
D Y N A M I C  C O M P R E S S I B I L I T Y  OF P O R O U S  N a C 1  AT 

L O W  P R E S S U R E S  

I .  V.  B e l i n s k i i  a n d  B.  D. K h r i s t o f o r o v  

The dynamic compress ib i l i ty  of porous NaC1 of initial density P00 = 1.87 - 1.9 g / c m  3 has 
been investigated on the p re s su re  interval f rom 1 to 200 kbar.  The dynamic compress ion  
pa rame te r s  are  determined f rom the data of e lect romagnet ic  and capacitive measurements  
of the wave and par t ic le  velocit ies of waves excited by explosion and impact.  The resul ts  
are compared  with those of ul t rasonic and static measurements .  The experimental  data 
indicate the inapplicability of the hydrodynamic model for describing the behavior of po- 
rous NaC1 under dynamic loading in the region of s t r e s ses  comparable with its strength.  

1. Previous  exper iments  [1, 2] show that at p r e s s u r e s  below 100 kbar the p a r a m e t e r s  of shock waves 
in solids depend importantly on poros i ty  (or jointing in rocks) .  At densities of the shock-compressed  ma-  
ter ial  close to the c rys ta l  density, the wave front is diffused. The ent ry  velocity is close to the velocity of 
the longitudinal acoustic waves, while the maximum velocity is considerebly lower than the hydrodynamic 
speed of sound. Fea tures  of the behavior  of the mater ia l  associa ted  with elastoplast ic  effects and the p ro -  
cess  of pore collapse have an important  influence on the dynamic compress ib i l i ty .  So far  there has been 
no reliable description of the behavior  of a material  in the region of ~)ressures comparable with its strength.  
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Fig. 1. a) Wave velocity N as a function of the maximum p a r -  
ticle velocity u; b) maximum part icle velocity u as a function 
of relative density P/Po.  1) Calculation based on Eqs.  (1); 2) 
linear N(u) relation; 3) ent ry  velocity of elast ic wave. I) Data 
of wave and par t ic le  velocity measurements ;  I1) data of pa r -  
ticle velocity and density measurements ,  III) impact  exper i -  
ments; IV) ul t rasonic  measurements ,  
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Fig. 2. Normal compressive 

stress p as a function of the 

relative density p/p 0;I) cal- 
culations based on Eqs. (I); 

2) Hooke's law for plane strain; 
3) Bridge man's data; 3') static 

compression data for a NaCl 

sample with P00 = 1.87 gcm 3 
in a rigid ring. At top left the 

low-pressure region is shown 

to an enlarged scale. 

The shock-compressibility parameters of a porous material calculated 

from Eqs. (i) by the method of [3, 9] without allowance for its strength 

are equal to zero at V = V 0 (curves 1 in Figs. I and 2). 

Vo --  V -  2Vo/To 
p (V, Voo) = p~ (V) V o o - - V  - -  2Vo/% 

u = [p (Voo - -  v)] '/2, N = Voo[p/(Voo - -  ~ql '~ (1) 

Voo /V  = N / ( N - -  U),  7 / V  = ?o/Vo. 

H e r e ,  P i s  t h e  p r e s s u r e  o r  n o r m a l  s t r e s s  o f  s h o c k  c o m p r e s s i o n ;  

u, N are the particle and wave velocities; V00 is the initial specific 

volume of the powder; V0, Y0, Pl are the corresponding crystal param- 
eters. In deriving (i), it is assumed that the initial energies of the 

solid and porous materials are the same. The approximation for the 

Gruneisen constant 7 is convenient and does not lead to significant 

errors in the low-pressure region~ The p1(V) relation is taken from [5]. 

Actually, the process of pore collapse is associated with the 

destruction and plastic deformation of the powder grains, therefore, at 

stresses close to the grain strength, the effect is not described by 

calculations based on the hydrodynamic model. Accordingly, the 

dynamic compressibility of NaCl powder in the low-pressure region 
was determined experimentally. 

