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A method is described for measuring the speed of propagation of weak disturbances behind
the front of strong shock waves. The existence of two sound velocities, corresponding to the
elastic and plastic states of the material, has been detected. With the aid of the techniques
which have been developed, the sound velocities and isentropic compression moduli of alu-
minum, copper, iron, and lead have been determined in the pressure range 0.4 to 3.5 x 10°
atmos. On the basis of the experimental results so obtained, the magnitudes of the thermal
energy, the temperatures of the shock compression, and the Gruneisen coefficients have

been estimated.

INTRODUCTION

THE new methods of studying the properties of
matter at high pressures are based on the use of
strong shock waves.!»? A determination of two of
the wave parameters — its velocity of propagation
and the velocity of the mass of material behind the
front — permits the pressure and density in the
shock compression to be found.

A third important kinematic parameter of a
shock wave is the speed of sound within the mate-
rial compressed by the shock. Its value charac-
terizes the speed with which small disturbances
(weak shocks and relaxation waves) are propa-
gated through the compressed material. A knowl-
edge of the speed of sound, in this sense, is of un-
doubted interest, not only for geophysical investi-
gations, but also for other investigations connected
with the propagation of sound and shock waves, and
in particular for properly setting up experiments
to determine dynamic compressibility.

Measurements of sound velocity play a large
part in the study of the equation of state. It is
well known that a shock compression increases
the internal energy of a body by the amount AE
=$Pr(vy—v), where Pr is the pressure in the
shock, vq is the initial specific volume, and v
is the specific volume behind the shock wave front.
On the diagram of pressure vs specific volume
(Fig. 1), AE is equal to the area of the triangle
OAB. The energy thus acquired is partly spent
in overcoming the elastic repulsive forces, in-
creasing the elastic potential of the lattice by an
amount equal to the area of the curvilinear triangle
O,DA.

FIG. 1

The remaining part, represented by the shaded
area in the diagram, is liberated in the form of
thermal energy, heating up the material and in-
creasing its entropy. As a result, the points on
the dynamic adiabatic lie on different isentropics
Pg above the curve for elastic or cold compres-
sion Py. Through the relation —v?(8P/dv)g = C?,
measurements of the speed of sound behind the
front of a strong shock wave determine the slope
of the isentropics — in other words, the isentropic
compressibility of the material — in the extreme
high pressure region of hundreds of thousands or
millions of atmospheres.

In the present study we present methods of
measuring the speed of sound behind the front of .
strong shock waves, and the results of measure-
ments on aluminum, copper, lead, and iron in the
range of pressure from 4 x 10° to 3.5 x 10% atmos.
On the basis of the experimental results obtained,
the isentropic derivatives have been calculated and
the thermal energies and temperatures in the shock
have been estimated. The Griineisen coefficients
have also been estimated, with somewhat less
accuracy.
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1. MEASUREMENTS OF THE SPEED OF SOUND
BY THE LATERAL RELAXATION METHOD

By definition, the speed of sound is the speed of
propagation of small disturbances with respect to
the moving material. Since at the wave front
C+ U>D (U being the bulk velocity of the mate-
rial behind the shock wave front and D the velocity
of the front), it follows that any disturbance origi-
nating behind the shock wave front will overtake
the front, and will produce changes in all the pa-
rameters, including the kinematic parameters U
and D themselves. This permits measurements
to be made of the velocity of propagation of acous-
tic disturbances, since it registers their arrival
at the shock wave front.

8 t+At i

FIG. 2
In the method of lateral relaxation, the shock

wave moves along a cylindrical sample with a
stepped shape (Fig. 2). The surface of the shoulder
acts as a source of rarefaction waves. Expansion
waves propagate with the speed of sound through
the shock in the metal and overtake the shock wave
front, causing a reduction of pressure in the periph-
eral zone of the sample.

Let us consider the two positions of the shock
wave front at the instants t and t + At. Let the
point O separate the relaxed portion of the front
from the unrelaxed part. After the time At the
shock wave has progressed a distance DAt, and
the metal particles which were originally at point
O have been displaced along behind the front for
a distance UAt. After the same interval At the
relaxation waves will have reached a sphere of
radius CAt with its center at O;. Since the
motion of the rarefaction waves caused when a
shock wave passes around an internal angle is
self similar, the trajectory of the boundary point
is a straight line, making a constant angle of re-
laxation « with the direction of propagation of
the shock wave. In the right-angled triangle OjAB
we have AB =V (CAt)2—(D-U)At2. The same
leg in the triangle AOB is AB = DAt tan a. Equat-
ing, we obtain the following expressions for the
tangent of the relaxation angle and the speed of
sound:
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tana =V/(C/D)*— (D —U)/DF,
C = DV(tanw)® - (D —U) /D)2

Thus, for measurements of the speed of sound
by the lateral relaxation method, if the parameters
D and U for the shock wave are known, the tan-
gent of the relaxation angle o must be determined
experimentally.

