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With the use of the Mie-Griineisen equation, thermodynamic states off the principal Hugoniot are analyzed to
obtain experimental results for the Gruneisen coeAicient. Such states are achieved through the phenomena of
regular and Mach reflection and through shock compression of porous samples whose initial densities are less

than the standard density on which the principal Hugoniot is centered. Measurements of the speed of release

waves in shocked material also permit the Gruneisen coefficient to be evaluated. The composite result for the
dependence of the Griineisen parameter on volume is compared with some functional forms commonly used in

shock-wave work.

I. INTRODUCTION

There are three experimental curves which can
serve as valuable references for the high-pressure
equation of state of metals. The first is an iso-
therm, usually measured at room temperature.
Useful isothermal results are limited, however,
to the calibrated pressures that can be achieved
by static methods. Dynamic "isentropic" compres-
sion by magnetic flux, for example, and approxi-
mate isentropic compression by a large number of
small shocks are rather new fields of study. Al-
though volumes can be determined directly, the
high pressures must usually be inferred or calcu-
lated by numerical hydrodynamic techniques to
match dynamic performance. Thus the chief ref-
erence at very high pressures remains the princi-
pal Hugoniot, the locus of all thermodynamic
states attainable directly by shock compression
from whatever are considered standard conditions
for a particular metal. The outstanding problem
then becomes how to describe thermodynamic
states which are not on the principal Hugoniot.
One of the simplest and most commonly used form-
ulations is the Mie-Gruneisen equation, which re-
lates pressure to internal energy and volume and
has a theoretical basis which makes it useful for
interpreting shock-wave results. The success of
this approach has resulted partly from the Gru-
neisen coefficient for shocked materials being
principally a function of volume and rather insensi-
tive over much of the range of interest to internal
energy or temperature. Knowledge of the volume
dependence of this parameter is therefore the key
to describing states off the principal Hugoniot. For
some specific metals, attempts have been made to
calculate the Gruneisen coefficient by means of as-
sumed interatomic potentials. ' Among the more
generalized theories posed for calculating this pa-
rameter, that of Dugdale and MacDonald, that of

Slater, and that which uses the free-volume ap-
proximation, have been more commonly applied in
shock-wave work. ' For some metals this question
has been tackled experimentally by determining
Hugoniots for porous samples. Since such addi-
tional Hugoniots are centered on below-standard
densities, a Gruneisen coefficient can be evaluated
from the difference between the several high-pres-
sure references. These Hugoniots, however, al-
ways refer to states which have more specific en-
ergy than states of corresponding volume on the
principal Hugoniot. In that case it sometimes be-
comes necessary to account for vaporization of the
material or to distinguish between that portion of
the pressure and energy supplied by lattice com-
pression and that portion which is basically an
electronic contribution. States with less energy
than those on the principal Hugoniot may be in-
vestigated by multiple shocking of a metal to the
desired volume. These relatively colder states
can also be utilized to evaluate the Gruneisen co-
efficient with respect to the principal Hugoniot.
In fact, very high compressions can be more easily
achieved with multiple shocks because the thermal
contribution to the pressure is much smaller.

In this paper. some experimental determinations
of the GrQneisen coefficient for aluminum and alu-
minum alloys will be presented. Although these
materials have slightly different chemical compo-
sitions, there are sufficient other uncertainties
in the experiments that no attempt will be made to
distinguish between the final results on that basis.
The measurement of bulk sound speeds in shocked
materials will be reviewed first. These experi-
ments determine the velocity of a release wave
propagating into a region that has been shock com-
pressed. Next the case of shocks reflecting from
materials of higher impedance will be considered.
Then the results of multiple shocks obtained by
regular reflection will be reviewed and a new re-
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suit obtained from a three-stage compression by
regular reflection techniques will be described.
Some old and new results for Mach reflection will
also be included. Information gained from Hugoniot
experiments on porous samples will also be intro-
duced. Finally, the results for the Gruneisen co-
efficients obtained by all the various techniques
will be compared with commonly used analytic
forms for metals.

