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The study of the deformation and fracture of thin-walled tubes under the action of an explosion permits 
obtaining information on the plasticity of a material at loading rates of 104-105 sec -I, which are difficult to ob- 

tain by other methods. Thus, it has turned out that for the instant of fracture the value of the relative strain 
e = (R - R0)/R (where R and R 0 are the instantaneous and initial values of the outer radius of the tube) for 

soft steel has a maximum at a value of the true strain rate of ~ ~ 104 sec -I (e = In (R/R0)) [1]. The maximum 
of the dependence e = f[log ( e)] has a definite physical meaning and can be explained from the standpoint of an 

energy approach to the fracture phenomenon [2]. The unusual nature of the results obtained in [I] for the steel 

widely used in technology required performing additional investigations. Measures are adopted in this paper 

to obtain an explosive action which is more uniform than in [I], and additional methods of investigation are 

applied. Simultaneously, new information is obtained in the tests about the peculiarities of explosive fracture 

of tubes and about the characteristic number of fragments (n) into which a radially expanding tube (or ring) 

made out of soft steel is fractured, and an attempt at a mathematical description of the phenomenon is made. 

The organization scheme of the tests is similar to that described in [3]. An explosive charge was deto- 

nated in a tube made out of the material under investigation. In this research charges of cylindrical shape 

positioned coaxially with the tube were used. The explosive charges were fabricated as a casting out of a melt 

of 50~ (by weight) trinitrotoluene and 50~ hexogen (TH 50/50). Charges I] mm and less in diameter (q~exp) 

were made out of plastic explosives based on PETN, which is energetically equivalent to TH 50/50 but has a 
s igni f icant ly  s m a l l e r  c r i t i c a l  d i a m e t e r  than does TH 50/50. The t r i gge r ing  of a charge  mounted coaxia l ly  in a 
tube was accompl i shed  f rom one end synchronous ly  with in tens i f ica t ion  cha rges .  Measu res  to d e c r e a s e  the ef-  
fect  of the mounting de ta i l s  were  taken in the ins ta l l a t ion  of the cha rges  in the tubes,  and it was borne in mind 
that any ine r t i a l  de ta i l  nea r  the explos ive  can s igni f icant  in tensi fy  and d i s t o r t  f r ac tu re  of the tube. 

Tubes made out of s tee l  20 with a length of five d i a m e t e r s  were  used in the t e s t s .  In the m a j o r i t y  of the 
t es t s  the tube d i a m e t e r  (9) was equal to 42 ram, and in pa r t  of the t es t s  @ = 105 and 426 ram. The r e l a t ive  
th ickness  of the wall  of the tubes was 5 = 4.2-4.6%. The sur face  of the tubes was c leaned of oxides p r i o r  to a 
tes t  in o r d e r  to avoid an advancing dust  cloud upon the i r  explosive expansion.  

Recording of the expansion and f r ac tu re  p r o c e s s  of the tubes was p e r f o r m e d  by s e v e r a l  methods.  Tes t s  
1-15 were  done by the photographic  method - two synchronous ly  opera t ing  devices  (a s t r e a k  c a m e r a  in r e g i m e s  
of pho torecord ing  (shadow method) and t ime loop) is e s t ima ted  to be 5-10%. Tes t s  16-24 were  done by the 
pulsed r ad iography  method,  which p e r m i t t e d  obtaining d i r e c t  informat ion about the number  (or c h a r a c t e r i s t i c  
s ize)  of the f ragments  formed in the tube c r o s s  sect ion as  well as observ ing  the ove ra l l  f r a c t u r e  pa t t e rn  of 
the tubes.  F r a g m e n t s  of the tubes were  captured  in t es t s  25-32 by dece l e r a t i ng  them in sawdust .  The a c c u r a c y  
of the de t e rmina t i on  of the number  of f r agments  is  e s t ima ted  to be + 10%. The t e s t  r e s u l t s  and some ini t ia l  
data of the expe r imen ta l  a s s e m b l i e s  a r e  given in Table 1 and the graphs .  The dependences  of the rad ia l  d i s i n -  
t egra t ion  ve loc i ty  of the tubes v~ p r i o r  to f r ac tu re  (curve ]) and the ve loc i ty  of the exp los ionproduc t s  v 2 af ter  
f r ac tu re  (curve 2) a re  plot ted for t e s t s  1- ]5  in Fig.  1 as  a function of the ra t io  of the running m a s s e s  of the 
exp los ives  and the tube m. The values  of v, r e f e r  to the rupture  t imes  of the tube and the motion of the f r a g -  
ments  by iner t i a .  A compar i son  of the dependence v 1 (m) with a s i m i l a r  dependence obtained in [4] with the 
d i f fe rences  in the exp los ives  taken into account indica tes  the i r  good ag reemen t  (• A s i m i l a r  compar i son  
with the data of [5] r e v e a l s  a d i s c r epancy  of the r e su l t s  evident ly  caused  by the absence  of gaps between the 
explos ives  and the tube in [ 5]. The values  of v 1 a r e  s i m i l a r  in our t es t s  (m ~ 1) for  s m a l l  gaps.  

