive-elastic shock velocity
should be very nearly equal to the average of the speeds
of the head and tail of the rarefaction ramp. The shock
velocities for shots 411 and 413 entered in Table V are
therefore equal to the average of the rarefaction veloci-
ties. Finally, the trailing edge of the elastic rarefaction
must travel at the zero —u intercept velocity, and thus
two additional data points are obtained. The shock-
velocity-particle-velocity plot of the data appears in
Fig. 14. A reasonable fit of the data is provided_by the
linear Usu relation,

U,=11.1941.04 mm/psec. (6)

In 1960 Wachtman, Jr., el al.* reported very accurate
measurements of the elastic constants of sapphire. The:
zero particle velocity dilatational wave speed in the Z
direction predicted by their elastic constants was 11.18
mm/psec, which agrees quite well with the M:.B_.nmg
value of 11.19 mm/usec in Eq. (6). Similarly, the
11.22-mm/usec intercept of Gieske and Barsch® is in
good agreement with the present data.

One can use the hydrostatic-pressure derivatives of
the elastic constants of sapphire measured by Gieske
and Barsch® to predict the Lagrangian specd Ug of the!
leading edge of the rarefaction wave. This was done for:
shot 413, where the measured Ur was 11.69 mm/psec:
(Table V). In order to make the comparison, it was'
assumed that the longitudinal modulus ¢ is independent:
of the deviatioric stresses but is a function of thes
hydrostatic or mean pressure (on+on+tos) /3. Froms
the data of Gieske and Barsch the mean pressure 1o
sapphire shocked to a stress of 117.4 kbar was 57.8 kbar.
At a purely hydrostatic pressure of :57.8 kbar the Gieske

cm = 1119 + LOu

Shock Velocily {mm/usec)
=

e e

0.3 04

1.0 + +
0 0.1 0.2

Parlicle Velocily (mmfusec)

N 5 . - - 7 - gap —wm—.m,
Fic. 14. Shock-velocily-particle-velocity data for 7-cut sapp
within its elastic range.
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ch data predict a Lagrangian wave speed W
im/psec. Although W and Ug are both
b * can sound velocities at the mean pressure of
i .m_.._qwn they should not be expected to agree because
i q..m w_“.m velocity for a state of hydrostatic compression,
i is U/ is the velocity for a state of uniaxial strain.
. we have assumed that ¢ depends only on the
2 ure, and since the deviatoric stresses have a
..,%m_._.__c effect on the density, it is the Eulerian
neglis [(ex/p) 1127 which should be equal by virtue of

Land Bars
g 11.50 !

%.&“mn_ﬂ% n _.:.mmmm:.m.. .Hrﬁc.mog, the transit time should
peless for the uniaxial strain case .vonp:mn the propaga-
_mon distance 1s shorter than it is under _JA_Smmpm_n
 conditions. Thus, Ugr m,:o:.E be greater than W , a8 it is.
: The correction for ?.m @mn_.n:.no in propagation dis-
ance petween the uniaxial strain case .AS.A_ ﬁrm. hydro-
atatic pressurc case E:o.;:.ﬁ to 1.439%, which brings the
eske and Barsch ?.mxrn:o: of Ug to 11.664 _:E\wmoo.
A final consideration is zE.n of the temperature. Gieske
and Barsch measu red the high-pressure elastic constants
.+ 25°C, whereas the temperature of our shocked
phire at 117.4 kbar was about 65°C. Schreiber and
Anderson®’ measured sonic velocities in polycrystalline
1,0s at —78.5% and 25°C. Their results suggest that
screasing the temperature by 40°C should reduce the
onic velocity by about 0.015 mm/usec, which makes the
nal computation of Uz approximately 11.65 mm/psec.
is compares well with our measured value of 11.69
mm/usec.

The above comparison was repeated using the
‘measured zcro-pressure elastic constants of Wachtman
‘¢l al** while still using Gieske and Barsch’s pressure
derivatives. Wachtman’s constants predicted a Ug of
11,61 mm/usec. Thus, the assumption that cz3 does not
‘depend on the deviatoric stresses appears to have
produced reasonably good agreement among the
experimental data. However, in drawing conclusions
.”m.oB these data, one should take into account the fact
.@.H; the static data had to be extrapolated to nearly
SIX times the pressure range of the hydrostatic experi-
ments in order to make the comparison.

