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Abstract. This paper reviews the results of experimental re-
search on shock-compressed porous metals conducted in labora-
tory conditions and underground nuclear explosion
environments. The general properties of shock adiabats are
discussed. A rather simple wide-range equation of state is
applied to describe the totality of test data. Porous metals and
silicates are comparatively studied for, and found to qualita-
tively differ in, their behavior over a wide pressure range (tens of
GPa). A possible explanation for the nonstandard behavior of
silicates is that the Griineisen coefficient in these states of
matter can assume negative values at elevated pressures and
temperatures. A similar anomaly is hypothesized to account for
the superadiabatic density growth in the upper mantle of Earth.

1. Introduction

Equations of state (EOSs) are of great importance in the
solutions to various scientific and technical problems. In
particular, EOSs of metals are widely used in designing
high-energy facilities of different types, and EOSs of silicates
are of significance for geophysics and planetology.
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One of the main sources (and in many cases the sole one)
of information about the thermodynamic properties of
substances at the high pressure P, density p, and internal
energy F is experimental shock compression data. These data
are substantially used in determining the parameters of
semiempirical model EOSs and serve as test data for
verifying a priori theoretical models at the highest achieved
parameter values.

In shock wave research, primary emphasis is placed on the
study of shock Hugoniots which characterize an initially
continuous substance with an initial density p, correspond-
ing to normal conditions: Py = 1 atm, Ty = 298 K (principal
Hugoniots). These adiabats were determined for a large
number of substances over a broad range of compression
degrees 0 = p/p, > 1 (as a rule, up to o ~ 2—3 and some-
times higher). The materials of these investigations are the
subject of numerous papers and have repeatedly been
published in a generalized form [1-7]. Detailed experimental
information is given in reference books [8—10].

In the study of material’s EOSs, use is also made of the
methods for shock compression of porous samples, double
shock compression, isentropic unloading, etc. The phase
diagram domains attainable by these methods are qualita-
tively depicted in Fig. 1 in (P, V') coordinates (V' = 1/p is the
specific volume) by the example of a metal.

Experiments on the shock compression of porous samples
characterized by a lowered initial density permit covering the
range of states with higher values of F and temperature 7 than
those realized in the principal Hugoniot. The values of ¢ also
differ significantly. The resultant data possibly pertain to the
domain of states corresponding to ¢ < 1 (in this case, the
degree of substance expansion 1/¢ > 1). This information is
fundamentally important in the construction of EOS models.

A rather large number of papers are concerned with
investigations of substance properties by the shock compres-
sion of initially porous samples. However, the resultant data
are insufficiently amply covered in the papers cited above.
Eliminating this shortcoming is one of the goals of our review.

In this paper we set out the results of investigations into
the shock compressibility of porous metals, the main body of
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Figure 1. Schematic representation of the phase diagram of metals: H,,— —
principal shock Hugoniot; H,, — Hugoniots of an initially porous
substance; HH — double compression Hugoniot, with the dashed—dotted
line standing for the 7= 300 K isotherm; S} — Sy — isentropes of expan-
sion from shock-compressed states. The dashed curves bound the domain
in which the substance is a mixture of solid and liquid phases.

which was performed in Russia. The characteristic properties
of the heated metals revealed in these experiments are
discussed. The totality of experimental data is described,
proceeding from a relatively simple wide-range model EOS.

Silicates are discussed along with metals. One of the
objectives of the combined consideration of these two
substance types is to demonstrate the qualitative difference
between the behavior of silicates and the normal behavior of
metals in a wide pressure range (on the order of several dozen
GPa). Our thermodynamic analysis of the shock compression
data for continuous and porous samples suggests that the
unconventional behavior of silicates may be attributed to the
realization of substance states characterized by negative
(‘anomalous’) values of the Griineisen and thermal expan-
sion coefficients. We describe the data of experiments on
fused and porous silicon proceeding from a model EOS
describing this anomaly. A manifestation of an anomaly of
this kind in the upper mantle of Earth is hypothesized in
Section 7.

2. Method of investigation for the shock
compression of porous substances

The study of substance compressibility under shock wave
action relies on recording two kinematic characteristics of a
stationary shock wave propagating through a material with
fixed initial parameters—a shock wave velocity D, and a
particle velocity U behind the wave front. The set of measured
D and U values for different shock intensities defines the
experimental dependence D(U), which corresponds to a
substance with initial density py,, pressure Py, and internal
energy Ey. Under shock compression, the parameters are
related by mass, momentum, and energy conservation
equations:
D

- - 1
p Poo D— U> ( )
P = Py + pyyDU, (2)

(P+P00)(V— V()o)

E = Ey + > ) (3)

where Vo = 1/pgy. Proceeding from Eqns (1)-(3) and
invoking the experimental D(U) dependence, it is possible
to calculate in the hydrodynamic approximation (neglect-
ing the relatively weak material strength, which is ordina-
rily on the order of several GPa) the shock Hugoniot in
any other variables, in particular P, ¢ or P, V. The case
where Poo = Po>» Poo = PO =1 atm, E()o = EO = E( p07P0) in
Eqns (1)—(3) corresponds to the principal shock Hugoniot.

To control the thermal constituents of the material’s EOS,
Ya B Zel’dovich came up with the idea [11, 12] of conducting
shock wave experiments on samples with an artificially
lowered initial density p,, = p,/m (where the porosity factor
m > 1). In practice, such samples are made of a powder-like
material, which consists of small particles separated by
hollow spaces. The initially heterogeneous substance is
assumed to become homogeneous behind the shock front. In
going from the experimental dependence D(U), which
corresponds to a substance with a fixed value of m, to its
shock Hugoniot in the (P, ¢) variables, the relatively small
surface energy of dispersing the initial sample is neglected in
Eqns (1)—(3) (i.e. it is assumed that Ey = Ey = const), as is
the quantity Pyy. The shock P(g) dependences so derived,
which correspond to different m, are employed in the selection
of parameters of model EOSs for the substance under study in
the domain of states realized in experiments.

In experimentation with porous samples, D and U are
usually determined under conditions when the shock wave,
which is produced by a special loading device (a shock wave
generator), initially travels over a screen and subsequently
gives way to an immediately adjacent porous sample. As this
takes place, either a centered rarefaction wave or a reflected
shock wave (depending on the ratio between the dynamic
stiffnesses of the screen material and the porous substance
under investigation) travels into the screen from the interface
between the substances. The shock wave velocity D in the
sample is determined by measuring the wave transit time
between sensors (electrical contacts, piezoelectric sensors,
etc.) positioned at certain intervals. The value of U is mostly
determined by the reflection technique [13], in which the
second experimentally examined quantity, apart from velo-
city D in the sample, is the wave velocity D in a reference
screen with the EOS well known from independent experi-
ments. These reference substances are usually Al, Fe, and Cu.
All desired parameters of the wave traveling over the screen
are determined from the resultant value of D in the screen and
the known EOS of its substance. After that, with recourse to
the P— U diagram technique, it is possible to find the value of
U in the porous substance under investigation (from the
known initial density p,, and the resultant shock wave
velocity D in the sample).

In the investigation of porous samples in laboratory
conditions at the Russian Federal Nuclear Center — All-
Russian Research Institute of Experimental Physics
(RFNC-VNIIEF), advantage is taken of different shock
generators, which are based on the acceleration of metal
impactors-liners by the explosion products of condensed
explosives to velocities of = 0.3—9 km s~!. Their description
is given elsewhere [6, 14]. Some initially porous substances
were also studied with the employment of shock waves
generated by underground nuclear explosions.

Among porous substances, the powders of metals and
quartz were most amply studied, with the execution of several
methodical measurements. Methodical experiments were
carried out, in particular, to elucidate the effect of particle
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size on the measurement data. It turned out that particle size
variations for metals in the &~ 0.01 — 100-pum range [15-18] and
quartzin the ~ 10— 300-pm range [19] had no effect, to within
the accuracy of measurements, on the velocity D in samples
with a fixed initial porosity m at relatively high pressures
(> 5—10 GPa). The possible influence of humidity and the
air residing in the powder pores were also investigated [16,
19]. However, no significant effect of humidity and in-pore air
(from experiments with ‘natural’ and carefully dried samples;
evacuation from a pressure of 1 atm to ~ 1 mmHg) on the D
value was revealed. In methodical experiments on porous
copper, an investigation was made of the effect of sample
thickness [20], which was varied by more than an order of
magnitude (from several millimeters to several centimeters).
These experiments yielded practically the same results. Also,
the shock wave profile in porous quartz was recorded with a
manganin sensor [19]. The recorded stationary profile was in
qualitative agreement with the results of similar measure-
ments in initially continuous homogeneous materials. The
data given above evidence the possibility of using the data of
shock wave experiments with porous samples, including those
carried out in the framework of a simplified formulation (in
particular, without drying and evacuation), to determine the
EOS of a substance under investigation.

In the laboratory experiments performed on porous sub-
stances at the RENC-VNIIEF, every experimental point, as a
rule, results from averaging the data obtained in a series of 46
independent experiments. The accuracy of its parameters is
estimated as follows: |AD/D|~1%-2%, |AU/U|~1%-—
2%, and |Ag/o| = mao(c — 1) x (|JAD/D| + |AU/U}).

