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New data on the compressibility of porous chromium, tantalum, magnesium, and cobalt samples 
are obtained in shock-wave experiments. Additional results are also obtained for heretofore 
unstudied states of copper, iron, nickel, molybdenum, and lead. An equation of state is chosen to 
describe the aggregate of the experimental results. 

INTRODUCTION 

No new studies of the dynamic compressibility of met- 
als having a low initlal density have been published for the 
region of states investigated in Refs. 1 and 2. The subse- 
quently obtained experimental data pertained either to 
much higher energy states' or to relatively narrow range 
near the shock adiabat of a solid metal." No experiments 
were performed at pressures and densities that are relatively 
high but are substantially lower than crystallographic. In the 
only existing publications" are reported the first measure- 
ments at pressures P <  5 GPa, where a shock adiabat of one 
form or another is "formed." Furthermore, the assortment 
of metals investigated in Refs. 1, 2, 4, and 5 was small, and 
more precise measurements were needed in a number of 
cases. 

All the above has stimulated the present investigation. 
We report here the measured compressibilities of porous 
chromium, tantalum, magnesium, and cobalt, and present 
for copper, iron, nickel, molybdenum, tungsten, and lead 
additional data pertaining mainly to the uninvestigated re- 
gion of states. 

EXPERIMENTAL RESULTS 

The samples (as a rule cylindrical washers 12-1 5 mm in 
diameter and 1.5-5.0 thick) were made by pressing the pow- 
dered metals to the required initial den- 
sityp,,,, = p,,,,/m(p,,,, is the crystallographic density of the 
metal and m is the porosity ). The lowest density (maximum 
porosity) was reached by sublimating a light organic compo- 
nent mixed with a fine-grained ground powder of the metal. 
The powder brands, the contents of the main elements, and 
the ranges of particle dimensions are listed in Table I. 

The compression parameters were determined by a re- 
flection method.' A relatively large variation of the com- 
pression parameters of the investigated metals was obtained 
by a set of measuring blasting systems based for the most 
part on acceleration of metallic striker plates by the blast 
products. Their velocities ranged from 0.3 to 9 km/s. An 
electric-contact method was used to measure the wave veloc- 
ities.(' When the pressure in the samples were lower than 5 
GPa, the time markers were as a rule piezoceramic sensors. 
Calibration experiments were performed to asses the influ- 
ence of various factors on the recorded shock-wave veloc- 
ities. 

We varied in these experiments the dimensions of the 
individual powder particles, the sample humidity, and the 
sample thickness. We monitored in addition the effect of the 
air filling the pores between the individual powder particles. 
These measurements were performed as a rule at pressures 

P> 5 GPa. The various ranges were: particle sizes-from a 
few to several times ten microns; humidity-from that of the 
ambient to near zero (thoroughly dried powders); the sam- 
ples differed in thickness by an approximate factor 2-3 ( 1.5- 
5 mm).  In Ref. 7 were performed two sets of experiments on 
copper powders, with the sample thicknesses (80 mm)  ex- 
ceeding by more than an order the customary standard di- 
mensions. Experiments with evacuated samples (normal 
filling density, pressure of order of several Torr in the sam- 
ples) were performed on copper. 

It was shown in all cases that the foregoing factors has 
no noticeable effect whatever on the measured shock-wave 
velocities. This gave ground for assuming that the conditions 
of the shock waves compressing the porous samples in the 
investigated range of states were close to equilibrium. The 
experiments could therefore be standardized and the inter- 
pretation of the results significantly simplified. 

All the experimental results are summarized in Tables 
11-VIII and plotted in the figures. These tables and figures 
show the averaged measurement results of both the principal 
and procedural experiments (since their results are equal 
within the limits of the experimental accuracy). Table IX  - .  
shows data for nickel1 reduced by the method of Ref. 7." 

Each wave velocity is here the result of several indepen- 
dent measurements with a particular blast device. As a rule 
the rms error of the wave velocity D in each run of experi- 
ments (each experimental point) does not exceed AD/D 
( 1 .O-2.0% ) . This estimate holds also for the error of A U /U, 
where Uand A Uare the mass velocity behind the shock wave 
and its variation. 

