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Abstract — Under shock compression, sapphire (crystalline Al,O;) exhibits Hugoniot elastic limit,
HEL, values of from 120-210 kbar; the largest values observed for any solid. Because of the large
HEL, the stress configuration of the shock-loaded sample is highly anisotropic. A critical examination
of the effects of large anisotropic stresses on the compression of solids is accomplished with shock
experiments on sapphire in three crystallographic directions at stress values within the elastic range to
stress values up to twice the HEL. The maximum shear strengths observed range from 4-9 to 5-6 per
cent of the shear modulus. When stresses in excess of the HEL are achieved, sapphire is observed to
undergo a catastropic loss of shear strength; in contrast to the yield behavior observed for metals. The
results are compared to observations on high density polycrystalline Al,O, and other solids with large
HEL values. The behavior of sapphire is found to be analogous to that previously observed for crystal-
line Si0O,. Data in the elastic range show a third order elastic constant Cyy; = Cgqy = —(3:6=0-4) X 10"
dyne/cm?. Analytical methods are developed to determine the shear stress offset independent of the

hydrostatic data.

1. INTRODUCTION

CoMPRESSION measurements for hydrostatic
pressures greater than a few tens of kbars are
difficult to accomplish and limited in accuracy
[1]. Ultrasonic measurements of compres-
sibility and its pressure derivative can be
precisely determined but are limited to modest
pressures[2]. Consequently, shock-wave
compression measurements, which may be
accomplished at very high pressures, are fre-
quently employed to provide data which may
be used to calculate high pressure isothermal
compression curves [3] or to test extrapolation
of ultrasonic data to very high pressure[2].
Unfortunately, data from shock compression
experiments are not directly comparable to
either ultrasonic data or static high pressure
isothermal data. The experimental conditions
of the shock experiment not only include
heating due to the rapid compression but also
include a potentially large shear stress com-

*Work supported by the U.S. Atomic Energy Com-
mission.

ponent which is an inherent property depend-
ing upon the shear strength of the solid. Early
shock compression workers usually assumed
that the shear strength of solids was negligible
so that the shock compression was isotropic
and the calculation of an isothermal compres-
sion curve from the shock data was concerned
only with thermodynamics of the shock heat-
ing and the equation-of-state of the solid[4].
It is now widely recognized that the effect of
shear strength of the solid must be evaluated
before hydrostatic and shock compression
data can be directly compared. Unfortunately,
the shear strengths of solids under shock-wave
compression have not received as much study
as thermodynamic effects and are not well
enough understood to evaluate their effects
unequivocally.

The object of the present paper is to evaluate
shear strength effects in solids which exhibit
unusually large shear strengths with cor-
respondingly large anisotropic compressions.
After introducing basic concepts of the stress
configurations imposed by shock-loading and
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the shear strength, the existing models for the
effects of shear strength of solids on the com-
pressions experienced in a shock compression
experiment will be reviewed. Following this,
an experimental study of the shock compres-
sion of sapphire (single crystal Al,O3) will be
described and the results will be presented and
examined for shear strength effects. A deter-
mination of several higher-order elastic con-
stants will also be presented. The results of
the present investigation will then be used
along with the other data in the literature to
assess the present understanding of shear
strength effects in solids under shock com-
pression.

2. BACKGROUND
(a) Shear strength of solids

Shock loading a sample with the detonation
of a high explosive[5], the impact of a pro-
jectile[6, 7], or the rapid deposition of radiant
energy [8] produces an inertial response with
pressures and pressure-time histories which
depend upon the compressional properties of
the sample. When the sample is loaded over a
large planar area the compression is uniaxial,
i.e., a state of uniaxial strain is achieved for
times less than that required for unloading
pulses to arrive in the test area. If the sample
has a finite, i.e., non-zero, shear strength, the
stress configuration is not isotropic since the
resulting inertial stress components normal to
the shock compression direction are less than
the stress component in the shock propaga-
tion, or axial, direction. The shock experi-
ment measures only the stress component in
the axial direction while the lateral stress com-
ponents can only be inferred by indirect
means. Moreover, the axial component of
stress will be larger than the isotropic pressure
at the same compression to an extent depend-
ing upon the magnitude of the shear com-
ponent of stress. The relation between the
isotropic and anisotropic compressions must
be known before the shock data can be con-
verted to equivalent isotropic compression
conditions.
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The magnitude of the shear may be ex-
pressed in terms of the stress component, o,
measured in the shock experiment and a mean
pressure value by considering an anisotropic
stress configuration and defining a mean
pressure, P, as

P=3%o,to,+0,). (1)
If a solid is laterally isotropic the lateral stress
components are equal, i.e., o, = 0,. Equation
(1) may then be rearranged such that

P=o0,—%(0,—0,). )
The maximum value of the shear stress, 7pax
is

3)

Toax = 3(0z—03),
thus,

P= U'.t_%Tmax- 4)
It will be convenient in what follgws to
refer to the difference between o, and P as the

shear stress offset defined as

o; =0y —P: (&)
The determination of differences between
longitudinal shock compression stresses, o,
and hydrostatic pressures, P, at the same
volume could provide an experimental mea-
sure of the shear stress offset. However, as
previously indicated, measurements of both
o, and P are normally not available in the
same high pressure range and it is desirable to
evaluate o, independently so that measure-
ments of o, may be used to compute P.

Since the strain configuration is known to be
uniaxial and since solids are frequently
observed to behave elastically up to a yield
stress value in shock compression called the
Hugoniot elastic limit, HEL, the shear stress
value at the HEL can be computed assuming
that Hooke’s law is valid. In this case

(6)

=31 _21’)/(1._1’)]0'”
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where 7* is the limiting shear imposed by the
shear strength of the solid as computed from
the measured HEL, oy, and v is Poisson’s
ratio for the solid. It is convenient to define a
shear strength offset

L

I
s

o T* (7
in a like manner to the shear stress offset o,.

In this paper the high pressure region above
the HEL will be examined to determine the
magnitude of the shear stress offset, o, and
its relation to the shear strength offset, o*.
Previous theoretical and experimental studies
have indicated the basis for two radically
different relations between o, and o*. These
relations are developed for elastic-plastic
solids and what will be called elastic-isotropic
solids.

(b) The elastic—plastic solid

The theory of plasticity has been adapted to
the uniaxial strain configuration in studies by
Wood[9] and Fowles[10]. One result which
may be extracted from this work is that under
ideally plastic deformation

o, =0%,

o, > oy; (8)
that is, the shear stress offset is independent
of pressure and equals the shear strength
offset which is a fixed property of the solid.
For the elastic—plastic solid the magnitude of
the shear stress has no inherent effect on the
properties of the solid and the solid can be
characterized as having a constant shear
strength.

