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Measurement of Release Wave Speed in Shock-Compressed Polycrystalline 
Alumina and Aluminum 

STEPHAN J. BLESS x AND THOMAS J. AHRENS 

Seismological Laboratory, California Institute of Technology, Pasadena, California 91125 

Values of release wave speed in shock-compressed polycrystalline alumina and aluminum (2024) have 
been measured to 400 and 260 kbar, respectively. These values, as well as previous data for aluminum and 
iron, have been compared with fourth-order finite strain extrapolations of the longitudinal sound speed 
V o. For alumina in the pressure range 200-300 kbar and for a iron and • iron the observed release wave 
speeds fall below any reasonable extrapolation of Vo. In the range 360-400 kbar the data for alumina 
indicate that M(O2M/• P•) -- -50 (where M and P are longitudinal modulus and pressure, respectively); 
this value is in approximate agreement with Graham's ,-•200-kbar data on elastic shock compression of 
single-crystal aluminum oxide. For aluminum the data indicate a value for M(•2M/•P •) of 2.7 4- 5.7. 

INTRODUCTION 

Although the mean compressional and shear wave velocities 
as functions of depth are known to within relatively small 
uncertainties (< 1%) for certain regions of the earth's interior, 
such as the lower mantle, our ability to interpret these data in 
terms of mineralogy and temperature has been hampered by 
the lack of direct experimental data specifying the shear prop- 
erties of silicates and oxides at very high pressure and of a 
validated theory for extrapolating these properties from low- 
pressure data. Direct measurements of longitudinal and shear 
velocities and their pressure and temperature derivatives have 
been carried out simultaneously at preSSures of up to l0 kbar 
'and temperatures of •600øC [e.g., Spetzler, 1970] and at 
higher temperatures at ambient pressures [Soga and Anderson, 
1967]. In order to extrapolate these results to high pressure or 
to reduce the properties of the earth to ambient pressure, 
formulations are usually applied on the basis of finite strain 
theory [e.g., Birch, 1952; Ahrens, 1972; Burdick and Anderson, 
1975] or lattic e theory [Sammis, 1972]. Comparison with 
shock wave data provides a critical series of tests to determine 
the range of compressions over which the low-pressure elastic 
moduli and their pressure and temperature derivatives may be 
reliably applied and to determine the relative merits of various 
formulations of finite strain theory. The pressure dependence 
of the bulk modulus has been studied by Anderson [1967] and 
later by Ahrens and Thomsen [1972], who compared the density 
observed in shock experiments with that predicted by several 
forms of finite strain theory for a wide class of materials. 
Because of the lack of similar data which may be used to 
specify the high-pressure moduli upon which the longitudinal 
and shear wave velocities depend, tests of the ability of finite 
strain theory to extrapolate seismic speeds Validly have been 
sparse. Some high-pressure longitudinal elastic wave velocity 
data are reported by Erkman and Christensen [1967], Kusuboo 
and van Thiel [1969a, b], Grady et al. [1975], and Anderson 
[1972] for 2024 aluminum, SiOo., and NaCl. 

The experiments reported in this paper were meant to pro- 
vide new data on the longitudinal sound speed at high pressure 
in polycrystalline alumina (Alo. Oa) in the 200- to 400-kbar 
range. This material is well suited for an evaluation of the 
finite strain theories, since although it is rather incompressible, 
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its low-pressure elastic moduli and their pressure and temper- 
ature derivatives are well determined [Schreiber and Anderson, 
1966], it possesses the geophysically important corundum 
structure, and it does not undergo phase changes in the pres- 
sure region under investigation. In addition, dense poly- 
crystalline alumina is known to support a shear stress in the 
30- to 40-kbar range when it is shocked to states up to •300 
kbar [Ahrens et al., 1968] and hence is a candidate material for 
yielding data and high-pressure shear properties. 

EXPERIMENT 

In our experiments, very high pressures associated with 
uniaxial strain deformation are produced by the impact of a 
propellant-gun-launched flyer plate onto a target block. Both 
plate and block are of the same material, Lucalox (General 
Electric Corporation), a nonporous polycrystalline alumina 
(corundum), previously studied ultrasonically by Schreiber 
and Anderson [1966] and under shock conditions by Ahrens et 
al. [1968]. 