3. Results of experiments with metals

Zel’dovich [11] predicted the run of the shock Hugoniots of an
initially porous substance proceeding from the Mie—Griinei-
sen EOS (see also monograph [12]):

P:PCOld(V)—&—;L/(E—Ecold(V))- (4)

Here, P.yq 18 the ‘cold’ presVsure (at an absolute temperature
T=0), and Ecoq(V)=— jVO Peoia(V)dV, where Vo = 1/p,.
The Griineisen coefficient appearing in formula (4), defined
by the relation

was assumed to be positive and constant. Equation (4) is
based on the assumption of small harmonic particle oscilla-
tions, which is valid for relatively low temperatures. With
neglect of the small difference between the substance proper-
tiesat 7= 0 and 7 = 298 K, the substitution of Eqn (4) into
Eqns (1)—(3) leads to the following expression for the impact
pressure:

(h - 1) Peold — 2000 Ecold

P =
h—mo

; (6)

where 1 =1+2/y. For many metals at close-to-normal
conditions, the coefficient y &~ 2, to which &~ 2 corre-
sponds. The shock Hugoniots calculated on the basis of
expression (6) in the (P, o) coordinates, which correspond to
four different porosities (m = 1, m; < h, my = h, m3 > h), are
qualitatively depicted by solid curves in Fig. 2 (the calculated
curves are characterized by P = 0 in the initial portions, in

m3(> h) my(=h)

Figure 2. Schematic representation of the shock Hugoniots of an initially
continuous substance and initially porous ones for different porosity
factors m. The solid lines depict the dependences calculated on the basis
of the Mie—Griineisen EOS, and the dashed lines are the experimental
departures from the calculated dependences.

the o intervals from 1 /m to 1). Each of the Hugoniots in Fig. 2
corresponds to its own value of the limiting compression /1/m,
whereby the denominator in expression (6) becomes zero. For
m < h (the m; mode), the Hugoniots are located in the
domain ¢ > 1, and for m > & (the m3; mode) in the domain
o < 1. The latter is attributable to such strong substance
heating and its consequential strong thermal expansion at
high m values that the substance cannot compress to normal
density p, under the pressure applied.

The first experiments were executed with porous Fe
having m = 1.41 [21]. The shock compression mode m,; (see
Fig. 2) was realized for P ~ 100—300 GPa,and o ~ 1.2—1.4.
The experiments permitted estimating y for Fe in this state
domain and refining its EOS.

Porous W with m =~ 1.7—4.3 was investigated in the range
P =~ 20—400 GPa in Ref. [22]. By and large, the experimental
Hugoniots corresponded to the model dependences plotted in
Fig. 2. Experimental realization of the mode m; (for m > 2.1)
confirmed a rather unusual inference of the theory that shock
compression may give rise to states characterized by ¢ < 1. At
the same time, the positions of experimental Hugoniots at
high pressures exhibited small deviations towards higher o
from the model dependences defined by expression (6). These
departures, which are qualitatively illustrated by dashed
curves in Fig. 2, were attributed to a lowering of y with an
increase in 7. The existence of such deviations was indicative
of the necessity of correcting the EOS (4) in the domain of
high substance heating. The temperature estimates (up to
~ 3 x 10* K) made in Ref. [22] suggested that the deviations
occurred in the existence domain of the W liquid state.

In Ref. [15], a study was made of the shock compressibility
of four porous metals: Al (m= 143, 2.08, 2.98), Ni
(m ~ 1.43, 1.75, 3.00), Cu (m ~ 1.57, 2.00, 3.01, 4.00), and
Pb (m ~ 1.67). The highest pressure in the last three metals
was =~ 800 GPa. Asin Ref. [22], both compression modes (11;
and mj) were realized and an appreciable ‘softening’ (the
dashed curves in Fig. 2) of experimental shock adiabats was
revealed in the melt domain. It should be noted that the values
of shock wave parameters published in Ref. [15] were later
refined by A I Funtikov. The refined quantities for Ni were
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given in Ref. [16], and for Cu in Ref. [20]. For Pb, the changes
were small. The updated (P, ¢) characteristics of porous Al
are presented below in Fig. 5.

A new form of a wide-range EOS of a liquid was used to
describe experimental data in Ref. [15]. This model was
underlain by V P Kopyshev’s idea [23, 24] about how to
interpolate the thermal constituent of the free energy of an
atomic system between the low-temperature (small atomic
vibrations) and high-temperature (monatomic ideal gas with
y = 2/3) state domains. In this case, the cold EOS constitu-
ents are assumed to be known. With the inclusion of the
contribution from thermal electron excitation, this model
permitted, for the appropriate selection of free constants,
describing the experimental data for all metals investigated in
Ref. [15]. From the initial letters of the surnames of the three
first authors of Ref. [15]— Kormer, Urlin, and Funtikov—
this model has come to be known as the KUF EOS.

We emphasize that the KUF interpolative equation has
played the decisive role in the formation of one of approaches
to the construction of wide-range semiempirical EOSs. The
ideas underlying this approach are also used, in a modified
form, in more recent equations [25-27].

The number of investigated metals and the number of
porous shock Hugoniots determined for each of them were
substantially increased in Refs [16-18, 20, 28-36], in which
data were obtained for Mg, Al, Ti, V, Cr, Fe, Ni, Cu, Zn, Mo,
Sn, Ta, W, Pb, Bi, and U. The data of these, as well as of a
number of other studies, are collected in reference book [10].
The most comprehensive studies were made on Ni
(13 Hugoniots), Cu (9 Hugoniots), and Mo (8 Hugoniots).
Measurements for maximal porosity factors (m > 10) were
made for Fe, Ni, and Cu, which permitted realizing the mode
of significant (¢ =~ 0.2—0.4) high-temperature substance
expansion.

Figure 3 shows the experimental D(U) dependences for
Ni at different m. The shock Hugoniots diverge in a fan-
shaped manner from the starting point with coordinates
U=0, Dy~ 0.1 km s~!. For U~ 0, the slopes (dD/dU),,
of the Hugoniots are appreciably different. For relatively
small m, the slopes are =~ 3, for m ~ 3—35 they are approxi-
mately 1.2, and for m > 7 they are about 1. With increasing U,
the values of (dD/dU),, for different-m Hugoniots gradually
equalize and approach the slope of the principal shock

D, kms™!

U, kms™!

Figure 3. Experimental shock Hugoniots / — /4 of continuous and porous
Ni for respective porosity factors m: 1.00, 1.10, 1.41, 1.72, 2.00, 2.30, 2.70,
4.55,5.58,7.20, 10.0, 15.0, 20.0, and 28.0 [10].
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Figure 4. Shock Hugoniots of continuous and porous Ni. The experi-
mental data from Ref. [10] for different porosity factors m are marked off
by different symbols. The solid curves display the calculated shock
Hugoniots for substances in solid (low P) and liquid (high P) states; the
dotted portions of shock Hugoniots correspond to the phase mixture
domain. The experimental values of m are indicated alongside the
adiabats. The dashed curves show the calculated isotherms.

adiabat at m = 1. The experimental D(U) dependences for
other metals behave in the qualitatively same way.

The data on the shock compression of porous Ni are given
in the (P, o) coordinates in Fig. 4. Similar results (supple-
mented with a number of data borrowed from Refs [8, 9]) for
Al, Fe, and Cu are demonstrated in Figs 5-7. For greater
clarity, several experimental shock adiabats corresponding to
intermediate values of m are not shown in Figs 4-7 (for the
same reason some data from Ref. [9] are omitted from Figs 6
and 7).

The shock compression of porous metals was investigated
in Refs[16-18, 20, 29-36] not only in the high-pressure region,
but also at relatively low ‘packing’ pressures. Asis evident, for
instance, from Figs 5-7, to compress porous metals with
m =~ 8—10 from the initial density py, (¢ = 1/m) to a density
of about (0.7—0.8) p, requires rather high (up to ~ 5 GPa)
pressures (compressive stresses). This is due to the rheology
(strength) effect in the packing of powders.

A characteristic property of porous metals, which
manifests itself at relatively high pressures for all the metals
investigated, consists in a sequential lowering of the experi-
mentally determined ¢ values (see Figs 4-7) and, accordingly,
in an increase in ¥ with increasing m in arbitrary isobars, i.e.
in the positivity of the derivative (0V/0Vy) p.

In the laboratory experiments considered above, investi-
gations were made of the domain of states with an internal
energy (its increment) of up to ~ 50 kJ g~!. Higher-energy
parameters (for internal energies up to = 300 kJ g~!) were
realized in the shock compression of porous samples in
underground nuclear explosions. In these experiments,
investigations were carried out of Cu (m = 3.10, 4.00) [37],
Fe (m =~ 3.27, 3.46) [20], W (m = 3.08) [20], and U (m = 3.3).
The results for Cu, Fe, and W are given in Fig. 8. As in
laboratory experiments, measurements in this case were made
by the reflection technique with the Al screen. The data
presented in Fig. 8 were obtained with the use of the D(U)
dependence for Al (p, =2.71 g cm™3) in the form D =
6.541 4 1.158U [km s~!] and the ‘specular’ approximation
in the (P, U) variables for the unloading isentrope and the
shock Hugoniot of Al double compression. The shock
Hugoniot of Al in the (P, o) coordinates, corresponding to
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Figure 5. Same as in Fig. 4, but for Al: / — experimental data of Ref. [15]
(processed by A I Funtikov), 2— Ref. [8], and 3 — Ref. [10].
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Figure 6. Same as in Fig. 4, but for Fe: experimental data of Ref. [10], with
the exception of the data for m = 1.31 taken from Ref. [9].
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Figure 7. Same as in Fig. 4, but for Cu: experimental data of Ref. [10], with
the exception of / (m = 1.41) and 2 (m = 1.98) data taken from Ref. [9].

this D(U) dependence, is plotted in Fig. 8, which also shows
experimental data on the shock compression of Al.

