MELTING AND EVAPORATION OF METALS
IN AN UNLOADING WAVE

A. A. Leont'ev and V., E. Fortov UDC 534.222.2

The thermodynamic states resulting in melting and evaporation in an isentropic expansion
wave during dissociation are computed for sixteen metals. Semiempirical equations of state
of the condensed phase and tabulated data on the melting and evaporation entropies are used.

The realization of a number of prospectiveengineeringprojects and apparatus (laser heating [1], linear
pinch [2], magneto-cumulative generators [3, 4], apparatus for "soft" magnetic compression [5], etc.) is
based on the attainment of extremal parameters by means of a high energy concentration. Information about
the thermophysical properties, primarily data about the phase composition of a substance in an unloading
wave, is needed to analyze and compute the hydrodynamic phenomena evoked by the dissociation of such high-
energy states.

The processes under consideration can be analyzed within the framework of the following scheme:
fast energy liberation (in the shock front, in tle skin layer, etc.) in the condensed phase with a subseguent
expansion of the substance in an isentropic unloading wave. In conformity with this scheme, the states re-
sulting in melting and evaporation of the substance during dissociation are computed on the basis of semi-
empirical equations of state for the condensed phase.

Here evaporation is understood to be the transition of the substance into a low density state p ¢ p,~
1/3po (py is the density of the solid, and p., is the density of the substance at the critical point). Keeping in
mind the shock method of generating high-energy states, which affords the possibility of conducting an ex-
perimental investigation of the thermophysical properties of metals within a wide phase-state range from a
strongly compressedcondensed state to a gaseous (plasma) domain, the shock parameters, and the charac-
teristics of the explosive dynamic-loading units permitting the realization of the selected parameter band
are computed.

The density range !/5p,% p < py is characterized for metals by a small quantity of experimental ma-
terial and an uncertainty in the theoretical predictions [6], which does not afford a possibility of carrying
out direct calculations ofthe expansion isentrope under these condi-
tions. An entropy criterion [7], taking account of the condition of flow
6 7 7 isentropy in an unloading wave and based on comparing tabulated val-
Mbar ’ ues [8] of the phase transformation entropies at atmospheric pres-
sure with the condensed-phase entropies of metals in the high pres-

sure and temperature range [9], was used in the computations.

The condensed-phase entropy was computed by using semiem-
pirical equations of state, constructed on the basis of experimental
results on the shock compression of metals. Detailed computations
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ence of an entropy maximum on the single charge line (i.e., the inter-
section of the entropy and this line at two points), which clearly contra-
! dicts experiment [10].]
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Here p,, E, are the pressure and internal energy on the T=0 iso-~
therm, y is the Gruneisen coefficient, g is the coefficient of electronic
Pr; : 77 F 70 specific heat, and b, Z, aj are empirical constants (see [10]).

The equation of state (1) results in an entropy equation
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which was used to compute the isentrope in the domain of applicability of (1). The values of the entropy S,
under normal conditions, as well as the entropies corresponding to melting and boiling 1, Sy, S3, S, are
the entropies corresponding to the beginning and ending of melting and boiling) at atmospheric pressure,
are taken from the handbook [8]. The entropy at the critical point Sg was given taking account of an esti-
mate based on the principle of corresponding states.

The results obtained for Al, Ni, Cu, Pb are presented in Figs. 1, 2, 3, and 4, where the Hugoniot adia-
bats for a different porosity m=py/py (py is the metal density ahead of the shock front), as well as experi~
mental results [10, 12-14] (1, 2, 3, and 4, respectively), are shown in addition to the isentropes 8y, 8y, Sg, S
and S,, denoted by dash~dot lines, in order of increasing pressure. The states behind the shock front which
originate during collision between the aluminum pellet, accelerated to a velocity of w=5.92 km/sec by the
explosion products, and the target are marked by dots in Figs. 1-4.

2

An increase in the initial porosity at w=const results in a pressure reduction in the shock front. The
entropy on the single-chargeline grows substantially as the porosity increases, which permits effective ex-
pansion of the phase-state domain accessible for a dynamic experiment, and being limited to linear genera-
tors of powerful shocks for this purpose [9]. A broad band of parameters from the condensed to the ideal-
gas states (Fig. 5) including the domain of the critical point and the dense strongly nonideal plasma [15],
which is not accessible to experiment, is covered by the unloading adiabats.

