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ABSTRACT

BULGE FORMING OF TUBULAR COMPONENTS 

M. I .  HUTCHINSON

The bul ge formi ng process i s  a method f o r  
shaping t u b u l a r  components using an i n t e r n a l  h y d r o s t a t i c  
pr essur e  combined wi t h  a compr ess i ve  a x i a l  l o a d .
I n i t i a l  i n v e s t i g a t i o n s  i nvo l v e d  c a r r y i n g  out  an 
e x t e n s i v e  l i t e r a t u r e  survey to d e t e r mi ne  the components  
which could be formed and the e f f e c t s  o f  using  
l u b r i c a n t s  and d i f f e r e n t  tube m a t e r i a l s .  D i e - b l o c k s  were 
desi gned to produce tee p i e c e s ,  cross j o i n t s  and o f f - s e t  
j o i n t s ,  and e l e c t r o n i c  o n - l i n e  i n s t r u m e n t a t i o n  was 
i n c o r p o r a t e d  so t h a t  the formi ng pr essur es  and loads  
could be a c c u r a t e l y  mo n i t o r e d .

A s e r i e s  o f  t e s t s  were c a r r i e d  out  in the  
formi ng o f :

( 1 )  tee p i e c e s ,  cross j o i n t s  and o f f - s e t  j o i n t s  from 
copper  tubes o f  two d i f f e r e n t  wal l  t h i c k n e s s e s ,

( 2 )  tee p i eces  using d i f f e r e n t  t ypes o f  p l u n g e r s ,
( 3 )  t e e - p i e c e s  using d i e - b l o c k s  coated wi t h  v a r i o u s  

l u b r i c a n t s ,
( 4 )  tee pi eces  from a l umi n i um,  copper  and s t e e l  

tubes ,
(5)  t ee pi eces  using d i e - b l o c k s  wi t h  v a r i o u s  branch  

r ad i i .

From the r e s u l t i n g  components,  formed wi t h  
v a r i o u s  combi nat i ons  o f  i n t e r n a l  p r e s sur e  and 
compressi ve  a x i a l  l o a d ,  the l i m i t s  f o r  a succ es s f u l  
formi ng o p e r a t i o n  were e s t a b l i s h e d .  F u r t h e r  a n a l y s i s  o f  
t hese  components was then under t aken to e v a l u a t e  the  
e f f e c t s  o f  the i n t e r n a l  pr es sur e  and a x i a l  load on the  
bul ge he i g h t  and the wal l  t h i c k n e s s  in the d e f o r m a t i o n  
zone.  From these r e s u l t s ,  which have been i l l u s t r a t e d  
g r a p h i c a l l y ,  the g r e a t e s t  e f f e c t  on the r e s u l t i n g  bul ge  
can be seen to be the compr essi ve  a x i a l  l o a d .

T h e o r e t i c a l  ana l yses  ar e  p r e s e n t e d ,  which 
p r e d i c t  the wal l  t h i c k n e s s  d i s t r i b u t i o n  around the bu l ge  
zone and al so the a x i a l  l oads r e q u i r e d  in the f or mi ng  
pr ocess .  Comparison o f  t hese  p r e d i c t i o n s  wi t h  the  
e x p e r i me n t a l  r e s u l t s  shows f a i r l y  good agr eement .
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NOMENCLATURE

s e mi - l e n g t h  o f  unsuppor ted tube in the d i e  
c av i t y .

i n i t i a l  s e m i - a x i a l  d e f o r ma t i o n  causi ng  
t h i c k e n i n g  of  the cap w a l l .

secondary s e m i - a x i a l  d e f o r ma t i o n  causi ng a 
- tubul ar  branch to form.

appa r e nt  s t r a i n  f a c t o r .

i n i t i a l  he i ght  o f  an e l ement  p r i o r  to formi ng

h e i g h t  o f  an e l ement  a f t e r  f o r mi n g .

h e i g h t  o f  an e l ement  on an expanded s p h e r i c a l  
cap from the j u n c t i o n  o f  t he s p h e r i c a l  cap 
and the t u b u l a r  br anch.

i n i t i a l  he i ght  o f  t he  cap p r i o r  to f o r mi n g ,  

h e i g h t  o f  the cap a f t e r  f o r mi n g ,  

h e i g h t  o f  a formed s p h e r i c a l  cap.

f i n a l  l engt h  of  the tube,  

l e n g t h  o f  t he t u b u l a r  br anch.

l e n g t h  o f  the  t u b u l a r  branch formed from the  
a x i a l  d e f o r m a t i o n .

l e n g t h  o f  t he t u b u l a r  branch formed from the  
expansi on o f  t he  s p h e r i c a l  cap.

r a t i o  between the m e r i d i o n a l  and 
c i r c u m f e r e n t i a l  s t r a i n .

i n t e r n a l  p r e s s u r e .

o r i g i n a l  r ad i us  o f  t he t ube .

branch r a d i u s .

o r i g i n a l  wal l  t h i c k n e s s  o f  t he t ube .

wa l l  t h i c k n e s s  a t  the j u n c t i o n  o f  t he  
s p h e r i c a l  cap and the t u b u l a r  br anch.

wal l  t h i c k n e s s  o f  an e l ement  on an expanded 
s p h e r i c a l  cap.

wal l  t h i c k n e s s  a t  any p o i n t .



m e r i d i o n a l  p o s i t i o n  o f  an e l e ment .

l e ng t h  o f  t he t ube .

o r i g i n a l  l e n g t h  o f  the  t ube .

h e i g h t  o f  an e l ement  up the  s i de  branch from 
the r o o t .

d i ame t e r  o f  t he c i r c l e ,  o f  which the cap is  
an arc o f ,  minus the h e i g h t  o f  t he  cap.

r a d i u s  o f  c u r v a t u r e  o f  t he cap in the  
c i r c u m f e r e n t i a l  d i r e c t i o n .

r a d i us  o f  c u r v a t u r e  o f  the  cap in the  
m e r i d i o n a l  d i r e c t i o n .

r a d i u s  or  c u r v a t u r e  o f  t he s p h e r i c a l  cap.

s t r e s s .

y i e l d  s t r e s s .

l o g a r i t h m i c  s t r a i n .

Coulomb f r i c t i o n  c o e f f i c i e n t ;

a x i a l  l o a d .

he i ght  of  an e l ement .



1.  INTRODUCTION

l . l ) The Bulge Forming Process

The bul ge formi ng process i s  a ' method where by 

t u b u l a r  metal  components can be shaped wi t hout '  t he use 

of  c u t t i n g  t o o l s .  I n s t e a d ,  i n t e r n a l  h y d r o s t a t i c  

pr e s sur e  is t r a n s m i t t e d  v i a  a medium such as a l i q u i d  

( e . g .  h y d r a u l i c  f l u i d  or w a t e r ) ,  an e l a s t omer  ( e . g .  

r ubber  or  p o l y u r e t h a n e ) ,  or  a s o f t - m e t a l  ( e . g .  l ead or  

a l ead a l l o y ) .  Thi s  i n t e r n a l  p r essur e  i s  a p p l i e d  to a 

t u b u l a r  bl ank  w h i l s t  i t  i s  c ont a i ned  in a d i e  b e a r i ng  

the shape o f  t he  component to be formed.  Where the tube  

wal l  i s u n r e s t r a i n e d , expansi on occurs u n t i l  the  

r e q u i r e d  shape is formed.

Bulge for mi ng oc c u r r i n g  as a r e s u l t  o f  pure  

i n t e r n a l  pr e s sur e  has a maj or  l i m i t a t i o n  o f  pr oduci ng  

e x ce ss i v e  t h i n n i n g  of  t he tube w a l l ,  which l eads  to  

r u p t u r e  o f  the  tube f o r  on l y  moderate  e x pa ns i ons .

However ,  i f  a compressi ve  a x i a l  load is a p p l i e d  to the  

ends o f  t he t u b e ,  metal  can be fed i n t o  the d e f o r m a t i o n  

zone dur i ng  f o r mi n g .  Provi ded t h a t  t h i s  a x i a l  load is  

l a r g e  enough to cause a x i a l  d e f o r ma t i o n  o f  t he  tube  

bl ank i . e  a r e d u c t i o n  in l e n g t h ,  a much g r e a t e r  

expansi on can be obt a i ned wi t h  l e s s  t ube wa l l  t h i n n i n g  

occur r  i n g .

The bul ge formi ng process has been d e s c r i b e d  

in numerous a r t i c l e s  and p a t e n t s .  A p a t e n t  by Grey e t  a l . ( l )  

in 1939 descr i bed  a process used f o r  the ma nuf a c t ur e  o f  

seamless metal  f i t t i n g s  havi ng branches e . g .  t ees and
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c r osse s .  Thi s  was achi eved by s u b j e c t i n g  a t u b u l a r  

bl ank  to f o r c e s  causi ng i t  to upset  by p l a s t i c  

d e f o r ma t i o n  to a b l ank  o f  a p p r o x i m a t e l y  t e e  shape.  I t  

e n t a i l e d  the c o n t r o l  of  the  f o r c e s  such t h a t  r u p t u r e  o f  

t he bl ank  was a v o i d e d ,  and whi ch,  in the course o f  t he  

u p s e t t i n g  o p e r a t i o n ,  employed both endwise mechani ca l  

pr e s sur e  a p p l i e d  to both ends o f  the  t u b u l a r  b l ank  and 

c o - o r d i n a t e d  i n t e r n a l  h y d r a u l i c  pr essur e  w i t h i n  the  

t u b u l a r  b l a n k .  The h y d r a u l i c  pr e s sur e  was c a r e f u l l y  

c o n t r o l l e d  so t h a t  i t  di d not  exceed c e r t a i n  l i m i t i n g  

v a l ues  a t  v a r i o u s  stages o f  the  u p s e t t i n g  o p e r a t i o n .

In the course o f  t he  u p s e t t i n g  o p e r a t i o n  on 

the t u b u l a r  b l a n k ,  t h e r e  was a s u b s t a n t i a l  f l o w  o f  

metal  from c e r t a i n  r e g i ons  o f  t he  bl ank t o  c e r t a i n  

o t h e r  r e g i o n s ,  t h e r e b y  i n c r e a s i n g  the t h i c k n e s s  and 

t h e r e f o r e  the s t r e n g t h  o f  t hese  l a t t e r  r e g i o n s .

No s p e c i a l l y  formed bl anks were r e q u i r e d ,  

because the machine was adapted to use t u b u l a r  b l anks  

made from s t andar d and commercial  copper  t u b i n g ,  and 

r e q u i r e d  no s p e c i a l  t r e a t m e n t  or  p r e - f o r m i n g  except  t he  

c u t t i n g  of  the bl anks from long l engt hs  o f  t he  t u b i n g .

The process i n v o l v e d  p u t t i n g  a t ube b l ank  in 

between two d i e  ha l ves  which were clamped t o g e t h e r .  A 

compressi ve a x i a l  load was then a pp l i e d  to the ends o f  

t he  tube v i a  p l unger s  which e nt e r ed  the ends o f  t he  d i e  

b l o c k .  The i n t e r n a l  pr e ssur e  was t r a n s m i t t e d  by a 

l i q u i d  through a d r i l l e d  passage in one o f  t he  

p l u n g e r s ,  using a pump to p r o v i d e  the p r e s s u r e ,  and a 

check v a l v e  to m a i n t a i n  the pr e s sur e  at  a g i v e n  l e v e l
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dur i ng  f o r mi n g .  The tube bl ank  was f i l l e d  wi t h  f l u i d  

from a t ank in which the  d i e  bl ock  was immersed.  The 

a c t ua l  formi ng process i n v o l v e d  i n c r e a s i n g  the i n t e r n a l  

pr e ssur e  to an i n i t i a l  va l ue  o f  between 

3000 p s i . ( 2 1  MPa) and 6000 psi  . ( 4 2  MPa) a f t e r  the  

pl unger s  had seal ed the ends o f  t he tube b l a n k .  

H y d r a u l i c  rams were then used to advance the p l unge r s  

and a x i a l  d e f o r ma t i o n  occur r ed causi ng an i n c r e a s e  in 

the i n t e r n a l  p r e s s u r e .  The maximum va l ue  o f  t h i s  

pr es sur e  was c o n t r o l l e d  by a p r e s e t  pr es sur e  r e l i e f  

v a l v e ,  se t  to a v a l ue  o f  between 6000 psi  . ( 4 2  MPa) and

1 0 , 0 0 0  p s i . ( 6 9  MPa) ,  depending on the d i a me t e r  and wa l l  

t h i c k n e s s  o f  t he tube used.  Thi s  combi nat i on  o f  a x i a l  

l oad and i n t e r n a l  p r essur e  pushed the tube wa l l  i n t o  

the r ecesses  o f  the d i e ,  so for mi ng the t ee p i e c e .  The 

formed tee  p i ec e  e x h i b i t e d  t h i c k e n i n g  of  t he  wa l l  

o p pos i t e  the s i de  branch and at  the s i de  branch  

j u n c t i o n ,  but  t h i s  was deemed advantageous as i t  

pr ov i ded added s t r e n g t h  and r e i n f o r c e m e n t  to the p a r t s  

s ub j ec t e d  to the g r e a t e r  s t r e s s  when the t ee  p i e c e  was 

in s e r v i c e .  The manuf ac t ur e  o f  t he component  was 

completed wi t h  the c u t t i n g - o f f  o f  t he  cap o f  t he  formed  

branch f o l l owe d  by t he machi ni ng of  the ends t o  equal  

1 e n g t h s .

Al though the bas i c  process was by no means 

new, i t  was the f i r s t  t i me t h a t  the de f or mi ng p r e s su r e s  

( a p p l i e d  by the  p l unger s  to the tube ends,  and 

i n t e r n a l l y  by the h y d r a u l i c  pump) were r e l a t e d  in such 

a manner t h a t  a s a t i s f a c t o r y  t e e  was produced.
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An a r t i c l e  by C r a wf o r d ( 2 )  de s c r i be d  a f a c t o r y  

owned by t he ' Empi r e  Brass Ma nuf ac t ur i ng  C.ompany' which 

produced seamless copper  pi pe i n s t a l l a t i o n s ,  which were 

used f o r  he a t i ng  and wat er  suppl y s e r v i c e s ,  f rom 

0 . 5 "  ( 1 2 . 5  mm) to 3" (75 mm) i n c l u d i n g  e l bows,  t e e ' s ,  

c oup l i n gs  and r e t u r n  bends.

The tube bl anks were cut  to l e n g t h  and then  

f i l l e d  wi t h  a s o f t - m e t a l  (a b i s m u t h - 1e a d - t i n  a l l o y  wi t h  

a m e l t i n g  p o i n t  o f  280 °F)  which was poured in f o r  most  

o f  the tube’s l e n g t h .  Endwise pr essur e  was a p p l i e d  to 

both t he  f i l l e r  metal  and t ub i ng  w h i l s t  t hey  were 

r e s t r a i n e d  in a d i e .  The d i es  v a r i e d  in s i z e  from

0 . 5 "  ( 1 2 . 5  mm) to 2" ( 5 0 . 0  mm). A f t e r  the process was 

completed the metal  f i l l e r  was removed by h e a t i n g  the  

components in an o i l  ba t h .

The s o f t - m e t a l  f i l l e r  process produced we l l  

shaped components,  but  had the d i s a d v a n t a g e . o f  

r e q u i r i n g  the f i l l e r  metal  to be added b e f o r e ,  and 

removed a f t e r  the pr oc e s s ,  which was much more t i me  

consuming than wi t h  a l i q u i d  medium.  In a p a t e n t  

pr esent ed by S t a l t e r ( 3 ) ,  a new method was i n t r o d u c e d  in 

an a t t empt  to p e r f e c t  the s o f t - m e t a l  f i l l e r  appr oach.  A 

compar ison had been c a r r i e d  out  by S t a l t e r  between a 

s o l i d  f i l l e r  r o d ,  and f i l l e r  cast  i n t o  the t u b e .  I t  was 

found t h a t  the c a s t i n g  t ec hn i q ue  had the advant age o f  

g i v i n g  a b e t t e r  f i t  between the slug and the i n ne r  wa l l  

of  the  b l a n k ,  but  di d r e q u i r e  e x p e n s i v e ,  complex and 

bul ky equi pment .  The equi pment  a l so  had hi gh  

mai nt enance expenses and i n vo l v e d  a high d i r e c t  l a b o u r
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c o s t .  Even though t he cast  f i l l e r  slug gave a b e t t e r  

f i t  than the rod i n s e r t  t e c h n i q u e ,  t he cast  slug  

e x h i b i t e d  s u b s t a n t i a l  s hr i nk a ge  when i t  s o l i d i f i e d  and 

c oo l ed ,  p r e v e n t i n g  the tube from being c o mp l e t e l y  

f i l l e d  because o f  t he shr i nka ge  c a v i t i e s  c r e a t e d .

On the o t h e r  hand,  the t e chn i que  o f  using a 

rod type i n s e r t  slug e l i m i n a t e d  the u n d e s i r a b l e  c a s t i n g  

process and enabled the rods to be cut  to f a i r l y  c l ose  

t o l e r a n c e  l e ng t hs  f o r  f i l l e r  volume c o n t r o l .  Thi s  had 

d i s a d v a n t a g e s ,  in t h a t  i t  r e q u i r e d  the mol t en metal  to 

be f i r s t l y  cast  i n t o  b i l l e t s  which were cumbersome to 

ha n d l e ,  then ext ruded i n t o  long rods and then cut  i n t o  

the d e s i r e d  l e ng t h  s l u g s .  Thi s  r e q u i r e d  a t i me  

consuming process and a c o s t l y  sawing o p e r a t i o n .  

F u r t he r mor e ,  the  c a s t i n g  of  the  rods had a high scrap  

r a t e ,  and in the sawing of  t he r ods ,  t h e r e  was a 

s u b s t a n t i a l  l oss o f  t h e " f i l l e r  m a t e r i a l  thr ough chi ps  

and d u s t .

Another  d i s a d v a n t a g e  possessed by both o f  t he  

a f or ement i oned t echn i ques  was the d i f f i c u l t y  in 

c a r r y i n g  out  t he p r o d u c t i o n  o p e r a t i o n s  a u t o m a t i c a l l y ,  

and because o f  t h i s ,  t h e r e  were high expenses i n c u r r e d  

in the manual  p a r t  o f  the  pr ocess .

The p a t e n t  d e t a i l e d  a method o f  f or mi ng a 

branch t ype f i t t i n g  from a t u b u l a r  bl ank  o f  a 

p r e - d e t e r mi n e d  d i a me t e r  and l e ng t h  by measur i ng out  a 

s p e c i f i c  amount o f  p e l l e t s  o f  f i l l e r  m a t e r i a l  capabl e  

o f  compact ion i n t o  a u n i t a r y  body.  The compacted 

p e l l e t s  were in the form of  a rod c or r espondi ng  in
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i n t e r n a l  d i a me t e r  to t h a t  o f  t he  t u b u l a r  b l a n k .  When 

pr e s sur e  was a p p l i e d  to the ends o f  t he b l ank  w h i l s t  i t  

was cont a i ned  in a d i e ,  i t  deformed int-o a 

pr ede t e r mi ned shape.

As the rod s t a r t e d ' o f f  as smal l  p e l l e t s ,  i t  

was easy to i n t r o d u c e  i t  i n t o  the t u b u l a r  b l a n k ,  and 

thus the process was much e a s i e r  to aut omat e .
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1 . 2 ) Bulge Formed Components

The bul ge f or mi ng pr oc es s ,  when a p p l i e d  to 

open ended tube b l a n k s ,  has been c a t a g o r i s e d  i n t o  two 

main t y p e s .  These are: .

( 1 )  Ax i symmet r i ca l  Components.

( 2 )  Asymmet r i cal  Components.

1 . 2 . 1 ) A x is y m m e tr ic a l  Components

Axi symmet r i ca l  components are ones which have 

a uni f orm expansi on over  t h e i r  whole c i r c u m f e r e n c e .

That  i s ,  t hey  e x h i b i t  symmetry around t h e i r  a x i s .  

Components which come under t h i s  c a t e g o r y  ar e  ones such 

as:  shoul der ed ho l l ow s h a f t s  and e x p a n s i o n / r e d u c t i o n  

pi pe j o i n t s  ( formed by h a l v i n g  bul ge formed components 

c e n t r a l l y  to g i v e  two j o i n t s )  -  see F i gur e  1.  In the  

for mi ng of  these  components t h e r e  is a c r i t i c a l  

r e l a t i o n s h i p  between the a x i a l  load and the i n t e r n a l  

p r e s s u r e .  When an expansi on has s t a r t e d  to o c c u r ,  t h e r e  

i s a t e n d e n c y  f o r  the a x i a l  load to become too l a r g e  

f o r  the s t r e n g t h  o f  t he  tube wa l l  to w i t h s t a n d ,  and the  

tube b u c k l e s .

1 . 2 . 2 ) Asymmetr ica l  Components

Asymmet r i cal  components ar e  those which have a 

l o c a l i s e d  or s e c t i o n a l  e x pans i on ,  such as t e e  or  cross  

p i e c e s .  The bul ge formi ng method of  ma nuf a c t ur e  f o r  a 

component such as a t ee  p i ec e  is much cheaper  than the  

a l t e r n a t i v e  methods which a r e :  machi ni ng from a c a s t i n g  

or a welded de s i g n .  There i s  a l a r g e  v a r i a t i o n  o f  

asymmet r i ca l  components which have d i f f e r e n t  d i a m e t e r s ,
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branch a n g l e s ,  and a l i gnment s  to the main 

b r a n c h ( F i g u r e 2 )

1 . 2 . 3 1  Commer c i a l ! y  Manuf act ur ed Components

Al though much o f  the publ i shed work on bul ge  

for mi ng is o f  a t h e o r e t i c a l  or  e x pe r i me n t a l  n a t u r e ,  

t h e r e  are numerous examples o f  t he  process being used 

in i n d u s t r y .  In p a r t i c u l a r ,  t he  pr oc e s s ,  when a p p l i e d  

to the manuf ac t ur e  o f  pi pe f i t t i n g s ,  e i t h e r  f o r  the gas 

or  wat er  r e l a t e d  i n d u s t r i e s ,  has

d r a s t i c a l l y  r e d u c e d  the cost  o f  components.  As s t a t e d  

p r e v i o u s l y ,  the  on l y  a l t e r n a t i v e  method of  p r o d u c t i o n  

i s e i t h e r  by c a s t i n g  and ma c h i n i n g ,  or  w e l d i n g .  These 

methods i n c u r  high manual  c o s t s ,  and are u s u a l l y  

m u l t i - s t a g e d  pr ocesses .

As wel l  as copper  components,  t he  process has 

a l so been s u c c e s s f u l l y  used wi t h  mi l d  s t e e l ,  brass and 

al  urn in ium .

An a r t i c l e  which appeared in Metal  1u r g i a ( 4 )  

descr i bed  a h y d r o s t a t i c  cold for mi ng m u l t i - r a m - p r e s s  o f  

1 0 0 0 / 8 5 0 / 8 5 0  tons ( c l ampi ng and two a x i a l  rams)  

c a p a c i t y  which was used by ' Wel lman Enefco L t d . '  to 

produce tee  p i eces  w i t h i n  the range o f  1 . 5"  (38 mm) to 

8" (203 mm) d i a m e t e r ,  and wal l  t h i c k n e s s e s  o f  between

2 . 0 0  mm and 8 . 0 0  mm. The tube b l anks  needed no s p e c i a l  

p r e p a r a r t i o n , being s i mpl y  p i ec e s  o f  s t andar d q u a l i t y  

s t e e l  tube cut  to l e n g t h  wi t h  r e a s o n a b l y  square ends.  

The top ram cons i s t e d  of  a compound of  c o n c e n t r i c  rams 

( t h e  o u t e r  one f o r  open i ng ,  c l o s i n g  and clamping the  

d i e s ) .  The i nner  ram was used to c o n t r o l  the f o r m a t i o n
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of  t he  br anch.  The movements o f  the  s i de  ram and branch  

for mi ng ram were c o n t r o l l e d  dur i ng  the f or mi ng  

o p e r a t i o n ,  a l t hough  t he  i n t e r n a l  pr e ssur e  coul d not  be 

i n d e p e n d a n t l y  changed.

A bul ge formi ng process i s  a l so  used by

I . M . I .  Yo r k s h i r e  F i t t i n g s  Lt d . '  to produce pi pe f i t t i n g s ,  and 

by ' R a l e i g h '  in the manuf ac t ur e  o f  b i c y c l e  f rame  

b r a c k e t s .  However the main exponents o f  t he  process ar e  

the Japanese,  who use bul ge  formi ng f o r  a v a r i e t y  o f  

components.  In a d d i t i o n  to the t ypes o f  . asymmetr ical  

components produced f o r  pi pe f i t t i n g s ,  t h e y  have a l so  

produced stepped hol l ow s h a f t s  f o r  use in e l e c t r i c  

mot or s ,  wheel  hubs f o r  b i c y c l e s ,  r e a r  a x l e  cas i ngs  f o r  

cars and l o r r i e s ,  and l a r g e - s i z e d  s t r u c t u r e  p a r t s .

1 . 2 , 4 ) Assoc i a t ed  A p p l i c a t i o n s

Apar t  from a x i s y m m e t r i c a l  and asymmet r i ca l  

components such as those de sc r i be d  p r e v i o u s l y ,  t he  

bul ge formi ng process has a l so been used to ma nuf a c t ur e  

o t h e r  types o f  components.

An a r t i c l e  by Srai th(5)  noted the des i gn  o f  a 

machine which coul d produce components using a 

h y d r o s t a t i c  bul ge  formi ng t e c hn i que  which a l l owed f o r  

component expansi ons over  100%. The system was v e r y  

s i m i l a r  to t h a t  pa t ent ed by Grey e t  a l . ( l )  except  t h a t  the  

p r e s s u r i s i n g  medium was w a t e r .  The main use f o r  the  

process was in the manuf ac t ur e  o f  brass k i t c h e n  t ap  

spout s .  These were made from l e ng t hs  o f  t ube  bent  i n t o  

a ' v ' shape.  The bent  tube was pl aced i n t o  an 

a p p r o p r i a t e l y  shaped d i e ,  f i l l e d  wi t h  wat er  and
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p r e s s u r i s e d .  Load was then a pp l i e d  to the ends o f  the  

tube to push them i n ,  thus formi ng the tube i n t o  the  

shape o f  the  d i e .

P a t e n t s ( 6  and 7)  taken out  f o r  a Dutch 

o r g a n i s a t i o n  de s c r i be d  a d e v i c e  which bent  pi pes and 

formed elbow f i t t i n g s .  The d e v i c e  c o n s i s t e d  o f  two d i e  

bl ocks t h a t  could s l i d e  across one a n o t h e r ,  

p e r p e n d i c u l a r  to the tube bl ank  t h a t  was pl aced t hr ough  

them bot h .  The tube c ont a i ned  in the d i e s  was f i l l e d  

wi t h  a s u b s t a n t i a l  i n c o mp r e s s i b l e  medium in the form of  

o i l ,  r u b b e r ,  or  a s i m i l a r  m a t e r i a l  and then p r e s s u r i s e d  

at  each end by a pr e ssur e  t r a n s m i t t i n g  p l u n g e r .  The two 

d i e  ha l ves  were so shaped t h a t ,  when the tube was 

l oaded to such an e x t e n t  t h a t  p l a s t i c  d e f o r m a t i o n  

o c c u r r e d ,  one h a l f  was f or ced to s l i d e  across t he  o t h e r  

due to the f o r c e s  on the t ube .  Using t h i s  p r o c e s s ,  two 

' s q u a r e '  elbows ( smal l  cor ner  r a d i u s )  were o b t a i ne d  

from one tube b l a n k .  I f  however ,  s l i g h t l y  d i f f e r e n t l y  

shaped d i e s  were used and f or ced to s l i d e  across one 

anot her  using an e x t e r n a l  f o r c e  dur i ng  t he p r o c e s s ,  i t  

was p o s s i b l e  to o b t a i n  curved e l bows.  The advant age o f  

t h i s  method of  bending tubes was t h a t  i t  was p o s s i b l e  

to o b t a i n  a ve r y  smal l ,  r a d i used bend and n e a r l y  

c o ns t a n t  wal l  t h i c k n e s s  a t  the p o i n t  o f  bend i ng .  

P r e v i o u s l y  t h i s  had been e x t r e me l y  d i f f i c u l t ,  or  even 

i mposs i b l e  to do,  and in cases where a smal l  r a d i u s  was 

a c h i e v e d ,  t he o u t e r  wal l  t h i c k n e s s  was ve r y  t h i n  wi t h  

r e s p e c t  to the r e s t  o f  the  t ube .

A s i m i l a r  process to the above was used by
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Remmerswaal e t  a l . ( 8 ) »  who used an e l a s t i c  medium to t r a n s m i t  

the i n t e r n a l  p r e s s u r e .  The tubes were f i l l e d  wi t h  t he  

e l a s t i c  medium and then bent  i n t o  two 90°  bends by 

p l a c i n g  them i n t o  two d i e  ha l ves  which s l i d  

p e r p e n d i c u l a r  to one a n o t h e r .  When pr essur e  was a p p l i e d  

to the tube ends and the e l a s t i c  medium,  an a ngu l a r  1Z 1 

shaped pr oduct  was formed.  The r e l a t i o n s h i p  between the  

bend r a d i i  and wal l  t h i c k n e s s e s  a l so  agreed wi t h  the  

above.

Boyd e t  a ! . ( 9 )  did s i m i l a r  work wi t h  d i e s  s l i d i n g  

p e r p e n d i c u l a r  to one a n o t h e r .  I n i t i a l l y  t e s t s  were 

c a r r i e d  out  using wat er  as a medium and a 3" (75 mm) 

o u t s i d e  d i a me t e r  tube in a 3 . 5"  ( 8 7 . 5  mm) d i a me t e r  d i e ,  

but  when the i n t e r n a l  p r essur e  caused bu l g i ng  ,■ o v a l i t y  

o c c u r r e d ,  s t oppi ng the two d i e  ha l ves  from c l o s i n g  

p r o p e r l y .  When 2 . 7 "  ( 6 7 . 5  mm) o u t s i d e  d i a me t e r  tubes  

were used in the same d i e ,  but  w i t h  an i n f ee d  

compressi ve load supp l i ed  to the d i e  ends,  sever e  

b u c k l i n g  o c c u r r e d .  The i n t e r n a l  f l u i d  was then changed 

to o i l  t h a t  could be p r e s s u r i s e d  i n d e p e n d a n t l y , but  

b u ck l i ng  s t i l l  occur red dur i ng  bendi ng.  T h i s ,  however ,  

was removed by i n c r e a s i n g  the i n t e r n a l  p r e s s u r e  once 

the d i e - h a l v e s  had c l o s e d .  The r e s u l t i n g  components had 

l ess  change in the wal l  t h i c k n e s s  than c o n v e n t i o n a l  

method s .

Powel l  e t  a l . ( 1 0 )  used the s l i d e  d i e  process to bend 

aluminium tubes o f  1" (25 mm) o u t s i d e  d i a m e t e r .  The 

machine used an a i r / h y d r a u l i c  i n t e n s i f i e r  which was 

capabl e  o f  produci ng up to 69 MN/m^. I t  was found t h a t
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by a p p l y i n g  a r e s t r a i n i n g  f o r c e  to the s l i d i n g  d i e  

h a l f ,  the t h i c k n e s s  o f  t he tube wal l  could be 

i n c r e a s e d .

Theory was pr ov i ded equat i ng the e x t e r n a l  

f o r c e  s upp l i ed  to the power d i s s i p a t i o n  due to i n t e r n a l  

Shear ( o b t a i n e d  from an Upper Bound s o l u t i o n ) ,  

f r i c t i o n a l  power l osses  (between the tube and the d i e ) ,  

and the r e s t r a i n t  l oss ( t h e  f o r c e  exer t ed to r e s t r a i n  

the d i e - h a l f  f rom s l i d i n g ) .  The f i n a l  e qua t i o n  coul d be 

used to c a l c u l a t e  the i n t e r n a l  pr essur e  from the f l o w  

s t r e s s ,  t he  r e l a t i v e  wa l l  t h i c k n e s s ,  and the geomet ry  

gi ven by t he  bend a n g l e .  The c o r r e l a t i o n  between the  

t h e o r e t i c a l  and p r a c t i c a l  r e s u l t s  was r e l a t i v e l y  c l o s e .

W o o ( l l )  d e t a i l e d  the use and o p e r a t i o n  o f  a 

machine t h a t  had been devel oped to form a l umi ni um and 

pewter  v e s s e l s  from c i r c u l a r  b l a n k s .  Using one r i g ,  t he  

bl ank was deep drawn thr ough a ' T r a c t i x '  d i e ,  passed 

through an i r o n i n g  d i e ,  and f i n a l l y  f i l l e d  wi t h  o i l  and 

bulged i n t o  the r e q u i r e d  shape using i n t e r n a l  p r e s s u r e  

and a x i a l  l o a d .

Wi th the e x c e p t i o n  o f  some car  a x l e  housi ngs  

made in Japan,  most bul ge  formed components a r e  smal l  

in s i z e .  However ,  Yoshi t omi  e t  a l . ( 1 2 )  descr i bed h y d r a u l i c  

bul ge formi ng equipment  which coul d be a p p l i e d  to l a r g e  

s i z e  s t r u c t u r e  p a r t s  as we l l  as smal l  ones.  The machi ne  

was a t h r e e  ram t ype s i m i l a r  in a l l  but  s i z e  to the  

ones desc r i be d  p r e v i o u s l y .  A v a r i e t y  o f  components were  

formed wi t h  the des i gn o f  pi pe t r us s  s t r u c t u r e s  in 

mi nd.  The components were used as j o i n t s  between main
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and branch pi pes in or de r  to ach i eve  we i ght  r e d u c t i o n  

and a l so reduce the s t r e s s  c o n c e n t r a t i o n s  which Were 

n o r ma l l y  gener a t ed  by w e l d i n g .  The tube bl anks were 

1100 mm in l e n g t h ,  430 mm o u t s i d e  d i a m e t e r ,  and had a 

wal l  t h i c k n e s s  o f  14 mm.
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1 . 3 )  Fa i l u r e s-  Of The Process

There are two main modes o f  f a i l u r e ,  and one 

secondary t y p e .  The two main modes r e s u l t  in t o t a l  

d e s t r u c t i o n  o f  the component ,  whereas the secondary  

t ype  r e s u l t s  in the component f a i l i n g  to ach i eve  a 

s a t i s f a c t o r y  s u r f a c e  f i n i s h  or  shape.

The f i r s t  mode o f  f a i l u r e  is t h a t  caused by

f r a c t u r e  dur i ng  expans i on .  The f r a c t u r e  is caused by

e x c e s s i v e  t h i n n i n g  o f  t he  tube wa l l  in the area o f  

maximum expansi on ( n o r m a l l y  t he  c e n t r e  o f  t he  domed 

a r e a ) .  The reasons f o r  t h i s  ar e  two f o l d ;  e i t h e r  the  

i n t e r n a l  p r essur e  is too h i g h ,  or  an i nadequat e  a x i a l  

load i s  used when t r y i ng to o b t a i n  a l a r g e  expans i on .

T h e o r e t i c a l l y ,  i t  i s  p o s s i b l e  to expand i n d e f i n i t e l y ,  

i f  metal  i s c o n t i n u a l l y  being fed i n t o  the d e f o r m a t i o n  

zone (assuming t h a t  the c o e f f i c i e n t  o f  f r i c t i o n  is 

z e r o ) ,  and the i n t e r n a l  p r essur e  i s  c l o s e l y  r e g u l a t e d .  

However ,  w i t h o u t  t h i s  r e g u l a t i o n ,  t he  wal l  t h i c k n e s s  

decr eases u n t i l  r u p t u r e .

The second mode o f  f a i l u r e  i s  t h a t  o f  

b u c k l i n g .  Thi s  i s  caused by i n s u f f i c i e n t  i n t e r n a l  

pr essur e  compared to the compr essi ve  a x i a l  l o a d .  In 

mi l d  cases t he  problem can be seen as w r i n k l e s  on the

main br anch,  but  in sever e  cases the  whole tube buck l es

and the branch becomes mis-shapen,Components al  so become 

buckl ed i f  a f t e r  f r a c t u r e ,  t he  a x i a l  load is s t i l l  

a p p l i e d .  Thi s  i s  because the i n t e r n a l  pr e s sur e  cannot  

be ma i n t a i ne d  once t h e r e  is a ' l e a k '  in the system.  In 

most cases ,  the i mbal ance between the pr e ssur e  and the
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a x i a l  load occurs midway thr ough t he  p r oc e ss ,  but  t h e r e  

are two occasi ons where t h i s  i s  not  so.  F i r s t l y ,  when 

the p l unger s  ar e  advanci ng on the tube to seal  the  

ends,  i f  the s e a l i n g  load i s too h i g h ,  t h e r e  is s l i g h t  

cr umpl i ng of  t he w a l l s .  Al though t h i s  i s  o f t e n  ver y  

d i f f i c u l t  to d e t e c t  v i s u a l l y ,  t hese  f a u l t s  can cause  

bu c k l i ng  dur i ng  the for mi ng pr oc es s ,  even i f  t he  

i n t e r n a l  pr es sur e  and compressi ve a x i a l  load are  

p e r f e c t l y  ba l a nc e d .  Secondl y ,  i f  e x c e s s i v e  f l u i d  

remains on the d i e  bl ock  s u r f a c e s  p r i o r  to a t ube bl ank  

bei ng i n t r o d u c e d ,  when the d i e  ha l ves  ar e  clamped 

t o g e t h e r ,  ent r apment  o f  t h i s  f l u i d  can a l so cause 

s l i g h t  c r umpl i ng of  t he sample.  As in the above ca se ,  

t hese  smal l  d e f e c t s  can r e s u l t  in sever e  b u c k l i n g .

The main reason t h a t  components a r e  r e j e c t e d  

a f t e r  being f u l l y  formed is t h a t  o f  s h r i n k a g e .  Thi s  

occurs around the r a d i u s  o f  t he  d i e  and r e f e r s  to the  

s i t u a t i o n  where the wa l l  o f  the  component i s  not  in 

c o n t a c t  wi t h  t h a t  o f  t he  d i e .  I t  can be caused by t he  

branch r a d i us  being too s m a l l ,  or  by i n s u f f i c i e n t  

i n t e r n a l  p r essur e  ( b u t  not  so low as to cause  

b u c k l i n g ) .  The problem is overcome by mod i f y i ng  the d i e  

shape,  or  by b e t t e r  r e g u l a t i o n  o f  the  i n t e r n a l  

p r e s s u r e ,  or  by a combi nat i on  o f  t he two.

In the for mi ng of  s a t i s f a c t o r y  components,  i t  

i s  e s s e n t i a l  to use the c o r r e c t  r e l a t i o n s h i p  between  

the a x i a l  load and the i n t e r n a l  p r e s s u r e .

Examples o f  t he modes o f  f a i l u r e  are  shown in

PI ate 1.
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1 . 4 ) Pr e v i ous  I n v e s t i g a t i o n s

1 . 4 . 1 ) Ax i s ymme t r i ca l  Bulge Forming

There have been numerous i n v e s t i g a t i o n s  i n t o  

a x i s y mme t r i c a l  bulge f o r mi n g ,  and the f o l l o w i n g  are  

r e p r e s e n t a t i v e  e x t r a c t s .  A l - Q u r e s h i ( 13 )  pr esent ed  

ex pe r i me n t a l  ev i dence showing the d i f f e r e n c e  between 

the bu l g i ng  o f  t h i n - w a l l e d  tubes using the r ubber  

for mi ng t e c hn i que  wi t h  p o l y u r e t h a n e  and the h y d r a u l i c  

f ormi ng pr ocess .  I t  was found t h a t  g r e a t e r  

c i r c u m f e r e n t i a l  expansi ons o f  t h i n - w a l l e d  t u b e s ,  up to  

50% and g r e a t e r  f o r  some m a t e r i a l s ,  was o b t a i n a b l e  

using the r ubber  formi ng t echn i que  and was we l l  wor th  

c o n s i d e r i n g  as a s i mpl e  a l t e r n a t i v e  to o t h e r  f or mi ng  

pr ocesses ,  such as e l e c t r o - h y d r a u l i c  f o r mi n g .  A l s o ,  

si mul t aneous  o p e r a t i o n s  e . g .  p i e r c i n g ,  f or mi ng and 

shear i ng could be e a s i l y  a c h i e v e d .

The r ubber  i n s e r t ,  however ,  c r e a t e d  g r e a t e r  

f r i c t i o n a l  f o r c e s  than h y d r a u l i c  f l u i d ,  and t h i s  led 

to g r e a t e r  c i r c u m f e r e n t i a l  and l o n g i t u d i n a l  s t r a i n s .  I t  

was concluded t h a t  the h i g h l y - d e v e l o p e d  h y d r a u l i c  

for mi ng machines gave b e t t e r  r e s u l t s  than r ubber  

formi ng machi nes.

Limb et  a 1 . ( 1 4 )  used a bul ge  for mi ng r i g  c o n s i s t i n g  

of  a v e r t i c a l  h y d r a u l i c  ram f o r  c l ampi ng the d i e  

t o g e t h e r  and two h o r i z o n t a l  rams,  each wi t h  a 300 kN 

c a p a c i t y .  Forming was c a r r i e d  out  using 1 . 5 "  (36 mm) 

o u t s i d e  d i a me t e r  seamless tubes o f  c o mme r c i a l l y  pure  

a l umi n i um,  al umi ni um a l l o y  (HV9 - A l / M a g / S i  a l l o y ) ,  

copper ,  70 / 3 0  b r a s s ,  and low carbon s t e e l ,  in v a r y i n g
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wal l  t h i c k n e s s e s  -  0 . 0 4 8 "  ( 1 . 2 2  mm) to

0 . 0 8 0 "  ( 2 . 0 3  mm) .

The most s a t i s f a c t o r y  method of  pr oduci ng  

t h i n - w a l l e d  tubes was found to be by i n c r e a s i n g  the  

i n t e r n a l  pr essur e  i n c r e m e n t a l l y  in steps du r i ng  the ram 

movement .  A l a r g e  i n c r e a s e  in the wa l l  t h i c k n e s s  

occur r ed in the main branch dur i ng  the p r oc es s .  The 

formed tee  had a ver y  pronounced dome i f  t h e r e  was no 

l u b r i c a n t  between the tube and the d i e .  The best  

l u b r i c a n t  was found to be P . T . F . E ,  f i l m ,  f o l l o w e d  by 

c o l l o d i a l  g r a p h i t e  and R o c a l . Wi th l u b r i c a n t s  t he  dome 

o f  the  t ee  was much f l a t t e r ,  and the l e n g t h  o f  t he  

branch i ncr eased by as much as 20%. The wa l l  t h i c k n e s s  

o f  t he branch was a l so  found to have i n c r e a s e d .

In a l a t e r  paper  Limb e t  a l . ( 1 5 )  used the same 

machine ( e x ce pt  wi t h  a h i ghe r  o i l  pr e s sur e  c a p a b i l i t y ) .  

Three d i f f e r e n t  shapes o f  ax i s y mmet r i c  components"were  

for med,  a l l  in the same d i e .  The d i e  had a l a r g e  

c e n t r a l  c a v i t y ,  and i n s e r t s  were used to g i v e  two 

d i f f e r e n t  s i zed unsuppor ted r eg i ons  on e i t h e r  s i de  o f  

t he i n s e r t .  The same s i zed tubes and m a t e r i a l s  were  

used as in the pr ev i ous  i n v e s t i g a t i o n .  The b u r s t i n g  

pr e s sur e  o f  t he  tube was f i r s t  found wi t h  no a x i a l  

l o a d ,  and then t w o - t h i r d s  o f  t h i s  v a l u e  was used as t he  

i n i t i a l  i n t e r n a l  p r e s s u r e .  The rams were advanced and 

the pr essur e  i ncr eased u n t i l  f a i l u r e ,  and thus the  

for mi ng l i m i t s  were e s t a b l i s h e d .  Each t ype  o f  t ube  was 

formed by t he  maximum amount ,  w i t h o u t  b u r s t i n g  or  

b u c k l i n g ,  s e c t i o n e d ,  and s t r a i n  measurements t a k e n .  In
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a l l  expanded r e g i o n s ,  t h i n n i n g  o f  the  wa l l  o c c u r r e d ,  

but  t h i c k n e s s  d i s t r i b u t i o n s  v a r i e d  c o n s i d e r a b l y  

accor d i ng to the geomet r y .  When f a i l u r e  o c c u r r e d ,  brass  

and s t e e l  tended to f a i l  by bu c k l i n g  due to the  

i n a b i l i t y  o f  t he  machine to p r o v i d e  a s u f f i c i e n t l y  hi gh  

i n t e r n a l  p r e s s u r e .

In a d d i t i o n  to the above,  tees were a l so  

formed.  The s o f t e r  m a t e r i a l s  were formed wi t h  l i t t l e  or  

no t h i n n i n g  o f  t he  branch w a l l ,  whereas t he  s t r o n g e r  

m a t e r i a l s  showed c o n s i d e r a b l e  r e d u c t i o n s  in wa l l  

t h i c k n e s s  in the br anch.

F i n a l l y ,  l u b r i c a t i o n  was - i n v e s t i g a t e d  using  

e i g h t  d i f f e r e n t  l u b r i c a n t s ,  by measur i ng the maximum 

l e ng t h  o f  t he  branch formed.  The P . T . F . E .  f i l m  was 

agai n found to g i v e  the l a r g e s t  bul ge h e i g h t ,  i f  r a t h e r  

e x p e n s i v e ,  and the next  b e s t ,  and chea per ,  was P . T . F . E .  

s pr a y .  T e l l u s  27 was found to be the wo r s t .

Woo(16)  and Woo e t  a l . ( 1 7 )  d e r i v e d  a t h e o r y  which used the  

r e l a t i o n s h i p  between the c i c u m f e r e n t i a l  s t r a i n  and the  

t h i c k n e s s  s t r a i n .  The c i r c u m f e r e n t i a l  s t r a i n  was 

obt a i ne d  from a numer i ca l  s o l u t i o n ,  t a k i n g  t he end 

c o n d i t i o n s  i n t o  account  ( us i ng  a computer  p a c k a g e ) ,  

w h i l s t  the t h i c k n e s s  s t r a i n  was ob t a i ne d  by c o n s i d e r i n g  

the volume c o n s i s t e n c y  o f  t he m a t e r i a l .  In o r d e r  to 

s a t i s f y  t he end c o n d i t i o n s ,  t he  e f f e c t  o f  a n i s o t r o p y  

was i n t r oduc ed  using r e l e v a n t  pa r a me t e r s .

Two s t r e s s - s t r a i n  curves were used to 

c a l c u l a t e  the t h e o r e t i c a l  s t r a i n s ,  one bei ng de t e r mi ned  

from t e n s i l e  t e s t s ,  t he o t h e r  ob t a i ne d  from
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measurements t aken dur i ng  b u l g i n g .  I t  was suggested  

t h a t  the s t r e s s - s t r a i n  r e l a t i o n s h i p s  should be 

det er mi ned from the ac t ua l  tube bu l g i ng  p r oc e s s ,  which  

could a l so cover  a s t r a i n  range l a r g e r  than t h a t  

p o s s i b l e  in a t e n s i l e  t e s t .