II. BULK SOUND SPEEDS

The bulk sound speed characterizes the lower
limit of the speed with which very small disturb-
ances, that is, weak shocks or relaxation waves,
propagate through shock-compressed material.
Measurements of sound velocity play a large part
in the study of the equation of state. The Mie-
Gruneisen equation of state is written with respect
to the principal Hugoniot pressure and energy, P;
and E;, as

Pl -P; =(El -E;)y(V;)/V;

The function y(V) is the Gr'uneisen coefficient and
the convention of primed quantities, referring to
values for a state at volume V; that is not on the
principal Hugoniot, is adopted. This equation can
be solved in the acoustic limit to yield'

BP,P + ' (V, -V),
&V, H

where V, is the volume on which the Hugoniot is
centered, the derivative with subscript H is the
slope of the Hugoniot at volume V„and that with
subscript S is the slope of the isentrope which
passes through P, and V, . This latter derivative
is related to C„ the bulk sound speed of the ma-
terial compressed to V„by

eP', -C',
BV, s V',

Several measurements of the bulk sound speed in
shock-compressed materials were made a number
of years ago by Al'tshuler et a/. ' for pressures
ranging from 41.2 Gpa (412 kbar) to 196 GPa (1.96
Mbar). The experimental technique used was the
overtaking-relaxation method. ' In this technique
a flying plate is impacted on a 'ample plate and
shocks are induced in both. As the shock pro-
gresses through the sample, the shock in the flyer
reaches the back surface and a rarefaction returns
through the flyer plate and subsequently enters the
sample. The location in the sample where the head
of the plastic rarefaction overtakes the shock can
be used to deduce the bulk sound speed of the
shocked material. In practice the measurement

TABLE I. Results of bulk sound speed measurements.

P& (GPa) Vi (Mg/m ) C& (km/sec)

41.2
54.5
97.5

160.0
195.5
27.4+1.2
27.7 + 1.0

0.280
0.267
0.241
0.217
0.210
0.297 + 0.002
0.297 + 0.001

8.13
8.84
9.76

11.23
11.74
7.49+0 ~ 10
7.45 + 0.18

0.86 (+0.48)
0.73 (+0.35)
1.39 (+ 0.18)
1.12 (+0.12)
0.98 (+ 0.11)
1.21 + 0.48
1.45 + 0.85

of bulk sound speed reduces to the experimental
determination of the shock-wave trajectory in the
sample, plus a measurement of whatever param-
eters are necessary to specify the magnitudes of
the shocks. The results of five experiments on
aluminum and the Gruneisen coefficients, as cal-
cula. ted from Eq. (2) with the Soviet Hugoniot, are
listed in the first five rows in Table I. The stand-
ard deviations for y, listed in parentheses, cor-
respond to 2% errors in the sound speeds. Since
no experimental errors were quoted, these rep-
resent a guess as to the precision of this type of
experiment. The first two values of y disagree
with the others. Curran' has pointed out that elas-
tic effects probably caused erroneous measure-
ments at the two lower pressures. The shock tra-
jectories for those two were determined experi-
mentally by a different method than the latter
three. In any case, these two determinations of y
will be disregarded here.

Two bulk sound speed measurements in 1100-F
aluminum obtained by the present author using a
different experimental method were recently re-
ported. ' In those experiments a shock impinged
obliquely on a free surface and the head of the re-
flected plastic rarefaction was observed radio-
graphically. These results are listed at the end of
Table I. The accompanying standard deviations
illustrate a well-known fact. At low compressions
the value of the Gruneisen coefficient is particu-
larly sensitive to the sound speed. At this pressure
a 1% uncertainty in the sound speed is reflected as
a 30%() uncertainty in y. As can be seen from the
previous results, at higher compressions this dif-
ficulty is not so serious. The reason for this is
that the Gruneisen coefficient is proportional to
the difference between the slope of the Hugoniot
and the slope of the isentrope passing through the
compressed state. In the limit of zero compres-
sion these slopes are identical. As the compres-
sion achieved by the shock is increased, the
Hugoniot rapidly becomes steeper and these slopes
normally differ more and more. Thus for small
compressions y depends on a small difference be-
tween two relatively large numbers, and a minor
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uncertainty in one of them can significantly affect
that small difference. At higher compressions, a,s
for example in Al'tshuler's highest compression
experiment, a 2% error in the sound speed induced
only an 11% error in y. Thus bulk sound speed
measurements can be very useful in determining
the Qruneisen coefficient, but only at high com-
pressions.

