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A character is t ic  feature of joints obtained by ex- 
plosive welding is the rather s t r ict  regularity and 
periodicity of the residual deformation in the impact 
region, which gives the contact surfaces a wavy shape 
(Fig. i). 

served that the waves formed when metal plates 
collide promote the formation of a strong joint [2, 3]. 
The positive effect of wave formation in connection 
with explosive welding is evidently attributable to the 
following principal factors.  

1. During wave formation most of the initial kinet- 
ic energy of the projected plate is converted not into 
compressive energy, but into energy of plastic wave 
flow, with subsequent conversion into heat. This 
prevents the development of tensile s t resses  during 
unloading, which might destroy the joint, and the 
metal in the joint zone is strongly heated, which in 
most cases favors the formation of a strong bond. 

2. Wave formation is accompanied by the forma-  
tion of a zone of interpenetration of the surface layers  
of the metals, in which both welded components are 
simultaneously present.  The existence of this zone is 
attributable to purely mechanical processes  associa-  
ted with wave formation. 

Fig. 1. View of the contact sur-  
face of an aluminum plate after 

impact. 

The actual formation of waves as a result  of the 
high-speed impact of metal plates was observed as 
long as 40 years  ago by a group of scientists working 
on special shaped charges,  under the leadership of 
Academician M. A. Lavrent 'ev.  Similar effects were 
also noted in the metal cladding of special s t ructures  
at the points of impact of high-velocity bodies. 

$0 

Fig. 2. Diagram of experimental 
setup: 1) detonator cap, 2) explo- 
sive charge, 3) projected plate, 

4) fixed plate, 5) rigid base. 

The f irs t  report  on wave formation associated with 
the high-speed impact of two metal bodies was made 
in 1954 [1]. At the beginning of the sixties it was ob- 
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Fig. 3. Ratio of wave amplitude to wave length 
as a function of the impact angle: 1) Cu + Cu; 

2) St. 3 + St. 3; 3) D16T+ D16T. 

3. Wave formation involves the active destruction 
and removal of the oxide films and the contaminants 
always present on the contact surfaces of welded 
plates. In this case part of the surface layer in the 
form of individual particles or l a rger  formations is 
generally removed from the joint zone and a consider-  
able part of the surface is completely cleaned. 

4. Wave formation increases the total surface of the 
joints. 

Thus, the process  of wave formation is not only of 
independent scientific interest,  but also of practical  
value in relation to the more general problem of ex- 
plosive welding. This paper is concerned with a study 
of the effect of the initial impact parameters  on wave 
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f o r m a t i o n  and the e s t a b l i s h m e n t  of the c r i t i c a l  cond i -  
t ions  unde r  which wave  f o r m a t i o n  t a k e s  p l ace .  

In the e x p e r i m e n t s  we used  the  se tup  i l l u s t r a t e d  in 
F ig .  2. In mos t  of the  e x p e r i m e n t s  we employed  
p la t e s  of s t a n d a r d  a r e a  (50 x 200 mm) .  If  the t h i c k -  
n e s s  of the  p r o j e c t e d  p la te  exceeded  4 m m ,  the a r e a  
of the  p l a t e s  was i n c r e a s e d  in o r d e r  to e l i m i n a t e  the  
inf luence  of the  c u r v a t u r e  of the  p r o j e c t e d  p la te  due to 
un loading  ef fec ts  a s s o c i a t e d  with expans ion  of the  
exp los ion  p roduc t s  f r o m  the l a t e r a l  f aces  of the 
cha rge .  

The exac t  shape  of the  waves  was  e s t a b l i s h e d  by 
pho tograph ing  the m i c r o s t r u c t u r e  of the  we lded  jo in t .  
The c o r r e s p o n d i n g  thin  s ec t i on  was  a lways  cu t  f r o m  
the c e n t r a l  p a r t  of the  welded  s p e c i m e n .  Under  the  
m i c r o s c o p e  fo r  each  s ec t i on  we d e t e r m i n e d  the a m p l i -  
tude a and length k of 25 -75  d i f f e r en t  waves ,  and then 
found the c o r r e s p o n d i n g  m e a n s .  Th is  method made  i t  
p o s s i b l e  to d e t e r m i n e  the d i m e n s i o n s  of the  waves  in 
each  ind iv idua l  e x p e r i m e n t  c o r r e c t  to 10%. 
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Fig .  4. Wave length  as  a funct ion 

of in i t i a l  angle :  1) D16T + D16T; 
2) C u +  Cu; 3) St. 3 +  St. 3. 

