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ABSTRACT 

An e l e c t r o n  beam welding s tudy  w a s  conducted on Mulberry a l l o y .  Mul- 
b e r r y  i s  a uranium a l l o y  con ta in ing  7.5% niobium, and 2.5% zirconium. 
The s tudy  w a s  conducted on 0.080-in. (0.203-cm) and 0.250-in. (0.635-cm) 
t h i c k  s h e e t  s t o c k .  The purpose o f  t h e  s tudy  w a s  t o  determine what e f f e c t  
t h e  v a r i a t i o n  of welding parameters would have on weld c h a r a c t e r i s t i c s  
i n  p a r t i a l  p e n e t r a t i o n  welds. The use of  a s t r a i g h t  beam of e l e c t r o n s  
o r  a c  d e f l e c t i o n  r e s u l t s  i n  weld sp ik ing  and co ld  shu t  a r e a  i n  t h e  
0.250-in.  (0.635-cm) t h i c k  material. C i r c l e  gene ra t ion  d r a s t i c a l l y  
reduced t h e  number of weld d e f e c t s .  The 0.080-in. (0.203-cm) t h i c k  
Mulberry welded e a s i l y  except  when a c  d e f l e c t i o n  was  used where t h e  
amount of weld p o r o s i t y  i n  t h e  fus ion  area was  high.  
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INTRODUCTION 

An e l e c t r o n  beam welding r e sea rch  s tudy  was conducted on Mulberry a l l o y .  
Mulberry i s  a uranium a l l o y  con ta in ing  7.5% niobium, and 2.5% zirconium. 
The major problem as soc ia t ed  wi th  e l e c t r o n  beam welding Mulberry i s  
weld sp ik ing  a t  t h e  weld roo t .  Other problems are weld cold-shuts  a t  
t h e  weld r o o t  and p o r o s i t y  i n  t h e  f u s i o n  zone. The welding s tudy  was 
conducted us ing  sample th i cknesses  of approximately 0.080 i n .  (0.203 cm)  
and 0.250 in .  (0.635 cm) .  There were two o b j e c t i v e s  i n  t h i s  s tudy:  
t o  overcome sp ik ing  and p o r o s i t y  problems, and t o  determine what e f f e c t s  
v a r i a t i o n  of welding parameters would have on t h e  sample material. 
There has been a l o t  of work done a t  va r ious  agencies  on t h e  weld sp ik ing  
problem wi th  only l i m i t e d  success ,  A Hamilton Standard h igh  v e l o c i t y  
e l e c t r o n  beam welder wi th  a power output  of 6 kW w a s  used t o  weld a l l  t h e  
samples i n  t h i s  welding s tudy .  

SAMPLE PREPARATION 

The Mulberry a l l o y  s h e e t  s t o c k  was descaled by machining a l l  t h e  s u r f a c e s  
f l a t  and smooth. The s h e e t  s t o c k  was then c u t  i n t o  weld samples 1.00 i n .  
(2.54 cm) wide x 3.00 i n .  (7.62 cm) long. The m a t e r i a l  th icknesses  w e r e  
approximately 0.080 i n .  (0.203 cm) and 0.250 in .  (0.635 cm). The sample 
edges were a l l  machined smooth and square .  J u s t  p r i o r  t o  welding t h e  
two i n t e r f a c e s  w e r e  me ta l log raph ica l ly  pol i shed  wi th  600 g r i t  s i l i c o n  
ca rb ide  paper t o  remove any oxide formations t h a t  may have appeared. The 
samples w e r e  immediately degreased wi th  ace tone ,  placed i n t o  an  EB vacuum 
chamber and b u t t  welded when t h e  p re s su re  reached approximately 
t o r r .  A complete chemical a n a l y s i s  of t h e  mater ia l  i s  g iven  i n  Table 1. 

EXPERIMENTATION 

S t r a i g h t  B e a m  of E lec t rons  

It has been w e l l  e s t a b l i s h e d  t h a t  t h e  use of a s t r a i g h t  beam of e l e c t r o n s  
would y i e l d  many weld sp ikes  i n  t h i c k e r  s e c t i o n s  of  Mulberry a l l o y .  
was decided t o  use  a weld made t h i s  way a s  a s tandard  f o r  comparing o t h e r  
welds.  