Figure 1 shows the data for the molybdenum; these are 
the so-called "single-charge lines," or plots that yield the 
adiabat of any porosity in the experimentally investigated 
Am interval. Similar plots (see Tables 11-VIII) can be 
drawn for most other investigated metals. It is of interest 
that starting with a certain m (in this case, with m = 2.0- 
2.5), for identical screen materials (aluminum in most ex- 
periments) and with identical states in them, the wave veloc- 
ities in the porous samples do not depend on the initial sam- 
ple density. This makes possible estimates of the adiabat 
positions also for m larger than in experiment, by using a 
small linear interpolation of the D ( m )  plots. The gradient 
AD /Am of the velocity decrease from the value D(p,,,, ) to 
the linear section (at  m>2-3) depends on the shock-wave 
intensity in the screen and is larger the lower this intensity. 

The next three diagrams (Figs. 2-4) show the aggre- 
gate of the experimental data, plotted in the kinematic vari- 
ables D and U, for copper, nickel, and molybdenum, which 
were investigated most thoroughly." The observed peculiar- 
ities in the positions of the adiabats in these figures are com- 
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TABLE I. 

Metal 1 C o  1 Mo 1 Pb 1 Cr --- 
Powder brand PK-I MP-4 SO jPKhl! MPF - 

99.50 

< 60 

T K P  

Main-element 99.40 
content, % 

Particle di- >70-0.5O/O; <40 <20 <50 
mensions, p m  >45-44.5'/0 ; 1 <45-54.9°/o 1 1 1 
mon, to one degree or another, also to adiabats of the other 
investigated metals. In addition to the new data, Figs. 2-4 
show the results of Refs. 4, 5, and 7. On the whole, all the 
results are in satisfactory agreement, although the positions 
of some experimental points deviate from the general depen- 
dences determined by the aggregate of the data. 

An analysis of the D-U diagrams leads to a number of 
conclusions: 

1. In those cases when the initial sections of the porous- 
metal adiabats were investigated in sufficient detail and in a 
wide range of rn (for Cu, Mo, Ni-see Figs. 2-4), the plots 
form a fan of diverging straight lines tending to a small re- 
gion ADo ( U  = 0) adjacent to the origin. 

2. The largest initial slopes D are those of adiabats 
corresponding to small porosities; the adiabat slope de- 
creases with increase of rn. The slope changes also when the 

wave velocities (on the considered adiabat) increase. The 
largest change takes place also for adiabats corresponding to 
small porosities. 

3. For the metals listed in Sec. 1, the position of the 
adiabat for the maximum or near-maximum porosity is such 
that its linear extrapolation from large D and U to U = 0 
leads formally to negative D,, and consequently, for certain 
U <  U,,., to negative wave velocities. This contradicts the 
conservation law, since D > U is a mandatory condition for 
the existence of a shock wave. Investigation of these adiabats 
in the maximum slope region ( D  = U) has shown that the 
D (  U) dependence is convex here in a direction opposite to 
that of the small-porosity adiabats. 

4. It follows from the general arrangement of the D (  U) 
plots that when the shock-wave intensities are increased the 
slopes of the porous-metal adiabats tend to the correspond- 

TABLE 11. 

Molybdenum; 110=10.?0 g/cm3 
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TABLE 111. 

Copper; po=8,93 g/cm3 

D. km/s I u. k m h  1 P. GPa I r. g/cm3 I D. km/s I uq km/s 1 P, GPa I 0.  g/cm3 

TABLE IV 

Cobalt; po=8.80 g/cm3 

D. km/r / C. km/s 1 p. GPa / u ,  g/cm' I D. km/r I u. km/s I P. GPa / r .  $/cm3 

Iron; po=7.85 g/crnl 

I 
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TABLE V. 

Chromium; ~ ~ = 7 . i ~ ~ / c r n '  
- - - 

D. km/s I U.  km/sl P. GPa I r.g/cm3 / D, tm/n I u. km/s P. OPa 1 P, g/cm7 

- 

TABLE VI. 

