
Q U A N T I T A T I V E  D E S C R I P T I O N  O F  S P A L L  D A M A G E  
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Experimental  data relat ing to spelling effects in organic  glass  (Plexiglas) and the aluminum 
alloy AMg-6 obtained by the shock loading of the samples are  presented in the form of an ap- 
proximate analytical relationship between the degree of damage, the applied s t r ess  in the 
rectangular  pulse, and the period of action of the la t ter .  

When a solid body is subjected to severe ,  br ief  impacts of explosions, tensile s t r e s ses  are  developed 
and these lead to the rupture of the mater ia l .  The experimentally observed degree of damage depends on 
the amplitude and duration of the applied load [1, 2]. With diminishing period of application of the load, the 
difference between the s t r e s s  due to the formation of local centers  of damage and the s t ress  creat ing a 
spallation f ragment  increases .  

In the present  investigation, plates of various thicknesses made from the mate r ia l  under cons idera-  
tion were made to collide, and the threshold impact velocities corresponding to the two forms of damage 
were found- local  damage in the form of pores  or  small  isolated cracks ,  and spallation (the merging of 
local damage into a cleavage crack).  The damage was recorded visually at a low optical magnif ica-  
tion. The local  damage encountered in Plexiglas had charac te r i s t i c  dimensions of 0.02-0.05 mm and 

in aluminum 0.05-0.10 ram. The damage recorded lay in the neighborhood of a plane at a distance equal to 
the thickness of the s t r iker  f rom the r ea r  surface of the sample.  No damage at the edge of the sample in 
the region embraced by la tera l  loading was taken into account. The plates had the form of a disk 50 mm in 
diameter .  The pai rs  of aluminum plates were 3-5 and 5-10 mm thick and the Plexiglas plates 1-2, 2-4, and 

T A B L E 1  

Degree of damage 

No damage 

Local damage 

Spalling 

- ~  

1--2t 67.5, 88, 92 
2--41 77.5, 89.5 

2.8--7 79. 83.5 
t--2 )5.5, 97.4, 104, 108,114. 

1t6, 127 
2--4 8.q, 90, 102 

2.8--789, 95, 98.5 
1--2134, 147, t53 
2--4108, 125.5. 128 

2.8--7 101 , lOt,), 131 

~ m/sec 

3--5 255, 262 
5--t0142, 145, t62, 170 

3--5 290, 295, 335, 3C~3 

5--10180, 188, 193. 220, 237 

3-5 390, 465 
265, 305, 325 5--10220, 2~, 

TABLE 2 

Material -., ~ec ~.,, m]~ec v~, m/sec ~,, kbar o,. kbar 

Plexiglas 

Aluminum AMg-6 

0.75 
t .49 
2.09 

o. 68 
t .70 

04:~2 
89+_1 
86_-]2_.3 

275-M5 
175~_5 

t 30d-4 
105=t=3 
100-r 

375 ~15 
230_----t_-10 

1.48+o .03 
1.41 :iL0.02 
1.36• .O5 

2t .44-1.2 
13.6~:~.4 

2. o6.-o. 06 
1.66:4:0.05 
t .  58~0.03 

29.2+! .2 
17.9i4_---0.8 
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2 .8-7  ram.  The d i r e c t i o n  of app l i ca t ion  of the load in  the a l u m i n u m  s a m p l e s  co inc ided  with the d i r e c t i o n  of 
t echno log ica l  r o l l i n g .  

The t e n s i l e  s t r e s s  c and i t s  pe r iod  of ac t ion  1- in the spa l l a t i on  c r o s s  sec t ion  were  ca lcu la ted  f rom 
the equa t ions  

12 (hL - -  h~)/c, h~ <:~ 2h., 
v ~ ~ 2h~/r, Iq ~ 2h,~ 

where  p is  the dens i t y  of the m a t e r i a l ,  e is  the ve loe i ty  of sound,  v is the impac t  ve loc i ty ,  h~ is  the s a m p l e  
t h i c k n e s s ,  and h 2 is the t h i cknes s  of the s t r i k e r .  In the e a l e u l a t i o n s  we used the fol lowing va lues  of the c o n -  
s t a n t s :  p = 2.64 g / e ra  '~, e = 5.92 g,/em 3 for  a l u m i n i u m ;  p = 1.18 g / e r a  'J, e = 2.68 k i n / s e e  for  P l ex ig l a s .  

