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The recoil of a continuous cylinder (impactoc) from a nondeformable obstacle was studied 
by many authors ([I-4], for example). The recoil of a porous impactor from a rigid obstacle 
is investigated in this paper. It is shown that the contact time and the nature of the 
pore filling depend on the ratio between the impactor length and its radius. 

I. The behavior of a porous body is described within the framework of the Prandtl- 
Reiss model [5]. The presence of pores in the impactor is taken into account by selecting 
the equation of state that will be presented below. Such an approach is valid for suffi- 
ciently intensive loads when complete pore filling occurs in the plastic shockwave front. 
In a two-dimensional formulation the Prandtl-Reiss equations have the form [4-6] 
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where O is the density; u, w are the velocity vector components along r and z; p is the 
pressure; oij , Sij are stress tensor and stress deviator components, Y is the yield point, p 
is the shear modulus, and k = 0 corresponds to the plane and k = i to the axisymmetric case. 
The system (I.I) is closed by the equation of state 

p = p(p, m2), p = psm2, ml -~- m2 = t ( 1 . 2 )  

(P,  Ps a r e  t h e  d e n s i t y  o f  t h e  p o r o u s  and c o n t i n u o u s  b o d i e s ,  m2, m 1 a r e  t he  volume c o n c e n -  
t r a t i o n s  o f  t h e  c o n t i n u o u s  body and t h e  p o r e ) .  To s e l e c t  t h e  e q u a t i o n  o f  s t a t e ,  we use  
the  shock  a d i a b a t  e q u a t i o n  p r e s e n t e d  in [ 7 ] ,  f o r  example .  A c c o r d i n g  t o  [ 7 ] ,  p o r e  f i l l / i n g  
starts in the plastic domain upon satisfaction of the condition 

P > Po, Po = --(2/3)Y In (t - -  m2~ m2 ~ -- t - -  ml ~ ( 1 . 3 )  

(ml ~ ~s the initial porosity). For the pressure p < P0 pore filling does not occur, con- 
sequently 

p = c0~(ps - -  ps ~ q- Fpe, m 2 = 0, m 2 = m2 ~ ( 1 . 4 )  

(F i s  t h e  GriJneisen c o e f f i c i e n t ) .  E q u a t i o n s  ( 1 . 4 )  a r e  supp l emen ted  by t h e  e q u a t i o n  f o r  
the internal energy 

o-7=t~ -~o-Y + - ~  S,~o~ ~ + S =  ~ + ~  + k S ~  . ( 1 . 5 )  

The domain o f  a p p l i c a b i l i t y  o f  ( 1 . 4 )  and ( 1 . 5 )  i s  shown by t h e  number 1 in F i g .  1. 
The change  in p o r e  volume b e c a u s e  o f  e l a s t i c  u n l o a d i n g  in  t h e  p o r e s  i s  n e g l e c t e d  in  ( 1 . 4 ) .  
A f t e r  p has  exceed  P0, p l a s t i c  f i l l i n g  o f  t h e  p o r e s  o c c u r s .  Th i s  domain i s  d e n o t e d  by t he  
number 2 in Fig. I. We will consider the density of the solid body constant 
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Ps = p l = const, m e ~  ( l . 6 )  

where ps  1 is found from (1.4) under the condition p = P0- We take the dependence of the 
pressure on the mean density in the form 

P = Po(l + ~(p -- p~)), 9~ = m~~ (1.7) 

Here ~ is calculated from the formula Pl = P0( 1 + B(Ps I - Pz)), and Pl from the shock adia- 
bat. Let us note that in the case when incomplete filling of the pores plays a substantial 
part, the more exact equation (20) from [7] must be used in place of (1.7). The shock adi u 
abat for complete filling of the pores is determined in [7-9] and has the form 

p(m~ ~ p) = (9~~ + i) - -  vl~hlm2 ~ - -  m~ ~ + ( 1 . 8 )  
+ (i -- h)(vl -- m++)po/m+ ~ + Po(h -- vt))l~vt -- 1), 

p a < p < p , ,  p ,  =h9 o, vl = p~ 

9 ~ =m~~ ~ m~ = i ,  h = I + 2 I F .  

The domain of applicability of (1.8) is shown by the number 3 in Fig. i. Unloading from 
the state A occurs according to an adiabatic law (the appropriate adiabat is given by 
dashed lines). 

The solution of the system (1.1)-(1.8) was performed numerically by the Wilkins meth- 
od [5]. 

2. To clarify the singularities of shockwave propagation in a porous body the one- 
dimensional plane problem of a piston is considered. We assume that a nondeformable piston 
starts to move in a solid body at the constant velocity w 0. Then an elastic-plastic wave 
starts to move ahead of the piston while a uniaxial-strain state is realized behind its 
front. Assuming all the functions in (i.i) dependent on z, k = O, u= 0, and 8u/Sz = O, 
we obtain a one-dimensional system of equations that is closed by the conditions (1.2)- 
(1.8). We give the initial conditions in the form w = 0, oi~ = 0, Ps ~ 0 m = m2 ~ , and the 
boundary condition w = w 0. We select as parameters w 0 = 10SJm/sec, Ps p~ {0~2 kg/m s, 
c o = 5.103 m/sec, F = 1.18, ~ = 25 GPa, Y = 0.3 GPa, The porous (m2 ~ = 0.8) and the continu- 
ous (m2 ~ = I) materials are computed for these parameters. 