Lead; po=ii.34 g/cm3 

D, krnh I D.km/r 1 p. GPa I P. g/srn3 / D. km/n I u.km/s 1 P. GPa I p.g/cm3 

0.94 
1.52 
2.25 
3.06 
3.73 
4.70 
5.38 
5.84 
6.16 
6.67 
7.35 

10.78 
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0.31 
0.60 
0.97 
1.32 
1.61 
2.09 
2.40 
2.69 
2.88 
3.21 
3.54 
5.56 

1.188 ' 
1.97 

2.68 
3.27 
4.27 
4.72 
5.44 
5.80 
6.45 
7.10 
7.68 

Tantalum; po=16.38 g/crn3 

2.4 
7.0 

13.2 
19.7 
33.4 
40.4 
54.1 
61.6 
75.7 
92.1 

108.0 

0.631 
1.09 
1.51 
1.85 
2.40 
2.63 
3.05 
3.26 
3.60 
3.98 
4.31 

6.95 
7.30 
7.46 
7.51 
7.40 
7.36 
7.42 
7.44 
7.38 
7.42 
7.43 

1.2 
3.8 
9.2 

17.1 
25.4 
41.5 
54.5 
66.3 
74.9 
90.4 

110.0 
253.0 

poo=10.92 g/cm3 ; m=1.5 

6.30 
6.94 
7.42 
7.43 
7.43 
7.61 
7.63 
7.83 
7.93 
8.14 
8.15 
8.72 

poo=6.20 g/cm'; m=2.64 

1.895 
2.50 
3.67 
4.34 
4.40 
5.00 
5.41 

16.40 
15.70 
15.84 
15.71 
15.93 

0.70 
0.94 
1.49 
1.90 
1.95 
2.33 
2.61 

14.5 
25.5 
59.7 
90.0 
93.6 

127.0 
155.0 

3.6 
9.5 

25.4 
42.6 
57.0 

17.31 
17.50 
18.38 
19.42 
19.61 
20.45 
21.10 

0.466 
1.58 
2.62 
3.37 
3.88 

0.601 
0.956 
1.595 
2.04 
2.37 



TABLE VII. 

Nickel; pa=8,87 g/cm3 

D. km/s I k d . 1  P. GPa I u.  g/cm3 I D. k m h  I u. km/r 1 p. GPa I u.g/crn3 

poo=6.28 g/crn';  m=1.41 I poo=3.28 g/crnl;  m=2.7 

TABLE VIII. 

Tungsten; po=i9.i'ig/cm3 

D km/r I U. km/s 1 P. GPa I 0. g/cmi / D t m / s  ( [J', krn/sl P ,  GPa 1 0. g/cm3 
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TABLE IX. Data for nickel from Ref. 1, reduced by A. I. Funtikov by a procedure similar to that 
of Ref. 7. 

ing slopes of the adiabats wtih m = 1. After rectification, the 
adiabats in the D-U plane are parallel. The maximum adia- 
bat slope is known'.' to be D : =: 1.2. 

We proceed now to the experimental data plotted in the 
P-p plane (Figs. 5 and 6) .  We must consider here, first of all, 
the question of the so-called "packing pressures" P,,, . These 
are taken to mean the pressures on the considered adiabat of 
the porous metal (for m > 1 ) corresponding to a certain 
limiting point (P,,, ) through which the adiabats are ex- 
trapolated to the initial state (P = 0; p = p, , ,  ). The very 
postulation of packing pressures implies that shock adiabats 
corresponding to decreased density do not reach the density 
of the solid metal at the point P = 0, p,, = p,, ,  , and that a 
state with these parameters is not a common point of a family 
of adiabats of different initial density. This has been demon- 
strated, in particular, in Ref. 4 and is confirmed by our ex- 
perimental data. 

It follows from an examination of the P-p diagrams that 
shock adiabats of porous metals (with m > 1.5-2.0) consist 
of two main sections-the first (up to the packing pressures) 
gently sloping and the second steep. Extrapolation of the 
second sections of the adiabats to zero pressures (through 
the point P,,, ) corresponds to the corresponding crystallo- 
graphic densities p,,, . 

For the metals investigated in wide ranges of m [i.e., for 
Cu, Mo, Ni, and Ta),  the adiabats centered top,, ,  are char- 
acterized by different slope (dP/dp), , both positive and 
negative, including vertical adiabats ( (dP/dp), = a. ] 

