
METHODS FOR AN EXPERIMENTAL EVALUATION OF THE 

AXISYMMETRIC MOTION OF A TUBE WALL IN THE EVENT 

OF EXPLOSIVE DEFORMATION 

R. P. Didyk, S. S. Krasnovskii, UDC 624.042.6 
and A. G. Teslenko 

Methods are  presented for  the experimental  determination of the radial velocity of a tube wall 
subjected to explosive deformation.  The need for such a procedure  is associated with the de-  
terminat ion of a most important  technological pa rame te r  in the explosive welding of metals,  
i.e., the velocity of coll ision between two metallic bodies.  

Reliable information on phenomena associated with mater ia l  behavior under s h o r t - t e r m  dynamic loads 
is ext remely  hard to obtain. At most,  these p rocesses  last  severa l  tens of microseconds .  This time factor 
is fur ther  complicated by the fact that within this br ief  t ime span p re s su res  amounting to tens of thousands 
of a tmospheres  are  developed. To overcome the many difficulties engendered by these fac tors ,  a special ized 
apparatus was developed to evaluate the true magnitude of the velocity of high-speed collisions between two 
metallic bodies. Bearing in mind that the deformation of the tube had to be accomplished within a range of 
small  displacements ,  without reaching the destruct ion of the tube material ,  and that it was in this segment 
that we had to establish the rate of the radial displacement,  we used a high-speed SFR-ZL motion-picture  
camera ,  with a high resolving power,  as our  recording equipment. 

To photograph the p rocess ,  we selected a tube 200 mm in length, made of KhlSN10T steel,  with dimen- 
sions 25 x 0.9, and an M3 copper  tube, with dimensions of 17.5 x 2. The length of the test  segment was 
100-120 mm. An elongated high-explosive charge (PETN) was positioned in the tube channel in this seg-  
ment; this explosive was rated for  a detonation velocity of 7500 m/ sec .  To prevent gas penetration into the 
filming area,  the tes t  segment was shielded with lightweight screens  on both sides.  Conditions preventing 
the free deformation of the tube were  eliminated by suspending the tube f rom thin threads within the filming 
area,  which was 250 ram. The charge was initiated by heating a constantan bridge (50 gm in c ross  section) 
with 2-3 mg of lead azide. The c ross  section of the heating bridge was chosen to ensure the overall  syn-  

f 

chronization of the filming process .  The a rea  was illuminated with an EV-45 plasma light source,  with a 
cont inuous-spect rum illumination brightness of 2 �9 107 stilbs for 430 psec. The entire p rocess  was filmed 
in a t ime-magnif icat ion procedure  wherein a single f rame covered a period of 0.8 #see, while the film was 
exposed at a rate of 1250 thousand f rames  per  second. 

Fig. 1. Deformation of a I<hlSN10T tube over a period of 
t ime,  with free escape of the products of detonation. 
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Fig. 2. Deformation of an M3 tube, over a period of time, 
with the discharge of the detonation products being blocked 
(the case of detonation proceeding from a wall). 

