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Results  are  presented of an experimental  study of the behavior of four porous metals,  tung- 
sten, molybdenum, copper,  and aluminum with an initial density corresponding to ~ 30 and 
50% of the density of the continuous (solid) mater ia l  under loading by shocks with intensity 
between 10-800 kbar. The behavior of the shock compress ion  curves  in the p -  p plane shows 
that for some p re s su re  p* the compress ion  of the porous substance to the state of a contin- 
uous mater ia l  is completed. At initial densit ies ~50% of the continuous substance, the values 
are  p* =65, 40 and 35 kbar, respect ively,  for W, Mo, and Cu. At l e s se r  densit ies (~30% of 
the density of the continuous substance), the values of p* are  approximately halved as com-  
pared with those mentioned. The state of complete packing of the porous mater ia l  into a 
monolithic solid was not determined in aluminum in the p r e s s u r e  range examined 6.5-200 
kbar.  

1. The behavior  of porous substances,  par t icu la r ly  metals,  under shock loading f rom severa l  to 
hundreds of kilobars,  hasbeen studied in [1-6]. 

In cont ras t  to the Hugonlot adiabat of continuous metals,  the shock adiabats of porous metals  in this 
p r e s s u r e  domain have singulari t ies  associa ted  with the mechanism of their  compress ion  on the p r e s s u r e -  
density ( p -  p) d iagrams.  These singulari t ies  cannot be descr ibed within the f ramework  of the models for 
the equation of state developed in [7-9] for states with high p r e s s u r e s  in which it was considered that the 
p r e s s u r e s  p*,  the associa te  of a porous substance to a monolith, are  ult imately small,  and its shock adiabat 
was const ructed  f rom the initial state of the continuous substance. It is impossible to consider  the cons t ruc -  
t ion of a model of porous mater ia l  compress ion  in the low p r e s s u r e  range perfected.  Published resul t s  of 
investigations of their  compress ib i l i ty  concern  mate r ia l s  with comparat ively  low poros i ty  and are  par t ia l ly  
cont rad ic tory  [1, 2, 4, 6]. 

The specimens of the mater ia l s  to be investigated were fabricated f rom powder with a par t ic le  size 
less  than 100 /~ by two methods. The specimens with a lmost  bulk densities were prepared  by packing thin- 
walled (0.1 and 0.2 mm thick) aluminum or  copper  boxes, and the specimens with g rea te r  density were 
fabr icated by hydrostat ic  compress ion  of pellets of 14-mm diameter .  The specimen heights were 2-3.5 mm. 
The cha rac t e r i s t i c s  of the powders used in the exper iments  are  presented in Table 1. 

Explosive apparatus  descr ibed in [10, 11] were used to produce shock p r e s s u r e s  of different intensi-  
t ies  in the mater ia ls  being studied. The p a r a m e t e r s  of the explosive sys tems  on which the investigations 
were pe r fo rmed  are  presented in Table 2. 

The spec imens  were shock loaded through aluminum and copper screens .  

The t ime of shockwave propagation in the speciment (D) was measured  in the tes ts  by an e lec t r ica l  
contact method. The wave veloci t ies  were  determined simultaneously for  three distinct specimens in each 
of the tes ts  whose diagram is presented  in Figs. l a  and b. In Figs. l a  and b 1 r ep resen t s  the sc reen  and 
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TABLE 1 