The r e s u l t s  of i nd iv idua l  e x p e r i m e n t s  a r e  shown in Ta b l e  1. Tab le  2 g ives  the th resho ld  va lues  of 
the veloci ty  v~ and the c o r r e s p o n d i n g  s t r e s s  c 1 a s s o c i a t e d  with the f o r m a t i o n  of loca l  damage  and also v 2 
and % a s s o c i a t e d  with spa l l ing .  The  va lues  of v~ and v 2 were  d e t e r m i n e d  as the a r i t h m e t i e  m e a n s  be tween  
the  e x t r e m e  va lues  in the c o l u m n s  of Tab le  1. The e r r o r  in m e a s u r i n g  the ve loe i ty  was ~1%.  Tab le  2 
shows that  c 1 and a2 a re  m o n o t o n i e a l l y  d e e r e a s i n g  func t ions  of T, where  

if ?2 > T1" 

We sha l l  seek the func t ion  ll d e s c r i b i n g  the d e g r e e  of damage  on the b a s i s  of the fol lowing a s s u m p -  
t i ons :  1) t he r e  ex i s t s  a s t r e s s  % such  that  for  c < c 0 no d a m a g e  o c c u r s ,  wha teve r  the per iod  of ac t ion  
of the load,  i . e . ,  % is  the s t a t i c  t e n s i l e  s t r e n g t h  unde r  condi t ions  of o n e - d i m e n s i o n a l  s t r a i n ;  2) the o b s e r v e d  

loca l  ac ts  of d a m a g e  a r e  not the o r i g i n a l  ones ,  i . e . ,  damage  o c c u r s  for  c o < ~ < c1. We a s s u m e  f u r t h e r  
t imt the dependence  of II on c may  be d e s c r i b e d  by a l i n e a r  law; then  

I 1 -  ( ( T / o , -  t )  (O: (T) / a , - - 1 )  -I ( 1 )  

Subs t i tu t ing  c = CI(T ) into (1), we find the e s t i m a t e d  va lues  of c 0 and ll 1 for  each p a i r  of va lues  of T. 
Fo r  P l ex ig l a s  the m e a n  va lues  ob ta ined  f r o m  t h r e e  p a i r s  of T va lues  a r e  c 0 = 1.32 k b a r ,  l l l =  0.2. F o r  
a l u m i n u m ,  u s ing  one p a i r  of ? va lue s ,  c 0 = 4 kba r ,  I11 = 0.69. Equat ion  (1) is  shown in F igs .  1 (P lex ig las )  
and 2 ( a luminum)  for  the va lues  of the c o n s t a n t s  ind ica ted .  

In Fig.  1, l ine  1 c o r r e s p o n d s  to T = 2.09 # s e e ,  2 to ~" ~ 1.49 p s e c ,  3 to T = 0.75 ~ s e c ,  4 to II:= 0.2; in  
Fig.  2, I to T = 0 . 6 8 p s e c , 2  to T :: 0.68 p ,  3 to II = 0.69. If the va lue  of % is  known in advance ,  a m o r e  p r e -  
c i s e  c o n s t r u c t i o n  of the func t ion  II((r) m a y  be ma de .  

The g r a p h i c a l  c o n s t r u c t i o n  of the func t ion  

a (T) :  (0:(~), (~- 1)-~ 

shows that  for  P l ex ig l a s  t h e r e  is  a l i n e a r  r e l a t i o n s h i p  a = ST (c~ = 2.5 psec-~) ,  while for  a l u m i n u m  a = 
~T 2/3 (cz = 0.21 psec-2f l ) .  We have 

[i :: aT,, ((T/o0-- 1) 
(2) 
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with the above constants.  

Using the above method, we analyzed experimental  data relating to spalling effects in beryl l ium No. 
50A [2]. The degree of damage in these experiments  was determined from a study of photographs of the 
test  samples .  I n F i g .  3 [1) T = 0 . 7 9 p s e c ,  2) 7- =0.394 psec,  3) T = 0 .201psec ,  4) T = 0 .043psec ,  5) II = 
0.52] the data are r e fe r r ed  to a 0 taken as being equal to the Hugoniot elast ic l imit  (2.5 kbar  [2]). Exper i -  
ment agrees  with this construction.  The initial stage of damage mentioned in [2] corresponds  to I] = 0.52. 
In Eq. (2) n = 0.35. 

Equation (2) approximately descr ibes  the dependence of the damage received on the pa ramete r s  of an 
incident s t r e ss  wave of rec tangular  profile.  The possibility of using this equation to est imate the accumula-  
tion of damage with t ime during the rupture process  depends on the satisfaction of the constant s t r e ss  con- 
dition, which was regarded as prespecif ied in [1]. In the ear l ie r  stage of the rupture p rocess ,  before the 
formation of macroscopic  defects in the form of pores 01 < (0.2-0.5)], when the medium still retains con- 
tinuity, we may regard  the density of the mate r ia l  and the velocity of sound as constant. The s t r ess  in the 
zone of rupture will then be constant for a rec tangular  wave. At the stage of macroscopic  rupture (the 
development and merging  of the pores ,  with the formation of a spallation crack),  when continuity is infringed 
and the pores serve as local  sources  of relaxation waves, the assumption as to the constancy of the tensile 
s t r e ss  in the rupture zone is less  justified. 

The resul tant  values of the index in (2) (n _< 1) do not correspond to the avalanche-like mechanism 
of increasing damage,  which would appear to be the mos t  probable for cases  in which the tensile s t r e s s  
remains  constant during rupture,  and for which n > 1 (OII/~)t - tn-1). 
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