The target block (Figure 1) is wedge shaped, as in the 
experimental arrangement proposed•?by Fowles [.1960]. Its 
thickness L varies with position y across the impact surface. 
The value of the wedge angle a is chosen su6h that th e velocity 
of the contact point between the deformational shock and the 
target free Surface greatly exceeds the rarefaction wave Velocity 
in the target. A mirror consisting of a glass prism with a 
silvered surface is mounted behind the target. The prism is 
illuminated by a flash lamp and observed by a streak camera. 
The prism angle/• is determined such that internal reflection of 
light at the mirror surface occurs at nearly normal incidence. 

An (x, t) diagram which illustrates the shock and rarefaction 
waves which result from a given impact is shown in Figure 2. 
There the origin represents the collision between the flyer plate 
of thickness a, which is moving with velocity u o, and the target, 
which is initially at rest. The pressure and the particle velocity 
produced by the impdct are propagated as shock waves into 
the target and the flyer plate. Lines drawn from the Origin 
represent the 'elastic shocks' (propagation speed U x' Particle 
velocity ux) behind which the stress is assumed to be at the 
level ot • the Hugoniot elastic limit (HEL) (80-110 kbar for 
Lucalox) of the material. The deformational, o r 'plastic,' 
shock waves follow the elastic shocks and propagate with 
speed Uo. with respect to undisturbed material; the particle 
velocity behind the deformational shocks, defined with respect 
to stationary coordinates, is u•.. At points I and 2, release 
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Fig. 1. Diagram of target geometry. 

(rarefacti0n) waves are generated. As is the case upon loading, 
unloading is also usually assumed to take place elastically until 
the shear strength of the shock-compressed material is ex- 
ceeded. If this elastic-plastic release theory applies and if 
• V•,/cvP > 0, where Vo is the longitudinal elastic wave speed 
and P is the pressure, then the velocity of the leading release 
wave characteristic, c, is equal to V•, in the shock-compressed 
material [e.g., Zel'dovich and Raizer, 1966]. If the material 
displays no shear strength upon release, c = vo, where vo is the 
bulk sound speed, equal to (K/p)'/ø', K and p being the adia- 
batic bulk modulus and density, respectively. 

The release wave from point 1 overtakes the deformational 
shock at point 8. The experiments which we have conducted 
were designed to measure the mean speed of the release wave 
over the path 1 • 8, by experimentally determining the dis- 
tance xs. Figure 2 is drawn for the case of target thickness L > 
Xs. 

Figures 3a and 3b illustrate a typical experimental record. 
Figure 3a shows the target prior to impact, superimposed 
upon an image of a slit through which the target is viewed with 
a streak camera during the experiment. Figure 3b shows the 
streak photograph produced as the image of the slit is swept 
across the film plane during the experiment. The sweep rate is 
determined separately in a test using a Pockels-cell-modulated 
laser beam [Ahrens et al., 1971]. 

Because previous results are available for 2024 aluminum 
[Kusubov and van Thiel, 1969a, b; Erkman and Christensen, 
1967], we first conducted two test experiments with that mate- 
rial. 

ANALYSIS OF THE EXPERIMENTS 

The apparent shock speed U, defined as the x component of 
the velocity with which the reflecting surface of the prism is 
destroyed, is computed from 

where 

IV s inasin/• 1 

U - M cos (a -J- •)tan co -- tan'y' (1) 

tan •' = cos (a + •) tan •/(cos a cos fi) (2) 
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Fig. 2. An (x, t) diagram for an experiment in which L < L*. 

and a and • are the target angles, defined in Figure 1. W and M 
are the writing rate and magnification of the streak photo- 
graph; 3• is the tilt, measured on the streak photograph by 
means of the flat reference mirrors on the target (Figure 3a); 
and co is the angle of the streak cutoff (co, = 0 and •, = 0 
represent simultaneity). The angle •,' is the angle of tilt of the 
shock front as it would be seen on the photograph if it were 
viewed through the prism. 