By and large, the data for porous metals obtained in
strong shock waves produced by nuclear explosions are
consistent with the data of laboratory experiments. Their
combined representation in the (D, U) variables confirms the

T
&

3.0

¥
P.TPa Cu W(+1) |

4.00 3.08 /

20 F Fe (+0.5) /

15 310 346 75

Figure 8. Shock Hugoniots of porous Cu, Fe, W and continuous Al.
Experimental data for the porous metals were taken from Ref. [10].
Experimental data for continuous Al: 7 — Ref. [10], 2 — Ref. [38], and 3 —
Ref. [39]. Model Hugoniots: solid curves stand for the porous metals, and
the dashed curve stands for continuous Al. The dotted curve is the shock
adiabat of Al calculated from the dependence D = 6.541 4 1.158U. The
numbers alongside the adiabats indicate the porosity factor m. The data
for Fe and W are shifted to the right by 0.5 and 1, respectively.

previously reached conclusion (in the discussion of Fig. 3 for
Ni) that the slopes (dD/dU),, of the shock Hugoniots of
porous metals at relatively high U are approximately equal to
the slope of their principal Hugoniots. Here, the typical slopes
amount to ~ 1.2—1.3.

The average values of y = VAP/AE (where AP, AE are
the pressure and energy differences between the shock
Hugoniots of porous and continuous substances for a fixed
value of V') for Cu, Fe, and W, calculated from the data given
in Fig. 8, are ~ 0.6—0.7, which is approximately three times
smaller than the 9 values for these metals under normal
conditions.

To summarize, it is valid to say that over an approxi-
mately 60-year period of research a wealth of experimental
data on the shock compression of a large number of initially
porous (in some cases with m =~ 10—30) metals has been
obtained at pressures of up to ~ 1 TPa in a wide range of final
densities, including the domain of significant substance
expansion (for several metals up to 1/g = 5). These experi-
mental data enabled determining the general laws of behavior
of these substances under shock compression. The results of
these investigations yielded substantial information about the
thermal constituents of metal EOSs and lent impetus to the
construction of new wide-range EOS models. One of these
models is outlined in Section 4.

It should be noted that the shock compression of porous
samples permitted investigating, apart from substance prop-
erties at relatively high densities, their characteristics in a
relatively low-density state (close to the domain of evapora-
tion) by the isentropic unloading technique. This possibility
arises from a greater increase in substance entropy behind the
shock front in a porous substance compared to that along the
principal shock adiabat. Several initially porous metals have
been studied by this technique. By way of example, Fig. 9
demonstrates the experimental data on the isentropic unload-
ing of Cu. The nonmonotonic behavior of the dependences is
due to substance evaporation in the unloading wave.

Along with metals, other porous substances have also
been extensively studied at the RFENC-VNIIEF, in particular
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Figure 9. Unloading isentropes of initially porous and continuous copper
for different porosity factors m. Experimental data for m =1 were
borrowed from Ref. [40], for m = 2.41 and 2.98 from Ref. [26]. The
curves result from calculations based on a model EOS. Slanting segments
indicate the onset of evaporation in the unloading wave.

ion salts, carbon, and water in a solid state (snow). Generally,
the substances listed exhibit the same properties of shock
compression as porous metals ((0V/0Vy)p > 0). The data
obtained for these and some other porous substances are
contained in reference book [10].

4. Model description of the experimental data
for metals

To describe experimental data, including those on the shock
compression of porous samples, use is made of different
semiempirical model EOSs of metals. These EOSs are
reviewed in several papers [23, 41-43]. The series of KUF
type EOSs was mentioned in Section 3. Model EOSs contain
free constants determined by best fitting to experimental data.
Preference is given to those EOSs which reproduce a greater
amount of data for a smaller number of the constants and also
exhibit correct asymptotic behavior under extreme (P, T)
conditions.

Below, we describe a semiempirical model EOS [44-48]
which takes into account evaporation, thermal ionization,
and melting of a substance and contains a relatively small set
of free parameters determined from available experimental
data. In this case, there is satisfactory agreement with the
results of other dynamic experiments, in particular, on the
shock compression of porous metal samples (these experi-
ments are not employed in the determination of the model’s
constants).

In the formulation of the model of a liquid, the latter is
treated as a gas of particles (atoms, ions, electrons); the real
liquid properties (evaporation, finite compressibility, etc.) are
described by introducing corrective additional terms (reflect-
ing the existence of particle ‘size’, interparticle attraction, etc.)
into the thermodynamic functions of an ideal gas. In this
respect, the model is close to the chemical plasma model [49],
which proved to be applicable for describing the properties of
shock-compressed porous metals [18, 50]. In comparison with
the model of Ref. [49], however, the model under considera-
tion is mathematically simpler and contains a smaller number
of free constants, which is of importance for practical
applications.

To describe liquids and gases with the inclusion of
ionization processes, use is made of a modified Van der

Waals (mVdW) model. The thermal equation of state may
be represented (with the introduction of an additional
variable P™P) in the following parametric form:

P =P 4 PUY(V,{N}), @

pren _ NknT ®)
V—"Vc

Ve = Ve(P™, (N}). ©)

Here, kg is the Boltzmann constant; N = >, N; + N, is the
total number of particles equal to the sum of the numbers of
ions N; (i is the ion sort) and electrons N, contained in a
volume ¥, and the set of N;, N, which defines the mixture
composition, is defined as { N }; P is the attraction pressure;
Vc is the covolume, and P™P is the kinetic pressure. It is
assumed that P™P is the cause of particle compression, which
is reflected in formula (9) (in which the possible dependence of
the covolume on {N } is also included). The functions P*"* and
Ve are empirical. The variables of the EOS in the mVdW
model are 7, P™P, and {N }. When these variables are set, Vis
found from expression (8), after which P is obtained from
expression (7). In this way, a thermal P—T—V relation is
determined. For V¢ = const and N, = 0, the modified VAW
model turns into the initial VAW model and, like the latter,
includes evaporation.

The free energy F of a mixture is determined simulta-
neously with formulas (8), (9) utilizing the following expres-
sion

F: E’vrep(Prep7{N}) _'_Eatt(V7 {N})

eNTS/Qr,-a,-(T) )
—kgT» NlIn| ———=
B ZI: i ( N,-Prep

(10)

2 TS/Z
— kBTNeln (M) ,

N_Prep

where e is the base of a natural logarithm, and

prep =
Ercp:_J Prop(@VC(Pre[%{N})) dep7 (11)
{N }=const

0 oPrep
v
E‘-att _ _J PaLL(IZ {N}) dI?

{N}=const ’ (12)
o0

= ké/ 2 (m/2nh2)3/ 2, m is the particle mass, 7 is the Planck

constant, and ¢(7') is the internal statistical sum of an

individual particle. Integrals (11) and (12) are taken for

{N} = const.

From variables 7, P™P, and {N}, it is possible to
calculate, along with F, the entropy S = —(3F/3T);, (n}» the
energy E = F+ TS, the pressure P = —(6F/6V)T.{N} [coin-
cides with expression (7)], etc.

The dependences of V¢ and P*! on the degree of
ionization were disregarded in the concrete application of
the model to metals. It was assumed that

Ve (P™ {N}) = MVc(P™P), (13)
Patt([}’ {N}) — Patt(%) — Patt(V)’ (14)

where M = my ), N; is the substance’s mass, mj is the atomic
mass (the electron mass is neglected owing to its smallness in
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comparison with ion masses, as is the difference between the
masses of various ions), V'is, as above, the specific volume (of
unit mass), and V¢ is the specific covolume.

If, instead of dependence V¢ (P™P) in expression (13), use
is made of its inverse function P™P(V ), relations (7)—(9) can
be written out in variables T, V¢ as

P =P (V) + PP(V), (15)

_ NkgT

V=Ve+———. 16
C+PreP(VC) (16)

At T = 0, it follows from relation (16) that V' = V¢, V = Ve,
and in this case relation (15) represents the equation for cold
pressure Pgold:

Peoa(V) = P™(V) + P (V). (17)
In the realistic selection of the dependences P*' (V') and
P™(V¢) [or, which is equivalent, V¢(P™) instead of
P™P(V¢)], it is possible with the aid of Eqn (17) to describe
the characteristic properties of liquid compression at rela-
tively low T (in particular, the shock compressibility of a
liquid), which extends the VAW model to the high-density
region.

In the state of thermodynamic equilibrium, the values of
N;and N, are found from the equations yi; = y;, | + p, for the
particle chemical potentials y = (0F/0Ny)y Ny k=1
e; the derivative is calculated for a constant number of
particles of all components except the kth one). The final
equations are similar to the Saha equations (differing from
them by the change P — P™P) and turn into them for V,
T — oo (in this limit P3"* = 0, P = P™P). In the latter case, the
model described by Eqns (7)—(10) reduces to the EOS of the
mixture of ideal ion and electron gases.

In the concrete construction of the EOSs of metals,
statistical sums ¢ were limited to the inclusion of the ground
particle’s states. The statistical weights and ion ionization
potentials belong to reference data.

Therefore, in view of the assumptions made above, the
liquid and gas model is completely defined by specifying
empirical functions V¢ (P™P) [or PP (V)] and P¥(V).