The elastic-plastic solid has very attractive
features since it is particularly simple in con-
cept both theoretically and phenomenologic-
ally and the numerous static studies of plastic
flow and deformation can be used as a guide
for the shock deformation. Furthermore, the
microscopic theories of dislocation motion in
solids have been successful in explaining
many aspects of plastic flow under static con-
ditions and similar dislocation theories have
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been successfully pursued under shock load-
ing. This provides a fundamental basis for
understanding the response of solids to large
anisotropic compressions and second-order
effects involving small changes in o,. In
addition, rate effects observed in shock ex-
periments may be described in terms of the
dislocation theory.

Since the initial experimental confirmation
of elastic-plastic response of aluminum by
Fowles[10] in 1961, several experimental
investigations have demonstrated that a num-
ber of metals respond to shock loading as
elastic-plastic solids[11-18]. In addition a
recent examination of the fixed point phase
transition pressures measured under hydro-
static and shock conditions indicated that the
elastic-plastic model correctly correlated the
shock and static results for a number of metals
[19]. Although numerous deviations to the
elastic—plastic response of metals have been
noted, such as different HEL values than
predicted from static measurements[20,21]
and unloading paths[22] not predicted by
elastic plastic response, it appears likely that
they can be explained in terms of modifica-
tions to the basic theory.

Confirmation of the elastic plastic model is
particularly gratifying since HEL values can
be routinely measured experimentally and the
HEL value can be used to calculate o, if
elastic—plastic response correctly describes
the solid. Furthermore a recent survey of
HEL values[20] indicates that shear strength
effects are not negligible in many instances.

Unaware of the simplicity of the elastic-
plastic response, crystalline quartz chooses to
respond to anisotropic compressions in a
radically different fashion, thereby raising
questions as to the generality of the elastic—
plastic response, and the calculation of o,
from the measured HEL values.

(¢) The elastic-isotropic solid

Shock experiments on single crystal quartz
revealed an unexpected and dramatically
different response than that observed for
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metals. Neilson and Benedick[23] conducted
experiments in which X-cut quartz was shock-
loaded at high pressures and the resulting
piezoelectric outputs were measured. Inter-
pretation of these piezoelectric outputs
required that quartz exhibit an unusually
large HEL and a state of zero piezoelectric
polarization in the high pressure region above
the HEL. The piezoelectric response of
quartz to isotropic compression is Zzero;
hence, zero polarization requires o, = 0. This
observation led Wackerle[24] and Fowles[25]
to perform shock compression measurements
on crystalline quartz which, when compared
with Bridgman’s hydrostatic data, showed
that even though o* was unusually large, that
o, = 0 for stresses greater than the HEL. The
manner in which quartz suffers this loss of
shear strength seems inexplicable within the
theory of plasticity and classical dislocation
mechanics. Unlike the elastic—plastic solid
which has a fixed characteristic shear strength,
the elastic-isotropic solid suffers a catastropic
loss of shear strength when a critical shear
stress is exceeded. The magnitude of the
shear stress alters the shear properties of the
solid.

The phenomenological difference between
the elastic—plastic solid and the elastic-
isotropic solid is demonstrated in Fig. 1.
Unlike the elastic—plastic response which
shows a constant offset from the isotropic
compression curve above the HEL, the
elastic—-isotropic response shows no offset. If
the process by which the loss of shear
strength occurs does not alter properties of
the solid, the hydrostatic compression curve
and shock compression curve will be the same
in regions where the shock heating is negligible.

In contrast to the situation for metals, the
generality of the loss of shear strength has not
been systematically explored. It has been
suggested[26,27] that the elastic—isotropic
response may be typical of ‘brittle’ solids but
little systematic attempt has been made to
verify this characterization.

Recently, Ahrens er al.[28], reported
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Fig. 1. Principal features of the two simplest models for
the compressional behavior of solids under shock com-
pression. The elastic-plastic solid exhibits a constant
shear stress offset from the hydrostatic curve for stresses
greater than the HEL. On the other hand, the elastic—
isotropic solid exhibits no shear stress offset. Unlike the
elastic-plastic solid, the shear strength of the elastic—
isotropic solid is irreversibly reduced by the shear stress
accompanying uniaxial strain.

shock-compression measurements on a high-
density polycrystalline Al,O, and concluded
that AlLO, responded as an elastic—plastic
solid. This was subsequently confirmed by
Munson[29]. Since polycrystalline Al,O; is a
brittle solid this observation is not consistent
with the early predictions of the response of
brittle solids. Further complicating the ques-
tion, McWhan[30] reported static compres-
sion measurements on quartz with X-ray
techniques and found that the shock data and
the high pressure static data showed a small,
1 per cent offset in volume. Thus, at the
present time we have no consistent basis for
predicting the shear stress offsets of solids
other than metals and are faced with a funda-
mental unknown in the mechanical response
of solids to large anisotropic compressions.
The present study of the shock compression
of single crystal Al,O,, sapphire, was under-
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taken to examine further the effects of large
anisotropic compressions resulting from large
values of the HEL[31]. Analytical methods
developed in the discussion section give an
explicit basis for identification of the loss of
shear strength under shock loading. Sapphire
is an excellent material for further study be-
cause it has similar characteristics to quartz.
Both crystals are oxides, both crystals are
trigonal; however, sapphire has much larger
values for elastic constants. Furthermore, the
shear strength effects for sapphire are larger
than thermal effects thus affording an un-
coupling between mechanical and thermal
effects.

Even though the principal interest of this
investigation is in the high pressure region
above the HEL, measurements were accom-
plished both below and above the HEL. The
measurements below the HEL permit an
examination of several elastic constants at
compressions an order of magnitude larger
than those previously employed and help to
guide the extrapolation of the ultrasonic data
to the high pressure region.

3. EXPERIMENTAL ARRANGEMENTS

The experiments were of two basic types;
those which determined the high pressure
response above the Hugoniot elastic limit,
HEL, and those which determined the elastic
response below the HEL. The high pressure
experiments utilized shock-loading with plane
wave high explosive techniques, while the
elastic response was determined in experi-
ments which utilized projectile impact loading
techniques.

The high pressure experiments were accom-
plished by generating explosively driven plane
shock-waves into the samples and monitoring
their response with an optical technique
similar to that employed by Wackerle[24]. A
schematic of this experimental arrangement is
shown in Fig. 2. The high explosive plane-
wave generators and explosive pads send a
shock wave from the detonation through an
intermediate driver plate of 2024 aluminum

J.P.CS.Vol.32,No. 10-D

and into the disk-shaped sample. Various
pressures are then achieved by the choice of
different high explosive materials. The various
explosive and impact configurations are
described in Table 1.