The dependence ef( log e) is  plot ted f rom the data of t e s t s  1-24 in Fig.  2 (1-3 photochronographic  t e s t s  
with tubes having ~b 42, 105, and 426 ram, r e spec t ive ly ,  and 4 - r ad iog raph ic  t es t s  with tubes having r 42 ram) .  
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T A B L E  1 

Test 
No, m 

i 0,09 
2 0,t3 
3 0,t3, 
4 0,16 
5 0,34 
6 0,34 
7 0,56 
8 0,82 
9 1,30 

iO i,36 
t i  t,8l 
12 t,74 
13 0,76 
t4 * 0,33 
15r 0,in 
16 0.,13 
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I .  m~l~ ,. I n, II~est 
"l wexp~ "1 f" ",o ipiecesl I No. 

8 
10 
10  
t i  
t6 
i6 
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24,5 
30,5 
30,5 
35 
35 
24,5 
60 
24,5 
t0 

47 t7 
62 t8 
53 i9 
59 20 
68 2t 
73 22 
70 23 
78 24 
65 25 
48 26 
35 27 
50 28 
88 29 
36 30 
42 3i 
50 32 

* --q~ = 426 ram;  ~--q~ = 105 ram.  
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The v a l u e s  of  e w e r e  c a l c u l a t e d  fo r  the t i m e s  of tube f r a c t u r e  a c c o r d i n g  to the  f o r m u l a  ~ = v l / R  = 
v J [ ( 1  + e f )R0] ,  w h e r e  the v a l u e s  of  vl  w e r e  found f r o m  the s e t  of t e s t s  f r o m  the p lo t  of F ig .  1. The  e x p e r i -  
m e n t a l  d a t a  e l ( l o g  e) ob ta ined  by  the d i f f e r e n t  m e t h o d s  a r e  not  c o n t r a d i c t o r y .  J u s t  a s  in [6] ,  when ~ < 104 
sec  -I  the va lue  of ef i n c r e a s e s  a s  e i n c r e a s e s .  When e > 10 4 s e c  "1, a s  in [1] ,  the  e x p e r i m e n t a l  d a t a  i n d i c a t e  the 
e x i s t e n c e  of a m a x i m u m ,  a l though  the l o c a t i o n  of the l a t t e r  i s  sh i f t ed  s o m e w h a t  in  the d i r e c t i o n  of  h i g h e r  
v a l u e s  of ~ (log e m a x  ~ 4.6) and the a m p l i t u d e  is  i n c r e a s e d  ( ~ m a x  ~ 0 .8) ,  b u t  the  e f ( l o g  ~) d e p e n d e n c e  i t s e l f  
has  an  a s y m m e t r i c a l  f o r m .  

The d i f f e r e n c e  of e f ( log  e) f r o m  the  ana logous  d e p e n d e n c e  o b t a i n e d  in [1] i s  not  unexpec t ed .  A change  in 