It 

P a r t i a l  pene t r a t ion  welds w e r e  made w i t h  a s t r a i g h t  beam i n  t h e  0.080-in. 
(0.203-cm) and 0.250-in. (0.635-cm) t h i c k  materials. The th inne r  material 
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Table 1 
CHEMICAL ANALYSIS 
OF MULBERRY ALLOY 

Element Concentrat ion 

Oxygen 50 PPm 
Nitrogen 20 PPm 
Hydrogen 10 PPm 
Carbon 55 PPm 
Niobium 7.0% 
Z i r c  onium 3.0% 
Copper 20 PPm 
I r o n  90 PPm 
Aluminum 100 ppm 
Chromium 100 ppm 
S i l i c o n  10 PPm 
Nicke 1 Not d e t e c t a b l e  

Le ad Not d e t e c t  ab l e  

Uranium Remainder 

i f  p r e s e n t  

i f  p r e s e n t  

y i e l d e d  on ly  a f e w  small vo ids  wh i l e  
t h e  0,250-in.  (0.635-cm) t h i c k  material 
y i e l d e d  a n  average o f  48 s p i k e s / i n .  
(F igures  1 and 2 ) .  The number o f  i m -  
p e r f e c t i o n s  w a s  determined by breaking 
t h e  3.00-in. (7.62-cm) b u t t  weld down 
t h e  c e n t e r  and measuring t h e  number 
of imper fec t ions  i n  t h e  c e n t e r  i nch  
o f  t h e  sample. Th i s  method would 
minimize t h e  effect  o f  weld s t a r t - u p  
and s t o p .  The average weld pene t r a -  
t i o n  on t h e  0.250-in. (0.635-cm) 
material w a s  0.150 i n .  (0.381 c m ) .  
A s e c t i o n  o f  t h e  sample w a s  mounted 
f o r  a n a l y s i s  on t h e  e l e c t r o n  micro- 
probe a n a l y z e r ,  t o  see i f  t h e r e  w a s  
any l o c a l  s e g r e g a t i o n  of materials 
du r ing  t h e  welding o p e r a t i o n  t h a t  
would have any bea r ing  on t h e  s p i k i n g  
problems. Microprobe a n a l y s i s  showed 
no d e t e c t a b l e  v a r i a t i o n  i n  t h e  compo- 
s i t i o n  i n  t h e  f u s i o n  zone o r  i n  t h e  
pa ren t  materia 1. 

The types  of weld d e f e c t s  appea r ing  i n  t h e  0.080-in. (0.203-cm) and 
0.250-in. (0.635-cm) material w e r e  d i f f e r e n t .  A l l  t h e  weld d e f e c t s  i n  
0.080-in.  Mulberry were i n  t h e  form o f  a r e a s  o f  p o r o s i t y  wh i l e  t h e  de- 
f e c t s  i n  t h e  0.250-in.  t h i c k  m a t e r i a l  con ta ined  weld s p i k i n g ,  c o l d  
s h u t s ,  and a few v o i d s .  This  obse rva t ion  ag rees  ve ry  w e l l  w i t h  r e s u l t s  
o f  work done by D r .  Henry Tong' a t  t h e  U n i v e r s i t y  o f  Ca l i fo rn ia /Dav i s .  
H e  noted t h a t  t h e  weld mechanism changes between a shal low and deep 
p e n e t r a t i o n  weld. The deep p e n e t r a t i o n  weld i s  in f luenced  by t h e  
o s c i l l a t i o n  of t h e  weld c a v i t y  s i z e .  D r .  Tong s u g g e s t s  t h a t  when t h e  
weld c a v i t y  i s  wide open ( f i l l e d  w i t h  vaporized meta l )  t h e  weld pene t r a -  
t i o n  w i l l  i n c r e a s e .  A s  t h e  amount of mol ten  weld m e t a l  i n c r e a s e s ,  i t  
o b s t r u c t s  t h e  s t r eam of e l e c t r o n s  and t h e  weld p e n e t r a t i o n  dec reases .  

V a r i a t i o n  o f  C i e c l e  Frequency 

The e l e c t r o n  beam welder used i n  t h i s  s tudy  has  a v a r i a b l e  frequency 
c i r c l e  gene ra to r  a t tachment .  This  f e a t u r e  a l lows  one t o  d e f l e c t  t h e  
e l e c t r o n  beam around i n  a c i r c u l a r  pa th  a t  v a r i o u s  f r equenc ie s .  
a beam c i r c l e  of 0 .060- in .  (0.152-cm) diam, f r equenc ie s  of 50, 100, 200, 
300,  400, and 500 c p s  were used i n  making t h e  welds.  A h e a t  i npu t  of  
approximately 1600 J / i n .  w a s  used i n  welding t h e  0.080-in.  (0.203-cm) 
t h i c k  m a t e r i a l ,  w h i l e  3680 J / i n .  w a s  used f o r  t h e  0.250-in.  (0.635-cm) 
t h i c k  m a t e r i a l .  Table 2 g i v e s  a complete l i s t  o f  a l l  t h e  welding param- 
e t e r s  used on t h i s  p a r t  of t h e  s tudy .  The r e s u l t s  i n d i c a t e  t h a t  indeed 
one can reduce weld s p i k i n g  by us ing  c i r c l e  g e n e r a t i o n  a t  v a r i o u s  f r e -  
quencies  (F igures  3 and 4 ) .  This may be due only t o  t h e  f a c t  t h a t  t h e  