- It was found that the sapphire samples luminesce in
e edge-eficcts region in a way similar to that of fused

164, especially at the higher impact velocities. Thus,
i rn.u using sapphire as a window material, one must
: take care that the luminescence doesnotadversely
" 2—3 n:.n collection of data. Also, because of its rela-
AVely high index of refraction of about 1.77, the
ww_:_& produces stronger surface reflections than
ther PMMA or fused silica. Such reflections can often
.ma_vo:a_. when aligning an #;9.?8823, but they
i Regreatly reduced by an antiflective surface coating.

H . HZUMNIOWIWMHEOHHOUZ EFFECTS
- The calibr

B ation of PMMA, fused silica, and sapphire
T use as w

indow materials is not complete until the
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Fre. 15. Schematic of the index-of-refraction-measuring experi-
ment. Lens L1 brings the laser beam to focus at the two mirrors
of the Michelson interferometer, which makes the interferometer
much less sensitive to misalignment due to tilt. Lens L2 recollim-
ates the beam.

effect of the shock-induced change in index of refraction
on the interferometer data is known. The experiments
which were performed to evaluate the index-of-refrac-
tion effect have not only provided the data necessary
for window interferometry but have also allowed precise
determinations of the variation of the index of refrac-
tion with density in the uniaxial strain configuration of
plate-impact experiments. The full treatment of the
indices of refraction will appear in a subsequent paper;
here we shall concentrate mainly on the data necessary
for the use of the subject materials in window interfer-
ometry. Many of the experimental details are the same
as those described in the Stress-Wave Measurement
(Experimental Techniques) section. Such details will
not be repeated.

The approach used in measuring the index-of-
refraction effect is illustrated in Fig. 15 where a Michel-
son interferometer is used to observe the motion of the
impact surface of a transparent target specimen during
symmetric impact. The velocity # of the impact
interface is just one-half of the projectile’s impact
velocity. The impact velocity was measured to 0.19% by
the projectile’s shorting of charged electrical probes,"
and thus the value of # was known. The Michelson
interferometer fringe frequency », corresponding to #
was sensed by the photomultiplier and recorded
oscillographically. A number of similar experiments
determined a #-vs-u, curve for each window material.
It is assumed that the fringe frequency vy, is a single-
valued function of # until the first wave reflection from
the free surface of the target window, regardless of the
wave profile leading to the velocity #. This assumption is
apparently valid for PMMA and fused silica since both
% and »,, remained essentially constant while the shape
of the compressive wavefront in the window material
changed with time (cf. the sections on PMMA and
fused silica). A few observations involving rarefaction
waves in the index-of-refaction shots for these materials
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further strengthened the assumption of single valued-
ness. The maximum variation in », was less than
+0.29 during the compressive wave phase of the shots
while the rarefactions seemed to produce variations in
vm of up to 0.5% at a given .

The use of the 7-vs-»,, measurements in reducing laser
interferometer data was made more convenient by
defining the frequency » as the fringe frequency of an
ordinary Michelson interferometer with no shocked
window material involved, where one of the inter-
ferometer mirrors is stationary and the other is moving
with the velocity . Thus

Vo= Ms«\vf Aﬂv

where A is the wavelength of the laser light. It is assumed
that the total doppler shift in X is very small compared
to the original wavelength. The actual changes in A in
these experiments were of the order of one part in 105,
It can be shown that, if the specimen’s index of re-
fraction varies with density according to the Gladstone-
Dale model dp/p=dn/(n—1), the frequency », that
will be observed in the experiment depicted in Fig. 15
will be equal to vg. This is the case regardless of the
wave shape, wave velocity, or amplitude. Therefore, the
fractional difference in frequency, Av/ve= (vm—wo)/vo,
is a measure of the degree of departure of the index of
refraction from the Gladsone-Dale model.

It happens that Av/ygis a slowly varying function of #
in the stress range studied, and it is therefore con-
venient to use Av/vg in correcting the interferometer data
for the index-of-refraction effect. Consider a Michelson
interferometer window experiment, for example. The
internal mirror velocity at time ¢, u(), is given by
w(t) =3\wo(f) by the definition of »y in Eq. (7)., How-
ever, the velocity #(f) leads to a measured fringe
frequency of ».(£) instead of »o(2). Having the values of
Aw/wg vs % available for the window material and noting
that w=wn/(14As/v), we can solve for # from the
equation

I (1)
Hl_l Dt\to i

The solution of Eq. (8) may involve some iteration
since Aw/up is a function of . A rapid convergence is
assured, however, by the fact that the variation in
Av/vq is small compared to 1.