Possible polymorphous phase transitions are disregarded
in the consideration of the solid state. For Fin the solid phase,
use is made of an expression which follows from the theory of
small atomic vibrations for the temperature interval 7> @p
(where Oy is the effective Debye temperature):

F:Eco]d(V)+3N0kBT1n (%) s (]8)
where Ny = const is the number of atoms in a volume V, and
Eoia 18 the cold energy.

The liquid and solid phase models are united as follows.
The liquid EOSs (7)—(10), (13), (14), the dependence Op(V),
and the melting temperature 7™(P) are assumed to be
known. From them and from the liquid (S') and solid (S®)
phase entropies in the melting curve [the superscripts 1 (liquid)
and s (solid) pertain to the quantities in this curve], using the
Clausius—Clapeyron equation

d7rm™ Sl —_ S8

dP ~ Vi—vps’

it is possible to find the dependence V*(P). After this, the
function Eqq entering expression (18) is determined from the

(19)

condition that the Gibbs potentials (P, T)= F + PV of the
phases are equal in the melting curve. The solid-phase EOS is
thereby completely defined in a consistent way.

For a melting criterion, use is made of an analog of the
Lindemann criterion. The volume of a liquid in melting is
assumed to satisfy the condition

V- Ve(PrP)

Ve (Prn) = f§ = const.

(20)

Equations (7)—(9), (13), (14), and (20) permit calculating the
dependence 7™ (P).

The simplest variables of a complete model EOS are T,
P™ (or V). When T > T™, calculations are performed using
the liquid EOS, otherwise utilizing the solid-state EOS. In
two-phase domains, use is made of a conventional additive
approach.

The dependences P (V'), Vc(P™P), and Op(V'), which
define the complete EOS, are represented by rather simple
functions containing a relatively small number of free
constants which [along with f in expression (20)] are selected
proceeding from the model description of thermodynamic
substance’s characteristics at atmospheric pressure (the
densities and compressibilities at room temperature, the
melting temperatures and enthalpies, the binding energies)
and the principal shock Hugoniot. The detailed form of the
EOS and the parameters for Al, Fe, Ni, Cu, Mo, Ta, W, and
PD are given in Refs [45, 46].

Figures 4-8 show the results of describing experiments
with porous Ni, Al, Fe, Cu, and W samples. On the whole, the
model dependences agree well (with an error in compression
ratio close to the uncertainty of measurements) with the data
of experiments without special normalization to them
throughout the domain of the (P, o) states investigated. The
calculated temperature values amount to ~ 10° K. The
highest (=~ 3 x 103 K) is realized for Cu with m =4 at
P =~ 2 TPa. In this case, the calculated degree of ionization
equals = 2.7. For other porous metals investigated, the model
experiment description is close to that presented in Figs 4-8.

The EOS also provides a satisfactory description of
the data of other experiments on metals, including those
on the isentropic unloading of initially continuous and
porous samples (this is illustrated in Fig. 9 for Cu), melting
under shock compression and isentropic unloading, the
speed of sound behind the shock front, and static iso-
thermal (7 = 300 K) compression (the results of compar-
isons are outlined in Refs [44—47]; Refs [45, 46] report on the
parameters of the critical points for eight metals).

5. Relation between the Griineisen coefficient
and the relative position of porous shock
Hugoniots

In this section we give the relations which permit judging the
sign of Griineisen parameter y (5) of a substance, which is an
important characteristic of its EOS, by the relative arrange-
ment of the shock Hugoniots of porous samples in (P, V')
coordinates (relative to each other and to the principal
Hugoniot). In the derivation of these relations, we assume
that equilibrium thermodynamics applies to the description
of dynamic experiments. The data of experiments with metals
testify to the positivity of y for metals. On the contrary
experiments on silicates exhibit a different tendency (see
Section 6).
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The availability of data on the shock compression of
continuous and porous samples of a substance permits
calculating on their base the following parameter (or
estimating its average value by a difference technique)

e
Voo ) p

where V' = V(P, Vi) is the specific volume of the substance in
the state corresponding to the shock Hugoniot with given P
and m = Vyy/ V. As noted in Section 3, metals are character-
ized by 4 > 0.

Let us show that the sign of 1 is determined by the sign of
. To do this, we take advantage of the coefficient

oV
=Pl —
r=r(ce),

which, in view of the thermodynamic relations dE =
TdS — PdV, (0S/dV), = (0P/dT)g = ¢2/yVT (where ¢ =

V\/—(0P/dV ) is the speed of sound), may be written out
as

(1)

(22)

P

N=—-, 23
pct/y— P )
whence we obtain
2
y = npcs (24)

T P(l4n)’

Differentiating relation (3) and making some transforma-
tions, which are omitted here, we arrive at the following
expression for # in terms of A:

24

= . 25
1= 2(dEgw/dVe)/P+1— 4 (25)
Substitution of expression (25) into formula (24) gives
24pc?
il (26)

" T PO+ + 2(dEo/dVeo) [ P)

For relatively large P, the quantity 2(dEy/dVy)/P may
ordinarily be neglected (for porous samples, dEyy/d Voo = 0)
and formula (26) takes on the form

2ipc?

”/:m~ (27)

In the mutual arrangement of the shock adiabats character-
ized by different m values, three versions are possible, which
correspond to 4 > 0, 4 = 0, and 4 < 0. According to formula
(27), y values of different signs correspond to them. For 4 > 0,
the condition y > 0 is fulfilled (metals and several other
substances). If 1 =0, then y = 0. In this case, a substance
with different m values is compressed to the same volume V'
under a similar pressure of magnitude P. For 4 < 0 (|4]| < 1),
parameter y < 0. The manifestation of this property by the
substance can, in particular, qualitatively explain the unusual
situation wherein the value of V realized in the shock
compression of a substance with m > 1 is smaller than the
value of V obtained in the Hugoniot with m =1 (i.e. shock
Hugoniots with different m intersect).

The 72 >0 (y > 0) property, which manifests itself in
experiments on porous metals, is consistent with the data on
the shock compression of initially liquid metals possessing a
lower initial density in comparison with p, [51]. The shock
Hugoniots of Zn, Sn, Cd, and Pb melts in the (P, V)
coordinates are located to the right of the principal shock
Hugoniots of these metals (these adiabats coincide to within
experimental error for Cu). The same property (4 > 0) also
shows up, for instance, in the shock compression of Mo
initially heated to a temperature of 1673 K [52]. According to
the estimates of Refs [51, 52], the average values of y ~ 1 are
typical for the metals listed above.

Experiments on double shock-wave loading from the
initial states corresponding to the principal shock Hugoniot
also yield positive y values for metals (Al, Mg, Zn [10]). In
the (P, V) coordinates, these data lie to the left of the
principal Hugoniot (curve HH in Fig. 1 sloping gently
relative to the Hugoniot H,—;). This position of the
indicated dependences is attributable to the higher values of
E and T (for V =const) realized under single shock
compression compared to these quantities in the double
compression, which leads to a greater pressure increment in
the former case fory = V(0P/0E),, > 0.In the case of metals,
the same factor accounts for the location of unloading
isentropes to the right of single-compression shock adiabats
(for instance, the gently sloping isentrope S; in comparison
with the Hugoniot H,,—; in Fig. 1).

It should be noted that in single-phase states the
coefficient y is related to the thermal expansion coefficient
p=(0V/0T),/V, the isobaric heat capacity Cp=
T(0S/0T)p > 0, and the speed of sound ¢, by the expression

pe;
V= —" 28
In the domain of the mixture of two (1 and 2) phases
possessing an equilibrium curve T'?(P), the following
relationship holds true:

24712
L Pe dr'*(P)/dP . (29)
TIZ(P)

One can see from relations (28), (29) that the realization of the
y > 0 characteristic in single-phase state domains, which
occupy the main part of space in the phase diagram, is
associated with the manifestation of the property > 0 by
the substance, and with the slope of equilibrium curve
dT'2(P)/dP > 0 in relatively local two-phase domains. The
change in sign of the last two quantities has the consequence
that y < 0. In this case, the substance under external action
exhibits properties qualitatively different from those of the
metals considered above.

6. Peculiarities of dynamic experiments
on silicates

In a rather broad (P, V)-state domain, different silicates
exhibit tendencies contrary to those observed in experiments
with metals (see Section 5).

Figure 10 demonstrates the data on the shock compres-
sion (with initial parameters Py =1 atm, T, = 298 K) of
initially continuous (coesite with p, = 2.92 g cm—3, a-quartz
and quartzite with p, = 2.65 g cm~3, and fused silica with
po =2.204 ¢ cm™3) and porous (pg, = 1.76, 1.90 g cm™3)
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Figure 10. SiO; shock Hugoniots. Experimental data on shock compres-
sion: 1,4, 7—Ref. [10]; 2—Ref. [53]; 3, 5, 6 — Ref. [9]. The solid curve stands
for the 7= 300 K isotherm of -SiO, quartz [54] (the dashed section of the
curve is an extrapolation).