A t h e o r y  p r e d i c t i n g  the l i m i t i n g  bead h e i g h t  

(a bead being a smal l  r ad i used c i r c u m f e r e n t i a l  bul ge on 

the tube s u r f a c e ) ,  t he  t o t a l  a p p l i e d  l o a d ,  and the  

t o t a l  ram movement r e q u i r e d  to form c i r c u m f e r e n t i a l  

c y l i n d r i c a l  beads was pr esent ed by A l - Q u r e s h i ( 1 8 ) . As 

wi t h  the a u t h o r ' s  p r ev i ous  work,  an e l a s t omer  rod 

t e c hn i que  was used to produce bul ge  f o r mi n g .  Dies were 

used wi t h  e i t h e r  s i n g l e ,  or  m u l t i p l e  c o r r u g a t i o n s  o f  

wi dt h  6 . 4  mm. L a no l i n  was used as a l u b r i c a n t  between  

the d i e  t o o l s  and the o u t e r  s u r f a c e  o f  t he  wo r k p i e c e ,  

and the e l a s t ome r  rod was dusted wi t h  French c ha l k  to  

pr e v en t  undue adhesion to the i n t e r n a l  s u r f a c e  o f  t he  

wo r k p i e c e .

The t h e o r y  was found to be in r e ma r k a b l y  c l os e  

agreement  wi t h  the e x p e r i me n t a l  r e s u l t s  o b t a i ne d  using  

tubes made from d i f f e r e n t  m a t e r i a l s .

B a n e r j e e ( 1 9 )  c a r r i e d  out  e xper i ment s  on a r i g  

which clamped the ends o f  t h i n - w a l l e d  ( 0 . 2 2 5  mm) 

aluminium t u b e s ,  and bulged them wi t h  i n t e r n a l  o i l  

p r e s s u r e .  The l e n g t h  o f  t he  tubes was kept  c o n s t a n t  

t hr oughout  the bu l g i ng  pr oc e s s ,  which was c a r r i e d  out  

s l owl y  u n t i l  r u p t u r e .  Theory was pr ov i ded to f i n d  the  

pr e s sur e  at  i n s t a b i l i t y  ( f rom the s t r e s s  and s t r a i n  a t  

i n s t a b i l i t y ) ,  t a k i n g  s t r a  i n - h a r d e n i n g  i n t o
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c o n s i d e r a t i o n .  Graphs were produced f o r  both  

e x pe r i me n t a l  and measured r e s u l t s  o f  the  

d i a m e t e r / 1ength r a t i o  a g a i n s t  pr e ssur e  and bul ge  

h e i g h t .  There was good agreement  in the p r e s s u r e  * 

r e s u l t s ,  but  t h e r e  were d i s c r e p a n c i e s f o r  the bul ge  

h e i g h t v a l u e s .

K a n d i l ( 2 0 )  conducted work i n t o  the e f f e c t  of  

the r a d i us  o f  draw on bul ge  f o r mi ng .  Ax i s ymme t r i ca l  

components were formed from tube bl anks o f  s i z e s

12 . 7  mm to 3 8 . 1  mm d i a me t e r  and 1 mm t h i c k n e s s .  The 

r a d i us  o f  draw ( t h e  r a d i u s  a t  the r o o t  o f  t he  branch)  

v a r i e d  from 4 mm to 8 mm. The tube m a t e r i a l s  used were 

brass 63,  copper  and a l umi n i um,  a l l  of  which were  

annealed b e f o r e  f o r mi ng .

Dur ing f o r m i n g ,  t he  o i l  i n s i d e  the tube was 

compressed by t he  p l u n g e r ,  but  t h e r e  was no load  

a pp l i e d  to the t u b e .  The maximum expansi ons were 63.7% 

wi t h  b r a s s ,  33% wi t h  copper ,  and 14.4% wi t h  a l umi n i um.

From the r e s u l t s ,  a n ’ e m p i r i c a l  r e l a t i o n s h i p  

was obt a i ned  which p r e d i c t e d  t h a t  t he h y d r o s t a t i c  

bu l g i ng  load was d i r e c t l y  p r o p o r t i o n a l  to the  

d e f o r m i n g - r e s i s t a n c e  and the tube d i a m e t e r ,  and was 

i n v e r s e l y  p r o p o r t i o n a l  to the drawi ng speed.

A r ubber  i n s e r t  was used as the  i n t e r n a l  

p r e s s u r i s i n g  medium in the bul ge  for mi ng process used 

by Badran et  a l . ( 2 1 ) .  No a x i a l  l oads were d i r e c t l y  a p p l i e d  

dur i ng  b u l g i n g ,  a l t hough f r i c t i o n  between the r ubber  

and the tube bl ank di d appl y  some a x i a l  load which fed 

t h e t u b e i n t o t h e d i e .

- 20 -



The t heor y  pr esent ed  gave equa t i ons  f o r  the  

i n t e r n a l  pr essur e  r e q u i r e d  f o r  v a r i o u s  i ncr ement s  in 

the d e f o r ma t i o n  a n g l e ,  assuming t h a t  the f r e e  p a r t  o f  

t he  tube ( t he  bulged p a r t ) ,  formed the arc of  a c i r c l e .  

An e xpr ess i on  f o r  the t h i c k n e s s  of  the  bulged wa l l  a t  

any d e f o r ma t i o n  angl e  was a l so  d e r i v e d .  The e qua t i o n  

f o r  pr e s sur e  was then mo d i f i e d  to i n c l ude  

wor k - ha r de n i ng  using the v a l ue  o f  the  c u r r e n t  y i e l d  

s t r e s s ,  de t er mi ned from a s t r e s s - s t r a i n  c ur v e .

The e qua t i ons  were used to produce graphs to  

p r e d i c t  the v a r i o u s  v a l ues  o f  p r essur e  r e q u i r e d  f o r  any 

d e f o r ma t i o n  a n g l e ,  n e g l e c t i n g  and i n c l u d i n g  

work- har d en i n g .

Saver  e t  a l . ( 2 2 )  conducted work on the t h e o r y  o f  

f a i l u r e  o f  bul ge formed tubes due to b u c k l i ng  and 

f r a c t u r e .  Thi s  was a p p l i e d  to the formi ng of  p a r t s  wi t h  

v er y  pronounced bulges such as r e a r " a x l e  hous i ngs.  A 

numer i ca l  s o l u t i o n  was used to compute v a l ue s  o f  a x i a l  

l oad and i n t e r n a l  p r e s s u r e ,  f rom i ncr ement s  in the  

d i a me t e r  o f  the b u l g e .  The a l g o r i t h m  was based on f i v e  

p r i n c i p l e s :  s t r a i n - d i s p l a c e m e n t  r e l a t i o n s ;  

i n c o m p r e s s i b i l i t y ;  e f f e c t i v e  s t r e s s e s  and s t r a i n s  

( p l a s t i c i t y  t h e o r y ) ;  e qua t i ons  o f  e q u i l i b r i u m ;  and 

boundary c o n d i t i o n s .

The r i g  used a p p l i e d  a x i a l  load and i n t e r n a l  

pr essur e  at  a f i n e l y  a d j u s t a b l e  r a t i o ,  in o r de r  to 

appl y  v a r i o u s  c o ns t a n t  s t r e s s  r a t i o s .

Tubul ar  bl anks o f  1 . 5"  (38 mm) o u t s i d e  

d i a me t e r  wi t h  a wa l l  t h i c k n e s s  o f  0 . 050"  ( 1 . 2 7  mm) were
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s l owl y  bulged u n t i l  f a i l u r e ;  measurements bei ng t aken  

in between load i nc r e me n t s .  Exper i ment a l  f o r c e s  used 

compared f a v o u r a b l y  wi t h  p r e d i c t e d  v a l u e s ,  a l t h o u g h . t h e  

a c t ua l  f r a c t u r e  s t r a i n s  were s l i g h t l y  h i g h e r  than those  

p r e d i c t e d .

Fuchizawa e t  a l . ( 23 )  conducted ex pe r i me n t a l  work on 

t h i n - w a l l e d  c y l i n d e r s  o f  f i n i t e  l e n g t h .  Exper i ment a l  

r e s u l t s  such as s t r a i n d i s t r i b u t i o n ,  r e l a t i o n s h i p s  

between the i n t e r n a l  p r e ssur e  and the tube r a d i u s ,  

b u r s t i n g  p r e s s u r e ,  c r i t i c a l  expanding r a d i us  ( r a d i u s  a t  

the c e n t r e  o f  the c y l i n d e r  when i t  b u r s t s ) ,  were  

o b t a i n e d .  These r e s u l t s  were compared wi t h  a n a l y t i c a l  

ones c a l c u l a t e d  by a s t r a i n  i ncr ement a l  and l o g a r i t h m i c  

t o t a l  s t r a i n  t h e o r i e s .  In g e n e r a l ,  the e x p e r i me n t a l  

r e s u l t s  agreed wi t h  t he  a n a l y t i c a l  ones by t he  s t r a i n  

i nc r e ment a l  t h e o r y  except  in the case o f  c r i t i c a l  

expanding r a d i us  o f  s h o r t  c y l i n d e r s .

Manabe e t  a l . ( 2 4 )  de s c r i be d  the devel opment  o f  an 

aut omat i c  t e s t i n g  system f o r  t u b u l a r  m a t e r i a l s  under  

b i - a x i a l  s t r e s s e s  by t he  use o f  a m i c r o - c o m p u t e r . The 

system was used to study bu l ge  for mi ng o f  t h i n - w a l l e d  

tubes under i n t e r n a l  p r e s sur e  and a x i a l  l o a d .  

Exper i ment a l  a n a l y s i s  was c a r r i e d  out  in o r d e r  to 

examine d e f o r ma t i o n  be ha v i our  and l i m i t  t he expansi on  

o f  al umi ni um tubes f o r  l i n e a r  and n o n - l i n e a r  l o a d i n g  

pa t hs .  In the l i n e a r  p a t h ,  i t  was found t h a t  the l i m i t  

expansi on o f  a tube i ncr eased as t he s t r e s s  r a t i o  

( m e r i d i o n a l  s t r e s s / c i r c u m f e r e n t i a l  s t r e s s )  approached  

z e r o .
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1 . 4 . 2 ) Asymmetr ic Bulge Forming

There has not  been the same amount o f  papers  

publ i shed on asymmetr i c bul ge f or mi ng as on 

ax i symmet r i c  bul ge f o r mi n g ,  but  the r e l e v a n t  papers ar e  

d e t a i l e d  below.

A h y d r a u l i c  system ver y  s i m i l a r  to t h a t  used 

by G r e y ( l )  was de sc r i be d  in a p a t e n t  submi t t ed by t he  

'Agency o f  I n d u s t r i a l  Sc i ence and T e c h n o ! o g y * ( 2 5 ) .

Again a h y d r a u l i c  medium and synchr oni sed p i s t o n  

movement were used.  Pr odu c t i on  o f  tees , crosses  and 

ot he r  branched components was p o s s i b l e .  However ,  the  

machine was d i f f e r e n t  to the ones s t a t e d  p r e v i o u s l y  as 

i t  had a movement l i m i t i n g  d e v i c e ,  l o c a t e d  i n s i d e  the  

d i e  c a v i t y ,  to p r e v e n t  r u p t u r e  o f  t he  bulged p o r t i o n  o f  

the  t u b e .  The d e v i c e  f e a t u r e d  a h y d r a u l i c  oper a t ed rod 

which could move t r a n s v e r s e l y  to the main machine ax i s  

in the d i e  c a v i t y  to a l l o w  t he  b u r s t i n g  pr e s su r e  l i m i t  

to be i n c r e a s e d .

| Ogura e t  a l . ( 2 6  and 27)  wrote two papers which 

i n v e s t i g a t e d  the bul ge for mi ng process and in 

p a r t i c u l a r  the work t h a t  had been done in Japan.  Tee 

pi eces  v a r y i n g  in s i z e  from 0 . 5 "  ( 1 2 . 7  mm) to 

12" (305 mm) o u t s i d e  d i a me t e r  were produced and 

examples o f  t he  working pr essur es  f o r  d i f f e r e n t  

di a me t e r s  used were:  a 4" ( 102 mm) o u t s i d e  d i a m e t e r  t ee  

pi ece  was produced using a press wi t h  a 4000 kN 

cl ampi ng f o r c e  to hold the d i e  ha l ves  t o g e t h e r ,  and two 

2500 kN s i de  rams f o r  a pp l y i ng  the compr essi ve  a x i a l  

l o a d .  These components were produced in m u l t i - c a p a c i t y
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d i e s  and the c y c l e  t i mes ranged from 30 to 60 seconds.  

The l a r g e r  tees were formed s i n g u l a r l y  on a machine  

wi t h  a 13 MN cl ampi ng ram,  and two 7000 kN s i de  rams,

w i t h  a c y c l e  t i me o f  50 to 120 seconds.

Components were a l so formed wi t h  two a x i a l l y  

a l i g n e d  but  s t agger ed s i de  br anches .  These formed 

s i m i l a r l y  to tees , but  i t  was found t h a t  t he tube

bl ank had to be deformed t w i c e  as much to produce the

same h e i g h t ( s )  of  br anch.  The same was a l so  found to be 

t r u e  o f  the  formi ng of  components wi t h  two 

c i r c u m f e r e n t i a l l y  a l i g n e d  br anches ,  except  f o r  the case 

where the angl e  between the two was 1 8 0 ° .  In t h a t  ca se ,  

t he  formi ng process was s l i g h t l y  d i f f e r e n t ,  as t he  

metal  b u i l d - u p  t h a t  occured op pos i t e  a n o n - a l i g n e d  

branch was used to hel p form the br anch.  A l s o ,  because  

o f  t he symmet r i cal  manner o f  p l a s t i c  f l o w ,  t h e r e  were 

f ewer  v a r i a t i o n s  in the d e f o r ma t i o n  r e s i s t a n c e  and 

t h e r e f o r e  l e s s  compressi ve  a x i a l  f o r c e  was r e q u i r e d .

Wi th components c o n s i s t i n g  o f  f o u r  b r a nc he s ,  

two o f  which were l a r g e ,  c i r c u m f e r e n t i a l ! y  a l i g n e d  and 

v e r y  c l ose  to one a n o t h e r ,  problems were e n c oun t e r e d .  

The r ecesses  in the d i e  which produced the l a r g e  

branches were found to a l l o w  t he  t ube wa l l  to f r a c t u r e  

at  a r e l a t i v e l y  smal l  p r e s s u r e ,  because t h e r e  was not  

enough suppor t  f o r  the t u b e .  The problem was overcome  

by c o n t r o l l i n g  the r a t e  o f  expansi on o f  t he two l a r g e  

branches dur i ng  the for mi ng p r oce s s ,  p r e v e n t i n g  r a p i d  

bul g i ng  and t h i n n i n g  of  t he  tube w a l l .  Thi s  was 

achi eved using s i m i l a r  movement l i m i t i n g  devi ces;  

to those patented in (25)  except
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t h a t  the rods were now c o n t r o l l e d  by a cam connected to 

the h o r i z o n t a l  p l u n g e r s .

For the r ange o f  components t h a t  were f ormed,  

i n t e r n a l  pr essur es  o f  between 100 MPa to 300 MPa were 

used,  depending on the d i a me t e r  o f  t he tube being  

formed.  As t h i s  i n t e r n a l  pr essur e  had to be seal ed  

i n s i d e  the tube using end p l u n g e r s ,  i t  was necessar y  to  

o b t a i n  a good s e a l ,  and thus t he ends o f  the  p l u n g e r s ,  

which bu t t e d  up a g a i n s t  the ends o f  t he tube b l a n k ,  

were ground to a ' v ' around the r i n g  in c o n t a c t ,  

r e s u l t i n g  in a high pr e s sur e  a c t i n g  on a smal l  s e a t i n g  

a r e a .

Cons i d er a b l e  f r i c t i o n  f o r c e s  between the tube  

and the d i e  were c r e a t e d  by t he high pr e ssur e  r e q u i r e d  

f o r  the formi ng pr oc e ss ,  and t h i s  r e s u l t e d  in r a p i d  d i e  

wear .  Molybdenium D i s u l p h i d e  was found to be a good 

l u b r i c a n t  f o r  reduci ng the wear of  t he  d i e ,  e s p e c i a l l y  

i f  permeated through b o n d e r i t e  t r e a t e d  s u r f a c e s .

Lukanov e t  a l . ( 2 8 )  desc r i be d  a method of  f or mi ng t ee  

components so as to mi n i mi se  the amount o f  wa l l  

t h i c k e n i n g  t h a t  occur r ed in the main br anch.  The method 

i nvo l ved  for mi ng two s t agger ed tees from a s i n g l e  

bl ank t u b e ,  w i t h  branches on o p pos i t e  s i des  o f  t he  

t u b e .

In the formed tees the  i nc r e a s e  in wal l  

t h i c k n e s s  was reduced to 15%, and a g r e a t e r  branch  

h e i g h t  was o b t a i n e d .  Thi s r e d u c t i o n  a l l owed the i n i t i a l  

tube bl ank to be reduced in l e n g t h  by 4%, compared wi t h  

t he  formi ng of  one t e e .
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l , 5 ) Aim Of The C u r r e n t  I n v e s t i g a t i o n

The i n v e s t i g a t i o n  c a r r i e d  out  i n i t i a l l y  

i n vo l ve d  a l i t e r a t u r e  survey in or de r  to assess t he  

pr ev i ous  work c a r r i e d  out  i n t o  the bul ge f or mi ng of  

t u b u l a r  components.  Thi s  survey a l so  h i g h l i g h t e d  the  

v a r i o u s  components t h a t  were f or mabl e  using a bul ge  

formi ng pr oc es s ,  and the machines and the f o r c e s  

r e q u i r e d  f o r  t h e i r  p r o d u c t i o n .

As an i n t r o d u c t i o n  to the ac t ua l  p r oc e s s ,  

t e s t s  were c a r r i e d  out  on the bul ge  formi ng r i g  

desi gned and commissioned by B a r l o w ( 2 9 ) .  These t e s t s  

were on a t ee  p i ece  and showed the l i m i t a t i o n s  o f  t he  

mac hi  n e .

Wi th t h i s  i n f o r m a t i o n ,  t he aims o f  the  

i n v e s t i g a t i o n  were f o r m u l a t e d ;

1) Re- des i gn c e r t a i n  p a r t s  o f  t he  bul ge  

for mi ng r i g  in o r der  to a l l o w  o n - l i n e  i n s t r u m e n t a t i o n  

to be f i t t e d ,

2) Design a range o f  a x i s y mme t r i c a l  and 

asymmet r i ca l  d i es  to be used in c o n j u n c t i o n  w i t h  t he  

bul ge  formi ng r i g ,

3) Car ry  out  t e s t s  wi t h  the  r i g ,  v a r y i n g  the  

d i e s ,  t ube bl ank  d i me ns i ons ,  m a t e r i a l s  and l u b r i c a n t s ,

4) Analyse the formed components to show t he  

e f f e c t  o f  v a r i ous  combi nat i ons  o f  i n t e r n a l  p r e s s u r e  and 

compressi ve a x i a l  load on the bul ge  h e i g h t  and the wa l l  

t h i c k n e s s  around the d e f o r m a t i o n  zone,

5) Compare the geomet ry o f  t he formed 

components wi t h  t h e o r e t i c a l  p r e d i c t i o n s .
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FIGURE 1

Schematic Diagram Of Typical Axi'symmetr ical

Components.
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2 .  THE BULGE FORMING MACHINE D E S IG N

2 . 1 ) The Bulge Forming Machine S p e c i f i c a t i o n s

The s p e c i f i c a t i o n s  t h a t  f o l l o w  ar e  o f  the  

bul ge for mi ng machine ( P l a t e  2) p r i o r  to the  

a l t e r a t i o n s  necessar y  f o r  the t e s t i n g  c a r r i e d  out  in 

t h i s  work.  The des i gn and commissi oni ng of  t he machine  

was conducted by B a r l o w ( 2 9 ) .

2 . 1 . 1 ) The H y d r a u l i c  Components

2 . 1 . 1 . 1 ) H y d r a u l i c  Supply Pr essur e

A maximum i n t e r n a l  p r essur e  o f  69 N/mm*- is  

a v a i l a b l e  f o r  the f or mi ng pr oc e ss ,  being ob t a i ne d  by 

using a main c i r c u i t  pr essur e  o f  17 . 5  N/mm^ which is  

i ncr eased to the necessar y  f or mi ng pr e s sur e  thr ough a 

6 . 5 : 1  pr e s sur e  i n t e n s i f i e r .

2 . 1 . 1 . 2 ) The H y d r a u l i c  C y l i n d e r s  Appl y i ng A x i a l  Load

In or de r  to p r ov i de  a x i a l  d e f o r ma t i o n  o f  the  

tube dur i ng  f o r m i n g ,  two h y d r a u l i c  c y l i n d e r s ,  each wi t h  

a d i a me t e r  o f  125 mm and a s t r o k e  o f  100 mm are used.  

The s t r o k e  i s  s u i t a b l e  f o r  the i n s e r t i o n  o f  a 150 mm

------------ tube bl ank  i n t o  the d i e - b l o c k s  wi t h  t he  p l unger s

wi thdrawn and to p r ov i d e  s u f f i c i e n t  a x i a l  d e f o r m a t i o n  

of  i t  dur i ng  f o r mi n g .  I t  a l so a l l ows the use o f  l o n g e r  

tube bl anks which may be r e q u i r e d  f o r  more c ompl i c a t e d  

component shapes.

2 . 1 . 1 . 3 ) The H y d r a u l i c  Pump and E l e c t r i c  Motor

The power source f o r  the h y d r a u l i c  system is a 

v a r i a b l e  d i s p l a c e me nt  p i s t o n  pump d r i v e n  by a 7 . 5  kW 

e l e c t r i c  mot or .  Thi s  pump i s  capab l e  o f  o p e r a t i n g  at
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pr essur es  o f  up to 21 N/mm , but  i s  set  a t  an o p e r a t i n g
p

pr essur e  o f  17 . 5  N/mm .

The maximum t h e o r e t i c a l  f o r c e s  t h a t  can be 

a pp l i e d  by t he  h y d r a u l i c  c y l i n d e r s  ar e  215 kN f o r  the  

c y l i n d e r s  a p p l y i n g  the compr ess i ve  a x i a l  l o a d ,  and 

352 kN f o r  the cl ampi ng c y l i n d e r s .

The maximum f l o w r a t e  o f  t he  h y d r a u l i c  pump i s  

32 l i t r e s / m i n u t e  accor d i ng to the ma n u f a c t u r e r s  

s p e c i f i c a t i o n s ,  but  l ess  than t h i s  i s  ob t a i ne d  when
p

o p e r a t i n g  a t  17 . 5  N/mnr and using onl y  a 7 . 5  kW mot or .  

Thus t he  maximum t h e o r e t i c a l  f l o w r a t e  is

2 5 . 7  l i t r e s / m i n u t e .

The a c t ua l  d e l i v e r y  f l o w  r a t e  i s  in f a c t  a 

l i t t l e  l e ss  than t h i s  due to the v o l u m e t r i c  e f f i c i e n c y  

o f  t he  pump being l ess  than 100%, and due to l osses  in  

the c i r c u i t  between the pump and the- c y l i n d e r s .  The 

maximum v e l o c i t y  dur i ng  the outward s t r o k e  ( c l o s i n g  the  

two d i e  ha l ves )  is t h e r e f o r e ,  21 mm/s, hence a f u l l  

s t r o k e  o f  150 mm is compl eted i n . j u s t  over  7 seconds.  

For the r e t u r n  s t r o k e  (openi ng the d i e ) ,  t he  v e l o c i t y  

i s  f a s t e r ,  31 mm/s due to the s ma l l e r  p i s t o n  ar ea

around the p i s t o n  r od .  Thi s  g i v e s  a r e t u r n  s t r o k e  t i me

o f  under 5 seconds.  For the c y l i n d e r s  a p p l y i n g  the  

compressi ve a x i a l  l o a d ,  t he  outward v e l o c i t y  i s

17 mm/s, and f o r  the r e t u r n  s t r o k e ,  25 mm/s. Thi s  g i v e s

an outward s t r oke  t i me  o f  under  6 seconds and a r e t u r n  

s t r o k e  t i me o f  4 seconds to compl ete  the 100 mm s t r o k e  

o f  both c y l i n d e r s .
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2 . 1 . 2 ) The H y d r a u l i c  C i r c u i t

The h y d r a u l i c  c i r c u i t  per forms t h r e e  f u n c t i o n s  

i . e .  to connect  the power u n i t  and c o n t r o l  the suppl y  

to :

1) the h y d r a u l i c  c y l i n d e r  c lamping the two d i e  

hal ves  t o g e t h e r ,

2) the two h y d r a u l i c  c y l i n d e r s  p r o v i d i n g  the  

compressi ve a x i a l  l o a d ,

3) the i n t e r n a l  p r e s s u r i s e d  r e g i on  o f  t he  tube

blank.
These are c o n t r o l l e d  i n d e p e n d e n t l y  and each 

has d i f f e r e n t  c o n t r o l  r e q u i r e m e n t s .

2 . 1 . 2 . 1 ) The Clamping H y d r a u l i c  C y l i n d e r

The f u n c t i o n  o f  t he  h y d r a u l i c  c i r c u i t  

p r o v i d i n g  the c l ampi ng f o r c e  is s i mpl y  one o f  e x t e n d i n g  

and r e t r a c t i n g  the c y l i n d e r  r od .  The bas i c  component  o f  

t h i s  p a r t  o f  t he h y d r a u l i c  c i r c u i t  i s  thus s i mpl y  a 

d i r e c t i o n a l  c o n t r o l  v a l v e  wi t h  t h r e e  p o s i t i o n s  -  one 

p o s i t i o n  to extend the ram ( t o  c l ose  the two d i e  ha l ves  

and when t o g e t h e r  to p r o v i d e  the cl ampi ng f o r c e ) ,  one 

to stop i t ,  and one to wi t hdr a w i t  ( t o  open the d i e ) .

2 . 1 . 2 . 2 )The H y d r a u l i c  C y l i n d e r s  Applying A x i a l  Load 

The two c y l i n d e r s  p r o v i d i n g  the compr ess i ve

a x i a l  load move r e l a t i v e  to one a n o t h e r ,  in o r d e r  to  

produce equal  d e f o r ma t i o n  o f  each end of  t he  tube and 

so form the bul ge c e n t r a l l y  on the t ube .  Thi s  i s  

achi eved by the  use o f  a f l o w  d i v i d e r  in the c i r c u i t  

between the pump and the h y d r a u l i c  c y l i n d e r s .  Thi s  

d i v i d e s  the f l o w from the pump i n t o  equal  p a r t s
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r e g a r d l e s s  o f  t he load on each c y l i n d e r ,  and so 

s ynchr oni ses  the movement o f  t he two c y l i n d e r s .  A 

pr e s s u r e  r educ i ng v a l v e  i s - a l s o  used to c o n t r o l  the  

f o r c e  being a pp l i e d  to the ends o f  t he t u b e .  A 

d i r e c t i o n a l  c o n t r o l  v a l v e  c o n t r o l s  t he e x t en d i ng  and 

wi t hdr awi ng  of  t he  c y l i n d e r s .

2 . 1 . 2 . 3 ) The I n t e r n a l  P r e s s u r i s e d  Region o f  t h e  Tube

B1 ank

As ment i oned p r e v i o u s l y ,  a maximum pr e s s u r e  o f  

69 N/mm^ i s  r e q u i r e d  f o r  t he for mi ng of  components.

Thi s i s  achi eved from the suppl y  p r e s s u r e  by t he  use o f  

a pr e s sur e  i n t e n s i f i e r  between the pump and the hi gh  

pr e ssur e  c i r c u i t .  Aga i n ,  a p r e s sur e  r educ i ng  v a l v e  i s  

a l so used,  but  t h i s  t i me  i ts f u n c t i o n s  a r e :

1) to by- pass the pr e s sur e  i n t e n s i f i e r  ( i n  

or der  to f i l l  t he tube b l a n k ,  p r i o r  to f o r m i n g ,  q u i c k l y  

a t  the l ower  suppl y p r e s s u r e ) ,

2) to stop t he  s upp l y ,  and,

3) to suppl y t he  pr e s s u r e  i n t e n s i f e r ,  and thus  

g e n e r a t e  a hi gh formi ng p r e s s u r e .

Also on t h i s  hi gh pr e s s u r e  c i r c u i t  i s  a v a l v e  

connected to the oppos i t e  end o f  t he  tube in o r d e r  to  

bl eed a i r  w h i l e  f i l l i n g  the tube wi t h  o i l .  The a i r  

would not  have much e f f e c t  on the formed component ,  but  

in the event  o f  a r u p t u r e  in the h y d r a u l i c  system,  t he  

h i g h l y  compressed a i r  would prove v e r y  danger ous.

The c o m p ! e t e - c i r c u i t  used on the machine is  

i l l u s t r a t e d  in F i gur e  3.

Al l  of  the  s o l e no i ds  o p e r a t e  on a 24 V o l t  D.C.
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suppl y  and are  manua l l y  c o n t r o l l e d  by s w i t c h e s .  The 

swi t ch ar rangement  i s i l l u s t r a t e d  in F i gur e  4.  Al though  

a l l  of  the  t e s t i n g  c a r r i e d  out  f o r  t h i s  t h e s i s  was 

per formed using the manual  s wi t c h e s ,  a m i c r o - p r o c e s s o r  

system is being devel oped to r e p l a c e  t hese and to 

automate the system.

2 . 1 . 3 ) The S t r u c t u r a l  Design o f  t h e  Machine

The two c y l i n d e r s  a p p l y i ng  the compr essi ve  

a x i a l  load are  l o c a t ed  on oppos i t e  s i des o f  the  

d i e - b l o c k s ,  a c t i n g  in l i n e  and i nwards t owar ds each 

o t h e r .  The d i e - b l o c k  i s  s p l i t  a x i a l l y  in r e l a t i o n  to 

the tube b l a n k ,  so the cl ampi ng c y l i n d e r  is mounted 

p e r p e n d i c u l a r  to the o t h e r  two c y l i n d e r s .  To f a c i l i t a t e  

the ar rangement  o f  the c y l i n d e r s ,  t he  c l ampi ng c y l i n d e r  

i s mounted v e r t i c a l l y  and act s  downwards onto the  

d i e - b l o c k ,  w i t h  the o t h e r  two c y l i n d e r s  mounted 

h o r i z o n t a l l y ,  on e i t h e r  s i de  o f  t he  d i e - b l o c k ,  a c t i n g  

i nwards.  Thi s  i s  i l l u s t r a t e d  in F i gur e  5,  a l ong wi t h  

t he  gener a l  mount ing ar rangements  .

2.1.3.1)Assembly

With r e s p e c t  to the p r e s e n t  work,  t he  most  

i mp o r t a n t  p a r t s  o f  the machine are  the d i e - b l o c k  

assembl y,  and the p l u n g e r s .  F i gur es  6,  7 and 8 show t he  

t ee  p i e c e ,  cross j o i n t ,  and o f f - s e t  j o i n t  d i e - b l o c k s ,  

w h i l s t  F i gur e  9 shows how t he  d i e - b l o c k  i s  c o n s t r u c t e d

i . e .  a c e n t r a l  removable d i e - b l o c k  c ont a i ned  in a 

l a r g e r  h o l d e r .

The p l u n g e r s ,  F i gur es  10 and 11,  a r e  connected  

to the c y l i n d e r  rods by means o f  a c o l l a r  which f i t s
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over  the p l unger s  and then b o l t s  to the mount .  Thi s  

a l l ows  f o r  a f l o a t i n g  c o n n e c t i o n ,  which ensures t h a t  

the p l unger s  always l o c a t e  c o r r e c t l y  in the d i e  when 

t r a n s m i t t i n g  the a x i a l  load to the ends o f  t he  t u b e .

The ends o f  t he p l unger s  ar e  stepped so t h a t  t hey  

l o c a t e  i n t o  the end of  the t ube s .  Thi s  end s e c t i o n  is  

t a pe r ed  to hel p in s e a l i n g  the end of  the  tube when the  

i n s i d e  is p r e s s u r i s e d  wi t h  o i l .  To a l l o w  t he  o i l  i n ,  

and the a i r  o u t ,  both p l unger s  ar e  d r i l l e d  t h r o u g h ,  one 

being connected to a f l e x i b l e  h y d r a u l i c  hose,  and the  

o t h e r  to a bl eed v a l v e .
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2 . 2 ) A 1 t e r a t i o n s  t o  the  Bulge Forming Machine

2 . 2 . 1 ) The D i e - B l o c k s

The d i e - b l o c k s  used in the machine c o n s i s t  o f  

a ho l der  and an i n s e r t .  The d i e - b l o c k  r e f e r r e d  to as 

the  ' h o l d e r '  is a t t ac hed  to the ' D e s o u t t e r '  d i e  set  by 

two sets o f  clamps (one set  o f  f our  f o r  the bot tom 

h a l f ,  one set  o f  f our  f o r  the t o p ) .  The ho l de r s  ar e  

p o s i t i o n e d  wi t h  dowels which pass through them and i n t o  

hol es d r i l l e d  in the d i e - s e t .  When the ho l der s  ar e  

a l i g n e d ,  t hey  ar e  clamped in p l ac e  and r e q u i r e  no 

f u r t h e r  a d j u s t me n t .

The i n s e r t s  were desi gned so trhat t hey were 

e a s i l y  i n t e r c h a n g a b l e  ( t h e  ho l de r s  t ake  a c o n s i d e r a b l e  

t i me to p o s i t i o n  due to the n e c e s s i t y  f o r  t he machine  

to be p a r t i a l l y  d i s ma nt l e d  -  the p l unger s  i n f r i n g e  

about  15 mm at  e i t h e r  end of  t he bottom d i e - b l o c k  

hoTder ,  as can be seen in P l a t e  3 ) .  As s t a t e d  

p r e v i o u s l y ,  when the ho l de r s  ar e  c o r r e c t l y  p o s i t i o n e d ,  

t hey  can remain u n a l t e r e d  f o r  any o f  t he i n s e r t s  used.  

The i n s e r t s  ar e  made o f  hardened s t e e l  (EN21)  so t h a t  

t hey ar e  more r e s i l i e n t !  to knocks and wear .  They a r e  

120 mm l o n g ,  100 mm wi de ,  and 50 mm deep -  F i g u r e  6.  

Each i n s e r t  i s  held in p l ac e  by f o u r  A l l e n  screws which  

pass thr ough i t  and l o c a t e  in hol es d r i l l e d  in the  

ho l der  ( t h e  screws do not  pass i n t o  the d i e - s e t ) .  Two 

o f  the  holes ( d i a m e t r i c a l l y  o p p o s i t e )  in each o f  t he  

i n s e r t s  a r e  t hr eaded so t h a t  screws can be used to 

d i s l o d g e  them i f  t hey  become jammed (a seal  i s  o f t e n  

c r ea t e d  by t he  h y d r a u l i c  f l u i d  caught  between the
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ho l de r  and i n s e r t ) .  Al though t he  i n s e r t s  can o f t e n  be 

d i s l o d g e d  by p u l l i n g  on the screws,  by making the  

d r i l l e d  hol es in t h e i n s e r t s  l a r g e r  than in the h o l d e r ,  

i t  i s  p o s s i b l e  to ' push'  the i n s e r t s  out  by screwi ng  

down the b o l t s .  The range o f  i n s e r t  shapes can be seen

in F i gur es  6,  7 and 8.

2 . 2 . 1 . 1 ) V a r i a t i o n  t o the  I n s e r t s  Branch Radius

When the o r i g i n a l  i n s e r t s  were made,  t he  

c or ner s  where the c e n t r a l  passage connected to the  

branch were rounded o f f  w i t h o u t  any degr ee o f  accur acy

(one cor ner  had a r a d i u s  o f  2 . 5  mm, t he  o t h e r  3 . 5  mm).

However ,  f rom the i n i t i a l  t e s t s  i t  was c l e a r  t h a t  the  

r a d i u s  o f  t he cor ner  a t  t h i s  i n t e r s e c t i o n  was c r i t i c a l  

in the f o r ma t i o n  o f  components.  T h e r e f o r e ,  t he c or ne r s  

o f  t he  i n s e r t s  used in the t e s t i n g  were a l l  o f  a g i ve n  

r a d i u s  (2 mm, 3 mm, 4 mm, or  5 mm). Not on l y  was t he  

r a d i u s  a g i ven  s i z e  a t  the f a c e  o f  the  i n s e r t s ,  but  t he  

cor ner s  were a l so bl ended a l l  the way around the  

i n t e r s e c t i o n .

2 . 2 . 2 ) I n s t r u m e n t a t i o n

The i n i t i a l  machine des i gn l acked any a c c u r a t e  

method o f  r e c o r d i n g  the h y d r a u l i c  f l u i d  pr e s sur e  and 

the p l unger  l o a d s .  There was on l y  one permanent  gauge  

in the h y d r a u l i c  c i r c u i t  and t h a t  measured the system 

p r e s s u r e .  In a d d i t i o n ,  t h e r e  were a l so some t empor ar y  

p o i n t  gauges which recorded the v a l ue  o f  the  

l o w- p r e s s u r e  c i r c u i t  p r e s s u r e ,  t he  p i s t o n  p r e s s u r e ,  and 

the s e a l i n g  p r e s s u r e ,  but  t hese  were i n a c c u r a t e  ( t h e  

r e ad i ngs  were s ub j e c t s  to a + / -  10% e r r o r ) .  In o r d e r
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to o b t a i n  a c cu r a t e  r e s u l t s  f o r  use wi t h  t he  wa l l  

t h i c k n e s s  a n a l y s e s ,  i t  was necessar y  to i n c o r p o r a t e  

e l e c t r o n i c  o n - l i n e  i n s t r u m e n t a t i o n  in the bul ge  for mi ng  

machi ne.

2 . 2 . 2 . I ) Compressive A x i a l  Load

The a x i a l  load is a p p l i e d  by two p l unge r s  

which s i mu l t a n e o u s l y  advance on the t u b u l a r  b l a n k .  The 

movement o f  t he p l unger s  i s  c o n t r o l l e d  by h y d r a u l i c  

f l u i d  which i s  s p l i t  e q u a l l y  between the c y l i n d e r  rods  

by means o f  a f l o w d i v i d e r .  As long as t he f l o w d i v i d e r  

i s kept  c l e a n ,  i t  can be assumed t h a t  the f l o w t o the  

two c y l i n d e r s  i s  equal  ( i f  i t  becomes d i r t y ,  t he  

components formed have bul ges which ar e  no l onger  

c e n t r a l ) .  Thus,  onl y  one load r ead i ng  was f e l t  to be 

nec e s s a r y ,  and t h i s  meant  t h a t  on l y  one o f  t he  p l unge r s  

needed a l t e r i n g  to accept  the  i n s t r u m e n t a t i o n .

The c y l i n d e r  r o d s / p i u n g e r s  were des i gned so 

t h a t  t hey were not  connected to each o t h e r ,  but  so t h a t  

the p l unger s  were f r e e - f l o a t i n g  i n ’ a s l e e v e  a t t a c h e d  to  

the c y l i n d e r  rod .

I t  was deci ded t h a t  the best  method of  

r e c o r d i n g  the a x i a l  load would be to use a l o a d - w a s h e r .  

I t  was necessar y  to use a s p e c i f i c  l o a d - w a s h e r ,  as i t  

was found t h a t  a l t hough s e ve r a l  t ypes were s u i t a b l e ,  

wi t h  r egard to r ange ,  on l y  one in the ' K i s t l e r '  range  

was smal l  enough to f i t  i n t o  the system,  and s t i l l  be 

abl e  to record the necessar y  v a l u e s ,  w i t h o u t  ma j or  

a l t e r a t i o n s .  The washer used was a ' K i s t l e r  200'  

(maximum load 200 k N ) .
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To make a s u i t a b l e  p o s i t i o n  f o r  the washer ,  

t he  p l unger  was removed from the machine and an i n s e t  

cut  i n t o  i t  to l o c a t e  the washer .  The i n s e t  s u r f a c e  was 

ground smooth,  and a p o l i s h e d ’ r i n g  used on the o t h e r  

s i de  o f  the  washer to ensure an even load d i s t r i b u t i o n .  

The assembly was then a l i g n e d  and connect ed,  and the  

l oad washer c a b l e  fed out  from the s l e e v e  t hr ough the  

hol e  used to connect  the bl eed v a l v e  - see F i gur e  12.  

2 . 2 . 2 . 2 1  I n t e r n a l  Pr essur e

The c hoi ce  o f  d e v i c e  needed to r ecord the  

i n t e r n a l  p r essur e  depended on the p o s i t i o n i n g  of  i t ,  

and the accuracy r e q u i r e d .  I t  was deci ded t h a t  a 

p i e z o - e l e c t r i c  p r essur e  t r a n s d u c e r  should be used,  

s i nc e  t h a t  would g i v e  a h i ghe r  degr ee o f  accur acy  than  

a s t r a i n  gauge d e v i c e ,  and would be e a s i l y  connected to 

any e l e c t r i c a l  m o n i t o r i n g  equi pment .  The most i m p o r t a n t  

c r i t e r i o n  was t he  p o s i t i o n  o f  t he  t r a n s d u c e r ,  because  

i t  could go in e i t h e r  the high or  low pr e s s u r e  c i r c u i t .  

However ,  w i t h  i t  in the low p r e s s u r e  c i r c u i t ,  i t  would 

be necessar y  t o m u l t i p l y  t he  r e a d i ng  by t he  

i n t e n s i f y i n g  f a c t o r  when the machine was o p e r a t i n g  in 

t he high pr e s sur e  mode ( d u r i n g  d e f o r m a t i o n ) .  T h e r e f o r e ,  

t he t r a n s d u c e r  was pl aced in the c i r c u i t  near  to the  

i n l e t  p l u n g e r .

The maximum i n t e r n a l  p r e s s u r e  was known from 

the machine s p e c i f i c a t i o n s ,  and a t r a n s d u c e r  wi t h  t he  

r e q u i r e d  range pi cked (a ' K i s t l e r  6 0 1 H' -  maximum 

pr essur e  104 N/mm^) . There was no p l ac e  where a hol e  

coul d be d r i l l e d  and tapped to mount the t r a n s d u c e r  in
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the o r i g i n a l  c i r c u i t ,  so a meta l  s e a t i n g - b l o c k  was 

desi gned and connected in the c i r c u i t  between the f l u i d  

pi pe and p l u n g e r .  The t r a n s d u c e r  screwed i n t o  t h i s  

bl ock  so t h a t  i t s  bottom s u r f a c e  l a y  f l u s h  wi t h  the  

passage along which t he  f l u i d  passes - see P l a t e  4.

2 . 2 . 2 . 3 ) A x i a l  P l unger  D i s p l ac e me nt

Al though the i n t e r n a l  p r essur e  and a x i a l  load  

r ead i ngs  were o f  the g r e a t e s t  s i g n i f i c a n c e ,  i t  was 

s t i l l  necessary  to be ab l e  to r e l a t e  the i n c r e a s e  o f  

t he above to the advancement  o f  t he p l u n g e r s .  Thi s  

coul d be achi eved by r e c o r d i n g  the movement o f  t he  

pl unger s  wi t h  r e s p e c t  to t i m e .  In o r de r  to do t h i s ,  a 

l i n e a r  d i s p l a c e me nt  t r a n s d u c e r ,  w i t h  a 100 mm range was 

used (a ' K i s t l e r  D2/ 1000 A1) .  Thi s  was a t t a c h e d  to the  

s i de  o f  t he  l ower  d i e - b l o c k  and was p o s i t i o n e d  such 

t h a t  i t  l a y  p a r a l l e l  to the p l u n g e r s ,  and s t a r t e d  

r ead i ng  the p l u n g e r ' s  pr ogr ess  j u s t  p r i o r  to the  

s e a l i n g  of  t he bl ank ( o n l y  one plu-nger was m o n i t o r e d ,  

f o r  the same reason as f o r  the a x i a l  l o a d ) .

U n f o r t u n a t e l y ,  t h e r e  was no smooth even 

s u r f a c e  f o r  the t r a n s d u c e r  t i p  t o push a g a i n s t ,  so a 

metal  p l a t e  had to be a t t ac hed  to the bl eed v a l v e  to 

f u l f i l  t h i s  r o l e  -  see P l a t e  5.

2.2.2.4)Recording E q u ipment

The t r a n s d u c e r  and l oad - wa s he r  r e a d i ngs  were  

fed to s c a l i n g  a m p l i f i e r s  where t hey were c a l i b r a t e d .  

The p r e s s u r e . t r a n s d u c e r  gave an ou t pu t  o f  

15 p i c o - c o u l a m b / b a r , but  t h i s  was c a l i b r a t e d  to g i v e  

20 . 70  N/mm^/cm on a r e c o r d e r  and o s c i l l o s c o p e .
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L i k e w i s e ,  t he  l oad - wa she r  gave 2 . 17  pC/N,  but  t h i s  was 

c a l i b r a t e d  to g i v e  20 kN/cm.  The d i s p l a c e me n t  

t r a n s d u c e r ,  however ,  gave a v a l ue  in cm' s ,  and i t  was 

not  necessar y  to do any c a l i b r a t i o n .

The v a l ues  from the a m p l i f i e r  were fed i n t o  an 

o s c i l l o s c o p e ,  u l t r a - v i o l e t  seven l i n e  r e c o r d e r ,  and 

d i g i t a l  v o l t m e t e r s .  The o s c i l l o s c o p e  gave an i n s t a n t  

v i s u a l  r e c o r d ,  whereas the r e c o r d e r  gave a hard copy.  

Thi s i n c o r p o r a t e d  a t i me - ba s e  g r i d  which a l l owed the  

per i od  of  f o r ma t i o n  to be c a l c u l a t e d .

The d i g i t a l  v o l t m e t e r s  were used to se t  the  

va l ue s  o f  the  a x i a l  load and i n t e r n a l  p r e s s u r e s ,  

because t hey were more a c c u r a t e  than the gauges on the  

v a l v e s .  However ,  t he  v a l ue s  used f o r  the c a l c u l a t i o n s  

were obt a i ned from the u l t r a - v i o l e t  t r a c e .

2 . 2 . 3 ) Other  A l t e r a t i o n s

Al though most o f  t he a l t e r a t i o n s  c a r r i e d  out  

were on the d i e - b l o c k s  or  f o r  the i n s t r u m e n t a t i o n ,  some 

work was done on the machine in o r d e r  to r e c t i f y  long  

s t andi ng probl ems.

2 . 2 , 3 . 1 ) Removal o f  t h e  P lu nge r  Guides

At tached to e i t h e r  s i de  o f  t he  l ower  d i e - b l o c k  

h o l d e r s ,  t h e r e  were gui des  to a l i g n  the p l unger s  wi t h  

t he d i e - b l o c k  ( F i g u r e  9 ) .  However ,  t he  des i gn o f  t he  

gui des  was such t h a t  the upper d i e - b l o c k  had to pass in 

between them every  t i me  a t e s t  was c a r r i e d  o u t .  

U n f o r t u n a t e l y ,  one o f  t he  gui des  became l oose  and on 

l o we r i ng  the upper d i e - b l o c k ,  came i n t o  c o n t a c t  wi t h  

t he g u i d e .  Thi s  caused damage to the d i e - b l o c k  h o l d e r
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and the g u i d e ,  and the machine coui a  not  De usea u n u  i 
the s ur f a c e  o f  t he ho l de r  had been ground f l a t  a g a i n .