In s o m e  e x p e r i m e n t s  i t  was  p o s s i b l e  to  s e p a r a t e  the 
welded  p l a t e s  without  s e r i o u s  damage ;  th is  enabled  us 
to i n v e s t i g a t e  the waves  o v e r  the  e n t i r e  con tac t  s u r -  
face  ( s ee  F ig .  1). Usua l ly ,  the amp l i t ude  and length  of 
the waves  i n c r e a s e  s o m e w h a t  in the  d i r e c t i o n  of p r o -  
paga t ion  of the  de tona t ion  f ron t ,  but  benea th  the  d e t o -  
n a t o r  no waves  a r e  f o r m e d  at  a l l .  The wave  f ron t  has  
the  shape  of an a r c ,  whose  ind iv idua l  e l e m e n t s  may  be  
s o m e w h a t  d i s p l a c e d  r e l a t i v e  to one ano the r .  

The d i m e n s i o n s  of the  w a v e s  and t h e i r  shape  v a r y  
s t r o n g l y  as  a funct ion of the  fo l lowing in i t i a l  i m p a c t  
p a r a m e t e r s :  i n i t i a l  ang le  be tween  the p l a t e s  c~, the 
d i m e n s i o n l e s s  quant i ty  r equal  to the  r a t i o  of the  m a s s  
of e x p l o s i v e  to the  m a s s  of a p r o j e c t e d  p la te  of the  
s a m e  a r e a  ( r  = p050/plhl), the  in i t i a l  d i s t a n c e  be tween  
the p l a t e s  h0, and the  de tona t ion  v e l o c i t y  of the  exp lo -  
s i ve  (D). H e r e  P0 and p~ a r e  the  d e n s i t i e s  of the ex-  
p lo s ive  and the m e t a l  of the  p r o j e c t e d  p la te .  

Under  l a b o r a t o r y  condi t ions  it is  p o s s i b l e  to  obta in  
waves  m e a s u r i n g  f r o m  tens  of m i c r o n s  to 5 - 7  m m  by 
v a r y i n g  the in i t i a l  i m p a c t  p a r a m e t e r s ,  at  this  point  
the  w a v e s  b e c o m e  c o m m e n s u r a t e  with the  t h i c k n e s s  
of the  p r o j e c t e d  p la te ,  and i ts  o u t e r  s u r f a c e  a c q u i r e s  
a wavy f o r m .  F o r  t h e s e  changes  in the  abso lu t e  d i -  
m e n s i o n s  of the w a v e s  the r~:tio of wave  amp l i t ude  to 

wave length varies only very slightly, mainly in ~he 

region from 0.14 to 0~ The corresponding experi- 

mental data were obtained as a result of analyzing 130 

different experiments and are presented in Fig, 3. 

Fig .  5. M i c r o g r a p h  of St. 3 + St. 3 jo in t  
ato~ =0 .  

The s m a l l  n u m b e r  of poin ts  ly ing  below the ind ica ted  

r ange  of v a r i a t i o n  of q r e l a t e  to c r i t i c a l  i m p a c t  r e -  
g i m e s .  In t h e s e  r e g i m e s  wave f o r m a t i o n  is  uns t ab l e  
and m a y  d i s a p p e a r  a l t o g e t h e r  in r e s p o n s e  to a s m a l l  
change  in the  p a r a m e t e r s .  Th is  m a k e s  i t  p o s s i b l e  to 
s e l e c t  the  wave  length  as  the  b a s i c  e x p e r i m e n t a l  pa -  
r a m e t e r  fo r  the  quan t i t a t ive  c h a r a c t e r i z a t i o n  of the 
wave  d i m e n s i o n s .  