III. REFLECTED SHOCKS

A two-stage shock compression can be achieved
by transmitting a shock through a sample and then
reflecting the shock from a material of higher
shock impedance. In metals, as a result of such a
second compression, pressures behind the re-
flected shock can be up to several times as great
as the incident pressure. The technique is ana-
lyzed graphically in Fig. 1 for the case of a shock
passing from aluminum to copper. The solid lines
are principal Hugoniots while the dotted lines rep-
resent second Hugoniots for aluminum, that is,
Hugoniots centered on a state achieved by shock
compression. The method illustrated at 30 QPa is
analogous to the impedance-match technique used
to collect principal-Hugoniot data. To obtain Hug-
oniot data for copper, some formulation for y is

80
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lD

40

20

Particle Velocity — 0 (km/s)

FIG. l. Analyses of shocks in aluminum reflecting
from copper. Solid lines are the reference principal
Hugoniots. Dashed lines represent the graphical con-
struction that vvould be used to determine the state in the
copper for three different experimental methods. Dotted
lines are the resulting recentered Hugoniots for aluxnin-
um.

assumed and the 30-GPa second Hugoniot for alu-
minum is calculated and taken as a reference. The
initial density and the shock velocity are measured
for the copper and a straight line with the slope of
their product, p, U„ is constructed through the
origin. In Fig. 1 this line is dashed; its intersec-
tion with the aluminum second Hugoniot establishes
a x'esult on the principal Hugoniot of copper. To
determine the Gruneisen coefficient, this approach
can be inverted by considering the copper principal
Hugoniot (preferably obtained by fundamental mea-
surements) as the reference and using the shock
velocity measurement to establish the pressure
and particle velocity in the copper. The fact that
the 30-QPa second Hugoniot for aluminum must
pass through this point on the copper Hugoniot
establishes a value of the Qruneisen coefficient.
The drawback to this method is its lack of pre-
cision and accuracy. The dashed line of slope
p, .U, intex'sects the copper Hugoniot at such a small
angle that any error or uncertainty is greatly mag-
nif ied when determining the pressure. This in
turn escalates the uncertainty in y.

A better method of determining y is to measure
the particle velocity in the copper. This approach
is illustrated in the graphical construction for 40
QPa. The dashed line representing fixed particle
velocity does not intersect the copper Hugoniot at
such a small angle, and the effect of uncertainties
is subsequently reduced. This method, however,
does not work as well with high shock impedance
materials since their Hugoniots in this plane rise
so steeply that they again intersect lines of con-
stant pax'ticle velocity at small angles. The most
precise method for determining y is illustrated in
the 50-QPa example. In this case the velocity of
the reflected shock in the aluminum is observed
directly. A dashed line emanating from the 50-
GPa result on the aluminum principal Hugoniot is
constructed with slope -U, /V„where U, is the'2 2
velocity of the reflected shock with respect to the
material in front of it and V, is the volume in the
aluminum achieved by the 50-QPa shock. This
dashed line intersects the copper Hugoniot at an
even larger angle than in the previous method.
Direct measurement of the reflected shock, how-
ever, can probably only be accomplished with
radiographic techniques or embedded signal
gauges. Thus far this method has not received
much application.

If two shocks of the same magnitude collide in a
given material, there exists a plane of mirror
symmetxy which, for purposes of the flow descrip-
tion, is completely equivalent to a rigid wall —a
hypothetical object representing the ultimate in
shock impedance. If the collision angle ~„ the
semiangle between the two shocks, does not exceed
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a certain critical value, the phenomenon of regular
reflection results and two reflected shocks occur.
The actual pattern of shocks can be understood by
examining the portion of Fig. 2(a) in which the
angles are labeled. The reflection angle, one-half
the angle between the reflected shocks, is denoted
by P, . The shock and particle velocities for the
second shock are given by'

U, = U, (sing, /sino, ) +u~ cos(a, +P,)

and

u~ =g& cosa, /cosP, .
The corresponding volume, pressure, and energy—
which can be obtained from the Bankine-Hugoniot
shock relations' —are

Here po is the initial density and P„V„and E,
refer to the state achieved by the i~icident shock.
The convention for primed quantities is continued.
Since P, and F.„ the pressure and energy of a
state on the principal Hugoniot at volume V„are
known, Eq. (1) can be used directly to evaluate y.

Over a decade ago Al'tshuler and Petrunin' pub-
lished a few results for symmetrical oblique col-
lisions in which the angle z, was determined by
experimental design and the angle P, was observed
radiographically. Their single result for aluminum
and the value of y determined from it with the use
of their Hugoniot are as follows:

P, =36 Gpa, V, =0.235 Mg/m',

P', =95.2 GPa, and y(V,) =1.34+0.52.
V, = V,(1 -s,,/U, ),

Z 2
=E, + ~ (P, +P2) (V, —V,) .