On s t udy i ng the machine s e t - u p ,  i t  appeared  

t h a t  the gui des  were unnecessar y ,  because the p l unger s  

always i n f r i n g e d  on the l ower  d i e - b l o c k ,  and were not  

advanced u n t i l  the upper d i e - b l o c k  was clamped in 

p l a c e .  T h e r e f o r e ,  t he  gui des were removed and a v a r i e t y  

o f  t e s t s  which had been c a r r i e d  out  wi t h  t he  gu i des  in  

p l a c e ,  r edone .  There was no appa r e nt  d i f f e r e n c e  and 

hence the gui des  were never  r e p l a c e d .

In a d d i t i o n  to the advant age o f  havi ng no 

p o s s i b i l i t y  o f  d i e - b l o c k  damage,  because the gui des  

were a bs en t ,  t he  p l unger s  coul d be d i sma nt l e d  v e r y  

q u i c k l y ,  w i t h o u t  t he need to un f a s t en  the d i e - b l o c k  

h o i d e r .

2 . 2 . 3 . 2 ) P l unger  Tapers

The p l unger s  were desi gned wi t h  t a pe r e d  ends,  

so t h a t  a p r e c i s e  f i t  was achi eved wi t h  the  tube b l a n k .  

Thi s  a ngl e  o f  t a p e r  was i ncr e a s ed  from 0 . 5 °  to 3 . 0 °  

a f t e r  the i n i t i a l  t e s t s ,  to a na l yse  the e f f e c t  o f  t he  

f r i c t i o n  c r e a t e d  by t he  c o n t a c t  between the p l u n g e r s ,  

t u b e ,  and d i e - b l o c k s .  The reason f o r  t h i s  a l t e r a t i o n  i s  

d e a l t  w i t h  in the next  c h a p t e r  ( ' T e s t  P r o c e d u r e ' ) .

2 . 2 . 3 . 3 ) A l t e r a t i o n s  C ar r i e d  Out For F i t t i n g s  L t d .

In or de r  to c a r r y  out  t e s t s  on d i f f e r e n t

d i a me t e r  t u b e s ,  t he machine was a l t e r e d  to accept  

d i e - b l o c k s  used by ' I . M . I .  F i t t i n g s  Lt d.  The main a r ea  

o f  a l t e r a t i o n  was t h a t  o f  t he c y 1 i n d e r - r o d s / p i u n g e r s  . A 

c oup l i ng  was designed which a l l owed the s ma l l e r
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d i a me t e r  p l unger s  to be connected to the c y l i n d e r  r ods ,  

and a l so to encompass t he  l oad - was her  and the pr essur e  

t r a n s d u c e r .  A v a r i e t y  o f  p l unger s  were used wi t h  t h i s  

c o n f i g u r a t i o n ,  and are d i s p l a y e d  in P l a t e  6.

The d i e - b l o c k s  s upp l i e d  were ones capab l e  o f  

pr oduci ng two components a t  the same t i m e ,  but  t h i s  

f a c i l i t y  was never  used because t h e r e  was i n s u f f i c i e n t  

room f o r  the necessar y  c o u p l i n g s .  The d i e - b l o c k s  were 

clamped to the ' D e s o u t t e r '  d i e - s e t  in the same way as 

t he  ones used in the r e s t  o f  t he  t e s t s .
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2 . 3 ) R e c t i f ic a t io n  Of Manufacturing Faults

The m a j o r i t y  o f  t he problems a s s o c i a t e d  wi t h  

the  machine were caused by t he  des i gn  o f  the  

d i e - b l o c k s .  The method of  p r o d u c t i o n  o f  t he d i e - b l o c k s  

was to p a r t  machine them w h i l s t  b o l t e d  in the h o l d e r s .  

Thi s proved successf u l  in the p r o d u c t i o n  o f  components,  

but  c r e a t e d  problems when the d i e  bl ocks were made 

d i f f e r e n t l y .  Al though t he  d i e - b l o c k s  which were made in 

c o n j u n c t i o n  wi t h  the ho l der s  oper a t ed  in the machi ne ,  

t hey  were out  o f  t o l e r a n c e  (up to 0 . 5  mm d i f f e r e n c e  

between the two ends o f  a d i e - b l o c k ) .  When new 

d i e - b l o c k s  were made,  t he  m a c h i n i s t  found t h a t  the d i e s  

would not  f i t  in the h o l d e r s .  The ho l der s  were checked 

and a l so found to be out  o f  t o l e r a n c e .

The ho l der s  were r e - machi ned and brought  back 

i n t o  t o l e r a n c e ,  and the new d i e - b l o c k s ,  when i n s e r t e d ,  

were c h e c k e d a n d  found to have a f l a t n e s s  t o l e r a n c e  

w i t h i n  0 . 0 25  mm over  t h e i r  s u r f a c e s .  In o r d e r  to b r i n g  

the ho l der s  back i n t o  t o l e r a n c e ,  i t  was necessar y  to  

e n l a r g e  the hol es where the i n s e r t s  f i t t e d .  Thi s  meant  

t h a t  the ho l der s  were no l o nge r  ab l e  to ac t  as l o c a t o r s  

f o r  the i n s e r t s ,  and hence to r e c t i f y  t h i s ,  and to 

ensure a p e r f e c t  matchi ng of  t he  two h a l v e s ,  

a l t e r a t i o n s  were made.  F i r s t l y ,  t he  d i e - b l o c k  ho l de r s  

had t h e i r  s ur f a ce s  machined so t h a t  the d i e - b l o c k s  

stood pr oud,  and the load bear i ng  s ur f a ce s  were those  

between the i n s e r t s .  To ensure the p l unger s  e n t e r ed  the  

d i e - b l o c k s  c o r r e c t l y ,  and were not  m i s - a l i g n e d  by the  

pa's sage in the ho l der s  ( t h i s  occur r ed wi t h  t he ol d set
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o f  d f e s ,  and led to e x t e n s i v e  damage to the  

d i e - b l o c k s ,  ho l de r s  and p l u n g e r s ) ,  t he  passage was 

en l a r ge d  to 26 mm. However ,  by e n l a r g i n g  the passage,  a 

step was c r e a t e d  between the ho l der s  and the b l o c k s .

The d i e - b l o c k s  were t h e r e f o r e  mo d i f i e d  so t h a t  where 

the j u n c t i o n  o f  t he two passages o c c u r r e d ,  t h e r e  was a 

t aper ed  zone.

To a l i g n  the two d i e - b l o c k s ,  two o f  t he  holes  

f o r  b o l t i n g  the i n s e r t s  in p l ace  on each h a l f  were

d r i l l e d  out  and d o w e l l e d .  These ensured the matchi ng of

t he  hal ves wi t h  r e s p e c t  to each o t h e r ,  but  not  the  

ho l der s  or  p l u n g e r s .  Thi s  was achi eved by f i t t i n g  two 

l o c a t i n g  screws in the s i de  o f  t he  l ower  d i e - b l o c k  

h o l d e r .  These f or ced the l ower  d i e - b l o c k  a g a i n s t  one o f  

the  i n s i d e  w a l l s  o f  t he  ho l der  (whi ch had been machined  

so t h a t  i t  was an exac t  d i s t a n c e  from the c e n t r e - l i n e  

o f  t he pa s s a g e ) ,  and so,  when the assembly was b o l t e d  

t o g e t h e r ,  t h e r e  was accur acy  in a l l  t h r e e  p l a n e s .

At t he same t i me as the above a l t e r a t i o n s ,  t he

changes to the t a p e r s  o f  t he  p l unger s  were made.  When 

the machine came to be t e s t e d ,  i t  proved n e a r l y  

i mp o s s i b l e  to form a component  w i t h o u t  i t  s u f f e r i n g  

f rom f o l d s  over  i t s  s u r f a c e  ( P l a t e  1 ) .  For a l l  

combi nat i ons o f  i n t e r n a l  pr e ssur e  and compr essi ve a x i a l  

l o a d ,  t he f o l d s  o c c u r r e d .  They were v e r y  s i m i l a r  to  

those c r e a t e d  by b u c k l i n g  (when t h e r e  is not  s u f f i c i e n t  

i n t e r n a l  pr essur e  f o r  a g i ven  a x i a l - l o a d ) ,  and a t  f i r s t  

i t  was f e l t  t h a t  the i n i t i a l  s e a l i n g  load was too  

g r e a t .  However,  t h i s  was r educed,  and t h e r e  was s t i l l
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no improvement  in the pr ocess .

E v e n t u a l l y ,  a f t e r  much c r o s s - c h e c k i n g ,  t he  

f a u l t  was shown to be t h a t  o f  f l u i d  ent r a pment .  Thi s  

occurs when h y d r a u l i c  o i l  i s l e f t  on the s u r f a c e  o f  the  

d i e s  p r i o r  to the i n s e r t i o n  o f  a t u b e .  When the  

d i e - b l o c k s  were c l o s e d ,  t he  c l ampi ng f o r c e  compressed 

the tube a g a i n s t  t he d i e  w a l l s ,  and the f  1 ui dwas unabl  e 

to escape.  The e f f e c t  o f  t h i s  was to s l i g h t l y  buck l e  

the tube w a l l s  ( i f  a tube was removed a t  t h i s  s t a g e ,  

p r i o r  to the formi ng p r oc es s ,  t he  bu c k l i n g  was h a r d l y  

n o t i c e a b l e ) ,  and so when the a x i a l  load was a p p l i e d ,  

t h e r e  was i n s u f f i c i e n t  a x i a l  s t r e n g t h .  The t u b e ,  

t h e r e f o r e ,  f o l d e d  a t  the p o i n t  o f  bu c k l i n g  and then  

c ont i nued to form n o r m a l l y .  In some c ases ,  t he  f o l d  

appeared a s ' l i t t l e  more than a l i n e  on the component  

s u r f a c e ,  but  i n s i d e ,  t h e r e  was a f o l d  of  m a t e r i a l  

s t andi ng 5 mm proud o f  t he  wa l l  and runni ng the whole  

1 ength o f  the  branch .

The reason the problem occur r ed wi t h  t he  new 

d i e s  was t h a t ,  because a l l  o f  the s ur f a c e s  were 

p e r f e c t l y  f l a t ,  t he  o i l  would not  d r a i n  away ( i n  the  

ol d d i e s ,  t he  o i l  tended to d r a i n  away because t h e r e  

was a 0 . 5  mm v a r i a t i o n  in f l a t n e s s  across the  d i e - b l o c k  

s u r f a c e ) ,  and mer e l y  s e t t l e d  in pool s on the d i e s .

The problem was overcome by s c r i b i n g  s e v e r a l  

i n t e r c o n n e c t i n g  l i n e s  on the d i e - b l o c k  s ur f a c e s  

( P l a t e  7 ) .  These a l l owed the o i l  to be f or ced  away from 

the area under the tube when the c l ampi ng f o r c e  was 

a p p l i e d .  Another  problem a s s o c i a t e d  wi t h  t h i s  occur r ed
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when the s cr i bed  l i n e s  became bl ocked wi t h  copper  and 

d i r t ,  and the f o l d s  r e a p p e a r e d .  The problem was 

overcome by c l e a n i n g  the d i e s ,  and then roundi ng the  

edges o f  the  scr i bed  l i n e s  to p r e v en t  them from 

becoming bl ocked through shear i ng  m a t e r i a l  f rom the  

tube s u r f a c e s .

The on l y  o t h e r  o p e r a t i n g  f a u l t  t h a t  occur r ed  

was t h a t  o f  a l a c k  o f  i n t e r n a l  p r e s s u r e .  At one st age  

the maximum i n t e r n a l  p r e ssur e  the system would p r o v i d e  

was 41 . 4 0  N/mm^ (and not  the 69 N/mm^ the pump was set  

to d e l i v e r ) .  The problem was found to be a l e a k i n g  

gauge,  wh i ch ,  when r e p l a c e d ,  a l l owed the system to be 

oper a t ed  a t  the maximum p r e s s u r e .
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3 .  T E S T  PROCEDURE AND RESULTS r

3 . 1 ) Tes t  M a t e r i a l

The i n i t i a l  stages o f  the desi gn o f  the bul ge  

f or mi ng r i g  i nvo l v e d  e s t i m a t i n g  the s i z e  o f  the  tube  

bl ank  to be used in the for mi ng o p e r a t i o n .  Thi s  was so 

t h a t  the f or c e s  i n vo l ve d  could be a l l owed f o r  in the  

r e s t  o f  t he  d e s i g n .  For des i gn c o n s i d e r a t i o n s ,  a 

nominal  va l ue  o f  25 mm d i a me t e r  and 150 mm l e n g t h  was 

chosen.  The a c t ua l  tube bl ank u.sed f o r  the t e s t s  was 

deci ded on at  a l a t e r  t i m e ,  b e f o r e  the f i n a l  

di mens i oni ng  o f  t he d i es  and p l u n g e r s .  The o r i g i n a l  

tubes used were o f  copper  and had an o u t e r  d i a me t e r  o f  

24 . 1 2  mm, a wa l l  t h i c k n e s s  o f  1 . 37  mm, and came in 

l e n g t h s  o f  107 mm.

The f i r s t  set  o f  compar ison t e s t s  i n v o l v e d  the  

use o f  copper  t ub i ng  of  a d i f f e r e n t  wa l l  t h i c k n e s s  to  

t h a t  s t a t e d  p r e v i o u s l y .  Si nce a l l  o f  t he copper  tubes  

used in the i n v e s t i g a t i o n  were s upp l i ed  by 

M . I .  Y or k s h i r e  F i t t i n g s  Ltd ,!# t  was necessar y  t o accept  a s i z e  o f  

t ube from t h e i r  pr oduct i on l i n e s .  The tubes used in the  

compar ison had an o u t s i d e  d i a me t e r  o f  24 . 1 2  mm, a wa l l  

t h i c k n e s s  o f  1 . 03 mm, and were 147 mm in l e n g t h .

To compare the e f f e c t  o f  t ube  m a t e r i a l s  on the  

bul ge  formi ng pr ocess ,  copper ,  mi l d  s t e e l  and 

commer c i a l l y  pure aluminium were used.  The bl anks had 

o u t s i d e  d i ame t e r s  o f  24 . 12  mm, wa l l ,  t h i c k n e s s e s  o f  

1. 37 mm and were 107 mm in l e n g t h .

The t e s t i n g  of  t he l u b r i c a n t s  was per formed on
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copper  tubes o f  d i m e n s i o n s : 16 . 86  mm o u t s i d e  d i a m e t e r ,  

9 4 . 1 4  mm l engt h  and #0 .9 5 mm wa l l  t h i c k n e s s .  These 

bl anks were a l so ob t a i ned  from Y o r k s h i r e  I . M . I .  in an 

anneal ed c o n d i t i o n .
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3 . 2 ) Op er a t i ng  Pr ocedur e

The o p e r a t i o n  o f  the machine r e q u i r e s  t he  

cl ampi ng of  a tube bl ank in the d i e - b l o c k s ,  w i t h  the  

subsequent  a p p l i c a t i o n  o f  i n t e r n a l  p r essur e  and a x i a l  

l o a d .  However,  t he  combi nat i on and the or de r  in which 

the i n t e r n a l  p r essur e  and a x i a l  load are a p p l i e d  

det e r mi ne s  the f i n a l  shape o f  t he component .

The des i gn o f  t he machine is such t h a t  these  

f o r c e s  can be v a r i e d  to form components a t  d i f f e r e n t  

stages o f  expansi on and v a r i o u s  procedures can be used 

r e l a t i n g  to the i n t e r n a l  p r es sur e  used.  The hi gh  

pr e s sur e  p a r t  o f  t he h y d r a u l i c  c i r c u i t  i s equi pped wi t h  

a pr essur e  r educ i ng v a l v e  to c o n t r o l  the i n t e r n a l  

p r e s s u r e .  In the formi ng of  components t h e r e  i s  a 

decr ease  in the volume i n s i d e  the t ube due to t he a x i a l  

d e f o r ma t i o n  ( e x ce pt  in the case o f  for mi ng due to pure  

i n t e r n a l  p r essur e  o n l y ) ,  which ge n e r a t e s  a hi gh  

p r e s s u r e .  Thus,  t he  pr e s sur e  r educ i ng v a l v e  can be used 

to se t  the i n i t i a l  i n t e r n a l  pr e s sur e  which can be 

al l owed to i ncr ea s e  to any v a l u e ,  as long as t h a t  i s  

l e s s  than the va l ue  a t  which t he pr essur e  r e l i e f  v a l v e
p

is se t  ( n o m i n a l l y  69 N/mm^) . A l t e r n a t i v e l y ,  t he  r e l i e f  

v a l v e  can be used to set  a maximum system p r e s s u r e ,  

which l i m i t s  the formi ng pr ocess .

A p p l i c a t i o n  o f  compressi ve  a x i a l  l o a d ,  i f  

g r e a t  enough,  r e s u l t s  in the a x i a l  d e f o r ma t i o n  o f  t he  

t u b e ,  i . e .  t he  tube get s  s h o r t e r .  As would be e x p e c t e d ,  

t he g r e a t e r  the a x i a l  l o a d ,  t he  more d e f o r ma t i o n  t h a t  

occur s .  T h e r e f o r e ,  to t ake the c o n t r o l  of  t he  i n t e r n a l
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pr e s sur e  a stage f u r t h e r  dur. ing the pr oc e s s ,  t he  a x i a l  

d e f o r ma t i o n  can be c a r r i e d  out  in s t a ge s .  Duri 'ng each 

stage the i n t e r n a l  pr e ssur e  is se t  to a c o n s t a n t  v a l u e ,  

and a t  the end of  each s t a g e ,  when the d e f o r m a t i o n  has 

s t opped,  both the i n t e r n a l  p r e s sur e  and the compr ess i ve  

a x i a l  load are i n c r e a s e d .

The t e s t  pr ocedur es f o r  these d i f f e r e n t  

pr ocesses f o l l o w  a common i n i t i a l  s t a g e ,  which i s  as 

f o l l o w s  ( t h e  h y d r a u l i c  components and swi t ches  r e f e r  to 

Fi gur es  3 and 4 r e s p e c t i v e l y ) .

1) Connect  the c o n t r o l  board o p e r a t i n g  the  

so l e no i d  v a l v e s  to a 24 V D.C.  suppl y  and t u r n  on the  

i s o l a t o r  to the e l e c t r i c  motor  and s t a r t  i t .

2) Open the d i e  by moving swi t ch SI  to the  

OPEN p o s i t i o n  ( d u r i n g  pe r i ods  o f  r e s t ,  when the motor  

i s  s t i l l  r u n n i n g ,  t he swi t ch should be r e t u r n e d  to the  

c e n t r a l  -  STANDBY -  p o s i t i o n  to p r e v e n t  excess heat  

from being gener a t ed  in the main r e l i e f  v a l v e ) .

3) Pl ace  a tube b l ank  c e n t r a l l y  on the bot tom 

d i e ;  t he l e n g t h ,  d i a me t e r  and wa l l  t h i c k n e s s  o f  which 

have a l r e a d y  been not ed.

4) Close the d i e - b l o c k  by moving swi t ch  SI  to  

t he CLOSE p o s i t i o n .

5) Move swi t ch S2 to extend the h o r i z o n t a l  

h y d r a u l i c  c y l i n d e r s ,  and so br i n g  the p l unger s  i n t o  

c o n t a c t  wi t h  the tube b l a n k .  The f o r c e s  a c t i n g  on the  

t ube are c o n t r o l l e d  by the  pr e s sur e  r educ i ng v a l v e  PR1 

which should be set  to p r ov i d e  s u f f i c i e n t  f o r c e  to seal  

the ends o f  the tube w i t h o u t  causi ng any a x i a l
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d e f o r m a t i o n .

6) Having seal ed the ends o f  the t u b e ,  i t  can 

then be f i l l e d  wi t h  o i l  by moving swi t ch S4 to the LOW 

pr e ssur e  p o s i t i o n ,  causi ng the pr e s sur e  i n t e n s i f i e r  to 

be by-passed to f i l l  the tube q u i c k l y  a t  low p r e s s u r e .  

At t he same t i me the v a l v e  V5 should be opened to a l l o w  

t he  a i r  to escape from the t ube .  Once c l e a r  o i l  s t a r t s  

to f l o w o u t ,  t h i s  v a l v e  can then be shut  o f f  to a l l o w  

i n t e r n a l  pr e s sur e  to be g e n e r a t e d .

The r e s t  o f  t he  pr ocedur e  depends on the  

mode o f  o p e r a t i o n  r e q u i r e d ,  and t h i s  w i l l  be d e a l t  w i t h  

s e p a r a t e l y  f o r  the t h r e e  d i f f e r e n t  v a r i a t i o n s .

3 . 2 . l ) Fixed I n t e r n a l  Pressure  Dur ing Bulg ing

For t h i s  mode o f  o p e r a t i o n ,  t he  high pr es sur e  

r e l i e f  v a l v e  RV2 is  set  a t  a p r ede t e r mi ned v a l u e ,  and 

then dur i ng  the formi ng p r oc e ss ,  t he i n t e r n a l  p r e s s u r e  

i nc r e a s es  u n t i l  i t  reaches the  set  v a l ue  and i s  then  

r e l i e v e d .  A f t e r  o p e r a t i o n s  1 - 6  have been c ompl e t e d ,  

t he procedur e  is as f o l l o w s :

7) Move swi t ch S4 from the LOW pr es s u r e  

p o s i t i o n  to the HIGH p r e s s u r e ,  which causes the  

pr e s sur e  i n t e n s i f i e r  to be a c t i v a t e d ,  g e n e r a t i n g  a hi gh  

pr essur e  i n s i d e  the tube b l a n k .  Thi s  pr es sur e  is  

c o n t r o l l e d  by t he ad j ust ment  o f  the r e l i e f  v a l v e  RV2,  

wi t h  t he pr essur e  r educ i ng v a l v e  PR3 a d j u s t e d  to 

pr ov i d e  a pr essur e  j u s t  g r e a t e r  than t h a t  r e q u i r e d .

8) Once the tube is subj ec t ed  to an i n t e r n a l  

p r e s s u r e ,  t he  compressi ve a x i a l  load should be a p p l i e d  

( t h e  d u r a t i o n  between the a p p l i c a t i o n  o f  t he  i n t e r n a l
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pr es sur e  and the compr essi ve  a x i a l  load should be ver y  

s m a l l ,  and p r e f e r a b l y  s i m u l t a n e o u s ) .  Thi s  i s  achi eved  

by moving swi t ch S3. The f o r c e s  a c t i n g  on the ends of  

t he tube are c o n t r o l l e d  by t he  pr essur e  r educ i ng  v a l v e  

PR2 which should be set  s u f f i c i e n t l y  hi gh as to cause 

a x i a l  d e f o r m a t i o n .

9) On compl e t i on  o f  t he for mi ng p r oc e s s ,  when 

the formi ng p l unger s  stop movi ng,  or  the tube b u r s t s ,  

s wi t ches  S2,  S3 and S4 are moved to the o f f  p o s i t i o n .  

Thi s  causes t he  p l unger s  to be r e t r a c t e d ,  and stops the  

i n t e r n a l  p r essur e  supp l y .  Thi s  pr e ssur e  is r e l e a s e d  as 

soon as t he p l unger s  move a p a r t .  To open the d i e s  to  

gai n  access to the formed component ,  swi t c h  SI  i s  moved 

to the OPEN p o s i t i o n .

Having removed the formed component ,  t he  

machine is then ready f o r  anot her  bl ank  to be pl aced in 

the d i es  f o r  the next  for mi ng o p e r a t i o n .  As an 

a l t e r n a t i v e  to the above p r oce s s ,  s t ep 8 can be 

o m i t t e d ,  causi ng the tube to be formed due to i n t e r n a l  

pr e ssur e  a l o n e .  In t h i s  case ,  t he  a x i a l  load is on l y  

used to seal  the tube and not  to deform i t .

3 . 2 . 2 ) I n c r e a s i n g  I n t e r n a l  P r ess ur e  Dur ing Bulg ing

For t h i s  process the i n i t i a l  p r e s sur e  i s  se t  

by t he  pr essur e  r educ i ng v a l v e  PR3, and i nc r e a s e s  

dur i ng  the process to a v a l ue  de t e r mi ned by t he  r e l i e f  

v a l v e  RV2. I d e a l l y  t he  r e l i e f  v a l v e  RV2 should be se t  

b e f o r e  hand,  e i t h e r  a t  the end of  a p r ev i ous  t e s t  dr  by 

s u b j e c t i n g  a bl ank to the r e q u i r e d  p r e s s u r e .  Again t h i s  

procedur e  f o l l o w s  on a f t e r  o p e r a t i o n s  1 - 6  have been
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c ompl e t ed.

7) Move swi t ch S4 from the LOW to the HIGH 

pr e s s u r e  p o s i t i o n .  The pr essur e  i n s i d e  the tube bl ank  

i s  c o n t r o l l e d  by the pr essur e  r educ i ng  v a l v e  PR3 which 

should be v a r i e d  to produce the r e q u i r e d  i n i t i a l  

i n t e r n a l  p r e s s u r e .

8) Once the tube is s ub j e c t e d  to the i n t e r n a l  

p r e s s u r e ,  the compressi ve a x i a l  load should be a p p l i e d  

by moving swi t ch S3 to the ON p o s i t i o n .  The f o r c e  

a c t i n g  on the ends o f  the  tube is c o n t r o l l e d  by t he  

pr e s sur e  r educ i ng v a l v e  PR2. Dur i ng f o r mi n g ,  t he  

i n t e r n a l  p r essur e  w i l l  i n c r e a s e ,  due to the decr ease  in 

i n t e r n a l  vol ume,  u n t i l  i t  r eaches t he  va l ue  se t  by t he  

r e l i e f  v a l v e  RV2. A c ons t a n t  pr e s sur e  w i l l  be 

ma i n t a i n e d  once t h i s  pr es sur e  is r eached, and u n t i l  the  

c ompl e t i on  o f  t he formi ng pr oc e s s ,  a f t e r  which i t  w i l l  

drop due to l e a k a g e s .

9) A f t e r  compl e t i on  o f  t he f or mi ng p r oc es s ,  

swi t ches  S2,  S3 and S4 should be moved to the OFF 

p o s i t i o n ,  and the d i e s  opened by moving swi t ch SI  to  

the OPEN p o s i t i o n .

3 . 2 . 3 ) I n c r e a s i n g  I n t e r n a l  P r es su r e  In Stages

Thi s process i s  s i m i l a r  to for mi ng a component  

wi t h  a f i x e d  i n t e r n a l  p r e s s u r e ,  but  a t  the end of  the  

de f o r ma t i o n  the i n t e r n a l  pr e s sur e  and a x i a l  load are  

i ncr eased to produce anot her  d e f o r m a t i o n .  The f i r s t  

a x i a l  load a pp l i e d  to the end of  t he  tubes should . thus  

be f a i r l y  s m a l l ,  to a l l o w  i t  to be l a t e r  i ncr eased to 

produce a f u r t h e r  d e f o r m a t i o n .  Again steps 1 - 6  should
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be f o l l o w e d .

7) Move swi t ch S4 from the LOW to the HIGH 

pr e s s u r e  p o s i t i o n ,  which causes t he pr es sur e  

i n t e n s i f i e r  to be a c t i v a t e d ,  g e n e r a t i n g  a hi gh pr essur e  

i n s i d e  the tube b l a n k .  This pr essur e  i s  c o n t r o l l e d  by 

the  ad j ust ment  o f  the r e l i e f  v a l v e  RV2, wi t h  the  

pr essur e  r educ i ng v a l v e  PR3 a d j us t ed  to p r o v i d e  a 

pr e s sur e  j u s t  g r e a t e r  than t h a t  r e q u i r e d .

8)  Once the tube is subj ec t e d  to an i n t e r n a l  

p r e s s u r e ,  t he  compressi ve  a x i a l  load should be a p p l i e d .  

This i s  achi eved by moving swi t ch S3.  The f o r c e s  a c t i n g  

on the ends o f  t he tube are c o n t r o l l e d  by t he  pr es sur e  

r educ i ng v a l v e  PR2 which should be set  to a s u i t a b l e  

v a l ue  f o r  the i n i t i a l  d e f o r m a t i o n .

9) When the d e f o r ma t i o n  has stopped i . e .  the  

pl unger s  have stopped movi ng,  t he i n t e r n a l  p r e s s u r e  can 

be i ncr eased by ad j us t me nt  o f  t he r e l i e f  v a l v e  RV2 ( t he  

pr essur e  r educ i ng v a l v e  PR3 may a l so  r e q u i r e  a d j us t me nt  

so t h a t  a s u f f i c i e n t  p r essur e  is being produced from 

t he pr e s sur e  i n t e n s i f e r ) .

10) A f t e r  i n c r e a s i n g  the i n t e r n a l  p r e s s u r e ,  t he  

a x i a l  de f o r ma t i o n  can be c ont i nued by a d j u s t i n g  the  

pr es sur e  r educ i ng v a l v e  PR2, so as t o i n c r e a s e  the  

a x i a l  load a c t i n g  on the ends o f  t he  t ube .

11) When the d e f o r ma t i o n  has s t opped,  s teps  9 

and 10 can be r e p e a t e d ,  i n c r e a s i n g  the i n t e r n a l  

pr essur e  and a x i a l  load a g a i n ,  or  the component can be 

removed from the machine by moving swi t ches  S2,  S3 and 

S4 to the OFF p o s i t i o n ,  and moving swi t ch SI  to the
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3 . 3 ) A n a l y s i s  o f  t he  Formed Component

A f t e r  the bul ge for mi ng process was c ompl e t e ,  

t he  components were taken from the d i e - b l o c k s  and t h e i r  

f i n a l  l e ng t hs  and bul ge h e i g h t s  measured wi t h  a d i g i t a l  

V e r n i e r  c a l l i p e r  ( i n i t i a l l y  t he  r e a d i n g s  were taken  

wi t h  a r u l e ,  but  t he V e r n i e r  improved accuracy and 

speeded up t he  p r o c e s s ) . The components were then cut  

in h a l f  thr ough t he c e n t r e  o f  t he bul ge  ( t h e  o r i g i n a l  

t ee  p i e c e  and cross j o i n t  components were cut  

l e n g t h w i s e ,  but  t h i s  tended to damage the domes o f  t he  

b u l g e s .  However ,  t hese  ' h a l v e s '  were b e t t e r  f o r  

p r e s e n t a t i o n ,  as can be seen in P l a t e s  8 ,  9 and 10.  A 

0 mm to 25 mm round-nosed (1 mm r a d i u s )  mi c r omet er  was 

used to t ake  wa l l  t h i c k n e s s  measurements a t  s e l e c t e d  

' x '  and ' y ' c o - o r d i n a t e s ,  s t a r t i n g  a t  a p o i n t  on the  

t ube wa l l  j u s t  b e f o r e  the b u l g e ,  and f i n i s h i n g  a t  the  

c e n t r e  o f  t he  dome. The p o s i t i o n  o f  t he  measurement  

p o i n t s  can be seen in F i gur e  13a.

Al l  o f  the  components were marked wi t h  t h e i r  

gi ven t e s t  numbers in both ink and by s c r i b i n g ,  and 

then s t or ed f o r  f u t u r e  c r o s s - c h e c k i n g .

The r e s u l t s  o f  t he t e s t s  c a r r i e d  out  usi ng the  

h y d r a u l i c  bul ge  formi ng machine can be d i v i d e d  i n t o  two 

t y p e s .  F i r s t l y ,  t h e r e  are those which deal  w i t h  t he  

f e a s i b i l i t y  o f  t he pr ocess ,  and c o n c e n t r a t e  on the  

f o r ma t i o n  o f  a t ee p i e c e ,  cross j o i n t  and a 

non- symmet r i ca l  component .  Secondl y ,  t h e r e  ar e  those  

which show the e f f e c t  o f  using d i f f e r e n t  f or mi ng  

m a t e r i a l s ,  l u b r i c a n t s ,  p l unge r  v a r i a t i o n s  and d i e - b l o c k
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g e o m e t r i e s .  Whereas t he i n i t i a l  t e s t s  show t he  formi ng  

l i m i t s  o f  d i f f e r e n t  components,  t he  l a t t e r  ones deal  

wi t h  compar isons between d i f f e r e n t  par amet er s  on a 

gi ven shape.
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3 . 4 ) Tee P iece

A d i e - b l o c k  wi t h  branch r a d i u s  o f  3 mm 

( F i g u r e  13b) was used to form the t ee pi eces,  Two

t h i c k n e s s e s  o f  copper  t ub i ng  were used:  1 . 37  mm and

1 . 03  mm.

The method of  t e s t i n g  was t h a t  the a x i a l  

d e f o r ma t i o n  load would be set  a t  a v a l u e ,  and then the  

i n t e r n a l  pr essur e  incremented in steps o f  ' 3 . 45  N/mm^

from a va l ue  which was j u s t  s u f f i c i e n t  to seal  the tube  

bl ank  ( 3 . 4 5  N/mm^) , to one where the tube b u r s t .  The 

va l ue  o f  the i n t e r n a l  p r essur e  was r e g u l a t e d  by t he

pr e s sur e  r e l i e f  v a l v e  (RV3) .

From the r e s u l t s  ob t a i ned  from the t e s t s ,  

t h r e e  t ypes o f  g r a p h i c a l  r e p r e s e n t a t i o n  were s e l e c t e d :

1) the r a t i o  o f  t he  wa l l  t h i c k n e s s e s  a t  any 

p o i n t  on the formed bul ge compared to the o r i g i n a l  t ube  

bl ank  ( t / t Q) were p l o t t e d  a g a i n s t  t he  ' y '  c o - o r d i n a t e  

where the t h i c k n e s s  measurement  was t a k e n ;

2) the r a t i o  o f  t he  bul ge  h e i g h t  to the  

o r i g i n a l  r a d i us  o f  t he bl ank  ( H / r Q) was p l o t t e d  a g a i n s t  

t he i n t e r n a l  p r essur e  r e q u i r e d  to g i v e  t h a t  amount o f  

d e f o r m a t i o n ,  and;

3) the r a t i o  o f  t he  f i n a l  l e n g t h  o f  t he  tube  

bl ank compared to the o r i g i n a l  l e n g t h  ( L ^ / L Q) was 

p l o t t e d  a g a i n s t  the compressi ve  a x i a l  l o a d .

The t r ends  shown by t hese  graghs enabl ed  

di agrams to be drawn which show t he  f or mi ng zones o f  

t he  v a r i o u s  components.
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3 . 4 ■ 1 ) Tee P i ece  -  1 . 3 7  mm W a l l  Th ickness

The tee p i eces  were formed using t h r e e  v a l ues  

of  compr essi ve  a x i a l  l o a d :  43 kN,  85 kN and 128 kN. For  

each o f  these  l o a d s ,  a v a l ue  o f  i n t e r n a l  pr e s sur e  was 

s e l e c t e d  which caused a smal l  bul ge to form 

( 20.  70 N/mm^) . Test  were then taken in i ncr ement s  o f  

3. 45  N/mm^ u n t i l  the tube b u r s t ,  and a t  t h a t  s t age  the  

next  load would be s e l e c t e d .  F i gur es  14 to 17 show 

g r a p h i c a l  r e p r e s e n t a t  ions o f  t he  r e s u l t s .

The components formed wi t h  t he  43 kN 

compr essi ve  a x i a l  load devel oped onl y  smal l  bulges ( t h e  

bul ges were not  ' b r a nches '  but  me r e l y  domed s u r f a c e s  on 

the wa l l  of  the  c y l i n d r i c a l  t u b e s ) ,  and bur s t  a t  a
p

pr e ssur e  o f  48 . 30  N/mm . There was no s i gn o f  b u c k l i n g
p

wi t h  an i n t e r n a l  pr essur e  o f  20 . 70  N/mm and the  

per c en t age  o f  o r i g i n a l  wa l l  t h i c k n e s s  di d not  drop  

below 70%. The maximum bul ge h e i g h t  was 4 . 38  mm. See 

F i g u r e 14.

Wi th an a x i a l  load of  85 kN,  t he components  

formed cons i s t e d  of  a branch wi t h  a domed t o p .  There  

was some b u c k l i ng  wi t h  an i n t e r n a l  p r e ssur e  o f
p

20 .70 N/mm , and as p r e v i o u s l y ,  t he tub'e b u r s t  a t
p

48 . 30  N/mm . Agai n,  t he  pe r c en t age  o f  o r i g i n a l  wa l l  

t h i c k n e s s  di d not  drop below 70%, but  t he  i n c r e a s e  in 

a x i a l  load t r i p l e d  the bul ge  h e i g h t  to a v a l u e  o f

12 . 00  mm. However,  in the t e s t s  c a r r i e d  out  a t  43 kN 

and 85 kN,  t he  bul ge he i g h t s  were not  s u f f i c i e n t  to 

deem the components ' f  u 11 y - f o  rmed ' (a f u l l y - f o r m e d  

component being one where a l l  t h r e e  ' b r a nc he s '  are o f
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a p p r o x i m a t e l y  t he  same l e n g t h ) .  See F i gur e  15.

The t e s t s  c a r r i e d  out  wi t h  an a x i a l  load of  

128 kN produced the g r e a t e s t  bul ge h e i g h t s .  A l l  of  the  

components formed wi t h  an i n t e r n a l  p r essur e  o f  under  

37 . 9 5  N/mm2 s u f f e r e d  from b u c k l i n g ,  but  t hose above 

t h a t  were f u l 1y - f o r m e d . The upper formi ng pr e s sur e  was

5 5 . 20  N/mm2 , and the l owest  v a l ue  o f  t he  pe r c en t age  o f  

o r i g i n a l  wa l l  * t h i c k n e s s  r ecorded was 65%. For t h i s  

r e d u c t i o n  in wal l  t h i c k n e s s ,  a bul ge h e i g h t  o f  21 . 58  mm 

was o b t a i n e d .  See F i gur e  16.

Gr aphi ca l  r e p r e s e n t a t i o n s  o f  s e l e c t e d  t e s t s  

f o r  the pr ev i ous  t h r e e  a x i a l  l oads ar e  shown in 

Fi gur e  17.

Al though the above are  the r e s u l t s  ob t a i ne d  

f o r  the formi ng range o f  a t ee  p i e c e ,  i t  was found t h a t  

i t  was p o s s i b l e  to improve upon the v a l ue s  by usi ng a 

two st age  pr ocess .  I f  a tube bl ank  was i n i t i a l l y  

formed a t ,  say ,  an i n t e r n a l  pr e s sur e  o f  34 . 50  N/mm2 , 

and then the pr essur e  r e l i e f  v a l v e  ( V3) opened up so 

t h a t  the pr essur e  rose to 5 5 . 2 0  N/mm2 , t he component  

would have an i ncr eased bul ge h e i g h t ,  but  not  the same 

amount o f  r e d u c t i o n  in wal l  t h i c k n e s s  as i f  i t  had been
p

formed i n i t i a l l y  a t  5 5 . 2 0  N/mm ( i n  cases where the
p

tube b u r s t  a t  48 . 30  N/mm wi t h  a one stage d e f o r m a t i o n ,
p

i t  was p o s s i b l e  to exceed 58 . 6 5  N/mm i f  a two s t age  

process was used.

F i gur e  18 shows the r e l a t i o n s h i p  between the  

a x i a l  de f o r ma t i o n  load and the i n t e r n a l  p r e s s u r e ,  and 

i s s p l i t  up i n t o  f our  a r e a s .  F a i l u r e  o f  the  f or mi ng
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process w i l l  occur  i f  the  for mi ng c o n d i t i o n s  f a l l  i n t o  

areas C or  D. Area C i n d i c a t e s  t h a t  the a x i a l  

d e f o r ma t i o n  load is too h i g h ,  or  the i n t e r n a l  pr e s sur e  

i s too l ow,  r e s u l t i n g  in b u c k l i n g  of  t he  tube  

o c c u r r i n g .  F r a c t u r e  o f  t he tube w i l l  occur  in a r ea  D. 

Thi s was found to occur  in the dome formed by t he  

i n t e r n a l  p r e s s u r e .  F r a c t u r e  w i l l  a l so occur  i f  t he  

i n i t i a l  c o n d i t i o n s  f a l l  i n t o  ar ea  B. In or de r  to form a 

p e r f e c t  component ,  t he  c o n d i t i o n s  have to f a l l  i n t o  

area A. However,  a f t e r  the d e f o r m a t i o n  has been p a r t l y  

compl e t ed ,  t he  formi ng c o n d i t i o n s  may move i n t o  ar ea  B.

3 . 4 . 2 ) Tee P i ece  -  1 . 0 3  mm Wal l  Thi ckness

The t h i n n e r  wa l l e d  t ee  p i eces  were formed 

using compressi ve a x i a l  l oads o f  43 kN,  85 kN and 

106 kN. Loads in excess o f  106 kN caused b u c k l i n g  f o r  

a l l  v a l ue s  o f  i n t e r n a l  p r e s s u r e .  F i gur es  19 to 22 are  

the g r a p h i c a l  r e p r e s e n t a t i o n s  o f  t he  r e s u l t s ,  and 

Figure. .  23 shows the formi ng zone.  As in the p r e v i ous  

t e s t s ,  t he  43 kN load was i n s u f f i c i e n t  to c r e a t e  a 

branch and a dome was formed on the s i de  o f  the  t u b e .  

The maximum va l ue  o f  i n t e r n a l  pr es sur e  the tube coul d
o

wi t hs t an d  was 3 1 . Q5 N/mm , and t h i s  c r e a t e d  a bul ge  

h e i g h t  o f  5 . 0  mm, w i t h  a cor r espondi ng  r^d^j^-t-ion“~in 

wal l  t h i c k n e s s  r a t i o  o f  63% at  the dome c e n t r e .  See 

Figure 19.

The t e s t s  c a r r i e d  out  using an 85 kN load  

produced a t ee p i ece  which was f u l 1y- f or med , but  which  

would onl y  wi t hs t and  31 . 05  N/mm^ p r e s s u r e .  At t h i s  

v a l u e ,  a bul ge he i g h t  o f  19 . 1  mm was achi eved f o r  a
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r e d u c t i o n  to 71% of  t he  o r i g i n a l  wa l l  t h i c k n e s s .  See 

Figure 20.

With a load of  106 kN,  i t  was p o s s i b l e  to 

o p e r a t e  the machine wi t h  i n t e r n a l  pr essur es  up to  

3 4 . 5 0  N/mm^. At t h i s  maximum v a l u e ,  a bul ge  h e i g h t  o f  

28 . 5  mm was recorded wi t h  a cor r espondi ng  minimum wal l  

t h i c k n e s s  r a t i o  o f  58%. See F i gur e  21.

The two stage d e f o r ma t i o n  process was t r i e d  

a g a i n ,  and s i m i l a r  r e s u l t s  ob t a i ne d  to those f o r  the  

t h i c k e r  m a t e r i a l .  A l l  o t he r  t r e n ds  were the same as f o r  

the t h i c k e r  m a t e r i a l .

The t e s t s  showed t h a t  i t  was p o s s i b l e  to form 

t ee  p i eces  from v a r i ous  t h i c k n e s s e s  o f  m a t e r i a l .  The 

t h i n n e r  the wa l l  o f  t he t u b e ,  t he  more l i m i t e d  the  

r ange o f  compressi ve  a x i a l  l oads and i n t e r n a l  p r essur es  

t h a t  coul d be used ( b u c k l i n g  and r u p t u r e  occur r ed at  

v a l ue s  o f  load and pr essur e  in t h i n n e r  wa l l e d  tubes  

t h a t  t h i c k e r  ones would w i t h s t a n d ) .  However ,  both  

t h i c k n e s s e s  produced p e r f e c t l y  a c c e p t a b l e  t ee  p i e c e s .

In the f o r ma t i o n  o f  a t ee  p i e c e ,  m a t e r i a l  i s  

f or ced i n t o  the d e f o r ma t i o n  zone to form the br anch.  

However ,  because the tube is u n i f o r m l y  compressed and 

t h e r e  i s  on l y  one branch f or med,  t h e r e  is a 

c o n s i d e r a b l e  b u i l d - u p  o f  m a t e r i a l  on the op p o s i t e  s i de  

to the branch ( p e r c e n t ag e  o f  o r i g i n a l  wa l l  t h i c k n e s s  in 

the or de r  o f  250%) .  Thi s  b u i l d - u p  i s  a ma j or  problem 

f o r  ma nuf a c t ur e r s  and is d i scussed l a t e r .

The minimum va l ue  o f  the  per c en t age  o f  t he  

o r i g i n a l  wa l l  t h i c k n e s s  i s  always r ecorded at  the
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c e n t r e  o f  t he  dome and tubes always b u r s t  around t h i s  

a r e a .  Al though in the manuf a c t ur i ng  process the domes 

ar e  s h e a r e d - o f f  to c r e a t e  the t h i r d  br anch,  the  va l ue  

r ecor ded a t  the dome is s t i l l  the most r e l e v a n t  p o i n t .

F i gur es  24 to 29 compare the v a r i a t i o n s  in the  

two types o f  t ube b l a n k .
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3 . 5 ) Cross J o i n t

Tests were agai n c a r r i e d  out  using two s i z e s  

o f  t ube bl ank ( 1 . 0 3  mm and 1 . 37  mm wal l  t h i c k n e s s e s ) .  

The t e s t i n g  and a n a l y s i s  were the same as t hose used 

f o r  the t ee p i e c e .

3 . 5 . l ) Cross J o i n t  -  1 . 3 7  mm Wal l  Th ickness

The cross j o i n t s  were formed using compressi ve  

a x i a l  l oads o f  43 kN,  85 kN,  106 kN,  128 kN and 149 kN.
O

The mimimum i n t e r n a l  p r essur e  used was 27 . 60 N/mm*- and
p

t he i ncr ement  was 3*45 N/mmc per  t e s t .  Al l  o f  t he  above 

t e s t s  were one stage f o r m a t i o n s ,  a l t hough s e ve r a l  

t wo - s t a g e  ones were per formed in or der  to v e r i f y  t he  

r e s u l t s  ob t a i ne d  from the tee p i e c e .  Gr a ph i c a l  

r e p r e s e n t a t i o n s  o f  t he  r e s u l t s  ar e  shown in F i gur e s  30 

to 33.

The components formed wi t h  t he  compr essi ve  

a x i a l  ' s e a l i n g '  load (43 kN) were on l y  p a r t i a l l y  

b u l ge d ,  and wi t h  an i n t e r n a l  pr e s sur e  o f  48.3*0 N/mm^,  

t he  bul ge  he i g h t s  were on l y  4 . 5  mm ( t h e r e  was no v i s u a l  

d i f f e r e n c e  between the bul ges [ e x c e p t  in the case where  

a b u r s t  o c c u r r e d ] ,  and t h e r e f o r e  on l y  one se t  o f  v a l u e s  

were r ecorded and no g r a p h i c a l  r e p r e s e n t a t i o n  made) .  

Wi th t h i s  p r e s s u r e ,  t he  minimum wa l l  t h i c k n e s s  r a t i o  

was 67%. Burst  components were noted wi t h  an i n t e r n a l
p

pr essur e  o f  51 . 75  N/mm and above.