Even in the f i r s t  e x p e r i m e n t s  i t  was  e s t a b l i s h e d  
that  the g r e a t e s t  inf luence  on the wave  f o r m a t i o n  p r o -  
c e s s  is  exe r t ed  by v a r i a t i o n  of the in i t i a l  angle  b e -  
tween the p l a t e s  o~. In the f i r s t  p l ace ,  i t  was  found tha  
when an exp los ive  with a high de tona t ion  ve loc i t y  is  
employed ,  t h e r e  i s  a c r i t i c a l  va lue  of the  in i t i a l  angle  
o~* be low which wave f o r m a t i o n  does  not t ake  p l ace .  

Fig. 6. Micrograph of St. 3 + St. 3 joint 
at c~ = 16 ~ half-wave. 

This  was  r e p o r t e d  in [2, 3] and e l s e w h e r e .  Secondly ,  
an i n c r e a s e  in the in i t ia l  angle  fo r  the s a m e  c h a r g e  
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Fig.  7. M i c r o g r a p h  of Cu + Cu 

and in i t i a l  d i s t a n c e  be tween  the  p l a t e s  ( r  = cons t ,  h0 = 
= const)  a lways  l eads  to an i n c r e a s e  in the wave  
d i m e n s i o n s  [3, 4]. 
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Fig .  8. Wave length  as  a func-  
t ion of the p a r a m e t e r  r in v a r i -  
ous r e g i m e s :  1) Cu + Cu (~ = 
= 3*) ;  2)  C u  + Cu (ol = 1 1 ~  

3) St. 3 + St. 3 (~ = 9~ 

The c h a r a c t e r i s t i c s  fo r  c e r t a i n  l ike  p a i r s  of m e t a l s  
a r e  p r e s e n t e d  in F ig .  4. In the c a s e  of v e r y  l a r g e  
ang les  (~ ~ 15 -30  ~ the  w a v e s  beg in  to b e c o m e  s t r o n g -  
ly  e longated  and then d i s a p p e a r  a l t oge the r .  Under  
o r d i n a r y  i m p a c t  condi t ions  th i s  e f fec t  i s  s o m e t i m e s  
o b s e r v e d  at  the  v e r y  ends of the  p l a t e s .  Changes  in 
the  in i t i a l  angle  a l so  af fec t  the shape  of the  wave .  
W h e r e a s  at  s m a l l  angles  the  waves  u sua l l y  app roach  a 
s i nuso ida l  f o r m  (F ig .  5), as  the  angle  i n c r e a s e s ,  t he  
c r e s t s  of the  waves  a r e  d e f o r m e d  in the  d i r e c t i o n  of 
p r o p a g a t i o n  of de tona t ion  (F ig .  6). 

In s o m e  c a s e s  d e f o r m a t i o n  of the waves  may  even 
lead  to s e p a r a t i o n  and d r i f t i n g  of the wave  c r e s t s .  
T h e s e  changes  in wave  shape  may  be a s s o c i a t e d  with 
an i n c r e a s e  in the  t angen t i a l  componen t  of the p r o j e c -  
ted p l a t e  ve loc i t y  and s h e a r i n g  be tween  the i m p a c t i n g  
m e t a l s .  A t  v e r y  l a r g e  ang le s ,  b e f o r e  they  d i s a p p e a r ,  
the  waves  a c q u i r e  a r e g u l a r  s i nuso ida l  shape  without  
any a p p r e c i a b l e  convolu t ions .  F i g u r e  7 shows how the 
waves  d i s a p p e a r  in the c r i t i c a l  r e g i m e .  