Figure 12. Mg,SiO, and MgSiO; shock Hugoniots. Experimental data on
shock compression: / — Ref. [62]; 2, 3, 7-11 — Ref. [9]; 4, 5 — Ref. [63]; 6 —
Ref. [64]. The solid curves are the 7= 300 K isotherms of Mg,SiO, and
MgSiOj; [54] (the dashed curves are extrapolations). The data for MgSiO;
are shifted to the right along the abscissa by 0.1 cm?® g!.
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Figure 11. SiO, shock Hugoniots. Experimental data on shock compres-
sion: I — Ref. [9], 2-5— Ref. [10]. Experimental data on the isothermal
compression of fused silica with p, = 2.204 g cm3: 6 — Ref. [55], 7 —
Ref. [56]. Results of calculations based on a model EOS: solid curves—
shock Hugoniots; dashed curve— 7' = 30 K isotherm of fused silica.
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Figure 13. Fe,SiO, and CaAl,Si;Og shock Hugoniots. Experimental data
on shock compression: /— Ref. [65], 2— Ref. [9], 3 — Ref. [65] (initially
liquid state), 4, 7— Ref. [66], 5— Ref. [67], 6 — Ref. [68] (initially liquid
state). The solid curve is the 7= 300 K isotherms of Fe,SiO, [54] (the
dashed curve is an extrapolation).

samples of silica SiO, (hereinafter the initial density of
nonporous, including liquid, samples is denoted as p,, and
of porous ones as py,). Figure 10 is partly complemented by
Fig. 11, which gives, along with the shock compression data
for fused silica, the data of experiments in the shock
compression of porous SiO» for p,, = 1.35, 0.80, 0.55, and
040 g cm™® (at the initial parameters Py = 1 atm,
To = 298 K). For clarity, the data of some experiments in
the shock compression of porous samples with intermediate
Poo values were omitted in Figs 10, 11.

We note that the SiO» shock compression data shown in
Figs 10 and 11 (including those omitted) are not exhaustive.
In particular, investigations in Refs [57-60] were carried out
for pgy < 0.4 gcm ™3 in a pressure range of up to 100 GPa, and
in Ref. [61] the shock compressibility of samples with
poo = 1.35, 1.75 g cm~? was investigated for pressures of up
to ~ 2 TPa.

Figures 12 and 13 present the results of experiments in
the shock compression (initially continuous and porous

solid samples with the initial parameters Py =1 atm,
To = 298 K; melts for Py = 1 atm and an elevated tempera-
ture 7)) of forsterite Mg,SiO,, enstatite MgSiO;, fayalite
Fe,Si0y4, and anorthite CaAl,Si,Og.

Along with shock wave data, Figs 10, 12, and 13 depict
the static compression isotherms (7 = 300 K) of the initial
phases of several crystalline silicates for moderate pres-
sures, which were calculated using the relation P =
Kr/K'[(p/py)® —1] with parameters borrowed from
Ref. [54]: py = 2.65, Kr = 38, K' = 5.4—0a-SiO; p, = 3.22,
Kr=1357, K'=3.98—Mg,SiO,; p, =3.22, Kr=125,
K'=5—MgSiO;, and p, =439, Kr=124, K'=4—
Fe,Si0O, (dimensionality: p,—[g cm™3], Kr—[GPa]).
Experimental data on the isothermal (7' = 300 K) compres-
sion of fused silica with p, = 2.204 gcm ™3 are given in Fig. 11.

It should be noted that the shock Hugoniots of contin-
uous and slightly porous samples are located in the solid-state
domain (prior to melting) in the pressure range considered in
Figs 10-13. According to the estimates of Ref. [65], initially
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liquid Fe,SiOy (see Fig. 13) becomes solid in the states on the
shock adiabat beginning with pressures of several GPa. It is
likely that initially liquid anorthite (see Fig. 13) also becomes
solid at similar, relatively low, pressures (the transition of
initial melts to the solid state is due to a stronger temperature
rise with an increase in pressure along the melting curve in
comparison with the temperature growth along the shock
adiabat). Highly porous SiO; (see Fig. 11) at relatively high
shock pressures resides in the liquid state. Estimates based on
the SiO, EOS discussed below suggest, in particular, that the
temperature of samples with py, = 1.35 g cm~* subjected to
shock compression by the pressure P =~ 22 GPa rises to
T ~ 3500 K, while samples with py, = 0.55 g cm~ under a
pressure P ~ 5 GPa are heated to a temperature 7'~ 3000 K.
These values of P and T approximately correspond to
parameters in the SiO, melting curve. That is, the peculia-
rities of silicate behavior discussed below take place, as a rule,
in the substance solid state (highly porous SiO; is an
exception).

With reference to Fig. 10, in a rather wide pressure range
the SiO; shock Hugoniots corresponding to lower values of p,,
(or pgyy) are located to the left of the Hugoniots that
correspond to higher values of p, (p(,), with the result that
A < 0. Inparticular, this mutual arrangement of the Hugoniot
of fused SiO, with py=2.204 g cm~* and the Hugoniot of
0-Si0, and quartzite with p, = 2.65 gcm ™ takes place in the
P =~ 20—40-GPa range, and of the Hugoniots corresponding
to pgy=1.76 gcm™3 and p;=2.65 gem ™ in the P~ 5—40-GPa
range.

For relatively low shock intensities, estimates of A may be
affected by substance strength. The relative position of the
a-Si0, compression isotherm at 7=300 K and the Hugoniot
with p, = 2.65 g cm~* (see Fig. 10) shows that the strength
effect along the latter is insignificant for P > 10 GPa. For
fused SiO,, judging by the position of its 7= 300 K isotherm
and the shock Hugoniot (see Fig. 11), the same conclusion
holds for P > 20 GPa. It is therefore likely that the anom-
alous mutual arrangement of the Hugoniots of fused and
initially crystalline quartz in the P ~ 20—40 GPa range takes
place in a close-to-hydrodynamic substance state (i.e. the
rheology effect is weak in the range of the 4 < 0 property
manifestation). Nor is strength the chief factor in the anomaly
of the Hugoniots with pgy = 1.76 gem ™3 and p,=2.65 gcm ™
for P~ 5-—40 GPa (because at pressures higher than
P =~ 5 GPa the Hugoniot of porous quartz is located to the
left not only of the Hugoniot of continuous quartz, but also of
its 7= 300 K isotherm which determines to a first approx-
imation the hydrodynamic shock adiabat of continuous
material at moderate heating; the inclusion of a possible
strength effect along the py,=1.76 g cm™ Hugoniot will
only aggravate the anomalous relationship between the
shock Hugoniots under consideration).

Also unconventional (see Fig. 11) is the position of the
shock Hugoniots of SiO» with py, = 0.40—1.35¢g cm™3
relative to the 7 =300 K isotherm of fused silica (p, =
2.204 g cm™3): the Hugoniots lie on the left of the isotherm
in a rather wide pressure range (P ~ 5—20 GPa). With an
increase in shock wave intensities, the behavior of these
porous shock Hugoniots becomes normal — they reside to
the right of the 7= 300 K isotherm.

The tendency for 4 < 0in a rather wide pressure range also
manifests itself in the shock compression of porous and contin-
uous samples of Mg,SiO, (see the pgy = 2.63—3.10 g cm ™3
data positions relative to the p, =~ 3.2 gcm™ data in Fig. 12),

MgSiO; (see the pyy = 2.71—3.04 g cm™3 data in the same
figure), and anorthite (see the position of the experimental
point with pyy = 2.23 g cm~ at P ~ 23 GPa relative to the
shock Hugoniot with p, &~ 2.7 g cm~ in Fig. 13). The results
of experiments on MgSiO; are somewhat contradictory: the
data for samples with py, = 2.76—3.04 g cm~3, which are
located virtually on one P(V') curve, lead to 4 = 0, while the
compressibility of samples with py, = 2.71 gem ™3 implies that
A < 0.The A < 0 property is also manifested by other silicates,
in particular by tuff, which exhibits an anomalous mutual
arrangement of Hugoniots with py =1.28 g cm™3 and
poo = 1.65 gem™ for P < 10 GPa[9].

The behavior of the shock adiabats of fayalite and
anorthite (see Fig. 13), which are initially in a low-density
liquid state (at Ty=1573K, p=3.75gcm™3 and Ty, =1923 K,
po = 2.55 gem ™3, respectively), is qualitatively different from
the behavior of similar shock Hugoniots for metals (see
Section 5). In a significant part of the P < 40-GPa interval,
these shock Hugoniots reside to the left of the principal shock
Hugoniots which correspond to the initially dense solid
material (1 < 0).

For relatively high pressures, the behavior of the shock
Hugoniots depicted in Figs 10-13 exhibits a tendency to
normalization (4 > 0).

One of the present authors (RFT) and his colleagues
carried out experiments in the double shock compression of
SiO, from the initial states with P =25 GPa and
P =~ 35 GPa, corresponding to the gently sloping portion of
the shock Hugoniot with p, = 2.65 g cm~? (the data have not
been published). The resultant data in the (P, V') coordinates
lie to the right of (are steeper than) the primary Hugoniot,
while for metals (see Section 5) the opposite situation is
observed. This feature may be attributed to the manifesta-
tion of the y < 0 property by the substance. It is not unlikely
that the same reason explains why the unloading isentropes of
the silicates under consideration (a-SiO- [69, 70], fused silica
[71], Mg,Si0, [62], Fe,Si0,4 [65], and CaAl,Si,Og [67]) lie to
the left of the principal shock Hugoniots in approximately the
same subdomain of (P, V') states where the shock wave A < 0
property manifests itself. Qualitatively the same steep form is
inherent in the isentropes of granite [72], rhyolite [73], and
other silicates near the gently sloping portions of the principal
shock Hugoniots. In paper[74], measurements were made of
the wave profiles in the shock compression (P =~ 10—20 GPa)
and the subsequent isentropic unloading of porous tuff with
poo ~ 1.7—1.85 ¢ em™>. In gas dynamic calculations, the
experimental data on the unloading could be reproduced
only in the framework of the EOS model with y < 0. Figure 14
gives the y values in the states of shock compression employed
in Ref. [74] to describe the experiment.