The velocity-interferometer equation’

u(t)=(\/2r)F (1),

can be similarly rederived to account for the variation
in index of refraction. A Michelson interferometer
produces a fringe frequency vy (£) which is equal to the
total doppler shift in frequency by beating the doppler
shifted light against the original light frequency. Thus, if
v 10 is the original light frequency and »1(¢) is the doppler
shifted frequency, then v, (f) =v1(#) —vze. The velocity
interferometer, on the other hand, uses light which

u() = (8)
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undergoes the same doppler ghift »y, but it Produe

fringe frequency by beating the current light :.ﬁ_zoam
y2(1) against the light frequency which was ?.cmm::ﬁ
time 7 earlier. Here, 7 is the time required for lighy o
traverse the delay leg of the velocity interferopaye
(Fig. 1). Therefore, the fringe frequency produceq by
the velocity interferometerisvy.r.(£) =vr(t) —u; (1= &
Adding and subtracting vzo on the right side shoywg z“.v
vv 1. (8) =vm () —vm(t—7). The fringe count F(T) &8
equal to the integral of the velocity interferometa !
frequency up to time T': 4

F(T)= \ [om(£) —vm(t—7) Jd1. )
0

In Eq. (9) it is assumed that v (1) =0 for (<0, Usipg
this fact, Eq. (9) can be equivalently expressed as o

Ejn\q

T—r

v (1) dL.

gives

F(T)= () (14 Av/ve) dl. (

2 (T
e
Tt has already voob.wsoﬁoa that (14Av/w) is a slowly
varying function of *4. Morcover, the time interval 7
between the limits of integrationis very m_::zls,wmnw;w
a few nanoseconds—so that #(f) seldom changes
appreciably during the period over which the integration
is carried out. [ In cases where 2(#) does change radically:
during times of the order of 7 or less, diffcrent data-
reduction techniques can often be used.] Therefore, we
are justified in removing the quantity (1-+4+Av/n) fr
the integral and setting it equal to the value correspon -
ing to the average value of # during the time intervd

T—r to T. Next, note that the average value of u(f)
during the interval of the integration is simply

7
@qu.\ a(t)dt.
b

If a time must be assigned to #, proper centering
W 1

quires that it be 7—}r. Substituting for the integral
Eq. (11) leads to the velocity interferometer equation

27 (1 Av/vo)

Equation (12) is most often written using simply #4%
and F(¢). However, proper centering of ,.&_oe ,

relative to impact time requires that the shift of 3
between # and F be taken into account. ’ !
The solution of Eq. (12) may again ﬁ.nm_p__ﬂn i
iteration process. Because of the slowly varymng WE.H _u«
of Av/w, however, one can usually avoid :c_.:::m : A
making a sufficiently accurate first estimate of # £ i
that the quantity Av/v in Eqs. (8) and (12) Qw_wm. :
either positive or negative, a__m—u snding on the resti=s
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ractice, the method of I'ig, 15 of measuring v, was

3 %o:_,. over the range of velocities up to 0.2 mm/
fu At the higher velocities the frequency v, exceeded
psec Nm Jonse capability of the photomultiplier tube.
the 33_2. the experimental configuration was modified
,H_sﬁ mrmés in Fig. 16 where both of the mirrors of the
o &M_o._.osic_. were carried on the projectile nose, The
%.S ferometer was aligned while the projectile specimen
:m.a at the muzzle of the gun barrel in contact with
i garget specimen, i.¢., in the same position which was
n .own occupied at impact time. After the alignment, the
o ioctile was drawn back to the breech end of the
H..._.NW& the barrel was evacuated, and the projectile was
fired m..:S the target. The authors were Am:mrsn_ (and
ibly a bit surprised) to find that the interferometer
gurned to its aligned nou&mmou at impact z_.:o and
{hat 2 number of these experiments gave consistently

“wood results.

, ~SABOT NOSE PLATE
kv>m \l
! T T ) eroscrie TARGET
i SPECIMEN > -~ SPECIMEN
SPACER — v
N MIRRORS
]
7 Ol
\ ‘l
o BEAM
MIRROR N SPLITTER
_
SURFACE o
LASER

PHOTOMULTIPLIER

Tic. 16. The index-of-refraction measuring interfcrometer
‘used in the higher-impact-velocity experiments. Lenses L1 and
‘L2 serve the same functions as those in I'ig. 15.