(5)

( f)
The standard deviation for y corresponds to a
1.25 uncertainty assigned to P, .

A three-stage compression may be achieved in a
similar fashion using this same phenomenon.
Three shocks are caused to converge as shown in
Fig. 2(a). For the particular experiment to be dis-
cussed this system was chosen to have threefold
rotational symmetry. The first collision angle,
z„was thexefore 30 . Over a wide range of shock
strengths this collision angle results in regular re-
flection in most metals. The circled integers in-
dicate the number of times material in that region
has been shock compressed. As time elapses, the
principal shocks will converge to the center and
the original reflected shocks will themselves col-
lide and cause regular reflection again as shown
in Fig. 2(b). Region 3 thus represents material
which has been shock compressed three times and

n, and P, represent the angles for the second oc-
currence of regular reflection. For this experi-
ment the two cases of reflection are related by

(b)

FIG. 2. Creation of double regular reflection. In (a)
three cases of regular reflection occur as plane shocks
converge toward the center. In (b), which represents the
situation after convergence and at the time of radio-
graphy, three cases of double regular reflection are pre-
sent. Small donable arrows indicate the direction of
motion of the shocks and the integers indicate the number
of times material in that region has been shocked.

V, = V,(1 —u, /U, ), (11)

(12)

Note that in all there are six secondary reflected
shocks and six places where they intersect. Three
of these intersections are at the second regular re-
flections just discussed. The other three result in
a different type of interaction which is not shown
in Fig. 2(b) but whose effects are minor and do not
perturb the area of interest. Equations (4) and (5)
describe the shock and particle velocities for the
second case of regular reflection if all subscripts
are simply incremented by one. The volume,
pressure, and energy attained behind the second
regular reflection are given by
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TABLE II. Results for regular reflection and double regular reflection.

po (Mg/m3)

Co (km/sec)
Sp
U (km/sec)
u& &

(km/sec)
P& (GPa)
V& (m3/Mg)

2.70
5.24
1.40
7.28 + 0.07
1.46 +0.05
28.7 + 1.3

0.296 + 0.002

& (deg)
P, (deg) '
U» (km/sec)
u

&2 (km/sec)
P2 (GPa)
V2 (m3/Mg)

7 (V2)

30
36.49 + 0.79
9.24 + 0.18
1.57 + 0.06
77.7+ 4.1

0.246 + 0.003
1.54 + 0.20

a2 (deg) ~

P2 (deg) '
U~ (km/sec)
u& (km/sec)

'3

P3' (GPa)
V3 (m~/Mg)

y (V3)

60' —
Pg

27.82 + 0.28
11.79 + 0.58
1.63 + 0.07

155.8 + 10.7
0.212 + 0.003
1.11+ 0.26

~ Measured directly.

and

E' =E'+
2 (P' +P')(V —V ) . (13)

Values of y can be determined as before for both
stages of compression.

An experimental test of this flow phenomenon
used three 102-mm cubes of Composition 8-3
explosive initiated with P-081 plane-wave lenses
to induce shocks in a triangular 6061 aluminum
prism. The faces of the sample contacting the ex-
plosive were 102-mm square. A matched explo-
sive system was used to induce a shock in a sep-
arate sample where the velocity of the incident
shock was measured with piezoelectric timing
pins. In principle, both P, and P, should be mea-
sured at the time of convergence. In practice, P,
cannot be measured just then since region 3 exists
only as a point. Our experience with regular re-
flection has shown, however, that these angles
vary sufficiently slowly with time that the angle
should lie within the standard deviation of a mea-
surement made when region 3 has expanded enough
to permit the angle to be resolved. In this experi-
ment P, was also measured at the same time as P,
so that only one radiograph would be needed. The
previous comment again applies. This led to some
degradation in the precision of P, and in a more
recent experiment on beryllium, a separate
matched experiment wa. s conducted to measure this
angle at the time of convergence. The results of
the aluminum experiment, which was radiographed
with a 40-nsec pulse from the PHERMEX radio-
graphic facility, ' are listed in Table II. The quan-
tities Co and So refer to an empirical linear rela-
tionship between shock and particle velocity,

sin(~ —Q) = U, sin(8 —&p) . (15)

C

O
CL

superseded by that of Mach reflection. The result-
ing situation is shown in Fig. 3 for the case of a
symmetrical collision. The confluence of the in-
cident and reflected shocks is not attached to the
mirror-image plane as in regular reflection but is
joined to it by a shock known as a Mach stem which
intersects the confluence at angle 0. Recently this
flow has been analyzed successfully for shocks in
solids by a modified version of the three-shock
model with a slip line. ' This model will be briefly
reviewed here. In Fig. 3 a slip line is shown to
emanate from the shock confluence at angle 6 and
the trajectory of the confluence diverges from the
wall at a growth angle (II), which is assumed to be
constant. The requirement that the Mach stem
intersect the principal shock at the confluence may
be expressed as

U, , =Co+Soup (14)

which describes the principal Hugoniot for this
material. The final density achieved corresponds
to a pressure on the principal Hugoniot of 198 GPa,
almost seven times that of the incident pressure.