During the experiment the position of the
wire and its image are viewed through appro-
priate lenses through a 0-1 mm observation
slit in the camera and recorded on film as a
function of time as the shock wave enters the
sample and reflects from the free surface. As
the shock enters the sample, the reflectivity of
the input surface plating is destroyed and the
background light intensity is abruptly changed.
An alternate transit time measurement with
quartz pins was necessary because of the un-
reliable nature of the change in reflectivity as
the shock entered the sample. The sharp
extinction in background light was not always
achieved.

After arrival of the second wave the image
was sometimes optically distorted as shown in
Fig. 2 by the opening of minute scratches on
the polished surface. In these cases, however,
the scratches themselves or the edge of re-
flecting surface follow the surface motion
directly and their motion was used to obtain
second-wave free-surface velocity measure-
ments.

The calibrations of displacement and time
are particularly simplified in this technique.
The position of the wire above the free surface
is measured before shot time to one part in 104
The displacement magnitude is then indicated
directly on the film by the distance between
the wire ard its image before shock arrival at
the free surface. The rotation speed of the
rotating mirror in the camera was measured at
shot-time with a resulting sweep rate accurate
to =% per cent. Consideration of all the pos-
sible experimental errors in measurements
and data reduction gives estimated errors of
+1 to 2 per cent in shock velocity and =3 per
cent in free-surface velocity.

The samples used in the high pressure ex-
periments were cut from single crystal boules
of sapphire grown by the Verneuil technique
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Table 1. Shock loading configurations

Designation Configuration

Measurements

H Gun-symmetric impact

HQ Gun-quartz gauge

B P-40'*14 25 mm Baratol™’
plus 12 mm 2024 aluminum

alloy
P-402+25 mm TNT

impact velocity

electrical response

impact velocity

quartz gauge signals

free surface velocity (optical)
shock velocity (optical/and/or
quartz pins)

plus 12 mm 2024 aluminum

alloy

P-40'® + 25 mm Composition
B plus 12 mm 2024 aluminum

alloy

P-40'+25 mm PBX 9404
plus 12 mm 2024 aluminum

alloy

lalDesignation for 10 cm dia. plane wave explosive lens as described in

Ref. [5].

MIExplosive compositions are further described in Ref. [5].

by the Linde Co. The samples were cut,
crystallographically oriented, and polished by
the Valpey Corporation. The disks were
nominally 31 mm in diameter and 6, 10 or
13 mm in thickness. The material was clean
and free of defects to the unaided eye.
Crystallographic orientations investigated
were the natural growth direction of 60°, the
optical orientation 0° as well as the 90°
orientation.*

Experiments below the HEL were accom-
plished utilizing the symmetrical projectile
impact and electrical response technique
previously discussed in some detail[32]. The
sample disk is mounted on the impact face of a
high velocity compressed gas gun and im-
pacted with a projectile faced with another
sample disk. Because of the symmetry of the
impacting samples, the particle velocity
imparted to the sample is precisely one-half
the measured impact velocity. The shock-
wave velocity at various particle velocities is
measured by observing the electrical response

*The crystallographic orientation of the 0° axis is
[0001], for the 90° axis is [1210] and for the 60° axis is
[1123].

of the sample which is initially charged to a
high voltage. The transit time of the shock
is clearly indicated on the electrical response
records. This experiment is especially useful
for determining the shock compression in the
elastic range. Experiments beginning at low
stress levels and increasing in stress amplitude
help to insure the proper identification of the
elastic-wave in the high pressure experiments.

One critical projectile impact experiment
was performed with Sandia quartz shock-
wave stress gauges[33] in which both the
impact surface response and back surface
response is precisely monitored in time. This
type of experiment which has been previously
described[34] provides superior time-
resolution of the stress profiles in the sample.

4. RESULTS

Measurements and data analysis for shock
compression experiments are concerned with
the description of the stress vs. time or stress
vs. position profiles which result when one
surface of a plane sample is subjected to
various transient high pressure loadings. The
characteristics of these profiles can be shown
to be directly related to the stress vs. com-
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Fig. 2. Experimental technique used in the high pressure
experiments. The displacement vs. time response of the
free surface of the sample to high explosive loading is
monitored with a high speed streak camera which follows
the motion of a 0-1 mm dia. wire and its image as reflected
from the surface of the sample. The high speed camera
was a Beckman and Whitley Model 770 with a maximum
writing speed of 16:7 mm/usec. Shock arrival times of the
first waves are also monitored with piezoelectric pins. The
typical record shows the extinction of background light
when the shock enters the sample at time #,. The arrival
time of the first wave at the free surface is #, and the
arrival time of the second wave is at t,. For the experi-
mental record shown, the time difference ¢, — 1, is 1-:077
usec and the height of the wire above the sample is
1-610 mm.

[Facing page 2316]
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pression curve for the sample material. In the
present paper two characteristically different
wave profiles are observed in the various
stress ranges. These are (1) a single elastic
compressive wave of stress less than the HEL
and (2) a two-shock front profile consisting
of an elastic wave, whose amplitude is the
HEL, and a slower moving higher pressure
wave. Since different assumptions are
employed in the data reduction in each of the
two cases the method of data reduction for
each experiment will be described.

The stress vs. compression states for each
experiment are calculated assuming steady
wave conditions and applying the conserva-
tion of mass and momentum conditions across
each shock front. Thus, from the conservation
of mass

AV Au
Ve - ""U—w ©)
and from the conservation of momentum
AO’ZpO(U—u,-)AM. (10)

where V, is the specific volume ahead of a
shock front, AV is the magnitude of the change
in specific volume imparted by the shock
front, m is the strain or compression, Au is the
change in particle velocity, u; is the particle
velocity ahead of the shock front, Ao is the
change in stress imparted by the shock front
in a direction normal to the shock front. All
velocities are in laboratory coordinates.

(a) Elastic range experiments

Experiments conducted within the elastic
range were accomplished with the symmetrical
impact configuration. Under these conditions
a single shock front propagates with amplitude
equal to the input particle velocity and travels
with a fixed shock propagation velocity. In the
experiment the particle velocity is measured
with an accuracy of +0-3 per cent while the
shock velocity is measured with an accuracy
of =1 to 1-3 per cent. These values should be
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contrasted to the explosively driven experi-
ments which produce multiple shock fronts
whose free-surface velocities are measured
with an accuracy of =3 per cent while the
shock propagation velocities are measured
with an accuracy of 1 to 2 per cent.

The shock velocity and particle velocity
values observed are shown in Table 2 along
with the computed stress and compression
data. The experiments in the elastic range are
conducted over a range of stress from 15 to
100 kbar with measurements in three crystal-
lographic orientations. Typical records from
which these data are obtained have been
previously shown[32]. Increased shock
velocity is observed with increasing particle
velocity in all crystallographic orientations.
This behavior will be compared to ultrasonic
determinations of higher order elastic con-
stants in the discussion section.