Therefore, experimental data with different silicates,
including SiO, which has been studied most amply and
constitutes their basis, testify to the realization, under shock
compression, of the A <0 case and the steep secondary
Hugoniots and unloading isentropes in a rather wide
subdomain of states. This is qualitatively explicable in terms
of y < 0 property manifestation by the substance.

The realization of the situation with y < 0 in SiO; in the
intersection region of shock Hugoniots with different values
of py, was earlier noted in Ref. [75], and the possibility of
explaining the steep SiO; isentropes was attributed to the
manifestation of the y < 0 property in Ref. [76].

Also noteworthy are several other peculiarities of the
shock compression of silicates.
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Figure 14. Behavior of the Griineisen coefficient in shock-compressed
states. Tuff [74] and nitrogen [92] data are shown by symbols; the solid
curve represents calculations along the shock Hugoniot with
po = 2.204 g cm~3 in the framework of the SiO; EOS.

The shock Hugoniots depicted in Figs 1013, in particular
the Hugoniots corresponding to the close-to-maximal p,
values (which have been studied in greatest detail), are, as a
rule, nonmonotonic. For practically all silicates it is possible
to mark out a gently sloping portion of the shock Hugoniot
located in the P &~ 10—40 GPa range, as in the case with SiO;
possessing p, = 2.65 g cm™ (see Fig. 10). Here, the shock
P(V') dependences do not show clearly a sharp change
of compressibility characteristic of the first-order phase
transitions in the intersection of phase boundaries. In
particular, the experimental shock Hugoniot of a-SiO, with
po = 2.65 g cm~ in the case of realization of an equilibrium
quartz—stishovite mixture would consist of three portions [79,
80] corresponding to a-SiOs, the phase mixture, and the high-
pressure phase — stishovite (p, ~ 4.3 g cm™3). In this case,
the second, gently sloping, portion of the curve corresponding
to the phase mixture would reside in a very narrow pressure
range P} < P < P + AP, AP < P, where Py ~6—9 GPa—
the onset pressure for the realization of the phase mixture
(which somewhat varies, depending on the method of its
estimation). The compressibility for this portion would be far
greater than the compressibility in the first and third portions.

It is likely that the relatively smooth behavior of the
Hugoniots observed in shock wave experiments is due to
amorphization of the silicates at a high pressure (many of
them, including SiO,, Mg;SiO4, MgSiO;, and CaAl,Si,Os,
transform into glass under shock and static pressures [79-85])
and to the peculiarities of the substance compression in this
state. In particular, the existence of gently sloping portions
of the silicate shock Hugoniots is attributed in Ref. [86] to
the capacity of glass for enhanced continuous compaction in
the pressure range corresponding to these portions. The
smooth behavior of the fused-silica compression isotherm
(T = 300 K) at pressures of up to P =~ 60 GPa (see Fig. 11)
argues in favor of a continuous compaction mechanism.

Also possible for high values of parameters P, T is the
decay (dissociation) of initial silicates to simpler components.
Notably, the upper steep portions of the shock Hugoniots of
continuous Mg,SiO4, MgSiO;, and Fe,SiO4 samples are
satisfactorily reproduced by models assuming the realization
of 2MgO + SiO,, MgO + SiO,, 2FeO + SiO; mixtures and
using for the oxides the EOSs characterizing their dense
modifications (see, for instance, Refs [§7-89]). In this case, a
higher degree of decomposition of these components is

supposedly not ruled out, either. The possibility was
emphasized in report [90] that an SiO; = SiO + 0.50,
reaction may proceed under (P, T') conditions characteristic
of the terrestrial mantle. In paper [91], an analysis was made
of the structure of the material resulting from a spherical
shock compression of a ball initially consisting of a mixture of
a-Si0> and Al (the average initial mixture density p, =
2.67 g cm™3). An analysis of intact samples in combination
with gas dynamic simulation data showed that, judging by the
presence of Si, Al,O3, and other substances in the final state,
the initial #-SiO; begins to decompose in the solid state (prior
to melting) with the release of oxygen on attaining a shock
pressure of about 25—45 GPa (the former value corresponds
to the highest pressure in the shock wave traveling to the ball
center, and the latter value to the highest pressure in the
secondary compression shock wave reflected from the center;
the former shock wave passage time is significantly longer
than the latter one). In this case, since the simplified EOS of
the mixture employed in the gas dynamic simulations of
Ref. [91] overrates the pressure in the P ~ 25— 60 GPa range
(by ~ 30% in the middle of the range) in comparison with the
experimental one, as well as due to the realization (see
Ref. [91]) of higher temperatures in the shock compression
of a-SiO; than in Al (at P = const), the decomposition of pure
a-Si0, with p, =2.65 g cm™3 supposedly commences at
lower shock pressures than =~ 25—45 GPa. When the sub-
stance state close to the point of decomposition initiation was
approached, the authors of Ref. [91] recorded an increase in
the amorphous quartz fraction (i.e. it is supposedly amor-
phous quartz which dissociates). No stishovite was detected
in the intact samples. Clearly, the higher temperatures which
characterize the shock compression of porous samples favor a
lowering of the pressure at the point of SiO, dissociation
onset.

In connection with the possibility of explaining the
behavior of silicates by their decomposition in the shock
compression, mention should be made of the qualitative
similarity between the unusual properties manifested by the
silicates and the features observed in the shock compression
of dense nitrogen in the dissociation domain. Figure 15
depicts the experimental single-compression shock Hugoniot
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Figure 15. Experimental dependence (symbols) of the pressure in the single
and double shock-wave compression of initially liquid nitrogen [92]. The
solid curve stands for the single compression shock Hugoniot. /—5—
initial states in the primary shock Hugoniot for double shock compression
to the states 1'—5’. Experimental values of temperature are indicated for
states /-8 and 1’'— 5" [92].
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of dense nitrogen corresponding to the initially liquid state
with Ty = 77 K, p, =~ 0.808 g cm~>. This Hugoniot, like that
of the silicates, possesses an intermediate gently sloping
portion (for P = 30—60 GPa). According to Ref. [92], the
N, = 2N decomposition reaction proceeds in this pressure
range. Figure 15 also shows the results of the double shock
compression of nitrogen from the initial states /-5, which
correspond to the primary shock Hugoniot, to the final states
1'—5'. The states 1'— 3’ are located to the right of the single-
compression shock Hugoniot. This is qualitatively consistent
with the quartz steep secondary Hugoniots and the steep
unloading of isentropes of silicates noted above, which may
be attributed to the manifestation of the substance y < 0
property. The realization of the y < 0 situation in nitrogen is
additionally confirmed by the data of temperature measure-
ments [92] in states /-8 and 1'—5' (see Fig.15). In states
1’—8’, the values of V exceed the appropriate values in the
primary shock Hugoniot (for equal pressures), while the
values of T are lower in this case, resulting in the average
p < 0 under these thermodynamic conditions (and, accord-
ingly, to the average y < 0 on the strength of formula (28)).
The nitrogen average 7y values calculated from shock
compression data [92] are shown in Fig. 14. We note that the
anomalous f§ < 0, y < 0 values can be explained under the
assumption that the volume vy, of one N, molecule is larger
than the volume 2uyn of two N atoms produced in its
decomposition. As a result, an increase in dissociation degree
o with an increase in T leads (for instance, in isobars) to a
lowering of the total mixture volume (1 — ) vn, + &(2vn).
The features in the behavior of nitrogen in shock waves are
represented in Fig. 15 and appear evidently due to the
properties of its EOS for a dense liquid-like state.

In view of the above arguments, it seems possible to
provide a consistent qualitative explanation for the set of
observed features in the behavior of silicates, which most
likely manifest themselves in the amorphous state (with
engagement of dissociation, judging by the data of Ref. [91]),
in terms of the y < 0, f < 0 properties inherent in the glass
EOS in a rather broad subdomain of (P, T) parameters.
In this case, the EOS thermodynamic functions remain
relatively smooth, though not monotonic (the EOS of
silicates is similar to that of liquid-like nitrogen). This
interpretation is nonetheless hypothetical. Other approaches
to the explanation of SiO, behavior are reviewed, inter alia, in
Ref. [93]. The author of Ref. [93] (and some others) adhere to
the viewpoint that the existence of gently sloping portions in
the shock Hugoniots of a-SiO, with p,=2.65 g cm~3 and
fused silica with p, = 2.204 g cm~3 in the P ~ 10—40 GPa
range and their anomalous mutual arrangement (intersec-
tion) for P ~ 20—40 GPa (see Fig. 10) are supposedly due to
the thermally activated mechanism for the emergence of a
high-pressure phase (crystalline stishovite) in a two-phase
mixture of a-SiO» (a low-pressure phase) and stishovite with
an increase in (E, T') parameters. Also discussed in Ref. [93]is
the possibility of interpreting the behavior of the shock
Hugoniots of initial a-SiO, and fused silica based on the
approach employing a single-phase EOS of glass (the
explanation of the specific features of quartz compression
implied in the present paper). Pressures higher than
P ~ 20 GPa are considered [under static (7 = 300 K) com-
pression, amorphization of initial «-SiO, begins at
P ~ 25 GPa and comes to the end at P ~ 30 GPa [82]; as
for shock compression, because of elevated temperatures
which favor amorphization, the latter is expected to begin at

lower pressures [93]]. According to Ref. [93], among the
serious arguments against this interpretation may be the
failure to explain the experimentally revealed intersection of
initial o-SiO, and fused silica Hugoniots in the P =~ 20—
40 GPa range, given the parameter y > 0 for glass. How-
ever, a consistent explanation is provided for this feature
under the assumption that glass exhibits the y < 0 property.
We note that measurements were made [94] of the structure
(of the average coordination number) of fused silica in its
static isothermal (7 = 300 K) compression in the pressure
interval P ~ 0—100 GPa. The experiments give evidence of a
structural transformation in the P~ 20—35 GPa range.
Here, the authors of Ref. [94] are inclined to explain the
resultant data in terms of the mechanism of continuous
compaction of glass in a single-phase state (compressing like
a one-component fluid) without realization of the mixture of
low- and high-pressure phases. The data of other papers are
also indicative of the continuous structural change of fused
silica at high pressures along the 7= 300 K isotherm. The
compression isotherm of fused silica (see Fig. 11) obtained in
Refs [55, 56] is, as noted above, also continuous, without
sharp compressibility changes characteristic of the first-order
phase transitions. These structure and compressibility data
are at variance with the mix approach put forward by the
author of Ref. [93]. With continuous compaction of fused silica
along the 7= 300 K isotherm, its continuous compaction is
also probable under shock compression. The glass produced
under the shock compression of a-SiO, with p, = 2.65 g cm~*
would also be expected to undergo continuous compaction.