the  shape  of  the c h a r g e  has  m a d e  the  d i s i n t e g r a t i o n  p r o c e s s  of the  exp los ion  p r o d u c t s  m o r e  s i m i l a r  to  a o n e - d i m e n -  
s iona l  one and l eng thened  the e f f ec t ive  a c c e l e r a t i o n  t i m e  of the tube [7]. T h e r e f o r e  the  a s s u m p t i o n  of i n s t a n t a n e o u s  a c -  
c e l e r a t i o n  of  the  tube which was  adop ted  in [1] in  the  d e r i v a t i o n  of  the f o r m u l a  ef  (log e)  i s  too c r u d e  fo r  th i s  
r e s e a r c h .  The t h e o r y  d e v e l o p e d  t h e r e  r e q u i r e s  r e f i n e m e n t  wi th  r e s p e c t  to the e x p e r i m e n t s  in  ques t i on .  Th is  
r e f i n e m e n t  shou ld  t ake  in to  accoun t  not  on ly  the a c t i o n  of the  e x p l o s i o n  p r o d u c t s ,  which  a c c e l e r a t e  t he  tube  w a l l s ,  
but  a l so  the  c o n c u r r e n t  p r o c e s s  of  e n e r g y  d i s s i p a t i o n  due to p l a s t i c  f low of t he  m a t e r i a l .  

The  u s e  of  c y l i n d r i c a l  e x p l o s i v e  c h a r g e s  has  l ed  to a n o t i c e a b l e . c h a n g e  in  the  e n e r g y  s a m p l i n g  c o e f f i c -  
ien t ,  which  i s  de f ined  as  the  r a t i o  of the  m a x i m u m  k ine t i c  e n e r g y  of the  d i s i n t e g r a t i n g  tube to the  e n e r g y  of the  
e x p l o s i v e s .  If t h i s  coe f f i c i en t  was  0.32 fo r  c h a r g e s  of s p h e r i c a l  shape  [3] ,  then i t  i n c r e a s e d  to 0.42 fo r  c h a r g e s  
of c y l i n d r i c a l  shape  (m > 0 .5) .  
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Fig .  3 

Some of  the  t yp i ca l  f r a g m e n t s  ob ta ined  in t e s t s  25-32 a r e  shown in F ig .  3. The  n u m b e r  of  f r a g m e n t s  (n) 
was de f ined  a s  the r a t i o  of the  s p e c i f i c  ( p e r  un i t  l ength)  m a s s  of  the tube to the  a n a l o g o u s  a v e r a g e  va lue  of the 
m a s s  of a f r a g m e n t . *  The  s p e c i f i c  va lue  of  the m a s s  of  a f r a g m e n t  was  found by  d i v i d i n g  i t s  m a s s  by  i t s  length .  

P u l s e d  r a d i o g r a p h y  p e r m i t t e d  r e v e a l i n g  s o m e  d e t a i l s  of the  f r a c t u r e  of  t ubes .  C h a r a c t e r i s t i c  r a d i o -  
g r a p h s  of two t e s t s  w i t h  s i g n i f i c a n t l y  d i f f e r e n t  v a l u e s  of v 1 a r e  g iven  in  F ig .  4 ( t e s t  23) and  F ig .  5 ( t e s t  17).  
The i n i t i a l  p o s i t i o n s  of  the tubes  a r e  p lo t t ed  a s  d a s h e d  l i n e s .  I t  t u r n e d  out t ha t  when l a r g e  e x p l o s i v e  c h a r g e s  
w e r e  u s e d  (m > 0.2) f r a c t u r e  of  a tube i s  a c c o m p a n i e d  by  s e p a r a t i o n  f r o m  the end of  the tube of  a n a r r o w  a n -  
n u l a r  r e g i o n  of  m a t e r i a l  moving  at  a l o w e r  r a d i a l  v e l o c i t y  than  does  the r e s t  of the tube.  The  s e p a r a t i o n  of  the  
r i n g  i s  e v i d e n t l y  c a u s e d  by  the outf low of an  ob l ique  shock  wave  (due to un load ing  of  the  s h e l l  f r o m  the end)  
t o w a r d s  the  o u t e r  edge  of  the  tube,  and a s  a c o n s e q u e n c e  of  th i s ,  the  c o l l i s i o n  of  r a r e f a c t i o n  w a v e s  p r o p a g a t i n g  
f r o m  the  end and the o u t e r  l a t e r a l  s u r f a c e  of  the  tube.  A r i ng  d i s i n t e g r a t i n g  into 35-40 f r a g m e n t s  i s  c l e a r l y  
v i s i b l e  in F ig .  4 ( r e g i o n  c - d ) .  In c o n t r a s t  to the m a i n  m a s s  of  the  tube,  the f r a g m e n t s  of the  r i n g  have  no t a n -  
g e n t i a l  c o m p o n e n t  bu t  a r e  f ly ing  a p a r t  r a d i a l l y  wi th  a v e l o c i t y  ~ 1.5 k m / s e c .  F r a g m e n t s  of  the  m a i n  m a s s  of 
the tube a r e  o r i e n t e d  a long  the g e n e r a t r i x  of the  tube ( F i g s .  4 and 5).  