One special experiment was conducted on
a 60° orientation sample. This crystallographic
orientation is the natural growth direction of
the artificially grown sapphire boules. For this
reason, the availability, low cost and high
quality of the material in the large diameters
required for this work, make the 60° orienta-
tion more desirable than other orientations.
On the other hand, this crystallographic
orientation is apparently not a ‘specific direc-
tion,” that is, a longitudinal motion applied
along the disk axis may produce both a quasi-
longitudinal and a quasi-shear wave[35].
However, even though sapphire has trigonal
symmetry the elastic stiffnesses do not vary
significantly with orientation. For example,
the longitudinal wave speeds in the 0° and 90°
orientations differ by only % per cent. Hence,
the nonsymmetric response would be expected
to be small if not insignificant.

To determine the extent of the effect, a 60°
orientation sample was impacted at 28 kbar
with a quartz gauge which precisely measures
the input stress to the sample. This same
experiment also included a quartz gauge
measurement of the resulting shock wave
profile after propagation through a distance of




Table 2. Shock compression data for sapphire

po=3986gcm™

Samp]e ............. FiIrst wave s«-eesereeerseenneees iiiiiiens Secopd WAVE +rrerrrrnssssenernsnaannns
Configuration thickness Uy U, oy ViV, Uy U, U, o,
mm mmusec™! ™" pusec™!  Kbar mm pgsec™' mmpusec™' mmpusec™!  kbar
0° orientation
H 2:54 0-0333 11-29 152 0:9970
H 5-11 0-0401 1122 . 179 0:9964
H 2-56 0-0463 11-1 21-3  0-9958
H 2-57 0-0810 11-25 367 0-9929
H 5-11 0-0943 112 42-1 0-9916
H 2:54 0-1122 11-3 50-4  0-9901
B 10-89 0-38 11:65 175 0-9674 Second wave not observed
B 10-90 0-34 (11-6)1 157 0-9707 Second wave not observed
B 6-450 0-31 (11:5)@ 142 0-9730 0-49 8-05 7:56 . 196
T 12:70 0-30 11-55 138 0-9740 0-69 888 8-61 271
T 6-400 0-32 11:6-11-4 148 0-9722 0-71 876 8-49 262
(&% 10-86 0-33 11:55-11-6 150 09715 0-86 9:12 891 337
C 6:401 0-37 11-5-11-4 170 09677 0-83 8-55 824 319
H 12-68 0-41 11-77 195 0:9652 1-08 8-82 8:52 419
H 6400 0-46 11-64 210  0-9605 0-94 891 8-67 370
0° orientation
H 2:59 0-1213 11:2 52:6 0-9892
H 2:58 0-1477 11-2 64:1 0-9868
B 10-86 0-342 11:39 155 0-9700 0-474 6-90 597 186
7 10-89 0-291 11:57 134 09748 0-69 8-63 8:25 264
H 10-80 0-381 11:76 | 179 0:9676 0-98 8:72 8-44 378
60° orientation
H 3:21 0:0370 11:1 16:1 0-9967
HQ 0-0653 282 0-9943
12:67 11:16 28-5

H 321 0:0703 112 313 0-9937
H 319 0-0780 11-1 345 09930
H 3-20 0-1268 11-1 557 0-9886
H 3:15 0-225 112 102 0-9796
B 12-832 0-267 11:23 120 09762 0-456 8-07 7-60 177
(¢ 12:750 0-374 11:38 170 0-9671 0-895 862 834 341
(& 12-800 0-35 11-43-11-40 160 0-9694 0-83 8-53 814 314
H 12-817 0-282 11-54 130 0-9756 099 9:39 9-18 388

measured due to partial experimental failure.

1es shown are those assumed to calculate first wave parameters.
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12 mm. The result is shown in Table 2 as shot
No. H267. The input and output measure-
ment agreed to within 1 per cent and the shock
profile showed no dispersion in time. Thus, on
the basis of this measurement the 60° orienta-
tion samples can be considered as exhibiting
pure longitudinal wave propagation without
detectable error in measurements or calcula-
tions.

(b) High pressure experiments

Analysis of the explosively-driven shock
profile measurements requires a number of
additional assumptions due to the reflection of
the shocks from the free surface of the
samples and the subsequent interaction of the
reflected elastic wave with the slower moving
high pressure wave. The arrival of the shock
waves at the free-surface causes a complete
reflection of the incident wave back into the
bulk of the sample. If this reflection occurs
symmetrically, the resulting free surface
velocity is twice the incident particle velocity.
This free-surface velocity assumption has
been applied to compute the incident particle
velocity from the measured free surface
velocity. The interaction of this reflected
elastic wave with the high pressure wave
causes a detectable effect on the data analysis.

The high pressure wave is perturbed before
it arrives at the measuring station: thus, the
principal problem is to deduce the unper-
turbed second wave shock velocity from the
measurements at the free surface. This inter-
action is a more important problem than that
experienced in experiments on metals because
of the possibility of the irreversible loss of
shear strength at high pressures. A detailed
and graphical description of the problem is
given by Ahrens et al.[28] and is discussed
for the similar situation in quartz by Wackerle
[24] and Fowles[25].

Following Wackerle[24] the second wave
propagation velocity, U,, is calculated from
the relation:
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where U, is the nominal shock velocity taken
as the original thickness, /, divided by the
arrival time, 7., of the second wave at the free
surface, Ar is the difference in arrival times
between the first and second waves, t, is the
arrival time of the first wave, the «’s are the
particle velocities of the various waves as
indicated by the subscripts, U, is the shock
velocity of the reflected elastic wave after
interaction with the second wave, and U, is
the shock velocity of the first wave.

In the stress range just above the HEL the
calculated value of U, is sensitive to the choice
of a value for U, which is not measured in the
experiment. However, even though U, cannot
always be calculated unequivocally the un-
certainty in U, is not sufficient to change any
conclusions and only in the experiments
178-66, 357-67 and 192-64 does it affect the
U, values significantly. In the data shown in
Table 2 the value of U, is chosen to be
U, +2u,, in accordance with the view that the
material can be elastically reduced to zero
stress and subsequently restressed to support
the same HEL value. This assumption was
found to lead to no inconsistencies among the
data and among comparisons to other investi-
gators data.