2. Plane shock waves were excited in NaC[ samples by explosions 

or the impact of thin aluminum plates. In the first case, we employed 

charges of various density I00 and 84 mm in diameter,consisting of a 

50/50 TNT/RDX or 50/50 TNT/benzoie acid mixture. The charge and 

the sample were separated by intervening layers of brass, benzoic acid, 

or air in order to obtain a shock wave of the necessary intensity with an approximately stepped profile. 

The use of explosive lenses made it possible to obtain shock waves with a front deviating from the plane 

by not more than 0.I #sec on a diameter of 80 ram. The aluminum plates, about 0~ mm thick, were shot 

off a brass shield 5 mm thick, in which a plane shock wave was excited by impact. The distortion of these 

plates did not exceed 0.2 #sec on a diameter of 80 ram. Their velocity was 1.65-1o72 km/sec. We used 
cylindrical samples of NaCl powder, grain size about 0.3 mm, diameter 84 ram, thickness 2-25 ram, 
pressed to adensityof1.87 g/cm 3 inthe impact experiments andto a density 1.88-1.80 g/era 3 in the explosion 

experiments. 

In the explosion experiments the particle and wave velocities were measured by the electromagnetic 

method, using two sensors inserted in the sample a distance 5-7 mm apart. By integrating the particle 

velocity oseillograms with respect to time, we determined the displacement of the sensor and the density 

of the material compressed by the shock wave. The signals from the sensors were recorded by two OK-17 

oscillographs and at the same time by a single OK-33. The accuracy of the individual measurements of 

u and N was approximately i 3%~ A systematic error ~ 3% is possible in measuring the particle velocity. 

This leads to a lower value, owing to the failure of the measuring channel to allow for the steep drop of 

the wave front and the internal resistance of the sensor. In the case of impact excitation, we measured the 

particle velocity by the electromagnetic method at u > I00 m/sec, the free surface velocity w by a capaci- 

tive method and the wave propagation time~ The moment of impact was registered by a contact sensor~ It 

was assumed that w = 2u over the entire measurement interval. At u > I00 m/sec, both methods of deter- 

mining the particle velocity gave the same results. In these experiments the wave velocity was determined 

by graphic differentiation of the entry and wave maximum hodograph constructed from the measured time 
taken by the wave to travel from the impact surface to the sensor~ 

In order to determine the elastic characteristics of the samples under normal conditions, we measured 
the velocities C 1 and C 2 of the longitudinal and transverse acoustic waves by means of a UZIS LETI-4 

ultrasonic instrument at a frequency of 1.67 mHz. The measurements were based on a comparsion of the 

wave propagation times in the sample and a standard consisting of a 18% solution of alcohol in distilled 
water, in which the speed of sound is 1600 • i0 m/sec. We used samples with densities from 1.56 to 

2~ g/cm 3 and grain sizes less than 0.Ii ram, about 0.3 mm and greater than 0~ ram, as well as a sample 
of single-crystal NaCI~ The accuracy of the individual ultrasonic measurements was about 3%. 
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Fig .  3. P r o f i l e s  of the p a r t i c l e  veloci ty  u as  a function of t: a) for explosion;  b) 
for impac t .  

F ig .  4. m , t - d i a g r a m  for impac t  c o m p r e s s i o n :  I) wave front; II) unloading wave; 
IH) cons t an t -ve loc i ty  c u r v e s .  The f igure on cu rves  III c o r r e s p o n d  to values of 
the pa r t i c l e  ve loc i ty  u in m / s e c .  