When v 1 < 2.2 k m / s e c ,  the  f ron t  of  p r o p a g a t i n g  c r a c k s  i s  l o c a l i z e d  in  a r a t h e r  n a r r o w  r e g i o n  of  v a l u e s  
of  A e ~ 5%. A s  v 1 i n c r e a s e s ,  t w o - t h r e e  l e a d i n g  c r a c k s  (K and M in F ig .  4) a r e  r e c o r d e d  in a d d i t i o n  to the 
u s u a l  f ron t  of  n u m e r o u s  c r a c k s  ( t e s t s  23 and 24, v 1 = 2.52 and 2.18, ef = 60 and 62%). L e a d e r  c r a c k s  w e r e  ob -  
s e r v e d  fo r  e f  = 15% ( t e s t  23) and 28% ( t e s t  24) .  The  v a l u e s  of e f  fo r  the l e a d e r  c r a c k s  a r e  g iven  in p a r e n t h e -  
s e s  in T a b l e  1. P o i n t s  c o r r e s p o n d i n g  to the m a i n  and l e a d e r  c r a c k s  of  t e s t s  23 and 24 in F ig .  2 a r e  c o n n e c t e d  
b y  d a s h e d  l i n e s .  

Thus f r o m  s o m e  v a l u e s  of v 1 the f r a c t u r e  m e c h a n i s m  p r o v e s  to be a t w o - s t a g e  one.  What  a r e  the r e a s o n s  
fo r  the o r i g i n  of  l e a d e r  c r a c k s ?  Those  which  have  been  p r e d i c t e d  in the c a s e  of b r i t t l e  f r a c t u r e  [13] ,  o r  a r e  
o t h e r  i d e a s  n e c e s s a r y  fo r  t h e i r  exp lana t ion?  It i s  not  c l e a r .  S ince  the p r o p a g a t i o n  p r o c e s s e s  of  d e t o n a t i o n  in a 
c o l u m n  of  e x p l o s i v e s ,  d e f o r m a t i o n s  of  the tube,  and p r o p a g a t i o n  of  a c r a c k  f ron t  a r e  s t e a d y - s t a t e  p r o c e s s e s  (a t  
l e a s t  a t  d i s t a n c e s  g r e a t e r  than  1 .5-2  tube d i a m e t e r s ) ,  p r o p a g a t i n g  a t  a v e l o c i t y  D = 7.65 k m / s e c ,  i t  i s  ev iden t  
tha t  the a d v a n c e  of  c r a c k s  i s  a f o r c e d  s u p e r s o n i c  p r o c e s s  (in F ig .  4 CD is  the  de tona t ion  wave ,  f ron t ,  and a-b is  
t he  r e g i o n  of a c c e l e r a t i o n  of the tube) .  

I t  is  u se fu l  fo r  an  u n d e r s t a n d i n g  of  the n a t u r e  of the f o r m a t i o n  of f r a g m e n t s  upon the f r a c t u r e  of t ubes  
and fo r  ob ta in ing  s e m i q u a n t i t a t i v e  d e p e n d e n c e s  to d e s c r i b e  the p h e n o m e n o n  m a t h e m a t i c a l l y ,  even  i f  only  in a 
f i r s t  a p p r o x i m a t i o n .  L e t  us  c o n s i d e r  a r i n g  ( tube)  expand ing  with a c o n s t a n t  r a d i a l  v e l o c i t y  v 1. We s h a l l  a s -  
s u m e  a s  in  [1] t ha t  the w o r k  in  b r e a k i n g  the m a t e r i a l  into p a r t s  ( p a s s a g e  of a c r a c k )  i s  p e r f o r m e d  a t  the e x -  
p e n s e  of  e l a s t i c  e n e r g y  r e m o v e d  f r o m  the v i c i n i t y  of  the m a t e r i a l  in which the f r a c t u r e  d e v e l o p s .  We s h a l l  
a l s o  a s s u m e  tha t  f r a c t u r e  o c c u r s  when ef << I ( a c tua l l y ,  ef  ~ 1), the m a t e r i a l  of  the r i n g  i s  v i s c o p l a s t i c  ~ = 
~0 + ~77 (o  and cr 0 a r e  the d y n a m i c  and s t a t i c  y i e l d  s t r e s s e s ,  and ~ i s  the v i s c o s i t y  of  the m a t e r i a l ) ,  and the 