In order to examine the possibility of non-
steady material response accompanying the
transition from elastic compression to inelas-
tic compression, experiments were con-
ducted at three sample thicknesses and for
four different explosive driving pressures.
Although no unequivocal evidence of stress
relaxation was observed behind the elastic
wave, the amplitude of the elastic wave,
HEL, summarized in Table 3 shows both a
thickness dependence and a driving pressure
dependence which is characteristic of non-
steady behavior of the elastic wave. It is
probable that small stress relaxation could
occur and not be detected by the displacement-
time measurements which are inherently

U2: Uz !
1

5 [] _ﬂ{(U.@—Zun)(Uu —2uy)ts— Ulztl}]
U (Us—2uy)t,+ Uyt

(1)
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Table 3. Hugoniot elastic limits of sapphire

Driver 0° orientation

90° orientation

60° orientation

Sample
thickness
Baratol
13 mm
11 mm
6 mm

TNT
13 mm
11 mm
6 mm

Comp B
13 mm s
11 mm
6 mm 170
9404
13 mm 195
11 mm —
6 mm 210

*mean value of two experiments.

limited by poor resolution of rapid changes in
velocity.

The values observed range from 120 to
210 kbar. Thus sapphire exhibits the largest
HEL value ever observed for any material.
There is considerable scatter in the HEL data.
Examination of similar sapphire samples in
polarized light indicated considerable internal
strain in many samples and it appears that the
scatter in HEL values results from the extent
of the internal strain in the samples.

5. DISCUSSION

Because of the very large HEL values, the
shock compression response for sapphire is
well suited for use in studying the effects of
large anisotropic compressions on solids.
From the data in the elastic range, values for
several third order elastic constants will be
computed at substantially larger compressions
than previously employed. From the data in
the high pressure region above the HEL the
shear stress configuration will be determined
and conclusions drawn concerning the effect
of shear on compressional behavior of solids.

Finally, the HEL values themselves will be
analyzed to provide a basis for predicting the
conditions under which large values of HEL
are observed. As indicated in the introduction
the present understanding of these questions
for solids other than the metals is inadequate
even though these questions are important to
our determinations of high pressure equations
of state, physical property measurements
under shock compressions, and a general
theory of plasticity of solids.

This section will first compare the data in
the elastic range to extrapolations of ultra-
sonic measurements of elastic constants. Fol-
lowing this, the high pressure data above the
HEL will be examined for evidence of shear
stress components and compared to the ampli-
tudes of the HEL and to values for other
solids.

(a) Elastic range data

The compressions achieved in the elastic
range are an order of magnitude larger than
those achieved in the recent ultrasonic
measurements of Gieske and Barsch[36].
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Unlike shock compression data at stresses
greater than the HEL, uncertain effects of the
stress configuration are minimal and interpre-
tation of the data is more direct. Even though
ultrasonic measurements are far more precise
than shock compression techniques, the larger
compressions of the shock experiment
enhance higher order effects sufficiently to be
observable.

Fowles[25] has recently demonstrated that
Thurston’s finite strain theory can be adapted
so that shock compression data in the elastic
range can be used along with ultrasonic data
to determine higher order elastic constants.
Fowles[25] developed an explicit stress vs.
compression relation involving higher order
elastic constants for large uniaxial elastic
compression which we will use to interpret
the shock compression data. In order to test
the adequacy of the usual second order elastic
constant description of sapphire at large
compressions, the data of Gieske and Barsch
are used to calculate the stress-volume rela-
tions from Fowles’ finite strain development.
The results of the calculations are shown in
Fig. 3 along with the shock compression data.
At the smaller compressions the different
crystallographic orientations cannot be dis-
tinguished between at the scale of the figure
and the differences at the largest compressions
are less than the experimental error. Recent
shock compression data of Barker et al.[37]
on 0° sapphire are also included in the figure.

Examination of the extrapolated ultrasonic
data in Fig. 3 shows a systematic deviation
between the compression computed from
second order constants and the observed
shock compressions. The value of the third
order elastic constant which gives the best fit
to the shock data is obtained by determining
the difference between the stress compression
curve calculated from the second order con-
stants and the observed shock compression
data. Within the accuracy of the data,
Cin = Cy33=—(3:60-4) X 103 dyne/cm?.

Because third order elastic constants give
sufficiently good description to the shock
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Fig. 3. Shock compression of sapphire in the elastic
range. The second-order elastic constants of Gieske and
Barsch are used in Fowles’ finite strain equations to pre-
dict the large strain results in the 0° and 90° orientations
indicated by the second order constant line. The slight
negative curvature of the second order constant line is a
result of finite strain theory. The difference between the
shock results, as fit by a quadratic, and the finite strain
values predicted from the usual second-order constant pre-
dictions allow third order elastic constants to be com-
puted. Recent shock data of Barker are also included. To
the scale used in the figure the compressions in the various
crystallographic orientations cannot be distinguished
between. The compression range of the hydrostatic pres-
sure measurements of Gieske and Barsch are indicated
along the abscissa.

data, extrapolation of the ultrasonically
measured bulk modulus and its pressure
derivative should provide an accurate esti-
mate of the isotropic compression curve for
comparison with the shock compression data
above the HEL.*

(b) High pressure response

The unusually large HEL values observed
for sapphire cause large deviations in stress-

*Note added in proof (See p. 2330).
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volume relations from the isotropic compres-
sions achieved in hydrostatic experiments.
Furthermore the large shear stresses which
are a consequence of the large HEL values
cause concern that the shear itself may cause
irreversible changes in the properties of the
solid. Although it is possible to compare shock
data directly with hydrostatic data as one
method for determination of shear stress offset
in the high pressure region, it is advantageous
to develop techniques for determining shear
strength from the shock data itself, independ-
ent of the hydrostatic data. Conclusions
based on the study of the shock data alone
impose no a priori assumptions concerning
the equivalence of the shock and hydrostatic
compressions and from a pragmatic point of
view the conclusions are not susceptible to
changes in the static data or uncertainties
concerning the equation of state. Accordingly,
we will delay comparing shock and static data
until the shock data has been examined for
evidence of shear stress offset.

(c) Compression observations

One of the most obvious and striking
features of the data shown in Fig. 4 is that all
the high pressure compression states fall on a
common compression curve. The common
compression curve is observed even though
HEL values ranging from 120 to 210 kbar
were observed for the different crystallo-
graphic orientations, sample thicknesses and
driving pressures. According to the elastic—
plastic model each high pressure experiment
should exhibit a shear stress offset equal to the
shear strength offset which is proportional to
the HEL. Thus, different high pressure com-
pression curves should be observed for differ-
ent HEL values. The common compression
curve indicates the constant shear strength
model will not describe the response of sap-
phire. Although the value of the shear stress
offset cannot be obtained from the observation
of a common compression curve it is possible
to conclude that sapphire experiences a sub-
stantial loss of shear strength and a collapse
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Fig. 4. Stress-volume relations for sapphire under shock-
wave compression. The experimental points for the pre-
sent investigation are fit with the cubic polynomial rela-
tion shown. All high pressure points show a common
compression curve in spite of the fact that various
Hugoniot elastic limits are observed depending upon the
crystallographic orientation and driving pressure. For
stresses above 350 kbar the data are not as accurately fit
by the cubic polynomial.

toward the isotropic compression curve. The
common compression curve, which is an
explicit demonstration of a significant loss of
shear strength, was also observed for shock-
loaded crystalline quartz[24].