Each point (Xm, ,i'm) (referred to the (x, y) axis in Figure 1) 
on the mirror surface lies above a thickness L = Xm -dm of the 

target and corresponds to a line on the streak record. Let y' be 
the coordinate measuring the transverse direction across the 
streak photograph. The distance AXm between two points on 
the mirror surface which appear a distance Ay' apart on the 
streak photograph is given by 

AXm -- Ay' sin a cos fi/[M cos (a + fi)] 

Reference lines are provided on the target shown in Figure 3a 
in order to facilitate calculation of the target thickness which 
corresponds to a reference value of y'. 

The apparent shock speed U is a function ofy', since the rate 
at which the mirror is destroyed is a function of L. In particu- 
lar, three regions can be distinguished on most streak records 
(such as Figure 3b). 

1. Region I corresponds to L < L**; the rarefaction wave 
does not overtake either the free surface or the deformational 

shock before the mirror is broken. The apparent shock speed is 
independent of L. At L = L** the rarefaction wave arrives at 
the free surface just as it contacts the mirror. 

2. Region 2 corresponds to L* > L > L**; the free surface 
is overtaken by the rarefaction wave between points 3 and 6 in 
Figure 2. U has a relatively small value, since the time required 
by the free surface to cross the mirror gap increases with L. At 
L - L* the rarefaction wave overtakes the deformational 

shock just as it arrives at point 3 in Figure 2; i.e., points 3 and 8 
coincide. 

3. Region 3 corresponds to L > L*; the rarefaction wave 
overtakes the deformational shock before the shock reaches 

the target free surface. U will be a slowly varying function of L. 
This is the case for which Figure 2 is drawn. 

Determination of L* and L** from the streak records con- 

sititutes the basis for the calculation of the rarefaction wave 

speed c. Consider an (x, t) diagram (drawn for a plane per- 
pendicular to the impact surface) for an experiment in which 
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Fig. 3. (a) Image of target from shot A333, superimposed upon image of slit. Height of the reference lines scribed on 

the mirror can be determined from their relationship to the painted lines on the target, seen through the unsilvered portion 
of the glass prism. (b) Streak record from shot A333. Regions 1, 2, and 3 are discussed in the text. 
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L* > L > L**; the following points, (xt, tt), can be defined: 
origin 0, the locus of the impact; point I (e.g., (xx, t•)), the 
arrival of the elastic shock at the back surface of the flyer plate; 
points 2, 3, and 3', the arrival of the elastic and deformational 
shocks from 0 and the release wave originating at point 1 at the 
free surface of the target, respectively; and points 4 and 5, the 
intersections of the release wave reflected from point 2 with the 
deformational shock from 0 and the release wave from point 1, 
respectively. The following additional points will occur on an 
(x, t) diagram for an event in which L is slightly smaller than 
L**' point 6, at which the free surface, moving from point 3, 
arrives at the stationary mirror surface; and point 7, at which 
the release wave through point 5 arrives at the free surface. For 
L slightly larger than L*, point 8, at which the rarefaction 
wave from 1 overtakes the deformational shock, occurs (see 
Figure 2). 

The following assumptions are made regarding the velocities 
of the characteristics or particle trajectories, Ut•, connecting 
each pair of points i and j on the (x, t) diagram: 

Uo• = U•- u• (3) 

U02---- U• (4) 

U04 = U• (5) 

U2a = u,/ cos(0-- a) (6) 

where u•r is the free surface velocity resulting from the reflec- 
tion of the elastic shock at (xo., to.) and is given by Fowles [1961] 
as 

u• sin 2a 

U l f = sin 0 COS a + COS 0 sin (a - 0) (7) 

where 

0 = cos -t {1 -- [(2v-- l)/(v-- l)]sin 2a} (8) 

v being Poisson's ratio. The angle between the free surface 
velocity vector and the normal to the impact plane is 0 - a. 
For Lucalox targets, v -• 0.236 [Schreiber andAnderson, 1966], 
0 - a = 3.77 ø, and Uo.s = 2.019u•. For Usa we use 

Usa = U• + U•.8 (9) 

which implies that when the material is shocked to the HEL, 
relieved, and reshocked, the reshocked Hugoniot is the same 
as the initial Hugoniot. It was found that the computed 
release wave speeds were relatively insensitive to this assump- 
tion (see discussion below). 