3. F r o m  the m e a s u r e d  values  of the longitudinal C 1 and t r a n s v e r s e  C 2 sound ve loc i t i e s  we ca lcu la t ed  
the hydrodynamic  speed  of sound C 3 = ( K /  Poo) l /  2, P o i s s o n ' s  ra t io  v, Young's modulus E, the bulk modulus 
K, and the shea r  modulus G. As the dens i ty  of the sample  i n c r e a s e s ,  al l  the e l a s t i c  constants  i n c r e a s e .  
C o r r e c t  to the m e a s u r e m e n t  e r r o r ,  they do not depend on gra in  s i ze .  The r e s u l t s  of the c r y s t a l  m e a s u r e -  
ments  co inc ides  with the publ i shed  data [6]~ The dens i ty  dependence of C 1 and C 2 can be e x p r e s s e d  by 
means  of the l i nea r  r e l a t i ons  

c z ~  3.47 P00-2.95, c2 = i.90 P00--i.49 

where  C is  in k m / s e c ,  and p in g / c m  3. At p 00 = 1.87 g / c m  3, C1, C2, and C 3 a r e  equal  to 3.54, 2.06, and 
2.64 k m / s e c ,  r e s p e c t i v e l y .  At P00 = 1.89 g / c m  3, C 1 = 3.61, C 2 = 2.10, and C 3 = 2.68 k m / s e c .  

The p a r t i c l e  ve loc i ty  p r o f i l e s  for  explos ion and impact ,  r e s p e c t i v e l y ,  a re  p r e s e n t e d  in Fig .  3a and 
b.  At max imum p a r t i c l e  ve loc i t i e s  l e s s  than app rox ima te ly  850 m / s e c ,  a p r e c u r s o r  with a diffuse front  
is  fo rmed  ahead of the shock wave~ Its e n t r y  veloci ty  i s  about 3.5 k m / s e c ,  which coinc ides  with the m e a s -  
u r e d v e l o c i t y  of the longitudinal  acous t ic  waves .  Accordingly ,  the p r e c u r s o r  is  ev ident ly  an e l a s t i c  wave. 
C o r r e c t  to the m e a s u r e m e n t  e r r o r ,  i t s  ve loc i ty  does not depend on the shock wave in tens i ty .  On the in te rva l  
300 ~ u ~ 850 m / s e c ,  the p r e c u r s o r  is  fol lowed by a wave with a shock wave front .  At u ~ 300 m / s e c ,  the 
wave front  becomes  diffused and at  lower  values  of the maximum p a r t i c l e  veloci ty  it can no longer  be r e -  
g a r d e d  as  a shock front .  The development  of these  c h a r a c t e r i s t i c s  of the shock wave prof i le  in the loading 
region  does not depend on the nature  of the source  of the shock waves,  but i s  de t e rmined  only by the i r  
in tens i ty .  The wave r i s e  t ime i n c r e a s e s  with dis tance t r a v e l e d  and under the e x p e r i m e n t a l  condit ions 
approaches  7 # s e c .  The hodograph of the e n t r y  (curve I) arid wave maximum (curve II) ve loc i t i es  for  impac t  
is  p lo t ted  in m~t coord ina tes  in F ig .  4. Here ,  m is  the mass  coordina te ,  a n d t t i m e .  The same f igure in-  
c ludes  the l ines  of equal  pa r t i c l e  ve loc i t i e s ,  obtained f rom an ana lys i s  of the e xpe r i m e n t a l  o s c i i l o g r a m s .  
On each  of these the value of the p a r t i c l e  ve loc i ty  is  given in m / s e c .  The cons t an t -ve loc i ty  l ines  s t a r t  f rom 
the point  m = 0.4 g / c m  2, where u ~ 800 m/seco  at  the moment  of format ion of the two-wave configurat ion,  
and end on the line of the wave maximum.  The propagat ion  veloci ty  of the maximum d e c r e a s e s  at  m ~ 1, 
but  at  la rge  d i s t ances  begins  to i n c r e a s e .  The incl inat ion of the cons t an t -ve loc i ty  l ines to the m axis  de-  

c r e a s e s  as the p a r t i c l e  ve loc i ty  f a l l s .  