F i g u r e  1 shows  a s e q u e n t i a l  s e r i e s  of  t y p i c a l  f r a m e s  (the t o t a l  n u m b e r  of f r a m e s  in the  two r o w s  is  
132) fo r  the  d e f o r m a t i o n  of a tube made  of K h l 8 N 1 0 T  s t e e l ,  wi th  d i m e n s i o n s  of 2.5 • 0.9. At the i n s t an t  
t = 0 the  e x p l o s i v e  had not  y e t  de tona t ed .  With in  3.2 #sec  the  e x p l o s i v e  c h a r g e  had been  s u b j e c t e d  to an 
i n i t i a t i ng  p u l s e  and a de tona t ion  wave  beg in s  to p r o p a g a t e  t h rough  the e x p l o s i v e  m a s s .  N o t i c e a b l e  d i s p l a c e -  
men t  of the  in i t i a l  c r o s s  s e c t i o n  of the  tube a p p e a r s  wi th in  9.6 p s e c ,  f r o m t h e  s i d e  on which  the c h a r g e  is 
i n i t i a t ed .  The m a x i m u m  v e l o c i t y  in th is  c r o s s  s e c t i o n  i s  r e a c h e d  a f t e r  25.6 p s e c .  At the  s a m e  t i m e ,  the  
c h a r g e  a c r o s s  s e c t i o n s  f a r t h e r  r e m o v e d  f r o m  the  i n i t i a t i on  s i t e  b e g i n  to d i s p l a c e  as  a r e s u l t  of the p a s s a g e  
of  the  de tona t ion  w a v e .  At  t = 12.8 p sec  the  tube a s s u m e s  the s h a p e  of  a cone ,  s i n c e  the  c r o s s  s e c t i o n s  of  
the  tube m o r e  r e m o t e  f r o m  the i n i t i a t i on  s i t e  beg in  to move  c o n s i d e r a b l y  l a t e r .  The e f fec t  of the d e t o n a -  
t ion wave  at  the ind iv idua l  c r o s s  s e c t i o n s  of the  tube  s u b s e q u e n t l y  i n c r e a s e s ,  w h e r e a s  i t  d r o p s  off s h a r p l y  
at  the  i n i t i a l  c r o s s  s e c t i o n  b e c a u s e  of the  a r r i v a l  of a r e l i e f  wave  [1]. On r e a c h i n g  the  o p p o s i t e  end (within 
19.2 ~sec)  the  de tona t ion  wave  e x c i t e s  an  e x p a n s i o n  wave  which  b e g i n s  to  p r o p a g a t e  f r o m  lef t  to r i g h t .  U n -  
t i l  both of the  r e l i e f  w a v e s  m e e t  (the f i r s t  moves  f r o m  r igh t  to lef t ,  wh i l e  the  s e c o n d  m o v e s  t o w a r d  the f i r s t )  
the  t u b e - w a l l  d i s p l a c e m e n t  v e l o c i t y  r e a c h e s  i ts  m a x i m u m  wi th in  t = 27.2 #sec  at  the  c r o s s  s e c t i o n  which  is 
s i t u a t e d  a p p r o x i m a t e l y  2 / 3  of the  way  f r o m  the s i t e  of the c h a r g e  in i t i a t i on ,  and i t  amoun t s  to u = 342 m / s e c .  
The h i g h - s p e e d  m o t i o n - p i c t u r e  f r a m e s  i l l u s t r a t e  the  c a s e  of f r ee  d i s c h a r g e  of the  p r o d u c t s  of the  exp lo s ion ,  
which s e r v e s  to exp l a in  the n o n u n i f o r m i t y  in the  d i s p l a c e m e n t  of the v a r i o u s  c r o s s  s e c t i o n s  of the  tube .  

The e x p e r i m e n t  on the e x p l o s i v e  d e f o r m a t i o n  of a c o p p e r  tube was  p e r f o r m e d  with  the p r o d u c t s  of the  
e x p l o s i o n  be ing  h i n d e r e d  by a b a r r i e r  f r o m  e s c a p i n g  f r o m  the  c a v i t y  of the  tube .  The  tube  was  m a d e  on M3 
m a t e r i a l ,  a n d  i t s  d i m e n s i o n s  w e r e  17.5 x 2. The l eng th  of the t e s t  s e g m e n t  was  120 ram.  The e x p l o s i v e  
was  P E T N ,  with  the  de tona t ion  v e l o c i t y  7500 m / s e c .  The v e r t i c a l  e x p o s u r e  t i m e  fo r  each  f r a m e  was  3 p s e c ,  
which  c o r r e s p o n d s  to a f i lm ing  s p e e d  of 50 thousand  f r a m e s  p e r  s econd .  The de tona t ion  p r o c e s s  (the f o r m a -  
t ion of  a d a r k  c loud  in the  r i g h t - h a n d  p o r t i o n  of the  f r a m e )  b e g a n  at  the  9 #sec  f r a m e  (Fig .  2). At the  i n s t an t  
t = 9 p sec  the  n e a r  c r o s s  s e c t i o n  of the tube fee l s  the  e f fec t  of the  de tona t ion  p u l s e  and beg ins  to sh i f t .  The  
v e l o c i t y  in th is  c a s e  m a y  be as  high as  25 m / s e c .  At the  s a m e  t i m e ,  the tube s e g m e n t s  f a r t h e r  r e m o v e d  
f r o m  the  s i t e  of c h a r g e  i n i t i a t i on  a r e  in a s t a t e  of r e s t ,  and the v e l o c i t i e s  in th is  c a s e  a r e  equal  to z e r o .  
Consequen t ly ,  the  tube t a k e s  on the shape  of a cone .  A f t e r  t = 27 ~sec ,  t he  f a r t h e s t  c r o s s  s e c t i o n  - at the  
e x t r e m e  lef t  - w i l l  sh i f t  t h rough  a d i s t a n c e  of  1.925 m m  at  an a v e r a g e  v e l o c i t y  135 m / s e c .  S ince  the  d i s -  
c h a r g e  of  the p r o d u c t s  of the  exp los ion  is  h i n d e r e d  by a b a r r i e r  in the  l e f t - h a n d  p o r t i o n  of the  tube ,  the  g e n -  
e r a t i o n  and a r r i v a l  of the  s e c o n d  e x p a n s i o n  wave  is s o m e w h a t  r e t a r d e d ,  t h u s  mak ing  it p o s s i b l e ,  d u r i n g  th i s  
p e r i o d  of t i m e ,  fo r  the  tube  to e s t a b l i s h  a p l a n e - p a r a l l e l  moving  f ron t  (the 39 # s e c  f r a m e ) .  