- No fringes were observed just before impact because
both mirrors of the interferometer were traveling at the
same specd and giving the same doppler shift in light
frequency. Just after impact, however, the shock waves
reling away from the impact surface into the pro-
lile and target specimens gave an added Doppler
it to the light frequency in that leg of the interfer-
tter. The fringe frequency of the interferometer under
€5¢ conditions was w;=2 | &v | =2 | v—ws |, where as
tfore, v,, is he fringe frequency that would have been
Sent using the Michelson interferometer of Fig, 15
0=2u/\, where « is one-half the impact velocity.
Ce this type of experiment gives a direct measure-
it of Av, it provides a particularly sensitive way of
. %E::Em :_m effect of the shock compression on the
&% of refraction. Note, however, that the sign of Av
wswﬁ vo. determined from the experiment depicted by
: mzmﬂw _Ma:.n.:_.n. .:6 first type of experiment (Fig. _.mv
g it s.w e.ms__u__m: the sign of ? _.c_..ﬁ,.n: material,
il | a8 :mm:m:nm_ that the sign did not change
ks o .M at the higher stress ~n<.n_m. .
. Pparent that the experiment which measures
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0.6
“clxm_,rmx_w DATA
0.5
0.4

0.3

0.2 S

{3“6

PARTICLE VELOCITY {mm/u sec)

0.1

0 "
-0.02 -0.0 0 0.0 0,02 0,03 0.04 0.05 0,06
av/vy

F1G. 17. Particle velocity vs Av/v, for PMMA and fused silica.

Av directly solves the frequency-response problem at
the higher impact velocities only if Av is a small fraction
of »p. This was the case for PMMA and fused silica,
where Ay was never more than a few percent of .
Sapphire, on the other hand, gave a »,, which was more
than 759, higher than »,, and so a third experimental
arrangement had to be used. It was similar to that of
I'ig. 16 except that a mirror was vapor deposited on the
impact surface of the target specimen. As a result, the
actual measured fringe frequency was p;= _ 2v— Vm _v
which was less than 239, of »,.

The measured data are presented in Ifigs. 17 and 18
and in Table VI. The error flags in Fig. 17 have been
placed only on the data points with the least precision.
The duplicate experiments at nearly identical particle
velocities in PMMA and fused silica again demonstrate
the repeatability of these materials.

All of the data of Table VI were obtained as described
above except for fused-silica shots 354 and 355. These
were wave-shape-measuring experiments using tungsten
carbide projectile plates (see Table IV). However, since
the shock properties of the tungsten carbide are known,®
it was possible to calculate the peak particle velocity in
the fused silica from the velocity of the shock portion of
the measured wavefront and from the previously
measured ramp part of the wavefront. I'rom the

S
o

o
-

SAPPHIRE {Z-CUT)

=1

PARTICLE VELOCITY (mm/u sec)
(=}
~

0

0.72 0.74 0.76 0.78 0.80
Bv/vy

‘ig. 18. Particle velocily vs Ap/vy for sapphire.
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TapLe VI. Measured particle velocity—Av/v, pairs for PMMA, fused silica, and sapphire.

BARKER AND R. E. HOLLENBACH

PMMA Fused silica Sapphire
Shot % Shot 7% Shot n
No. (mm/usec) Av /vy No. (mm/psec) Av/vo No. (mm/usec)
304 0.0320 —0.0022 361 0.0713 0.0627 400 0.0616
305 0.0304 —0.0012 195 0.0912 0.0576 401 0.0928
306 0. 0800 —0.0046 358 0. 1834 0.0451 402 0.1781
307 0.0779 —0.0058 204 0.1842 0.0458 403 0.2875
308 0.1497 —0.0074 359 0.2906 0.0395 oi S
309 0.1510 —0.0077 360 0.2970 0.0388
197 0.2405 —0.0105 354 0.565 0. 0360 e
310 0.3196 —0.0101 355 0.571 0.0335
311 0.3173 —0.0117

calculated peak # and from the measured number of
velocity interferometer fringes F corresponding to the
peak u, it was possible to solve for the correction factor
Av /v from Eq. (13).

The range of the PMMA data shown in Fig. 17 was
extended by plotting the data of Keller®* at the point
where Ay=0, i.e., where he determined the Gladstone-
Dale model to predict the change in index of refraction
exactly. Values of Av/rg at higher particle velocities in
PMMA can also be obtained from Keller’s n-vs-p data
by using the appropriate transformation.