[ A 2 2 I I
- p —1 1
FIG. 3. a—Scheme of ex- s & L} ; A ;
periment for determining the a EREIL I
relaxation angle. b— Front Tz 7 7 P

of the flying material. ’ '

The general scheme of the experiment for
measuring the angle a is evident from Fig. 3.
Until the instant when the shock wave emerges
from the sample slab, the relaxation waves create
a region of reduced pressures and lower throw-off
speeds on the wave-front surface. The velocity of
the free surface of the sample therefore falls off
from point B toward point A, as shown schemat-
ically by the lengths of the arrows. The boundary
of the unrelaxed region is found by measuring the
throw-off velocities, or (which amounts to the
same thing) the difference in the time of flight of
the metal to a Plexiglas plate P fixed a short dis-
tance away from the sample. The process of the
collision of the thrown-off surface with the Plexi-
glas surface is determined with a double-objective
slit photo-chronograph with a type SFR-3 rotating
mirror? having a sweep speed up to 6 km/sec. A
break in the profile of the flying material (see
points B’ in the sketch of the photochronogram,
Fig. 3) determines the boundary of the unrelaxed
region. Knowing the diameter of the shoulder d,
the height h of the sample, the scale of the photo-
graph k, and the distance B’B’ measured on the
film, we find the quantity of interest to us from the
formula

tano = (d — kB'B')/ 2h. 3)
where k is the ratio of the dimensions in nature
to the dimensions on the film.

The shock wave parameters necessary to evalu-
ate the speed of sound from (2) are determined in
separate experiments. If the dynamic adiabatic is
known, it is sufficient to measure a single param-
eter of the shock wave, for example its velocity D.

2. RELAXATION WAVES — ELASTIC AND PLASTIC

At pressures of 300 to 500 x 10° atmos, the photo-
chronograms recording the time differences in the
shock along the indicator surface differ fundamen-
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tally in nature for materials having different me-
chanical properties. With water, for example, the
photograph records a sharp bend at the boundary
of the unrelaxed zone (see Fig. 4a). On the other
hand, with a steel sample the curve has a rounded
contour without sharply defined boundaries to mark
off the region of the relaxation waves (Fig. 4b).

FIG. 4. Experimental
photochronograms. Velocity
of travel of the light across
the film is 6 mm/microsec.
Direction of motion is shown
by the arrow.

On the basis of the pictures obtained, it can be
assumed that for rigid materials the more slowly
moving particles of the peripheral zone retard the
neighboring portions of the unrelaxed region, which
originally received the maximum momentum. In
practice, if a thin layer of water or alcohol is ap-
plied to the metal surface to receive the momen-
tum of the free surface, it permits the distribution
of velocities across the sample diameter to be re-
corded more clearly, and the boundary of the unre-
laxed zone to be determined with high precision
(see Fig. 4c). Nonetheless, the difference in flight
time for different parts of the liquid layer confirms
in basic outline the picture derived above of a
gradual decrease of velocity in the relaxed zone,
and a large relaxation angle.

Table I gives the results of relaxation angle
measurements for water, copper, and iron at
relatively small shock pressures. The sound
velocities C* and the corresponding compressi-

- bility moduli pyC*? have been calculated from
the observed relaxation angles. In Table I these
quantities are compared with the values of the
derivatives of the dynamic adiabats dPr /do,
which for low pressures characterize the isen-
tropic compressibilities of the materials with
reasonable accuracy. For water the experimen-
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tally measured modulus p,C** is somewhat
smaller than the derivative of the dynamic adiabat,
in agreement with the theory of the subject; for
copper and iron it is considerably greater —ap-
proximately 1.5 times.

The data given in the table prove beyond doubt
that in the metals under consideration there are
wave systems propagating with speeds greatly ex-
ceeding the isentropic velocity of acoustic waves
of volume compression.

In order to understand their origin, let us con-
sider the variation in the state of stress of a metal
which has been compressed by a shock wave, when
a plane relaxation wave acts upon it. The elasto-
plastic properties of an isotropic medium are char-
acterized by three constants: the Young’s modulus
E, the Poisson ratio u, and the critical shear
stress o). Under the influence of the relaxation
wave the compressive stress in the direction nor-
mal to the relaxation front decreases by some
amount APy, and in a direction parallel to the
front it decreases by AP;. From the symmetry
conditions in the planes parallel to the relaxation
front, two of the principal stresses are equal, and
there will be no deformation parallel to the front.
This condition leads to the identity