U2s -- Ut' cos 6 (10) 

where U•' is the •peed of the reflected release wave from point 
2, given by 

[1 •-•(2 •) sin• al-' } ß _ u, _ u• (11) 

which follows from the assumptions (1) that sin • = (U•'/U•) 
sin a, where • is the angie of reflection of the elastic shock at 

the free surface, and (2) that U•' = Ut - u• cos b, where b is the 
angle between the normal to the reflected shock front and the 
perpendicular to the impact surface (i.e., • = a + •): 

U• = c q- u• (12) 

U4a = c cos • -- u2 (13) 

U58 •'- C + u 2 -- u I + U23 (14) 

In (14) it is assumed that the speed of the release wave from 
point I is unaltered by interaction with the release wave from 
point 2. Variations in this assumption have little effect on the 
computed values of c. 

U•, = U',8 (15) 
and 

Ua• = u•(4 cos • a + sin • a) •/ø' 

ß cos [tan -• (2 cot a) q- a -- •-/2] (16) 

relationships which follow from the assumption that upon 
reflection the component of u,normal to the free surface is 
doubled, while the parallel component does not change. For 
Lucalox targets, Us, = 1.821uo.. 

The values of u•, U•, and Uo. were taken from the literature. 
The value of u•. is obtained by an impedance match solution 
using the measured value of u•; for symmetric impacts, u• = 

Equations (3)-(16) are used to calculate the coordinates (xt, 
tt) of the points 1-8 which pertain to a given experiment. Two 
values of c are computed for each experiment: 

1. L* is used to determine xs, and a value of c is found such 
that points 3 and 8 coincide. 

2. L** is used to determine xs, and a value of c is found 
such that points 6 and 7 coincide. 

The results are listed in Table 1 under the headings 'c(L*)' 
and 'c(L**),' respectively. The latter value is probably less 
reliable, for it is influenced by the assumptions made about 
free surface velocity in the expressions for Us6 and Uo.s. 

At the driving stresses which we produced, there is no elastic 
precursor in 2024 aluminum. Thus the calculations of release 
wave speed in the aluminum targets could have proceeded 
from relatively simple analytic formulas similar to those given 
by Fowles [1960]. Equivalently, (3)-(16) may be solved with Ul 
set equal to zero. In addition, the identification of L* and L** 
proved to be very difficult on the streak records from alumi- 
num targets. However, regions 1 and 3 could be clearly identi- 
fied. Therefore we extrapolated straight-line fits to those re- 
gions on the streak photographs to obtain the center of region 
2, corresponding to a target thickness L,o. A value of c was 
sought such that i(L* + L**) = L,o. For aluminum shot 
A322, which employed a Lucalox flyer plate, we used a value 
of 11.50 km/s for the release wave speed in the flyer. 

The projectiles which we used were constructed of poly- 
ethylene and Lexan. Flyer plates thinner than 1.5 mm were 
also backed with plates of aluminum about 2 mm thick. The 
projectile velocities were computed from travel times between 
reference laser beams, as was described by Ahrens et al. [1971]. 
The maximum pressure resulting from the impact was com- 
puted by an impedance match solution by using literature data 
[McQueen et al., 1970; Ahrens et al., 1968]. Specifically, for 
alumina we fitted the ax-Uo. data (where ax is the stress in the 
shock direction) of Ahrens et al. with a line which can be 
described by a•/uo. -•400 kbar/km/s; for additional calcu- 
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TABLE 1. Release Wave Velocities in Aluminum and Corundum 

Break Points,t 
Flyer Impact Hugoniot Mean mm 

Flyer Thickness, Target Velocity, Stress, Stress, 
Shot Material mm Material km/s kbar kbar L* L,,, L** 

,Apparent Release Wave Speed, 
Shock km/s 

Velocity, 
km/s c(L*) c(L**) 

A318 AI 2024 2.02 A1 2024 1.35 117 114 11.72 
A322 Al•.Oa 2.54 A1 2024 1.94 256 248 10.76 