The following remark is in order. As is seen from Fig. 11,
the experimental 7 = 300 K fused-silica compression iso-
therm for P ~ 20—40 GPa lies above its shock Hugoniot.
For the average temperature excess over a value of 7= 300 K
along the Hugoniot, this is attributable to the manifestation
of the EOS y = V(0P/0T),/Cy < 0 property, where Cy > 0
is the isochoric heat capacity. Therefore, both this feature and
the intersection of crystalline- and fused-silica Hugoniots for
P ~ 20—40 GPa may be due to the manifestation of they < 0
anomaly in the glass EOS.

As discussed in Section 2, significant variations in the
dimension of initial SiO, particles for the same p,, value has
no effect, to within experimental error, on the recorded shock
wave velocity D (for the same external loading). The same
result was yielded by check experiments on samples with the
same p,, but different initial structures (crystalline or
amorphous) [19, 75, 95]. Most likely, both of these results
also argue against the realization, in shock-compressed states,
of a phase mixture and the activation mechanism of the
emergence of a high-pressure crystalline phase: for a diffu-
sion production mechanism its amount would evidently
depend on the initial material state, affecting the velocity D
and the position of the shock Hugoniot. It is plausible to
explain the independence of the final parameters from the
initial ones by the transition of initially porous quartz to a
vitreous state (amorphization which does not require sur-
mounting activation barriers proceeds rapidly [93]) behind
the shock front, and by melting at high temperatures. It is
likely that the EOS of amorphous (glass and liquid) SiO»
produced under shock compression from the initially porous
substance also possesses the y < 0 anomaly [which is a
continuation of the y < 0 anomaly, revealed from the shock
Hugoniots of initially crystalline and fused silica in the
interval P ~ 20—-40 GPa to the domain of somewhat differ-
ent (P, T') conditions], which is reflected in the unusual shape
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of porous Hugoniots shown in Figs 10, 11. In connection with
the assumption that y < 0 states may be realized for a liquid,
we note that a value of § < 0 is employed in describing the
liquid phase for P = 0—15 GPa, T ~ 2000—3200 K in the
multiphase EOS of SiO, [96].

Considering the qualitative similarity in the behavioral
features of silicates and nitrogen in shock wave compression
and their possible explanation in terms of dissociation, an
attempt was undertaken in work [97] to describe on the basis
of the mVdW model (see Section 4) the experimental data on
the shock compression of fused and porous SiO, under the
assumption of its decomposition at high pressures and
temperatures into its SiO and O, components. According to
the model used, it is assumed for initially porous silica that the
silica in shock waves, irrespective of its initial (crystalline or
amorphous) state, either becomes amorphous or passes to a
liquid state. The model is defined by formulas (7)—(10), in
which in the case under consideration N, = 0, i = SiO,, SiO,
0O,, and g;(T) is the internal statistical sum of an individual
molecule. In the calculation of ¢,(7), only the electronic
ground state of the particles was taken into account; the
molecular vibration and rotation were described by a rigid
rotator—harmonic oscillator model [98]. The energies of SiO,,
SiO, and O, molecules in the ideal-gas state correspond to
experimental values of dissociation energy. All molecular
parameters were borrowed from reference book [99]. The
mixture covolume V¢ was taken to be additive relative to
component covolumes: V¢ (P™P) = > Nive i(P™P) (v, is
the covolume per particle). For an attraction pressure P34,
use was made of approximation (14) (independence of a
detailed composition; in expression (14), M = 3, m;N;, and
m; is the mass of a molecule). The component covolumes and
the attraction pressure were represented by simple functions
containing free parameters. In the selection of SiO, covolume
and attraction pressure parameters, we took into account the
data on the isothermal (7' = 300 K) compressibility of fused
silica and its binding (sublimation) energy. The O, covolume
was determined using data on the shock compressibility of
liquid O,. The covolume function of SiO was adjustable and
was optimized for the best, so far as possible, model
description of experiments on compressibility at high pres-
sures. Equilibrium component concentrations were found
from the equation ugo, = pgio + 0.51p, With the application
of detailed balance relations. At high 7 values, several other
components (including ions and electrons) were also taken
into account in the EOS [97], but their effect was found weak
in the conditions considered below. In the execution of the
calculations outlined below, the free covolume constants of
the EOS were somewhat changed in comparison with their
values in the version adopted in Ref. [97].

We emphasize that the EOS model under consideration is
purely empirical in the domain of relatively high densities of
substances (the model should be considered as a possible way
of describing these experiments).

It is also pertinent to note that this model is close to the
one employed in Ref. [100] for describing the properties of
liquid and gaseous uranium dioxide (release of UO;, UO, O,
molecules and other similar particles, taking into account
their ‘sizes’, modeling of statistical excitation sums by the
statistical sums of ideal gas for all densities under considera-
tion).

Figure 11 demonstrates the model shock Hugoniots of
porous SiO; samples, as well as the shock Hugoniot and the
T =300 K isotherm of fused silica. In the calculation of

shock compression, the strength effect, which is significant
for fused silica for pressures P < 20 GPa, was disregarded
(owing to the elevated temperatures reached under the shock
compression of porous samples, on the whole one would
expect a weaker manifestation of rheology effects along their
shock Hugoniots than along the fused silica Hugoniot). In the
solution of Eqn (3), Eyy was taken to be equal to the calculated
value for fused silica under normal conditions. Asis seen from
Fig. 11, the model provides a satisfactory description of the
experiment on the isothermal and shock (for P > 20 GPa)
compression of fused silica, as well as on the shock
compression of porous samples. The model isotherm at
T =300 K, as in the experiment, passes above the model
shock Hugoniot with p, =2204 g cm™> in the P=
20—40 GPa range. Also reproduced is the fact that the
values of V' attained in the shock compression of samples
with pgy = 0.40—1.35 g cm~3 are smaller than those realized
in the isothermal (7" = 300 K) compression of fused silica for
P =~ 5-20 GPa (the calculated shock Hugoniots plotted in
Fig. 11 intersect in approximately the same pressure range).
The reproduction of these features is due to the existence of a
subdomain of states in the EOS characterized by y < 0. The
calculated 7y wvalues along the shock Hugoniot with
po = 2.204 g cm™3 are shown in Fig. 14. The behavior of y
along other model Hugoniots depicted in Fig. 11 is qualita-
tively the same (with the y minimum displaced towards higher
V). The smooth dependences of y also correspond to the
smooth dependences of f (28). In the domain of y <0
property manifestation, the calculated shock Hugoniots of
double compression and unloading isentropes are steeper
than the principal shock Hugoniot. The negativity of model
y and f§ values is related to the fact that the total covolume of
the SiO + 0.50, mixture is smaller than the SiO, covolume
(an analog of the 2ux < vy, relation for nitrogen).

We believe that the results given in this section do not rule
out the possibility that different silicates exhibit anomalous
(y < 0, p < 0) behavior in a vitreous state (its realization can
be expected under compression with the possible engagement
of the dissociation mechanism) in a rather broad (P, T, V)-
parameter subdomain. As shown by the example with fused
and initially porous SiO,, reflecting this fact in the substance’s
EOS permits reproducing the main peculiarities of experi-
ments at relatively high pressures.

7. Possible negativity of the Griineisen
coefficient in the upper terrestrial mantle

According to modern views, silicates like SiO,, Mg,SiOy,
MgSiO;, and Fe,;SiO, may be the main rock-forming
components of the mantle substance of Earth and other
members of the terrestrial group of planets. One would
expect that the physical characteristics of these silicates
under the (P, T) conditions realized in the mantle would
largely determine the properties (including the EOS) of the
mantle substance; the possibility of realization of one process
or another in the mantle (e.g. convection) depends on these
properties. However, because the direct evidence is lacking, in
particular data about the detailed composition and substance
structure, much in abyssal geophysics remains hypothetical.

Since the main silicates can exhibit anomalous y < 0,
p < 0 properties (see Section 6), it seems expedient to briefly
outline the hypothesis about the possible manifestation of this
anomaly in the terrestrial mantle. These properties are
supposedly inherent in the substance in a vitreous state,
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which is apparently not ruled out for the mantle substance.
Notably, according to Ref. [101] the upper part of the upper
mantle resides in a crystalline state, and the lower part in an
amorphous state.