AP, —u (AP, + AP,) =0,

which enables us to connect the intensity of the
relaxation wave

AP, = [(1 — p)/(1—2p)] (AP, — APY)

with the difference between the principal stresses.
As long as

AP, <[(1 —p)/(1—2w)] 204,

the medium behaves like an elastic body, with a
velocity of propation for longitudinal elastic waves
C* = v (Kg + %G)/p . In this expression, Kg
=E/3(1-2u) is the isentropic modulus of volume
compression, and G =E/2(1+pu) is the shear
modulus. When

APy > [(1 —w)/(1—2w)] 2] 0|

the medium changes to a state of plastic flow, for
which the shear modulus is taken to be zero. Under
these conditions the speed of the “plastic” relaxa-
tion waves C= VvK/p, just as in the case of

TABLE I
Material | «, deg |D.km/sec|U,km/sec|C*km/sec] 1@7’%‘;;'“1 75&/‘;2“‘1 v
1
Water 47.5 4,42 1.52 5,60 31,4 34,2 — —
Copper 41 5,24 0.87 6,33 357.8 288.8 0,34 0.82
Iron 46.5 5.34 0,98 7,15 401.3 298.2 0,28 0,77
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liquids, is determined by the isentropic modulus
of volume compression Kg. The velocity ratio

cic =v=VT+wB1—n. (4)

depends only on the Poisson ratio.
The existence of two speeds, “elastic” and

“plastic,” under the experimental conditions of
Fig. 3 leads to the appearance of two concentric
zones of relaxation on the wave front surface —
an inner “elastic” zone of weak relaxation and an
external “plastic” zone.

Making use of the relation (4), we can calculate
from C* the value of the isentropic modulus Kg
= poC? = pOC*zvz. For both metals the values so
obtained, Kg ~ 240 x 10! d/cm?, are somewhat
smaller than dPr /do, confirming the theory
proposed above for the phenomenon.

The elastic relaxation zone is weakly developed
in materials such as lead which have a large Pois-

son ratio and a small value of critical shear stress.

Because oy decreases with temperature, it would
seem at first sight that the high temperatures in
a strong shock should lead to the disappearance
of the elastic relaxation wave for all materials.
However, this is countered by the high pressures,
which increase the melting temperaturcs:4 and raise
the critical shear stress. Thus, according to
Bridgman’s data,’ the application of pressures of
25 x 103 and 50 x 10° atmos increases 20) for
soft iron from 1200 kg/cm? to 6600 and 12000
kg/cm? respectively. For copper at these pres-
sures 20) is equal to 1050, 3000, and 4900 kg/cm2
respectively. In view of these statements, it is
quite possible that longitudinal elastic waves will
exist at shock pressures of 10% atmos and above.
In relation to the method, the presence of an
elastic zone makes the accurate determination of
the boundary of the “plastic” relaxation much more
difficult. The method described in the following
section does not have this drawback.

3. THE OVERTAKING-RELAXATION METHOD

In the overtaking-relaxation method we study
the collision between a plate and a sample, made
of materials with known dynamic adiabats. In the
simplest variant of the method, the plate and
sample are made of the same material. From the
surface of impact, shock waves OB and OA travel
through the sample and the moving plate (see the
X, t diagram, Fig. 5). At the instant the shock
wave emerges from the rear surface of the plate
(point A) a centered rarefaction wave is set up
which overtakes the shock wave and weakens it.
The occurrence of the first a -characteristic on
the shock wave trajectory takes place at a distance
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I=[(14+ M)/(1—M)A4, (5)

where A is the thickness of the striker plate and
M = (D-U)/C is the Mach number. The relation
(5) enables one to find M, provided that there ac-
tually is an overtaking, and consequently to find C
also, if Dy—U; is known. This form of the method
was proposed by E. I. Zababakhin in 1948.

FIG. 5

Since the determination of the distance I, where
the wave begins to slow down because of the pres-
ence of the faster elastic relaxation wave, is beset
with considerable experimental error, it is expe-
dient to change the form of the method and find
the time ty, of arrival of the shock wave at a
given point m, already known to lie on the re-
laxed portion of the shock wave trajectory. In this
way one finds the slope of the « -characteristic
Wom = Um + Cny that passes through the origin
of the x, t diagram and the point m, whose coor-
dinates are Xy and ty. Then by measuring the
material velocity Uy, atthe same point directly,
or by determining it from a known shock adiabatic
equation, we find the velocity of sound Cp = Wom
— Uy, from the speed of the shock wave. In an ex-
panded form, it is not difficult to show that
X, + (2—01) Aoy

Cm = Dit,—A

Dl - Um, (6)

where oy =D;/(D;-Uy) and D; are the param-
eters for the unrelaxed region.

Thus, the measurement of the velocity of sound
by the overtaking-relaxation method reduces to the
experimental determination of the shock wave tra-
jectory in X, t coordinates, plus a measurement of
the material velocity at one or a number of points
on this trajectory.