IV. MACH REFLECTION

When the collision angle a exceeds some critical
limit, the phenomenon of regular reflection is

FIG. 3. Schematic of Mach reflection. Shocks are
indicated with heavy solid lines. Growth line describes
the path of the confluence of the stem, the principal
shock, the reflected shock, and a slip line.
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The subscript m will refer to the Mach stem shock
in the immediate vicinity of the shock confluence.
The material which flows through the Mach stem
and moves along the slip line is deflected at an
angle 5-(II} described by

u~ sin(8 —&P) cos(8 —P)
U, —u~ s in'(8 —P)

(16)

In the modified model the reflected shock is treated
as a disturbance and its shock velocity described
by

U~, —up, sin'(a —P)
sin(a —P) sin(P + g)

Comp. 8-3

2024
AI

Plane-wave Lens

Comp. B-3

The flow which passes through both the incident and
reflected shocks and then moves along the slip line
is finally deflected at an angle described by

( )
u~, cos(a —y) -up, cos(P+y)

)
(U, —

u& ) sin(P+/)

The flow model solution is begun by noting that the
flow deflections given by Eqs. (16) and (18) are
parallel to the slip plane and hence identical. In
addition, there is no pressure differential across
a slip line. Thus the material which passed through
the Mach stem shock must be at the same pressure
as that which has come through the principal and
reflected shocks. In an experiment, the strength
of the incident shock and the incident angle ~ can
usually be established. If the growth angle P and
either P, the angle of the reflected shock, or 8,
the angle of the Mach stem, are measured, there
are sufficient conditions to look for a solution.

The number of Mach reflection experiments re-
ported for solids is extremely limited. In one ex-
perimental technique, cameras were used to ob-
serve the emergence of the Mach stem at a free
surface in an attempt to determine the angles 0 and

In the other, radiography was used to measure
P and Q directly. In principle, the stem angle 6)

could also be measured directly with radiographic
techniques but lack of resolution has so far pre-
cluded the required precision. Three cases of
Mach reflection in aluminum or an aluminum alloy
will be discussed. An experiment performed by
Al'tshuler et al."with camera techniques used fly-
ing plates to achieve a pressure of 425 GPa behind
the Mach stem and reflected shocks. A subsequent
radiographic experiment performed by the present
author used direct explosive drive to attain 84 GPa.
Another radiographic experiment on 2024 aluminum
achieved 49 GPa by means of lateral explosive
drive. Since this latter experiment has not been
previously reported and since it is representative
of a general technique, it will be described here.

Two 51-mm wide blocks of the explosive Com-
position B-3, which sandwich a 25-mm slab of

FIG. 4. Schematic of a Mach reflection experiment
in which the principal shocks are created by direct per-
pendicular explosive drive. Small double arrows indi-
cate the direction of motion of the detonation waves ~

TABLE III. Mach reflection experiments.

po (Mgfm)
CD (km/ sec)
So

k~ sec)
P plP(
P& (GPa)
o. (deg)
P (deg)
P (deg)
8 (deg)

2.71
~ ~ ~ a

~ ~ ~ a

97
45
9.3+ 0.5

90

2.71
5.222
1.428

0.805 + 0.004
27.7 + 1.0

50.00
2.21 + 0.38

65.22 + 1.50

2.785
5.328
1.332
6.39 + 0.01

14.1 + 0.2
53.80 + 0.13
2.46+ 0.49

66.10 + 0.80

Solution to modified three-shock model

P (deg)
0 (deg)
U, z (km/sec)
u&2 (km/ sec)
V~ (m3/Mg)
P,' (GPa)
P„(GPa)
y (V2)

68.1

15.8
4.95
0.165

87.6
9.45 +0.12
1.75+0.05

0.242 + 0.002

425 83.5 + 2.7

0.87 (+ 0.05) 1.66 + 0.14
(1 2)

89.8
8.12 + 0.06
1.34+ 0.05

0.262 + 0.002

48.8 +1.3
1.38 + 0.23

The Soviet Hugoniot is not represented as a linear
relation between shock and particle velocities. See Ref.
10.