9.65 

A323 Al•.O3 2.52 Al•.O3 1.98 395 352 15.00 
A327 Al•.Oa 2.59 Al•.Oa 1.99 396 353 10.50 
A333 Al•.Oa 2.03 Al•.Oa 1.78 355 312 13.00 
A344 Al•.O3 2.03 Al•.Oa 1.91 390 347 11.79 
A351 Al•.Oa 1.39 AlcOa 1.01 205 162 10.48 
A352 AI•O• 1.27 Al•.O3 1.00 204 161 10.87 
A353 AleOa 1.54 Al•.Oa 1.45 285 242 11.14 
A355 Al•.Oa 2.57 AleOa 1.97 394 351 12.64 

9.24 
8.24 

14.54 10.76 
9.00 10.52 

10.34 11.50 
8.79 11.00 
9.58 10.62 
9.01 8.62 
8.09 8.95 

10.22 11.81 

7.83 -t- 0.15 
7.83 

8.14 or 

>8.79J; 
11.90 q- 0.05 11.35 q- 0.05 

11.52 q- 0.07 11.26 q- 0.10 
11.95 q- 0.07 11.82 q- 0.10 
10.65 q- 0.02 9.49 q- 0.02 
10.35 q- 0.04 9.30 q- 0.02 
10.97 q- 0.03 10.40 4- 0.05 
12.71 q- 0.13 12.58 q- 0.12 

L,v is for aluminum targets, and L* is for Al•.O3 targets. 
The interpretation of the streak record for this shot was ambivalent (see text). 

lations we assumed U• = 10.94 km/s, u• = 0.228 km/s, and U•. 
= 1.8u•. + 7.8 (in kilometers per second). For aluminum we 
employed U = 5.328 + 1.338u. 

The pressure associated with the release wave was also esti- 
mated by an impedance match technique. For Lucalox flyer 
plates the rarefaction wave from point I in Figure 2 amounts 
to •65 kbar for plastic backing and to •35 kbar for aluminum 
backing. 

RESULTS OF EXPERIMENTS 

The results of the experiments with aluminum and alumina 
targets are given in Table 1. The uncertainties given for values 
of c arise from errors in the measurement of L* and L**. The 

results for alumina are also subject to possible systematic 
errors due to uncertainty in the value of U•.. Since the shock 
velocities calculated from U (apparent shock speed) for the 
aluminum 9nd alumina targets scatter about the literature 
values by 10-20%, we were not able to improve upon the 
+• 1% precision in U•. of Ahrens et al. [1968]. This degree of 
precision results in a maximum uncertainty in release speeds of 
+2%. As was discussed above, the value of c computed from 
L** (region 1/region 2) is subject to additional systematic 
error due to the approximations used for computing the free 
surface velocities, U•.a and Ua6. If an estimated 10% possible 
error in the computed value of the normal component of the 
free surface velocity is assumed, the uncertainty in c(L**) is 
2-3%. No c data are given for shot A327 because the target 
thickness in that experiment was too thin to. yield good mea- 
surements of L**. 

Additional possible systematic error arises from the assump- 
tions used in evaluating U4a and U58. The uncertainties asso- 
ciated with the value of U4a were investigated by trying the 
alternate assumption that U4a = U•.+ U•.a. The data of Ahrens 
et al. were reanalyzed with this relationship, and the U•.ru•. 
relationship for Lucalox became U•. = 8.1 + 1.617m.. However, 
the effect on c(L*) was small: the values were shifted upward 
•0.02 km/s at •200-kbar driving stress and •0.05 km/s at 
•400-kbar driving stress. The consequences of a variation 
in U58 were explored by substituting vp (at zero pressure) 
for c in (14). The effect on c(L*) was variable, the absolute 
value of the change in c being less than 0.1 km/s in all cases 
except shot A355, for which c(L*) was increased by 0.115 
km/s. 

The error in Hugoniot stress ax for Lucalox is everywhere 
less than +5 kbar, the major uncertainty arising from lack of 

definition of the ax-U•. Hugoniot as determined by Ahrens et al. 
Mean stress values for Lucalox are computed from 

4 t-rm,: L 

P = trx -- õ Kq- (4/3)t• (17) 

where # is the shear modulus and a.E•. is the stress at the HEL. 
The elastic constants are evaluated at the HEL by means of the 
pressure derivatives determined by Schreiber and Anderson 
[1966]. Values of Hugoniot stress for aluminum are accurate 
to less than a few kilobars. Mean stress for the aluminum shots 

was computed from previous determinations of the dynamic 
von Mises limit for 2024-T4 aluminum [Fowles, 1961; Kusubot) 
and van Thiel, 1969a, b]; the uncertainty in P-ax is about 0.6 
kbar for ax = 117 kbar and 2 kbar for ax = 255 kbar. 