The whole of the above treatment is valid under
the assumption that the o« -characteristics are
straight lines everywhere in the region OAm, with
a slope W43 = U + C =const. Let us go into this
question in more detail. When two similar mate-
rials collide, three regions of flow can be distin-
guished in the x,t plane (see Fig. 5): I — the re-
gion OAB; II — ABn; and III — Bnm. In regions
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I and II the flow is isentropic, since in region I
the value of W, is constant over the whole re-
gion, and in II it is constant over each « -char-
acteristic. In region III the flow is not isentropic,
since the intensity of the shock wave (and conse-
quently also the entropy of the material behind its
front) decreases beyond the point B, where the
relaxation wave traveling from point A first
overtakes the shock wave front. Here, in contrast
to region II, the Riemann invariant 8 is not con-
stant, and consequently Wy, is not constant either.
Having determined the velocity of sound at the
point m by the method outlined above, we then
approximate the characteristic Anm by the
straight line Am, introducing thereby a certain
inaccuracy. In order to estimate the error, some
numerical calculations have been made of the mo-
tion of a decaying shock wave in an aluminum test
piece. In this calculation the equation of state

P—Py=(n— 1) (E—Ey), Pyx=al(vy/o)"—1],

was used, taking into account not only the elastic
terms but also the thermal terms in the pressure
and energy. Different values of n from 1.67 to 4
were used in the computations, corresponding to a
variation of the Griineisen coefficient from %; to 3.

The calculations showed that in aluminum at
plastic shock velocities of 5.6 km/sec, at distances
of ten or more times the thickness of the plate, the
maximum error in the sound velocity did not ex-
ceed 1.5%. At this point the pressure at the front
of a decaying wave amounts to about one half of its
original value. The error is smaller the closer
the measuring region is to the portion of the shock
wave not reached by the relaxation. A similar cal-
culation has also been carried out for lead with the
same results, using the equation of state taken
from reference 6.

L. V. AL’TSHULER et al.

For a collision between plates of unlike mate-
rials, we must know not only the shock adiabatic
for the striker plate but also the relation between
the material velocity and the sound velocity in the
rarefaction wave. In this case the computation of
results is somewhat more complicated, since at
the collision boundary there is a discontinuity at
which the « -characteristics are refracted as
they pass.

There are two possible cases of collision: when
the material of the test piece is “softer” and when
it is “harder” than the material of the striker plate.
By the terms “softer” and “harder” we mean a
flatter or steeper slope of the Hugoniot adiabat for
the given material in P, U coordinates. In both
cases the refraction of the « -characteristics can
easily be taken into account with the aid of the x, t
and P, U diagrams.

4. EXPERIMENTAL RESULTS

A determination of the speed of sound behind
the front of strong shock waves presupposes a
knowledge of the dynamic adiabats. In working
out the experimental data of the present investi-
gation, the dynamic adiabats given in reference 6
for aluminum, copper, lead, and iron were used.

In the first series of experiments the decay
curves of shock waves were recorded in test
pieces of aluminum, copper, lead, and iron when
struck by a 2 mm aluminum plate. The speed of
the plate was 5.60 km/sec. In order to record
the trajectory of the shock wave in the test piece,
which was made up of several plates, electrical
contact pickups were introduced through small
drill-holes. The successive short-circuiting of
the pickups by the shock wave was recorded on
a single-sweep cathode ray oscillograph. The

TABLE II
Dar ’ Dp. P J
Metal km/sec | ™™ {m: msec km;nsec 10“’tr:ln/cm om Crm km/sec