418



4 T z
%, /%%7
I /
Z
4 7
7+ A
g ¥
g
W sl é
O o
7 2 -
a5 0% 700 150 .00 7.50
Fig. 5
} 2.0 24 Gl/.%”
8, Mbar ]
Ne B, kbar
!
V3

i
4, ;///5/:

Fig. 6

Represented as an example in Fig. 5 is the phase diagram of lead (the two-phase domains are shaded).
The melting curve 8 is shown in conformity with [16]. The shock adiabats m=1.67, 1.25, 1, presented in
Fig. 5 and denoted by 4, 5, and 6, respectively, and the isentropes S;, Sj., and Sg (curves 1, 2, and 3) were
computed by means of (1) and (2).

The equation of state [L7] based on experimental results of shock compression of a continuous mate-~
rial and valid only in the neighborhood of the Hugoniot adiabat m="1
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1

was used in computing the parameters of the rest of the elements considered here.

The results of the computation are presented in Fig. 6, where 1 is the beginning of melting, 2 is the
end of melting, 3 is the beginning of boiling, 4 is the critical point, ¢,, P, are, respectively, the degree of
compression and the pressure for Na, K, Li; gy, P; are the degree of compression and pressure for Be;
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and ¢y, Py are the degree of compression and pressure for the remaining elements. It is seen that with the
exception of the alkaline metals, which have relatively low values of the critical parameters, shock genera~
tors with sufficiently high parameters are needed to realized the states in the near- and post-critical do-
mains, and only application of porous specimens permits the use of existing linear explosive apparatus in
the experiment.

The authors are grateful to L. V., Al'tshuler and A. N. Dremin for interest in the research and for
discussions.

LITERATURE CITED

1. S.I. Anisimov, Ya. A. Imas, G. S. Romanov, and Yu. V. Khodyko, Effect of High-Power Radiation on
Metals [in Russian], Nauka, Moscow (1970).
J. G. Linhart, "Very-high-density plasmeas for thermonuclear fusion,” Nucl. Fusion, 10, No. 3 (1970).
A. D. Sakharov, "Explosive magnetic generators,” Usp. Fiz. Nauk, 88, No. 4 (19686).
G. K. Knopfeld, Ultrastrong Pulsed Magnetic Fields [Russian translation], Mir, Moscow (1972).
R. S. Hawke, D. E. Duerre, J. G. Huebel, H. Klapper, D. J. Steinberg, and R. N. Keeler, "Method of
isentropically compressing materials to several megabars,”" J. Appl. Phys., 43, No. 6 (1972).
6. S. G. Brush, "Theories of the equation of state of matter of high pressures and temperatures," in:
Progress in High-Temperature Physics and Chemistry, Vol. 1, Pergamon (1967).
7. Ya. B. Zel'dovich and Yu. P. Raizer, Physics of ShockWaves and High-Temperature Hydrodynamic
Phenomena [in Russian], Nauka, Moscow (1966).
8. D. R. Stull and G. C. Sinke, "Thermodynamic properties of elements,” in: Advances in Chemistry,
Ser. 118, American Chemical Society, Washington (1956).
9. L. V. Al'tshuler, "Application of shocks in high-pressure physics,”" Usp. Fiz. Nauk, 85, No. 2 (1965).
10. 8. B. Kormer, A. I. Funtikov, V. D. Urlin and A. N. Kolesnikov, "Dynamic compression of porous
metals and the equation of state with variable specific heat at high temperatures,” Zh. Eksp. Teor.
Fiz., 42, No. 3 (1962).
11, T. J. Ahrens,"Shock melting and vaporization of metals,” J. Appl. Phys., 43, No. 5 (1972).
12. L. V. Al'tshuler, S. B. Kormer, A. A, Bakanova, and R. F. Trunin, "Equations of state of aluminum,
copper, and lead for high-pressure ranges," Zh. Eksp. Teor. Fiz., 38, No. 3 (1960).
13. R. G. McQueen, and S. P. March, "Equation of state for nineteen metallic elements from shock-wave
measurement to two megabars," J. Appl. Phys., 31, No. 7 (1960).
14, L. V. Al'tshuler, K. K. Krupnikov, and M. 1. Brazhnik, "Dynamic compressibility of metals at pres-
sures from 400,000 to 4,000,000 atmospheres,” Zh. Eksp. Teor. Fiz., 34, No. 4 (1958).
15. V. E. Fortov, "Hydrodynamic effects in a nonideal plasma," Teplofiz. Vys. Tem., 10, No. 1 (1972).
16. V. D, Urlin, "Melting at ultrahigh pressures obtained in a shock,”" Zh. Eksp. Teor. Fiz., 49, No. 2(8)
(1965).
17. 8. B. Kormer, V. D. Urlin, and L. T. Popova, "Interpolation equation of state and its application to
the description of experimental results on shock compression of metals,” Fiz. Tverd. Tela, 3, No. 7
(1961).

[ OV V]

420