The inability to resolve L* and L** contributed a small 
error to the values for the aluminum shots, less than 0.5 and 
0.8% for shots A318 and A322, respectively. Owing to the 
thickness of the A322 target, arrivals from release waves with 
speeds greater than 8.76 km/s merged with rarefaction waves 
from the edge of the flyer plate and thus could not be resolved. 
Moreover, in shot A322 there is additional uncertainty in c due 
to uncertainty in the release speed in the flyer. The values in 
Table I were derived with c (flyer) = 11.5 km/s. It is apparent 
from Figure 5 that this value is uncertain by possibly as much 
at +0.5 km/s, which contributes a +10% uncertainty to the 
calculated values•of c for shot A322. 

DISCUSSION OF RESULTS 

In Figure 4 the results of the two shots with aluminum 

* Erkman • Christensen (1967) - 
ß Kusubov • van Thiel (1969 a,b) 

6 ß This work -- 

0 200 300 

Pressure, kbar 

Fig. 4. Release wave speed in 2024 aluminum. Fourth-order finite 
strain extrapolation of Vj, for c•'M/c•l • = 0.00275 kbar-' (M = pop v-) 
is shown. 
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targets are compared with data taken from the literature. The 
agreement is quite good for shot A318 and fair for the rela- 
tively uncertain data from shot A322. 

Fourth-order hydrostatic finite strain extrapolations [Davies 
and Ahrens, 1973; Davies, 1974] were carried out for the elastic 
wave speed in aluminum, as is also shown in Figure 4. Accord- 
ing to this formulation the longitudinal modulus M (equal to 
0 Vo •) is given by 

M = O0(1 - 2f)?/2'(rnø + rn• + Irn•'• •') - PAn (18) 

and the pressure P is found from • 

P = •0(1 - 2e)5/2(C0 + C•e + C•.e •' + Cae a) (19) 

where the Eulerian strain parameter e is related to actual 
density 0 and initial density 00 by 

e = •[1 - (p/po) TM] (20) 

and for cubic or isotropic symmetry A• = -3. The finite strain 
coefficients are evaluated from 

Co = - 3Po/oo (21 ) 

where P0 is the initial pressure and 

.._ o o C, 3(r,, q- 2r,•.) (22) 

11 2 ' C, = •(r• q- r,, ) (23) 

Ca = •(r• q- 2r,• 2) (24) 
, 

o 

r•i = (Cii q- PoA;i)/Po (25) 

• t )/Oo •t_ 7ri i ø ri i = -- 3 Ko(Ci i + A g i (26) 

•' = __ __ 7ri i ø) gii 9 Ko•Ciitt/0o 3 Kot(rii • 

q- 16r•i x -- 49rii ø (2?) 

For an isotropic solid, A•a = -1, A44 = --1, C• = M = K + 
•u, and C•. = K - ltd. Parameter t• is the shear modulus, and 
the primes denote differentation with respect to pressure. We 
have not explored the implications of the present experimental 
results in terms of alternate (Lagrangian) finite strain formula- 
tions [Thomsen, 1972]. 

Values for the first pressure derivatives of the elastic moduli 
were computed from data compiled by Simmons and Wang 
[1971]; rgK/rgP = 3.0, and Ot•/OP = 2.82. Weighted least 
squares fitting [cf. Deming, 1943], using the data above 5 kbar, 
gives O•'M/OP•' = 0.0028 + 0.0054 kbar- • when O•'K/Ot n = 
OaM/OP • and O2M/OP • = 0.002 + 0.004 kbar -• when O•'K/OP •' 

= 0. Thus M(O•'M/OP •) for aluminum has the value •2.7 
+ 5.7. Except possibly for the region •<30 kbar the theory 
accounts quite well for the observed release wave speeds. 