- .- 9,13* 69,3* 1,442% —

Aluminum 9,13 14,20 1.558 8.52 54,5 1.383 8.84
19.16 2.205 7,92 41.2 1.320 8.13

—- — 6.69* 108,7* 1.374* —_

Copper 10,45 10,95 1.697 5.92 69.2 1.284 6.32
14.94 2.399 5,54 52.4 1,237 5.95

— — | 491 | 105.2% | 1.626* —

Lead 10,34 6.47 1.373 4,16 65.6 1.502 4,24
9,45 2,133 3.72 46.4 1.420 3.85

— —— 7.01* 104.5* 1.374% —

Iron 10,31 10.93 1.656 5.76 54,2 1,263 6.70
14.90 2.374 5.34 41.5 1.228 6.12

*The marked states are in the unrelaxed region.
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TABLE III
I
Dre, X t s Utn> P, 100 2 Cm.
Metal km/sec m» mm | tp. msec km/':ec m d/cm' Sm km/;';c
. — — 3.77* 107,2* 1.561* —
Aluminum 7.06 | 12.50 | 1.194 | 3.54 97.5 1,534 9,76
— — 2.77% 200.6* 1.519* —
8.67 1?.00 0.9g§ 2,47 169.2 1.475 7.78
Copper 00 | 1.3 2.12 135.2 1,422 7143
ppe 15.00 | 1.981 | 1.77 104.6 1.365 6.71
— — 2.82% 197.3* 1.842+ —
8.61 6,00 | 0,988 | 2,34 146.7 1.734 5.16
Lead 9.00 | 1.572 | 1.84 100.8 1.616 4.62
12,00 | 2.225 | 1.56 78.0 1.545 4.24
— — 2.86* 191 4* 1.502* —
8.54 8,00 | 0.940 | 2.62 168.0 1.472 8.49
Iron 11.0 1,329 2.12 122,3 1.405 7.85

*See footnote to Table II.

states in the striker plate and in the first thin
screening plate were found graphically, from the
intersection of the Hugoniot adiabat for aluminum
with the adiabatic for the test piece on the pres-
sure-velocity diagram. From the time delays
found experimentally and the distance between the
pickups, the trajectory of the shock wave was con-
structed and the wave velocities in the different
portions of the trajectory were determined. In
each experiment the recording was carried out
over several base-lines.

The results of the measurements are given in
Table II. Here tp, is the time from the instant
of collision, and Xy, is the distance from the col-
lision surface. In the second column of the table
are shown the speeds of the shock waves passing
through the aluminum plate after the collision.

In the second series of experiments the ampli-
tude of the unrelaxed wave was increased to 1.0
x 108 atmos for aluminum and to 1.8 x 10® atmos
for the other metals. A 1.5-mm steel plate was
used as the striker, moving at 5.71 km/sec. In
order to make the decay curves observable, a
thin aluminum film was applied to the surface of
the test piece parallel to the collision surface.
When the shock wave emerged at the boundary
of the film and the test piece, the film was torn
away from the test piece and was projected with
a velocity Wy characterizing the amplitude of the
wave at that cross section of the sample. The time
(and consequently also the velocity with which the
film moved) was recorded on a velocity photo-
chronograph by the illumination from the shock
wave in the air. The illumination was produced
at the instant of the first movement of the film,
and stopped as soon as it collided with a Plexiglas
barrier, placed at a distance of 8 — 12 mm from
the test sample. The transition from the speeds
of motion of the aluminum film to the material

velocities behind the shock wave front was ac-
complished with the aid of special calibrating ex-
periments, in which measurements were made of
the velocity acquired by an aluminum film under
the influence of shock waves of known amplitudes.
The decay curves U(x) for the four metals under
investigation are shown in Fig. 6, together with the

U km/sec
W0 Al
30 fe -

20 ~

/.00 5 0 15

X, mm

FIG. 6

experimental reference points. A knowledge of the
U (x) curve makes it possible, with the aid of the
known D, U relationships, to proceed success-
ively to the D (x) curve and the curve t (x)

X
= f dx/D. The subsequent.treatment of the ex-

peg'iment in the second series was identical with
the treatment of the experiments in the first series.
The results so obtained are shown in Table III.

The chief difference in the experiments of the
third series (Table IV) consisted in a further in-
crease of the projection velocity of the steel
striker. Here the speed of sound was measured
at pressures exceeding 1.5 X 10% atmos for alumi-
num and 3.5 x 10® atmos for copper, lead, and
iron.
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TABLE IV
P J Ce
Metal io‘a/cm Sm km/";ec
- 195.5 | 1.761 | 11.74
Aluminum | 60°0 | 17701 | 11.23
379.6 | 1.694 | 9.48
Copper 311.7 | 1.638 | 8,93
385.0 | 2.177 | 6.56
Lead 279.5 | 2.003 | 5.92
I 347.8 | 1.650 | 9.98
ron 284.9 | 1.600 9.53

The experimental values of the sound velocities
made it possible to find the dependence of the
Mach number, (D-U)/C, and the tangent of the
relaxation angle, tan «, on the degree of com-
pression. The Mach number, as is well known,
expresses the relative velocity of the relaxation
wave and the shock wave. In its turn, tan o de-
fines the region of the shock wave which has been
reached by the relaxation wave produced when the
wave front meets a source of perturbation. Both
these quantities can be calculated either from the
propagation velocity C of the compressional
waves, or from the velocity C* of longitudinal
elastic waves. In this connection,

M =wM, tana®=[v?tan? o+ o2 (v2— 1)]"

Note that when o =1 the magnitude of tan a*
is finite and equal to V2 (1 —2u)/(1+p) , whereas
tan a drops to zero when o = 1.

tan a. N
10 0
\1; Fe i
o X o = 29
A
a9 / 44
o \"\\.\ a7
S~y e
TR Pb
A s D06
0
1 12 " 18 ] w6

FIG. 7. Dependence of Mach number (dot-dash curves) and
tan @ (full curves) on the degree of compression.