The tube b r e a k s  a p a r t  at  the  t - 45 #sec  f r a m e ,  which  is s e e n  in the  s t r o n g  p e n e t r a t i o n  of the  gas  into 
the  f o r m i n g  cav i ty .  The v e l o c i t y  was  c a l c u l a t e d  at  c h a r a c t e r i s t i c  c r o s s  s e c t i o n s  a long  the  tube  length .  The 
m a x i m u m  r a d i a l  t u b e - w a i l  v e l o c i t y  fo r  the  c a s e  d e s c r i b e d  h e r e  is  u = 240 m / s e c .  

A m a g n e t i c - i n d u c t i o n  method  was  d e v e l o p e d  and used  to r e c o r d  the  v e l o c i t i e s  of r a d i a l  t u b e - w a l l  d i s -  
p l a c e m e n t  o v e r  t i m e  fo r  the  c a s e  of f a i r l y  e x t e n s i v e  h i g h - e x p l o s i v e  c h a r g e s  used  in ac tua l  d e t o n a t i o n - w e l d -  
ing p r o c e d u r e s .  

A c y l i n d r i c a l  s h e l l  made  of a " n o n m a g n e t i c "  m a t e r i a l ,  in which  a c o n d u c t o r  is  s e c u r e l y  a t t a c h e d  a long  
the g e n e r a t r i x  - t h i s  c o n d u c t o r  r e p r e s e n t i n g  the w o r k i n g  s e c t i o n  of a s e n s i n g  e l e m e n t  - w a s  so  p o s i t i o n e d  in 
a m a g n e t i c  f i e ld  tha t  the  d i s p l a c e m e n t  p l ane  of the  s e n s i n g  e l e m e n t  was  p e r p e n d i c u l a r  to the  m a g n e t i c  l ines  
of  f o r c e  a s  the  tube was  d e f o r m e d .  An e m f  was  induced  in the  w o r k i n g  s e c t i o n  of  the  s e n s i n ~  e l e m e n t .  The  
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Fig. 3. Schematic d iagram showing the circui t  for  
the measurement  of radial tube-wall  displacement 
in a magnetic field. 

ver t ica l  (supply) conductors remain  parallel  to 
each other as the shell is shifted, thus providing 
for mutual compensation of the emf ' s  induced in 
them, and have no effect on the signal that a r i ses  
in the working section of the sensor .  After amplif t -  
cation, this signal is applied to the horizontal  plates 
of the OK-17M pulsed osci l lograph (Fig. 3). The 
sweep voltage is applied to the ver t ical  plates.  The 
velocity of radial shell displacement as a function 
of t ime is thus displayed on the osci l lograph screen .  
On the l inear segment of the ampIitude c h a r a c t e r -  
istic the deflection of the beam is proportional to 
the magnitude of the signal applied to the amplifier:  

(t) = t-lolu (t), 

r (t) = gagoKp.  ~ (t), (1) 

r (t) = KoKaKp~Uolu (t) -= K . u  (t), 

d O  --_ Bl dR .= Blu. (2) 
= d--/- d--/- 

The field intensity H 0 in the gap is numer ica l -  
ly equal to the magnetic induction, and it is a func- 

tion both of the design and of the magnitude of the cur ren t  passing through the e lect romagnet  winding, 

qb 0,4 ~ N I  0,4 ~ N I  

Ho S l~ -Flo l~ 

(3) 

l-s 1 < 10. 
~t 

For  an exact determination of K u without knowing all the pa ramete r s  of which it is a function, we em-  
ployed the following method. A mic rome te r  screw was set up at a precise ly  fixed distance f rom the seg-  
ment of the tube housing the sensor  to stop the displacement of the tube. The instant that the tube collided 
with this b a r r i e r  was recorded on the osc i l logram by a pronounced reduction in beam deflection, co r respond-  
[ng to a rapid drop in shell displacement velocity. The calculation of K u was thus reduced to measurements  
on the osc i l logram and to knowledge of the gap magnitude A and the sweep duration T s 