In o r d e r  to i nves t i ga t e  the ef fec t  of the  s i z e  of the  
c h a r g e  on wave  f o r m a t i o n ,  we p e r f o r m e d  a s e r i e s  of 
e x p e r i m e n t s  in which  we v a r i e d  the  p a r a m e t e r  r at 
cons tan t  i n i t i a l  angles  and in i t i a l  d i s t a n c e s  be tween  
the p l a t e s .  I t  w a s  e s t a b l i s h e d  tha t  a t  any f ixed in i t i a l  
angle  t h e r e  a r e  def in i te  c r i t i c a l  va lues  of the  p a r a m -  
e t e r  r* f o r  each  m e t a l  p a i r  be low which the waves  
d i s a p p e a r .  An i n c r e a s e  in the  p a r a m e t e r  r ,  i . e . ,  the  
t h i c k n e s s  of the  c h a r g e ,  a lways  led to  growth  of the  
waves  (F ig .  8). 

In the  fo l lowing s e r i e s  of e x p e r i m e n t s  we v a r i e d  the 
t h i c k n e s s  of the  l ower  f ixed p la te  (F ig .  9) whi le  

jo in t  in the c r i t i c a l  r e g i m e .  

r e t a i n i n g  the c h a r g e ,  the  d i m e n s i o n s  of the  p r o j e c t e d  
p l a t e ,  and the r e l a t i v e  pos i t i on  of the  c o p p e r  p l a t e s  
( r  = cons t ,  ~ = cons t ,  h 0 = const) .  In o r d e r  to exc lude  
the ef fec t  of the r ig id  b a s e  the two p l a t e s  t o g e t h e r  wi th  
the  c h a r g e  w e r e  suspended  in the  a i r .  

As  the in i t i a l  d i s t a n c e  h 0 be tween  the p l a t e s  i s  in -  
c r e a s e d ,  the  waves  g r a d u a l l y  grow to a c e r t a i n  l i m i t .  
Th is  ind ica t e s  the need to t ake  into account  the  
a c c e l e r a t i o n  of the p r o j e c t e d  p la te  when the  d i s t a n c e  
be tween  the p l a t e s  is  s m a l l .  

The e x p e r i m e n t a l  da t a  obta ined do not  enab le  us to 
e s t a b l i s h  d i r e c t l y  the  r e l a t i o n  be tween  the  wave  length  
and the ve loc i t y  v 0 of the p r o j e c t e d  p l a t e ,  the  i m p a c t  
angle  T, and the  ve loc i ty  v c of the  con tac t  point ,  s i n c e  
in each  ind iv idua l  s e r i e s  of e x p e r i m e n t s  not  l e s s  than 
two of ' these p a r a m e t e r s  w e r e  v a r i e d  at  the  s a m e  
t i m e .  Th i s  fo l lows  f r o m  an examina t i on  of the  equa-  
t ions  p r e s e n t e d  in [6]: 

% ----- 1.2 D 1/  1 + 1,18 r - I ( 1 )  

r e 1 +  1.1Sr +1  

Z = ~ + 2 arcsin 2D (2) 

v c = D  s in ( ; , -~ )  . ( 3 )  
s in  "I 

At  the s a m e  t i m e ,  ca l cu la t ion  of the  b a s i c  i m p a c t  
p a r a m e t e r s  in the  c r i t i c a l  r e g i m e s  in  which  wave  f o r -  
mar ion  beg ins  enabled  us  to e s t a b l i s h  the  fo l lowing 
f e a t u r e s  of the  wave  f o r m a t i o n  p r o c e s s .  

X,mm~ 

0 2 4 6 8 fO 8smrn 

Fig .  9. Wave length as  a 
funct ion of the th ickness  
of the l ower  p la te  for  the 
p a i r  Cu + Cu at51 = 3 mm,  

= 0 ~ , " /=  10 ~ 

1. F o r  each  f ixed va lue  of the  in i t i a l  angle  t h e r e  i s  
a c r i t i c a l  va lue  of the  p r o j e c t e d  p la te  ve loc i t y  v* 0 
be low which waves  a r e  not  f o r m e d .  T h e s e  v a l u e s  in-  
c r e a s e  s ign i f i can t ly  with i n c r e a s e  in the  in i t i a l  ang le  
be tween  the p l a t e s .  The t ab le  p r e s e n t s  the b a s i c  i r a -  