Using 

5 



FIGURE 1 - Frac tu red  s u r f a c e  of  weld made by  use  of s t r a i g h t  beam of 
e l e c t r o n s  showing weld s p i k e s  and c o l d  s h u t s  (11.5 X ) .  

FIGURE 2 - P o r o s i t y  a t  the  bottom of a weld s p i k e  from Figure  1 (200 x). 
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Table 2 

WELDING PARAMETERS USED I N  VARIATION OF CIRCLE FREQUENCY STUDYa 

C i r c l e  
F r  equenc y Heat Input  - kV - mA (cps)  (J/ i n .  ) 

140 13.0 
140 13.0 
140 13.0 
140 13.0 
140 13.0 
140 13.0 

50 
100 
200 
3 00 
400 
500 

100 8 .5  50 
100 8.5 100 
100 8 .5  200 
100 8 . 5  3 00 
100 8 .5  400 
100 8.5 500 

3680 
3680 
3680 
3680 
3680 
3680 

1601 
1601 
1601 
1601 
1601 
1601 

aCirc le  diam = 0.060 i n .  (0.152 cm); and speed = 30 i n .  
(76.2 cm)/min. 

FIGURE 3 - Long i tud ina l  s e c t i o n  of weld made u s i n g  welding parameters  of 
140 kV, 13 mA, 0.060-in. (0.152-cm) c i r c l e  diam a t  200 cps o s c i l l a t i o n ,  
and 30 i n .  (76.2 c m ) / m i n  (11.5 X ) .  63 
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FIGURE 4 - Cross s e c t i o n  of  weld shown i n  F igure  3 (20 X ) .  

power d e n s i t y  i n  t h e  weld bead i s  lower when us ing  a c i r c l e .  A s  can be  
seen  from t h e  graphs i n  F igu res  5-7, t h e  weld p e n e t r a t i o n ,  weld depth /  
width r a t i o ,  and welding d e f e c t s  w e r e  a l l  lower i n  t h e  200-400 cps range .  
It is not  understood why t h e s e  c o n d i t i o n s  should e x i s t ,  bu t  it i s  s i g -  
n i f i c a n t  t h a t  t h e  weld p e n e t r a t i o n  only  dropped about 26% maximum i n  
t h i s  r eg ion  wh i l e  t h e  number of weld d e f e c t s  dropped about 90% from t h e  
number observed a t  50 cps  on t h e  0.250-in.  (0.635-cm) t h i c k  m a t e r i a l .  
This  i n d i c a t e s  t h a t  t h e  use of c i r c l e  gene ra t ion  i s  probably b e t t e r  
than  a s t r a i g h t  beam i n  welding Mulberry a l l o y  and t h a t  t h e  q u a l i t y  of 
t h e  weld i s  frequency dependent. However, t o  y i e l d  a given weld pene- 
t r a t i o n  more h e a t  i n p u t  i s  r equ i r ed  us ing  c i r c l e  gene ra t ion  than w i t h  a 
s t r a i g h t  e l e c t r o n  beam. This  cond i t ion  w i l l  be a l i m i t i n g  f a c t o r  when 
t h e  h e a t  i npu t  i s  ve ry  c r i t i c a l .  

A similar c o n d i t i o n ,  i . e . ,  200-400 c p s ,  was  observed wi th  t h e  0.080-in. 
(0.203-cm) t h i c k  specimens as can be  seen  from t h e  curves i n  F igures  5-7. 
The r e d u c t i o n  i n  the  weld d e f e c t s  i n  t h i s  material was  n e g l i g i b l e  and 
w i t h i n  exper imenta l  e r r o r .  Th i s  s u b s t a n t i a t e s  t h e  theory  t h a t  two d i f -  
f e r e n t  welding mechanisms occurred  i n  welding t h i n  and t h i c k  materials. 

I Figure  8 shows a t y p i c a l  weld made a t  300 cps wi th  1600 J / i n .  h e a t  i npu t .  