Figure 7 shows the experimental values of M
and tan o for the four metals. The values of
tan o for very high pressures lie in an extremely
narrow interval from 0.66 to 0.73, regardless of

the fact that these metals have different compressi-

bilities. Even more striking is the fact that the
same values of tan o at high values of compres-
sion are also possessed by water, paraffin, and
Plexiglas, according to measurements by the au-
thors. Apparently it is possible to use the value
tan @ = 0.7 for very strong shocks waves in other
materials also.

L. V. AL’TSHULER et al.

It is essential to know the values of the Mach
numbers and relaxation angles in order to set up
experiments for investigation of dynamic com-
pressibilities in a proper manner. It has been
shown above that during the collision of the striker
with the test piece the Mach number, through the
relation (5), determines how far the shock wave
propagates up to the time when the relaxation wave
reaches it; i.e., in other words it determines the
permissible value of the base line for measuring
D. In its turn, tan o imposes conditions on the
ratio between the diameter of the test sample d
and its height h. In order to preserve a region
near the axis of the sample cylinder which is not
affected by lateral relaxation, where the shock
wave parameters can be measured, the condition

d>2h tan o'

must be fulfilled.

For high degrees of compression and corre-
spondingly high pressures, the amplitude of the
relaxation shock wave becomes negligibly small
in comparison with the pressures under study.
This permits the use of the values M and tan «
in place of M* and tan a* in calculating sample
dimensions. The above considerations were taken
into account in setting up the experiments whose
results are given in references 1 and 2.

5. THE ISENTROPIC COMPRESSIBILITY OF
METALS

Let us generalize the results so far obtained
by expressing the modulus of isentropic compres-
sion in the form of a power series:

Ks=pCt = ) be (o — 1)1, )
k=1
Integrating (7) leads to the function
I(s) = 2 bkt (6 — 1)%. (8)
k=1

At P=0 and o=1, I(c) has a contact of the
third order with the isentropic which passes through
the origin of coordinates, and a second order con-
tact with the Hugoniot adiabat. This circumstance
determines the relations between the first three
coefficients of (8) and the coefficients in the ex-
pression for the dynamic adiabatic:

n
Pr = 2 (273 (0‘ —_— l)k.
k=1
It is easy to show that by =ay, b, = 2a,, and by
= 3a3—3vpo (a1 + 3;), where yp is the value of
the Griineisen coefficient for the lattice under nor-
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TABLE V

by, 10 d/cm?

3 4

Metal
k=1 ’ 2
|
Aluminum 73.1 305,
Copper 137.0 343,
Lead 41,4 203.
Iron 196.3 —157.

194.8 | —444 519 | —106

266.8 | 4037 | —11745 | 9650

184.2 248 | —439 167
3862.2 | —5448 3077 | —

mal conditions (P =0; T = 20°C). The values of
the coefficients a;, a,, and a; are borrowed
from reference 6. For aluminum, copper, and lead
Ypo is taken equal to 2.09, 1.98, and 2.46 respec-
tively. The coefficients by, bs, and bg are chosen
to fit the experimental data. The numerical values
of the coefficients are shown in Table V. For iron,
the chosen coefficients determine the isentropic
modulus in the interval 1.20 < 0 < 1.8. These co-
efficients are not related to the parameters of iron
under the initial conditions, since at o = 1.22,
according to Bancroft? there is a break in the
compressibility curve caused by a phase tran-
sition.
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ofg
? aly
4 1 <Al
/ *Pb
°,
40 g
/X’
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FIG. 8. Dependence of isentropic compression modulus Kg
on the degree of compression. O—initial value of K¢ = p,C3.

Figure 8 shows the variation of the isentropic
modulus with the degree of shock compression.
The isentropic modulus increases rapidly with

the amplitude of the shock wave. Thus, for lead
at 0=2.1 and Pp =3.2x 102 d/cm? it exceeds
its initial value by more than ten times.

The experimental dependence of the speed of
sound Cr = VKg/p, on the degree of shock com-
pression is shown in the left-hand side of Table VI
for the four metals under investigation.