Powder Content of Bulk 
Material brand main material porosity 

AI~ 
AII I 
Cu 
Mo 
W 

PA K-8 
AV-0 

PV 

96 
98.4 
99.7 
99.7 
99.8 

5.5 
2.t 
4 
3 
4.3 

a I F/////////~'////////JA 

z~ z, 

TABLE 2 

Number of 
meamdng 
unit 

S c r e e n  

material 
I P0 
g/era a 

Shock parameters in the standard 

Fig.  1 

Copper 
Copper 
Aluminum 
Aluminum 
Aluminum 
Aluminum 

0 er 
~l~lnum 

8.93 
8.93 
2.7t 
2.7t 
2.7t 
2.7t 
8.93 
2.7t 

ut, km/see DI, km/~c Pl, kbar 

4.20 
4.46 
6.2t 
6.83 
7.35 
7.67 
6.59 
9.09 

64 
136 
tt6 
2ti 
301 
362 

t031 
680 

0.17 
0.34 
0.69 
1 .i4 
1.5t 
t .74 
t .76 
2.76 

b 
r / / / / / / /~ /~ / / / / / / / /A  

z= ~ zz 

2 the specimen;  K i and K 2 a r e  the "c losed"  and "open" contac ts .  The s h o c k , a v e  is incident on the' s c r e e n  
f rom the top. In the low p r e s s u r e  range (shockwave ampl i tudes  in the s p e c i m e n s  a r e  l e s s  than 100 kbar) ,  
open contac ts  K 2 (Fig.  lb  d iagram) were  used in the fo rm of thin meta l  rods  s e p a r a t e d  by a fixed 0.03 mm 
gap f rom the s c r e e n s  and spec imens .  At the h igher  p r e s s u r e s ,  c losed  contac ts  (Fig. la) f ab r i ca t ed  f rom 
insula ted  copper  wi re  with 0 .01 -mm- th i ck  insulat ion,  which were  de l i ve r ed  r ight  down to the sur face  of the 
spec imens  and s c r e e n s ,  were  used  in the spec imens .  The mean e r r o r  in de t e rmin ing  the wave ve loc i t i e s  
was 0.5-1%. 

Data about the propagat ion  ve loc i t i e s  of the f o r e r u n n e r s  for  Cu and W in [1, 2] were  taken into account 
in de te rmin ing  the l i m i t s  of  appl ica t ion  of any kind of t r a n s d u c e r s ,  and the l imi t  was e s t ab l i shed  for  Mo and 
A1 by conducting compara t ive  e x p e r i m e n t s  with d i f ferent  t r a n s d u c e r s  on the same measu r ing  unit. The e x -  
p e r i m e n t s  showed that  the use of c losed  contacts  in the low shockwave ampli tude range y ie lds  a s y s t ema t i c  
exaggera t ion  in D by ~ 10%, which is apparen t ly  a s s o c i a t e d  with ac tuat ion  of the contac ts  due to the p r e s -  
su re  in the fo re runner .  

The locat ion of the shock ad iaba t s  of the me ta l s  inves t iga ted  was  de t e rmined  by the method of r e f l e c -  
t ion [12, 13]. The Hugoniot ad iaba t s  and the equations of s ta te  of the s c r e e n  m a t e r i a l s  were  taken f rom 
[10, 14]. The ad iaba t s  a r e  d e s c r i b e d  in the wave ve loc i ty  (D) -mass  flow ra t e  (u) coord ina te s  by the r e l a -  
t ionships  D=5.25 +1.39 u and D=3.95 +1.50 u for  A1 and Cu, r e spec t ive ly .  

The tes t  data for  the de te rmina t ion  of the wave ve l oc i t i e s  D in the porous  spec imens  and the shock 
c o m p r e s s i o n  the rmodynamic  p a r a m e t e r s  ca lcu la ted  the reby  by using the conse rva t ion  laws a re  p r e s e n t e d  
ia  Table  3. P r e s e n t e d  here  a r e  the ini t ia l  dens i t i e s  of the porous  (000) and sol id  (00) meta l s ,  the p o r o s i t y  
m = P0/P00, the wave ve loc i ty  D and t h e i r  co r r e spond ing  m a s s  flow r a t e s  u, dynamic c o m p r e s s i o n  p r e s s u r e  
p, quant i t ies  c h a r a c t e r i z i n g  the r e l a t i ve  c o m p r e s s i o n  of the porous  m a t e r i a l  ma = D / ( D - u )  and the dens i ty  
0 = 000 m(r. The number  of the explos ive  appa ra tus  is  indicated in the f i r s t  column. 