At low p r e s s u r e s ,  when the wave f ront  is  diffuse, the dynamic c o m p r e s s i o n  p a r a m e t e r s  were d e t e r -  
mined by in tegra t ing  the equat ions of motion and continuity over  a given pa r t i c l e  veloci ty  f ie ld  in the loading 
reg ion  (for impac t  see F ig .  4): 

op (ra. t) O~ (-~, t) 
Ora +" 0 ~ - - = 0  
oV (ra, t) Ou (m, t) 

at am 

(2) 
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T A B L E  1 

~&m/sec N ,km/sec  o/~o p, kbar E.lo ' ,erg/g E~:.to-,, e rg /g  ~T, ~ 

0.052 
O.085 

0 .157  
0 .236  
0.282 

0.4 
0.6 
0.8 
i.0 
i .2  
1.4 
[ .6 
1.8 

i .80 
i. 70 
i .56 
1.70 
i .90 

2.37 
3.17 
3.53 
3.95 
4.34 
4.69 
4.97 
5.24 

0.893 
0.908 
0.917 
0.992 
1.018 

1.017 
I. 073 
i .125 
t .t66 
I.  203 
1. 241 
I.  284 
t .326 

2.6 
3.7 
6.2 
8.7 

I0.2 

18 
36 
53.5 
75.4 
98.8 

124.5 
150.7 
.176.5 

0.0i9 
O. 050 
0.150 
0.30~ 
0.420 

0.8 
1.8 
3.2 
5.0 
7.2 
9.8 

t i  .6 
i6 .2  

0.003 
0.008 
0.023 
0.053 
0.093 

0.30 
0.63 
1.16 
1.90 
2.70 
3.60 
4.8t  
6.52 

2 
5.2 

15.2 
30.6 
39.2 

6i 
t43 
249 
378 
548 
755 
8 2 4  

i i80 

w h e r e  P (m, t )  i s  the n o r m a l  s t r e s s .  

Integrat ing (2), we obtain 

m t 
o. (,~, t) 8u (m, t) drn (3) p ( m , t ) : - -  , ) ~ .  +(~(t) V ( m , t ) :  j ~ d t - [ - ~ ( m ) .  

M T 

System (2) is integrated from the elastic wave front with coordinates M, T, at which it was assumed 

that p = 0, V I = V00. Hence, q~(t) = 0, r = v00. Then, integrating the first equation at t = T, and the 

second at m = M, by virtue of the condition u(M,T) = 0, we obtain 

m t 

p ( m , t ) = - - ~  u(m,t) dm, V(m, t ) - -Voo= ~ u(m, t) dt 
M T 

(4) 

Equat ions  (4) w e r e  s o l v e d  n u m e r i c a l l y  in a c c o r d a n c e  with a d i f f erence  s c h e m e ~  Denoting 

m t 

J ( m , t ) =  ~ u(m,  t) dm, r (m, t ) =  f u ( m '  t) dt 

we r e w r i t e  (4) in the f o r m  

J (mi, t~ + • - -  J (m~, t i -  Ate) 
P ('~' td - ~At~ (5) 

[r (rn i ~- Arn~, ti) --  r (rni - -  Ami, ti) 
V (mi, ti) - -  V00 : - -  2Am/ 

Equations (5) give the values of the no rma l  s t r e s s  p and the specif ic  volume V at any point of the 
loading r e g i o n ,  w h e r e  u(m, t )  i s  g iven .  

In the reg ion  of e x i s t e n c e  of the s h o c k  front we d e t e r m i n e d  the s t r a i n s  f r o m  the m e a s u r e d  d i s p l a c e -  
m e n t  of the e l ec t romagne t i c  sensor  according  to the equation 

Voo - -  V i ~ hx 
8 - -  Voo - -  Ax ~, u ( M ,  t) d t ,  ~:-- N 

o 

where Ax is the distance between the two sensors, and N is the mean wave velocity on the corresponding 

base. 