Value with thermal electron contributions removed.

aluminum between them, were detonated on the bot-
tom by a plane-wave lens. A schematic of the ex-
periment is presented in Fig. 4. The aluminum
was stepped up so it was not driven directly by the
lens. The explosive columns drive two shocks
obliquely into the sample. These intersect to form
Mach reflection. After the detonation waves have
run approximately 100 mm, the 102-mm thick
sample is radiographed. The strength of the inci-
dent shock is determined by measuring the detona-
tion velocity, observing the angle of the principal
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shock, and hence deducing the shock velocity in
the sample.

The results of all three experiments are listed
in Table III in the order mentioned. The upper
portion of the table lists the parameters for the
incident shock which were either measured directly
or determined from the principal Hugoniot. The
lower portion lists those angles and other quanti-
ties obtained by the solution of the modified three-
shock model. In actual practice Eq. (17) was used
for the last two experiments to evaluate the veloc-
ity of the reflected shock. The equivalency of the
Mach stem pressure with the pressure behind the

reflected shock, as given by Eq. (7), permits the
particle velocity for the reflected shock to be
written

ut, , =V,(poue U, P,-)/U, =E(8 —p).

The right-hand side of this equation is a function
of 8 —Q through the condition in Eq. (15) and the
fact that the material state behind the Mach stem
shock is on the principal Hugoniot. The equiva-
lency of flow deflection provides a second relation-
ship. %'ith appropriate substitutions from the above
expression, the deflection can be written

=f(ut, ) ~

[p,U,' sin-'(o —y) P, -u,-U, ,/V, ][up cos(a —y) -u, cos(p+y)] (20)

In this case the right-hand side is a function only
of u~, and the two equations can be solved simul-
taneously to yield the results listed in the bottom
half of the last two columns of Table III. In
Al'tshuler's experiment the angle 8 was measured
instead of P. In that case all the parameters for
the Mach stem shock can be determined immedi-
ately from Eq. (15) and the principal Hugoniot and
the flow deflection is given by Eq. (16). The re-
maining equations can then be solved in the form

sin(2p +p + 5)

= sin(5 —Q) —2 cos(6 —P}

A[A tan(5 —P) —u» sin(a —P) cos(a —P)]
V,(P. —P,}stn'(a —y}

tion to the model.
For pressures of the magnitude achieved in this

experiment, the contributions to the pressure and
energy from the thermally excited electrons are
no longer insignificant compared to those from
lattice compression. Consequently the magnitude
of this effect has been estimated using a method
discussed by Al'tshuler. Details are included in
the Appendix. The value of y due to lattice vibra-
tions alone is enclosed in parentheses at the bot-
tom of Table III.

The analysis of Mach reflection experiments,
at least for the experimental techniques used thus

d model

A =U, -ut, sin'(n —p) . (22)

Once this expression is solved for P, the velocities
associated with the reflected shocks are given by
Eqs. (17) and (19). The standard deviation for y
listed in parentheses is again based on an estimate
of the minimum errors likely to occur in such an
experiment.

A graphical representation of the final solution
for Al'tshuler's experiment is presented in Fig. 5.
The dashed line indicates the pressures and flow
deflections permitted by the principal Hugoniot for
material which passes through the Mach stem near
the confluence. The locations of various values of
8 are indicated. The solution for the flow which
emerges from the reflected shock is shown as a
solid line. Its exact location in this plane depends
on the values and functional forms used for y. The
value which permits it to intersect the dashed
curve at the measured value of 0 gives the solu-

0.4

0.3-
L

CO

0
0.2—

0
e =80

e =70'
/

8 =6o.—Xl

8 -"5oo~1

Mach stem

l

l2

Flow Deflection [8-P] {deg)

FIG. 5. Graphical representation of the flow solution
for the modified three-shock model with a slip line,
This particular solution is for the Mach reflection ex-
perirnent of Al'tshuler et aL . (Ref. 10).
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far, depends on some model of the flow. This
small drawback is considered to be outweighed by
the multiplication of incident pressure that can be
achieved behind the reflected shock. The com-
pression achieved behind the reflected shock in
Al'tshuler's experiment corresponds to a pressure
on the principal Hugoniot slightly over six times
the incident pressure. Furthermore, the precision
exhibited in Table III appears to be on a par with
that obtained in regular reflection.