*The concept of a characteristic fragment size or number of them n was used in [8-10]. It has been shown in 
[ 1 I] experimentally and computationally (on the basis of Mott's phenomenology of fracture [12]) that the size 
distribution of tube fragments has a sharply expressed maximuM. 
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value v I is attained instantaneously and does not decrease due to plastic stretching of the tube. According to 
[I],  the strain upon fracture is 

~f = ~/(I + ~)~ (I) 

(c~ and I~ are constants of the material). 

As in [I], we shall assume that the development of cracks throughout the wall thickness of a tube is con- 
cluded on the path from R~ to R = ( I +  ef) R 0 or 

~ f =  (R - Ro)/Ro = vt/Ro. (2) 

A s s u m i n g  tha t  the b r e a k i n g  down of the r i ng  into equa l  f r a g m e n t s  i s  c o m p l e t e d  b y  the t i m e  t when a l l  the 
e l a s t i c  e n e r g y  i s  un loaded  a t  the s p e e d  of  sound into the deve lop ing  c r a c k s ,  the  width  of a f r a g m e n t  wi l l  be  d e -  
f ined a s  2vlR/n = 2ct  o r  

n = ~ R o ( l  + ~)/ct. (3) 

Solving Eqs .  ( 1 ) - (3 )  t o g e t h e r  with accoun t  t aken  of the  fac t  tha t  e = v / R  = v / i ( 1  + e l )R0] ,  we ob ta in  n = 
0 r / c ~ R 0 ) ( R  0 + u~) 2. A c c o r d i n g  to [11, U = ~/e0 ,  a = 4 E k / ( 3 e a 2 ) ,  and  

3 (Ro% + vl~)~ 
n = T ~  - : ~ (4 )  

(E, X, and e a r e  Young ' s  modu lus ,  the s p e c i f i c  work  p e r  uni t  s u r f a c e  to f r a c t u r e  the m a t e r i a l ,  and  the s p e e d  
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of sound, respectively). According to Eq. (4), n is a function of the two parameters R 0 and v I. 

Within the framework of the assumptions made in the derivation of formula (4) the dependence n(R0) 
const with v I = const indicates the absence of similarity upon the fracture of geometrically similar tubes of 
different sizes. The experimental data of [9] support this conclusion. The dependence n(R 0) has the form of 
a curve with a minimum at R = (~ vt)/~ 0. A quantitative experimental check of (4) requires setting up special 
investigations. When R 0 = const, the dependence n(vt) has the form of a quadratic parabola. As v I increases, 
the number of fragments n increases, as was noted in [8 ]. 

This fact is also illustrated by the data of this paper given in Fig. 6 (1 - radiographic tests, arid 2 - tests 
on deceleration of fragments in sawdust). When v I < 1.4 x 103 m/see, the experiments are satisfactorily de- 
scribed by the dependence n = A(B + vl) 2, where A = 10.6 and B = 1.02; v~ is in units of kin/see (dashed 
curve in Fig. 6). Starting from v I N 1.4 kin/see, the increase in the number of fragments is halted, and the 
value of n remains at the 60-70 level. With the same n the characteristic width of the fragments turns out to 
be only two-four times larger in all than their thickness, which is evidently a limitation on the further break- 
ing up of material along the cylinder generatrix. 

The investigation which has been performed has confirmed the existence of a maximum plasticity of soft 
steels at strain rates of ~4 x 104 sec -I, has permitted explaining within the framework of the energy approach 
the cause of the departure from similarity of the fracture of tubes into fragments and tentatively finding the 
form of the dependence n(v, R0), and has exhibited a possibility of the origin of leader cracks at strain rates 
of about 102 see -I. Such cracks do not fit into existing ideas about the fracture of tubes in the region of ex- 
treme plasticity. 
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