It is known'.' that at large m, in view of their strong 
heating by the shock waves, the samples can have states in 
which an increase of the amplitude of the shock wave acting 
on the sample decreases rather than increases its density. We 
obtained such states for m = 7.2, 7.2, and 8.0 in copper, 

nickel, and molybdenum, respectively. The largest "under- 
compressions" were obtained in copper, with p = 0.55 
p, , , .  = 4.95 g/cm3 ( P z 4 7  GPa) for m = 7.2. The shock- 
compression energy is in this case E, -- 14.0 kJ/g. Such val- 
ues of E, on the adiabat of "solid" copper are reached for 
P, ~ 5 6 0  GPa, when the samples are compressed by the 
shock wave t o p  -- 1.8 pa,, . What is the role of heat in these 
states? With allowance for the cold energy E, of the elastic 
interaction of the atom (estimates give Ec 1.5 kJ/g), the 
thermal energy on the adiabat of porous copper (m = 7.2) at 
P, ~ 4 7  GPa is E, = E, - E, -- 12.5 kJ/g, i.e., practically 
all the shock-compression energy is thermal. Estimates yield 
for the pressure components PC = - 19 GPa and Ph ~ 6 6  
GPa. The picture is differnet on the shock adiabat of solid 
copper (m = 1 ). For P, z 560 GPa we obtain P, zz 360 GPa 
and P, -- 200 GPa. Accordingly E, zz 9.0 kJ/g (EL -- 5.0 kJ/ 
g; E, ~ 4 . 0  kJ/g). It can be seen that in this case elastic 
interaction of the atoms play a rather weighty role. Similar 
relations are obtained also for adiabats of other metals at low 
initial density. Thus, for molybdenum (p,,,, = 1.277 g/cm3) 
at p = 6.44 g / c m h e  have PI, ~ 2 6  GPa; E, ~ 8 . 0  kJ/g, 
Eh =: 6.0 kJ/g, P, -- - 48 GPa, and P, zz 74 GPa. The same 
shock-compression energy is reached on the adiabat of solid 
molybdenum at P, ~ 4 2 0  GPa; In this case E, ~ 5 . 0  kJ/g, 
E,, -- 3.0 kJ/g, P, -- 370 GPa, and PI, -- 50 GPa. 

It follows from general considerations that the slopes 
(dP/dp) ,  of shock adiabats of samples having high poros- 
ity (m)2) reverse sign as the pressure is increased. The 
cause is the progressive increase of the fraction of kinetic 
energy in the total energy compared with the potential frac- 
tion-an ideal gas in the limit of high temperatures (maxi- 
mum value p, = 4pOO). This law holds for a number of the 
metals investigated here in the experimental range of states 

FIG. 1. Plot of D(m) obtained for molybdenum in the 

6 present study. Each curve corresponds to a specific mea- 
surement setup, i.e., to specific shock-wave parameters in 
the screen and in the investigated samples. 

4 

2 
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I I I I I I I I 
0 1 2 3 4 5 6 U, kmis  

FIG. 2. D-U diagram for copper: 0--our data; @, A, and 8-data of 
Refs. 5,4, and 7, respectively. 

FIG. 3 .  D-U diagram for nickel; our data. 

I I I I I I I 
0 7 2 3 4 5 6 U, kmls  

FIG. 4 .  D-U diagram for molybdenum: 0-our data, @-from Ref. 4. 

[e.g., copper (Fig. 5 ) ,  tantalum, and iron]. For other metals 
[e.g., molybdenum (Fig. 6) ] no sign reversal of (dP  /dp ) ,  
is observed in the investigated region; a sign reversal should 
be expected at higher pressures. 

The relative positions of the experimental adiabats, the 
different signs of the slopes Pi  for the considered metal, and 
the range of the densities investigated by us are such that the 
simple and frequently employed equations, for example 
those in which the thermal pressures and the energy are con- 
nected by the average Gruneisen coefficient = const or by 
T(v) ,  are of little use already because of the shapes of the 
shock adiabats. 

A better description of the experiment is obtained by 
using the equation of state of Ref. 8, in the form 

P, E-E, = -(V-V,) 
77 (PI 

with a proportionality coefficient 77 (P)  = P(dV /dE) .. For 
certain metals (Pb, W, Ni), however, a comparison of the 
shock adiabats leads to a more complicated multiparameter 
dependence of the coefficient 7. This is naturally manifested 
also in the accuracy of the experimental data. We have cho- 
sen therefore a more general approach, without determining 
the empirical coefficients in the equations by using all ex- 
perimental data on the shock compressibility, even though 
this leads to a somewhat poorer agreement with the descrip- 
tion of the maximum-porosite adiabats by Eq. ( 1 ). 
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FIG. 5. Plots of P v s p  for copper with different porosities; 1-Ref. 5,2- FIG. 6. Dependences of P o n p  for molybdenum at various porosities: 1- 
Ref. 4, 3-Ref. 7,4-present data; solid lines-experiment, dashed-cal- Ref. 4, 2-present data; points and solid lines-experiment, dashed 
culation. lines--calculation. 