(d) Shock velocity values

The stress-volume conditions in the
immediate vicinity of the HEL are a sensitive
indication of changes in the shear strength in
the high pressure region. This can be demon-
strated by considering equation (5) which
relates the longitudinal stress, o,, measured
in the shock experiment to the mean pressure,
P, and the shear stress offset, o,. The shock
compressibility may be obtained from deriva-
tives of equation (5) with volume such that

do, _ _(y_—’_*_da',.

P T TR T (I
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A constant shear stress immediately above the
HEL requires do,/dV=0. In this case the
shock compressibility and isotropic com-
pressibility are equal and a disturbance will
travel with the bulk sound speed. On the other
hand a significant change in o, requires
do,/dV # 0 and a change in shock compres-
sibility will result. If the shear strength is
reduced the shock compressibility will be less
than the isotropic compressibility and a
disturbance will travel with a velocity less
than bulk sound speed. In the absence of a
phase transition this ‘slow second-wave’ is an
explicit indication of large decreases in shear
strength.

One of the experiments was conducted at a
pressure. just above the HEL. The second-
wave shock velocity on experiment 178-66 is
calculated to 6:0 mm/usec compared to the
bulk sound speed of 8-:0 mm/usec. Two other
experiments (192-64 and 357-67) also showed
shock velocities substantially less than bulk
sound speed. The method of data reduction is
admittedly subject to error because of the
interaction of the first and second waves.
However, the reduced data in experiment 178
cannot be changed sufficiently by various
assumptions in the data analysis to obtain
a shock velocity as large as the bulk sound
speed. Thus, the slow second wave velocity
data give a positive indication of the loss of
shear strength for pressures just above the
HEL.

Wackerle’s shock compression study of
crystalline quartz[24] also showed one
experiment in which the shock velocity was
substantially less than bulk sound speed.
Although Wackerle did not comment on this
observation, it is now evident that both
sapphire and quartz show similarities in their
compressional behaviors in the immediate
vicinity of the HEL. Recent piezoelectric
response measurements confirm the slow
second wave behavior for quartz[38].

(e) Determination of shear offset
Although it is not common to do so, the
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high pressure shock data can be used to give
an explicit measure of the shear offset. Under
the assumption that all high pressure data
points have a constant offset from the iso-
tropic compression curve and that no phase
changes have occurred, the high pressure data
can be extrapolated to zero stress and the
observed offset in relative volume between
the extrapolation and the initial relative
volume can be used to compute the shear
stress offset. By so doing the high pressure
shock data may be used as an independent
measure of the offset of an anisotropic curve
without prejudice as to the nature of the high
pressure response. This then provides for an
independent comparison of shock data and
static data. A schematic of the method for
doing this is shown in Fig. §.

SHOCK COMPRESSION

UXORP S \

\\ HUGONIOT
« ELASTIC LIMIT
ISOTROPIC

COMPRESSION "+

\ V0

Fig. 5. Extrapolation of high pressure shock data to zero
stress may be used to obtain an independent measure of
the offset between shock data and the isotropic compres-
sion curve. The volume offset at zero stress is a direct
measure of the volume offset and the stress offset may be
computed as described in the text. The solid depicted
responds as an elastic—plastic solid such that o, = o*.
The extrapolation does not involve any a priori assump-
tions concerning shear strength and thus may be used as
an independent measure of stress offsets.
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Assuming that the shear stress offset, o, is
constant for all data above the HEL it can be
shown that

o, = Bmn, (12)
where B is the bulk modulus, 7, is the magni-
tude of the zero-stress relative volume offset
measured from the extrapolation of the high
pressure shock data. The bulk modulus must
be known but may be determined from data at
atmospheric pressure. The change in bulk
modulus with pressure will not seriously
affect the calculation since only the change in
modulus for compressions up to a value equal
to the volume offset will affect the calculation.

The zero stress relative volume offset for
sapphire is determined from the shock data
above the HEL with a cubic polynomial fit to
the data. A cubic polynomial expansion about
the initial volume, V,, shows that:

(13)

1 _VK =—ny+Aoc—Bo*+ Co?,

0

where A =1/B, and B, is the atmospheric
pressure bulk modulus. If the bulk modulus is
assumed to be linear in pressure; [2]B =
(14 Bg)/2By? and C = (1+3By+2(By)?)/6B¢®,
where By is the first pressure derivative of the
bulk modulus. The adequacy of the cubic
polynomial to represent incompressible solids
like sapphire in this pressure range has been
discussed by Anderson[2].

The best fit for the zero stress volume offset
was judged by requiring the first linear term of
the polynomial to agree with the ultrasonic
measurement of compressibility. The volume
offset so obtained is the initial point of a high
pressure compression curve fit to the shock
data with initial slope in agreement with the
ultrasonic data. Iterations are performed in
which a volume offset is assumed and fit to the
data until agreement with the adiabatic com-
pressibility is obtained. This technique was
found to give a volume offset to three signi-
ficant figures with the present data. Since the
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coefficient of the second term is related to the
pressure derivative of the bulk modulus, By,
this value is also obtained from the polynomial
fit. The values derived for the present shock
data are: mo=0-0118, B, = 2-542 X 10 kbar,
and B' = 3-69. Because the compressions are
relatively small, these values are representa-
tive of adiabatic compressions.

Using a bulk moduius value of 2-542 X 103
kbar[36], the shear stress offset of o, = 30
kbar is obtained from equation (12); whereas,
the calculated shear strength offset, * from
equation (7) has values which range from 55 to
110 kbar.*

From another point of view, the relative
volume offset can be used to calculate an
HEL value consistent with the elastic—plastic
theory and this value can be compared to the
measured HEL values. Assuming constant
values for bulk modulus, B, and the appro-
priate one-dimensional strain elastic constant,
C, up to compressions to the HEL, it can be
shown that if the solid responds as an elastic—
plastic solid that:

oy = Bno(1—B/C)™! (14)
where o, is the computed HEL consistent
with the observed volume offset and the
elastic—plastic model.