2. The r e s u l t s  of the expe r imen t s  p e r f o r m e d  a r e  r e p r e s e n t e d  g raph ica l ly  in the D - u  d i a g r a m  in 
Fig.  2 [1) Mo, 2) W, 3) Cu, 4)A1)]and in p - p - c o o r d i n a t e s  in Fig.  3 for  Cu (a) and Mo (b, upper  scale) ,  and 
in Fig.  4 for  W. The points  5 in F igs .  2--4 c o r r e s p o n d  to the e xpe r i m e n t a l  data of Table  3 with the po ros i t y  
m ~2 ,  and the points  6 to m ~ 3 .  The shock ad iaba ts  of porous  meta l s ,  cons t ruc ted  accord ing  to the D - u  
dependences ,  a r e  shown in F igs .  3 and 4 by sol id  l ines  1 for  m ~ 3 ,  2) for  m ~ 2  with in i t ia l  s t a t es  at  the 
points 7 and 8 r e s p e c t i v e l y  for  the p o r o s i t i e s  ~ 2 and 3. The shock c o m p r e s s i o n  cu rves  3 of the sol id  
m a t e r i a l  ( m = l )  a r e  a l so  shown in the p - p  d i a g r a m s  accord ing  to the data in [8, 10, 13-15]. The a r r o w s  
show the l imi t s  of the p robab le  expe r imen ta l  s p r e a d  of the s e r i e s  of t e s t  points .  

It follows f rom Figs .  3 and 4 that  the shock c o m p r e s s i o n  cu rves  of porous  W, Mo, and Cu have a 
c h a r a c t e r i s t i c  form.  In the low ampl i tude  range (below p*) the dens i ty  grows rap id ly  with p r e s s u r e  and 
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T A B L E  3 

Number 
of  the 
meamr= D, u, 
ing k m /  k m /  
unit cm see 

1 0.87 0.27 
2 1 .t6 0.52 
3 i .56 0.70 
4 2.21 1.03 
5 2.67 1.29 
6 2.93 t .44 
7 4.04 1.98 

Poo=10.59 g/cma., m 

kbar 

i 

24.91 1.451 
63.81 1.813 

116 ] 1.814 
241 ] 1.873 
365 l t.935 
447 l 1.966 
847 I 1.961 

Tungsten 

1.81 

g/:m 3 

t5.38 
19.20 
19.2t 
19.84 
20.50 
20.82 
20.77 

PO = 19.17 g / c m  s 
P 0 o = 5 . 4 0  g/cm3, m = 3.55 

, g /cm s 
cm see_ 

0.62 
0.85 
t .31 
2.03 
2.50 
2.78 
3.60 
4.19 

0.31 
0.6t 
0.95 
t .4t 
1.77 
t .98 
2.51 
2.86 

10.4 
28.0 
67.2 

154 
239 
297 
488 
647 

2.000 
3. 542 
3.640 
3. 270 
3.425 
3.475 
3.303 
3.150 

t0.80 
t9.13 
19.71 
i7.60 
18.50 
18.76 
17.83 
17.01 

0.86 
t .2t 
t .80 
2.67 
3.25 
3.59 
4.75 

Molybdenum p o = 10,20 g / e m  ~ 

Poo = 5.59g/cm3,m = 1.82 
0.30 t4.4 1 1.536 8.58 
0.58 39.2[ t.921 10.74 
0.86 86.51 t .9 t5  t0.70 
t.26 188 I 1.894 10.59 
t.57 285 [ 1.9% t0.82 
t.76 353 I 1.962 10.97 
2.31 613 1 1.947 10.88 

. . . .  I 

P~o = 3.29 g /cm 3, m = 3.1 
0.65 I 0.32 6.84 1.970 6.48 
0.95 I 0.64 20.013.064 10.10 
1.56 ] t .04 53.4[3.000 9.87 
2.39 ] 1.56 123 12.880 9.47 
2.96 } 1.97 192 ~2.990 9.84 
3.26 I 2.23 239 ] 3.165 i0.41 
4. t4 / 2.71 369 / 2.900 9.54 
5.0t [ 3.21 529 12.783 9. t6 

0.84 
1.3i  
t .9t 
2.74 
3.29 
4.66 

Molybdenum po =8.93 g / cm S 

Poo = 4.67 g / c m  S,, m = 1.91 Poo = 3.00 g / c m  a, m = 2.98 
0 . 3 0  , 1 . 8  1.556 7 . 2 7  - I  - 
0 . 6 0 ]  36.7 1.845 8.60 0~8  0~4  18.8 2.882) 8.65 
0.89 I 79.4 1.873 8.75 1.68 l.O~ 52.4 2.625] 7.87 