The pressure p(z) and porosity mz(z) distributions at the time t = 3 ~sec are pre- 
sented in Fig. 2. The solid line is p(z) in the continuous body, the dashes in the porous, 
and the dash-dot is m2(z). It follows from Fig. 2 that the pressure behind the plastic 
wave front in the continuous body is twice the pressure in the porous body while the cor- 
responding plastic wave velocity is 1.63 times greater. Complete filling of the pores occurs 
in the plastic wave front. The elastic forerunner in the continuous and porous bodies is 

TABLE 1 

wo' mx~ impactor 
short long 

mlsec 0,8 0,9 t,0 

300 
400 
500 

t,4 
t,5 
t.5 

1,4 
1,32 
t .23 

0,92 
0,91 
0.93 

0,9 1,0 

15,3 14,5 
17,28 17,0 
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propagated at identical velocity, which is related to neglecting the unloading in the pores. 
Let us estimate the change in the speed of sound because of unloading in the pores. The 
sound speed in the neighborhood of the pores will diminish from the longitudinal c z to the 
core value c s. Since the mean pore area is m I in each section, we have for the mean speed 
of sound 

<c>~ ~_ m l ~  + ~2c, ,  c~=V~-g7-d, c~ = c~vr ( l  - -  ~)/[0 + ~)(t --  2~)] (2 .1 )  

(v is the Poisson ratio, and E is Youngts modulus). Using (2.1) we obtain the following 
estimate 

<c>p/cl ~ t - -  m1(1 - -  cJcz) ,  c,/cz = ~ (t  + ~ ) ( t - -  2v)/(1 - -  ~). ( 2 . 2 )  

Setting v = 0.3 in (2.2), we find ct/<c> p = 1.03 for m z = 0.2, cz/<c> p = 1.01 for m I = 

0.I. It hence follows that for a very low porosity (m x < 0.2) the change in the velocity 
of the elastic forerunner will be small because of unloading in the pores. 

3. Let us consider the problem of recoil of a cylindrical porous impactor from a solid 
obstacle. The mathematical problem is posed as follows: Find the functions u, w, p, E, cij, 

Ps, m2, P, satisfying the system of equations (1.1)-(1.8), the initial conditions w = w0, 

u = 0, cij = 0, p = P0, m2 = m2~ the boundary conditions w = 0, Srz = 0 on the contact plane 

(z = 0) while cijn j = 0 upon standoff from the obstacle (z < 0). The condition oijnj = 0 is 

posed on the free deforming surface of the impactor. One of the most important characteris- 
tics of the collision is the contact (collision) time z. The determination of x is performed 
in this paper analogously to [4]. Let us introduce the force acting on the boundary F(t) = 

Ozz(Z = 0, t)ds', then the disappearance of F(t) (becoming zero) corresponds to the time 
S 

of recoil. It is natural to expect that T will be greater for porous impactors than for 
continuous. However, computations showed that this assumption is not always satisfied. 
The computed contact times �9 (psec) are presented in Table I for short and long impactors. 
A short impactor (H = 0.2 cm, R = 1 cm) is shown in Fig. 3a and a long (h= I cm, R=0.4 cm) 
in Fig. 3b. Steel with the characteristics ps ~ = 7.85 g/cm 3, ~ = 80 GPa, and Y = 1.2 
GPa is selected as impactor material. Computationswere performed for different w 0 and m2 ~ 
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It follows from Table 1 that a noticeable increase in the contact time occurs only 
for the short impactor. The contact times of the porous and continuous long impactors are 
near to each other. This latter is associated with the fact that because of side unloading 
waves a drop occurs in the amplitude and velocity of the plastic shockwave that occurs at 
the contact. Consequently, the stress is reduced by elastic waves whose propagation veloci- 
ties agree for the porous and continuous impactors. The dependence F(t) is given in Fig. 
4 for a long impactor for w 0 = 400 m/sec. The case a corresponds to a porous impactor with 
m2 ~ = 0.9, and b to the continuous impactor (m2 ~ = I). It is seen from Fig. 4 that the 
force F of the porous impactor is substantially less at the initial time t E 2 ~sec than 
for the continuous impactor. These forces are later equilibrated because of the side unload- 
ing waves. Let us note another interesting feature of the collision of porous impactors 
associated with the influence of the side unloading waves. As follows from (1.3), filling 
of the pores occurs at those points through which the plastic shock front has passed and 
the condition p > P0 has been satisfied. Since the shock may not reach the free surface 
for impactors with H > R filling of the pores in the whole impactor volume will not occur. 
The shading in Fig. 5 shows the domain of pore filling at the time t = 5 psec for an impactor 
with H = 0.6 cm, R = 0.5 cm, w 0 = 300 m/sec, m2 ~ = 0.8. The filling domain remains practic- 
ally unchanged in the last times (t > 5 ~sec). The reflected plastic wave front stands 
off from the obstacle a distance on the order of 3 mm and practically agrees with the boun- 
dary of the filling domain. A certain stretching of the filling domain near the axis is 
associated with magnification of the wave amplitude during their convergence to the axis. 
The influence of the side unloading can be neglected for a short impactor and the motion 
can be considered almost one-dimensional. In this case the shock that occurs on the contact 
surface reaches the free surface and is reflected by the unloading wave. The contact time 
is determined by the velocity of shock propagation. As has been shown in Sec. 2, the shock 
velocity in a porous body is substantially less than in a continuous body, consequently, 
the contact time is greater. 
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