The value of u for a given ~ was taken equal to the mean of the values of u at the end of the record 

of the first sensor and at the front of the second, The shock compression parameters were determined 

from the measured values of u, Nand u, g using the equations of conservation at the front. The parameters 

of the precursor were neglected. At low pressures, when the wave front is diffuse, the dynamic compres- 

sion parameters were determined from Eqs. (5). 
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4. The experimental  dependence of the wave velocity on the maximum part icle velocity is shown in 
Fig. la .  The c r o s s e s  denote the resul ts  of experiments  in which N was measured  on the base between the 
two sensors  for explosive loading. The dots note the resul ts  of determining the wave velocity f rom the 
measured  value of the relative density and part icle  velocity in accordance with the equation N = (up/poo) 
(P/Poo - 1). The c i rc les  denote the velocity of the wave maximum or impact  obtained by graphic differen- 
tiation of the wave maximum hodograph in Fig. 4. The velocity of the maximum is a phase velocity and 
does not completely charac te r ize  the propagation velocity of the compress ion  wave as a whole. 

In the region of high shock-wave intensit ies the experimental  data tie on average approximately 3% 
above the calculated curve 1, which somewhat exceeds the possible systematic  e r r o r  of the experiment .  
As the par t ic le  velocity in the wave decreases ,  the wave velocity falls sharply,  reaching a minimum close 
to C J 2  at u ~-- 150 m / s e t .  With fur ther  decrease  in u, the velocity of the wave maximum increases ,  
approaching the speed of sound, while theoret ical  curve 1 tends to ze ro .  The linear N(u) relation N = 2.68 + 
1A3 u, drawn through the value of the hydrodynamic speed of sound C 3 at u = 0 and the experimental  points 
in the h igh-pressure  region (line 2), descr ibes  the experimental  resu l t s  on the interval u ~850 m / s e c .  At 
u = 850 m / s e t  it passes  approximately 5% above the experimental  data. 

The relation u(p/p0 ) calculated f rom Eqs. (1) and the experimental  data are presented in Fig. lb. The 
notation is the same as in Fig. la .  In the low-compress ion  region, the mater ia l  acquires  the density 
of the single c rys ta l  at a value of the maximum part icle velocity in the wave u ~ 250 m/sec .  The value of 
the part icle  velocity calculated f rom Eq. (1) for p/Po = 1 is equal to zero .  At P/Po > 1.03 the experimental  
data conform to the calculated curve 1, but lie slightly above it. 

In Fig. 2 the normal  s t r e s se s  calculated from the experimental  points NaCI are plotted as afunction 
of P/PO. The notation for  the experimental  points is the same as in Fig. l a  and b. On the range P0/P > 1.03 
the experimental  results  are in agreement  with calculation (1) (curve 1). The observed discrepancy of 
about 6% corresponds  to that of the N(u) relation in Fig. la .  The same graph shows the low-pressure  region 
to an enlarged scale.  The data obtained in the explosion experiments  (P00 = 1.890 g / c m  3) for a small  wave 
r ise time lie above the data obtained for impact-exci ted long waves (P00 = 1.87g/cm3) �9 

Compress ion  to c rys ta l  density occurs  at a s t ress  of about 9 kbar.  By extrapolating the experimental 
curve to curve 2, describing Hooke's law for plane strain,  we can est imate  the value of the dynamic yield 
s t r e s s  Y. in the explosion and impact exper iments ,  Y was equal to 1.5 and 0.8 kbar, respect ively.  This 
difference cannot be ent irely associa ted  with the difference in the densities of the samples,  namely, 1.87 
and 1.89 g / c m  3, used in these experiments  and the inaccuracy of the experimental  data. It may be connec-  
ted with the dependence of the loading curves  on the strain rate. Curve 3 ' ,  const ructed f rom static com-  
press ion  data for NaC1 samples of density P00 = 1.87 g / c m  3 in a r igid ring, lies much lower than the dynamic 
curve.  In static deformation the s ing le -c rys ta l  density is reached at a s t r e s s  of 3 kbar and is three times 
smal le r  than for  dynamic loading. This also serves  to confirm the possible dependence of the loading 
curves  on strain ra te .  For  compar ison Fig. 2 also includes the i so therm (curve 3) based on Bridgeman's  

data [7]. 