The high values of Av/u for sapphire result not from a
large change in index of refraction with density but
rather from the fact that the index of refraction changes
very little. In fact, in the particle-velocity range up to
about 0.15 mm/usec the index of refraction actually
decreases slightly with increasing compression. This
result should not be surprising inasmuch as a decrease
in the ordinary index of refraction with increasing
density was previously reported for sapphire under
hydrostatic compression by Davis and Vedam.*

DISCUSSION

The stress-wave-propagation characteristics of
PMMA, fused silica, and sapphire were measured in
considerable detail using laser-interferometer techniques.
The measurements were used to describe the dynamic
behavior of these materials. It was found that in the
0-22-kbar range PMMA is nonlinearand rate dependent,
and has an eclastic-plastic deformation mode with a
Hugoniot elastic limit of about 7 kbar and that plastic
deformation produces an increase in the zero-pressure
volume.

The behavior of fused silica and sapphire was much
simpler than that of PMMA because the former proved
to be essentially elastic in the stress ranges investigated.
Nevertheless, fused silica, which was studied in the
(0-65-kbar range, has a strong elastic nonlinearity con-
sisting of an increase in compressibility with increasing
stress which causes compressive shocks up to about

40 kbar to be unstable and to undergo continyis
dispersion with increasing propagation distance,
same elastic nonlinearity also causes rarefaction wa
to converge into rarefaction shocks. The resulty
wave-shaping capabilities of fused silica should be usg
in the study of wave propagation in other materials, Ag
example of such use is provided by the two PMMA
experiments described in this paper which used fused:
silica ramp-wave generators to input a known ramp-
wavefront into PMMA. Also, the fused-silica projectile
plates in shots 320 and 321 introduced rarefaction
shocks into the PMMA specimens.

The sapphire was found to be slightly nonlinearly,
elastic but with the more usual decrease in compres=
sibility with increasing stress. The sapphire data cor=
relate well with extrapolations of ultrasonic measure:
ments made below 10 kbar on the pressure dependence:
of the elastic constants. The shock experiments covered
the 0-120-kbar stress range. )

The properties reported for sapphire pertain to shock
propagation and light propagation in the Z crystals
lographic direction only. The anisotropy will affect the
shock propagation characteristics, and the birefringence
will complicate the index-of-refraction effects in other
crystallographic directions. .

The measured dynamic mechanical proper
together with the measurements of the index:
refraction parameter Aw/w, have rendered the
subject materials useful as windows in laser-interi
ometer measurements of the stress-wave propagall
characteristics of other materials. Of the three materts
PMMA is probably the most interesting because of
complex mechanical behavior. On the other
PMMA is probably the least satisfying as a W
material for the same reason.

One disadvantage of interferomete
has been that a mirror finish is require
surface during the time of data collection, u:&.m :
materials will not take a mirror finish. Other aimmuv_
can transmit a very rough wavefront which immediale?

3
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o mirror finish, even if a irioﬂ.mm used and m_ﬁ
¢ is vapor deposited onto the 5:.%4‘ material.

B availability of calibrated window materials greatly
“The . mmv. these problems by allowing one to observe the
, w__c,_.E itted wave profile inside the window material
w.m:w_:_ of at the interface between the specimen and the
%.%m:f A rough wavefront is quickly smoothed by
g @sw it to propagate through a relatively thin
_.w._mmlmwn: of window Eﬁmlm_.mo that the .E:.W.E. _uanémn.:
1 the puffer and the actual window remains intact. It is
then & relatively m.::Em. matter to correct the E.Qmm:..mﬁ_
.ﬂﬁé profile to that ir._nr was present at the specimen-—
.w:mm_. interface by using the r:os;., Eowchmm.c.. the
window material. A number of experiments of this type
. _wz e ?o;:nn; good results.?

w
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APPENDIX: DISCUSSION OF THE METHOD OF
OBTAINING STRESS-STRAIN PATHS
IN PMMA