The equation of state was specified in a form similar to 
that used in Ref. 7: 

The index "T" pertains to the solid-material (m = 1 ) shock 
adiabat used as the reference curve. An equation of state in 
the form ( 2 ) ,  ( 3 )  is an expansion of the product PV in a 
series of terms of first-order in energy. The expansion is 
along the connecting lines ( 2 ) ,  which constitute a single- 
parameter family of straight P  vs V  plots; the parameter is 
some characteristic on the shock adiabat m = 1 (for exam- 
ple, Vr  ), with which the others ( P ,  ,Er &, ) are assumed to 
be uniquely connected. The slope c$( r d P / d V )  of the con- 
necting lines is obtained from the condition that the follow- 
ing equality hold near the reference curve ( " T " ) :  

The derivative ( d E  /dP)  . is expressed in terms of the Grun- 
eisen coefficient T  and the density p as follows: 

After some transformations, ( d E  / d V )  can be written in the 
form: 

where c is the speed of sound. 
Substitution of ( 5 )  and (6 )  in ( 4 ) ,  with allowance for 

( 7 )  and ( 8 ) ,  yields 

a ( p v )  Z, ,, , From this we get 

The differentials of the numerator and denominator in ( 4 )  5r-uJrbrJ \?i- 
are equal to 

d ( P V )  =PdV+VdP, 
Since this expression was obtained from (4) ,  the expan- 

( 5  ) sion of PVin terms of E  along the straight lines ( 2 )  yields Eq. 
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(3) .  For simplicity, we assume here that f ,  is constant on 
the reference curve (m = 1 ) : 

and use the subscript "0" to label quantities under normal 
conditions. Note that in the limit as V- cu the equation of 
state in the form (2 ) ,  ( 3 )  becomes the equation of state 
P V =  + E  of an ideal monatomic gas under the condition 
f,  > 0. Since the value of T,, in ( 11 ) for metals is z 2, it 
follows that f ,  > 0. The shock adiabats of the solid metals, 
needed to obtain an equation of state in this form, were taken 
from Ref. 9. For the experimental data on porous metal sam- 
ples we used for To in ( 11 ) the following values: Cu-1.6; 
Co-2.3; Mo-1.8; Fe-2.0; Pb-2.5; Cr-1.3; Ta-1.7; 
Mg-1.0; Ni-2.2; W-1.8. They are close, but not always 
exactly equal, to those given for example in Ref. 10. The 
chosen values of TO provide a better description of the ex- 
perimental results. Some differences between the assumed 
To and the Gruneisen coefficients given in Ref. 10 may be 
due to the fact that in most cases the investigated porous 
metals behind the shock-wave are certainly in a liquid state, 
where T,, can differ from the solid-state TO. The shock adia- 
bats of the porous substances were calculated by solving (2 )  
simultaneously with Eq. ( 3 )  transformed, by using the con- 
nection between E, P, and Vunder shock compression, to the 
following form: 

By way of illustration, Figs. 5 and 6 show the calculated 
shock adiabats of copper and molybdenum with various por- 
osities. On the whole, the experimental data are not badly 
described. Significant deviations are observed only for the 
maximum values of the porosity. A similar picture is ob- 
tained also for all other metals. 

A few concluding remarks concerning the accuracy 
with which the compression ( u  = p/pO) was calculated for 
the adiabats of porous samples. The error is equal to 

The accuracy of the recorded kinematic parameters D and U 
is estimated at - ( 1-2) %, while the error Au increases wtih 
u and m. Formally, the error for large m becomes quite sub- 
stantial, even though the error of the compressibility deter- 
mined in this case is partially cancelled by the transition to 
the region of states corresponding to u < 1. Judging, how- 
ever, from the mutual consistency of numerous data ob- 
tained for many adiabats of metals with different porosities 
and in large ranges of P-p states, the most probable experi- 
mental values of u have been determined reliably enough. 

The most sensitive to errors of D and U are measure- 
ments at low pressures. The errors of the adiabats measured 
in this region (P, < 3 GPa)  are therefore too large to speak 
of an accurate quantitative determination. The situation is 
improved somewhat when aggregates of results for many 
values of m of the metal in question are considered. 

"The data of Ref. 1 were reduced by A. S. Funtikov. 
"The porosity of the sample is marked on each adiabat; m = 1 for solid 

substances. 
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