The table gives the average values of the dynamic compress ion  pa rame te r s  and the resul ts  of cal-  
culating the internal energy and tempera ture  attained in the shock wave. In the low-pressure  region, where 
the wave front is diffuse, 

V00 V0~ 

AT = ~ -  ~ p d V - -  p~:dV 

v v 

where p and Px are the s t r e s ses  in dynamic and static compress ion,  respect ively,  and c is the specific 
heat under normal  conditions. 

5o Our investigation of the behavior  of porous NaCI under dynamic loading to p re s su res  of 200 kbar 
indicates the presence of three different regions of state. In the f i rs t  region (u > 850 m/sec) ,  in the f irst  
approximation the mater ia l  may be regarded  as a perfect  fluid, and the linear N(u) relation constructed f rom 
the experimental  data may be used to describe the shock Hugoniot. The Hugoniot calculated from the M i e -  
Gruneisen equation of state and the Hugoniot of a single c rys ta l  [5] lie below the dynamic compress ion  
data by an amount slightly exceeding the systematic  e r r o r s  of the experiment .  Similar resul ts  were ob- 
tained in experiments  on porous metals [7]. 
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In the second region 250 f u f 850 m / s e c ,  a two-wave configuration is formed.  This region is 
regarded  at the region of elastoplast ic  behavior of the mater ia l .  The f i rs t  wave is propaged at a velocity 
coinciding with the longitudinal speed of sound C 1 = 3.61 k / s ec .  Its front is usually diffuse. This wave 
is evidently associa ted  with the elast ic  compress ion  of the mater ia l  as a whole. The part icle  velocity of 
the elast ic  wave in its region of intersect ion with the front of the following plastic wave -~ 30 m/sec ,  which 
cor responds  to a s t ress  of about 1.5 kbar, close to the value of the yield s t ress  determined from the P(P/P0) 
diagram in Fig. 2. The plastic wave front is a shock front,  its velocity at u ~ 300 m/sec  is appro~dmately 
1.5 t imes less than that determined by the l inear N(u) relat ion.  In the third region (u < 250 m / s e c ) , p  ~ P0 
(the wave intensity is insufficient to collapse the pores)  the plastic wave front is diffused the more strongly,  
the lower its intensity and the g rea t e r  the path t raveled through the mater ia l .  The elast ic wave joins 
smoothly with the plastic eave, and it is difficult to distinguish the boundary.  The velocity of the wave 
maximum has a minimum value at u ~ t50  m/ see  equal to approximately Ct/2.  At lower values of the 
par t ic le  velocity, the velocity of the wave maximum increases ,  tending to C 1, since the state of the mater ia l  
then approaches the state of elast ic  compress ion .  The curve P(P/P0) is convex toward the P/Po axis (Fig. 2) 
in accordance with the nature of the diffusion of the profile in this range of intensit ies.  

There  is still no reliable descript ion of the behavior of a porous mater ia l  dynamically compressed  to 
a density less than the density of the single c rys ta l .  Therefore, the resul ts  of the dynamic measurements  
were compared  with data on static deformation.  There is a sharp difference between the dynamic and 
static compress ion  curves  in the region of s t r e s se s  in which the mater ia l  retains its porosi ty .  In these 
p roces se s  the collapse of the pores  takes place at 9 and 3 kbar, respect ively .  The shock compress ion  
curve calculated in the usual way f rom the static curve pract ical ly  coincides with the latter.  The mater ia l  
is not heated. Therefore ,  the h ightempera tures  calculated f rom the measured  dynamic curve (Table 1) are  
apparently associa ted  with heating due to friction connected with the crushing of the grains and their plastic 
flow into the pores .  In this case one may expect the loading time to have in influence on the deformation 
p roces s .  Clearly,  this also affects the difference between the P(P/P0) curves  for dynamic loading by short  
and long waves and the static deformation curve.  

The authors thank A. A. Ignatov for  his help with the work, L. D~ Livshits  for  the data f rom the 
static experiments ,  and G. P. Demidyuk for providing the opportunity of working with the ul t rasonic in- 
stallation. 
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