6. UPPER LIMIT OF THE CURVES OF “COLD”
COMPRESSION. ESTIMATES OF THERMAL
ENERGIES AND TEMPERATURES

Let us assume that the total pressure is the
sum of the “cold” and thermal pressures: Pr = Py
+ Pp. Inasmuch as (38PT/dp)g >0, it is possible
to establish unconditionally that C%(c) < Ch (o, T),
where Cyx (o) is the speed of sound at T = 0.
Hence it follows that

Pi(e) < \ pClde = 1(a) =1 () = (5., ),

°k

where ok = p/pk, and pk is the density of the ma-
terial at T =0°K and P = 0. Thus the function
I(o, og) appears as the upper limit of the possible
positions of the cold compression curve. The rela-
tive positions of the dynamic adiabatic, the function
I(o, og), and the cold compression curve Py (o)
taken from reference 6, are illustrated in Figs. 9
and 10. Comparison shows that the curves Py (o)
are located below I(o, ok), in agreement with
the above. It is characteristic of all the metals
that I(o, og) is considerably closer to Py (o)
than to Pr. The presence of a difference Pr
—I(o, og) was the first experimental evidence,
ten years ago, of the large part played by thermal.
pressure in the shock compression of solid bodies.

9)

TABLE VI

CP (km/sec) from ref. 7 CT (km/sec), calculated®
¢ At l Pb Fe Al | Cu l Pb
1.1 6.23 4,70 2.37 6.16 } 4,67 2.34
1.2 7.17 5.53 2.83 7.064 { 5.46 2.80
1.3 8.03 6.36 3.29 6.91 7.87 ' 6.21 3.24
1.4 8.81 7.12 3.74 7.83 8.67 6.98 3.70
1.5 9.57 7.83 4,18 8.70 9.52 7.80 4.15
1.6 10.34 8.59Y 4.60 9.54 10.31 8.73 4.60
1.7 11.10 9,67 4.98 10.40 11.04 | 9.80 4.98
1,8 5.34 \ 5.32
1.9 .67 i 2.08
2.0 5.98 1 5.82
2.1 6.26 | 6.13
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The thermal energy of the shock compression is

TP —1)/me — | (Px/ mo¥)do. (10)

Ok

E.—E,

Let us find the lower bound of the value E1 - E,,
by replacing Py in the integrand of (10) by the
function I(o, o), considered as a first approxi-
mation to Py (o). The thermal energies calcu-
lated in this way are shown in Table VII. They
are very close to the true values, since for small
degrees of compression Pr, Py, and I(o, o)
are close together, while at high compressions the
major role in (10) is played by the first term, with
the result that the relative error due to the substi-
tution of the function I(o, o) for the true curve
P4 (o) is very small. It should be emphasized

L. V. AL’TSHULER et al.
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that the upper limit of the position of the compres-
sion curve at the absolute zero of temperature

and the values of the thermal energy have been
obtained directly from experimental measurements
of the dynamic and isentropic compressibilities,
without appealing to any one form or another of the
equation of state.

Assuming the specific heat of the metals to be
of the form Cy = Cyp + BT (Cyp being the spe-
cific heat of the lattice, and BT the electronic
specific heat), then by solving the equation

E’r: E0+Ct'p (T—To) ';—‘ §T2/2 (11)

it is possible to calculate the temperature of the
shock compression to the same degree of approxi-

TABLE VII
‘ i
o 1.1 1,2 l 1.3 | 1.4 | 1.5 | 1.8 ; 1.7 1.8 1.9 2.0 2.1
Aluminum
E_ —E,, 101 erg/gl0.043‘0.164 0.449(1.027/2.086(3.817} 6.331] 9.616
T, ggsdng 0,34 10,48 |0.78 |1.40 |2.46 [4.18 | 6,47 } 9.25
Tfrom ref. 6, 108°K [0.35 [0.49 |0.82 [1,48 |2.64 [4,41 | 6.79 | 9,67
T 1.1 1.1 | 1.1 | 1.1
“Ip from ref. 6 1.44 |1.43 | 1.39 | 1.30
Copper
E_ —E,, 10erg/g|0.026/0.103]|0.315|0,752|1.514(2,882} 5.069
T, 103 deg K 0.36 [0.56 |1,11 [2.20 |4.29 (7.24 (11,97
Tfrom ref. 6, 10°°K|0.36 0,58 {1.15 [2.30 |4.35 |7.53 |12.42
Tp 1.2 (1,2 | 1,2
Yp from ref. 6 1.55 [1.53 | 1.54
Lead
E . —E,, 10‘°e'rg/'g0.0420:0670.1270.2650,5050.,88/1‘ 1.432) 2.139| 3.005| 3.985| 5,138
T, 108 deg K 0.36 (0,55 [0.99 |1.92 |3.43 |5.54 | 8,23 {11.30 |14.64 [18.05 [21.70
T from ref. 6, 10°°K 0,36 {0.56 |1.04 |2.00 {3.55 [5.73 | 8.48 |11.59 [15.00 {18.47 (22.15
Ip 1.5 |1.4 1,3 1.25 | 1.15 | 1.0 0,9
tp from ref. 6 1.77 11.69 | 1,60 | 1.48 | 1.35 | 1.21 | 1,07
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mation.* As can be seen from Table VII, the tem-
peratures calculated in this way differ very little
from the temperatures obtained in reference 6.