Wi th an a x i a l  load of  85 kN,  t he components 

were not  f u l 1y - f o r m e d . The b u r s t i n g  pr e ssur e  was

55 . 20  N/mm^, and the h i ghe s t  formi ng pr e s sur e  was
p

51. 75  N/mm*-. Thi s va l ue  gave a bul ge  h e i g h t  o f  12 . 0  mm
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which cons i s t e d  of  a branch and dome,  u n l i k e  the l ower  

a x i a l  l o a d .  The minimum wal l  t h i c k n e s s  r a t i o  was 85%.  

See F i gur e  30.

When the a x i a l  load was i ncr eased to 106 kN,  

b u ck l i ng  was observed f o r  i n t e r n a l  pr essur es  up t o and 

i n c l u d i n g  3 4 . 5 0  N/mm^. Above t h i s  v a l u e ,  t he  components 

were deemed f u l l y  f ormed.  At 44 . 85  N/mm^, t h e r e  was a 

bul ge  h e i g h t  o f  18 . 0  mm and a minimum wal l  t h i c k n e s s  

r a t i o  o f  80%.

Using an a x i a l  load of  128 kN gave the best  

r e s u l t s  over  the wi dest  range o f  p r e s s u r e s .  Al though  

some b u c k l i n g  occur red f o r  the low p r e s s u r e s ,  t he  r e s t  

had a good shape and i t  was on l y  a t  pr essur es  o f  around
p

5 5 . 2 0  N/mnr t h a t  o v e r - f o r m i n g  or  b u r s t i n g  occur r ed  

( ov e r - f o r m ing was deemed to have occur r ed when the  

l e n g t h s  o f  t he r emai n i ng  branches were in the o r d e r  o f  

h a l f  t h a t  o f  t he  bul ge  h e i g h t .  The components were not  

f l awed in anyway,  but  the l e n g t h  o f  t he  branches made 

them unusabl e as f i t t i n g s ) .  For an i n t e r n a l  p r e s s u r e  o f

51 . 75  N/mm^, a bul ge h e i g h t  o f  19 . 5  mm was achi eved  

wi t h  a minimum wal l  t h i c k n e s s  r a t i o  o f  82%. See 

Figur.e 3».

To g i v e  an example o f  how t he  cross j o i n t  was 

deemed to be f u l l y  f or med,  i t  i s  necessar y  t o check t he  

f i n a l  l e n g t h  o f  the component .  For the above,  t he  

f i n a l  l e n g t h  was 60 . 5  mm, and the d i a me t e r  o f  t he  t ube  

24..12 mm. T h e r e f o r e  each o f  the  branches i s  

( 6 0 . 5 - 2 4 .  1 2 ) / 2 ,  which i s  18 . 19  mm - t h i s  compares wi t h  

a bul ge he i g h t  o f  19.5 mm. An over  devel oped component
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mi ght  have a f i n a l  l e n g t h  o f  5 0 . 0  mm, which would g i v e  

branch l e n g t h s  o f  13 mm, compared to a bul ge  h e i g h t  o f

2 5 . 0  mm .

The t e s t s  c a r r i e d  out  wi t h  an a x i a l  load of  

149 kN proved u n s u c c e s s f u l ,  because a l l  of  the  

components were e i t h e r  buckled or  o v e r - d e f o r m e d . The 

onl y  specimen produced w i t h o u t  f l aws  was produced wi t h  

an i n t e r n a l  pr e s sur e  o f  48 . 30  N/mm^. Thi s  gave a bul ge  

h e i g h t  o f  28 . 0  mm and a minimum wa l l  t h i c k n e s s  r a t i o  o f  

88%. The branches were on l y  7 . 0  mm in l e n g t h ,  which i s  

25% of  the  bul ge  h e i g h t ,  see F i g u r e s  32 and 33

The r e s u l t s  from t e s t s  on components formed 

wi t h  a t wo - s t a g e  process were s i m i l a r  to those from the  

t ee  p i e c e .  An i ncr e a se  was seen in the bul ge  he i g h t s  

and wa l l  t h i c k n e s s e s ,  and the v a l ue  o f  i n t e r n a l  

pr e s sur e  b e f o r e  a component b u r s t  was i n c r e a s e d .

When compar ing the f o r m a t i o n  o f  a t ee  p i e c e  

and cross j o i n t  f rom the same wa l l  t h i c k n e s s ,  t h e r e  

were comparabl e  bul ge  he i g h t s  f o r  the same v a l u e s  o f  

a x i a l  l oads and i n t e r n a l  p r e s s u r e s .  However ,  t he  t ee  

p i ec e  had a minimum wal l  t h i c k n e s s  r a t i o  which was up 

to 15% l ess  than the comparabl e  cross j o i n t  v a l u e .

Al though t he  tee  p i ece  coul d be anal ysed as h a l f  a

cross j o i n t ,  the f a c t  t h a t  t h e r e  is a b u i l d  up o f

m a t e r i a l  oppos i t e  the branch in a t ee  p i ece  a f f e c t s  the

wal l  t h i c k n e s s .  Some m a t e r i a l  does f l o w f rom the l ower  

h a l f  o f  t he t ee p i e c e ,  but  most o f  i t  r emai ns in the  

l ower  s e c t i o n  o f  the  br anch.  However ,  in the cross  

j o i n t  t h e r e  is an equal  d i s t r i b u t i o n  o f  t he  m a t e r i a l
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and t h i s  means t h a t  t h e r e  is a g r e a t e r  volume o f  meta l  

in the b u l g e ,  wh i ch ,  g i ven a s i m i l a r  bul ge  h e i g h t ,  

means t h a t  the w a l l s  a r e  t h i c k e r .  The bul ge  h e i g h t  i s  

d i c t a t e d  by t he  a x i a l  l o a d ,  i n t e r n a l  p r e s sur e  and the  

m a t e r i a l  p r o p e r t i e s ,  and as t hey  were c o n s t a n t  f o r  any 

two r e l e v a n t  t e s t s ,  the bul ge he i g h t s  were s i m i l a r .

3 . 5 . 2 ) Gross J o i n t  1 . 0 3  mm Wal l  Thi ckness

The r e s u l t s  ob t a i ne d  f o r  the cross j o i n t  

formed wi t h  the t h i n n e r  m a t e r i a l  showed the same t r e n ds  

as wi t h  the t h i c k e r  m a t e r i a l ,  but  f o r ma t i o n  took p l a c e  

at  l ower  compressi ve a x i a l  l oads and i n t e r n a l  

p r e s s u r e s .  The a x i a l  l oads were 43 kN,  64 kN and 85 kN,  

wi t h  i n t e r n a l  pr essur es  s t a r t i n g  a t  20 . 70  N/mm^ and
p

i nc r e ment i ng  in 3 . 4 5  N/mm** s t e p s .  Gr aphi ca l  

r e p r e s e n t a t i o n s  o f  t he  r e s u l t s  a r e  shown in F i gur e s  34 

to 39.

Wi th an a x i a l  load of  43 kN,  t h e r e  was on l y  

p a r t i a l  d e f o r ma t i o n  f o r  i n t e r n a l  pr essur es  o f  

20 . 70  N/mm^ and 24 . 15  N/mm^, and the h i g h e s t  v a l u e  

achi eved w i t h o u t  b u r s t i n g  was 27 . 60  N/mm^. At t h i s  

p r e s s u r e ,  t he  bul ge he i g h t  was 4 . 0  mm, and t he minimum 

wa l l  t h i c k n e s s  r a t i o  was 89%. See F i gur e  34.

The most success f u l  a x i a l  load was found to be 

64 kN and a l t hough t he components coul d onl y  be formed 

over  the same range o f  i n t e r n a l  pr essure  as t he 43 kN 

l o a d ,  w i t h  an i n t e r n a l  p r essur e  o f  27 . 60  N/mm^, a bu l ge  

h e i g h t  o f  12 . 0  mm was achi eved and a minimum wal l  

t h i c k n e s s  r a t i o  o f  80%. See F i gur e  35.

The 85 kN load produced components,  but  a t  the
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l ower  v a l ue s  o f  i n t e r n a l  pr e s sur e  (up to 2 4 . 1 5  N/mm^) , 

t he specimens were bu c k l e d .  At a v a l ue  o f  31 . 05  N/mm^,  

t he bul ge  h e i g h t  was 26 . 0  mm, and the minimum wal l  

t h i c k n e s s  r a t i o  80%. See F i gur es  36 and 37

Al though cross j o i n t s  coul d be formed from the  

t h i n n e r  m a t e r i a l ,  the  va l ues  o f  i n t e r n a l  p r e s s u r e  and 

compressi ve a x i a l  load capabl e  o f  pr oduci ng a component  

were l i m i t e d  -  perhaps on l y  one i n t e r n a l  p r e s sur e  f o r  

any g i ven  a x i a l  l o a d .  G e n e r a l l y  s pe a k i ng ,  f o r  both the  

t ee  p i ec e  and cross j o i n t ,  i t  seemed t h a t  the d i a me t e r s  

o f  t he  tube b l ank  and branch compared to the wal l  

t h i c k n e s s e s  were the i mpo r t a n t  r a t i o s  when d e t e r m i n i n g  

the range over  which a component  could be p r o p e r l y  

f or med.  See F i g u r e s  38 and 39:
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3 . 6 ) O f f - S e t  J o i n t

As s t a t e d  p r e v i o u s l y ,  i t  was f e l t  t h a t  the  

b u i l d - u p  o f  m a t e r i a l  on the o p pos i t e  s u r f a c e  to the  

branch a f f e c t e d  the wa l l  t h i c k n e s s  r a t i o .  In or de r  to 

anal yse  t h i s ,  and the f o r ma t i o n  o f  a non- symmet r i ca l  

component ,  a d i e  was desi gned which had branches a t  

180°  to_each o t h e r ,  but  not  on the same ax i s  

( F i g u r e  8 ) .  The reason f o r  the s e l e c t i o n  o f  t h i s  shape 

was t h a t  i f  i t  proved s u c c e s s f u l ,  i t  coul d be used to 

form two tee  p i eces  from the same t u b e ,  t he  component  

bei ng d i v i d e d  a f t e r  the f o r ma t i o n  pr ocess .  The t h i n n e r  

wal l ed  tubes ( 1 . 0 3  mm) were s e l e c t e d ,  s i nc e  t hey  

al l owed l a r g e r  d e f o r ma t i o n s  f o r  any g i ven  p r e s s u r e / 1oad 

combi n a t i on .

In the t e s t s  c a r r i e d  o u t ,  no combi nat i ons  o f  

a x i a l  load or  i n t e r n a l  pr e ssur e  c r ea t e d  a p e r f e c t l y  

shaped component .  A l l  the bul ges were l o p - s i d e d ,  w i t h  

the s i des  o f  t he branches n e a r e s t  to the tube ends being  

l onger  than the i nner  ones ( F i g u r e  1 3 c ) .  The 

compressi ve a x i a l  l oads used were 43 kN,  64 kN,  85 kN

and 106 kN.  Wi th a load of  43 kN,  t he  tubes wi t h s t o o d
p

the h i ghe s t  p r e s s u r e ,  31 . 05  N/mm^, r e s u l t i n g  in bu l ge  

h e i g h t s  o f  5 . 0  mm, wi t h  a minimum wa l l  t h i c k n e s s  r a t i o

o f  65%. The o t h e r  t h r e e  v a l ue s  o f  a x i a l  load coul d on l y
p

wi t hs t an d  a pr e ssur e  o f  20 . 70  N/mm , and f o r  t h i s  

v a l u e ;  t he 64 kN t e s t  produced bul ge he i g h t s  o f  7 . 0  mm 

wi t h  a minimum wal l  t h i c k n e s s  r a t i o  o f  67%, t he  85 kN 

t e s t  produced bulge he i g h t s  o f  10 . 0  mm wi th,  a minimum 

wal l  t h i c k n e s s  r a t i o  o f  75%, and the 106 kN t e s t  had
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bul ge he i g h t s  o f  17 . 0  mm wi t h  a minimum wal l  t h i c k n e s s  

r a t i o  o f  77%.

Fi gur es  40 to 49 show how t he  per c en t age  of  

o r i g i n a l  wa l l  t h i c k n e s s  v a r i e s  a g a i n s t  1y ' f o r  the  

o f f - s e t  j o i n t ,  t ee  p i e c e ,  and cross j o i n t  components 

formed from tubes o f  1 . 03  mm wa l l  t h i c k n e s s .  There is  

the l e a s t  r e d u c t i o n  f o r  the cross j o i n t ,  f o l l o w e d  by 

t he t ee  p i e c e ,  and then the o f f - s e t  j o i n t  component .  

However ,  t he  cross j o i n t  and t ee  p i ec e  are  c o r r e c t l y  

shaped,  whereas the  o f f - s e t  j o i n t s  ar e  n o t .  The bul ge  

he i g h t s  ob t a i ne d  f o r  any combi nat i on  o f  compr essi ve  

a x i a l  load and i n t e r n a l  p r essur e  are s i m i l a r  f o r  a l l  

t h r e e  shapes -  the va l ue  ob t a i ne d  f o r  the o f f - s e t  j o i n t  

bei ng a maximum and not  a t  the c e n t r e  o f  t he  dome,  as 

wi t h  t he t ee  p i ece  and the cross j o i n t .
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3 . 7 ) Tee P i eces  Formed From Alumin ium,  Copper and S t e e l

Tests were c a r r i e d  out  on t h r e e  d i f f e r e n t  

m a t e r i a l s  - copper ,  s t e e l  and c ommer c i a l l y  pure  

a l umi n i um.  Al l  of  the tube bl anks were of  t he same 

di mens i ons :  107 mm in l e n g t h ,  24 . 12  mm o u t s i d e  d i a me t e r  

and 1 . 37  mm wal l  t h i c k n e s s .  The m a t e r i a l s  were annealed  

p r i o r  to t e s t i n g  and the tube s ur f a ce s  were o f  a 

s i m i l a r  s u r f a c e  f i n i s h .

Te s t i n g  was per formed over  a range o f  i n t e r n a l  

pr essur es  and compressi ve a x i a l  l o a d s .  The s t e e l  and 

copper  components were formed over  the same r ange:

27 . 60  N/mm^ to 6 2 . 1 0  N/mm^ i n t e r n a l  p r essur e  and 85 kN 

to 149 kN compressi ve a x i a l  l o a d .  The a l umi n i um,

however ,  would not  form in t hese ranges and was t e s t e d
9 9between 6 . 9 0  N/m*- and 20.  70 N/mm^ i n t e r n a l  p r e s s u r e  and

43 kN and 106 kN compressi ve a x i a l  l o a d .

The r e s u l t s  ob t a i ne d  from 't'he t e s t s  were not  

anal ysed in the same manner as f o r  the pr ev i ous  

components.  In those cases ,  t he  r e s u l t s  were used to 

o b t a i n  a l l  the v a r i a t i o n s  over  which d e f o r m a t i o n  took  

p l a c e ,  in or de r  to a s c e r t a i n  in what  ranges a component  

was best  formed.  However ,  f o r  t hese  t e s t s  a compar i son  

was sought  between the v a r i o u s  m a t e r i a l s  when used to 

form a t ee  p i e c e .  Un l i k e  the t e s t s  c a r r i e d  out  on one 

m a t e r i a l ,  here  the formi ng ranges d i f f e r e d  and t h i s  

meant  t h a t  i t  was i mpo s s i b l e  to g r a p h i c a l l y  r e p r e s e n t  

the t r ends  w i t h o u t  a d j u s t i n g  the axes.

Graphs were p l o t t e d  o f :

1) the r a t i o  o f  t he  bul ge  h e i g h t  t o the
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o r i g i n a l  tube r a d i u s  compared to the i n t e r n a l  p r essur e  

( F i g u r e 5 0 ) ,

2) the pe r cent age  of  the o r i g i n a l  tube l e ng t h

compared to the compressi ve  a x i a l  load ( F i g u r e  51)  and,

3) the pe r cent age  o f  the o r i g i n a l  wa l l

t h i c k n e s s  a t  v a r y i n g  ' y 1 c o - o r d i n a t e s  on the branch  

( F i gur es  52 to 5 9 ) .

However,  where p r e v i o u s l y  t he  graphs were f o r  

f i x e d  a x i a l  l oads and i n t e r n a l  p r e s s u r e s ,  her e  t h a t  wavs 

i n a p p l i c a b l e .  I n s t e a d ,  t he  r e s u l t s  were anal ysed and 

t h r e e  s i m i l a r  set s  o f  r e s u l t s  (one f o r  each m a t e r i a l )  

were p l o t t e d  and t h e i r  formi ng ranges shown.

Tabl e  1 (page 209)  shows the maximum for mi ng  

v a l ues  f o r  the t e s t s .

3 . 7 . 1 ) Aluminium

The aluminium tubes were formed using f o u r  

compressi ve  a x i a l  l o a d s :  43 kN,  64 kN,  85 kN and 106 kN 

and i n t e r n a l  pr essur es  s t a r t i n g  at  6 . 9 0  N/mm^ and 

i ncremented in 3 . 45  N/mm^ steps u n t i l  f a i l u r e .

The components had a v e r y  poor  s u r f a c e  f i n i s h  

wi t h  t he  m a t e r i a l  f l o w  l i n e s  in the d e f o r m a t i o n  zone  

being v er y  n o t i c e a b l e .

3 . 7 . 2 ) Copper

The copper  was t e s t e d  wi t h  compr essi ve  a x i a l  

l oads o f  85 kN,  106 kN,  128 kN and 149 kN. The i n t e r n a l  

pr essur es  used v a r i e d  from 2 7 . 6 0  N/mm^ to 5 5 . 2 0  N/mm^ 

and the r e s u l t s  obt a i ned  at  the maximum f or mi ng  

pr essur es  ar e  shown in Tabl e  1.

The t r ends  f o r  these  t e s t s  were the same as
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t he pr ev i ous  t e s t s  on copper .  The s ur f a c e  f i n i s h  o f  the  

components was s a t i s f a c t o r y ,  a l t hough  the f l o w paths o f  

• the m a t e r i a l  in the d e f o r ma t i o n  zone coul d be seen.

3 . 7 . 3 ) S t e e l

As mi ght  have been e x pe c t e d ,  the s t e e l  

r e q u i r e d  the h i g h e s t  va l ues  o f  compressi ve  a x i a l  load  

and i n t e r n a l  pr essur e  to produce a formed component .

Even a t  the maximum formi ng l i m i t s  o f  the machi ne ,  t he  

s t e e l  had not  achi eved a branch h e i g h t  which coul d have 

deemed the component f u l l y - f o r m e d .

For the f u l l  range o f  i n t e r n a l  p r essur es  and 

a x i a l  l oads used,  t h e r e  were no cases where the  

components were buckl ed or  b u r s t .  The s u r f a c e  f i n i s h  o f  

the s t e e l  components appeared po l i s he d  even a f t e r  ma j or  

d e f o r m a t i o n s .

3 . 7 . 4 ) Compression Te sts  on the  Tube M a t e r i a l

Compression t e s t s  were c a r r i e d  out  on t he  • 

t h r e e  m a t e r i a l s  to o b t a i n  s t r e s s - s t r a i n  r e l a t i o n s h i p s .  

Tubes o f  t he  m a t e r i a l  were machi ned,  and s e v e r a l  j r i n g s  of  

5 mm l engt h , o f  each m a t e r i a l  o b t a i n e d .  These were coated w i t h  

l u b r i c a n t s  and then deformed in a ' Den i son '  t e s t i n g  

machi ne.  A r ecord was made o f  t he  l oads and r e d u c t i o n s  

in t h i c k n e s s  o f  the  samples.  A graph was p l o t t e d  

showing the r e l a t i v e  s t r e s s e s  and s t r a i n s  f o r  the  

m a t e r i a l s  ( F i g u r e  6 0 ) .

As e x p e c t e d ,  the s t e e l  had the h i g h e s t  s t r e s s  

to s t r a i n  r a t i o ,  f o l l o we d  by copper ,  and then  

al umi n i um.
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3 . 8 ) P1unger V a r i a t i o n

Two of  the main problems wi t h  the bul ge  

formi ng process are f r i c t i o n  and the m a t e r i a l  b u i l d - u p  

o p p o s i t e  the branch in a t ee  p i e c e .  F r i c t i o n  h i nde r s  

the f l o w o f  the  m a t e r i a l  i n t o  the d e f o r ma t i o n  zone,  and 

l i m i t s  t he  he i g h t  o f  the  br anch.  The b u i l d - u p  o f  

m a t e r i a l  i n s i d e  the tube is an unwanted s i d e - e f f e c t  o f  

t he  bas i c  bul ge formi ng pr ocess .  In the ma n u f a c t u r i n g  

pr oce s s ,  t h i s  b u i l d - u p  has t o be removed by a secondary  

machi ni ng o p e r a t i o n ,  which i s  both t i me  consuming and 

c o s t l y .  I f  t h i s  unwanted m a t e r i a l  could be f o r c e d  i n t o  

t he d e f o r ma t i o n  zone,  or  away f rom the c e n t r e  o f  the  

t u b e ,  i t  would aid the process by i n c r e a s i n g  the bul ge  

h e i g h t .

The problem of  f r i c t i o n  can be improved wi t h  

t he use o f  l u b r i c a n t s ,  as i s  shown in the r e s u l t s  in 

the next  s e c t i o n .

Three approaches were used in an a t t empt  to  

remove the m a t e r i a l  b u i l d - u p ,  which were:

1) the m a t e r i a l  was f or ced  i n t o  the  

d e f o r ma t i o n  zone,

2) the m a t e r i a l  was sheared from i n s i d e  the  

t u b e ,  and,

3) the m a t e r i a l  was a l l owed to f l o w away and 

not  b u i l d  up o p pos i t e  the br anch.

The p l unger s  used f o r  a l l  of  the  i n i t i a l  t e s t s  

had a 0 . 1  degree t a p e r  on the s e c t i o n  which e n t e r e d  the  

tube ( F i g u r e  1 0 ) .  When the tube was s e a l e d ,  most o f  t he  

t aper ed p a r t  o f  the p l unger s  were in c o n t a c t  w i t h  t he
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i nner  wal l  ( t h e  i n ne r  d i a me t e r  o f  the tube was t he  same 

as t he  end of  the  p l u n g e r ,  so when the p l unger s  were 

advanced t hey made an i n t e r f e r e n c e  c o n t a c t  wi t h  t he  

t u b e ) .  Dur ing the d e f o r ma t i o n  pr oce s s ,  the'  s i des  o f  the  

t ube in c o n t a c t  wi t h  the p l unger s  (end 15 mm) were a l so  

in c o n t a c t  wi t h  the d i e - b l o c k  ( t h e  tube w a l l s  being  

pressed between the t w o ) ,  and t h i s  g r e a t l y  i ncr e a sed  

the f r i c t i o n a l  f o r c e .  Al so ,  t he  t i p s  o f  t he  p l unger s  

acted as rams and f or ced the m a t e r i a l  b u i l d i n g - u p  

i n s i d e  the tube ahead of  them.  Thi s  e f f e c t  c o n c e n t r a t e d  

the b u i l t - u p  ar ea  ( i t  appeared as a stepped s e c t i o n  in 

the c e n t r e  o f  t he t u b e ,  15 mm from e i t h e r  e n d ) ,  so the  

g r e a t e r  the branch h e i g h t ,  t he  g r e a t e r  the b u i l d - u p .

Modi f i ed  p l unger s  were used ( P l a t e  6)  where  

the l ower  h a l f  o f  t he  s e c t i o n  t h a t  ent e r ed  the  t ube was 

drawn out  to a round nose.  When the tubes were  

f u l l y - f o r m e d ,  t he  plun^-er t i p s  a l most  met in the  

c e n t r e .  Thi s  pr event ed the m a t e r i a l  b u i l d i n g - u p  in the  

l ower  s e c t i o n  and f or ced i t  up i n t o  the d e f o r m a t i o n  

zone.  Al though t he  p r i n c i p l e  worked,  t he  p l unge r s  had 

the e f f e c t  o f  moving the ' s t e p p e d '  area away f rom t he  

bottom of  t he  tube and i n t o  the s i d e s .  There was s t i l l  

the same amount o f  f r i c t i o n  as t he  geomet ry o f  the  

pl unger s  was u n a l t e r e d  except  f o r  the added ' n o s e ' .  The 

bul ge he i g h t  was not  n o t i c e a b l y  i mpr oved,  and the new 

pl unger s  s t i l l  l e f t  a stepped a»;ea which needed to be 

machined in a secondary o p e r a t i o n .

The second type o f  p l unger s  used were ones 

which had shear i ng t i p s  ( P l a t e  6 ) .  They had the same
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f i n e l y  t a p e r e d  i n i t i a l  s e c t i o n ,  but  had a d d i t i o n a l  

c u t t i n g  t i p s  a t  the end.  These t i p s  were o f  a l e n g t h  

where t hey were 1 mm a p a r t  when the tubes were 

f u l l y  formed.  A chi p o f  m a t e r i a l  was l e f t  in t he mi dd l e  

o f  t he tube which could be removed a f t e r  the process by 

f o r c i n g  a rod t hr ough .  However ,  when t e s t e d ,  t he  

pl unger s  di d shear  through t he b u i l t - u p  m a t e r i a l ,  but  

t he  process c r e a t e d  such f o r c e s  in the tube t h a t  smal l  

m i c r o - c r a c k s  were found oppos i t e  the br anch.  U n l i k e  

ones found in pr ev i ous  t e s t s ,  t hese  passed c o mp l e t e l y  

t hr ough the wa l l  and made the components unusabl e  in an 

i n d u s t r i a l  a p p l i c a t i o n .  The gap between the t i p s  was 

i n c r e a s e d ,  but  t he  same problem was e n c o u n t e r e d ,  and 

the process had to be d r a s t i c a l l y  a l t e r e d .

In the new method,  t he  components were formed 

as nor mal ,  and then a shear i ng  process used w i t h  a 

se pa r a t e  machi ne .  The tubes were suppor ted end on,  and 

a s p e c i a l l y  desi gned p l u n g e r ,  w i t h  a g r e a t l y  extended  

c u t t i n g  t i p ,  f o r c e d  t h r oug h .  Thi s  p l unger  removed the  

b u i l t - u p  m a t e r i a l  and was much more c o n v e n i e n t  than the  

ol d method.

The f i n a l  method used was t he  one which proved  

t he most s u c c e s s f u l .  The o r i g i n a l  p l unger s  were 

reground so t h a t  the new angl e  o f  t a p e r  was 3 de gr ee s .  

Only t he s e c t i o n  o f  t he  p l unger s  b e f o r e  the s e a l i n g  

step were in c o n t a c t  wi t h  the tube ( l a s t  1 mm), and 

t h i s  meant  t h a t  the f r i c t i o n a l  f o r c e  was the same along  

the whole l e ng t h  o f  t he t ube .  When the tubes were  

def or med,  t he m a t e r i a l  b u i l t  up al ong the e n t i r e  l e n g t h
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and di d not  appear  as a s t e p .  There was an i n c r e a s e  in 

t h i c k n e s s  towards the c e n t r e  o f  the t u b e ,  but  t h i s  was 

onl y  about  30% to 50% of  the t h i c k n e s s  a t  the ends 

( w i t h  the ol d p l u n g e r s ,  t he stepped area t h i c k n e s s  

could be in the or de r  o f  300% t h a t  o f  t he ends)  . 

Al though no m a t e r i a l  was f or ced i n t o  the d e f o r ma t i o n  

zone,  t he  e f f e c t  o f  r educ i ng  the f r i c t i o n  was most  

n o t i c e a b l e .  Not on l y  were g r e a t e r  bul ge  he i g h t s  

a c h i e v e d ,  but  in some cases i t  was p o s s i b l e  to form 

components a t  h i gher  i n t e r n a l  p r e s s u r e s .  For exampl e,  

wi t h  an a x i a l  load o f  43 kN and i n t e r n a l  p r es sur e  o f

48 . 30  N/mm^, t he  ol d p l unger s  produced a bu l ge  h e i g h t  

o f  4 . 38  mm and a minimum wa l l  t h i c k n e s s  o f  71%.

However ,  t he new p l unger s  produced a bul ge  h e i g h t  o f

13 . 29  mm and a minimum wal l  t h i c k n e s s  r a t i o  o f  76% (an 

i nc r e a s e  in bul ge  h e i g h t  o f  over  200%) .  For a l oad of  

128 kN,  the  r e s p e c t i v e  v a l ue s  were 21 . 5 8  mm to 28 . 51  mm 

(32% i n c r e a s e ) ,  and 68% to 77% (13% i n c r e a s e ) .

F i gur es  61 to 71 show t he  improvements c r e a t e d  

by t he  new p l unger s  over  a l l  ranges o f  compr essi ve  

a x i a l  load and i n t e r n a l  p r e s s u r e .
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3 . 9 ) Lubrication

In the bul ge for mi ng p r oc e ss ,  t he amount o f  

f r i c t i o n  a c t i n g  between the tube bl ank and the  

d i e - b l o c k s  de t e r mi nes  the e x t e n t  of  d e f o r m a t i o n .  The 

whole process i s r e l i a n t  on the i n t e r n a l  p r es sur e  in 

the tube being l a r g e  enough to p r e v e n t  the a x i a l  load 

b u c k l i ng  the t u b e .  However ,  t h i s  i n t e r n a l  pr e ssur e  

f o r c e s  the tube w a l l s  a g a i n s t  the s i des  o f  the  

d i e - b l o c k s  and hence maxi mi ses the  r e s i s t i v e  n a t u r e  of  

t he c o - e f f i c i e n t  o f  f r i c t i o n .  F r i c t i o n  l i m i t s  the  

e x t e n t  o f  t he bu l g i ng  pr oc es s ,  s i nc e  the m a t e r i a l  

cannot  f l o w as e a s i l y  i n t o  the s i de  br anch.  A l s o ,  t he  

b u i l d - u p  o f  m a t e r i a l  on the o p pos i t e  s i de  o f  t he  tube  

to the branch is  i ncr eased i f  the m a t e r i a l  cannot  f l o w  

as e a s i l y  across the d e f o r ma t i o n  zone.

Any method which can be used to reduce the  

c o - e f f i c i e n t  o f  f r i c t i o n  must improve the bu l ge  f or mi ng  

pr oce s s ,  as g r e a t e r  bul ge h e i g h t s  can be achi eved f o r  

l ower  combi nat i ons  o f  compressi ve a x i a l  load and 

i n t e r n a l  p r e s s u r e .  The a l t e r a t i o n  o f  the  p l unge r  t a p e r s  

has been shown to reduce the area over  which the  ends 

o f  the  tube are f or ced a g a i n s t  t he  d i e - b l o c k s .  Th i s  

enhances t he  pr oc e ss ,  but  cannot  a f f e c t  the f o r m a t i o n  

of  the bul ge  w i t h i n  the branch ( i t  mer e l y  a l l o ws  more 

m a t e r i a l  to be f or ced i n t o  the d e f o r ma t i o n  z o n e ) .

Under normal  c i r c u ms t a n c e s ,  t he  tubes ar e  

formed wi t h  t he  h y d r a u l i c  o i l  used as t he p r e s s u r i s i n g  

medium a c t i n g  as a l u b r i c a n t  ( i t  i s  d i f f i c u l t  to keep 

t he o i l  o f f  the  d i e - b l o c k  s u r f a c e s ,  because each t i me  a
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component i s  unseal ed a f t e r  the pr oc e s s ,  i t s  c on t e nt s  

ar e  s p i l l e d  over  the d i e s ) .

Four l u b r i c a n t s  were used to ana l yse  the  

e f f e c t  on the components,  and these were compared 

a g a i n s t  t he st andar d t e s t s  done wi t h  t he  normal  

h y d r a u l i c  o i l .  Three of  the l u b r i c a n t s  were o i l  based,  

whereas t he f o u r t h  was a P . T . F . E .  s o l u t i o n  in aerosol  

form.  The l u b r i c a n t s  were coded ' A ' ,  1B' ,  ' C'  and ' D1 ,

and were as f o l l o w s :

L u b r i c a n t  ' A ' -  A base o i l  w i t h  .an I . S . O .  

v i s c o s i t y  o f  32,  c o n t a i n i n g  2% of  o l e i c  a c i d .

L u b r i c a n t  ' B 1- The same base o i l  w i t h  2% of  

P . T . F . E .  ( t h e  P . T . F . E .  would not  s t ay  in suspens i on ,  

and the o i l  had t o k a g i t a t e d  p r i o r  to u s e ) .

L u b r i c a n t  ' C ' -  The base o i l  w i t h  2% f r i c t i o n

m o d i f i e r  (as used in we t - b r a k e  a p p l i c a t i o n s )  .

L u b r i c a n t  ' D * -  The P . T . F . E .  in an aer oso l

s pr ay .

The h y d r a u l i c  o i l  used in the process was 

' S i l k o l e n e  Derwent  3 2 ' ,  and is coded as ' L u b r i c a n t  N ' . 

As t he v i s c o s i t i e s  o f  l u b r i c a n t s  ' A ' ,  ' B' and ' C'  were

the same as the h y d r a u l i c  o i l ,  i t  would have been 

t h e o r e t i c a l l y  p o s s i b l e  to i n c o r p o r a t e  the a d d i t i v e s  

i n t o  the main f l u i d  system.  However ,  t he  suspensi on o f  

P . T . F . E .  coul d not  be used w i t h o u t  e x t e n s i v e  

a l t e r a t i o n s  to the f i l t r a t i o n  system,  because i t  

r e q u i r e d  cons t a n t  a g i t a t i o n  to remain in suspens i on .  

For the purpose o f  these  t e s t s  however ,  i t  was not  

f e a s i b l e  to i n t r o d u c e  any a d d i t i v e s  i n t o  the systems
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h y d r a u l i c  f l u i d .

The tubes used were o f  anneal ed copper ;

9 4 . 1 4  mm in l e n g t h ,  16. 86 mm o u t s i d e  d i a me t e r  and 

0 . 95  mm wal l  t h i c k n e s s .  P r i o r  to being pl aced in the  

machi ne ,  t he  tubes were t o t a l l y  immersed in the  

l u b r i c a n t s  and the excess a l l owed to d r a i n  o f f  ( e x ce p t  

in the case o f  the  P . T . F . E .  spray when t hey were e ven l y  

coated and a l l owed to d r y ) .  The bul ge  formi ng process
o

was then c a r r i e d  out  as n o r m a l l y .

The compressi ve  a x i a l  l oads a p p l i e d  to the  

tubes were:  26 kN ( mer e l y  a s e a l i n g  l o a d ) ,  43 kN,  64 kN 

and 85 kN.  For each o f  these  a x i a l  l o a d s ,  t he  i n t e r n a l  

pr essur es  were i ncr eased from 20 . 7 0  N/mm2 up to  

r u p t u r e ,  in 6 . 9 0  N/mmc i n c r e men t s .  A l l  of  the  samples  

were then a n a l y s e d ,  except  f o r  those which were buckl ed  

or r u p t u r e d .

A f t e r  each set  o f  t e s t s ,  t he  d i e - b l o c k s  were 

t h o r o u g h l y  c l eaned wi t h  a l c oho l  to remove any t r a c e s  o f  

t he l u b r i c a n t s .  When a se t  o f  t e s t s  were to be c a r r i e d  

o u t ,  s e v e r a l  components would be formed wi t h  t he  

r e l e v a n t  l u b r i c a n t  to coat  a l l  of  t he  d i e - b l o c k  

s u r f a c e s  p r i o r  to the samples to be a n a l y s e d .

Tabl e  2 (page 210)  shows the maximum f or mi ng  

v a l ues  f o r  the t e s t s  along wi t h  t he r e s p e c t i v e  tube  

d i mens i ons .

The a n a l y s i s  o f  t he tubes f o l l o w e d  the same 

p a t t e r n  as pr ev i ous  i n v e s t i g a t i o n s ,  w i t h  c l ose  

a t t e n t i o n  being paid to the bul ge  h e i g h t s ,  wa l l  

t h i c k n e s s e s  and the tube l e n g t h s .  A l l  o f  the l u b r i c a n t s
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were ca pa b l e  o f  for mi ng t ee  p i ec e  components.

In or de r  to ana l yse  the r e s u l t s ,  t hose  

obt a i ned  from the components formed using l u b r i c a n t s  

were compared a g a i n s t  the s t andar d ( L u b r i c a n t  N) s e t .  

Resul t s  were compi l ed which i n d i c a t e d  the d i f f e r e n c e s  

between r e l e v a n t  components ( t hose  formed wi t h  the same 

i n t e r n a l  pr essur es  and compressi ve a x i a l  l o a d s ) .

Al though in some cases t he  standard samples gave b e t t e r

r e s u l t s  than those wi t h  l u b r i c a t i o n ,  i t  was a ppa r e nt  

t h a t  the components formed wi t h  a d d i t i o n a l  l u b r i c a t i o n

had improved f e a t u r e s .  For each a x i a l  l o a d ,  t he

c u mu l a t i v e  bul ge  h e i g h t  d i f f e r e n c e s  were t a b u l a t e d  and 

in a l l  but  one o f  the  s i x t e e n  cases ,  p o s i t i v e  va l ue s  

were o b t a i n e d .  These v a l u e s ,  which ar e  shown in 

Tabl e  3 (page 2 1 1 ) ,  were compared and i t  was found t h a t  

the P . T . F . E .  spray gave the most c o n s i s t e n t  improvement  

in bul ge  h e i g h t  ( 1 . 1 0  mm), f o l l o w e d  by t he  P . T . F . E .  

f i l m  ( 0 - 6 2 5  mm), f r i c t i o n  m o d i f i e r  ( 0 . 5 7  mm) and 

f i n a l l y  t he  o l e i c  acid ( 0 . 4 1 5  mm). The v a l ue s  were  

minimums,  because i t  was u s u a l l y  t he  case t h a t  t he  

st andar d samples b u r s t  a t  the l owest  i n t e r n a l  

p r e s s u r e s ,  and so the c or r espondi ng l u b r i c a t e d  

components coul d not  be compared.

However ,  when a d i f f e r e n t  approach was used,  

t he  t r ends  a l t e r e d  s l i g h t l y .  I n s t e a d  of  compar ing the  

r e s u l t s  over  the f u l l  range o f  t e s t s ,  onl y  t hose

combi nat i ons  o f  a x i a l  load and i n t e r n a l  pr e ssur e  which

produced f u l l y - f o r m e d  t ee p i eces  were c o n s i d e r e d .  The

v a l ues  compared were:  64 kN wi t h  41 . 4 0  N/mm2 and

- 98 -



4 8 . 3 0  N/mm^, and 85 kN wi t h  41 . 40  N/mmz and

4 8 . 3 0  N/mm2 . The r e s u l t s  are  shown in 

Tab!e 4 ( page 2 1 1 ) .

The change in v a l ues  ob t a i ne d  when c o n s i d e r i n g  

the s m a l l e r  range o f  l oads and pr essur es  i n d i c a t e d  t h a t  

the P . T . F . E .  f i l m  produced g r e a t e r  average bul ge  

he i g h t s  than the P . T . F . E .  s p r a y ,  w i t h  the o t h e r  

l u b r i c a n t s  showing the same t r ends  as in Tabl e  3.

The a n a l y s i s  o f  the wa l l  t h i c k n e s s e s  showed no 

c l e a r  t r e n d s ,  but  the  f a c t  t h a t  the components coul d be 

formed at  h i ghe r  i n t e r n a l  pr essur es  when l u b r i c a n t s  

were used on them,  suggested t h a t  the w a l l s  d i d  not  

t h i n  as much.  As s t a t e d  p r e v i o u s l y ,  t he  wa l l  

t h i c k n e s s e s  were s i m i l a r  f o r  the v a r i o u s  c ombi nat i ons  

o f  a x i a l  load and i n t e r n a l  p r e s s u r e .

The v a r i a t i o n  in the f i n a l  l engt hs '  o f  t he  

tubes gave the same t r e n ds  as had been exper i e nc ed  in 

the o t h e r  t e s t s .  The r e d u c t i o n  in l e n g t h  was r e l a t i v e l y  

c o n s t a n t  f o r  any g i ven  a x i a l  l o a d ,  and the e f f e c t  o f  

the  l u b r i c a n t s  not  not i ceabl e . .

F i gur es  72 to 88 show t he  g r a p h i c a l  

r e p r e s e n t a t i o n s  o f  t he  r e s u l t s .

3 . 9 . 1 ) D e t e r m i n a t i o n  o f  t he  C o e f f i c i e n t  o f  F r i c t i o n

In or de r  to r e l a t e  the r e s u l t s  ob t a i ne d  from 

the l u b r i c a t i o n  t e s t s  to the t h e o r y  which had been 

devel oped to p r e d i c t  the r e q u i r e d  compressi ve a x i a l  

l o a d s ,  i t  was necessar y  t o o b t a i n  a v a l u e  f o r  the  

c o - e f f i c i e n t  o f  f r i c t i o n  between the d i e - b l o c k s  and the  

copper  t ube s .  Thi s  was achi eved by c a r r y i n g  out  t e s t s
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on the machine using a s o l i d  c y l i n d e r  of  copper  (a  

st andar d copper  tube could not  be used,  as t he  process  

r e q u i r e d  the bl ank  to be a x i a l l y  loaded from one 

d i r e c t i o n  o n l y ,  and wi t h o u t  i n t e r n a l  pr essur e  the tube  

would be crumpled and not  s t ay  in c o n t a c t  wi t h  the  

d i e - b l o c k s ) .

The b i l l e t  was 24 . 2 0  mm in o u t s i d e  d i a me t e r  

( i t  was s l i g h t l y  l a r g e r  than the s t andar d tubes so t h a t  

i t  coul d be clamped in p l ac e  between the d i e - b l o c k s )  

and 107 mm in l e n g t h .  One o f  t he p l unger s  was removed 

from the machi ne ,  so t h a t  the a x i a l  load was on l y  

a p p l i e d  from one s i d e .  The b i l l e t  was clamped in the  

d i e - b l o c k s ,  and then the p l unger  advanced u n t i l  i f  

touched i t  ( t h e  pr essur e  to the c y l i n d e r  was j u s t  

s u f f i c i e n t  to advance the p l u n g e r ,  but  not  to push t he  

b i l l e t  through t he  d i e - b l o c k s ) .  The pr es sur e  to the  

c y l i n d e r  was then i ncr eased u n t i l  the p l unger  s t a r t e d  

to move the b i l l e t .  Thi s  pr ocedur e  was r e pe a t e d  s e v e r a l  

t i m e s ,  w i t h  t he l oads and d i s p l a c e me nt s  moni t or ed  on 

the u l t r a - v i o l e t  r e c o r d e r .

When the l oads were ana l ysed and a v e r a ge d ,  t he  

v a l u e  ob t a i ne d  f o r  the c o e f f i c i e n t  0 f  f r i c t i o n  

was 0 . 3 .
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3 e l O ) The E f f e c t  o f  A l t e r i n g  the  Branch Radius

Four sets  o f  d i e - b l o c k s  were manuf act ur ed  

which were i d e n t i c a l  in every  r e s p e c t  except  f o r  the  

branch r a d i u s .  The r a d i u s  in ques t i o n  is t h a t  a t  the  

i n t e r s e c t i o n  o f  the c e n t r a l  passage and the s i de  

br anch.  When the d i es  are ma n u f a c t u r ed ,  t he  cur ves o f  

i n t e r p e n e t r a t i o n  r e s u l t  in ' k n i f e - e d g e s ' .  Components 

cannot  be formed wi t h  d i e - b l o c k s  such as t h e s e ,  because  

the edges shear  the metal  a t  ver y  low a x i a l  l oads and 

i n t e r n a l  p r e s s u r e s .  T h e r e f o r e ,  a l l  d i e - b l o c k s  have a 

r a d i u s  along these c u r v e s ,  to p r e v en t  the above 

happeni ng.  The f o l l o w i n g  t e s t s  were c a r r i e d  out  to  

i n v e s t i g a t e  the e f f e c t  o f  v a r y i n g  t h i s  r a d i u s .

The r a d i i  s e l e c t e d  were 2 mm, 3 mm, 4 mm and 

5 mm. Thi s  range was s e l e c t e d  because; f o r  any v a l u e  

below 2 mm, t he tubes r up t ur e d  a t  the i n t e r s e c t i o n  

because o f  the s e v e r i t y  o f  the c or ner  a n g l e .  D i e - b l o c k s  

were not  manuf act ur ed wi t h  a r a d i u s  in e xcess~of  5 mm 

because the formed components were v i s u a l l y  

unsat i s f ac t or y  wi t h  r e s p e c t  to an i n d u s t r i a l  

a p p l i c a t i o n  ( t h e  c r i s p  t e e  p i ece  shape was l o s t ) .

Al l  o f  t he d i e - b l o c k s  were t e s t e d  over  the  

same r ange:  compressi ve  a x i a l  loads o f  85 kN,  106 kN,
9

128 kN and 149 kN and i n t e r n a l  pr essur es  o f  27 . 60  N/mm
2and i ncr ement i ng  in 6 . 90  N/mm s t e p s .  Most o f  the  

samples wi t hs t ood  the h i g h e s t  i n t e r n a l  p r essur e  the  

machine could pr oduce,  a l t hough t h e r e  were two 

e x ce pt i ons  when the tubes b u r s t  a t  5 5 . 2 0  N/mm2 . The 

maximum formi ng va l ues  and the r e s p e c t i v e  tube
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di mensi ons ar e  shown in Tabl e  5 (page 2 1 2 ) .

F i gur es  89 to 94 show t he  g r a p h i c a l  

r e p r e s e n t a t i o n s  f o r  tubes formed wi t h  a compr essi ve  

a x i a l  load of  85 kN and v a r i o u s  i n t e r n a l  p r e s s u r e s .  

Al though the bul ge he i g h t s  ob t a i ned  f o r  the f o u r  v a l ue s  

of  branch r a d i i  are  s i m i l a r ,  t he  2 mm r a d i us  p r ov i d es  a 

branch wi t h  the h i ghe s t  va l ue  o f  the  per c en t age  o f  

o r i g i n a l  wa l l  t h i c k n e s s  a t  the dome c e n t r e ,  f o l l o w e d  by 

t he 3 mm r a d i u s ,  w i t h  maximum r e d u c t i o n s  in t h i c k n e s s  

being obt a i ned  wi t h  the 4 mm and 5 mm r a d i i .

F i gur es  95 to 100 d e p i c t  the r e s u l t s  f o r  a

compressi ve  a x i a l  load of  106 kN. The t r e n ds  ar e

s i m i l a r  to the above,  except  t h a t  the 2 mm and 3 mm 

r a d i i  tend to g i v e  g r e a t e r  bul ge he i g h t s  than the 4 mm 

and 5 mm ones.

Fi gur es  101 to 106 d e p i c t  the r e s u l t s  f o r  a

load of  128 kN. The t r ends  ar e  the same as f o r  the

106 kN Toad.

Fi gur es  107 to 112 d e p i c t  t he r e s u l t s  f o r  a 

l oad of  149 kN. Again the r e s u l t s  ar e  s i m i l a r  to those

f o r  the 106 kN and 128 kN l o a d s .

Tabl e  5 shows t he components which b u r s t  or

b u c k l e d ,  and these are not  i nc l uded in the g r a p h i c a l

r e p r e s e n t a t i o n s .