COMBUSTION, EXPLOSION, AND SHOCK WAVES 347 

Impact  P a r a m e t e r s  in Cr i t i ca l  

T y p e  o f  ex- Mater ia l  o f  8 mm ~* 
plosive p la te  ' 

R D X  

A m m o n i t e  

Regimes  

M3+M3 
M3+M3 
St. 3 + s t . 3  
St. 3+St .3  

D16T+D16T 

4.5 
3.0 
415 
6.0 

10.0 
15.0 
25.0 

~v'mm 

10 
10 
10 

18 ~ 
,o: 

14~ , 

5 ~ 
8 ~ 

16 ~ 

m~,ec 

300 
200 
260 
360 

290 
460 
850 

'Pc, 
kin/see  

0.85 
0.95 
1.90 
2.00 

2.60 
1.70 
1.80 

PC, 
1 0 0 0  
a tm 

30 
40 

145 
160 

37 
40 
44 

pact  p a r a m e t e r s  ca lcula ted  for  va r ious  c r i t i c a l  r e -  
g imes .  A c o m p a r i s o n  of these  data  shows that,  i r r e s -  
pect ive  of the value of the in i t i a l  angle,  for each meta l  
pa i r  the re  is a co r r e spond ing  c r i t i c a l  value of the ve l -  
ocity of the contac t  point v* c and when v c < v~ no 
waves  a re  fo rmed .  

In o r d e r  to e s t ab l i sh  the physica l  s ign i f i cance  of the 
r e s u l t  obtained we wil l  cons ide r  the mot ion of the 
p la tes  in a moving  coord ina te  s y s t e m  that moves along 
the fixed plate at the ve loc i ty  of the contact  point .  In 
this s y s t e m  the co l l i s ion  of the two pla tes  is s i m i l a r  
to the mee t ing  at an angle 7 of two plane je ts  with flow 
ve loc i t i e s  v 1 and v 2. In [6] it  was shown that 

-~+~ 
COS - - - -  

2 
Vl ~ Vc , v2 ~-Ve. (4) 

COS 
2 

In the impac t  r e g i m e s  inves t iga ted  these  two veloc-  
i t ies  a re  roughly  equal.  

When the je ts  meet ,  t he i r  d e c e l e r a t i o n  leads to the 
deve lopment  of high hydros ta t i c  p r e s s u r e s ,  whose 
va lues  depend on the flow ve loc i t i es  v 1 and v x. The 
m a x i m u m  p r e s s u r e s  poss ib le  at a given flow veloci ty  
we re  e s t ima ted  f rom the fo rmu la  for d e t e r m i n i n g  the 
p r e s s u r e s  at the s tagna t ion  point: 

The tabulated va lues  of the p r e s s u r e s  p~ in a n u m b e r  
of c r i t i c a l  r e g i m e s  s ign i f i can t ly  exceed the c r i t i c a l  
yield s t r e s s e s  of the me ta l s  inves t iga ted  [9]. Hence,  
one of the n e c e s s a r y  condi t ions  of wave fo rma t ion  is 
the p r e s e n c e  in the impact  reg ion  of p r e s s u r e s  suff i -  
c ient  to produce  p las t i c  de fo rma t ion  of the me ta l s .  
Under  these  condi t ions  the s t r eng th  fo rces  a re  much 
lower  than the i n e r t i a l  fo rces ,  and t he r e fo r e  it  may 
be a s sumed  that the m e c h a n i s m  of wave fo rm a t i on  is 
a hydrodynamic  p rob l em.  This  a s s u m p t i o n  is con-  
f i rmed  by o ther  au thors  [3, 5, 8]. 