V. POROUS SAMPLES

Another method of determining the Qruneisen co-
efficient involves the acquisition of Hugoniot in-
formation for samples with below-standard densi-
ties. When such samples are shock compressed
some energy is needed to collapse the voids, so
the total energy needed to compress to a given vol-
ume is much greater than for nonporous samples.
The extra energy ayyears as thermal energy and
results in a higher pressure than the correspond-
ing state on the principal Hugoniot. This larger
pressure and energy can be used directly in Eq.
(1) to evaluate y. Since aluminum is used as an
impedance-match refexence material in shock-
wave work, this particular problem has received
a great deal of attention. Kormer et al."have
published some results for porous aluminum, and
the Shock Wave Physics Qroup at I.os Alamos has
performed over a hundred Hugoniot experiments on
porous 2024 aluminum. "'" The work on 2024 will
be used here, since it is more extensive. Experi-
mental Hugoniots were determined for four differ-
ent porosities of 2024 aluminum. The higher-pres-
sure results for poxous samples appear to be rea-
sonably linear in the shock-velocity-particle-vel-
ocity plane, although the lower-pressure results
exhibit a good deal of curvature. When comparing
shocked porous material with shocked standard
material it is desirable that the voids be sufficient. -
ly collapsed that the material structures are sim-
ilar. Thus lower-pressure data should probably
be avoided when evaluating y. Consequently, lin-
ear representations are probably adequate for this
discussion, and my fits to the remaining data are
listed in Table IV. The pressure range refers to
fit pressures for the experimental results used.
To determine the QrQneisen coefficient, the prin-
cipal Hugoniot will serve as the master refex'ence,
as it has throughout this paper, since the experi-
ments which determine it are more nuxnerous and
more precise. The results for y from the Hug-
oniots centered at below-standard densities axe
presented in Fig. 6 as solid lines. The lines are
labeled according to the initial porous density. The
use of linear U, -u~ fits imposes a specific function-

TABLE IV. Hugoniots for porous 2024 aluminum.

Co {km/sec)
Pressure range

(GPa)

2.560
2.227
1.955
1.659

4.378
3.024
2.160
1.439

1.438
1.623
1.670
1.685

31&P &104
29& P &99
25&P &91
17 &P &89

l.659
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FIG. 6. Experimental results from porous samples
and popular functional formulations for the Gruneisen
coefficient of 2024 aluminum. Solid lines are from
Hugoniots centered on the densities listed. Dashed
lines labeled &=0, 1, and 2 correspond, respectively,
to the Slater theory, the Dudgdale-MacDonald theory,
and the free-volume theory. Dotted line represents the
empirical form where y/& is a constant. Square is the
thermodynamic value.

al form on y. Thus y has only been evaluated over
the range of volumes for which experimental re-
sults exist and are adequately described by such a
fit. Error bars representing standard deviations
are included at both ends of the result for a par-
ticular density. These errors arise from the
scatter in the Hugoniot data for porous samples.
When making linear fits to these results, small
variations in initial density were corrected by
means of the Mie-Qruneisen equation and a self-
consistent formulation for y, that is, the result
shown. In general, the standard deviations for y
get smallex' as the initial density of the porous
material gets smaller and the thermodynamic
states achieved get farther off the principal Hug-
oniot. For the material with the greatest initial
porosity, the results for y near normal solid den-
sity are higher than the thermodynamic value in-
dicated by a square. This difference is possibly
due to the fact that the porous sample, as a result
of shock heating, is above the melting tempera-



ture, whereas the material described by the stan-
dard reference Hugoniot is still a solid at that vol-
ume. Grover" has described how a Qruneisen co-
efficient evaluated from Eq. (l) can exceed the
Griineisen coefficient for the solid if the higher-
temperature state used to evaluate y is immediate-
ly above the melting line. A similar effect is also
discernible in the results for the other initial por-
osities.

Included in Fig. 6 for comparison are several
forms for y commonly used in shock work. The
dashed lines are given by

( )
f —2 V, d'(P, V", i') d(P, V", i')

)3 2 dV' dV,

as applied to the 2024-aluminum zero-degree iso-
therm. The value t =0 corresponds to the Slater
theory, t =1 corresponds to the Dugdale-Mac-
Donald theory, and t =2 corresponds to the free-
volume theory. Although t = j. is useful for many
metals, for aluminum it does not agree with the
thermodynamic value. The dotted line is the sim-
ple form

(24)

which is often used in shock work. In this ease,
where it is chosen to pass through the thermody-
namic value, it and the Slater theory seem to best
represent the results for porous materials.