F i gur e  113 shows t h a t  the r a t i o  o f  f i n a l  to 

i n i t i a l  l e ng t h  o f  t he tube decr eases  as t he compr ess i ve  

a x i a l  load i n c r e a s e s .  However,  v a r y i n g  the v a l u e  o f  the  

branch r a d i u s  does not  produce any a ppa r e n t  t r e n d s .

F i gur e  114 d e p i c t s  how t he r a t i o  o f  f i n a l
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bul ge h e i g h t / o r i g i n a l  r a d i us  v a r i e s  wi t h  i n t e r n a l  

pr essur e  and a x i a l  l o a d .  The i n t e r n a l  pr e ssur e  onl y  

produces a smal l  improvement  in the va l ue  o f  H/Rg,  

whereas t he compr essi ve a x i a l  load produces a 

n o t i c e a b l e  i n cr e a se  in the r a t i o .  Wi th l oads o f  149 kN,  

128 kN and 106 kN, t he  s ma l l e r  the branch r a d i u s ,  t he  

h i ghe r  the v a l ue  of  H/ RQ. However ,  w i t h  the  85 kN load  

the t r end is r e v e r s e d .
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FIGURE 13(a)
A Tee Piece During Forming

FIGURE 13(b)

Elememt Of Tee Piece During Forming

FIGURE 13(c)
Mie-Formed Off-Set Joint.
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Various Internal Pressures.
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Various Internal Pressures.
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FIGURE 33

The Wall Thickness Distributions Along The Side 

Branches And Domes Of Cross Joints Formed At 
Various Internal Pressures And With Various 

Compressive Axial Loads.
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The Wall Thickness Distributions Along The Side
Branches And Domes Of Cross Joints Formed At

Various Internal Pressures.
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FIGURE 35

The Wall Thickness Distributions Along The Side

Branches And Domes Of Cross Joints Formed At

Various Internal Pressures.
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FIGURE 36

The Wall Thickness Distributions Along The Side

Branches And Domes Of Cross Joints Formed At
Various Internal Pressures.
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FIGURE 37

The Wall Thickness Distributions Along The Side 
Branches And Domes Of Cross Joints Formed At 

Various Internal Pressures And With Various 

Compressive Axial Loads.
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The Final To Original Tube Length Variation
Against Compressive Axial Load For Cross Joints

Formed From Tubes Of Different Wall Thicknesses.
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FIGURE 39
The Bulge Height To Original Tube Radius Variation 

Against Internal Pressure For Cross Joints Formed 

From Tubes With Different Wall Thicknesses.
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The Wall Thickness Distributions Along The Side
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FIGURE 48

The Final To Original Tube Length Variation 

Against Compressive Axial Load For Tee Pieces? 

Cross Joints And Off-Set Pieces.
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The Final To Original Tube Length Variation

Against Compressive Axial Load For Tee Pieces

Formed From Aluminium? Copper And Steel-
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The Wall Thickness Distributions Along The Side
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The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed From

Aluminium? Copper And Steel.
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FIGURE 56
The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed From

Aluminium, Copper And Steel.
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FIGURE 57

The Wall Thickness Distributions Along The Side
Branches And Domes O-f Tee Pieces Formed From

Aluminium? Copper And Steel-
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FIGURE 58

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed From

Aluminium? Copper And Steel.
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FIGURE 59
The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed From

Aluminium, Copper And Steel.
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FIGURE 61

.The Wall Thickness Distributions Along The Side
Branches And Domes Of Tee Pieces Formed With

Plungers With Different End Tapers.
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FIGURE 62

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With
Plungers With Different End Tapers.
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FIGURE 63
The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With
Plungers With Different End Tapers.
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FIGURE 65

The Wall Thickness Distributions Along The Side

Branches And Domes 0-f Tee Pieces Formed With
Plungers With Different End Tapers.
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FIGURE 66

The Wall Thickness Distributions Along The Side
Branches And Domes Of Tee Pieces Formed With

Plungers With Different End Tapers.
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FIGURE 67

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With

Plungers With Different End Tapers.

- 161 -



PE
RC

EN
TA

GE
 

OF 
OR

IG
IN

AL
 

WA
LL

 
TH

IC
KN

ES
S 

ro
.oo

 
80.

00 
90.

00 
10

0.
00
 

11
0.

00
 

12
0.

00
 

13
0.

00
 

mo
.0

0 
15

0.
00
 

16
0.

00

28-00 kN 
07*00 mm

AXIAL FORCE 
ORIGINAL LENGTH 
ORIGINAL WALL THICKNESS

N E W  T A P E R
I  y i § ? ^ L _  PRESSURE/TEST_NO^

□  4 8 • 3N /m m « *2 /T 117
*  4 8 . 3 N / m m * * 2 / C l  16.

O L D  T A P E R

0.00 4 . 0 0 8 . 00 1 2-00 1 6 . 00 20 . 00 2 4 . 0 0 2 8 . 0 0
Y (HEIGHT UP THE SIDE BRANCH FROM ROOT)mm

FIGURE 68

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With
Plungers With Different End Tapers.
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FIGURE 69

The Wall Thickness Distributions Along The Side
Branches And Domes Of Tee Pieces Formed With

Plungers With Different End Tapers.
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Formed With Plungers With Different End Tapers.

- 164 -



N E W  T A P E R

1 2 8  k N

to O L D  T A P E R

cc ▼-O _1

o
UJ !M~

N E W  T A P E R
UJ

8 5  k N
u

CD o -
O L D  T A P E R

z
u_

7 0 . 0 02 0 . 0 0 3 0 . 0 0 4 0 . 0 0 6 0 . 0 05 0 . 0 0

I N T E R N A L  P R E S S U R E  ( N / m m * * 2 )
FIGURE 71

The Bulge Height To Original Tube Radius Variation 
Against Internal Pressure For Tee Pieces Formed 

With Plungers With Different End Tapers.

- 165 -



PE
RC

EN
TA

G
E 

OF
 

O
R

IG
IN

AL
 

W
AL

L 
TH

IC
K

N
E

S
S

76
.0

0 
80

.0
0 

84
-0

0 
88

.0
0 

92
-0

0 
96

-0
0 

10
0.

00
 

10
4-

00
 

1
0

8
-0

0

o
o

2 6 . 0 0  kN 
9 4 * 1 4  mm 

0 - 9 5  mm

AXIAL  FORCE 
ORIGINAL LENGTH 
ORIGINAL WALL THICKNESS

«t 20-7N /mm**2 /LB01  
A 20-7N/mm*»2/LA01  
Z  20 -7N/mm«‘ 2/LN01  
□  2 0 - 7N/
511 2 0 - 7N/

0.00 0.16 0-32 0.48 0 . 6 4 0 - 8 0 0 . 9 6

Y (HEIGHT UP THE SIDE BRANCH FROM ROOT)mm

FIGURE 7E

The Wall Thickness Distributions Along The Side 

Branches And Domes Of Tee Pieces Formed Using 
Various Lubricants.

- 166 -



PE
RC

EN
TA

G
E 

OF
 

O
R

IG
IN

AL
 

W
AL

L 
TH

IC
K

N
E

S
S

74
.0

0 
78

.0
0 

82
-0

0 
86

-0
0 

90
-0

0 
94

-0
0 

98
.0

0 
10

2-
00

 
1

0
6

.0
0

o
o

O-l
AXIAL  FORCE 
ORIGINAL LENGTH 
ORIGINAL WALL THICKNESS

. iyi§?NAL_PRESSURE/TEST_N9_.

*  27-GN/m'■>••2/1.302
*  2 7 .6 N /m m * * 2 / L A 0 2
5 2 7 . GN/mm*®2/LN02
D 27 .6 N /m m« *2 /L D 02
*  27 - 6N/mm**2 /LC02

0.00 0 . 8 00 . 4 0 1 . 20 2 - 8 01 - 6 0 2 . 00
Y (HEIGHT UP THE SIDE BRANCH FROM ROOT)mm

FIGURE 73

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed Using

Various Lubricants.
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The Wall Thickness Distributions Along The Side
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FIGURE 75

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed Using

Various Lubricants.
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FIGURE 76

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed Using

Various Lubricants.
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FIGURE 77

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed Using

Various Lubricants.
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The Wall Thickness Distributions Along The Side
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Various Lubricants.
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FIGURE 86

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed Using

Various Lubricants.

- 180 -



L
f/

L
o

 
(R

AT
IO

 
OF

 
FI

N
A

L 
TO

 
IN

IT
IA

L
 

TU
BE

 
LE

N
G

T
H

)0/
.

4
0

.0
0 

5
0.

00
 

6
0

.0
0

 
7

0.
00

 
8

0.
00

 
9

0
.0

0
 

1
0

0
.0

0

0.00 2 0 - 0 0 4 0 . 0 0 6 0 - 0 0 8 0 . 0 0 1 0 0 . 0 0 1 2 0 . 0 0 140 -0 0

COMPRESSIVE AXI AL LOAD (kN)

FIGURE 87

The Final To Original Tube Length Variation
Against Compressive Axial Load For Tee Pieces

Formed Using Various Lubricants.
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The Wall Thickness Distributions Along The Side
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Various Branch Radii.
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FIGURE 9S
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FIGURE 9 6
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FIGURE 97

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With
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FIGURE 9 8

The Wall Thickness Distributions Along The Side
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FIGURE 99

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With

Various Branch Radii-
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FIGURE 100
The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With

Various Branch Radii.
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FIGURE 101

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With

Various Branch Radii.
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FIGURE 1 02

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With
Various Branch Radii.
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FIGURE 103

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With

Various Branch Radii.
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FIGURE 104

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With

Various Branch Radii.
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FIGURE 1 05

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With

Various Branch Radii.
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FIGURE 106
The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With

Various Branch Radii.
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FIGURE 107

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With
Various Branch Radii.
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FIGURE 108

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With

Various Branch Radii.
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FIGURE 109
The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With
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FIGURE 1 10

The Wall Thickness Distributions Along The Side

Branches And Domes Of Tee Pieces Formed With

Various Branch Radii.
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FIGURE 111

The Wall Thickness Distributions Along The Side
Branches And Domes Of Tee Pieces Formed With

Various Branch Radii.
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FIGURE 112

The Wall Thickness Distributions Along The Side
Branches And Domes Of" Tee Pieces Formed With

Various Branch Radii.
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The Final To Original Tube Length Variation

Against Compressive Axial Load For Tee Pieces

Formed With Various Branch Radii.
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4 .  T H E O R E T I C A L  A N A L Y S I S

4 . 1 ) T h e o r e t i c a l  Wall Th ickness  D i s t r i b u t i o n

The f o l l o w i n g  ge o me t r i c a l  a n a l y s i s  i s  an 

e x t e n s i on  of  the a n a l y s i s  to p r e d i c t  the v a r i a t i o n  in 

the wal l  t h i c k n e s s  around the bul ge p r o f i l e  pr esent ed  

in r e f e r e n c e s  29,  30 and 31.  The t h e o r y  d e a l s  wi t h  the  

expansi on o f  a t u b u l a r  bl ank i n t o  an ax i symmet r i c  

component i . e .  one having the same expansi on a l l  around 

the a x i s ,  in a d d i t i o n  to formi ng i n t o  a s i de  br anc h .  In 

or de r  to ana l yse  these two cases o f  bul ge f o r m i n g ,  the  

f o l l o w i n g  assumpt ions are  made:

1 ) the d e f o r ma t i o n  p r o f i l e  a t  any i n s t a n t  can 

be de sc r i be d  by a c i r c u l a r  a r c ,

and 2 ) the e f f e c t  o f  a d d i t i o n a l  m a t e r i a l  fed i n t o  

the d e f o r ma t i o n  zone may be taken i n t o  account  by 

i n t r o d u c i n g  an appar ent  s t r a i n  f a c t o r  ( ASF) .

4 . 1  . l ) Expansi on o f  a Curved S u r fa c e

R e f e r r i n g  to F i gur e  115a,  t he  arc ABC of  

i n i t i a l  uni f orm t h i c k n e s s  t ^ ,  p o l a r  h e i g h t  and 

r a d i us  o f  c u r v a t u r e  4^,  expands to an arc A ' B ' C '  of  

p o l a r  he i g h t  and r a d i us  o f  c u r v a t u r e  U n l i k e  the  

pr ev i ous  a n a l y s i s  where i t  had been assumed t h a t  the  

new arc would have had po i n t s  A and C (hence AB'C) in 

common wi t h  the i n i t i a l  a r c ,  t h i s  t h e o r y  t a k es  i n t o  

account  the r a d i us  o f  the j u n c t i o n  between the t ube and 

the branch ( F i g u r e  1 1 5b ) .  P r a c t i c a l l y ,  i t  i s  known t h a t  

i f  the angl e  between the tube and the branch is  9 0 ° ,  

and t h e r e  is no r ad i us  on the c o r n e r s ,  the component
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w i l l  be r u p t u r e d  at  t h i s  p o i n t .  These cor ne r s  must have 

a s l i g h t  r a d i u s  on them to a l l o w  t he m a t e r i a l  to f l ow  

i n t o  the br anch,  and so in t h i s  t h e o r y ,  t he  branch  

r a d i us  i s  r e p r es e n t e d  by ' r g ' .

a h e i g h t  from the chord AC on the undeformed arc 

ABC. On the expanded arc A ' B ' C ' ,  t h i s  same p o i n t  has an 

a x i a l  p o s i t i o n  o f  and h e i g h t  h2 f rom the chord AC 

( t h e  chord AC has the same 1Y ' c o - o r d i n a t e  as A ' C ' ;  

onl y  t he ' X 1 c o - o r d i n a t e s  have changed) .

From the geomet r y:

Consider  a p o i n t  d i s t a n c e  x^ from the ax i s  and

x 2 = ( h2 + y 2>

and * !  = (hx + y1)

Combining these two equat i ons  g i ve s

X2 = y x ( h2 *  y 2 }

X1 y 2 ( hl  + y l> ( ! ) •

However,  from the geomet r y ,

y 2 H2 = (a  -  r B) 2 and y 1 H1 = a2 .

Combining these two equat i ons  g i v e s :

( 2 ) .

S u b s t i t u t i n g  f o r  y^ and y 2 in ( 1 )  g i v e s :

X1 ( a •  r B) 2 Hl ( hl  + a2 / H l )

which becomes,

Xg = a2 HxH2 (H2 h2 + ( a  -  r B) 2 ) 

X1 ( a " r B) 2 Hl H2 ^Hl hl  + ®2 ^ ( 3 ) .
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Also from the geomet r y ,

2
1

( H j  -  hx )  ( 4 ) ,
2

and y 2 + h2 = x2

( H2 -  h2 )  ( 5 ) .

Combining e quat i ons  (4)  and ( 5 )  wi t h  e q ua t i o n  ( 1 )  

g i v e s :

x 2  = y 2 ( H 2 " ^2 ^

x i  y i ( Hi  -  hi )

B u t , from equa t i on  ( 2 ) ,

y 2 = H j ( a  -  r B) Z

y l  » 2 a 2

thus :

X2 " ” r B̂  ^ 2  ~ ^2 ^

X1 **2a ( -  h^)  ( 6 ) .

Combining equa t i ons  (3)  and ( 6 ) g i v e s :

a 2 H1 H2 ( H 2 h2 + ( a  -  r R) Z) = ^ ( 8  -  r B) 2 ( H2 -  h2 )

( a  -  r B) 2 H1 H2 ( H 1 h1 + a2 ) H2 a 2 ( H 1 -  h j )  ,

a 2 ( H2 h2 + ( a  -  r B) 2 ) = H j f a  -  r B) 2 ( H 2 -  h2 )

( a  -  r B) 2 ( H 1 h1 + a2 ) H2 a 2 ( H 1 -  hx )

H2 a4 ( H j  -  h1 ) ( H 2 h2 + ( a  -  r B) 2 )

= H ^ a  -  r B) 4 ( H2 -  h j j H H j h j  + a 2 )

H1 H2 a 4 (H2 h2 + ( a  -  i~B) 2 ) -  h1 H2 a 4 ( H 2 h2 ♦ ( a  -  r B) 2 )

= H1 2 h1 (a  -  r B) 4 ( H2 -  h2 ) + a 2 H1 ( a  -  r B) 4 ( -  h2 ) ,
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H1 H2 a4 ( H2 h2 + (a -  r B) )  -  a 2 Hx (a -  r B) 4 ( H£ -  h2 )

= H1 2 h1 (a -  r B) 4 ( H2 -  h2 ) + h1 H2 a 4 ( H2 h2 + (a -  r B) 2 ) ,

H ̂ a2 [ a 2 H2 ( H2 h2 + (a  -  r B) 2 ) (a  r  g)  ̂  ̂2 ” ^2 ^

= -  r B) 4 (H2 -  h2 )

+ H2 a 4 ( H2 h2 + (a  -  r B) 2 ) ]  9

= H1 a 2 [ a 2 H2 ( H2 h2 + ( a  -  r B) 2 ) -  ( a -  r B) 4 ( H2 -  h2 ) ]  

Hl 2 ( a -  r B) 4 ( H2 -  h2 ) + H2 a 4 ( H2 h2 + ( a  -  ̂ [ 7 )

S u b s t i t u t i n g  f o r  in e quat i on  ( 3 ) :  

x 2 = a2 ( H2 h2 + (a  -  r*B) 2 )

X1 ( a ~ r B^2 ^Hl hl  + ®2  ̂ ’

* 2  = a2 ( H 2 h2 J+ ” i^b)2 ) CH1 ( a  -  Tg) (H2 -  h2 )

x.  + H2 a 4 (H2 h2 + ( a  -  r B) ]

( a  -  r B) 2 [ H 1 2 a 2 ( a 2 H2 ( H 2 h2 + {a  -  r B) 2 )

-  ( a  -  r B) 4 ( H2 '  h2 ^  + a2 [ H 12 (a  -  r B) 4 ( H2 -  h2 )

+ H2 a 4 {H2 h2 + ( a  -  r B) 2 ) ]

However,  i f  i t  i s assumed t h a t  a l l  the  

components ar e  formed from c y l i n d r i c a l  tubes wi t h  no 

p r i o r  bu l g i ng  (which is the case f o r  a l l  of  t he t e s t s

done)  , can be taken as zero ( H : = 0 ) .

The e q ua t i o n  t h e r e f o r e  s i m p l i f i e s  t o :

x 2 = a 2 ( H 2 h2 + ( a  -  r B) 2 ) [ H 2 a 4 ( H2 h2 + ( a  -  i~B) 2 ) ]

Xj  ( a  -  r B) 2 a 2 [ H 2 a 4 ( H 2 h2 + ( a  -  r B) 2 } ]

x 2 = ( H2 h2 + ( a  -  r B) 2 )

* 1  ( a  -  r B) 2

i . e .  x? = 1 + H2 h2

x! ( a  - r B) 2  (8 ) .
4 . 1 . 2 ) Axi symmet r i c  Expansion o f  a T u bu l a r  Branch

R e f e r r i n g  to F i gur e  115c,  f o r c e  e q u i l i b r i u m  in
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the me r i d i o n a l  d i r e c t i o n  o f  an e l ement  o f  the deformed  

p r o f i l e  g i v e s :

d ( ° L t )  = ( o .  -  0 L ) t

dr  r   ( 9 )  .

S i m i l a r l y ,  the f o r c e  e q u i l i b r i u m  in the  

normal  d i r e c t i o n  is g i ven  by:

- 1 = l z  *  I k
t  « „  t L  ( 1 0 ) .

At t h i s  p o i n t  we assume t h a t  dur i ng  the  

e n t i r e  de f o r ma t i o n  process and 0 |_ w i l l  be 

connected by:

= Ko|_ ................... ( 1 1 )  *

where K = (2 -  G * / $L ) .

S u b s t i t u t i n g  f o r  in equa t i on  ( 9 ) ,

andL. L y U

t  = t g  at  r  = Tq , we o b t a i n ,

° L  = ° L , 0 t 0 « . e x P [ ( r 0 ‘  * J / p L ]  ( 1 2 ) »

where i s  t he o r i g i n a l  tube r a d i u s ,  and t g  i s  the

o r i g i n a l  t h i c k n e s s .

S i m i l a r l y ,  s u b s t i t u t i n g  f o r  in 

equa t i on  ( 1 0 ) and s i m p l i f y i n g  g i v e s ,

P = 2 ol

t  ^   ( 1 3 ) .

Now, the g l oba l  f o r c e  e q u i l i b r i u m  of  the  

bulged p o r t i o n  o f  the tube f o r  r a d i u s  r  £ Tg can be 

shown to y i e l d :

° L , 0  = P* L / t : 0 ...............( 1 4 ) “

We s h a l l  now make use of  the  Levy- Mi ses

i n t e g r a t i n g  and a l so not i ng t h a t  ° l  = 0
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p l a s t i c  f 1 nw r u l e  which may be w r i t t e n  as:  
e l ■ e 2 ■ e 3 = A

where = 1 n

( 1 5 )

x£
L 3 
» €2 = 1n

k
j and €3= In t *

' X
 

t—» r o t 0.

and 0^'  , 0 2 ' and 0 3 ' are the d e v i a t o r i c  components o f  

t he p r i n c i p a l  s t r e s s e s  = o^,  ~ °«- an(* °3  =

r e s p e c t i v e l y .  The h y d r o s t a t i c  components o f  the  

p r i n c i p a l  s t r e s s e s  are g i ven  by ( » !  *  o2 ) / 3  where 

0  ̂ = - p  and is cons i der ed n e g l i g i b l y  smal l  in 

compar ison to and 0 

Thus:

= 0 . -  ( 0 | o J / 3  .

and = -  («L + ° j / 3  *

S u b s t i t u t i n g  f o r  o^* and 0 2 ' in equat i on  ( 15 )  

we o b t a i n :

-  ( o L + o J / 3

I °L " ^°L + 0 / 3  

= 3<j -  0 , -

3o - 0 . - 0L '  WL 

= 2 o  _ -  0

2 ol  -  0. ( 1 6 ) .

S u b s t i t u t i n g  f o r  0^ from e quat i on  ( 11 )  g i v e s :  

= 2 Ko, -  0 .

2 o^ -  Ko^

= 2K -  1

2 -  K .

But K = (2 -  , s o :

h  = 2 ( 2  ~ * - / t L )  '  1
€ 1 2 -  ( 2  -  t J t L )
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= 3 -  2 y t L

or  = m€j  ( 1 7 )  ,

where m = (3 -  ZtJtL)/{tJtL) ------------- ( 1 8 ) .

From the p r i n c i p l e  o f  volume const ancy :

6 1 + € 2 + € 3 = 0

S u b s t i t u t i n g  f o r  €g from equa t i on  ( 17 )  and

r e - a r r a n g i n g  g i v e s :

€ 3  = -  ( 1  + m) € 1  ( 1 9 ) ,

but  6 3  = In pnd = In

Hence,  e qua t i o n  ( 19 )  becomes:

I n t = -  ( 1  + m) 1 n x 2

* 0 p xi .
= In

so t h a t  t  = t,

( * , ) [1 + m)

( x2)

( * j )
( 1  + m)

( x?). ( 20).
S u b s t i t u t i n g  f o r  ( x ^ / x 2 ) from e qua t i o n  ( 8 ) ,  

t he c u r r e n t  t h i c k n e s s  a t  any p o i n t  = ( r  -  Tg) on 

the bulged p r o f i l e  can be expressed as:  

t  = t (0

or t  =

1 + H2h2 (1 + m)

( a -  r B)Z
1

1 + H2h2 (1 + m)

. <a '  r B)2 .

( 2 1 ) ,
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4 . 1 . 3 ) Asymmetr ic Bul gi ng o f  a Tube i n t o  a Si de C a v i t y

The t he or y  c ons i d er s  the bu l g i ng  of  a t u b u l a r  

bl ank such t h a t  a s i de  branch is  formed having a 

d i a me t e r  equal  to t h a t  o f  the b l a n k .  The success i ve  

d e f o r ma t i o n  mode is i l l u s t r a t e d  s c h e m a t i c a l l y  in F i gur e  

116.

Dur ing the i n i t i a l  p r ocess ,  the chord l e ng t h  

DEF in the a x i a l  d i r e c t i o n  s t a r t s  to form a r a d i u s  o f  

= •  t o  Cg. In the t r a n s v e r s e  d i r e c t i o n  the curved  

l e ng t h  s t a r t s  to deform from = r Q t °  i s  the

r a d i u s  o f  c u r v a t u r e  o f  the common s p h e r i c a l  dome t h a t  

i s  f ormed,  w i t h  a he i ght  o f  H<.. Thi s r a d i u s  remai ns  

c ons t a n t  f o r  the r e s t  o f  the expansi on pr ocess .

R e f e r r i n g  to F i gur e  116,  and c o n s i d e r i n g  the

geomet ry in the a x i a l  d i r e c t i o n :

r 0 2 = ( 2 t S " HS > HS

« s = 0 . 5 ( r fl2 / H s + H s )

2HS  ( 2 2 ) .

In the c i r c u m f e r e n t i a l  d i r e c t i o n :

* s  = r 0 + HS  *
where i s  the p o l a r  h e i g h t  o f  the dome

when Hence,  combining equa t i ons

( 22 )  and ( 2 3 ) :

r 0 + HS -  r 0 2 *  HS2 

2HS

2Hsr o +2 HS2 " HS2 '  r 0 2 = 0 ’

HS2 + 2 HSr 0 ■ r Q2 = 0
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Sol v i ng t h i s  q u a d r a t i c  e quat i on  f o r  g i v e s :

H$ = ( / 2  -  l ) r Q or  ( - / 2  -  l ) r Q .

As H«. must be p o s i t i v e :

H$ = ( / 2  -  l ) r Q  ( 2 4 ) .

S u b s t i t u t i n g  H<. i n t o  equat i on  ( 2 3 ) :

* s  = r 0 + ^  " 1 ^ r 0 9
* s = / 2 r Q  ( 2 5 ) .

Dur ing the i n i t i a l  stages o f  b u c k l i n g ,  u n t i l  

the p o l a r  h e i g h t  becomes H,., the t h i c k n e s s  d i s t r i b u t i o n  

along the p r o f i l e  in the a x i a l  d i r e c t i o n  is g i ven by 

e qua t i on  ( 2 1 ) .  At any i n t e r m e d i a t e  stage the va l ue  o f  m 

i s c a l c u l a t e d  from equat i on  (18) .  using the p r e v a i l i n g  

va l ues  o f  and When the s p h e r i c a l  dome o f  h e i g h t  

H<. has for med,  wi t h  a r a d i us  o f  c u r v a t u r e  then  

and t h e r e f o r e  m = 1 .

Hence,  e qua t i on  ( 21)  becomes:  

t  =

1 + Hsh2

( a -  r e ) 2J  ( 2 6 ) .

Thi s g i ves  the t h i c k n e s s  d i s t r i b u t i o n  along  

the deformed p r o f i l e  o f  the s p h e r i c a l  cap.

4 . 1 . 4 )  Bul g i ng A f t e r  (■» =

Once a s p h e r i c a l  cap o f  r a d i u s  o f  c u r v a t u r e  

i s  formed,  any f u r t h e r  expansi on t akes  p l ac e  in a mode 

de p i c t e d  in F i gur e  116,  such t h a t  p a r t  o f  t he t u b u l a r  

branch is formed wi t h  a s p h e r i c a l  cap o f  r a d i u s  o f  

c u r v a t u r e

An el ement  ' d l '  o f  the bulged s p h e r i c a l  cap 

expands and takes  the form of  the r i n g  e l ement  o f  the
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t u b u l a r  br anch.  Appl y i ng the p r i n c i p l e  o f  volume  

c o n s t a n c y ,

2 i r x . d l . t  = 2 i r r Q . d l . t j  ,

where t j  i s the wa1 1 - t h i c k n e s s  o f  the r i n g  e l ement  of

t he t u b u l a r  br anch.  R e - a r r a n g i n g  and t a k i n g  1 og g 

y i e l d s ,

I n  ( r Q/ x )  + In  ( t j / t )  + In  ( d L / d l )  = 0   ( 2 7 ) .

But ,  f o r  t h i s  t ype o f  d e f o r m a t i o n , .pr ev i ous  work by Hashmi ( 3 1 ) 

has shown t h a t  I n  ( T q / x )  = I n  ( d L / d l )  a t  any p o i n t ,  hence,

I n  ( t / t j )  = I n  ( r Q/ x ) 2

so t h a t  t j  = t . ( x / r Q ) 2  ( 2 8 ) .

A l s o ,  s i nce  I n  ( r Q/ x )  = In  ( d L / d l ) ,  we have

Tq/ x = d L / d l .

But from the geomet r y ,  x = G ^ s in *  and dl  = ^ d *  , 

hence,  r Q = r Q = dL

x £ <«s i  n<> (<.d* ,
so t h a t ,

rQeosec^d^ = dL .( 2 9 ) .

I n t e g r a t i n g  equat i on  ( 29 )  and not i ng  t h a t  L = 0 f o r  

♦ = ♦q and L = -  Lq f o r  ♦ = , the angl e  g i v i n g  arc

l e n g t h  $ 5^  on the curved s ur f a c e  which a c t u a l l y  forms

the wal l  of  the t u b u l a r  branch o f  h e i g h t  Lq*, we o b t a i n :  

l n [ t a n ( . L/ 2 ) / t a n ( . 0 / 2 ) ]  = -  [ L „ / r 0 ] , 

which upon r ear r angement  g i v e s :

* L = 2 t a n - 1 [ t a n ( « 0 / 2 ) e x p ( - L 0 / r 0 ) ] ................................ .( 3 0 ) .

Now s u b s t i t u t i n g  ( x / r Q) = ( t ss i n * L/ r 0 ) in e q u a t i o n  

( 2 8 ) ,  the wal l  t h i c k ne s s  a t  the j u n c t i o n  o f  t he  t u b u l a r  

branch o f  l e ng t h  Lq and the s p h e r i c a l  dome o f  r a d i u s  o f  

c u r v a t u r e  i s  found to be,

t L = ( t t s2 s i n 2 . L ) / r „ 2............................................. ..( 3 1 )
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where t ,  which i s  the t h i c k n e s s  on the curved s ur f a c e  

at  «• = i s  g i ven  by equa t i o n  ( 26 )  a f t e r  

s u b s t i t u t i n g ,

h 2 = h«L = HS '  t s ( 1 " cos* l ) •

Once the va l ue  o f  the wal l  t h i c k n e s s  at  the

j u n c t i o n  o f  the t u b u l a r  branch and the s p h e r i c a l  cap i s  

found,  the t h i c k n e s s  d i s t r i b u t i o n  along the s p h e r i c a l  

cap can be det er mi ned in the same manner as de sc r i be d  

above i . e . :

1 + Hsh -
<a -  r B) 2

where t 1 i s the wal l  t h i c k n e s s  o f  the expanded 

s p h e r i c a l  cap a t  a he i ght  o f  h ^ f r o m  the j u n c t i o n  o f  

the t u b u l a r  branch and the s p h e r i c a l  dome - see F i gur e  

116.  he^ v a r i e s  from 0 at  the j u n c t i o n ,  to a t  the t i p  

o f  the dome.

4 . 1 . 5 ) The E f f e c t  o f  Ax i a l  Def or mat i on

Feeding new m a t e r i a l  i n t o  the d e f o r m a t i o n  zone 

has two e f f e c t s  on the r e s u l t i n g  bu l ge .  The d e f o r m a t i o n  

causes t h i c k e n i n g  of  the wal l  along the whole l e n g t h  o f  

the b l a n k .  Dur ing i n i t i a l  b u l g i n g ,  u n t i l  the s p h e r i c a l  

dome is f ormed,  t h i s  causes t h i c k e n i n g  along the cap.  

Once the s p h e r i c a l  dome o f  h e i g h t  H<* and r a d i us  o f  

c u r v a t u r e  i s  formed,  any i n c r e a s e  in the amount of  

a x i a l  d e f o r ma t i o n  has no e f f e c t  on the cap,  but  i s  

si mpl y  used to form the t u b u l a r  br anch.  The amount o f  

d e f o r ma t i o n  t h a t  a f f e c t s  the t h i c k n e s s  o f  t he s p h e r i c a l  

cap can be e va l ua t ed  by equa t i ng  the d i s p l a c e d  volume
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to the volume o f  the bu l ge.
p

Volume due to d i s p l a c eme nt  dXj  = * r g  dx^.

The volume o f  the s p h e r i c a l  cap can be 

obt a i ne d  by i n t e g r a t i n g  the c i r c u l a r  area »x2 , between 

the l i m i t s  ( * $ -  H$ ) and i . e .

dV/dh = » x 2 = „ ( t s 2 -  hZ) .

r t s
Volume o f  the s p h e r i c a l  cap = J t s _Hs * ( « s 2  -  h2 ) d x ,

ts  

Cs-Hs *w ( t s2h -  h3 / 3 )

= * ( -  « s3 / 3  + <s2 Hs + ( « s -  Hs ) 3 / 3 )

Equat i ng the two volumes and s u b s t i t u t i n g  € = 2 . r ns * u
a n d H ^ = ( / 2 - l ) r g  g i v e s :

dXj  = 4 / ? . r 0 / 3  -  2 r 0 + r Q/ 3 ,

= 0 . 2 1 9 r Q  ( 3 3 )'.

T h e r e f o r e ,  t he a x i a l  d e f o r ma t i o n  w i l l  cause an 

i nc r e a se  in the wal l  t h i c k n e s s  o f  the cap f rom the  

s t a r t  o f  the de f o r ma t i o n  u n t i l  the a x i a l  d i s p l a c e me n t  

of  each end of  t he tube equal s  0 . 2 1 9 ^ .  A f t e r  t h i s ,  

f u r t h e r  a x i a l  de f o r ma t i o n  w i l l  c o n t r i b u t e  towards  

f or mi ng the wal l  of  the t u b u l a r  br anch.  The t h i c k n e s s  

d i s t r i b u t i o n  on the s p h e r i c a l  cap along the  

l o n g i t u d i n a l  ax i s  p r e v i o u s l y  obt a i ned i s  m u l t i p l i e d  by 

the appar ent  s t r a i n  f a c t o r  to a l l o w  f o r  the t h i c k e n i n g  

t h a t  occur s .  Thi s  appa r ent  s t r a i n  f a c t o r  is g i ve n  by 

the r a t i o  o f  t he o r i g i n a l  l e ng t h  to the compressed 

1 ength of  t he b l a n k .

Note t h a t  t h i s  a p p l i e s  f o r  the f or mi ng of  both
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t ee  p i eces  and cross j o i n t s .  For cross j o i n t s ,  t he  

d e f o r ma t i o n  o c c u r r i n g  at  each end of  the tube is  

equated to the volumes of  t he two s p h e r i c a l  caps 

formed.  For tee p i e c e s ,  h a l f  the d e f o r ma t i o n  at  the end 

of  the tube is equated to the volume o f  t he one 

s p h e r i c a l  cap formed.  The o t h e r  h a l f  o f  t he d e f o r ma t i o n  

c o n t r i b u t e s  to the t h i c k e n i n g  of  t he main branch  

o p pos i t e  the s i de  br anch.

Ax i a l  d e f o r ma t i o n  in excess o f  dx^ w i l l

c o n t r i b u t e  towards formi ng the wal l  of  t he  t u b u l a r  p a r t
%

of  the br anch.  The wal l  t h i c k n e s s  a t  the r o o t  o f  the

branch,  w i l l  be governed by t he  appar ent  s t r a i n  f a c t o r

p r e v a i l i n g  at  t h a t  s t a ge .  As each p l unger  moves i nwards  

by dx2 , t he wal l  of  the bl ank  t h i c k e n s ,  and hence,  t he  

r e s u l t i n g  h e i g h t ,  Lp o f  the  branch formed from the  

d e f o r m a t i o n ,  becomes s ma l l e r  than the a x i a l  

d i s p l a c e m e n t ,  dx2 . The r e l a t i o n s h i p  between dx2 a n d . Lp 

may be obt a i ned by equa t i ng  the d i s p l a c e d  volume o f  the  

t u b u l a r  branch f ormed,  o f  h e i g h t  Lp and t h i c k n e s s  

v a r y i n g  from tp at  the j u n c t i o n  wi t h  the p r e v i o u s l y  

formed cap,  to t* at  the r o o t .  Thus:

d x2t 0 = LD( t ' + V / 2 -

But t 1 = so t h a t :

dXztp = L p t g ( l  + / ) / 2  which r e - a r r a n g e s  t o :

Lp = 2 dx2 / ( l  + / )   ( 3 4 )  .

Hence,  the  l e n g t h  o f  t he t u b u l a r  branch  

formed,  Lp,  can be ob t a i ne d  from the a ppar ent  s t r a i n  

f a c t o r ,  / :

where /  = o r i g i n a l  l e n g t h  o f  t he  b l ank
deformed l e ng t h  o f  t he  b l ank  .
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4 . 1 . 6 ) A p p l i c a t i o n  o f  t he  Theory

For d i f f e r e n t  stages in the b u l g i ng  pr ocess ,  

d i f f e r e n t  equa t i o ns  have to be used to de t e r mi n e  the  

t h i c k n e s s  d i s t r i b u t i o n  around the b u l g e .  There are  

t h r e e  d i f f e r e n t  cases t h a t  can be o b t a i n e d ,  which a r e :

1 ) the f o r ma t i o n  of  a dome o f  h e i g h t  which  

i s  l ess  than H<*, and of  r a d i us  of  c u r v a t u r e  in the  

l o n g i t u d i n a l  d i r e c t i o n ,  which i s  g r e a t e r  than

2 ) the f o r ma t i o n  o f  a s p h e r i c a l  dome o f  h e i g h t  

H<j, and r a d i us  o f  c u r v a t u r e

3 ) the f o r ma t i o n  o f  a s p h e r i c a l  dome o f  h e i g h t  

H<j, and r ad i us  o f  c u r v a t u r e  and a t u b u l a r  branch of  

l e n g t h  Lq.

4 . 1 . 6 . 1 ) For Case 1

The e qua t i on  t h a t  a p p l i e s  in t h i s  case is

( 21 ) :

i . e .  t

1 ♦ H2h 2 j ^ 1 +

( a -  r B) 2 ( 21) ,

where m = (3 -  2t J t L) 
t j t  L (18),

and a = r _ .

4 . 1 . 6 . 2 ) For Case 2

For t h i s  ca se ,  when t ,  = t  = t c ,L ♦ o
equa t i on  ( 26 )  a p p l i e s ,  i . e . ,

t  =

( 2 6 )

where H<. = ( / 2  -  l ) r 0 -
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4 . 1 . 6 . 3 ) For Case 3

This case i n v o l v e s  r a t h e r  more c a l c u l a t i o n  

than the pr ev i ous  two cases .  The o r i g i n a l  cap has been 

f u r t h e r  expanded to form a new cap and a t u b u l a r  

br anch.  Now c o n s i d e r i n g  an e l ement  t h a t  forms p a r t  o f  

the j u n c t i o n  between the s p h e r i c a l  cap and the t u b u l a r  

br anch.  On the o r i g i n a l  cap t h i s  e l ement  would have 

been at  an angl e  o f  Thi s angl e  can be e v a l u a t e d  

f rom equa t i on  ( 30)  ,

= 2 t a n “ 1 [ t a n ( ^ (J/ 2 ) e x p ( - L 0 / r 0 ) ]   ( 3 0 )  s

where = s in '  ~l { r Q/ t s ) = s i n ” 1 ( r Q/ / 2 r 0 ) = 4 5 °

This angl e  cor r esponds to a p o l a r  h e i g h t ,  

on the o r i g i n a l  s p h e r i c a l  cap o f :

= ^S ” • s f 1 " c o s *i_) *
The wa l l  t h i c k n e s s  o f  t h i s  e l ement  on the  

o r i g i n a l  cap can now be o b t a i n e d ,  using the e q u a t i o n  

used f o r  Case 2,  and s u b s t i t u t i n g  h0 = h , i . e . ,c ° L

t  = t 0

1 -  Hsh . L

( a -  r B) 2

As the cap i s  expanded to form a t u b u l a r  

branch and a new cap,  t he  e l ement s  on the o r i g i n a l  cap 

expand to form p a r t  o f  the j u n c t i o n .  The new t h i c k n e s s  

of  t h i s  e l ement  on the expanded cap can be found f rom:

t L = ( t « J s i n 2 . u) / r 0 2  ( 3 1 ) .

Subst i t u - t i ng  f o r  = / 2 r ^  g i v e s :

= 2 t s i n 2<*L .

The t h i c k n e s s  around the new cap can be found 

using a s i m i l a r  method as Case 2:
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1 *  H$h .  ‘

( a -  r B>2 . •

To e v a l u a t e  the wal l  t h i c k n e s s  along the

t u b u l a r  br anch,  the process to f i n d  must be 

r epeat ed  .

4 . 1 . 6 . 4 ) The E f f e c t  o f  Ax i a l  Def or mat i on

From the t h e o r y ,  t he i n i t i a l  e f f e c t  o f  t he  

a x i a l  de f o r ma t i o n  is to cause t h i c k e n i n g  of  the  cap.  

Thi s con t i nue s  u n t i l :

d x 1  =  0 . 2 1 9 T q .

At t h i s  stage the deformed l e ng t h  o f  the  b l ank  w i l l  be:  

Deformed Length = XQ -  2 . d X j .

The mod i f i e d  va l ues  f o r  the wa l l  t h i c k n e s s  are  

obt a i ne d  by m u l t i p l y i n g  the v a l ue s  p r e v i o u s l y  ob t a i ne d  

by the Apparent  S t r a i n  Fa c t or  ( / ) .  Thi s i s g i ven by the  

r a t i o  o f  t he o r i g i n a l  l e ng t h  over  the deformed l e n g t h  

of  the b l ank :

/  = XQ/ X .

To o b t a i n  the mo d i f i e d  wa l l  t h i c k n e s s e s ,  t he  

o r i g i n a l  va l ues  need s i mpl y  be m u l t i p l i e d  by / .  Any 

a d d i t i o n a l  de f o r ma t i o n  w i l l  cause a t u b u l a r  branch to  

be formed.  The t h e o r e t i c a l  l e n g t h  o f  t h i s  branch can be 

c a l c u l a t e d  from the amount o f  d e f o r ma t i o n  (see  

F i g u r e l l 7 ) .
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4 . 2 ) T h e o r e t i c a l  P r e d i c t i o n  o f  A x i a l  Load

The f o l l o w i n g  t he or y  c ons i d e r s  the a x i a l  load 

r e q u i r e d  to cause a g i ven s hor t e n i ng  o f  a c y l i n d r i c a l  

t ube .  The r e d u c t i o n  in the l e ng t h  of  the t u b e ,  the  

y i e l d  s t r e s s  o f  t he m a t e r i a l ,  and the c o - e f f i c i e n t  of  

f r i c t i o n  between the tube and the d i e - b l o c k  are  taken  

i n t o  account .

4 . 2 . 1 ) T h e o r e t i c a l  A n a l y s i s

From the a n a l y s i s  o f  the domed p o r t i o n  o f  a 

t h i n  s h e l l ,  i t  can be shown t h a t :

° 0  + O.  = P

r l r 2 ^  .............

However,  Tr esca s t a t e s  t h a t

°y “ l^°maximum ~ °minimumH •

For the case o f  a he mi s phe r i c a l  dome: •

° 0  = ° *  anc  ̂ are t e n s i l e ,  t hus :

°y = | ( ’ °0 + ° J I  or K °  + ° . ) l  or K " ° 0  ” ° ) | »  

= 0 , o0  o r  o * .

Hence,  r e p l a c i n g  o0  and w i t h  oy in

equat i on  (35j  g i v e s :

1 +  1 1P = oy . t .

r l  r 2J
Now, c o n s i d e r i n g  a c y l i n d r i c a l  tube as shown 

in F i gur e  118a,  and t a k i n g  an e l ement  a t  a p o s i t i o n  x ,  

as shown in F i gur e  118b,  and r e s o l v i n g  f o r c e s  in the  

a x i a l  d i r e c t i o n  g i v e s :

i r . D . t Q . o x -  ir. D. t  q . ( o x + dox ) + j i . N . d x . i r . D  = 0 ,

~ i r»D»tQ.dox + y . N . d x . i r . D  ~ 0 ,
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I n t e g r a t i n g  equa t i on  (34>) wi t h  r e s p e c t  to x g i v e s :  

ox = i i . N . x  + C

* 0

Now i f  i t  i s  assumed t h a t  N is equal  to P,  

ox = u „ P . ( x )  + C

Assuming the i n i t i a l  c o n d i t i o n s  o f  x=0,  Tr esca g i v e s :  

o . .  =y = | ( o x -  P) |  or  1(0 -  0X) I  or  I ( P  -  0 ) I

However ,  f o r  t h i s  case ° x » P t hus :

T h e r e f o r e ,

°y = °x

oy = | i . P .  ( 0 )  + C

hence , C = oy

and ox = i i . P . x  + oy

(37)

However,  r e p l a c i n g  P from equat i on

1 +  1_  ' y   _

t 0 r X r 2

0X P . X . ( O y . t .

g i v e s :

+ o,

However ,  x can be expressed as ( X  -  a) t hus:

°v “ ov . ( u . ( X  -  a ) . t .

0

r i  + i i  + i )

r l  2 ( 3 8 )

Equat i ng f o r c e s  in the a x i a l  d i r e c t i o n .  g i v e s :



Repl ac i ng o in equat ions!  (38)  and ( 39Jgi ves:

F = i r . D . t 0 . [ Oy. ( u . ( X  -  a) . t . 1 + 1 ) + 1 ) ]

r l r 2
+ ir.(D - 2. t_) . [ o .t . 1 + 1 ]

r : r 2 . . ( 4 0 )

However ,  f o r  a pure hemi spher e ,  = r 2 = a > t h u s :  

F = 2 . i r .a. . [ Oy(2 . y( X - a) . t  + 1) ]

a . t 0

+ ir. ( a ~ t « )  • [ 2 . ov . t ]

F = v . o  [ 4 . y . ( X  -  a ) . t  + 2 . a . t Q + ( a  -  t Q) Z . 2 . t ]

... (41)

From the g e o me t r i c a l  a n a l y s i s  o f  a t ee  p i e c e ,  Case 2 

gave the wal l  t h i c k n e s s  t  as,  

t  =

1 + H2 h2

At t he top o f  the dome, H2 = h2 , t h e r e f o r e

4 -   To
1 + H 

a

Al s o ,  f o r  a hemi spher e ,  H2 = a,  t h u s ,  

t  = t,0
1 + a'

t  = t

(42):
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Combining e q u a t i o n s ( 4 1 )  and ( 4 2 ) g i v e s :

F = i r .oy . [ w. ( X  -  a ) . t „  + 2 . a . t „  + ( a  -  t 0 ) 2 . t Q]

2

From compressi on t e s t s  c a r r i e d  out  on copper  r i n g s  

(see Chapter  3 ) ,  i t  can be shown ( F i g u r e  60)  t h a t :

o = [ 3 4 0  + 9 3 5 0 .  (Xg -  X ) ]  X 106  • (44 .)»

and thus e qua t i o n  (43) becomes:

F = i r . [ ( 3 4 0 + 9 3 5 0 ( X 0- X ) . 1 0 6 ) ] . [ u ( X - a ) t 0 +2 a t 0+ ( a - t 0 ) 2 t 0 ]

2

I f  i t  i s  assumed t h a t  the volume of  metal  

l o s t  by the r e d u c t i o n  in l e n g t h  in the tube is ga i ned  

by the s i d e - b r a n c h  ( s i n c e  the r a d i us  o f  the branch is  

the same as the t u b e ) ,  i t  can a l so be assumed t h a t  the  

area over  which f r i c t i o n  acts  i s  c o n s t a n t  t hr oughout  

t he pr ocess .  T h e r e f o r e ,  e q ua t i o n  (43) is mo d i f i e d  t o :



4 . 3 ) Comparison o f  t he  T h e o r e t i c a l

and Ex pe r i me nt a l  Resu l t s  

4 . 3 . D A n a l y s i s  o f  Wal l  Thi ckness  D i s t r i b u t i o n

As has been p r e v i o u s l y  i l l u s t r a t e d ,  the  bul ge  

can be formed in t h r e e  ways - Case 1,  2 or 3.  I t  i s  

p o s s i b l e  t h a t  each case coul d produce a branch o f  the  

same l e n g t h ,  e . g .  suppose a branch l e n g t h  o f  15 mm is  

produced.  Thi s could be made up o f :

Case 1) a cap o f  h e i g h t  3 mm, and a t u b u l a r

branch formed from a x i a l  d e f o r ma t i o n  12 mm l ong ,

Case 2) a cap o f  h e i g h t  5 mm, and a t u b u l a r

branch formed from a x i a l  d e f o r ma t i o n  10 mm long o r ,

Case 3)  a cap o f  h e i g h t  5 mm, a t u b u l a r  branch  

formed from the cap o f  l e n g t h  3 mm, and a t u b u l a r  

branch formed from a x i a l  d e f o r ma t i o n  7 mm l ong.