The calculated HEL from equation (13) is
60 kbar. This value should be compared to the
measured HEL values which range from 120
to 210 kbar. The discrepancy between the
HEL predicted from the elastic—plastic theory
and the measured values indicates that the
elastic-plastic model will not describe the
compression of sapphire. '

(f) Summary of shear strength observations
In summary, it is clear that there are three

*All calculations involving elastic constants in this
paper use the data of Gieske and Barsch, Ref. [36]. Their
paper also contains an excellent summary of other elastic
constant data on Al,O,. For the single crystal 7* was cal-
culated from: 7* =34(1—C,./C;:)on, Where x is the
shock propagation direction and z is the lateral direction
and the C’s are the elastic stiffness constants.
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different interpretations of the shock data
which show a substantial loss of shear
strength when sapphire is shocked above the
HEL. These are:

1. a common high pressure compression
curve, independent of the HEL values,

2. shock-velocity values substantially less
than local bulk sound speed,

3. and measurements of the volume offset
obtained when the high pressure data are
extrapolated to zero pressure.

These same criteria are generally applicable
to other materials in investigating shear
strength effects.

(g) Comparison with static data

To this point the conclusions concerning the
shear stress offset are based entirely upon the
shock data. There are two static pressure
measurements which can be used for an
independent determination of the high pres-
sure isotropic compression curve. Both of
these are shown in Fig. 6.

The compression measurements of Hart
and Drickamer[39] were accomplished with
X-ray techniques in a high pressure anvil
apparatus. Although the measurements show
a large experimental error they can be used as
a nominal guide to compressions at high
pressure.

The most accurate measurements are the
ultrasonic wave velocity measurements of
Gieske and Barsch[36] to 10 kbar. Although
these data must be extrapolated to signifi-
cantly higher compressions, the determination
of higher-order elastic constants in the elastic
range show that the bulk modulus and its
pressure derivative should give an accurate
description of the compression to values used
in the present experiments. The comparison
of ultrasonic extrapolation and X-ray data
show an appreciable difference but the differ-
ence is probably within the experimental error
of the X-ray measurement.

The temperature rise due to shock compres-
sion of sapphire is not appreciable because of
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Fig. 6. Compression data for Al,O; derived from various
sources. The data obtained in the present investigation is
shown by the various polynomial statistical fits. The data
of Hart and Drickamer were obtained from lattice para-
meter determinations. Estimates of their experimental
error are shown on one experimental point. The ultra-
sonic data of Gieske and Barsch measured to 10 kbar are
extrapolated with a cubic polynomial to compare to the
shock data. The point of McQueen and Marsh for single
crystal Al,Oj is reported in Ref. [2]. The shock data on a
high density AlLO; is shown for comparison with the
single crystal data. The cubic polynomial fails to give an
accurate representation above a stress of 350 kbar and is
shown by a dotted line for comparative purposes only.
A logarithmic equation such as a Murnaghan equation
gives an excellent correspondence between the data of the
present work and that of McQueen and Marsh.

the relatively small compressions involved.
Accordingly, the thermal pressure correction
computed from conservation of energy is not
significant; amounting to about a 6 kbar cor-
rection at 400 kbar and about a 1 kbar cor-
rection at 150 kbar. These thermal pressure
corrections are less than the experimental
scatter and small compared to the offset
between the static and shock data; hence, the




2326

correction has not been applied to the shock
data.

The stress offset observed between the
extrapolated ultrasonic data and the best fit
to the shock data range from 38 to 43 kbar
depending upon the pressure range where the
comparisons are accomplished. Likewise the
volume offsets are observed to range from 1-1
to 1-3 per cent. Similar offsets to the data of
Hart et al. are 0-75 to 1-0 per cent and 25 to
38 kbar. These values for stress and volume
offsets are in excellent agreement with the
values derived from the shock data alone, yet
grossly different from values predicted from
the elastic—plastic theory and the measured
HEL values. Thus, the direct comparison of
the static and shock data also demonstrates
that when sapphire is shocked to pressures
greater than the HEL that a substantial loss of
shear strength is observed.

A striking feature of both sapphire and
quartz is that both materials show about a |
per cent volume offset to the isotropic com-
pression curve after a substantial loss of shear
strength is experienced. Thus there may be
some similarities to the condition of these
materials after the loss of shear strength.

Because of the unusual character of the loss
of shear strength it is not implausible that the
thermodynamic treatment of the yield is
inadequate. Unlike yield under elastic-plastic
conditions which is analogous to a second
order phase transition, the loss of shear
strength is analogous to a first-order phase
transition. For example, the shear strain
elastic energy for sapphire at 200 kbar is 12
cal/g. The loss of shear strength on the time
scale of the shock experiments will cause this
energy to appear as thermal pressure with an
average value of about 6 kbar. Although this
pressure is about a factor of five too small to
account for the observed difference between
static and shock results, the possibility of
severe local inhomogeneities due to failure
along specific crystallographic planes might
cause sufficient complications to cause con-
cern as to the proper treatment of these

R. A. GRAHAM and W. P. BROOKS

thermal effects. In any event it appears that
more detailed study of possible thermo-
dynamic effects is warranted.

(h) Hugoniot elastic limit values

The unusually large HEL values observed
for sapphire and the equally unusual loss of
shear strength in the high pressure region
suggest fundamentally different shear-failure
mechanisms than observed for metals. It is,
therefore, instructive to compare the maxi-
mum shear stress supported by sapphire to
predictions of the theoretical shear strength,
i.e., the inherent shear strength of the perfect
crystal. Present capability for calculating the
theoretical shear strength are not sufficiently
realistic to give accurate estimates[40,41].
However, most calculations give a lower
bound to the shear strength of about 0-03 G,
where G is the appropriate shear modulus.
Experimental measurements of values for
theoretical shear strength are limited to Bren-
ner’s measurements [42] on metallic whiskers
which gave values of 0-027 G for Cu, 0-036 G
for Au and 0-052 for Fe.

The largest HEL value observed in sapphire
was 210 kbar which corresponds to a maxi-
mum shear stress of 83 kbar based on the
atmospheric pressure elastic constants. This
maximum shear stress value is 0-056 C; large
enough to approach estimates of the theoreti-
cal shear strengths. The case for quartz is
even more noteworthy since the highest HEL
observed is 0-11 C,,. Thus, both sapphire and
quartz exhibit shear strengths under shock
compression which could reasonably be
theoretical shear strengths and both sapphire
and quartz lose shear strength and collapse
toward an isotropic compression curve when
shocked above the HEL.

