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F R E E - S U R F A C E  V E L O C I T Y  

S. A. N o v i k o v  a n d  A. V. C h e r n o v  UDC 539.4].2:539.42 

Measurements  of the f r ee - su r f ace  velocity on reflection of a nonstat ionary shock wave make it possible 
to obtain the data needed to determine the spall strength of a mater ia l  a0, which is calculated f rom the ex- 
press ions  [1] 

% =  ooCo(Wo- w~)/2; (1) 

%= P0C0(W0-- W), (2) 

where P0 is the initial density of the mater ia l ;  Co, velocity of the plastic waves in it; W0, maximum of the speci-  
men f r ee - su r face  velocity realized on arr ival  of t h e s h o c k  wave at that surface;  Wk, value at the f i rs t  mini-  
mum of the f r ee - su r f ace  velocity t ime dependence; W, mean velocity of the spall f ragment .  The values of W0 
and Wk are determined f rom the continuously recorded f r ee - su r f ace  velocity measured  by the capacitive t r ans -  
ducer  method [2]; W0 can also be determined as the velocity of athin art if icial  (prepared) spall f ragment ,  i.e.,  
a thin foil of the same mater ia l  fitted tightly to the specimen; W is the usual mean spall velocity. 

The l i te ra ture  does not contain any analysis of the l imits of applicability of these expressions or the a s -  
sumptions made in deriving them. We have therefore  investigated the nature of the underlying assumptions 
and the l imits  of applicability of the equations derived.  

Using the method of charac te r i s t i cs  [3], let us consider  the flow in a specimen subjected to spalling in 
the plane wave formulation.  The X - T  flow diagram is reproduced in Fig. la ,  where X is the Euler coordinate 
and T is t ime.  We assume that the mater ia l  fails instantaneously in a cer tain plane (the point F on the X - T  
diagram),  as soon as the tensile s t ress  in that plane reaches  the value %. This condition is f i rs t  real ized on 
the last C-cha rac t e r i s t i c  OF of the centered rarefac t ion  wave LOF formed when the shock wave SO reaches  
the free surface.  The spall shock propagates  f rom the f rac ture  point F within the spall plate (to the right). 
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it is a s sumed  that the t r a j e c t o r y  of this shock wave a lmos t  coincides with the C + cha rac t e r i s t i c  FK pass ing 
througt~ the f r ac tu re  point; this  assumpt ion  is legi t imate  if the amplitude of the shock wave is not too grea t  
and hence the spall  s t rength % is low. 

It is a lso assumed that the re la t ion  determining the behavior  of the ma te r i a l  t akes  the f o r m  of the usual 
equation of state P =f(p ,  S), where  p is densi ty and S entropy.  Consequently,  the shear  s t rength of the ma te r i a l  
ts neglected.  Then the equations of motion in cha rac t e r i s t i c  f o r m  can be wr i t t en  as follows: 

d X / d r  = u + C, dP @ pCd~ = 0; (3) 

d X / d T  =: u - -  C, dP - -  pCdu := 0; (4) 

d X / d T  = u, dS  = 0, (5) 

where  u is the m a s s  velocity; C 2 = (OP/ap)  S is the square  of the speed of sound. 

The final assumpt ion  is that  the acoust ic  impedance pC va r i e s  only ve ry  slightly along OF and FK and 
is approx imate ly  equal to P0C 0, where  P0 is the initial densi ty of the ma te r i a l ,  and Co is the speed of sound at 
p = 0 .  

Substituting P0C 0 for  pC in (3) and (4), we obtain the in tegra ls  along OF and FK: 

PP --  Po-- poCo(up --  no) = O; (6) 

P~-- P~ + OoCo(uh-- ur) = 0. t7) 

The boundary conditions take the f o r m  PF = -~0,  P0 =Pk  =0,  u 0 =Wo,  Uk=W k. F r o m  (6), (7), and the boundary 
conditions the re  follows equation (1). 

The above conditions a re  not sa t is f ied for  all m a t e r i a l s .  For  example ,  i n t h e e a s e  of a ma te r i a l  with 
w e l l - e x p r e s s e d  e las top las t ic  behavior  possess ing  finite shear  s t rength the acoust ic  impedance cannot be a s -  
sumed to be constant,  s ince the values of the e las t ic  and plas t ic  speeds  of sound are  sharp ly  different .  The 
flow pat te rn  in the X - T  plane may  have a r a t h e r  complex s t ruc tu re .  The X - T  plane is divided by the c h a r -  
ac t e r i s t i c s  into a s e r i e s  of e las t ic  and p las t ic  regions .  If informat ion on the shear  s t rength of the ma te r i a l  
is lacking,  then it is imposs ible  to make  detai led calculat ions,  and it can be s ta ted only that  the spall  s t rength 
l ies  on the in terval  between the two values obtained f r o m  Eq. (1) when C {the p las t ic  veloci ty of sound) and 
Ce {the velocity of longitudinal e las t ic  waves  in an infinite medium) a re  Psed as Co. The dif ference in the value 
of %, calculated for  these  two cases ,  is de te rmined  by the Potssonts  r a t io  v (at u = 0.3 it is ~30%, Ce/C p ~1.27). 

For  m a t e r i a l s  in which re laxat ion  p r o c e s s e s  play a significant par t  the consti tut ive equation cannot be 
r ep resen ted  in the f o r m  P =f(p, S), and the  cha r ac t e r i s t i c  equations di f fer  f r o m  (3)-(5), which can be demon-  
s t ra ted  with r e f e r e n c e  to a s imple  example .  Reference  [4] i s  concerned with the propagat ion of plane waves  
in ba r s  of an e las toplas t ic  re laxing m a t e r i a l .  It is a s sumed  that the p las t ic  s t ra in  ra te  gp, the s t r e s s  cr and the 
total  s t r a in  e a r e  re la ted by the express ion  E0g- =g(cr, e) ,  where  E0 is YoungTs modulus.  It is shown that  for  
plane wave propagat ion the cha rac t e r i s t i c  equations take the f o r m  

d6 --  p0Codu = --g(6, e)dT, 

dcy + poCodu = --g(c;, e )d r ,  d~ - -  E0d8 = - -g (e ,  e)dT. 