In this appendix, after Fowles,” we define the phase
velocities ¢, and ¢, as the velocities of propagation of a
ven particle-velocity level and a given stress Fﬁ.w_.
respectively. Note that ¢, and ¢, are, in Fowles’ s:m:...w.m_
ctions of both % and i, where % is the Lagrangian
‘coordinate in the direction of wave propagation.
~ When a changing waveform propagates through a
rate-dependent material such as PMMA, the material
at different positions % follows different stress-strain
paths because it experiencies different strain rates. This
leads to values of ¢, and ¢, which change with %. In order
to compute the o—e path followed at a given k, one needs
‘to know both ¢.(#) and ¢,(#) at that k¥ Given the
functions ¢,(x) and ¢,(x), Egs. (1) and (2) of this
Paper are used except that ¢, is substituted for U in
Eq. (1) and ¢, is substituted for U in Eq. (2).7
. Wehave u(t) at two different values of / in any given
‘EXperiment of this study: #(f) at the impact surface is
&.Fm%m a step function, and #(¢) at the plane of the
; mrror is measured. Having these (1) profiles it is easy
10 obtain the average ¢.(u) between the impact plane
”__Mww mirror. This is what was used for I/ in Eqs. (1)
In s.s case of simple waves, such as the rarefaction
..Fgm In PMMA, ¢,=¢,, and ¢, at a given « is constant.
i trefore, (he average and instantaneous values of ¢,
.._ma,_.gﬁmzs_u and it ho__o.éw 9.,:.9:. treatment of the
.,zoﬁm.o wave stress-strain vm:um._m accurate. However, a
\9& “nmc.nn:cs ﬁ.;. the compressive wave profiles 3<osmm
e, 9.3 arc neither simple not steady over .z.a speci-
> ickness so that the average ¢, does not, in general,
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TFrc. 19. (a) A wave profile of particle velocity vs time for
PMMA at a distance /i from the ::?.»Q plane. (b) A schematic
of ¢, vs I for the three particle-velocity levels indicated in (a).

equal the instantaneous ¢, and the values of ¢, and ¢, are
not necessarily equal. We wish to further explore the
resulting uncertainties.

First, let us assume for the moment that ¢, =¢,. We
know that the input step-wave profile changes to the
general shape indicated in I'ig. 19(a) by the time the
first measurements are made at about 6 mm. Therefore,
the average ¢, for particle velocity levels IT and III are
less than that at I since all three start at the same time,
but IT and III arrive at the measuring station later than
I. Also, from the data and from considerations of the
competing effects of rate sensitivity and the generally
upward curving Hugoniot,’ it is to be expected that,
given a sufficiently long propagation distance, a steady
wave would develop. Thus, plots of ¢, vs & for particle
velocity levels I-1II should appear qualitatively as
shown in Fig. 19(b), where all three ¢,’s converge to the
same steady wave velocity at large propagation dis-
tances. Since ¢, (/) is continuous, the average of ¢, from
0 to 7 must equal the instantaneous ¢, at some inter-
mediate value of 4. Thus, it would appear that if,
Cu= Cp, then using average values of ¢,, as we do, should
lead to the correct characterization of the material
behavior at some internal point. This is not quite true,
however, since it is not necessarily true that the average
and instantaneous values of ¢, for all particle velocity
levels should agree at the same value of %, and even if
they did, the data gives us no way of telling what that
value of ~# might be. Nevertheless, the fact that the
maximum change in the average shock velocity in going
from 6- to 38-mm thick specimens was less than 29,
suggests that the values of ¢, do not change rapidly
with % over most of the sample thickness. Therefore,
most of the material may be reasonably well charae-
terized by the “average” stress-strain paths resulting
from the data-reduction procedure.

The assumption ¢,=¢, seems valid for at least two-
thirds of the compressive wave profile since at least this
much of the profile remains a shock (at least within our
limits of resolution), and ¢,=¢, for a shock discon-
tinuity.” It has already been argued that a steady wave
condition is being approached if not attained in these
experiments. In the limit of the steady wave, again,
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¢u=cp. Moreover, if in the steady wave, the stress and
particle-velocity profiles do not lag one another, then
at any particle velocity level the average ¢, from impact
must equal the average ¢,. This further suggests that
cuc, over most of the sample thickness.

Further arguments for the approximate equality of
¢« and ¢, can be made. The stress relaxation at the
impact plane was observed by Halpin and Graham
and by Schuler,® and both measurements indicated a
relaxation of the peak stress at the impact plane of only
39,-49,. This fact, together with Fowles’ analysis of
the magnitude of ¢,—c¢,, indicates that ¢, should agree
with ¢, within a few percent over most of the curved
portion of the loading wave profles.

Thus, in view of the arguments presented above, it is
felt that the data-reduction procedures lead to stress—
strain paths which are good quantitative representations
of average material behavior. Because of the necessarily
nebulous nature of some of the arguments, it is im-
possible to calculate a precise accuracy figure. Never-
the less, it is felt that the uncertainties discussed here
should lead to errors of no more than 19, or 29, in the
average stress—strain paths.

* This work was supported by the United States Atomic Energy
Commission.
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