The relatively smooth shock Hugoniots of silicates (see
Figs 10-13) and the smooth isotherm at 7= 300 K of fused
silica (Fig. 11) also argue in favor of the realization of smooth
distributions of different thermodynamic characteristics of
the mantle with depth A, in particular the density p(/) and the
speed of sound ¢s(/). Such dependences take place in several
terrestrial models constructed on the basis of seismological
data and some other facts (since the recovery of mantle p(%)
and c¢,(h) distributions from seismological data is ambiguous,
they may be represented either by continuous or discontin-
uous functions [102]). In what follows, we consider the case of
continuous functions.

By way of example of a typical smooth distribution,
Fig. 16 displays the p(h) distribution for the B497 model
borrowed from Ref. [103] (the author of this book, the well-
known geophysicist K E Bullen, considered this model to be
close to optimal). A salient feature of this distribution is a
faster growth in p in the segment /-2 (for &~ 200—
1000 km). Under the assumption of mantle substance
uniformity, this can be explained in the following way. The
density and pressure in the mantle are related as follows:

dp [ 0p L op ds
dp \orP)g \dS/, dP’
In view of the hydrostatic equation dP/dh = pg (where g(h)

is the acceleration due to gravity) and the relation
(0p/0S)p = —yTp/c2, it follows from relation (30) that

(30)

dp _pg ygTp* dS

== . 31
dh ¢ ¢z dpP (31)
When dS/dP = 0 (i.e. the adiabaticity condition is fulfilled),
the density distribution obeys the Adams—Williamson equa-
tion

dp _pg

e (32)

Figure 16 depicts straight lines /— 1’ and 2— 2, whose slopes
(dp/dh),, (dp/dh), were calculated proceeding from equa-
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Figure 16. Density vs depth in the terrestrial mantle according to model
B497 [103]. The slopes of straight lines 7— 1" and 2— 2’ were calculated
using the Adams—Williamson equation proceeding from the parameters in
states / and 2.

tion (32) (in these calculations and everywhere below it is
assumed that g = 9.9 m s~2) with the use of parameter values
in states / and 2 defined by the B497 model: p, = 3.38 gem 3,
c2=412km?s72 p,=4.60 gcm~>, and ¢3=76.1 km? s72.
In the steep /-2 portion in Fig. 16, dp/dh > pg/c? every-
where (i.e. the density growth is superadiabatic), which is an
indication that the second term on the right-hand side of
expression (31) is positive: 4, = —(ygTp?/c2)dS/dP > 0.
This is possible when two conditions are met differentially
and on average for /A =200—1000 km: y <0, and
dS/dP > 0. The possibility of realizing the former condition
is attested to by the characteristic features of the dynamic
experiments on silicates discussed in Section 6. When y < 0
and the mantle temperature 7(P) rises with an increase in P
[in accordance with modern views (see, for instance, Refs
[102, 104])], the latter condition, dS/dP > 0, is also fulfilled
because

ds Cp dT pr

dP T dP pc2’ (33)
As a result, fory < 0 and d7/dP > 0 the complete condition
4, > 0 holds, which provides the enhanced (superadiabatic)
growth of p(/) dependence in the /-2 portion in Fig. 16.

Substitution of expression (33) into expression (31) leads
to the relation

dp _pg

) 2
dh ¢ ¢

1¢Cpp® (dT T
. 34
<dP peg G

We estimate the average value of y,, in the interval
h =~ 200—1000 km using relation (34). For average values
(marked with a subscript ‘m’; /iy, ~ 600 km), from relation
(34) it is possible to obtain the following equation

V2*V pmcszm g
meome Ty dpP /

_ ((‘Lﬂ) _ M) B CN
dh m Cs2m pmg(CP)me '
Below, we use the following parameter values entering into
equation (35): (dp/dh),, =0.00153 g em™ km™!, p, =
399 g em™, ¢2, = 58.7 km? s72 (calculated using linear
relations for p and ¢2 in the # = 200—1000 km interval and
proceeding from the foregoing values of these characteristics
in states / and 2). It is assumed that (Cp),, = 3R/A, where
R=28.3x1073kJ mol™! K~!, and 4=20 is the average
atomic weight. The T(P) dependence in the pressure range
P = P, —P; (in the B497 model, states / and 2 in Fig. 16
correspond to P; =~ 6 GPa and P, = 40 GPa, respectively)
was represented by the straight line

(35)

T=T+T(P-P). (36)

Parameters 77 and T’ were assigned as follows. In the
computation of the 7() distribution in the mantle at a depth
h = 100 km, it is usually assumed [102, 104] that 7'~ 1500 K,
(£ a few hundred degrees). In view of this, it is supposed that
Ty = 1500 K in formula (36) (possible variations of 7 have
only a minor effect on y,,, estimates). Two values were set for
parameter 7’ in formula (36): 44.11 K GPa~!, and
88.22 K GPa~!. The former 7’ value corresponds to the
temperatures T, = 2250 K, T, = 3000 K calculated using
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formula (36), and the latter corresponds to 7, = 3000 K,
T, = 4500 K. To these, relatively low and high values of
temperature T, correspond at the mantle—core boundary (at
h = 2900 km), equal respectively to = 3500 K and =~ 5000 K
(these values are not at variance with T, estimates [102, 104]).
In the calculation of the T, values on the basis of 7, it was
taken into account that the temperature increment in the
lower mantle (7~ 1000—2900 km) amounts to ~ 500 K
[102, 104]. This model estimate was obtained assuming an
adiabatic temperature distribution in the lower mantle
(determined from the condition dS/dP = 0). The validity of
applying the adiabaticity condition is attested to by fulfill-
ment to a high accuracy of the relation dp/dh = pg/c? in the
1000 < /1 < 2900-km range for the B497 model version (see
Fig. 16) and other mantle models. This leads to zeroing the
second term on the right-hand side of expression (31), which
requires fulfillment of the equality dS/dP =0 when 7y > 0
(the y > 0 condition is assumed to hold true for # > 1000 km
and P > 40 GPa). The most probable mechanism ensuring
the approximate fulfillment of the adiabaticity condition
comprises convection in the lower mantle. It is noteworthy
that the relation dp/dh = pg/c? also holds in the outer
terrestrial core, in which convection is commonly assumed
to exist.

The employment of accepted parameters in equation (35)
leads to the following values of the Griineisen coefficient:
¥m = —3.3 for the former value of parameter 7" in formula
(36), and y,, = —2.2 for the latter; these values are close in
order of magnitude to the y values for SiO, and tuff in the
anomaly region (see Fig. 14). The resultant y,,, correspond to
values of the expansion coefficient i, = y,(Cp),,/c2, equal
to —7.0 x 107> K~ and —4.7 x 107> K~!, respectively.

Therefore, the superadiabatic growth in p in the /-2
portion in Fig. 16 in the B497 model (and a similar feature in
other smooth terrestrial mantle models) may be explained
(for dT/dP > 0) by the manifestation of the y <0, f <0
anomaly; this possibility is indicated by the data discussed in
Section 6. It is noteworthy that the A4, >0 condition
stipulated in book [105] is a condition for the absence of
convection in the medium.

8. Conclusions

Let us formulate the main results presented in this paper.

(1) A great body of data on the shock compression
of initially porous metals has been accumulated over the
60-year-long period of research. This research has enabled
penetrating into the domain of states of strongly heated (up to
T ~ 10° K) and relatively low-density (with an expansion
ratio of up to ~ 5) liquid unattainable in other experiments.
In the majority of cases, the experiments were carried out at
pressures ranging up to ~ 100 GPa. For several metals
(Fe, Cu, W, etc.), the peak pressures realized using the energy
of nuclear explosions amounted to 1-2 TPa.

(2) An analysis, of the data on the shock compression of
porous metals, supplemented with an analysis of experiments
involving other methods (double shock compression, isen-
tropic unloading, etc.), testify that metals possess conven-
tional thermodynamic characteristics at high pressures and
temperatures, and notably possess a positive Griineisen
coefficient.

(3) Experimental data on the shock compression of
porous metals exhibited a significant decrease in the Griinei-
sen coefficient (by up to three times relative to its value under

normal conditions) under the heating realized in the experi-
ments, and thereby gave impetus to the development of new
forms of wide-range EOSs model capable, in particular, of
reflecting the properties of substances in a near-gaseous state.

(4) The wide-range EOS model reliant on the modified
Van der Waals model reproduces the data of experiments in
the shock compression of porous metals without special
normalization to them. The data of other dynamic experi-
ments are satisfactorily described as well. The model is helpful
in estimating the EOSs of little-studied metals.

(5) Experiments at pressures ranging up to ~ 100 GPa on
initially porous and low-density liquid samples of different
silicates yield a result contradicting the metal compression
law: in a significant pressure range, the density realized in
their shock compression is higher than in the principal shock
Hugoniot of initially dense materials. This anomaly may be
qualitatively explained by the realization of substance states
characterized by negative Griineisen and thermal expansion
coefficients. The silicates supposedly exhibit these properties
in an amorphous form.

(6) The SiO; EOS constructed on the basis of the modified
Van der Waals model with a negative Griineisen coefficient in
a rather wide subdomain of (P, T, V') parameters provides a
satisfactory description of experimental data with fused and
initially porous quartz.

(7) The negative value of the Griineisen parameter may be
the cause of superadiabatic (disobeying the Adams—William-
son equation) density growth in a major part of the upper
terrestrial mantle.
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