On the basis of the limited data it is pre-
mature to suggest a general model for the loss
of shear strength; however, it is worthwhile to
examine the existing shock-compression litera-
ture for evidence of large HEL values and
shear stress offsets. These data are collected
in Table 4. There are reasonably complete
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Table 4. Shear strengths of shock loaded crystals

Tmax[a] Cus
Crystal Structure kbar  kbar 7.,.,/Cy4 Loss of shear strength
SiO, Trigonal 579
Z-cut[24]™ 62 0-108 Yes
X-cut[38] 33 0-057 Yes
AlLO, Trigonal 1472
0° orientation 83 0-056 Yes
90° orientation 72 0-049 Yes
60° orientation 68 0-046 Yes
MgO[46] Cubic 1559 Yes? limited
[100] 25 0-016 shock data
TiO,[47] Cubic 1239
[001] 33 0-027 ?
[100] 12 0-0096 ?
Si[44] Cubic 796
[100] 28 0-035 ?Yes. possible transition
[111] 12 0-015 No
Ge[111][43] Cubic 10 672  0-015 No
NaCl[45] Cubic 128
[111] 23 0-018 Yes? one experiment
[i10] 0-28 0-0022 No
[100] 0-09 0-0007 No

[a] Tmax is taken to be the maximum observed value of (o.—o,). where o, is the
maximum observed HEL value and o, is the minimum lateral stress computed from
atmospheric pressure elastic constants. The rationale for taking maximum values is
based on the likelihood that the lower values are caused by samples of inferior quality

due to internal strains or other defects.

In anisotropic crystals lateral stresses may

vary due to lateral anisotropy. Because of non steady effects these maximum values

may relax to lower stress values.

[b] Reference numbers following the various materials indicate the source for the

HEL values used to compute 7,.,.

data for SiO,, Al,O,, Ge[43], and Si[44] with
limited information available for NaCl[45].
MgO[27,46] and TiO,[27,47]. One immedi-
ate conclusion that can be drawn from an
examination of the existing data is that not all
solids which are brittle at room temperature
and atmospheric pressure exhibit loss of shear
strength under shock loading. Furthermore, as
previously stated, polycrystalline Al,O;, a
brittle solid, responds as an elastic—plastic
solid. On the other hand, crystalline Al,O, and
SiO, exhibit a substantial loss of shear
strength.

Thus the experimental evidence indicates
that a general model proposing that brittle
materials lose their shear strength when
shocked above the HEL is not suitable to
predict material response. Definitions of
brittle materials as ordinarily posed are based

on crack propagation at stresses less than that
necessary to cause slip and inelastic deforma-
tion. The large isotropic pressure component
of shock experiments will not permit crack
propagation; hence, in contrast to static
experiments, materials cannot fail by crack
propagation and inherent strength properties
may be observed in bulk materials.

It appears possible that different shear-
failure mechanisms may be encountered in a
given crystal shock loaded along different
crystallographic axes. If loading is accom-
plished in a direction which causes no shear
on the slip plane, failure cannot be expected
by conventional slip mechanisms. Experi-
mental evidence for this is shown in Table 4
where large HEL values are observed in [100]
Si and [111] NaCl, while much lower values
are observed in other directions. There is
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some evidence, admittedly inconclusive, for
loss of shear strength in both cases. The [111]
NaCl investigation shows one experiment
with a wave velocity lower than bulk sound
speed. The high pressure [100] Si data show
velocities less than bulk sound speed; how-
ever, this observation is inconclusive because
of the possibility of a phase transition. In any
event, the possibility of preferential loss of
shear strength in various crystallographic
directions in a given crystal should not be
overlooked. In fact, it would be highly desir-
able if various crystals were studied in detail
for experimental evidence to examine this
question.

The shock compression data[28] on high
density polycrystalline Al,O; indicate elastic—
plastic response and no loss of shear strength.
Although at first glance this seems inconsistent
with the results of the present investigation,
there is no reason that the yield mechanisms
of the polycrystal and single crystal should be
the same. In fact, the HEL values for various
polycrystalline Al,O; samples as shown in
Table 5, show a marked dependence on
porosity of the sample. This indicates that the

Table 5. Hugoniot elastic
limits of polycrystalline Al,O

HEL
kbar

Density

gem™® Reference

3-98
3-969
3-92

112+13 28
70—136 29
140 49
3-81 835 28
3-76 58—72 20
3-72 80 49

HEL is governed by grain boundary and inter-
grannular effects and that the shear strength
of intergrannular material is apparently less
than that required to exceed the shear
strength of the crystallite.

The elastic—plastic response of polycrystal-
line Al,O, and the elastic-isotropic response
of single crystal Al,O, support the view that a
critical shear stress must be exceeded before
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a loss of shear strength occurs. Furthermore,
this observation indicates that shear strength
effects at high pressure are different for poly-
crystalline and single solids of the same
chemical composition.

It seems clear that if slip cannot occur under
shock-loading due to an insufficient number of
mobile dislocations or due to shear stress of
insufficient magnitude on the slip plane, that
failure must occur by different mechanisms
than ordinarily encountered. The shock data
indicate that as the shear stress values
approach the theoretical shear stress esti-
mates, substantial loss of shear strength is
observed in the high pressure phase. If solids
are observed to sustain shear strengths under
shock loading which approach or are greater
than 0-03 G, a loss of shear strerigth should be
anticipated.

It is perhaps noteworthy that all of the
oxides investigated support maximum stress
values in excess of 25 kbar and that both of
the materials which are known to lose their
shear strength are oxides. Since the oxides are
known to have elastic properties dependent
principally upon the oxygen ion framework
[36, 48] the critical shear stress observed for
oxides may be a property of the oxygen frame-
work and single crystal oxides are good
candidates for materials with large HEL’s and
a corresponding loss of shear strength.

6. SUMMARY AND CONCLUSIONS

The shock compression data for sapphire
show that the compressional behavior of
sapphire is analogous to quartz in that both
solids exhibit large HEL values and both
exhibit a substantial loss of shear strength
when shocked above the HEL. Sapphire and
quartz are best characterized as elastic—
isotropic solids and not elastic—plastic
solids. These conclusions are based upon
observations of: (1) common high pressure
compression curves for various HEL values,
(2) high pressure shock velocities less than
local bulk sound speed, and (3) the volume
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offset when the high pressure data are extra-
polated to zero pressure.

Comparison of hydrostatic and shock com-
pression curves for both sapphire and quartz
show differences in volume at a given pressure
of about 1 per cent. The reason for this is not
understood.

The present theoretical and experimental
descriptions of yield mechanisms in solids and
shear strength effects at high pressure are
inadequate to characterize solids other than
metals. Brittle material classifications under
static conditions do not adequately charac-
terize those materials which are known to
respond as elastic-plastic or elastic-isotropic.
There is evidence for different shear-failure
mechanisms and different shear strength
effects between single crystals and poly-
crystals and for crystals shocked in various
crystallographic directions.

When the shear strengths of solids approach
the theoretical shear strength values under
shock loading, elastic-isotropic response and
changes in shear sensitive properties should
be anticipated. It is central to our under-
standing of the compressional behavior of
solids under large anisotropic compressions to
accomplish further detailed investigations of
HEL values and compression curves for
stresses immediately above the Hugoniot
elastic limit.
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