In Figure 5 the data for rarefaction wave speed in Lucalox 
are compared with extrapolations of the longitudinal and bulk 
elastic velocities, also based on the fourth-order finite strain 
theory developed by Davies ((18)-(27)). In applying this the- 
ory to Lucalox, which is shocked to a region where shear 
strains are still significant, we make the assumption that the 
elastic wave speeds are solely functions of mean stress. We 
have plotted the values of c determined from L*, since we feel 
that those values are more reliable. The finite strain formulas 

were evaluated by using ultrasonic data of Anderson et al. 
[1968]: values at 20øC and zero pressure were K0 = 2521 kbar, 
#0 = 1613 kbar, OK/OT = -0.14 bar/øC, O#o/OT = -0.18 
kbar/øC, OK/OP = 3.98, Ot•/OP = 1.76, and 00 = 3.98 g/cm a. 

A correction was made for the difference between the Hugo- 
niot temperature (taken at 400 kbar from the calculations of 
Ahrens et al. [1968]) and the adiabatic temperature (calculated 
on the assumption that the Gruneisen constant divided by the 
specific volume is constant) by using zero-pressure moduli 
evaluated at 75øC. Between 360 and 400 k bar the rarefaction 

wave speeds are in general agreement with longitudinal and 
sound speeds extrapolated with values of O•'M/OP • of about 
-0.01 kbar -•. Bounds on the value of c•2M/c3P e were obtained 

by calculating the least squares fit to all the data under the 
assumptions O•'K/Op2 = O•'M/Op2 and O•'K/OP• = 0. The 
results are rg•'M/rgP • = -0.0127 and -0.0143 kbar -x, respec- 
tively. 

These values are strongly influenced by the three data points 
which lie below 300-kbar driving stress, which, as is discussed 
below, may not represent longitudinal elastic wave speeds. A 
fit to the four higher pressure points, using the same bounding 
procedure, gives -0.0102 < rg•'M/rgP • < -0.0097 kbar -•. The 
computed standard error for the bounding values is •0.005 
kbar -•, but with such a small data base (3 degrees of freedom) 
this estimate is only qualitative. 

The hydrostatic data of Hart and Drickamer [1968], which 
extend to only 304 kbar, imply that O•'K/OP • >• -0.002 
kbar -•. 

We note that these results are similar to those of Graham 

[1972], who studied the shock compression of single-crystal 
AlaOa below the HEL in the (100) and (001) directions. He 
found no sensible difference in moduli along these directions. 
His value of Cxx at ax -• 200 kbar (el 18-kbar mean stress), 
when it is compared with the zero-pressure values of Cn and 
Caa extrapolated with the mean values of OCxx/• P determined 
ultrasonically by Hankey and Schuele [1970], implies that 
Cx•(O•'C•/rgP) is -26 + •75 for xx = 11 (transverse to the 
principal axis) and 43 + •75 for xx = 33 (parallel to the 
principal axis). By comparison, we find that the value of 
M(O•'M/OP •') • -46 + • 24. Since M is a function of all six 
independent second-order single-crystal elastic constants, its 
derivatives cannot be directly compared with those of C•x; 
however, longitudinal moduli in single-crystal AI•.Oa vary little 
with direction (e.g., Cxx/Caa -- 0.997), so that rough agreement 
between these two measurements is to be expected. Since the 
transverse moduli play a more important role in determining 
bulk properties than the parallel moduli, the closer agreement 
with Cx•(O•'C•/OP •') is also to be expected. 

The relatively low values of release wave speed measured at 
200 and 285 kbar deserve additional comment. There are four 

possible explanations for these data: 

- (1) • 
• 12-- •• - 

! 