To I 

K ,  Kt  = K ~ K ~ '  (4) 
0 0 

lo 

where S = .I r(/)d/ is the area  on the osc i l logram determined by planimetry,  bounded by r(t) and the zero  
0 

line between the s tar t  of the process  (l = 0) and the instant of the pronounced drop in velocity I =/0; ICe is 
the t ime factor equal to 10Kph/T s. 

Finally, for the determinat ion of K u we find 

Ku= 
S 

a Kt" (5) 

We chose 100 mm tubes of var ious metals for our experiments .  The load was applied through the ex- 
plosion of an elongated cyl indrical  high-explosive charge coaxially positioned in the tube channel. The tubes 
were deformed in the following sequence: unilateral  initiation of the explosive charge,  with the axial d i s -  
charge of the gas free and open. 

Figure 4 shows charac te r i s t i c  velocity osc i l lograms for explosive deformation in various tubes. On 
the whole, these experiments  can be interpreted in the following manner.  

The initial sharp r ise  in velocity occurs  at the instant that the initial pulse and limited deformations 
of the tube make themselves felt. The external p r e s s u r e  acting on the tube walIs significantly exceeds the 
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Fig .4 .  Charac te r i s t i c  veloci ty  o sc i l l og rams  for  explosive  de -  
format ion .  

p r e s s u r e  needed to ove rcome  the r e s i s t ance  of the metal  to plas t ic  deformat ion .  During the f i r s t  s tage the 
meta l  is the re fo re  subject  to a high ra te  of deformat ion,  reaching hundreds of m e t e r s  pe r  second.  This ra te  
co r re sponds  to the initial s tage of deformat ion,  as a resu l t  of which the f i r s t  s tage is accompanied  by the 
development  of high acce le ra t ions .  Subsequently, with increas ing  deformat ion,  the r e s i s t ance  inc reases  and, 
consequently,  there  is an inc rease  in the specif ic  work  of deformat ion.  This phenomenon is found to occur  
right up to the instant  at which the ma te r i a l  r eaches  its u l t imate  s t rength .  

The high veloci t ies  and acce le ra t ions  of the metal  pa r t i c les  which develop in h igh-speed  deformat ion  
cause the inert ial  forces  to a s sume  significant impor tance  in the p roce s s .  Additional s t r e s s e s  a r i s e  within 
the metal ,  and in t e r m s  of the i r  magnitude they are  comparab le  to the s t r e s s e s  which a r i s e  on plas t ic  de -  
format ion  [2]. Thcna tu re  of the veloci ty  function over  the passage  of t ime for  tubes of the indicated ge -  
ome t ry  depends s t rongly  on the s t rength  p rope r t i e s  of the ma te r i a l s  being deformed.  

The dif ference in the kinetic energ ies ,  which co r responds  to the instant at which the max imum tube 
veloci ty  is attained with and without weakening of the c ro s s  sect ion,  de te rmines  approx imate ly  the energy  
of deformat ion,  and this ,  in t e r m s  of absolute magni tudes,  co r responds  to the energy  of s ta t ic  tube d e f o r m a -  
tion. 

B is the 
l is the 
u ~s the 
K ~s the a 
K 0 Is the 
Kph ~s the 
r ~s the 
N ~s the 
I is the 
ll is the 
t~ is the 

rude; 
l0 is the a i r  gap. 

N O T A T I O N  

magnetic  induction; 
length of the working sect ion of the sensor ;  
d i sp lacement  velocity;  
signal amplif icat ion factor;  
osc i l lograph sensi t ivi ty;  
magnificat ion fac tor ,  equal to the rat io  of b e a m  deflection on the osc i l lograph sc reen ;  
magnitude of b e a m  deflection on the screen;  
number  of turns  in the e l ec t romagne t  winding; 
e l ec t romagne t  supply current ;  
length of the i ron core ;  
magnet ic  co re  pe rmeab i l i ty ,  which is a function of the grade  of iron and of the cu r r en t  magni -  
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