2. In n u m e r o u s  e x p e r i m e n t s  on the co l l i s ion  of 
p l a t e s  p ro jec t ed  by a cha rge  of powdered RDX (D = 
= 6.2 k m / s e c ) ,  ca l cu la t ions  of the contac t  point  ve loc-  
ity have shown that wave fo rma t ion  takes place when 
that ve loc i ty  is l e s s  than the speed of sound in the 
me ta l s  and the flow in the moving coord ina te  s y s t e m  
is subson ic .  If this c r i t e r i o n  were  val id ,  waves  might  
be expected to be formed even when the p la tes  were  
p a r a l l e l  (~ = 0), if an explos ive  with a de tonat ion  vel -  
oci ty  l e s s  than the speed of sound were  used.  This  fol- 

lows d i rec t ly  f rom Eqs. (3) and (4). The f i r s t  exper i -  
ments  in which ammoni t e  No. 6 with a detonat ion 
veloci ty  of 3 .5 -4  k m / s e c  was used conf i rmed this  
conclus ion.  As a r e s u l t  the technica l ly  m o r e  conven-  
ient  p a r a l l e l - p l a t e  welding scheme was proposed.  

These  expe r imen ta l  data  indicate  that  the high-  
speed impac t  r eg ime  changes sha rp ly  in the reg ion  of 
t r a n s i t i o n  f rom sonic to supe r son ic  flow. Such changes 
were  t heo re t i ca l ly  predic ted  by Walsh,  Shreffer ,  and 
Wil l ig  [7]. These  authors  es tab l i shed  the ex i s tence  
of th ree  d i f ferent  r eg imes :  1) subsonic  flow v 1 < c, 
v 2 < c; 2) supe r son ic  flow at ang l e s  exceeding the 
c r i t i c a l  angles  Y > 7cr ;  3) supe r son ic  flow at angles  
Y < Tcr.  In the f i r s t  two r e g i m e s ,  accord ing  to the 
data of [7, 8], a shaped-cha rge  je t  is fo rmed,  while 
the thi rd  co r r e sponds  to a j e t l e s s  conf igura t ion  with 
s table  diagonal  shocks s t a r t i ng  f rom the impact  point.  
The c r i t i c a l  angles  in va r ious  r e g i m e s  were  ca l cu la -  
ted in [5 ,7 ,8] .  

On the ba s i s  of an ana lys i s  of e xpe r i me n t s  on the 
impac t  of bu l le t s  aga ins t  thin t a rge t s ,  A b r a h a m s o n  

[5] suggested that the c r i t e r i a  of wave f o r ma t ion  co in-  
cide with the c r i t i c a l  condi t ions  for  the f o r ma t ion  of a 
shaped-cha rge  jet .  This  conc lus ion  is conf i rmed  by  
the e x p e r i m e n t a l  data p resen ted  above. Wave f o r m a -  
t ion in the second r e g i m e  (v 1 > c; 7 > 7cr) was ob-  
se rved  in spec ia l  expe r imen t s  on copper  p la tes  p ro -  
jected by a charge  of 50/50 Compos i t ion  B with a deto-  
na t ion  veloci ty  of 7.6 k m / s e c .  Wave fo rma t ion  was 
recorded  in the following r e g i m e s :  v I = 4.8 k m / s e c ,  

Y = 8~ Ycr = 4~ and v 1 = 5.1 k m / s e c ,  T = 15~ Ycr = 
= 6 ~ We note that for  other  me ta l s  the second impac t  
r e g i m e  is not eas i ly  r ea l i zed .  The re fo re ,  for p u r -  
poses  of welding me ta l s  and inves t iga t ing  the p roce s s  
of wave fo rma t ion  it is usua l  to employ subsonic  r e -  
g imes ,  in which the impact  is suf f ic ien t ly  s t rong  (v 1 > 
> v~, Pc > P~) and the veloci ty  of the contact  point  is 
l ess  than the speed of sound in the me ta l s .  

Our expe r imen ta l  m a t e r i a l  on the inf luence  of the 
in i t i a l  p a r a m e t e r s  on wave fo rma t ion  can be used to 
e s t ab l i sh  c e r t a i n  laws which we have employed con-  
s t an t ly  in making  a more  deta i led study of the effect 
and in developing technica l  spec i f i ca t ions  for welding 
new pa i r s  of me ta l s  and la rge  shee ts .  These  r e s u l t s  
will  be desc r ibed  l a t e r  in connect ion  with a d i s cus s ion  
of the m e c h a n i s m  of wave fo rma t ion .  
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