• - ß - 
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Fig. 5. Release wave speeds in alumina. Fourth-order finite strain 
extrapolations of F• and bulk sound speed are shown: 1-3, longitudi- 
nal wave speed, with a•K/a • = a•M/a• = O, a•K/a • = a•M/• 
= -0.0097 kbar-', and a•M/a• = l(a•u/aF) = -0.0102 kbar-', 
respectively; and 4, bulk sound speed, with a•K/a• = O. 
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1. The shear modulus may decrease upon shear failure. 
This effect has been observed in quartzose rock, in which 
melting along failure planes has been postulated [Grady et al., 
1975]. Relatively low release wave speeds have also been ob- 
served in polycrystalline iron [Barker and Hollenbach, 1974]. 
The data for a iron are compared with extrapolations of elastic 
wave speeds (based on data from Guinan and Beshers [1968]' 
K0 = 1664 kbar, •0 = 814 kbar, •9K/•P = 5.29, and •9•/•P = 
1.85) in Figure 6. Agreement is obtained only for extraordi- 
narily negative values of •9•M/•9P •, e.g., -0.043 kbar -•. These 
observations may reflect a decrease in u as a phase transition is 
approached, as has been proposed by Anderson [1972]. Gra- 
ham and Brooks [1971] also observed a very large decrease in 
the shear modulus of single-crystal AI•O3 above the HEL. 
However, the single crystals fail at ax = 120-210 kbar, a 
finding which implies shear stresses that (according to von 
Mises yield theory) are never reached in polycrystalline Luca- 
1ox. (Evidently, the failure mechanisms differ in these two 
materials.) Moreover, Ahrens et al. found a significant offset 
between the Hugoniot and the hydrostat (the mean stress 
versus volume curve) of alumina, from which it was inferred 
that the shear modulus is nearly constant. 

2. The elastic-plastic release model may not apply to alu- 
mina shocked in this pressure range. A similar conclusion was 
reached for • iron and possibly for a iron relieved from stress 
states of 100-400 kbar [Ba•ker and Hollenbach, 1974]. In 
aluminum the elastic and plastic release waves also fail to 
separate, as would be predicted by elastic-plastic theory [Erk- 
man and Christensen, 1967]. 

3. The shots in which low release wave speeds were ob- 
served were also those in which the Lucalox flyer plates were 
backed with aluminum support discs; it may be that because 
the release waves were of lower amplitude, the first arrivals 
produced no significant effect on the streak records. 

4. The release wave speeds might truly represent the longi- 
tudinal sound speeds in the material were it under an equiva- 
lent hydrostatic pressure. This would imply either that 
c• V•,/c• P approaches zero or becomes negative below 200 kbar 
or that the zero-pressure value of c• Vv/c•P is seriously in error. 
The stability of shock waves at stresses below 200 kbar and the 
consistency of measured values of c• V•,/c•P for alumina and 
other oxides appear to contradict both of these inferences. 

We favor points 1 or 2 above as the probable explanation of 
our data. It seems conceivable that whatever mechanism 

causes the catastrophic loss of shear strength in single-crystal 
i aluminum oxide may also be activated during the release proc- 
ess in polycrystalline material. The approach of the release 
wave speed to reasonable values of V•, at higher pressure may 
indicate increasing shear strength with compression. Thus the 
value of •'M/gI• derived from our experiments on Lucalox 
should be considered a lower bound. 

CONCLUSIONS 

The agreement of rarefaction wave speed in shock-com- 
pressed aluminum and in polycrystalline alumina shocked to 
stresses above •350 kbar with extrapolations of V•, using 
fourth-order finite strain theory points to initially elastic un- 
loading behav. ior in these materials at these stresses. Values for 
M(c•M/c•I•) of •2.7 4- 5.7 for aluminum and •-50 for 
alumina can thus be obtained from the shock wave data. The 

value of M(c•M/c• 1•) for alumina is in agreement with values 
of .C•,•,(c•C•,•,/c•I •) measured previously for single-crystal 
aluminum oxide. 

In alumina shocked to stresses of 200-300 kbar, as in alumi- 

t.• - 
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o 50 1oo 
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Fig. 6. Release wave speeds measured in a iron by Barker and 
Hollenbach [1974], compared with fourth-order finite strain extrapo- 
lations of V•: 1, •2M/Ot n = O2K/c•/n = 0; and 2, O•M/•t n = 
•K/c•/n = -0.0425 kbar-• 

num shocked below 30 kbar and iron shocked to above 100 

kbar, the release wave speeds do not agree with any reasonable 
extrapolation of either elastic wave speed. Deviation from 
elastic-plastic release behavior is considered the most likely 
explanation of this discrepancy, except in iron shocked to 
• 100 kbar, to which a decrease in the shear modulus in the 
neighborhood of a phase transition may also be a contributing 
factor. 
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