Replacing Px by I(o, ox) makes it possible
also to obtain a lower limit for the values of the
Griineisen coefficients, if the pressures on the
Hugoniot adiabatic and the shock wave tempera-
tures T, found above, are substituted into the
equation for the dynamic adiabat:®

Pr = Px + p0CopYp [T — Ty + Eo / Cop] + i_pochZ' 12)

Equation (12), apart from quantities which have
already been mentioned, involves the quantities

B =By Y2, B, being the coefficient of electronic
specific heat at 0 =1, and T, and E; being the
temperature and internal energy under normal
conditions. The observed vy, are about 20 —25%
smaller than the values calculated in reference 6
(see Table VII).

Finally, let us use the measured sound velocity
data, and the approximate values of T and 0
which have been obtained, to determine the slopes
of the dynamic adiabats. To this end we write the
expression for the sound velocity at the Hugoniot

adiabat:
dP dlny Coptp .
2 x P vplp
0oCT = a5 T [1 + T + Con ¥ EiTJ 2eCoptpT

147pC0p +8T | 1 _
2l & +a]e

13)

Differentiating (12) and eliminating dPy/do
with the aid of (13), we arrive at the relationt

dPr poCE — (Pr ] 20) [1, (1 —BT | Cyp) + BT ] 2C,, ]

T = T =0T, 0 —FT[C) + BT T2 2 = 14

An estimate of dPr /do with the aid of the ap-
proximate values of T and 7vp by means of (14)
is considerably more accurate than an estimate
frem the results of dynamic measurements because
of the inevitable inaccuracies in recording the co-
ordinates, which are sufficiently trustworthy to fix
the location of the Hugoniot adiabat in the field of
the P, o diagram, but not its slope. In deriving
the equation of state for the high pressure region,
the original experimental data in references 6 and
8 are the results of dynamic compressibility meas-

urements, in the form of an equation for the dynamic

*In these calculations we have used the values given in
reference 6 for E,, T,, Cyp, and .

1The derivation of (14) given here is due to Yu. M.
Shustov; in its general form, the relation between the Griin-
eisen coefficient and the derivatives of the two intersecting
curves in the field of the P-p diagrams was previously given
by K. K. Krupnikov.
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n
adiabatic Pr = Y, ak (6 —1)K. The equation of

state obtained b)lr{ t%lis method, according to (14),
can represent the actual slope of the isentropic
correctly only in case the original analytical ex-
pression for the Hugoniot adiabatic describes the
true values of the derivatives with sufficient accu-
racy over the entire length of the adiabat. Taking
this fact into account made it possible to obtain,

in reference 6, an equation of state suitable for
calculating the speed of sound. As Table VI shows,
the discrepancy between the experimental and cal-
culated values of Cpr does not exceed 2%.

The present work was begun under the initiative
of Academician Ya. B. Zel’dovich in 1948. A num-
ber of valuable proposals were made by Corre-
sponding Member of the Academy of Sciences
(U.S.S.R.) E. 1. Zababakhin. K. K. Krupnikov,

B. N. Ledenev, and A. A. Bakanova contributed

to the success of the investigation by their studies
on the shock compression of metals, and also by
taking part in the discussions. The authors re-
ceived assistance on questions of apparatus and
methods from Prof. V. A. Tsukerman and his co-
workers, I. Sh. Model’ and M. A. Kanunov. Indi-
vidual measurements which contributed to the work
were obtained by V. I. Borodulin. In carrying out
the experiments, N. S. Tenigin, A. N. Kolesnikova,
L. N. Gorelova, and M. S. Shvetsov took part, along
with the authors.

To all these comrades the authors express their
profound gratitude.

1 Al’tshuler, Krupnikov, Ledenev, Zhuchikhin,
and Brazhnik, JETP 34, 874 (1958), Soviet Phys.
JETP 7, 606 (1958).

2 Al’tshuler, Krupnikov, and Brazhnik, JETP
34, 886 (1958), Soviet Phys. JETP 7, 614 (1958).

3A. S. Dubovik, X. mayun. npuxa. dororp. u
kunemarorp. (J. Sci. and Appl. Photogr. and
Cinematog.) 2, 293 (1957).

43. J. Gilvarry, Phys. Rev. 102, 317 (1956).

5P, V. Bridgman, Study of Large Plastic Defor-
mations and Rupture (Russ. transl.) IIL (1955).

6Al’tshuler, Kormer, Bakanova, and Trunin,
JETP 38, 790 (1960), Soviet Phys. JETP 11, 573
(1960).

" Bankroft, Peterson, and Minshall, J. Appl.
Phys. 27, 291 (1956).

8Walsh, Rice, McQueen, and Yarger, Phys.
Rev. 108, 196 (1957).

Translated by D. C. West
213