The impor tance  of the re laxat ion  p r o c e s s e s  is e x p r e s s e d  in the fact that  the r ight  s ides of the las t  r e l a -  
t ions make  contributions to the in tegra ls  along OF and FK {Fig, la) comparab le  in magnitude to the cont r ibu-  
t ions f rom the left  s ides .  These t e r m s  give cor rec t ions  to (1) that  depend, genera l ly  speaking,  on the boundary 
conditions. Consequently,  it is not poss ible  to obtain a single fo rmula  suitable fo r  all f lows. 

Let us cons ider  the question of the appl icabi l i ty  of Eq. (2) for  calculating the spall  s t rength.  We wr i te  
Eq. (7) with al lowance for  the boundary conditions in the f o r m  % =P0C0(~Vk-UF). This will coincide with Eq. 
(2) if we identify the mean spall  veloci ty  W with the m a s s  velocity u F in the spall  plane immedia te ly  before  
f r ac tu re .  Obviously, the re la t ion  W =u F can be sat isf ied only under special  loading conditions. For  a r b i t r a r y  
loading g r e a t e r  or  l e s s e r  deviations f r o m  this  equali ty should be observed,  and hence Eq. (2) may  give an in- 
co r r ec t  resu l t .  To i l lus t ra te  this  point, le t  us cons ider  a col l iding-plate  flow in the case  where  the r a re fac t ion  
wave has not yet  over taken  the shock front  as it r eaches  the f r ee  su r face  of the t a rge t .  The X - - T  d i ag ram for  
this flow is shown in Fig. lb .  In Fig. l c  w e h a v e  plotted the dis tr ibut ion of m a s s  veloci t ies  with r e spec t  to the 
spali  coordinate ,  whence it follows that  the mean  spall  veloci ty may  cons iderably  exceed u F. 

Apart f r o m  everything e l se ,  when Eq. (2) is used another  source  of e r r o r ,  a ssoc ia ted  with the expe r t -  
mental  conditions, may  play a par t .  In fact ,  measur ing  the mean  spall  veloci ty r equ i r e s  a l a rge  measu r ing  
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base and hence a large  spatl fragment t ravel  t ime,  during which the disturbing influence of the target  edges, 
located in the unloading zone, may make it~etf ;~4~. This factor  can lead to a lower value of the real spM1 
velocity as compared with ideal experimental  conditions. Since these edge effects are  not usually monitored 
during the experiment,  they can lead to unverifiable e r r o r s  in calculating the spal! strength f rom Eq. (2). 

Thus, in cases  where the shear  strength or relaxation p rocesses  cannot be neglected, using Eq. (1) may 
lead to appreciable e r r o r s  in determining the spall strength of the mater ia l .  The Use of Eq. (2) is justified 
only under special loading conditions, which are different for each specific type of equation of state.  
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A. N. P o p y r i n ,  V. M, F o m i n ,  
a n d  Y u .  A. S h i t o v  

The present  paper  is a natural continuation of [1, 2], which gave a numerical  simulation of the rebound 
of short homogeneous cylindrical  and conical rods in the two-dimensional  formulation.  The integral cr i ter ion 
introduced in connection with the determination of the moment of rebound is applied not only to homogeneous 
rods but also to rods composed of different mate r ia l s .  The resul ts  of the numerical  simulation are  compared 
with the experimental  data. 

1. The physicomathematical  formulat ion of impact problems,  the definition of rebound, and the boundary 
and initial conditions were  given in [1, 2] for homogeneous rods.  We will now consider  the ease of a cylindrical  
rod composed of different mater ia ls  impacting against a rigid b a r r i e r .  

Problem 1. A cylindrical  rod of length L 0 and radius R0 consists of two mate r ia l s .  The mater ia ls  are 
ar ranged in l ayers  parallel  to the axis of symmet ry .  The inner cylinder has the radius R0/2. The thickness 
of the outer sheath is also R0/2. The impact velocity v 0 =50 m / s e c .  At the boundary between the layers  the 
condition of perfect  mechanical  contact is satisfied. Mathematically,  this condition reduces to the equality 
of the displacements  and s t r e s se s  at this boundary. 

We will find the solution of the problem by the modified Wilkins method [2, 3]. In the numerical  solution 
of the problem the calculation proceeds without explicit identification of the interface.  The calculations were 
made for steel and copper layers  with constants : P0 =7.85 g / c m  3, k =170 GPa, p =80 GPa, Y0 = 1.2 GPa - s t e e l ;  
P0 =8.9 g / c m  3, k=139 GPa, p=46 GPa, Y0 =0.3 GPa - c o p p e r ,  where  P0 is the density of the mater ia l ,  k is the 
bulk modulus, p is the shear  modulus, and Y0 is the yield point. 

Figure 1 shows the force acting at the r o d - b a r r i e r  interface as a function of t ime t for four combinations 
of mater ia ls  (1 and 4 - solid steel and solid copper,  respect ively;  2 - inner cylinder copper,  outer sheath steel; 
3 - inner cylinder steel,  outer sheath copper).  We note that for the same initial impact velocity and the same 
geometry ,  the mass  of the rods will be different and hence so will be the initial kinetic energy of the rods.  
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