I t,943 9.07 2.45 t .59 1i7 2.849] 8.55 
1.33 17060 2.056 3.19 1.98 1.69 9.60 189 2.6361 7.9t 
2.44 ~53i 2.i00 9.80 4.36 2.73 357 2.6751 8.02 

1.4t 
2.60 
3.60 
4.36 
5.71 

Aluminum po=2.71 g / c m  S 

p o o = l . 3 5 g / c m  3, m = 2 . 0 1  I poo- -0 .9g /cm,  3 m =  
0.65 t2.4 1 t.855 2.50 I 1.09 0.67 ] 6L6012.595 I 
1.t2 39.31 1.757 2,37 2.09 t.23 I 23'112"4301 
t .76 85.51 t.957 2.64 3 . t t  1.931 54"012'636] 
2.25 132 2.066 2.79 3.92 2.49] 88,0]2.74i 
2.97 229 2.084 2.8t 4.94 3.i6 [ t40 12"775 

3.01 
2.33 
2.19 
2.37 
2.&7 

, 2.50 

/g 

jy, km/sec  

/ f  

-I ~ / 

! 2 

Fig. 2 
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becomes equal or  close to the density of a solid 
mater ia l  compressed  to the same p re s su re  p*, at 
the p r e s s u r e  p*. At p r e s s u r e s  g rea te r  than p* these 
curves  stand off f rom the compress ion  curve for a solid 
mater ia l  inthe lowdensity range, and even more  so the 
lower the initial density of the porous mater ia l .  Fo r  an 
initial density corresponding to the ~ 50% density of 
a monolithic mater ia l ,  the total compress ion  p r e s -  
sure is 65 kbar for W, 40 kbar for Mo, and 35 kbar 
for Cu. As the initial density is reduced, complete 
compaction is achieved at lower p r e s s u r e s .  Thus, 
for a porosi ty  of ~ 30 % of the solid mater ia l  density, 
the values of p* are  reduced to 30, 20, and 18 kbar 
for W, Mo, and Cu, respect ively.  

The experimental  points r e fe r r ing  to p r e s s u r e s  
above p* in the domain investigated on the D-u dia- 
g rams  were located along straight  lines and can be 
approximated by relat ionships of the form D = C o + 
~u with a lmost  zero values of C 0. 

Physical ly,  such a dependence (D ~ hu) means 
that the relative shock compress ion  density does 
not grow as the p re s su re  r i ses ,  but remains  p r a c -  
t ically constant  and equal to the limit density 

~ = ~,/ m ( ; , - -  t )  

The nature of the behavior of the shock compress ion  curves of porous aluminum differs f rom the 
other metals  investigated: W, Cu, and Mo. In the 6-250 kbar p r e s su re  range studied, no compress ion  of 
the porous mater ia l  to the state of a solid was determined.  At the least  p r e s s u r e s  achieved in the exper i -  
ment (6.5 and 12.5 kbar) the porous shock adiabats approach c loses t  to the solid aluminum compress ion  
curve for initial densities of P00 = 0.9 and 1.35 g / c m  3, however, with a ~8 and 15% difference in the den- 
si t ies real ized.  It is not excluded that porous aluminum will be compacted completely even at lower p r e s -  
sures than were achieved in these experiments .  

The experimental  dynamical adiabats are descr ibed sat isfactor i ly  by the equations of state proposed 
in [8, 9] for copper and tungsten above the complete packing pressure ,  and for  aluminum above 6.5 and 
12.5 k b a r p r e s s u r e s ,  as is i l lustrated by the dashed curves  in Figs .  3 and 4. 

The data obtained for W and Cu (according to the shape of the dynamic compress ion  curves) agree 
with the resul ts  f rom [1, 2] on the shock loading of porous tungsten with the densitYo00 = 12.64 g/cm3, and 
for copper with o00 = 6.05 and 7.04 g / c m  3 . There  are papers  [4, 6] whose resul ts  diverge f rom the resul ts  
in [1] and herein.  The reasons  for the discrepancy are unclear .  
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