In o r d e r  to dec i de  on how t he  branch has been 

f ormed,  the  t h e o r e t i c a l  p r e d i c t i o n s  a r e  based on the  

amount o f  a x i a l  d e f o r ma t i o n  o c c u r r i n g .  Knowing the  

o r i g i n a l  and f i n a l  l e ng t hs  o f  the tube b l a n k ,  t he  

t h e o r e t i c a l  l e ng t h  o f  t he t u b u l a r  branch formed from 

the d e f o r ma t i o n  can be ob t a i ne d  from e q u a t i o n  ( 3 4 ) .  

Al s o ,  the  t h e o r e t i c a l  he i g h t  o f  the  s p h e r i c a l • c a p , H^,  

i s  known ( 5 . 0 0  mm f o r  the tubes wi t h  a r a d i u s  o f  

12. 06  mm). T h e r e f o r e ,  s u b t r a c t i n g  the t h e o r e t i c a l  

branch l e n g t h  from the ac t ua l  l e n g t h  o f  the  branch w i l l  

l e a v e  the he i ght  o f  the cap or  the h e i g h t  o f  t he  cap 

and the t u b u l a r  branch formed from i t .  Comparison o f  

t h i s  h e i g h t  wi t h  the va l ue  o f  H$ w i l l  d e t e r mi n e  which
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case the example f a l l s  i n t o  i . e . ,

Case 1) where the he i g h t  o f  the cap i s  l e s s

than H<*,

Case 2) where the he i g h t  o f  the cap equa l s  H<.

o r ,

Case 3)  where the he i ght  o f  the cap i s  g r e a t e r  

than H^, and in which t he l e n g t h  o f  the t u b u l a r  branch  

expanded from the cap,  LQ, i s  t he d i f f e r e n c e  between

the he i g h t  o f  the  cap and H<..

Wi th t h i s  i n f or ma t i om i t  i s  p o s s i b l e  to 

p r e d i c t  the wal l  t h i c k n e s s  d i s t r i b u t i o n  around the  

b u l g e .  A computer  program was used to p l o t  the  

e x p e r i me n t a l  r e s u l t s ,  and a l so c a l c u l a t e  the  

t h e o r e t i c a l  d i s t r i b u t i o n s  (see Appendix 1 ) .

For each component ,  t h i s  program i n i t i a l l y  

e v a l u a t e s  the t he or y  as Case 2,  and . t he n  compares t he  

he i g h t s  o f  the  branch as p r e v i o u s l y  me nt i on ed ,  and 

e v a l u a t e s  a second t i me to deduce whether  a Case 1 or  

Case 3 example i s  a l so r e q u i r e d .  However ,  t he  t h e o r y  

used in p r e d i c t i n g  the Case 3 examples tended to  

p r e d i c t  i m p r a c t i c a l  va l ues  when t h e r e  was a l a r g e  

amount o f  d e f o r ma t i o n  ( ov e r  50% r e d u c t i o n  in t ube b l ank  

l e n g t h ) .  The t he or y  would p r e d i c t  a bul ge h e i g h t  o f  t he  

c o r r e c t  magni t ude ,  but  would g i v e  a wal l  t h i c k n e s s  

d i s t r i b u t i o n  at  t h i s  p o i n t  o f  about  5% to 10%.  

T h e r e f o r e ,  a l oop was added to the program so t h a t  i f  

t h i s  o c c u r r e d ,  onl y  t he v a l ue s  o f  wal l  t h i c k n e s s  

d i s t r i b u t i o n  c o i n c i d i n g  wi t h  those f o r  Case 2 would be 

used ( i . e .  i f  Case 2 p r e d i c t e d  a minimum wal l  t h i c k n e s s
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d i s t r i b u t i o n  o f  45%, then on l y  t he  v a l u e s  c a l c u l a t e d  to 

t h a t  p o i n t  in Case 3 would be used) .

The g r a p h i c a l  ou t put s  show a p l o t  o f  the  

ac t ua l  v a l ues  wi t h  s o l i d  l i n e s ,  and the t h e o r e t i c a l  

v a l ues  wi t h  dashed l i n e s .  There are t h r e e  t ypes o f  

t h e o r e t i c a l  p l o t s  ( F i g u r e  119) :

Case 2) when t h e r e  is a s i n g l e  dashed l i n e ,  

Case 1 and Case 2) when t h e r e  is one dashed 

l i n e  wi t h  anot her  two l i n e s  coming from i t .  The Case 2 

d i s t r i b u t i o n s  always p r e d i c t  a l a r g e r  v a l u e  o f  ' Y 1 

( i . e .  the  Case 2 l i n e  always l i e s  to the r i g h t  o f  t he  

Case 1 l i n e ) ,

Case 2 and Case 3)  when t h e r e  is a s i n g l e  

s t r a i g h t  l i n e  wi t h  two l i n e s  coming from i t ,  and where  

one o f  them c o n s i s t s  o f  two s t a ge s .

The program was used to g i v e  t h e o r e t i c a l  

p r e d i c t i o n s  f o r  f our  v a l ues  o f  branch r a d i u s  (2  mm,

3 mm, 4 mm and 5 mm). Graphs ar e  pr esent ed which d e p i c t  

the t h e o r e t i c a l  and p r a c t i c a l  d i s t r i b u t i o n s  f o r  a l l  o f  

t he i n t e r n a l  pr essur es  f o r  each of  t he  a x i a l  l o a d s .  As 

s t a t e d  p r e v i o u s l y ,  t he  f i n a l  l e n g t h s  o f  components 

formed wi t h  a g i ven  a x i a l  load are a p p r o x i m a t e l y  t he  

same, i r r e s p e c t i v e  o f  t he i n t e r n a l  p r e s s u r e  used.

Hence,  t he f i n a l  l e ng t hs  o f  the  components formed wi t h  

each o f  t he a x i a l  l oads were a v er a ge d ,  and t h i s  v a l u e  

used to o b t a i n  the t h e o r e t i c a l  d i s t r i b u t i o n .  However ,  

the  t he or y  a l so r e q u i r e s  a v a l u e  f o r  bul ge  h e i g h t ,  in  

or der  to de t e r mi ne  which c a s e ( s )  to use.  T h e r e f o r e ,  t he  

maximum va l ue  ( f o r  an i n t e r n a l  p r e s sur e  o f  6 2 . 1 0  N/mm^)
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was i n p u t t e d ,  so t h a t  the t h e o r e t i c a l  l i n e  gave a 

minimum va l ue  o f  t he wal l  t h i c k n e s s  r a t i o .  However,  

a l t hough the l i n e  p r e d i c t e d  the bul ge h e i g h t  o f  a
p

component formed wi t h  6 2 . 1 0  N/mnn of  p r e s s u r e ,  the  

t r end was s t i l l  c o r r e c t  f o r  the l ower  p r e s s u r e s ,  and 

hence the wal l  t h i c k n e s s e s  were c o r r e c t  f o r  the  

r e s p e c t i v e  bul ge h e i g h t s .

Each graph has the v a l ues  i n p u t t e d  to the  

t h e o r e t i c a l  equa t i ons  d i s p l a y e d  in the top r i g h t - h a n d  

c o r n e r ,  and the t e s t  numbers o f  the e x p e r i me n t a l  da t a  

and the i n t e r n a l  pr essur es  used in f or mi ng d i s p l a y e d  in 

the bottom l e f t - h a n d  cor ner  ( F i g u r e  1 1 9 ) .

4 . 3 . 1 .  P Tee P i ece  w i t h  a Branch Radius o f  2 mm

Al l  o f  the  t e s t  numbers used in the branch  

r a d i u s  compar isons have a s i m i l a r  s t r u c t u r e  ( i . e .  T201 

r e f e r s  to a t ee  p i ec e  [ T ] , w i t h  a branch r ad i us~'0~f''T~mm 

[ 2 ] ,  and an i n d i v i d u a l  t e s t  number o f  1 [ 0 1 ] ) .  There  

are t w e n t y - f o u r  sets  o f  r e s u l t s  f o r  each o f  t he  r a d i i ,  

a l t hough not  a l l  appear  on the g r aphs ,  as those  which  

r up t ur e d  or  buckl ed were i gnor e d .

Wi th an a x i a l  load of  85 kN,  and a r ange o f
p p

i n t e r n a l  pr essur es  from 27 . 6 0  N/mm to 6 2 . 1 0  N/mm 

( F i g u r e  1 2 0 ) ,  t h e r e  i s  c l ose  agreement  a t  Y=0 and Y.= h 

( t h e  bul ge h e i g h t ) ,  a l t hough t h e r e  is a v a r i a t i o n  in 

the c e n t r a l  s e c t i o n ,  where the t he or y  p r e d i c t s  a l a r g e r  

va l ue  o f  1 Y 1 than was in f a c t  the case .

An a x i a l  load of  106 kN produced t ee  p i eces  

over  a range o f  i n t e r n a l  pr essur es  from 3 4 . 5 0  N/mm^ to
p

6 2 . 1 0  N/mnr ( F i g u r e  1 2 1 ) .  The v a l ues  ar e  s i m i l a r  a t
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Y=h,  a l t hough a t  Y=0 the  t he or y  p r e d i c t s  a l a r g e r  va l ue  

of  wal l  t h i c k n e s s .  Thi s v a r i a t i o n  remai ns c o n s t a n t  f o r  

the a n a l y s i s  o f  the branch ( t h e  f i r s t  s tage o f  the  

t h e o r e t i c a l  l i n e ) ,  but  the l i n e s  converge when the  

t he or y  ana l yses  the dome ( t h e  second s t a g e ) .

An a x i a l  load of  128 kN ( F i g u r e  122)  gave 

s i m i l a r  r e s u l t s  to those o f  106 kN, except  t h a t  f o r  the  

a n a l y s i s  o f  the dome,  t he l i n e s  converge and then 

s e p a r a t e ,  so t h a t  a t  Y=h,  the t he or y  p r e d i c t s  a s ma l l e r  

bul ge he i g h t  than was in f a c t  the case.

Wi th an a x i a l  load of  149 kN ( F i g u r e  123)  

t h e r e  is t he l e a s t  agr eement .  At Y=0 t he t h e o r e t i c a l  

r e s u l t s  are  about  50% l a r g e r  than the e x p e r i me n t a l  

r e s u l t s ,  and at  the minimum va l ue  o f  t he pe r c e n t a g e  o f  

o r i g i n a l  wa l l  t h i c k n e s s ,  the t he or y  p r e d i c t s  a bul ge  

T e T g h t  o f  h a l f  the  v a l ue  o f  t he e x p e r i me n t a l  r e s u l t s .

4 . 3 . 1 . 2 ) Tee Pi ece  w i t h  a Branch Radius o f  3 mm

For an a x i a l  load of  85 kN and i n t e r n a l  

pr essur es  from 27 . 60  N/mm^ to 6 2 . 1 0  N/mm^ ( F i g u r e  1 2 4 ) ,  

t he t h e o r e t i c a l  p r e d i c t i o n s  ar e  s i m i l a r  to t hose wi t h  a 

2 mm branch r a d i u s ,  w i t h  good agreement  a t  Y=0 and Y=h.

Wi th an i ncr eased a x i a l  load of  106 kN,  and 

the same pr essur e  range ( F i g u r e  1 2 5 ) ,  t h e r e  i s  c l ose  

agreement  a t  Y=h,  but  d i s c r e p a n c i e s  a t  Y=0.  As in the  

pr ev i ous  cases ,  the  t he or y  p r e d i c t s  h i g h e r  v a l u e s  o f  

wal l  t h i c k ne s s  over  the l e n g t h  o f  the  b r a nc h .

An a x i a l  load of  128 kN and the above p r e s su r e  

range ( F i g u r e  126)  gave the same t r ends  as t he  106 kN 

ax' ial  1 oad .
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With a 149 kN a x i a l  l o a d ,  and the above 

pr essur es  ( F i g u r e  1 2 7 ) ,  t h e r e  i s  a h i ghe r  degree of  

i n a c c u r a c y ,  e s p e c i a l l y  f o r  Y=0.  As in the case o f  the  

2 mm branch r a d i u s ,  a t  the h i gher  a x i a l  l oads the  

t he or y  p r e d i c t s  s ma l l e r  bul ge he i g h t s  than was i n f a c t  

the case .  Wi th the l ower  i n t e r n a l  p r e s s u r e s ,  t he  bul ge  

he i g h t  p r e d i c t i o n  at  Y=h i s  not  as i n a c c u r a t e  as a t  the  

h i g h e r v a l u e s .

4 . 3 . 1 . 3 ) Tee P i ece  w i t h  a Branch Radius o f  4 mm

An a x i a l  load of  85 kN and i n t e r n a l  pr e ssur e  

range from 27 . 6 0  N/mm^ to 6 2 . 1 0  N/mm^ ( F i g u r e  128)  

gi ves  a h i gher  degree o f  accuracy  a t  the l ower  

p r e s s u r e s ,  and as the pr essur e  i n c r e a s e d ,  t he  l i n e s  

converge to g i v e  a c l os e  agreement  a t  Y=h.

For an a x i a l  load o f  106 kN and the same 

i n t e r n a l  pr essur e  range as above ( F i g u r e  1 2 9 ) ,  t he  

t r ends  are  a l so s i m i l a r , ,  except  t h a t  t h e r e  i s  a 

di s c r e pa nc y  a t  the l ower  v a l ues  o f  ' Y '  as i s  seen f o r  

the o t h e r  r a d i i .

A 128 kN a x i a l  load ( F i g u r e  130)  g i v e s  some 

i n a c c u r a c i e s  over  the branch l e n g t h ,  but  t h e r e  is  

convergence at  the dome.

Wi th an a x i a l  load of  149 kN and i n t e r n a l  

pr essur e  range from 27 . 60  N/mm to 5 5 . 2 0  N/mm 

( F i g u r e  1 3 1 ) ,  the  t h e o r y  g i ve s  the best  p r e d i c t i o n s  f o r  

t h i s  a x i a l  load so f a r .  There is the usual  i n a c c ur a c y  

over  the branch l e n g t h ,  but  the l i n e s  do converge at  

the dome. The t he or y  s t i l l  p r e d i c t s  a s m a l l e r  v a l u e  f o r  

the bul ge he i ght  than is in f a c t  the case
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4 . 3 . 1 , 4 ) Tee P ie ce  w i t h  a Branch Radius o f  5 mm

An 85 kN a x i a l  load and i n t e r n a l  pr e ssur e  

range from 27 . 6 0  N/mm2 to 6 2 . 1 0  N/mm2 ( F i g u r e  132)  

gi ves  accuracy  over  the whole range o f  ' Y'  v a l u e s .

Wi th t he 106 kN a x i a l  load and the same 

pr essur e  range as above ( F i g u r e  1 3 3 ) ,  t h e r e  is some 

degree o f  i nac c ur a c y  in the p r e d i c t i o n s  o f  t he wa l l  

t h i c k n e s s  over  the branch l e n g t h ,  but  c l ose  c o r r e l a t i o n  

at  the dome, w i t h  the e x c e p t i o n  of  t he high pr e s sur e s  

where t h e r e  are some d i s c r e p a n c i e s .

The 128 kN a x i a l  load ( F i g u r e  134)  g i ve s  

s i m i l a r  r e s u l t s  to the above.

Wi th 149 kN a x i a l  load and i n t e r n a l  p r e ssur e s  

f rom 27 . 60  N/mm2 to 5 5 . 2 0  N/mm2 ( F i g u r e  135)  t h e r e  is  

i n acc ur ac y  over  the branch l e n g t h ,  but  conver gence at  

the dome. The bul ge h e i g h t  p r e d i c t e d  was l e s s  than  

those ob t a i ne d  e x p e r i m e n t a l l y ,  and the d i f f e r e n c e  

i ncr eased wi t h  p r e s s u r e .

4 . 3 . 2 ) D i s c r e p a n c i e s  in the  T h e o r e t i c a l  P r e d i c t i o n s

The t he or y  g i ve s  s i m i l a r  t r en ds  over  the f o u r  

branch r a d i i  used,  and the i n c l u s i o n  o f  t he  branch  

r a d i u s  in i t  has improved the a c cur acy .

For t ee p i eces  formed from low a x i a l  l o a d s ,  

t he t he or y  g i ve s  r e a s on a b l e  agreement  wi t h  the  

e x p e r i me n t a l  r e s u l t s .  However ,  as the load is  

i n c r e a s e d ,  g r e a t e r  d i s c r e p a n c i e s  o c c u r ,  e s p e c i a l l y  in  

the c a l c u l a t i o n  o f  t he  f i n a l  bulge h e i g h t .  Th i s  i s  due 

to the a l t e r a t i o n s  made in the program when c a l c u l a t i n g  

Case 3.  Wi thout  the a l t e r a t i o n ,  t he t h e o r y  would have
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p r e d i c t e d  the bul ge he i g h t s  much more a c c u r a t e l y ,  but  

f o r  va l ues  of  wa l l  t h i c k n e s s  which t e s t i n g  had shown to 

be i mposs i b l e  (5% to 10% compared to known minimums of  

around 50%) .  In the examples where Case 3 i s used,  the  

a ppr ox i mat i ons  are  b e t t e r  than those o b t a i ne d  using  

Case 1 or Case 2.  However,  in g e n e r a l ,  Case 2 g i ves  t he  

best  a ppr ox i ma t i o ns  over  the f u l l  range o f  a x i a l  l oads  

and i n t e r n a l  p r e s s u r e s .

At t he h i ghe r  va l ues  o f  a x i a l  l o a d ,  t h e r e  are  

g r e a t e r  i n a c c u r a c i e s  in the wa l l  t h i c k n e s s  p r e d i c t i o n s .  

The t he or y  g i v e s  a bas i c  s t r a i g h t  l i n e  r e p r e s e n t a t i o n  

o f  the r e d u c t i o n  in the wa l l  t h i c k n e s s  a l ong the  

br anch,  which i s  not  r e p r e s e n t a t i v e  a t  hi gh a x i a l  

l o a d s ,  when a l a r g e  amount o f  d e f o r ma t i o n  t akes  place. .  

The t he or y  c a l c u l a t e s  t he  wal l  t h i c k n e s s  from the  

i n t e r s e c t i o n  o f  t he  branch and the tube to the s t a r t  o f  

the  dome, and does not  t 3ke  i n t o  account  the metal  

which has b u i l t  up along the l e n g t h  o f  t he  t u b e .  

T h e r e f o r e ,  t he  t he or y  e s t i ma t e s  a h i g h e r  v a l u e  o f  wa l l  

t h i c k n e s s  a t  Y=0 than is in f a c t  the case .  As the  

d i s t r i b u t i o n  along the branch i s  a s t r a i g h t  l i n e ,  t h i s  

e r r o r  a f f e c t s  a l l  o f  t he  v a l ues  ( t h u s ,  t he  t h e o r e t i c a l  

p r e d i c t i o n  runs p a r a l l e l  and above the e x p e r i me n t a l  

dat a  f o r  the l e n g t h  o f  t he b r a n c h ) .  I t  i s  not  u n t i l  the  

t he or y  i s  used to c a l c u l a t e  the dome t h i c k n e s s  

d i s t r i b u t i o n  t h a t  the p r a c t i c a l  and t h e o r e t i c a l  l i n e s  

conv erg e .

Another  d i s c r e p a n c y  i s  caused by t he  hi gh  

i n t e r n a l  pr essur es  bu l g i ng  the dome o f  t he  branch a f t e r
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the end of  t he  a x i a l  d e f o r m a t i o n .  Thi s  ex agger a t es  the  

bul ge h e i g h t  and adds to the i naccur acy  caused by the  

above.  Thi s  hi gh i n t e r n a l  pr essur e  a l so .expands the  

dome so t h a t  i t  i s  no l onger  a c i r c u l a r  arc (whi ch i s  

an assumpt ion on which the t he or y  i s  ba s e d) .

F i n a l l y ,  a l t hough the g e o me t r i c a l  a n a l y s i s  

a l l ows  f o r  v a r i a t i o n s  in the branch r a d i u s ,  t h e r e  i s  no 

r e l a t i o n s h i p  wi t h  the c o e f f i c i e n t  o f  f r i c t i o n  between 

the d i e - b l o c k s  and the t u b e ,  or  the s t r a  i n - h a r d e n i n g  

p r o p e r t i e s  o f  the m a t e r i a l  (whi ch i n c r e a s e s  du r i ng  

d e f o r ma t i o n )  .

4 . 3 . 3 ) Arva-1 y s i s  o f  the  A x i a l  Load E s t i m a t i o n s

Thi s t h e o r y  a l l ows  f o r  the e f f e c t  o f  f r i c t i o n  

and s t r a  i n - h a r d e n i n g  in the bul ge  for mi ng p r oc e s s ,  and 

e s t i ma t e s  the a x i a l  load r e q u i r e d  to produce a s p e c i f i c  

r e d u c t i o n  in the tube l e n g t h .

The assumpt ions made are  t h a t :

1 ) the bul ge i s  a h e mi s phe r i c a l  t h i n  s h e l l ,

2 ) the s t r e s s e s  in the tube are c ompr e ss i v e ,  

and those in the b u l g e ,  t e n s i l e  and,

3) the r e d u c t i o n  in l e n g t h  o f  t he  tube is  

equal  to the i ncr e as e  in h e i g h t  o f  t he b u l g e .

A computer  program was w r i t t e n  to produce a 

f u l l  range o f  v a l ues  o f  the a x i a l  l oads r e q u i r e d  to 

produce gi ven r e d u c t i o n s  in l e n g t h  o f  the t u b e ,  f o r  a 

range o f  ' c o e f f i c i e n t s  o f  f r i c t i o n .  Two s i z e s  o f  tubes  

were s e l e c t e d  f o r  compar i son:

1) 9 4 . 1 4  mm in l e n g t h ,  16. 86 mm o u t s i d e  

d i a m e t e r ,  and 0 . 95  mm wal l  t h i c k n e s s ,  and,
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2) 107 . 00  mm in l e n g t h ,  24 . 12  mm o u t s i d e  

d i a m e t e r ,  and 1 . 37  mm wal l  t h i c k n e s s .

The v a l ue s  obt a i ned  were d e p i c t e d  g r a p h i c a l l y  

and then e x pe r i me n t a l  dat a  was p l o t t e d  to g i v e  a 

compar ison ( F i g u r e s  136 to 1 3 9 ) .  For low v a l ue s  o f  ' X ' ,  

t he t h e o r e t i c a l  l i n e s  g i v e s  a c c u r a t e  r e p r e s e n t a t i o n s  o f  

t he ac t ua l  l oads measured,  but  as the v a l u e  o f  ' X '  ( t he  

r e d u c t i o n  in l e n g t h  o f  one h a l f  o f  t he  tube)  i n c r e a s e s ,  

the  t h e o r e t i c a l  p r e d i c t i o n s  o f  the a x i a l  l oads ar e  

l ower  than the e x p e r i me n t a l  d a t a .  Thi s  occurs f o r  both  

o f  the s i ze s  o f  t ubes anal ysed ( F i g u r e s  136 and 1 3 8 ) ,  

and t h e r e  is a p p r o x i m a t e l y  40% d i f f e r e n c e  f o r  a 

r e d u c t i o n  in l e n g t h  o f  t he tube o f  50%.

The programme was run a g a i n ,  except  t h a t  

assumpt ion ( 3 )  was made.  Thi s  t i me  the t h e o r y  p r e d i c t s  

h i ghe r  a x i a l  l oads f o r  the l a r g e r  r e d u c t i o n s  in ' X ' ,  

but  r e t a i n s  t he  same accuracy f o r  the smal l  r e d u c t i o n s .  

For both types  o f  t ube ( F i g u r e s  137 and 1 3 9 ) ,  t he  

e s t i m a t i o n s  ar e  s u b s t a n t i a l l y  c l o s e r  than the i n i t i a l  

t h e o r y ,  w i t h  an e r r o r  o f  between 15% to 20% f o r  a 

r e d u c t i o n  in l e n g t h  o f  50%.

4 . 3 . 4 ) D i s c r e p a n c i e s  i n  the  A x i a l  Load Theory

The i n i t i a l  t h e o r y  p r e d i c t s  l oads which have 

the same t r ends  as t he  e x p e r i me n t a l  d a t a .  Al t hough  

accuracy i s  a t t a i n e d  f o r  the l ower  v a l ue s  o f  ' X '  (up to  

25% de f or ma t i on  o f  t he  t u b e ) ,  t he p r e d i c t i o n s  ar e  

h i g h l y  i n a c c u r a t e  f o r  the h i gher  v a l u e s ,  w i t h  the  

p r a c t i c a l  and t h e o r e t i c a l  l i n e s  d i v e r g i n g  ( t h e  

t h e o r e t i c a l  va l ues  ar e  l ess  than those o b t a i ne d
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e x p e r i m e n t a l l y ) .  The t h e o r e t i c a l  v a l u e s  o f  a x i a l  load  

c a l c u l a t e d  using d i f f e r e n t  co e f f i c i e n t s  o f  f r i c t i o n  

agree wi t h  those obt a i ne d  from the l u b r i c a n t  t e s t s ,  in 

t h a t  the a x i a l  l oads r e q u i r e d  to g i v e  s p e c i f i c  

r e d u c t i o n s  in l e n g t h  reduce wi t h  the v a l ue  o f  the  

co e f f i c i e n t  o f  f r i c t i o n .

The main reason f o r  the d i s c r e p a n c y  i s  t h a t  

the f r i c t i o n  in the branch i s  o v e r l o o k e d .  Thi s  w i l l  not  

c r e a t e  a n o t i c e a b l e  i nac c ur a cy  f o r  smal l  va l ue s  o f  

bul ge h e i g h t ,  but  w i l l  as t he va l ue  i n c r e a s e s .  By 

assuming t h a t  the r e d u c t i o n  in l e n g t h  o f  t he tube is

equal  to the i ncr e a se  in he i g h t  o f  t he  bul ge  ( whi ch i s
\

a p p r o x i m a t e l y  c o r r e c t  i f  the  metal  r e q u i r e d  to form the  

dome is o v e r l o o k e d ) ,  t he  t h e o r y  can be a d j u s t e d  to t ake  

account  o f  t he  f r i c t i o n  a c t i n g  between the bu l ge  and 

the d i e - b r a n c h .  The e f f e c t  o f  t h i s  i s  to l e a v e  the  

i n i t i a l  v a l ue s  r e l a t i v e l y  unchanged,  but  i n c r e a s e  the  

subsequent  v a l ues  p r o p o r t i o n a l l y  ( t h e  l i n e s  s t a r t  f rom 

the same p o i n t ,  but  have s t e e p er  p o s i t i v e  g r a d i e n t s ) .  

The v a l ues  ob t a i ned  from the t he or y  ar e  now c l o s e r ,  and 

a l t hough t he l i n e s  s t i l l  d i v e r g e  ( w i t h  t he  t h e o r y  

u n d e r - e s t i m a t i n g  the a x i a l  l o a d ) ,  t h e r e  i s  some form of  

a g r e e me n t .

The i n a c c u r a c i e s  in the t h e o r y  stem f rom the  

assumpt ions made in s e t t i n g  up the  e q u a t i o n s .  That  i s ,  

the bul ge does not  remain a hemi spher e ,  but  becomes a 

hemisphere on top o f  a br anch.  A l s o ,  t he  w a l l s  o f  t he  

c y l i n d r i c a l  tube do t h i c k e n  towards t he d e f o r m a t i o n  

zone.  In a d d i t i o n ,  a l t ho ugh  t he  s t r e s s e s  in the t ube
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remain in h y d r o s t a t i c  compr ess i on,  those in the bul ge  

do not  remain equal  when the bul ge shape changes.  Thi s  

a f f e c t s  t he d e t e r m i n a t i o n  o f  ox in the f i n a l  e q u a t i o n .  

However,  the t he or y  s t i l l  pr ov i des  a method of  j u d g i n g  

the r e q u i r e d  a x i a l  load necessary  to produce a g i ven  

r e d u c t i o n  in the l e n g t h  o f  the t ube .
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The Effect Of Axial Deformation During Forming
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NTERNAL PRESSURE P

FIGURE 118(a)
A Tee Piece During Forming
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FIGURE 118(b)

Element Of Tee Piece During Forming
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FIGURE 120
The Wall Thickness Distributions Along The Side 

Branches And Domes Of" Tee Pieces Formed At Various 

Internal Pressures For Experimental And 

Theoretical Results.
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The Wall Thickness Distributions Along The Side 
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Internal Pressures For Experimental And 
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FIGURE 122

The Wall Thickness Distributions Along The Side 

Branches And Domes Of Tee Pieces Formed At Various 

Internal Pressures For Experimental And 

Theoretical Results.
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FIGURE 123

The Wall Thickness Distributions Along The Side 
Branches And Domes Of- Tee Pieces Formed At Various 

Internal Pressures For Experimental And 

Theoretical Results.
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The Wall Thickness Distributions Along The Side 

Branches And Domes Of- Tee Pieces Formed At Various 

Internal Pressures For Experimental And 
Theoretical Results.

- 254 -



o
o

06 .00  kN
0 7 . 0 0  mm 
6 7 • 13 mm

1 * 3 7 mm 
3*00 mm

o

O

Ll .
O

, o  
LlI o

^  o

Ll I
O
c r a
LU o  
0-  ^

INI§RNAL_PRESSyRE/TEST_Np,

_  X  27 .6 N /m m ««2 /T 307  
00 *  3 4 . 5 N / m m * * 2 / T 3 0 8

A 41 .4N / ram* *2 /T 309  
-  X  4 8 • 3 N / m m * * 2 / T 3 10 

_  0  5 5 . 2 N / m m ® * 2 / T 3 l 1
^  *  6 2 - l N / m m « * 2 / T 3 ! 2

32-008 .0 0  12.00 16 .00 20 .0 0  
Y (HEIGHT UP THE SIDE BRANCH FROM ROOT)mm

28.0 024-004 .00

FIGURE 125
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The Wall Thickness Distributions Along The Side 

Branches And Domes Of Tee Pieces Formed At Various 

Internal Pressures For Experimental And 
Theoretical Results.
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The Wall Thickness Distributions Along The Side 
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FIGURE 130

The Wall Thickness Distributions Along The Side 
Branches And Domes Of Tee Pieces Formed At Various 

Internal Pressures For Experimental And 
Theoretical Results-
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FIGURE 131
The Wall Thickness Distributions Along The Side 

Branches And Domes Of Tee Pieces Formed At Various 

Internal Pressures For Experimental And 

Theoretical Results.
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FIGURE 132

The Wall Thickness Distributions Along The Side 

Branches And Domes Of Tee Pieces Formed At Various 

Internal Pressures For Experimental And 
Theoretical Results.
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FIGURE 133

The Wall Thickness Distributions Along The Side 
Branches And Domes Of Tee Pieces Formed At Various 

Internal Pressures For Experimental And . 

Theoretical Results*
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FIGURE 134

The Wall Thickness Distributions Along The Side 

Branches And Domes Of Tee Pieces Formed At Various 

Internal Pressures For Experimental And 

Theoretical Results.
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FIGURE 135

The Wall Thickness Distributions Along The Side 

Branches And Domes Of Tee Pieces Formed At Various 
Internal Pressures For Experimental And 

Theoretical Results.
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FIGURE 136 

The Experimental Results And Theoretical 

Predictions For Tee Pieces Formed In Die-Blocks 

Coated With Lubricants Giving Different 

Co-Efficients Of Friction.
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FIGURE 137 
The Experimental Results And Theoretical 

Predictions For Tee Pieces Formed In Die-Blocks 

Coated With Lubricants Giving Different 
Co-Efficients Of Friction.
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FIGURE 138 
The Experimental Results And Theoretical 

Predictions For Tee Pieces Formed In Die-Blocks 
Coated With Lubricants Giving Different 

Co-Efficients Of Friction.
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The Experimental Results And Theoretical 

Predictions For Tee Pieces Formed In Die-Blocks 

Coated With Lubricants Giving Different 

Co-Efficients Of Friction.
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5 .  D I S C U S S I O N

5 . 1 ) A 1 t e r a t i o n s  to t he Bulge Forming Machine

The bul ge formi ng machine used p r i o r  to t h i s  

i n v e s t i g a t i o n  was capabl e  of  produci ng tee p i eces  from 

two t h i ck ne s s e s  o f  copper  t ube .  However,  the v a l v e s  

c o n t r o l l i n g  the compressi ve  a x i a l  load and i n t e r n a l  

' pr essur e  could onl y  be used to g i v e  appr ox i mat e  v a l u e s ,

because the h y d r a u l i c  c i r c u i t  was f i t t e d  wi t h  

po i n t - ga ug e s  which had i n a c c u r a c i e s  o f  10%.. Thi s  

l i m i t e d  the use o f  the  machi ne ,  because i t  was 

i mpo s s i b l e  to o b t a i n  a c cu r a t e  t e s t  r e s u l t s ,  or  r e l a t e  

t e s t s  c a r r i e d  out  on d i f f e r e n t  days .  A l s o ,  because  

t h e r e  was no permanent  r ecor d made o f  the d e f o r ma t i o n  

process a g a i n s t  t i m e ,  t he  v a l ue s  o f  load and pr e s sur e  

at  which r u p t u r e  occur r ed were hard to c a l c u l a t e ,  and 

tended to be a ' h i t  or  mi ss '  a f f a i r .  Knowing the v a l ue s  

which l ead to r u p t u r e  a l l owed the formi ng l i m i t s  to be 

det er mi ned more c l o s e l y .  Thi s  was o f  s p e c i f i c  use i f  a 

two stage de f o r ma t i o n  process was used,  because the  

f i r s t  s tage could be a l l owed to reach a p o i n t  where the  

formi ng va l ues  were j u s t  below those causi ng r u p t u r e ,  

and hence the secondary f or mi ng would a l l o w  f o r  the  

maximum p e r m i s s i b l e  bul ge h e i g h t .

Not on l y  was the i n s t r u m e n t a t i o n  on the  

machine l i m i t e d ,  but  i t  was f e l t  t h a t  c e r t a i n  f e a t u r e s  

o f  i t  made the o p e r a t i n g  process s l ower  than n e c e s s a r y ,  

and in some cases ,  even c r e a t e d  f l aws in the f i n i s h e d  

components.  The a l t e r a t i o n s  made to i t  a l l owed smooth,
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c o n s i s t e n t  o p e r a t i o n  and the p r od uc t i on  o f  a high  

q u a l i  t y  component .

5 . 1 . 1 ) I n s t r u m e n t a t i o n

On the o r i g i n a l  machi ne ,  t h e r e  was on l y  one 

permanent  gauge,  which r ecorded the pr essur e  o f  the  

h y d r a u l i c  f l u i d  w i t h i n  the t ube .  The gauges r e c o r d i n g  

the c i r c u i t  p r e s s u r e ,  and the pr essur e  to the c y l i n d e r s  

c o n t r o l l i n g  the p l u n g e r s ,  were onl y  t empor ar y  ones,  and 

were s u b j e c t  to a 10% e r r o r .  Al though the gauge r e ad i ng  

the pr essur e  to the c y l i n d e r s  gave the o p e r a t i n g  v a l u e ,  

t he  one mo n i t o r i n g  the i n t e r n a l  pr essur e  gave a v a l u e  

b e f o r e  the e f f e c t  o f  the pr essur e  i n t e n s i f i e r  ( 6 . 5 : 1 ) ,  

and thus when s e t t i n g  a v a l ue  t h i s  had to be t aken i n t o  

account .  T h e r e f o r e ,  t he c u mu l a t i v e  e r r o r  could be in 

excess o f  10%.

In or de r  to reduce the e r r o r s ,  p i e z o - e l e c t r i c  

t r a n s d u c e r s  were i n c o r p o r a t e d  i n t o  the machi ne .  A load  

washer was i n s t a l l e d  between the ram of  one c y l i n d e r  

and the p l u n g e r ,  so t h a t  the compressi ve  a x i a l  load  

could be r ecorded ( p r e v i o u s l y ,  the  pr essur e  to the  

c y l i n d e r  had to be c o n v e r t e d ) .  A pr e ssur e  t r a n s d u c e r  

was a l so p o s i t i o n e d  in the h y d r a u l i c  p i p i n g ,  j u s t  p r i o r  

to i t s  e n t r y  i n t o  the p l u n g e r .  Thi s  not  on l y  recorded  

the high pr essur e  c i r c u i t ,  but  a l so  the low pr es sur e  

c i r c u i t ,  so t h a t  the process coul d be moni t or ed from 

the p o i n t  where the tubes were f i r s t  s e a l e d .  F i n a l l y ,  a 

d i sp l a c eme nt  t r a n s duc e r  was used to mon i t o r  the  

p o s i t i o n  o f  the p l u n g e r s .

Al l  of  the t r an s d u c e r s  were connected to
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s c a l i n g  a m p l i f i e r s ,  and then the out put s  fed i n t o  an 

u l t r a - v i o l e t  r e c o r d e r ,  o s c i l l o s c o p e ,  and d i g i t a l  

v o l t m e t e r s .  The v o l t m e t e r s  a l l owed the i n i t i a l  

pr essur es  and loads to be set  more a c c u r a t e l y  than the  

t emporary  gauges,  and the u-v r e c o r d e r  produced a 

har d- copy (on a t i me scal ed g r i d )  of  the  whole pr ocess .  

5 . 1 . 2 ) Di e- B1ocks

5 . 1 . 2 . 1 ) AT ignment

The d i e - b l o c k s  used in the f o r ma t i o n  of  

components were desi gned such t h a t  t hey were e a s i l y  

i n t e r c h a n g a b l e , and could be machined i n d e p e n d e n t l y  

f rom the ho l der  in which t hey  were mounted.  However ,  

t h i s  di d not  prove to be the case ,  and i t  soon became 

e v i d e n t  t h a t  t h e r e  was some m i s - a l i g n m e n t  between the  

p l u n g e r s ,  ho l de r  and d i e - b l o c k s .  The i n i t i a l  t ee  p i ec e  

d i es  had been manuf act ur ed w h i l s t  clamped in the  

h o l d e r ,  and so had worked p e r f e c t l y  w e l l .  However ,  when 

new set s  o f  d i e - b l o c k s  were made and i n s t a l l e d  in the  

h o l d e r s ,  not  on l y  were t hey m i s - a l i g n e d ,  but  q u i t e  

o f t e n  t hey could not  be screwed in p l a c e ,  because t h e i r  

hol es di d not  c o i n c i d e .  In or de r  to r e c t i f y  t he  

s i t u a t i o n ,  one o f  the  i n ne r  f aces  o f  t he  ho l d e r  (whi ch  

would be in c o n t a c t  wi t h  the d i e - b l o c k s )  was 

r e-machi ned so t h a t  i t  was p a r a l l e l  to the a x i s  o f  t he  

pl u n g e r s .  I t  was then p o s s i b l e  to manuf a c t ur e  the  

d i e - b l o c k s  so t h a t  a l l  of  t h e i r  di mensi ons were in 

r e s p e c t  to t h i s  f a c e ,  and so t h a t  t hey were a l so  

a l i g ned  wi t h  the p l u n g e r s ,  and could be screwed in 

p l a c e .
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5 . 1 . 2 . 2 ) F l u i d  Ent rapment

The main problem encountered in the f o r ma t i o n  

of  components,  was t h a t  o f  f l u i d  ent r a pment .  When the  

machine has been used to produce sever a l  components,  

one a f t e r  a n o t h e r ,  t h e r e  is a q u a n t i t y  of  h y d r a u l i c  

f l u i d  l e f t  on the d i e - b l o c k  s ur f a c e s  (each t i me  a 

formed component is u n s e a l e d ,  t he f l u i d  i n s i d e  i t  runs  

out  onto the d i e - b l o c k ) .  When a tube is pl aced in the  

d i e s ,  t h i s  f l u i d  becomes t r apped between the two,  and 

when the cl ampi ng load is a p p l i e d ,  c r e a t e s  s l i g h t  

i n d e n t a t i o n s  on the tube s u r f a c e .  When the tube is then  

def or med,  these  i n d e n t a t i o n s  ' f o l d '  i nwar ds ,  and c r e a t e  

a buckl ed component .  No m a t t e r  what combi nat i on of  

i n t e r n a l  pr essur e  and a x i a l  load are used,  once the  

i n d e n t a t i o n s  have been made,  t hey  w i l l  always cause  

b u c k l i n g .

In or der  to r e c t i f y  t h i s  s i t u a t i o n ,  the  

d i e - b l o c k s  had to have f l u i d  channel s i n s c r i b e d  onto 

t h e i r  s u r f a c e s .  These took t he  form of  a c r o s s - h a t c h i n g  

of  l i n e s ,  which o r i g i n a t e d  at  the d e f o r ma t i o n  zone,  and 

ended on the f ace  o f  the d i e s  ( P l a t e  7 ) .  When used in 

the machi ne,  t hey  a l l owed any excess f l u i d  to be 

c ha nne l l e d  away from the d e f o r ma t i o n  zone,  and so 

pr event  b u c k l i n g .  They do,  however ,  l e a ve  the  

c r os s - h a t c he d  p a t t e r n  on the s i de  o f  the component  

o p pos i t e  the branch.

5 . 1 . 2 . 3 ) Branch Radius

The branch j o i n s  the tube at  an angl e  o f  90°  

in the components formed f o r  t h i s  work,  and hence,
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t h e r e  are two ' c o r n e r s '  formed.  Wi t hout  any b l e n d i n g ,  

t hese  cor ner s  would be r i g h t - a n g l e d  bends,  and make the  

f o r ma t i o n  o f  components d i f f i c u l t  ( t h e  tube w a l l s  would 

be i nc i s ed  as soon as d e f o r ma t i o n  took p l a c e ) .  I t  i s  

t h e r e f o r e  necessar y  to put  r a d i i  on these cor ner s  to 

a l l o w  the metal  to f l o w around them.  In the o r i g i n a l  

d i e - b l o c k s ,  these cor ner s  were prepared very  r o u g h l y ,  

wi t h  no s p e c i f i c  r a d i us  being used ( i n  f a c t ,  the  r a d i i  

had d i f f e r e n t  v a l ues  on the o r i g i n a l  t ee p i ec e  - 2 . 5  mm 

and 3 . 5  mm) .

The r e s u l t s  obt a i ned  f o r  the d i e - b l o c k s  wi t h  

r a d i i  o f  2 mm, 3 mm, 4 mm and 5 mm showed two 

d i s t i n c t i v e  t r ends  when c o n s i d e r i n g  the bul ge  he i gh t s  

o b t a i n e d .  Wi th an a x i a l  load of  85 kN,  the  r e s u l t s  

showed t h a t  the g r e a t e r  the branch r a d i u s ,  t he  g r e a t e r  

the bul ge h e i g h t .  However ,  fo -r—tfrerTft'her a x i a l  l oads  

( 106 kN,  128 kN and 149 k N ) , the  t r end was r e v e r s e d .

The d i e - b l o c k s  w i t h ' t h e  branch r a d i u s  o f  2 mm gave the  

g r e a t e s t  bul ge h e i g h t s ,  and then the v a l ues  decreased  

as the branch r a d i u s  was i n c r e a s e d .

The a n a l y s i s  o f  t he wal l  t h i c k n e s s e s  shows 

r e l a t i v e l y  c o n s t a n t  v a l ues  across the f our  t e s t  

samples,  a l t hough the v a l ues  a t  the domes do tend to 

decr ease wi t h  an i ncr ease  in branch r a d i u s .  However ,  

t he r e s u l t s  ob t a i ned  f o r  the 4 mm and 5 mm samples do 

v ar y  over  a g r e a t e r  range ( t h e  b u i l d - u p  o f  m a t e r i a l  

around the branch r a d i us  i s t h i c k e r  than f o r  the 2 mm 

or 3 mm r a d i u s ,  a l t hough the v a l ues  a t  the dome are  

l e s s ) .
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When a n a l y s i n g  the samples s e p a r a t e l y ,  i t  was 

n o t i c e a b l e  t h a t  the minimum wal l  t h i c k n e s s  r a t i o s  were 

obt a i ned  wi t h  the 106 kN or 128 kN a x i a l  l o a d s ,  and the  

maximum wal l  t h i c k n e s s  r a t i o s  were obt a i ned  f o r  the  

h i ghe s t  a x i a l  l o a d ,  149 kN.

Wi th r egar ds  to the f i n a l  l eng t hs  o f  the  

component ,  i t  was agai n observed t h a t  the v a l ue s  were 

c o ns t a n t  f o r  any g i ve n  a x i a l  l o a d .  There was no 

appar ent  t r end in the v a r i ous  sampl es,  and no 

connect i on  between the bul ge h e i g h t  and the f i n a l  

l e n g t h  o f  t he component .

The r e s u l t s  i n d i c a t e d  t ha t j  to produce the  

g r e a t e s t  bul ge h e i g h t ,  i t  was p r e f e r a b l e  to use a se t  

of  d i e - b l o c k s  wi t h  smal l  r a d i us  a t  the branch and tube  

i n t e r s e c t i o n .  The r e s u l t s  obt a i ne d  wi t h  a compr essi ve  

a x i a l  load of  85 kN c o n t r a d i c t e d  t h i s ,  but  i t  was f e l t  

t h a t  the reason f o r  t h i s  was t h a t  because on l y  a smal l  

bul ge was formed (and not  a domed b r a n c h ) ,  t he  process  

was c l o s e r  to one based on pure i n t e r n a l  pr e s sur e  

causi ng d e f o r m a t i o n .  In the samples wi t h  the l a r g e r  

r a d i u s ,  t he metal  i s  more e a s i l y  bu l ge d ,  as t he  

u n r e s t r i c t e d  area under the branch i s  l a r g e r  

( F i g u r e  1 4 0 a ) .  A l so ,  t he  amount o f  bu l g i ng  t h a t  can 

t ake p l ace  b e f o r e  c o n t a c t  i s  made wi t h  the d i e - b l o c k  

w a l l s  i s  g r e a t e r .  As s t a t e d  p r e v i o u s l y ,  f r i c t i o n  p l ays  

a v i t a l  r o l e  in d e c i d i n g  the h e i g h t  o f  the  b u l g e .