A 

I Circle Diameter Var ia  t ions  

I n  t h e  next  p a r t  o f  t h e  welding s tudy  t h e  e f f e c t  of v a r i a t i o n  i n  c i r c l e  
diameter  was i n v e s t i g a t e d .  C i r c l e  d iameters  of  0.030 i n .  (0.976 cm), 
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FIGURE 5 - Elec t ron  beam weld pene t r a t ion  r e s u l t s  using va r ious  c i r c l e  
f requencies .  

I 

FIGURE 6 - Depth-to-width r a t i o  o f  e l e c t r o n  beam welds us ing  v a r i a t i o n s  
i n  c i r c l e  frequency. 
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FIGURE 7 - Weld d e f e c t s  observed us ing  v a r i a t i o n  of c i r c l e  frequency. 

FIGURE 8 - Long i tud ina l  s e c t i o n  of  weld made on 0.080-in. (0.203-cm) 
t h i c k  Mulberry a t  300 cps (11.5 X ) .  
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0.045 i n .  (0.114 cm), 0.060 i n .  (0.152 cm), 0.075 i n .  (0.191 cm) and 0.090 
i n .  (0.229 cm) w e r e  chosen. These c i r c l e  s i z e s  w e r e  run  on t h e  0.080-in. 
(0.203-cm) t h i c k  material a t  60 cps c i r c l e  f requency and 1300 J / i n .  h e a t  
i n p u t .  The s a m e  c i r c l e  s i z e s  w e r e  used on t h e  0.250-in. (0.635-cm) 
t h i c k  material a t  500 cps c i rc le  frequency and 3920 J / i n .  h e a t  i npu t .  
The r e s u l t s  w e r e  about  as expected and are shown i n  F igure  9-13. A s  
t h e  c i r c l e  diameter  i nc reased ,  t h e  weld p e n e t r a t i o n ,  number of weld 
d e f e c t s ,  and weld depth-to-width r a t i o  decreased.  However, no d e f e c t s  
w e r e  observed i n  any welds on t h e  t h i n  Mulberry a t  1300 J / i n .  h e a t  i npu t .  
It  can be seen  from t h e  va r ious  curves shown t h a t  t h e  d a t a  are  somewhat 
s c a t t e r e d .  
numbers p l o t t e d  should n o t  be used as a b s o l u t e  va lues .  Reproduction of  
a g iven  weld p e n e t r a t i o n  w a s  found t o  be very  d i f f i c u l t .  

The curves are i n d i c a t i v e  of  what i s  happening, but  t h e  

V a r i a t i o n s  i n  A.C.  Def lec t ion  

The l a s t  p a r t  of t h e  welding s tudy  was t o  determine t h e  e f f e c t  of de- 
f l e c t i n g  t h e  beam of e l e c t r o n s  ac ross  the  weld j o i n t  a t  60 c p s .  
t i o n  wid ths  of 0;030 i n .  (0.076 cm), 0.045 i n .  (0.114 cm), 0.060 i n .  
(0.152 cm), 0.075 i n .  (0.191 cm) and 0.090 i n .  (0.229 cm) were used. 
The v a r i o u s  d e f l e c t i o n  wid ths  were run on both  t h e  0.080 i n .  (0.203 cm) 
and 0.250 i n .  (0.635 cm) t h i c k  Mulberry. Heat i n p u t s  of 1100 J / i n .  and 
2800 J / i n .  were used on t h e  t h i n  and t h i c k  m a t e r i a l s  r e s p e c t i v e l y .  
F igu res  14-17 d e s c r i b e  t h e  weld c h a r a c t e r i s t i c s  observed. There a r e  no 
d a t a  a v a i l a b l e  on depth/width r a t i o s  f o r  t h e  t h i c k  Mulberry welded us ing  
2800 J / i n .  h e a t  i n p u t .  
d a t a  on weld d e f e c t s  are so  s c a t t e r e d  t h a t  they  are  impossible  t o  graph 