VI. CONCLUSIONS

The determinations of the Qruneisen coefficient
from the sound speed and Mach and regular re-
flection experiments discussed in this paper are

I I

Q - Thermodynamic

X - Sound speed

0 - Regular reflection

Mach reflection

displayed in Fig. 7. The thermodynamic values
for aluminum and the alloy 2024 are also shown.
The dashed line represents the conclusion of
Kormer et a/. "from their limited data on porous
materials. The solid line represents the experi-
ments discussed in this paper. It was established
by weighed least-squares segmented fits. All the
data discussed for' porous materials were included
by taking each experiment into account via the
porous Hugoniot fits, but the restriction was im-
posed that the fit pass through the average thermo-
dynamic result with the slope obtained from acous-
tic experiments. " The fit was also not permitted
to oscillate unreasonably between the results for
the highest two c ompressions. This final result is
also listed numerically in Table V.

States far off the principal Hugoniot are difficult
to achieve dynamically for small shock-induced
eompressions. In consequence, the Gruneisen co-
efficient cannot be obtained with much precision at
such volumes. Shock-compression expeximents on
porous samples solve this problem to some extent,
but for low compressions the possibility of the
porous material being melted while the reference
material is still solid can introduce additional
complications. No static compression work"' has
been discussed in this report, but the behavior in
the low-compression region may eventually be re-
solved through comparison of the isotherm with
the principal Hugoniot. At intermediate compres-
sions, a comparison of measurements on second
shocks w'ith results from porous materials raises
an interesting possibility. Second shock states lie
on the cold side of the principal Hugoniot while
states attained by singly shocking porous materi-
als lie on the hot side. If both types of measure-
ments are of sufficient accuracy, it may be pos-
sible to examine y for temperature dependence.
In the high-compression regime, there is simply
a need for more experiments. Both the sound
speed measurements and the reflection measure-
ments appear adequate at high pressures. Some
results for y, however, are not completely insen-
sitive to the Hugoniot chosen to analyze the ex-
periment, although an attempt has been made to

TABLE V. Lattice Gr'uneisen coefficient.

I

0.20 0,25 0.30

Specific Volume (m /ling)

0.35

FIG. 7. Results for the Gruneisen coefficient. Ther-
modynamic values and data from sound speed and reflec-
tion experiments are indicated. Dashed line represents
the conclusion of Kormer et aI. (Ref. 11) from their
limited experiments on porous samples. Solid line re-
presents a weighted fit to all the results discussed in
this paper.

0.37
0.36
0.35
0.34
0.33
0.32
0.31

2.12
2.02
1.91
1.79
1.68
1.60
1.53

0.30
0.29
0.28
0.27
0.26
0.25
0.24

1.48
1.48
1.48
1.48
1.45
1.38
1.28

0.23
0.22
0.21
0.20
0.19
0.18
0.17

V (m3/Mg) y V (m3/Mg) y V (m3/Mg)

1.17
1.08
1.03
1.05
1.12
1.18
1.20
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preserve some sort of self-consistency by using a
Hugoniot appropriate to the particular experimen-
ter. Thus hand-in-hand with off-the-principal-
Hugoniot experiments, there is a need to contin-
ually refine principal Hugoniot references.
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APPENDIX

The electron contribution to the thermal energy
has been represented as""

(A1)

where P, a coeffic ient that can be obtained from
the electronic specific heat, depends principally
on volume and can be evaluated from low-temper-
ature experiments at ambient pressure. The cor-

responding pressure is given by

& =ye PT'&21' (A2)

where y, is the electron analog of the Gruneisen
coefficient for the lattice. Dynamic experiments
have revealed that the quantum statistical value of

y, =
& adequately describes aluminum. ' The de-

termination of electronic contributions thus re-
duces to a calculation of temperature along the
principal and second Hugoniots. In the case of
Al'tshuler's Mach reflection experiment, the tem-
peratures were obtained from the high-temperature
equation of state for aluminum developed by Nau-
mann. " The value of the Gruneisen coefficient
which corresponds to the lattice was then deter-
mined from Eq. (1) by using only the pressures
and energies associated with the lattice compres-
sion. The temperature of the material behind the
reflected shock was estimated to be 9000 K. This
was much less than 33000 K estimated tempera-
ture of a thermodynamic state on the princ ipal
Hugoniot at the same compression.
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