When c o n s i d e r i n g  the cases f o r  the t h r e e  

hi gher  a x i a l  l o a d s ,  the r e l a t i o n s h i p  between the bu l ge  

he i ght s  and wal l  t h i c k ne s s e s  i s  a l so i m p o r t a n t .  The
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r e s u l t s  show t h a t  the s ma l l e r  the r a d i us  a t  the  

i n t e r s e c t i o n ,  the g r e a t e r  the bul ge  h e i g h t .  A reason  

f o r  t h i s  is t h a t  to produce a b r a nch ,  i t  t akes  3 . 1 42  mm

of  m a t e r i a l  to t u r n  the 90°  angl e  necessar y  f o r  the
>■

components formed wi t h  the d i e - b l o c k s  wi t h  the 2 mm 

branch r a d i u s ,  whereas f o r  the 5 mm r a d i u s ,  the  v a l ue  

i s 7 . 85  mm ( s i n c e ;  , the c i r c u mf e r e n c e  o f  a c i r c l e  is  

2.  11 , r . ,  and the t u r n i n g  angl e is e x a c t l y  9 0 ° ) .  In a 

f r i c t i o n l e s s  case a decr ease  o f  one u n i t  in the branch  

r a d i us  would i ncr ease  the bul ge  h e i g h t  by one u n i t .  

However ,  a l t hough the t r end is c o r r e c t ,  t he v a l ues  

p r e d i c t e d  by the above are i n a c c u r a t e .  In the r e s u l t s  

o b t a i n e d ,  t he d i f f e r e n c e  in the bul ge  he i g h t s  between  

the f our  groups i n c r e a s e s  t he h i ghe r  the a x i a l  l o a d .

T h e r e f o r e ,  a l t hough  the m a t e r i a l  r e q u i r e d  to 

t r a v e l  around the r a d i us  i s  an i mpo r t a n t  f a c t o r  in the  

f i n a l  bulge h e i g h t ,  o t h e r  f a c t o r s  ar e  i n v o l v e d .  As t he  

a x i a l  load is  i n c r e a s e d ,  more m a t e r i a l  f l ows i n t o  the  

de f o r ma t i o n  zone,  and thus more m a t e r i a l  i s  made 

a v a i l a b l e  to produce the b u l g e .  F r i c t i o n  causes a 

r e s i s t a n c e  to t h i s  f l o w ,  and w i l l  e v e n t u a l l y  produce a 

r u p t u r e  o f  the  dome, because i n s u f f i c i e n t  m a t e r i a l  w i l l  

be supp l i ed  to wi t hs t an d  the i n t e r n a l  p r e s s u r e .  The 

a x i a l  load acts  along the l e n g t h  o f  t he t u b e ,  and not  

i n t o  the br anch.  I t  me r e l y  s u p p l i e s  the m a t e r i a l  to the  

de f o r ma t i o n  zone,  and i t  i s  t he i n t e r n a l  p r e ssur e  which  

bul ges the m a t e r i a l  i n t o  the br anch.  I f  the i n t e r n a l  

pr essur e  is too l ow,  w i t h  r e s p e c t  to the a x i a l  l o a d ,  

the tube b u c k l e s ,  s i nce  the m a t e r i a l  t r i e s  to f l o w
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a x i a l l y .  However,  components ar e  somet imes formed which 

have wa l l s  which are  not  in c o n t a c t  wi t h  the d i e - b l o c k s  

around the branch r a d i us  ( t he  a x i a l  load pushes the  

m a t e r i a l  i n t o  the de f o r ma t i o n  zone,  but  t h e r e  is  

i n s u f f i c i e n t  i n t e r n a l  pr essur e  to push the m a t e r i a l  

a g a i n s t  the d i e - b l o c k  w a l l s  -  see F i gur e  1 4 0 b ) .  The 

pr ocess ,  t h e r e f o r e ,  c o n s i s t s  o f  m a t e r i a l  being pushed 

i n t o  the d e f o r ma t i o n  zone,  and then bulged i n t o  the  

b r a n c h .

In the case of  the 2 mm r a d i u s ,  t he  amount o f  

c o n t a c t  between the m a t e r i a l  and the d i es  a t  the  

i n t e r s e c t i o n  is a minimum ( t h e  metal  w i l l  f l o w past  the  

s t a r t  o f  t he branch and then be bulged upwards)  , 

wher eas,  in the l a r g e r  r adi used d i e - b l o c k s ,  t he  metal  

w i l l  be in c ons t a n t  c o n t a c t  wi t h  the d i e s .  T h e r e f o r e ,  

t he r e s i s t a n c e  c r e a t e d  by the f r i c t i o n  w i l l  be g r e a t e r  

than f o r  the 2 mm r a d i u s ,  a.nd the bul ge  h e i g h t  w i l l  be 

reduced a c c o r d i n g l y .  Thi s  e x p l a i n s  t he wa l l  t h i c k n e s s  

d i s t r i b u t i o n s  ob t a i ne d  f o r  the v a r i o u s  sampl es.  In the  

cases o f  the  s ma l l e r  r a d i i ,  t he  t h i c k n e s s  d i s t r i b u t i o n s  

ar e  more even,  and do not  t h i n  as much a t  the c e n t r e  o f  

the domes.  The l a r g e r  va l ue s  o f  .4 mm and 5 mm produce  

wal l  t h i ck n e s s e s  which are l a r g e r  a t  the i n t e r s e c t i o n  

( t h e  metal  i s not  a b l e  to f l o w away as e a s i l y ) ,  but  

t h i n n e r  at  the domes ( t h e  metal  f i n d s  i t  har der  to f l o w  

in to the b r a n c h ) .

The above po i n t s  are a l so suppor ted by the  

f ormi ng ranges of  the samples.  The 2 mm r a d i us  produces  

s l i g h t l y  buckled components wi t h  the l owest  i n t e r n a l
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o
p r e s s u r e  ( 27 . 60 N/mm^) , but  di d not  r u p t u r e  at

6 2 . 1 0  N/mm^. The 4 mm and 5 mm r a d i i  however ,  r up t ur e d

wi t h  the 149 kN a x i a l  load and an i n t e r n a l  pr es sur e  of

62 . 10  N/mm^. Only the 3 mm r a d i us  formed f o r  a l l

combi nat i ons o f  pr essur e  and l o a d .

From the p o i n t  o f  v i ew o f  m a n u f a c t u r i n g ,  the  

components formed wi t h  the d i e - b l o c k s  wi t h  2 mm branch  

r a d i us  are s e l e c t e d .  Not on l y  are  the components the  

most p l ea s i n g  a e s t h e t i c a l l y ,  but  t hey  are the cheapest  

to produce ( t h e  m a t e r i a l  saved by keeping the r a d i u s  a 

minimum can be 2 to 3 mm per  tube - T . M . I .  Y o r k s h i r e  F i t t i n g s  

L t d .  produce 90 m i l l i o n  components a year  - 

[ a p p r o x i m a t e l y  250 tonnes o f  m a t e r i a l  s a v e d ] ) .

The components formed wi t h  the 149 kN a x i a l  

l oads had the h i ghe s t  r a t i o s  o f  wal l  t h i c k n e s s  a t  the  

domes,  as the i dea l  combi nat i on o f  p r essur e  and load 

was used.  Enough metal  was pushed i n t o  the d e f o r m a t i o n  

zone f o r  the i n t e r n a l  p r essur e  to be abl e  to form a 

branch which was not  e x c e s s i v e l y  t h i nne d  a t  the dome.

5 . 1 . 3 ) Pl unger s

I t  i s  necessar y  f o r  the p l unger s  t o appl y  

a x i a l  load to the ends o f  the t u b e ,  to seal  i t  and 

m a i n t a i n  the i n t e r n a l  p r e s s u r e .  In or de r  to f a c i l i t a t e  

the s e a l i n g  of  the t u b e ,  t he  t i p  o f  t he p l unge r  is  

stepped (so t h a t  the end of  the tube b u t t s - u p  a g a i n s t  

i t ) ,  and al so t aper ed ( t o  a l l o w  a g r e a t e r  degree o f  

f reedom when i t  e n t e r s  the t u b e ) .  I n i t i a l l y ,  t he  

pl unger s  used wi t h  the machine had a s l i g h t  t a p e r ,  

which a l l owed them to e n t e r  the t u b e ,  but  which then
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made c o n t a c t  wi t h  the i n s i d e  o f  the tube w a l l s  ( t h e  

pl unger s  were f or ced i n t o  the tubes so t h a t  over  most  

of  the l e n g t h  o f  the t a p e r ,  t h e r e  was c o n t a c t  between  

the p l unger  and t u b e ) .  The e f f e c t  o f  t h i s  was t h a t  when 

the d i e s  were clamped t o g e t h e r ,  the  tube was pinched  

between the d i es  and the p l u n g e r s .  When the tube was 

def or med,  the r e s i s t a n c e  caused by t h i s  e f f e c t  meant  

t h a t  h i gher  a x i a l  loads were r e q u i r e d  to produce a 

component than i f  t h i s  c o n t a c t  had not  e x i s t e d .  A l s o ,  

when the t i p s  o f  the p l unger s  were in c o n t a c t  wi t h  the  

i n s i d e s  o f  the t u b e ,  when the w a l l s  t h i c k e n e d ,  a 

stepped b u i l d - u p  o f  m a t e r i a l  occur red on the s i de  

oppos i t e  the br anch,  which meant  t h a t  in a 

ma nuf a c t ur i ng  s i t u a t i o n  a secondary machi ni ng process  

would be r e q u i r e d  to remove i t .

Three d i f f e r e n t  t ypes o f  p l unger s  were 

desi gned in an a t t empt  to reduce the b u i l t - u p  a r e a .  The 

f i r s t  t ype had rounded ends which f or ced the m a t e r i a l  

away from the l ower  s e c t i o n  o f  t he  t u b e ,  but  t he  end 

r e s u l t  was t h a t  the stepped area occur r ed a t  the s i des  

o f  t he  t ube .  The second type had shear i ng t i p s  to 

remove the metal  b u i l t - u p  dur i ng  the p r oc es s ,  but  t he  

process produced cracks in the tube w a l l s .  An amended 

pl unger  was then used to remove the b u i l d - u p  a f t e r  the  

component was formed,  and a l t hough s u c c e s s f u l ,  s t i l l  

e n t a i l e d  a secondary machi ni ng o p e r a t i o n .  The t h i r d  

t ype o f  pl unger s  had t i p s  wi t h  an i ncr eased angl e  o f  

t a p e r  so t h a t  the tube di d not  come in c o n t a c t  wi t h  

them u n t i l  the area where the p l unger s  were s t epped.
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The e f f e c t  o f  t h i s  was to enabl e  components to be 

produced wi t h  l ower  a x i a l  l oads ( o r ,  i f  t he same loads  

were used,  to produce i nc r e a s e s  in bul ge h e i g h t s  in the  

or de r  of  20% to 30%) ,  and wi t h o u t  a stepped b u i l d - u p  of  

m a t e r i a l  ( t h e  m a t e r i a l  was more even l y  d i s t r i b u t e d  

along the l e n g t h  o f  t he t u b e ) .
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5 . 2 ) V a r i a t i o n s  in the  Component Shape

The i n i t i a l  set  o f  d i e - b l o c k s  used wi t h  the  

machine produced tee  p i eces  over  a wide range o f  

o p e r a t i n g  p a r a me t e r s .  Wi th r egard to the p r oce s s ,  t he  

pr od uc t i on  of  u n r e s t r a i n e d  bul ges ( f o r  the ma nuf a c t ur e  

of  r e d u c t i o n / e x p a n s i o n  j o i n t s ,  or  gear  box cas i ngs)  and 

tubes wi t h  bends in them ( c o r n e r s  and tap spouts)  had 

been going on s i nce  1940.  These di d not  r e q u i r e  the  

same amount o f  pr essur e  c o n t r o l  as the more complex 

shapes such as t ee  p i eces  or  cross j o i n t s .

Tee pi eces  were formed from two t h i c k n e s s e s  o f  

m a t e r i a l  over  a wide range o f  compressi ve a x i a l  l oads  

and i n t e r n a l  p r e s s u r e s .  A two stage d e f o r ma t i o n  process  

was used to a t t empt  to improve the bul ge he i g h t s  and 

wal l  t h i c k n e s s e s .  In cases where the tubes b u r s t  a t  a
p

v a i ue  o f ,  say ,  48 . 30 N/mm*- wi t h  a one stage
p

d e f o r m a t i o n ,  i t  was p o s s i b l e  to exceed 58 . 65  N/mm when 

a two stage  process was used.  The process worked 

because in the f i r s t  s t age  o f  the d e f o r ma t i o n  process  

the tube underwent  w o r k - h a r d e n i n g , and t h i s  a l l owed i t  

to wi t hs t an d  the i ncr eased pr es sur e  in the second 

s t a g e .  T h e r e f o r e ,  the  process was oper a t ed so t h a t  the  

f i r s t  stage f i n i s h e d  at  v a l ue s  o f  pr essur e  and a x i a l  

load j u s t  l ess  than those which would cause r u p t u r e .

The use o f  the process produced an i ncr eased bul ge  

h e i g h t ,  because the top o f  the branch became more 

s p h e r i c a l  when the i n t e r n a l  pr es sur e  was r e - a p p l i e d .

D i e - b l o c k s  were manuf act ur ed to produce cross  

j o i n t s ,  and these proved even e a s i e r  to form than t ee
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p i e c e s .  The range of  l oads and pr essur es  from which 

components coul d be formed was g r e a t e r  than wi t h  the  

tees , because the metal  f lowed e ven l y  between the two 

branches ( t h e r e  was no b u i l d - u p  o f  m a t e r i a l ) .  The cross  

j o i n t s  were l ess  l i k e l y  to r u p t u r e ,  but  the ease at  

which t hey  could be formed produced the problem of  

o v e r - de v e l ope d  shapes.  Thi s problem was not  found wi t h  

the  t ee p i e c e s ,  and t h a t  was most l i k e l y  because the  

t e e ' s  b u r s t  b e f o r e  ever  r eachi ng  t h a t  s t a g e .  The t e s t s  

on components formed by a two stage process were 

s i m i l a r  to those from the tee p i e c e .

A f t e r  the successf u l  t e s t i n g  of  both the t ee  

pi ece  and cross j o i n t ,  d i e - b l o c k s  were manuf ac t ur ed to 

produce a component wi t h  o f f - s e t  j o i n t s  ( t h e  bul ges  

were on oppos i t e  s i des  o f  the t u b e ,  s i m i l a r  to the  

cross j o i n t ,  but  t h e i r  c e n t r e s  were e q u i - s p a c e d ,  and on 

oppos i t e  s i des from the c e n t r e  l i n e  o f  t he  t u b e ) .  I t  

proved d i f f i c u l t  to form components in t h i s  

c o n f i g u r a t i o n ,  because when the bul ges s t a r t e d  to f or m,  

t hey  l o c a t e d  the tube in the d i e - b l o c k s ,  anu hence no 

a x i a l  de f o r ma t i o n  could t ake p l ace  in the c e n t r e  

s e c t i o n  o f  the t ube .  Ax i a l  d e f o r ma t i o n  di d t ake  p l ac e  

at  the ends o f  the tube (up to the s t a r t  o f  the  

b u l g e s ) ,  which caused the bul ges to be l o p - s i d e d  and 

r upt ur ed  f o r  r e l a t i v e l y  low v a l u e s  o f  load and pr e s s u r e  

(compared to the t ee p i eces  and cross j o i n t s ) .  The 

i n i t i a l  purpose o f  produci ng Lrie component was in an 

a t t empt  to manuf ac t ur e  two t ee  p i eces  from the same 

bl ank ( us i ng a l onge r  tube bl ank  to produce two tee
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pi eces  o f  the same di mensi ons as the i n d i v i d u a l  ones,  

which could be d i v i d e d  a f t e r  the p r o c e s s ) .  However,  

a l t hough  t h i s  proved i m p o s s i b l e ,  t he  process could  

s t i l l  be used to form the component shape,  i f  onl y  

smal l  bulges were r e q u i r e d .  The r e s u l t s  from these  

t e s t s  i n d i c a t e d  t h a t  i t  would be d i f f i c u l t  to produce  

l a r g e  bul ge he i ght s  ( equal  to h a l f  t he  f i n a l  tube  

a l e n g t h )  on any component wi t h  two branches e i t h e r  s i de  

of  the c e n t r e - l i n e ,  due to the l ack  o f  a x i a l  

d e f o r ma t i o n  in the c e n t r a l  r e g i o n .

A l i m i t a t i o n  o f  the process i s  t h a t  i t  

r e q u i r e s  the metal  to f l o w i n t o  the d e f o r ma t i o n  zone 

wi t h o u t  r e q u i r i n g  such a l a r g e  a x i a l  load t h a t  the tube  

b u c k l e s ,  or  the i n t e r n a l  p r essur e  r u p t u r e s  t he dome.

The components which a l l o w  t he  most d e f o r ma t i o n  are  

those in which the metal  f l ows the e a s i e s t ,  and does 

not  b u i l d  up [unduly' .  Hence,  a cross j o i n t ,  

u n r e s t r a i n e d  bulge or  c i r c u m f e r e n t i a l  b u l g e - w i l l  form 

e a s i e r  than a t ee  p i ece  or  o t h e r  one sided b u l g e ,  and 

those in t u r n  w i l l  form e a s i e r  than ones in which the  

a x i a l  de f o r ma t i o n  is l i m i t e d .
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5 . 3 ) Tube S p e c i f i c a t i o n s

In or der  to de t e r mi ne  the v e r s a t i l i t y  o f  the  

bul ge formi ng pr ocess ,  f o u r  d i f f e r e n t  s i z e s  o f  copper  

tube were used.  Three of  these had the same o u t s i d e  

d i a m e t e r ,  24 . 12  mm. One t u b e ,  which was taken as the  

standard f o r  a l l  of  the t e s t s  c a r r i e d  out  on the  

machi ne ,  was 107 mm in l e n g t h ,  and had a wa l l  t h i c k n e s s  

of  1 . 37 mm. Another  had the same wa l l  t h i c k n e s s ,  but  

was 94 mm in l e n g t h ,  w h i l s t  the t h i r d  was 147 mm in 

l e n g t h  and had a wa l l  t h i c k n e s s  o f  1 . 03 mm. The o t h e r  

tube used was of  c o mp l e t e l y  d i f f e r e n t  d i mens i ons:

9 4 . 1 4  mm in l e n g t h ,  16. 86 mm o u t s i d e  d i a m e t e r ,  and a 

wal l  t h i c k n e s s  o f  0 . 95  mm.

When t e s t e d ,  t he ' s t a n d a r d '  tube produced  

components over  a wide range of  v a l ue s  o f  compr essi ve  

a x i a l  load and i n t e r n a l  p r e s s u r e .  There was some 

b u ck l i ng  of  the tube wi t h  low i n t e r n a l  p r e s s u r e s ,  and 

the occas i ona l  r u p t u r e  at  high p r e s s u r e s ,  but  in 

gener a l  , f u l l y  formed components coul d be produced 

c o n s i s t e n t l y .

The t u b e ,  94 mm in l e n g t h ,  produced s i m i l a r  

r e s u l t s  to the ' s t a n d a r d '  t u b e ,  except  t h a t  the  amount  

o f  a x i a l  d e f o r ma t i o n  p o s s i b l e  was l e s s  (owing to the  

f a c t  t h a t  i t  was necessary  to stop t he process b e f o r e  

the p l unger s  made c o n t a c t  wi t h  each o t h e r ) .  However ,  

the  formi ng ranges were the same, and i t  coul d be 

assumed t h a t  t h i s  would appl y  to any l e n g t h  o f  t u b e .

The bul ge he i ght s  produced f o r  any p a r t i c u l a r  range o f  

loads and pr essur es  were not  the same f o r  the two
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t u b e s ,  because the l onger  the t u b e ,  t he  g r e a t e r  the  

compressi ve  a x i a l  load needed to overcome f r i c t i o n .

The tubes wi t h  the wa l l  t h i c k n e s s e s  o f  1 . 03  mm 

did not  produce components over  the same range as the  

pr ev i ous  t ube s .  They were much more s u s c e p t i b l e  to 

bu c k l i ng  at  low i n t e r n a l  p r e s s u r e s ,  and r upt ur ed  f o r  

onl y  mo d e r a t e l y  hi gh i n t e r n a l  p r e s s u r e s .  They di d  

produce g r e a t e r  bul ge he i g h t s  than the o t h e r  tubes f o r  

the same for mi ng v a l u e s ,  but  the  d i s a d v a n t a g e  o f  havi ng  

a l i m i t e d  formi ng range made them the l e a s t  a p p l i c a b l e  

f o r  the pr ocess .

The s ma l l e r  di mensi oned tubes produced 

components over  a wide range of  v a l u e s ,  a l t hough a x i a l  

l oads and i n t e r n a l  pr essur es  were much l ower  than f o r  

the l a r g e r  d i a me t e r  t u b e s .  There were ver y  few examples  

of  bu c k l i n g  or  r u p t u r e ,  and the t r ends  coul d be l i k e n e d  

to those o f  t he  ‘ s t a n d a r d 1 t ube .

The i mp o r t a n t  bl ank di mensi ons when s e l e c t i n g  

a tube f o r  the bul ge for mi ng process ar e  o u t s i d e  

d i a me t e r  and wa l l  t h i c k n e s s .  The r a t i o  o f  t he two 

det e r mi nes  the formi ng range over  which components can 

be produced.  For exampl e,  t he  s t andar d tube had a r a t i o  

of  17 . 74  and the s ma l l e r  di mensi oned tube 1 7 . 5 0 .  

However ,  the tube wi t h  a wa l l  t h i c k n e s s  o f  1 . 03  mm had 

a r a t i o  o f  2 3 . 4 2 .  Ob v i o u s l y ,  the  s ma l l e r  the r a t i o ,  t he  

g r e a t e r  the formi ng range ( a l t h o u g h  the a x i a l  l oads and 

i n t e r n a l  pr essur es  needed to produce a g i ven  bul ge  

h e i g h t  w i l l  i ncr ease  as the r a t i o  d e c r e a s e s ) .
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5 . 4 ) The E f f e c t . o f  Lubr icat ion '

From the r e s u l t s  o f  t h e * t e s t s  c a r r i e d  out  on 

the p l u n g e r s ,  i t  was known t h a t  the c o e f f i c i e n t  of  

f r i c t i o n  between the tube and the d i e - b l o c k s  de t e r mi ned  

the formi ng load r e q u i r e d  to g i v e  a p a r t i c u l a r  bul ge  

h e i g h t .  The l ower  the va l ue  o f  f r i c t i o n ,  the  g r e a t e r  

the f or mi ng r ange .  In or der  to v e r i f y  these assumpt ions  

and a l so to check t he advantages o f  v a r i o u s  l u b r i c a n t s ,  

a f u l l  set  o f  t e s t s  was c a r r i e d  out  on the f o r m a t i o n  o f  

a tee  p i e c e .  Tubes were coated wi t h  f our  t ypes o f  

l u b r i c a n t ,  des i gna t ed  ' A ' ,  ' B ' ,  ' C 1 , and * D1 .

L u b r i c a n t  'A'  was a base o i l  w i t h  a v i s c o s i t y  o f  32 

wi t h  a 2% d i s p e r s i o n  o f  o l e i c  a c i d ,  1B' was the base 

o i l  w i t h  a 2% d i s p e r s i o n  o f  P . T . F . E . ,  ' C' was the base 

o i l  w i t h  a 2% d i s p e r s i o n  o f  a f r i c t i o n  m o d i f i e r ,  and 

1D1 was P . T . F . E .  in an aer oso l  spr a y .  Al l  o f  t hese  were 

t e s t e d  over  a f u l l  range o f  a x i a l  l oads and i n t e r n a l  

pr essur es  and the r e s u l t s  compared a g a i n s t  those  

obt a i ne d  f o r  s t andar d set  o f  t e s t s .

Al l  of  t he l u b r i c a n t s  produced r e s u l t s  which  

were improvements on the st andar d r e s u l t s .  Al though  

t h e r e  was l i t t l e  d i f f e r e n c e  in the wa l l  t h i c k n e s s  

d i s t r i b u t i o n s  among the f i v e  set s  o f  t e s t  r e s u l t s ,  

t h e r e  was an i ncr ease  in the bul ge  h e i g h t s  o b t a i ne d  f o r  

the l u b r i c a t e d  samples.  The i n c r e a s e  in the bul ge  

he i g h t s  v a r i e d  between 3% and 7% of  t hose ob t a i ne d  wi t h  

the standard samples.  Cons i der i ng  t h a t  the wa l l  

t h i c k n e s s e s  f o r  any gi ven set  o f  f or mi ng par amet er s  

were a p p r o x i ma t e l y  the same, then s i nce  the l u b r i c a t e d
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samples produced g r e a t e r  bul ge h e i g h t s ,  t he  r a t i o s  of  

the minimum wal l  t h i c k n e s s  to the bul ge h e i g h t  were 

reduced compared to- the s t andar d sample.  T h e r e f o r e ,  i f  

the compressi ve  a x i a l  load and i n t e r n a l  pr e ssur e  were 

set  so t h a t  a g i ven bul ge he i g h t  was o b t a i n e d ,  t he use 

of  a l u b r i c a n t  would improve the wa l l  t h i c k n e s s  

d i s t r i b u t i o n .  Another  f e a t u r e  was t h a t  the f i n a l  

l e n g t h s  of  components formed wi t h  a g i ven a x i a l  load  

were a p p r o x i ma t e l y  the same. Hence,  a l t hough  a d d i t i o n a l  

bul ge he i g h t s  were achi eved wi t h  t he l u b r i c a n t s ,  i t  was 

not  as a r e s u l t  o f  more a x i a l  d e f o r m a t i o n .  The e f f e c t  

of  the l u b r i c a n t s  a c t i n g  between the d i e - b ' l ock  and the  

tube s u r f a c e  enabled the metal  in the d e f o r ma t i o n  zone 

to f l o w more e a s i l y  i n t o  the br anch,  w i t h o u t  b u i l d i n g  

up around the r a d i u s  to the same e x t e n t .  T h e r e f o r e ,  i f  

t he ptnnpcrslPof the bul ge f or mi ng process was to produce  

a t ee  p i ece  o f  g i ven bul ge h e i g h t  (as i s  t he case in 

i n d u s t r y ) ,  then by using l u b r i c a n t s  in t he pr oc e s s ,  the  

l e ng t hs  o f  the tube bl anks could be reduced by t he  same 

amount t h a t  the bul ge h e i g h t s  were i n c r e a s e d .  For  

exampl e,  produci ng tee  p i eces  from t he s t andar d t u b e s ,  

i t  was p o s s i b l e  to o b t a i n  a 3 . 5  mm i n c r e a s e  in the  

bul ge he i g h t  o f  a f u l l y - f o r m e d  component ( t h r e e  equal  

l e ng t h  branches)  w i t h o u t  any s i g n i f i c a n t  change in the  

f i n a l  component l e n g t h .  Hence,  a t ube bl ank  3 . 5  mm 

s h o r t e r  could be used to o b t a i n  t he  same amount o f  

bul ge he i g h t  as was a c h i e v a b l e  wi t h  the u n l u b r i c a t e d  

component ( sav i ng  3 . 6  x 1 0 " 7 m3 of  m a t e r i a l  on each 

component - I • M. I . F i t t i n g s  Lt d .  produce about
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90 m i l l i o n  components a y e a r ,  which would be a savi ng  

of  about  300 , 000  kg of  c o p p e r ) .

As f a r  as the i n d i v i d u a l  l u b r i c a n t s  were 

concer ned,  the best  o v e r a l l  r e s u l t s  were obt a i ned  wi t h  

t he P . T . F . E .  spray which was a p p l i e d  to the tubes and 

al l owed to dry p r i o r  to them being pl aced in the  

machi ne .  However ,  when a s p e c i f i c  range o f  o p e r a t i n g  

par amet er s  was anal ysed ( t hos e  pr oduci ng f u l l y  formed 

components) ,  the P . T . F . E .  d i s p e r s i o n  ( ' B' )  produced 

s l i g h t l y  b e t t e r  r e s u l t s  than the spr ay .  Thi s  was 

t hought  to be because the P . T . F . E .  d i s p e r s i o n  r e q u i r e d  

' w o r k i n g - i n '  to the d i e - b l o c k  and tube s u r f a c e s ,  which 

was onl y  achi eved when t h e r e  was e x t e n s i v e  a x i a l  

d e f o r ma t i o n  (40% to 50%) .  P r i o r  to t h i s  the P . T . F . E .  

was on the s ur f a c e  o f  the tube and d i e s ,  but  had not  

been f or ced i n t o  the mi c r os c o p i c  u n d u l a t i o n s .

T h e r e f o r e ,  a l t hough i t  produced spme l u b r i c a t i o n ,  i t s  

f u l l  e f f e c t  was not  a c h i e v e d .  The P . T . F . E .  s p r a y ,  on 

the o t h e r  hand,  produced c ons t a n t  l u b r i c a t i o n  

t h r o u g h o u t ,  g i v i n g  the best  r e s u l t s  f o r  the low a x i a l  

l o a d s ,  and onl y  s l i g h t l y  i n f e r i o r  ones to the  

d i s p e r s i o n  at  h i gher  l o a d s .

The o t h e r  l u b r i c a n t s  produced s l i g h t  

improvements on the s t andar d t e s t s ,  w i t h  the base o i l  

wi t h  the d i s p e r s i o n  o f  o l e i c  aci d being s u p e r i o r  to the  

one wi t h  the d i s p e r s i o n  o f  a f r i c t i o n  m o d i f i e r .

The main concern when c o n s i d e r i n g  the use of  

the l u b r i c a n t s  on the f o r ma t i o n  o f  components was t h e i r  

a p p l i c a b i l i t y  to an i n d u s t r i a l  pr ocess .  Al though a l l  of
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the l u b r i c a n t s  produced improved r e s u l t s ,  not  a l l  could  

r e a d i l y  be used in the i n d u s t r i a l  mass p r o d u c t i o n  of  

components.  The l u b r i c a n t s  would have had to be 

i n c o r p o r a t e d  i n t o  the h y d r a u l i c  o i l  used as the  

p r e s s u r i s i n g  medium,  which was a base o i l  w i t h  an 

I . S . O .  v i s c o s i t y  o f  32.  However,  o f  the f o u r  l u b r i c a n t s  

used,  two of  them ( t h e  o l e i c  acid and f r i c t i o n  m o d i f i e r  

d i s p e r s i o n s )  did not  produce r e s u l t s  which would 

j u s t i f y  the a d d i t i o n a l  cost  o f  t h e i r  use.  The P . T . F . E .  

d i s p e r s i o n  produced s a t i s f a c t o r y  r e s u l t s ,  but  the  maj or  

problem was t h a t  i t  would not  s t ay  in suspensi on and 

separ a t ed from the base o i l .  T h e r e f o r e ,  i f  i t  was 

i n c o r p o r a t e d  in the p r e s s u r i s i n g  medium,  i t  would 

s e t t l e  a t  the bottom of  t he o i l  r e s e r v o i r ,  and clog up 

the  f i l t r a t i o n  system.

The on l y  a p p l i c a b l e  l u b r i c a n t  was t he  P . T . F . E .  

spray which coul d be a p p l i e d  to the tubes b e f o r e  they  

were fed i n t o  the machi ne.  Thi s  coul d be achi eved by 

f e e d i n g  them through the spray on a conveyor  b e l t .  Once 

the spray had d r i e d  on the s u r f a c e  of  the t u b e s ,  i t  was 

q u i t e  r e s i l i e n t  and would not  wipe o f f .  The tubes coul d  

then be fed i n t o  the machine and the e f f e c t  o f  t he  

1u b r i c a n t  u t i 1 ised .
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5 . 5 ) The Ef fe c t  of  Using D i f f e r e n t  Tube Mater ia ls

To de t e r mi ne  the e x t e n t  to which the bul ge  

for mi ng process coul d be used to produce components 

from d i f f e r e n t  m a t e r i a l s ,  t e s t s  were c a r r i e d  out  on 

c opper ,  mi l d s t e e l  and commer c i a l l y  pure aluminium 

t ube s .  A l l  of  the bl anks were o f  the ' s t a n d a r d '  

di mens i ons .  The copper  tubes were s upp l i e d  in an 

anneal ed s t a t e  by I . M . I .  F i t t i n g s  L t d . # anc| the s t e e l  

and aluminium t u b e s ,  which had to be machined to g i v e  

the r e q u i r e d  d i mens i ons ,  were annealed p r i o r  to 

t e s t i n g .  Al l  of  the tubes had s i m i l a r  s u r f a ce  f i n i s h e s  

and appeared f l a w l e s s .

The t e s t i n g  was c a r r i e d  out  over  a range of  

i n t e r n a l  pr essur es  and compressi ve a x i a l  l o a d s .  The 

s t e e l  and copper  components were formed over  the same 

r ange:  27 . 60 N/mm*- to 6 2 . 1 0  N/mmc i n t e r n a l  p r e s s u r e ,  

and 85 kN to 149 kN a x i a l  load-.' TTfe a luminium coul d not  

be formed p r o p e r l y  in these ranges and was t h e r e f o r e  

t e s t e d  wi t h  i n t e r n a l  pr essur es  v a r y i n g  from 6 . 90  N/mm^ 

t o 20 . 7 0  N/mm , and wi t h  a x i a l  l oads v a r y i n g  from 42 kN 

to 106 kN.

A l l  of  the m a t e r i a l s  deformed in a manner  

which a l l owed bul ge for mi ng to occur .  The copper ,  which  

had been t e s t e d  t ho r o u g h l y  in pr e v i ous  e x p e r i me n t s ,  

gave the best  r e s u l t s ,  w i t h  an a c c e p t a b l e  component  

being formed over  a wide range o f  v a l u e s .  The a l umi ni um 

proved d i f f i c u l t  to f or m,  because a bul ge  coul d on l y  be 

achi eved wi t h  a smal l  range o f  v a l u e s .  I f  the  

combi nat i on o f  i n t e r n a l  p r essur e  and compressi ve  a x i a l
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load was s l i g h t l y  too l ow,  or  h i g h ,  t he tubes buckled  

or b u r s t .  For exampl e,  the  aluminium tubes could  

produce a bul ge wi t h  i n t e r n a l  pr essur es  which v a r i e d  by
p

10 N/mm , and compressi ve a x i a l  l oads which v a r i e d  by 

60 kN,  whereas the copper  tubes coul d 'be formed wi t h
p

i n t e r n a l  pr essur es  v a r y i n g  by 40 N/mm*- and a x i a l  loads  

v a r y i n g  by 100 kN. The s t e e l  could w i t h s t a n d  even 

l a r g e r v a r i a t i o n s .

The components which were formed from 

aluminium had an a c c e p t a b l e  shape,  a l t hough the s u r f a c e  

f i n i s h  o f  the tubes was poor .  The reason f o r  the  

l i m i t e d  formi ng range of  the aluminium was t h a t  i t  does 

not  work harden to the same e x t e n t  as t he  copper  or  

s t e e l ,  and thus l acks  r e s i l i e n c e  to the h i ghe r  

pr essur es  and l oads .

The s t e e l  proved a v e r y  s a t i s f a c t o r y  medium 

f o r  the pr ocess .  The formi ng v a l ues  p r e s s u r e  a n d  l o a d  w e r e  f a r  i n  

: e s s  o f  t h o s e  f o r  the  copper ,  and t h i s  made i t  d i f f i c u l t  to o b t a i n  a 

l a r g e  bul ge h e i g h t  wi t h  the machi ne ,  s i n c e  t he maximum 

system pr essur e  was 69 N/mm2 . The tubes di d not  buck l e  

at  the  l ower  v a l ues  o f  i n t e r n a l  p r essur e  l i k e  the  

copper ,  because o f  t he e x t r a  s t r e n g t h  in the tube  

w a l l s .  The q u a l i t y  o f  t he  formed components was good,  

wi t h  a n e a r - p o 1 ished s ur f a c e  f i n i s h .

The t e s t s  showed t h a t  i t  was p o s s i b l e  to use 

v a r i o u s  m a t e r i a l s  in the bul ge for mi ng p r oc e ss ,  

p a r t i c u l a r l y  those which would work - har den ex.ten s i v el  y .

The s t e e l  was a s u i t a b l e  m a t e r i a l  to use in the  

pr ocess ,  a l t hough the machine was unabl e to produce a
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f u l l y - f o r m e d  component .

The s t e e l  f o l l o we d  the same t r e n ds  as the  

copper ,  and as t he minimum wal l  t h i c k n e s s  r a t i o  

a c c e p t a b l e  b e f o r e  r u p t u r e  in the .copper  components was 

60% to 65%, the v a l ue  o f  95% which was ob t a i ne d  f o r  the  

s t e e l  showed how much more de f o r ma t i o n  was p o s s i b l e .  I t  

was cons i der ed t h a t  the va l ues  of  load and pr essure  up to which 

s t e e l  tubes coul d be formed were l i k e l y  to be in the r eg i on  

o f  t w i c e  those t e s t e d  (300 kN and 120 N/mm^) .

The t e s t s  on the aluminium suggested t h a t  i t s  

use would be l i m i t e d  in i t s  p r e s e n t  form.  A more 

s u i t a b l e  suggest i on would be to use i t  w i t h i n  an a l l o y  

which coul d p r ov i de  some a d d i t i o n a l  wo r k - har de n i ng  

c h a r a c t e r i s t i e s .
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5 . 6 ) T h e o r e t i c a 1  P r e d i c t i o n s

5 . 6 . 1 ) Wal l  Th ickness  P i s t r i b u t  ions

The t h e o r y  was used wi t h  f o u r  d i f f e r e n t  v a l ue s  

of  branch r a d i u s  (2 mm, 3 mm, 4 mmi and 5 mm). These 

were compared wi t h  sets o f  da t a  which had been ob t a i ne d  

using the standard t ubes .  Al though t h e r e  were 

d i s c r e p a n c i e s  between the a c t ua l  wa l l  t h i c k n e s s  

d i s t r i b u t i o n s  and the t h e o r e t i c a l  p r e d i c t i o n s ,  t he two 

di d f o l l o w  the same t r e n d s .  The i n c l u s i o n  o f  the  branch  

r a d i u s  in the t h e o r e t i c a l  e qua t i on  tended to improve  

the accuracy o f  t he p r e d i c t i o n s ,  w i t h  those ob t a i ned  

wi t h  t he branch r a d i u s  o f  4 mm and 5 mm g i v i n g  the best  

c o r r e l a t i o n s . Wi th low a x i a l  l oads the p r e d i c t i o n s  were 

c l ose  to the e xpe r i me n t a l  d a t a ,  e s p e c i a l l y  a t  the r o o t  

of  t he branch and the t i p  o f  t he dome. However ,  as t he  

a x i a l  load i n c r e a s e d ,  t h e r e  were some d i s c r e p a n c i e s  a t  

the r o o t  o f  the  br anch,  where the t h e o r e t i c a l  

p r e d i c t i o n s  were g i v i n g  l a r g e r  v a l u e s .  Th i s  v a r i a t i o n  

i ncr eased wi t h  the a x i a l  l o a d ,  and produced wa l l  

t h i c k n e s s  d i s t r i b u t i o n s  f o r  the branch which were  

e x c e s s i v e .  The p r e d i c t i o n s  o f  t he  dome t h i c k n e s s e s  were  

more a c c u r a t e ,  and tended to br i n g  the t h e o r e t i c a l  and 

e x pe r i me n t a l  l i n e s  t o g e t h e r .  However ,  when t h e r e  was a 

l a r g e  s i d e - b r a n c h  for med,  t he t h e o r y  t ended to  

un de r e s t i ma t e  the f i n a l  branch l e n g t h .  The t h i c k n e s s  

p r o f i l e  was r e l a t i v e l y  a c c u r a t e ,  but  t he  branch l e ng t h  was 

sometimes onl y  50% of  i t s  e x p e r i me n t a l  v a l u e .

The problem a s so c i a t e d  wi t h  the p r e d i c t i o n  o f  

the branch l e n g t h  was t h a t  i t  assumed a s t r a i g h t  l i n e
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r e l a t i o n s h i p  f o r  the r e d u c t i o n  in wa l l  t h i c k n e s s ,  and 

hence onl y  c a l c u l a t e d  an i n i t i a l  v a l ue  a t  the r o o t ,  and 

one where the branch j o i n e d  the dome. T h e r e f o r e ,  the  

i nac cur a c y  o f  the va l ue  at  the r o o t  c r e a t e d  a 

d i s c r e p a n c y  along the e n t i r e  l e n g t h  o f  the br a nc h ,  

which in most cases accounted f o r  over  75% of  the bul ge  

h e i g h t .  The t he or y  used in the p r e d i c t i o n  o f  the va l ue s  

a t  the r o o t  assumed t h a t  the a x i a l  d e f o r ma t i o n  had 

f or ced a l l  of  the m a t e r i a l  i n t o  the d e f o r ma t i o n  zone,  

and t h a t  t h e r e  was no m a t e r i a l  b u i l d - u p  a l ong the  

l e n g t h  o f  the t ube .  However ,  m a t e r i a l  f l ows both i n t o  

the d e f o r ma t i o n  zone and along the t u b e ,  causi ng an 

i n c r e a s e  in the wal l  t h i c k n e s s  • a long the t ube .  

T h e r e f o r e ,  when the t he or y  was used to p r e d i c t  the  

t h i c k n e s s  a t  the r o o t  f o r  l a r g e  a x i a l  d e f o r m a t i o n s ,  t he  

v a l ue  was too h i g h ,  and t h i s  was r e f l e c t e d  along the  

1 ength o f  the b r a n c h .

The p r e d i c t i o n s  o f  t he wa l l  t h i c k n e s s  

d i s t r i b u t i o n s  across the dome were r e a s o n a b l y  c l o s e ,  

and onl y  became i n a c c u r a t e  wi t h  the h i g h e r  i n t e r n a l  

p r e s s u r e s .  The reason f o r  t h i s  was t h a t  t he t h e o r y  was 

based on the expansi on o f  an a r c ,  and wi t h  high 

i n t e r n a l  p r e s s u r e s ,  t h i s  was not  the case .

The t h e o r e t i c a l  p r e d i c t i o n s  g e n e r a l l y  g i v e  

c l ose  appr ox i ma t i ons  o f  the v a l ue s  ob t a i ne d  

e x p e r i m e n t a l l y .  However,  t he t h e o r y  t ends to become 

i n a c c u r a t e  as the formi ng v a l ues  . reach a maximum, s i nc e  

i t  does not  t ake i n t o  account  the f r i c t i o n  between the  

d i e - b l o c k  and the t u b e ,  the s t r a  i n - h a r d e n i n g
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c h a r a c t e r i s t i e s  o f  the m a t e r i a l ,  or  the i n c r e a s e  in 

wal l  t h i c k n e s s  along the e n t i r e  l e n g t h  o f  the t u b e .

5 . 6 . 2 ) Compressive Ax i a l  Load

The above t h e o r y  p r e d i c t s  the wa l l  t h i c k n e s s

d i s t r i b u t i o n s  o f  a t ee  p i ece  g i ven  the i n i t i a l  and

f i n a l  l e n g t h s  o f  the t u b e ,  by assuming t h a t  the branch

and dome are made up o f  the m a t e r i a l  made a v a i l a b l e  by

t he a x i a l  d e f o r m a t i o n .  However ,  no account  i s  t aken of) *

the compr essi ve  a x i a l  load t h a t  i s  r e q u i r e d  to produce  

t h i s  r e d u c t i o n  in l e n g t h ,  and more i m p o r t a n t l y ,  the  

c h a r a c t e r i s t i c s  o f  t he tube m a t e r i a l  and the f r i c t i o n  

between the d i e - b l o c k s  and tubes which a f f e c t  i t .

Thi s  t h e o r y  i s  based upon the a x i a l  

compressi on o f  a tube where a bul ge  is formed where 

t h e r e  i s  no- r e s t r a i n t .

The t he or y  p r e d i c t e d  a c cu r a t e  r e s u l t s  f o r  the  

f o r ma t i o n  o f  bul ges under low a x i a l  l o a d s ,  but  t ended  

to become i n a c c u r a t e  as the amount o f  a x i a l  d e f o r m a t i o n  

became l a r g e .  On r e - e x a m i n a t i o n  o f  t he  t h e o r y ,  i t  

became e v i d e n t  t h a t  t h i s  i na c c ur a c y  was c r e a t e d  by t he  

f a c t  t h a t  no account  was t aken o f  t he  f r i c t i o n  between  

the component  branch and the d i e .  An assumpt i on was 

made t h a t  the r e d u c t i o n  in l e n g t h  o f  the  tube was equal  

to the i ncr e a se  in he i g h t  o f  t he b u l g e ,  and hence the  

f r i c t i o n a l  f a c t o r  could be i n c l u d e d .  The new 

p r e d i c t i o n s  were much c l o s e r  to the e x p e r i me n t a l  d a t a ,  

and a l t hough the t he or y  s t i l l  produced v a l u e s  l ower  

than those obt a i ned p r a c t i c a l l y  f o r  the l a r g e r  

d e f o r m a t i o n s ,  the maximum e r r o r  was l i m i t e d  to 15%.
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Comparisons were made wi t h  two d i f f e r e n t  s i z e  

t ube s ,  and the same t r ends  were obt a i ned  f o r  bot h .  

Al s o ,  t he  e f f e c t  o f  i n c r e a s i n g  the c o e f f i c i e n t  o f  

f r i c t i o n  c r e a t e d  the same t r ends  in the t h e o r e t i c a l  

p r e d i c t i o n s  and the e x pe r i me n t a l  d a t a ,  in t h a t  the  

compressi ve a x i a l  load r e q u i r e d  to produce a g i ven  

a x i a l  d e f o r ma t i o n  i n c r e a s e d .

The t he or y  produced a c cu r a t e  r e s u l t s  

c o n s i d e r i n g  the assumpt ions t h a t  were made in s e t t i n g  

up the model .  These were t h a t  the bul ge  was a 

hemi spher e ,  t h a t  the c y l i n d e r  w a l l s  di d not  t h i c k e n  

towards t he d e f o r ma t i o n  zone,  t h a t  the s t r e s s e s  in the  

bul ge  were e q u a l ,  and t h a t  the r e d u c t i o n  in a x i a l  

l e n g t h  e q u a l l e d  the i nc r e a s e  in bu l ge  h e i g h t .

Al though the two sets o f  t h e o r y  had c e r t a i n  

v a r i a b l e s  in common, a combi nat i on o f  t he  two was not  

cons i der ed f e a s i b l e ,  s i nc e  the assumpt ions made in 

them,  when combined,  would have c r ea t e d  a l a r g e  

i n a c c u r a c y .
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5 . 7 ) F u r t h e r  Work

To under t ake  any f u r t h e r  work on the bul ge  

formi ng pr oc e ss ,  i t  w i l l  be necessar y  to make maj or  

a l t e r a t i o n s  to the machi ne.  Al though a t  p r e s e n t  se v e r a l  

shapes can be f ormed,  the process i s  s t i l l  based on a 

o n e - o f f  p r i n c i p l e ,  w i t h  the c o n t r o l  of  t he  machine v e r y  

much a manual  o p e r a t i o n .  The des i gn o f  t he  p l unger s  and 

d i es  i s  s a t i s f a c t o r y ,  a l t hough i f  t he d i e - b l o c k s  were 

made in f o u r  s e c t i o n s ,  i t  would be p o s s i b l e  to p r o v i d e  

b e t t e r  d r a i n a g e  f o r  the ent r apped f l u i d .