Deflec- 

Again t h e  da t a  a r e  r a t h e r  s c a t t e r e d ;  a l s o  t h e  

FIGURE 9 - Longi tudina l  s e c t i o n  of  weld made on 0.250-in. (0.635-cm) 
t h i c k  Mulberry a t  140 kV, 14  mA, c i r c l e  diam of  0.045 i n .  (0.114 cm) 
a t  500 cps o s c i l l a t i o n ,  a t  30 i n .  (76.2 cm)/min (11X). 
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FIGURE 10 - Longitudinal section of weld made on 0.080-in. (0.203-cm) 
th ick  Mulberry at 100 kV, 6.5 A, circle diam of 0.060 in. (0.152 cm) 
at 60 cps oscillation, and 30 in. (76.2 cm)/min (11.5 X). 
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FIGURE 11 - Electron beam weld penetration results using variations in 
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FIGURE 13 - Defects in electron beam welds using variation in circle 
diameter. 
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FIGURE 14 - Long i tud ina l  v i e w  of f r a c t u r e d  surface o f  w e l d  on 0.250-in, 
(0.635-cm) t h i c k  Mulberry. Weld parameters used were 140 kV, 10 4, 
30 i n .  (76.2 cm)/min, 0.060 i n .  (0.152 cm) a c  d e f l e c t i o n  a c r o s s  t h e  
weld j o i n t  (11 X ) .  

FIGURE 15 - Long i tud ina l  view of f r a c t u r e d  s u r f a c e  of weld on 0.080-in. 
(0.203-cm) t h i c k  Mulberry. Weld parameters  used were 100 kV, 5.5 mA, 
30 i n .  (76.2 cm)/min ac d e f l e c t i o n  a c r o s s  t h e  weld j o i n t  (11.5 X ) .  

14 



A. C. Deflection on " Y s o  axis, cm 
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FIGURE 1 6  - Elec t ron  beam weld p e n e t r a t i o n  r e s u l t s  us ing  v a r i a t i o n s  i n  
ac  d e f l e c t i o n .  
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i n  ac  d e f l e c t i o n .  
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However, t h e  s i g n i f i c a n t  p o i n t  i s  t h a t  t h e r e  are fewer d e f e c t s  observed 
i n  t h e  u s e  of a c i r c l e  t h a n  observed w i t h  t h e  use  of a s t r a i g h t  beam 
f o r  a given weld p e n e t r a t i o n .  The number o f  d e f e c t s  p e r  l i n e a r  i nch  o f  
weld i n  t h e  t h i c k  Mulberry ranged from 4 t o  37 w i t h  most welds i n  t h e  
h igh  twen t i e s .  
s h u t s .  

These d e f e c t s  w e r e  i n  t h e  form o f  weld s p i k e s  and c o l d  
c 

The number o f  d e f e c t s  p e r  l i n e a r  i nch  of weld i n  t h e  t h i n  Mulberry 
r4 

ranged from 13 t o  36. The d e f e c t s  f o r  t h i n  Mulberry w e r e  i n  t h e  form 
of weld p o r o s i t y .  There w a s  more p o r o s i t y  i n  welds made by use  of ac  
d e f l e c t i o n  a c r o s s  t h e  weld j o i n t  than  t h e r e  was by welding w i t h  a 
s t r a i g h t  beam o f  e l e c t r o n s .  A l l  t h e  o t h e r  d a t a  came o u t  much as would 
be expected. 

CONCLUSIONS 

The welding d e f e c t s  observed i n  p a r t i a l  p e n e t r a t i o n  e l e c t r o n  beam welds 
on 0.080-in.  (0.203-cm) t h i c k  Mulberry a l l o y  were a l l  i n  t h e  form o f  
p o r o s i t y .  The u s e  of ac  d e f l e c t i o n  o f  t h e  beam a c r o s s  t h e  weld j o i n t  
y i e l d s  more p o r o s i t y  than o t h e r  e l e c t r o n  beam welding techniques .  

The welding defects  observed i n  p a r t i a l  p e n e t r a t i o n  e l e c t r o n  beam w e l d s  

s p i k i n g  and co ld  s h u t s  a t  the  weld r o o t .  
on 0,250-in.  (0.635-cm) t h i c k  Mulberry a l l o y  were i n  t h e  form o f  weld 4- 

The u s e  o f  t h e  v a r i a b l e  frequency c i r c l e  gene ra to r  and a c i r c l e  diameter  
of 0 .060 i n .  (0.153 cm) y i e l d s  t h e  b e s t  welds i n  Mulberry a l l o y .  How- 
e v e r ,  more h e a t  i n p u t  i s  r e q u i r e d  t o  o b t a i n  a d e s i r e d  weld p e n e t r a t i o n  
us ing  a c i r c l e  than  u s i n g  a s t r a i g h t  beam. 

Ci rc le  f r equenc ie s  o f  200-400 c p s  i n  con junc t ion  w i t h  a 0.060-in.  
(0.153-cm) diam c i r c l e  y i e lded  less weld d e f e c t s  t han  o t h e r  c i r c l e  
f r equenc ie s  . 
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