The main a r ea  o f  work should be aimed a t  the  

aut omat i on o f  the machine so t h a t  the tube bl anks and 

the f i n i s h e d  components can be i n j e c t e d  and removed 

wi t h o u t  t he  i n t e r v e n t i o n  o f  t he  o p e r a t o r ,  so making the  

machine more c ompa t i b l e  wi t h  an i n d u s t r i a l  p r ocess .  

Al s o ,  t he  v a l v e s  need to be e l e c t r o n i c a l l y  c o n t r o l l e d ,  

and oper a t ed by a m i c r o - p r o c e s s o r . I f  a computer  was 

used which was i n p u t t e d  wi t h  a l l  o f  the  for mi ng ranges  

of  t he  v a r i o u s  tube s i z e s ,  i t  would be p o s s i b l e  to  

e n t e r  in the r e q u i r e d  bul ge h e i g h t  and tube  

s p e c i f i c a t i o n s ,  and then l e t  the m i c r o - p r o c e s s o r  handl e  

the f o r m a t i o n .  The use o f  m i c r o - p r o c e s s o r  c o n t r o l  would 

al so l i m i t  the amount o f  r u p t u r e d  components,  s i n c e  the  

i n t e r n a l  p r essur e  could be moni t or ed by an 

e l e c t r o n i c a l l y  c o n t r o l l e d  r e l i e f  v a l v e .

Apar t  f rom the u p - d a t i n g  of  t he machi ne ,  the  

areas in which t e s t i n g  needs to be done are those  

r e l a t i n g  to f r i c t i o n .  Al though l u b r i c a n t s  have been 

t e s t e d  and shown to reduce f r i c t i o n ,  t h e i r  a p p l i c a t i o n
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to a ma n uf a c t ur i ng  process i s  s t i l l  dependent  on the  

way in which t hey  are  a p p l i e d .  I t  w i l l  be necessar y  to  

t e s t  v a r i o u s  base o i l s  wi t h  a d d i t i v e s  to f i n d  a 

combi nat i on  which produces s a t i s f a c t o r y  r e s u l t s  but  

which does not  e n t a i l  ma j or  a l t e r a t i o n s  to the pump and 

f i l t r a t i o n  system.

The r e d u c t i o n  of  f r i c t i o n  may be a c h i e v a b l e  

wi t h o u t  t he use of  l u b r i c a n t s  by a l t e r i n g  the d i e - b l o c k  

m a t e r i a l  from a m e t a l ,  to per haps ,  a carbon g r a p h i t e .  

The e f f e c t s  o f  wear and the savi ngs e n t a i l e d  would a l so  

have to be c o n s i d e r e d .

The t h e o r i e s  produce r e a s on a b l e  a ppr ox i ma t i o ns  

o f  the wal l  t h i c k n e s s  d i s t r i b u t i o n s  and compressi ve  

a x i a l  l o a d s .  The p u r e l y  g e o me t r i c a l  approach o f  the  

f i r s t  t h e o r y  l i m i t s  i t s  use,  because i t  i s  d i f f i c u l t  to 

t ake  i n t o  account  the s t r e s s e s  dur i ng  the p r oc e s s .  

However ,  i f  b e t t e r  a ppr ox i ma t i ons  could be achi eved  

wi t h  r egar d to the branch t h i c k n e s s e s ,  then i t  may be 

p o s s i b l e  to combine i t  w i t h  t he  t h e o r y  p r e d i c t i n g  a x i a l  

l o a d s .  Thi s  would a l so have to be expanded so t h a t  i t  

took i n t o  account  v a r i o u s  bul ge  he i g h t s  and shapes,  and 

the e f f e c t  o f  a x i a l  d e f o r ma t i o n  on the  t ube  wa l l  

t h i c k n e s s .
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b r a n c h  r a d i u s

•5 mm

*4 mm

’3 mm 

■2 mm 

11 mm

FIGURE 1 4 0 ( a )

T h e  V a r i a t i o n  I n  B r a n c h  R a d i i .

FIGURE 1 4 0 ( b )  

T u b e  S h r i n k a g e . -
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6 .  CONCLUSI ON

The bul ge f or mi ng process i s  a use f u l  method 

of  shaping t u b u l a r  components,  by t he use o f  an 

i n t e r n a l  h y d r o s t a t i c  p r e s s u r e ,  and a compr essi ve  a x i a l  

l o a d .  I t  can be used to form a v a r i e t y  o f  components,  

both a x i s y mme t r i c a l  and a s y mme t r i c a l .  However ,  i t s  use 

i s p r i m a r i l y  aimed at  components in which t h e r e  i s  

uni f orm a x i a l  de f o r ma t i o n  when formi ng the b u l g e .

An e x t e n s i v e  l i t e r a t u r e  survey i n d i c a t e d  the  

areas in which c l a r i f i c a t i o n  o f  the process was 

r e q u i r e d .  A l t e r a t i o n s  were made to the bu l ge  formi ng  

machine so t h a t  accur a t e  c o n t r o l  and r e c o r d i n g  of  the  

t e s t s  coul d be o b t a i n e d .  Thi s  e n t a i l e d  the i n s t a l l a t i o n  

of  p i e z o - e l e c t r i c  t r a n s d u c e r s  to mo n i t o r  i n t e r n a l  

p r e s s u r e ,  compressi ve a x i a l  load and a x i a l  

d i s p l a c e m e n t .

A s e r i e s  o f  t e s t s  were c a r r i e d  out  which 

i n d i c a t e d  the l i m i t s  o f  the pr ocess .  Tee p i eces  and 

cross j o i n t s  were formed s u c c e s s f u l l y  f rom v a r i o u s  

di mensi oned s i z e s  of  copper  t ubes .  I t  was noted t h a t  

the r a t i o  between the wa l l  t h i c k n e s s  and o u t s i d e  

d i a me t e r  gave the e x t e n t  o f  the  formi ng range ( t h e  

l ower  the r a t i o ,  t he l a r g e r  the formi ng r a n g e ) .

The e f f e c t  o f  i n c r e a s i n g  the branch r a d i u s  was 

to reduce the bul ge he i g h t s  and the r e l a t i v e  wal l  

t h i c k n e s s e s ,  whereas the use o f  l u b r i c a n t s  on the tube  

s ur f a c e  produced i ncr eased bul ge he i g h t s  and i ncr e as ed  

wal l  t h i c k n e s s e s .
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The process was as a p p l i c a b l e  to s t e e l  as i t  

was to copper ,  a l t hough aluminium did tend to form 

components over  a s ma l l e r  range of  v a l u e s .  The 

i mp o r t a n t  f a c t o r  seemed to be the s t r a  i n - h a r d e n i n g  

c h a r a c t e r i s t i c s  o f  the m a t e r i a l  used.

The two sets o f  t h e o r y  pr oduced,  i n d i c a t e d  

t h a t  i t  was p o s s i b l e  to p r e d i c t  the wa l l  t h i c k n e s s  

d i s t r i b u t i o n ,  and compressi ve a x i a l  l oads r e q u i r e d  in 

the pr ocess .  The wal l  t h i c k n e s s  d i s t r i b u t i o n s  di d tend 

to be i n a c c u r a t e  at  the r oot s  o f  the b r a nc h ,  and a l so  

in the e s t i m a t i o n  of  bul ge he i g h t s  f o r  hi gh a x i a l  

1oad s .
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FILE: MIH3 FORTRAN B *** VM/SP AT SHEFFIELD CITY POLYTECHNIC

CHARACTERS F N A M E ( IO )  , F T Y P /  '  DATA '  /
CHA R AC TE R S D E V I C E / 7D I S K 7/
C H AR AC TER S F M O D / ' B ' /
INTEGER I R E T , U N I T / 3 /
DIMENSION T I T L C 4 ) , T H I C K ( 1 5 ) , XP LO T ( 1 7 ) , Y P L Q T ( 1 7 )

* , MARK< 1 0 ) , Y D I S < 1 5 >
* , RATTH< 1 0 ) y D I S Y ( 1 0 )

DATA M A R K /1 1 , 0 , 1 2 , 2 , 1 4 , 1 0 , 1 , 4 , 5 , 3 / , Y / 0 . 4 /
* , R A D I N / 1 2 . O o / , P I / 3 . 1 4 1 5 9 2 6 /

W R IT E < 6 , 1 0 )
10 FORMAT( '  NUMBER OF TESTS TO ENTER -  ' )

R E A D ( 5 , * ) N  
DO 5 0  M = 1 , N 
W R IT E < 6 , 2 0 >M

2 0  FORMAT < '  ENTER TEST NUMBER FOR TEST - ' , 1 2 )
READ < 5 , 3 0 ) FNAME( M)

3 0  FORMAT<AS)
5 0  CONTINUE

XSTART= 0 . 0  
XSCALE—3 2 . 0 / 1 4 . 0  
Y S T A R T = 6 0 . 0  
Y S C A L E = 1 4 0 . 0 / 1 8 . 0  
CALL PLO T S( 0 , 0 , 1 )
CALL P L O T < 1 . 5 , 6 . 0 , - 3 )
CALL FACTOR( 1 8 . 0 / 1 4 . 0 )
CALL A X I S ( 0 . 0 , 0 . 0 , 'PERCENTAGE OF O R I G I N A L  WALL T H I C K N E S S ' , 3 7 , 1 4 . 0  

* , 9 0 . 0 , 6 0 . 0 , 1 0 . 0 )
CALL FACTOR( 1 4 . 0 / 1 6 . 0 )
CALL A X I S ( 0 . 0 , 0 . 0 , 'Y ( H E I G H T  UP THE S I D E  BRANCH FROM R O O T ) ' , - 3 3  

* , 1 6 . 0 , 0 . 0 , 0 . 0 , 2 . 0 )
CALL FACTOR( 1 . 0 )
CALL PL O T ( 0 . 0 , 5 . 1 4 , 3 )
CALL DASHP( 1 4 . 0 , 5 . 1 4 , 0 . 3 )
DO 6 0 0  1 = 1 ,  N
CALL F I L E D F < I R E T , U N I T , D E V I C E , FNAME( I ) ,F T Y P ,F M O D )
W R IT E ( 6 , 6 0 ) IR ET  

60  FORMAT( 1 6 )
REWIND 3
W R IT E ( 6 , 7 0 ) FNAME( I )

70 FORMAT( '  LOADING TEST -  7 , A 8 )
READ( U N I T , 8 0 ) ORGTH, T I T L  
W R IT E ( 6 , 8 0 ) ORGTH, T I T L  

8 0  F ORMAT( F 6 . 2 , 4 X , 4 A 4 )
READ( U N I T , 9 0 ) BULHT , TOPTH, NUM 
WRITE < 6 , 9 0 ) B ULHT, TOPTH, NUM 

90  F O R M A T ( F 6 . 2 , 4 X , F 6 . 2 , 4 X , I 4 >  -
R E A D ( U N I T , 1 0 0 ) ( Y D I S ( M ) , T H I C K ( M ) , M = 1 , N U M )
W R IT E ( 6 , 1 0 0 ) ( Y D I S ( M) , T H I C K ( M) , M = 1 , NUM)

1 00  F O R M A T ( 4 ( F 6 . 2 , 2 X , F 6 . 2 , 2 X ) )
DO 150  J = 1 , NUM 
XP LO T ( J ) = Y D I S  < J )
y p l o  r ( j ) = t h i c k  < j ) / o . o i

1 50  CONTINUE
XPLOT(N UM+1)=BULHT 
YPLO T( NUM+1) = T 0 P T H / 0 . 0 1
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TH IC K ( NUM+i*) =TOPTH*ORGTH 
X P LO T ( NUM+2) =XSTART 
Y P L O T (N U M + 2 )= Y S IA R T  
XPLOT<NUM+3)=XSCALE 
YPLOT < NUM+3) =YSCALE 
NUM=NUM+1
U R I T E ( 6 ?2 0 0 )  (XPLOT (M)  , T H I C K ( M )  , Y P L O T (M )  ,M=1 ' ,NUM)-  

2 0 0  FORMAT ( 9 Y = ’ , F 6 . 2 , 2 X , ' THICKNESS = * , F 6 . 2 , 2 X y r THICKNESS RAT IO  = 
* ' , F 6 . 2 )

CALL L I N E ( XP LO T , YPLO T, NUM, 1 , 1 ,  MARK( I ) )
Y = Y + 0 . 3
CALL S Y M B O L ( 0 . 2 , Y , 0 . 2 , M A R K ( I ) , 0 . 0 , - l )
CALL SYMBOL( 0 . 5 , Y - 0 . 1 , 0 . 2 , T I T L , 0 . 0 , 1 6 >

6 0 0  CONTINUE
T H E O R Y ^ ^ ^ ' K ^ # ^ ^ # * # - A - - f t

U R I T E < 6 , 2 1 0 )
2 1 0  FORMAT ( 1 ENTER THE A X I A L  FORCE3' )

READ( 5 , * ) AXF 
W R IT E ( 6 , 2 2 0 )

2 2 0  FORMAT( 9 ENTER THE I N I T I A L  AND F I N A L  LENGTHS OF THE BL A N K 3' ) 
R E A D ( 5 , * ) B L E N I N , B L N F I N  
F = B L .E N I N / B L N F IN  
D X 1 = 0 . 2 1 9 * R A D I N  
D X 2 = ( B L E N I N - B L N F I N ) / 2 - D X l  
B R A L E N = 2 * D X 2 / < F + 1 . 0 >
HS= < 2 . 0 * * * 0  . 5~ 1 . 0 ) * R A D IN  
U R I T E < 6 , 2 3 0 ) F , B X 1 , D X 2 , BRALEN, HS 

2 3 0  FORMAT (5 F 1 0 . .  4 )
RATTH ( l ) = F * 1 0 0  
D I S Y ( 1 ) = 0  - 0
R A T T H ( 2 ) = 1 0 0 * B L E N I N / ( B L E N I N ~ 2 * D X 1 )
D I S Y ( 2 ) =BRALEN

R B = 3 . 0
S H R A T = H S / ( R A D I N - R B )

• DO 3 0 0  1 = 1 , 5  
H = I
I F ( H . 6 T . HS) THEN H=HS 
D I S Y < 1 + 2 )=BRALEN +H
R A T T H ( I + 2 ) = R A T T H < 2 ) / (  < 1 . 0 - t S H R A T * H / H S ) * * 2 . 0 )
T 0 P = T 0 P T H / 0 . 0 1
URI'T'E( 6 , 2 8 0 ) I , RATTH( 1 + 2 ) , TOP, D IS Y  ( 1 + 2 )

2 8 0  F O R M A T ( I 1 0 , 3 F 6 . 2 )
I F ( RATTH( 1 + 2 ) .L E .T O P )G O T O  3 0 5  

3 0 0  CONTINUE 
3 0 5  N P T S = I + 2

D I S Y (N P T S + 1 )= X S T A R T  
R AT T H (N PT S +1)=Y S T AR T  
D IS Y ( N P T S + 2 ) = X S C A L E  
RAT TH( N P T S + 2 ) =YSCALE 
CALL D A S H S (A R R A Y ,1)
CALL L I N E ( D I S Y , RATTH, NPTS, 1 , 0 , 3 )
CALL DASHS<ARRAY, 0 )
U R I T E ( 6 , 3 2 0 ) ( D I S Y ( I ) , R A T T H ( I ) , 1 = 1 , NPTS)

3 2 0  FORMAT ( 9 Y = * , F 1 0 . 6 , '  THICKNESS R AT IO  = » , F 1 0 . 6 )
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C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * C A S E  1 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
R B = 3 . 0
H2=BULHT-BR ALEN  
I F ( H 2 . L T . 0 . 0 ) G O T O  6 1 0  

C I F ( H 2 . G T . H S ) GOTO 4 50
RQEH=RADIN+H2
ROEL=( R A D I N * * 2 + H 2 * * 2 ) /  ( 2 . 0 * H 2 )
RQERAT=ROEH/RQEL 
F'M= ( 3  . 0 - 2 .  0 * R 0 E R A T ) /RQERAT 
H T R A T = ( H 2 / ( R A D I N - R B ) ) * * 2  
W R I T E ( 6 , 3 4 0 ) R 0 E H , R 0 E L , R Q E R A T , P M , H T R A T  

3 4 0  F O R M A T ( 5 F 1 0 . 4 )
DO 4 0 0  1 = 1 y5 
H = I
I F ( H . GT . H 2 ) H=H2 
D I S Y ( NPTS)=BRALEN +H
RATTH( N P T S ) =R ATTH ( 2 ) / ( ( 1 + H T R A T * H / H 2 ) * * ( P M + 1 - 0 ) )
I F ( R A T T H ( N P T S ) . L E . T O P ) G O T O  4 0 5  

4 0 0  CONTINUE 
4 0 5  RATTH( 1 ) = R A T T H ( 2 )

D I S Y ( 1 ) = D I S Y ( 2 )
CALL DASHS( ARRAY y 1)
CALL L I N E ( D I S Y , RATTHyNPTSy 1 y0 y5 )
CALL DASHS( ARRAYy0 )
W R IT E ( 6  y 4 2 0 ) ( D I S Y ( I ) ,  RATTH( I ) y 1 = 1 y N PTS)

4 2 0  FORMAT ( T Y = y , F 1 0 . 6 , y THICKNESS R AT IO  = y , F 1 0 . 6 )
GOTO 6 1 0

C* * * * * * * * * * * * * * * * * * * * * * * * * * * * C A S E  3 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * '  
4 5 0  W R IT E ( 6 , 4 6 0 )
4 6 0  FORMAT( y * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * C A S E  3 * * * * * * * * * * * * * * ‘

* * * * * * * * r )

R B = 3 . 0
B L 1 = B U L H T ~ ( BRALEN+HS)
T H E L = 2 * A T A N ( T A N ( P I / 8 ) * E X P ( ( 0 . 0 - B L 1 ) / R A D I N ) )  
H T H E ' L = H S - ( 2 * * 0 . 5 * R A D I N * (  1 - C O S ( T H E L ) ) )
SH(V1T-=:HS/(RADIN-RB)
T R A T = l / ( ( 1 - 0 + S H R A T * H T H E L / H S ) * * 2 >  
R A T T H ( 3 ) = R A T T H ( 2 ) * 2 . 0 * T R A T * ( S I N ( T H E L ) * * 2 )
D I S Y ( 3 ) =BRALEN+BL1 
DO 5 3 0  1 = 1 y5 
H = I
I F ( H . G T . HS) H=HS 
D I S Y ( 1 + 3 ) = D I S Y ( 3 ) +H
RAT TH( 1 + 3 ) =R ATTH < 3 ) / ( ( 1 . 0 + S H R A T * H / H S ) * * 2 )
I F ( RATTH( 1 + 3 ) -LE .T O P)G O T O  5 3 5  

5 3 0  CONTINUE 
5 3 5  N P T S 3 = I + 3

RAT TH( 1 ) = R A T T H ( 2 )
D I S Y ( 1 ) = D I S Y ( 2 )
D I S Y ( N P T S 3 + 1 ) =XST ART 
RATTH( N PT S3 + 1 )= YST A RT  
D IS Y ( N P T S 3 + 2 ) = X S C A L E  
RATTH( N P T S 3 + 2 ) =YSCALE 
CALL DASHS( ARRAY y 1)
CALL L I N E ( D I S Y , R A T T H yN P T S 3 y 1 , 0 , 5 )
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FILE: MIH3 FORTRAN B *** YM/SP AT SHEFFIELD CITY POLYTECHNIC

CALL DASHS( A R R A Y ,0 )
U R I T E ( 6  y 5 5 0 ) ( D I S Y ( I ) , RAT TH( I ) , 1  = 1 , N P T S 3 )

5 5 0  FORMAT ( '  Y =  ' , F 1 0 . 6 , '  THICKNESS R AT IO  =  ’ , F 1 0 . 6 )
6 1 0  U R I T E ( 6 , 6 2 0 )
6 2 0  FORMAT< '  NOU TYPE PLOT I F  YOU REQUIRE A COPY '  )

CALL SYMBOL< 0 . 2 , Y + 0 . 4 , 0 . 2 , ' I N T E R N A L  PRESSURE/TE ST N O . ' , 0 . 0 , 2 6 )
CALL SYMBOL( 0 . 2 ,  Y + 0 . 2 , 0  . 2 ,  ' -------------------- '----------------------------------------'  , 0 . 0 , 2 6 )
CALL SYMBOL( 3 . 5 , 1 3 . 5 , 0 . 3 ,  ' A X I A L  FORCE = k.N'

* , 0 . 0 , 3 5 )
I F  < A X F . GE. 1 0 0 . 0 0 ) GOTO 6 2 5
CALL NUMBER( 1 1 . 6 , 1 3 . 5 , 0 . 3 , A X F , 0 . 0 , 2 )
GOTO 6 3 0

6 2 5  CALL N U h B E R ( 1 1 . 3 , 1 3 . 5 , 0 . 3 , A X F , 0 . 0 , 2 )
6 3 0  CALL S Y M B 0 L ( 3 . 5 , 1 3 . 0 , 0 . 3 , 'O R I G I N A L  LENGTH = 1 0 7 . 0 0  mm'

* , 0 . 0 , 3 5 )
CALL S Y M B 0 L C 3 .5 , 1 2 . 5 , 0 . 3 , ' F I N A L  LENGTH = mm'

* , 0 . 0 , 3 5 )
CALL NUMBER( 1 1 . 6 , 1 2 . 5 , 0 . 3 , B L N F I N , 0 . 0 , 2 )

6 6 0  CALL SYMBOL( 3 . 5 , 1 2 . 0 , 0 . 3 , 'O R I G I N A L  WALL TH ICKNESS := 1 . 3 7  mm'
* , 0 . 0 , 3 5 )

CALL SYMBOL( 3 . 5 , 1 1 . 5 , 0 . 3 , 'BRANCH RADIUS • -  3 . 0 0  mm'
* , 0 . 0 , 3 5 )

CALL P L O T ( 1 0 . 0 , 0 . 0 , 9 9 9 )
CALL E X I T
STOP
END

- Al-4 -



HUTCHINSON

BULGE FORMING OF TUBULAR COMPONENTS; THE EFFECTS 
OF LUBRICATION

M I Hutchinson*, R Crampton*, M S Ali*, M S J Hashmi+

* Department of Mechanical & Production Engineering 
Sheffield City Polytechnic, Sheffield, England.
+ School of Mechanical Engineering, N I H E, 

Dublin, Ireland.

Abstract

The hydraulic bulge forming process is used to produce seamless 
components from tubular blanks. A combination of internal hydraulic 
pressure and axial load are used to deform the cylindrical metal tubes 
whilst being contained within pre-shaped die blocks.

A dedicated experimental hydraulic bulge forming machine has been 
designed and built at Sheffield City Polytechnic. The machine allows 
control of thd various forming parameters to be achieved.

This paper deals with investigations conducted on the machine into the 
. effects of coating the tubes with various lubricants prior to the 

deformation process. In particular, the work examines the required
forming pressure and loads and compares bulge heights and wall 
thickness distributions obtained for the lubricants used.

Introduction

The bulge forming process is a method whereby tubular metal components 
can be shaped without the use of cutting tools. Instead, internal 
hydrostatic pressure is transmitted via a medium such as a liquid (eg. 
hydraulic oil or water), or a soft metal (eg, lead or a lead alloy). 
This internal pressure is applied to a tubular blank whilst it is 
contained in a die bearing the shape of the component to be formed. 
Where the tube wall is unrestrained, expansion occurs until the 
required shape is formed.
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Bulge forming occurring as a result of pure internal pressure has a 
major limitation of excessive thinning of the tube wall, which leads 
to rupture of the tube for only moderate expansions. However, if 
sufficient compressive axial force is applied to the ends of the tube, 
metal can be fed into the deformation zone during forming and much 
greater expansions can be obtained with less reduction in tube wall 
thickness. Throughout the process, the axial force must be great
enough to deform the metal and overcome friction between the tubular 
blank and the die blocks. If the coefficient of friction could be 
reduced, then greater deformation would take place for a given
internal pressure and compressive axial force. To verify this and
deduce the possible improvements, tests were conducted using several 
lubricants.

Previous Studies

Investigations into the effects of lubricants ha been carried out by 
Limb [1]. Tee pieces were produced from 36mm outside diameter tubes 
of commercially pure aluminium, aluminium alloy, copper, 70/30 brass 
and low carbon steel, with wall thicknesses varying from 1.22mm to 
2.03mm.

The most satisfactory method of producing components from thin walled 
tubes was found to be by increasing the internal pressure 
incrementally during the ram movement. A large increase in the wall 
thickness occurred in the main branch during the process. The formed 
tee had a very pronounced dome if there was no lubricant between the 
tube and die. The best lubricant was found to be PTFE film, followed 
by colloidal graphite and Rocal. With lubricants, the dome of the tee 
was much flatter and the length of the branch increased by as much as 
20%. The wall thickness of the branch was also found to have 
increased.

In a later paper by the same authors [2], lubricant tests were again 
carried out using the same size tubes and materials.

In this paper, the effects of eight different lubricants on the 
maximum length of branch formed were investigated. The PTFE film was 
again found to give the largest bulge height, with PTFE spray being 
the next best. Tellus 27 was found to be the worst.

Present Study.

Tee pieces were formed with a hydraulic bulge forging machine which 
could supply a maximum internal pressure of 70 N/mm1and compressive 
axial force of 150 kN. The tubular blanks used in the process were of 
annealed copper; 94.14 mm long, 16.86 mm outside daimeter and 0.95 mm 
wall thickness.
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Normally, the tubes would be formed with the hydraulic oil used as the 
pressurising medium acting as a lubricant. The hydraulic oil was 
'Silkdene Derwent1 with an ISO viscosity of 32 and was coded lubricant 
'N' and used for the standard test samples.

Four specific lubricants were used initially in the analysis of the 
effects of lubrication on the formation of tee pieces. Three of these 
were oil based and the fourth was a PTFE solution in an aerosol form.
These lubricants were coded *A’, ’B’, 'C1 and 'D’ and were;
lubricant ’A 1; a base oil with an ISO viscosity of 32, containing a 2% 
oleic acid dispersion,
lubricant 'Bf; the same base oil with 2% PTFE dispersion,
lubricant fC*; the base oil with a 2% friction modifier dispersion (as
used in wet brake applications),
lubricant fD'; the PTFE in an aerosol spray.

Prior to being placed in the machine, the tubes were totally immersed 
in the lubricant and the excess allowed to drain off (except in the 
case of PTFE spray when the tubes were evenly coated and allowed to
dry). The bulge forming process was then carried out as normal.

The compressive axial loads applied to the tubes were; 26 kN (merely 
acting to seal the tubes), 43 kN, 64 kN and 85 kN. For each of these 
axial loads, the internal pressure was increased from 20.7 N/mm2 up to 
rupture in 6.9 N/mm2 increments. After each set of tests, the die 
blocks were thoroughly cleaned with alcohol to remove any_.-braee—o~f 
lubricant. Several components would then be formed with the new 
lubricant, these being discarded. This was to ensure that the die 
blocks were properly coated with the new lubricant before actual tests 
began. —

Once formed, the components were measured and their final lengths and 
bulge heights recorded. They were then cut in half and the wall 
thickness profiles measured.

Table 1 shows the maximum forming ranges of the tests along with the 
bursting pressures. Although in some cases the standard lubricant 
gave better results than the others, in general, additional
lubrication improved the features of the component formed. For each 
axial load, the curamulative bulge height differences were tabulated 
and in all but one of the sixteen cases, positive values were 
obtained. These values, which are shown in Table 2, were compared and 
it was found that the PTFE spray gave the most consistent improvement 
in bulge height (1.1mm), followed by PTFE in suspension (0.625mm), 
friction modifier (0.57ram) and finally the oleic acid (0.415mm).

When a different approach was used, the trends altered slightly. 
Instead of comparing the results over the full range of tests, only 
those combinations of load and pressure which produced fully formed 
components were considered. The results are shown in Table 3. This 
table indicates that the PTFE in suspension was marginally better than 
PTFE spray with the other two lubricants showing the same trends as 
before.
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Table 1. Forming Ranges
Lubricant Compressive 

Axial Load 
(kN)

Maximum
Bulge
Height

(mm)

Minimum
Wall
Thickness
Ratio

(X)

Maximum 
Internal 
Pressure 
(N/ mm*)

Bursting
Pressure

(N/mm2)

Maximum
Buckling
Pressure
(N/mm*)

N 26 2.69 75 34.5 41.4
A 26 2.90 66 34.5 41.4 __
B 26 3.29 63 34.5 41.4 __
C 26 2.83 71 34.5 41.4 __
D 26 2.81 71 34.5 41.4 ----

N 43 10.13 81 41.4 48.3 20.7
A 43 11.65 70 48.3 55.2 20.7
B 43 11.67 91 41.4 48.3 20.7
C 43 12.24 71 48.3 55.2 20.7
D 43 12.93 71 48.3 55.2 20.7

N 64 18.65 79 41.4 48.3 20.7
A 64 18.38 75 48.3 55.2 20.7
B 64 18.99 76 48.3 55.2 20.7
C 64 18.15 78 . 41.4 48.3 20.7
D 64 19.54 81 41.4 48.3 20.7

N 85 20.5 77 41.4 48.3 20.7
A 85 22.23 71 48.3 55.2 20.7
B 85 23.45 59 48.3 55.2 20.7
C 85 22.72 66 48.3 55.2 20.7
D 85 23.14 68 48.3 55.2 20.7

Table 2. Averaged Bulge Height Variations (mm) from Standard Tests

Compressive
Axial

^^Load

Lubricant N.

26

(kN)

43

(kN)

64

(kN)

85

(kN)

Compressive 
Axial Loads 
Averaged

A +0.09 +0.52 -0.14 +1.19 +0.415
B +0.41 +0.78 +0.10 +1.26 +0.625
C +0.37 +0.95 +0.39 +0.57 +0.570
D +0.22 +1.49 +0.57 +1.38 +1.100

Table 3. Bulge Heights (mm) for Selected Pressures & Loads

^''"^Load/vPres sure 
** N/mm)

Lubricant

64
&

41.4

64
&

48.3

85
&
41.4

85
&
48.3

N 18.65 20.5
A 18.06 18.38 21.41 22.23
B 18.36 18.99 22.09 23.45
C 18.15 21.31 22.72
D 19.54 21.60 23.14
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The analysis of the wall thickness profile showed no clear trends, 
(see Fig 1), but the fact that the components could be formed at 
higher internal pressures when lubricants were used on them, suggested 
that the wall thicknesses should be greater. In fact, the wall 
thicknesses were similar for any given combination of compressive 
axial load and internal pressure across the five sets of tests. Since 
the components formed with lubricants gave greater bulge heights, for 
a given bulge height, the use of an effective lubricant would increase 
wall thickness.

OO
43.00 kN 
94*14 mm
0 * 95 mm

AXIAL FORCE 
ORIGINAL LENGTH 
ORIGINAL WALL THICKNESS

z
CJ
XO-

< 2

O O

a

LU
CJ
as o

i.NTEfmc p^tisasE'rEsr no.

0.00 2-00 6 .0 0 8 . 0 0 10.00 12-00 14.00
Y (HEIGHT UP THE SIDE BRANCH FROM ROOT)mm

FIGURE 1

The Wall Thickness Distributions Along The Side 
Branches And Domes Of Tee Pieces Formed Using 

Various Lubricants.
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The final length of the tubes was relatively constant for any given 
axial load, regardless of the lubricant used.

The results show that an improvement in bulge height is achievable if 
an effective lubricant is used, but unfortunately, the two cases where 
a substantial increase was achieved in these tests could not be 
readily incorporated into a manufacturing process. It had been hoped 
that the two oil based lubricants which stayed in suspension ('A1 and 
'C') might produce results similar to the others, because they could 
have easily been incorporated into the hydraulic fluid used as the 
pressurising medium. The PTFE in suspension, however, tended to 
separate from the base oil and settle at the bottom of its container.
This would cause problems in the hydraulic system and possibly clog
the pump. Further tests were performed in order to verify this and
find a possible solution to the problem.

Three more lubricants were investigated; the base oil with 0.5% PTFE 
dispersion, 4% PTFE dispersion and 5% synthetic fat dispersion.

The tests were conducted with a single combination of load and 
pressure (128kN, 48.3N/mm2) to produce fully formed components. The
results were related to a standard set of tests and the information 
processed in the same manner as before. Table 4 shows the results 
from these tests.

Table 4. Bulge Height for Further Lubricants
Axial Load = 128kN Pressure = 48.3N/mm

Lubricant
1 2

Bulge Height 
3 4

(ram)
5 Ave

Comparison 
with N

N 20.12 19.14 19.85 19.34 18.50 19.39 ------

Base + 5% 
Synth fat;

19.82 20.20 20.07 19.85 19.00 19.79 +0.40

Base + 0.5% 
PTFE

18.92 18.53 19.10 18.92 19.22 18.94 -0.45

Base + 4% 
PTFE

20.26 20.54 20.29 •20.36 20.56 20.40 +1.01

The 4% PTFE dispersion gave the best results, followed by the 5% 
synthetic fat dispersion. The 0.5% PTFE dispersion and the standard 
lubricant gave similar results. These tests verified that the bulge 
height obtained was related to the percentage of PTFE in dispersion 
and in order to obtain a reasonable increase in height, the percentage 
of PTFE required would result in clogging the pump and filter system 
in the hydraulic circuit. The 5% dispersion of synthetic fat gave 
similar results to 2% dispersion of PTFE in the earlier tests, and did 
not require constant agitation to keep it in suspension.
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Conclusions.

Tests performed with additional lubricants produced greater bulge 
heights that those formed with the hydraulic oil alone. The PTFE 
spray gave the best results over the full range of forming values, 
however, when a specific range of operating parameters was analysed 
(those producing fully formed components), PTFE in dispersion produced 
slightly better results than the spray. This was possibly because the 
PTFE in suspension required ’working in’ to the die block surfaces, 
which was only achieved when there was extensive axial deformation 
(40-50%). The PTFE spray, on the other hand, produced consistent 
lubrication throughout and was best for the low axial loads and only 
slightly inferior to the dispersion at the higher loads. In the 
second set of tests, it was shown that the bulge height obtained was 
directly related to the percentage of PTFE in dispersion.

The 5% dispersion of synthetic fat produced similar results to the 2% 
dispersion of PTFE for the higher forming ranges, but 2% dispersion of 
oleic acid and 2% dispersion of friction modifier yielded only slight 
improvements on the standard hydraulic oil.

The main concern when considering the use of - lubricants is their 
applicability to the industrial process. Although all of the 
lubricants produced improved test results, not all could readily be 
used in the mass production of components. The lubricant would 
ideally be incorporated into the hydraulic oil used as the
pressurising medium. Of the six oil based lubricants used in these 
tests, only the 5% dispersion of synthetic fat produced an increase in 
bulge height that would have justified the additional cost of its use 
in the process, and which would not require major alterations to the 
pump or filtration system.
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ABSTRACT

The hydraulic bulge forming process is  used to produce seamless components 
from cy l ind r ica l  metal tubes. A combinat ion o f  i n te rn a l  h y d ros ta t ic  pressure and 
compressive axial load are used to deform the tubes whi ls t  contained within pre-shaped 

die-blocks.
A dedicated experimental hydraulic bulge forming machine has been designed 

and b u i l t  at  Sheff ield Ci ty Poly techn ic  and al lows con t ro l  o f  the var ious  forming 
parameters to be achieved.

This paper deals wi th t e s t s  conducted on the machine in to  the e f f e c t s  o f  

changing the tube blank m a te r i a l .  Aluminium, copper and s tee l  tubes,  o f  the same 
i n i t i a l  dimensions, were formed into tee pieces. The work in v e s t ig a te s  the requ i red  
forming pressure and loads and compares bulge he ights  and th ickness d i s t r i b u t i o n s  
obtained fo r  the mater ials used.

1. INTRODUCTION

In the hydraul ic bulge forming process, cy l ind r ica l  metal tubes are deformed 
using hydrostat ic interna l  pressures and compressive axial  loads. The tubes are placed 
in pre-shaped die-blocks which have a side branch in to  which the metal is  fo rced when 
a combination o f  pressure and load are applied.  Without the compressive a x ia l  lo a d ,  
some bulging occurs, but only small branch heights are at ta inab le  w i th ou t  r u p tu re  o f

- A2-8 -



the tube. I f  the axial load is too high, the tubes buckle.
The area around the side branch is  cal led the deformation zone, and when the

axial load is applied,  the tube is compressed and shor tens, and m a te r ia l  f lows in to  
the zone, which is  then used to help form the branch.

This paper deals w i th  the e f f e c t  o f  using tu b u la r  blanks o f  d i f f e r e n t  
mater ia ls and the combinations o f  internal pressure and compressive axial  load needed 
to produce given heights in them.

2. REVIEW OF PREVIOUS WORKS

The f i r s t  patent taken out on the bulge forming proces, Grey ( 1 ) ,  descr ibed 
how copper tubes could be formed using hydraulic f lu id  as the pressur ising medium, in  
conjunct ion wi th an a x ia l l y  applied load. Since then, the majo r i ty  of  research on the
process has been conducted w i th  copper tubes, s ince the m a t e r i a l ' s  d u c t i l i t y  and
work-hardening character is t ics enable components to be formed over a wide range o f  
internal  pressures and compressive axial loads. Some invest igat ions have been c a r r ie d  
out using d i f fe re n t  mater ia ls,  and the fol lowing are the relevant publ icat ions.

An a r t i c l e  which appeared in Meta l lu rg ia  (2) descr ibed a h y d ro s ta t i c  cold 
forming process which produced tee pieces from steel  tubes which had been cut  to 
length.  Smith (3),  noted the design of  a machine that could produce components using a 
hydrostat ic bulge forming technique which allowed for  component expansions over 100%. 
The system was very s im i la r  to that  patented by Grey (1),  except that  the pressur ising 
medium was water. The main use fo r  the process was in the manufacture o f  brass kitchen 
tap spouts.

An a r t i c le  by Powell (4) detai led a process where aluminium tubes were bent
o

in to  *90 ' j o in t s  and ' Z1 jo in t s  using internal  pressure and s l i d i n g  d ie -b l  ocks .. Woo 
(5) also used aluminium tubes, along w i th  pewter ones, to  form c i r c u l a r  vesse ls .  

Yoshimoto (6) described how a Japanese company were using bulge forming equipment to 
produce large st ructure parts from steel tubes 1.10 metres long and with a diameter o f  
0.43 metres.

The most ex tens ive work, to  da te ,  was ca r r ied  out by Limb (7 and 8) who 
produced tee pieces from commercially pure aluminium, aluminium a l loy  (HV9 - Al/Mag/Si 
a l l o y ) ,  copper, 70/30 brass and low carbon s teel .  Each type o f  tube was formed by the 
maximum amount, w i thout  bu rs t ing  or b u c k l in g ,  sec t ioned ,  and s t r a i n  measurements 
taken. In a l l  expanded reg ions ,  t h in n in g  o f  the wa l l  occur red ,  but oppos i te  the 
branch, the wall thickness was greater than the o r i g i n a l  tube wa l l  t h ic k n e s s .  When 
f a i l u r e  occurred, brass and steel tended to f a i l  by buckl ing due to  the i n a b i l i t y  o f  
the machine to provide a s u f f i c ie n t l y  high interna l  pressure. In g en e ra l ,  the  s o f t e r  
m a te r i a ls  were formed w i th  less  th in n in g  o f  the branch wa l l  than t.he s t r o n g e r  
mater ia ls .
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3. EXPERIMENTATION AND RESULTS

The present paper describes tests  carried out on three d i f f e re n t  m a te r i a l s  - 
copper, steel and commercially pure aluminium. Al l  of  the tube blanks were o f  the same 
e dimensions: 107 mm in length,  24.12 mm outside diameter and 1.37 mm wall th ic k ne s s .

t

The mater ia ls were annealed p r io r  to testing and the tube surfaces were o f  a s i m i l a r  

surface f i n i s h .
Testing was performed over a range o f  i n te r n a l  pressures and compressive

axial loads. The steel and copper components were formed over the same range: 27.60 
2 2

N/mm to 62.10 N/mm internal  pressure and 85 kN to 149 kN compressive axial load. The
2

aluminium, however, would not form in these ranges and was tested between 6.90 N/m 
and 20.70 N/mm interna l  pressure and 43 kN and 106 kN compressive axial load.

The resu l ts  were analysed so th a t  a comparison was obtained between the 
various metals when used to form a tee piece. Bulges of  s im i lar  heights were se lec ted 
fo r  each o f  the mater ia ls ,  and these were plot ted g ra p h ic a l l y  w i th  t h e i r  r e s p e c t iv e  
forming ranges. I t  was thus poss ib le  to i d e n t i f y  the  i n t e r n a l  p re s s u re s  and 
compressive ax ia l  loads requ i red  to form a given bulge height w i th  each o f  the  
mater ia ls.  Table 1 shows the maximum forming values fo r  the tests.

Table 1. Forming Ranges fo r D iffe re n t Tube M ateria ls

M ate ria l

Aluminium

Aluminium

Aluminium
Copper
Stee l

Aluminium
Copper
Steel

Copper
S tee l

Copper
Steel

Compressive 
A x ia l Load 

(kN)

43

€4

85
85
85

106
106
106

128
128

149
149

Maximum
Bulge
Height

(mm)

8.14

17.23

2 2 . 0 0
13.60
1.88
26.51  
2 0 . 0 0  
4. 88

28.51  
12.10
27. 97
13.51

Minimum
Wall
Thickness
Ratio

( %)

82

78

69
67
98

78
65
96

77
98

84
95

Maximum 
In te rn a l 
Pressure 
(N/mm* )

17.25

17.25

17.25
55.20  
62.10

17.25
55.20  
62.10

55.20  
62.10

55.20  
62.10

Bursting  
Pressure 
(N/mm* )

20.7

20.7

20.7
62.1

20.7
62.1

62. 1

62. 1
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3.1) A! uni nine

The aluminium tubes were formed using four compressive axial  loads: 43 kN, 64
2

kN, 85 kN and 106 kN and internal  pressures s ta r t ing  at  6.90 N/mm and incremented by 
2

3.45 N/mm un t i l  f a i l u re .  The components formed had a very  poor sur face f i n i s h  w i th  
the material f low l ines in the deformation zone being very no t icab le .
3 .2 )Copper

The copper was tested with compressive axial  loads o f  85 kN, 106 kN, 128 kN
2 2

and 149 kN. The internal  pressures used varied from 27.60 N/mm to  55.20 N/mm . The 
surface f in i s h  o f  the components was s a t i s f a c t o r y ,  a l though the  f lo w  paths o f  the 
material in the deformation zone could be seen.
3 .3 )Steel

As might have been expected, the s tee l  requ i red  the h ighest  values o f  
compressive axial load and internal  pressure to produce a formed component. Even at  
the maximum forming l im i t s  of  the machine, the steel had not achieved a branch he ight  
which could have deemed the component f u l l y - fo rm e d  (when the th ree  branches are o f  
approximately the same length).

For the f u l l  range of  interna l  pressures and axial  loads used, there were no 
cases where the components were buckled or b u r s t .  The sur face f i n i s h  o f  the s tee l  
components appeared polished even a f te r  major deformations.

Figure 1 shows the forming ranges needed to produce a g iven bulge he igh t  in 
the mater ia ls.

8
O R I G I N A L  L E N C T H  •
OR IC IN A L  WALL THICKNESS *

« 23 6

T (HE1CHT UR THE SIOE BRANCH fROH R O O M **

RiauHC I
T h «  w a it  T M e t i m i  O t « t r l b u t t a n *  A la n *  T * c  t l a e  

• r a n c h * *  And D o * * *  O f T * *  P t s e * *  R o r * * d  f r o *  

A t u n ln lu * .  C o p p *r And S t * * t .
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4. DISCUSSION

Al l  of the mater ia ls deformed in a manner which al lowed bulge forming to
occur. The copper, which had been tested thoroughly in previous experiments, gave the
best resu l ts ,  wi th an acceptable component being formed over a wide range o f  va lues .
The aluminium proved d i f f i c u l t  to form, because a bulge could only be achieved between
a small range of  values. I f  the combination o f  interna l  pressure and compressive axial
load was s l i g h t l y  too low, or h igh ,  the tubes buckled or  b u r s t .  For example, the
aluminium tubes could produce a bulge w i th  in te r n a l  pressures which v a r ied  by 10 

2
N/mm , and compressive axial* loads which var ied by 60 kN, whereas the copper tubes

2
could be formed with interna l  pressures varying by 40 N/mm and axial loads varying by
100 kN. The steel could withstand even larger var ia t ions .

The components which were formed from aluminium had an acceptab le  shape,
although the surface f in i s h  of  the tubes was poor. The reason f o r  the l im i te d  forming
range of  the aluminium was that  i t  does not work harden to  the same ex ten t  as the
copper or steel ,  and thus lacks the strength to res is t  the higher pressures and loads.

The steel proved a very s a t is fac to ry  medium f o r  the process, however, the
forming requirements were fa r  in excess of  those fo r  copper ( f o r  which the machine was
designed), making i t  d i f f i c u l t  to obtain a large bulge height.  Unlike the copper,  the
tubes did not buckle at the lower values of  internal  pressure l i k e  the copper, because
of the extra strength in the tube w a l l s .  The q u a l i t y  o f  the formed components was
good, wi th a near-polished surface f in i s h .

The tests showed that  i t  was possible to form var ious  m a te r i a ls  using the
bulge forming process, p a r t i c u la r l y  those which would work harden e x te n s i v e ly .  The_
steel was a sui table material to  use in the process, a l though the machine used in

these tests was unable to produce a fu l ly- formed component.
The steel followed the same trends as the copper, and since the minimum wal l

thickness ra t io  acceptable before rupture in the copper components was 60% to 65%, the
value of  95% which was obtained fo r  the steel showed t h a t  much more de fo rmat ion  was
possible. I t  was considered t h a t  the values up to  which the s tee l  tubes cou ld  be

2
formed was l i k e l y  to be in the region o f  twice those tested (300 kN and 120 N/mm ) .

The tests on the pure aluminium suggested t h a t  i t s  use would be l i m i t e d .  
Aluminium a l loy ,  which could provide addit ional work hardening cha rac te r is t ics ,  should 
prove more sui tab le.

5. CONCLUSION

Al l  three meta ls formed components using the bu lge forming process.  The
copper and steel tubes were applicable over a wide range o f  i n t e r n a l  pressures  and

compressive axial loads. The steel required approximately twice the values o f  pressure 

and load to form a component wi th the same bulge height as the copper.  However, the
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steel did have the best surface f i n i s h ,  wi th a polished appearence.
The aluminium would only form components over a smal l range o f  va lues ,  and 

these were considerably less than fo r  the copper or  s tee l .  The sur face f i n i s h  o f  the 
components was poor wi th not icable f low l ines  in  the de format ion  zone. I t  was f e l t  
that  aluminium would be more sui table i f  i t  was part  o f  an a l loy  which could prov ide 
greater strain-hardening charac ter is t ics .
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