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ELECTRON-BEAM WELDING OF THORIUM-DOPED I R I D I U M  ALLOY SHEETS 

S. A. David, C. T. Liu,  and J. D. Hudson 

ABSTRACT 

Modified i r i d ium a l l o y s  con ta in ing  100 ppm Th were found 
t o  be very  s u s c e p t i b l e  t o  hot-cracking dur ing  gas tungsten-arc  
and electron-beam welding. However, t h e  electron-beam welding 
process  showed g r e a t e r  promise of success  i n  welding these  
a i1oys ,  i n  p a r t i c u l a r  I r -0 .3% W doped wi th  200 ppm Th and 50 , 

ppm A l .  The w e l d a b i l i t y  of t h i s  p a r t i c u l a r  a l l o y  was extremely 
s e n s i t i v e  t o  t h e  welding pa rame te r s , ' such  a s  beam focus con- 
d i t i o n  and welding speed,  and t h e  r e s u l t i n g  f u s i o n  zone s t r u c -  
t u r e .  A t  low speed s u c c e s s f u l  electron-beam welds were made 
over a  narrow range of beam focus condi t ions .  However, a t  high 
speeds s u c c e s s f u l  welds can be made over an extended range of 
focus  condi t ions .  The f u s i o n  zone g r a i n  s t r u c t u r e  is  a  str.ong 
f u n c t i o n  of welding speed and focus cond i t i on ,  a s  wel l .  . .  :. . 

I n  t h e  welds t h a t  showed hot-cracking , a  reg ion  0.f.'' posi-  
t i v e  s eg rega t ion  of thorium was i d e n t i f i e d  a t  t he  fu s ion  boun- 
dary. This  h igh ly  thorium-segregated r eg ion  seems t o  a c t  a s  a  
p o t e n t i a l  source  f o r  t h e  nuc l ea t i on  of a  E q u a t i o n  c r ack ,  
which l a t e r  grows a s  a  c e n t e r l i n e  crack.  

INTRODUCTION 

. . 

Hot-cracking dur ing  welding has been a  ' sub j ec t  of a .  number. gf 

exper imenta l  s t u d i e s .  A number of t h e o r i e s  have been put f o r t h  t o  

e x p l a i n  t h e  mechanism of h o . t - ~ r a c k i n ~ . ~ ~  Hot-cracking of t e n  occurs  

d u r i n g . t h e  l a t e r  s t a g e s  of s o l i d i f i c a t i o n  when the  s t r a i n s  due t o  t he r -  

mal and s o l i d i f i c a t i o n  c o n t r a c t i o n  exceed t h e  d u c t i l i t y  of t h e  p a r t i a l l y  

s o l i d i f i e d  metal.  Liquid pools t rapped between t h e  g r a i n s  . . o r  i n t e r -  
. . 

d e n d r i t i c  r eg ions  g r e a t l y  i n f luence  t h e  t e n s i l e  p r o p e r t i e s  &£. ' the par- 

t i a l l y  s o l i d i f i e d  a l l o y .  Also t h e  mechani ia l  behav io r  of i t &  p a r t i a l l y  . 

s o l i d i f i e d  a l l o y  determines t h e  hot-cracking s e n s i t i v i t y  of t h e  a l l o y .  

. . 



Hot-cracking has  been known to be favored by f a c t o r s  t h a t  decrease  

t h e  s o l i d - s o l i d  c o n t a c t  a r e a  during t h e  l a s t  s t a g e s  of s o l i d i f i c a t i o n .  

Two of t h e  most important  f a c t o r s  a r e  low-melt ing s eg rega t e s  and g r a i n  

s i z e .  Low-melting s e g r e g a t e s  a t  t he  g r a i n  boundaries may e x i s t  a s  

l i q u i d  f i l m  t o  tempera tures  wel l  below the  equ i l i b r ium s o l i d u s  and 

reduce  t h e  g r a i n  boundary c o n t a c t  a r e a  t o  a  minimum. lo Also,  t he  

c o a r s e r  t h e  g r a i n  s t r u c t u r e ,  the  l e s s  t h e  g r a i n  boundary con tac t  a r e a  

f o r  a  g iven  amount of nonequi l ib r ium l i q u i d .  Coarse-grained s t r u c t u r e s  

a r e  g e n e r a l l y  more prone t o  hot-cracking than f ine-grained s t r u c t u r e s .  

A s e r i e s  of modif ied Ir-0.3% W a l l o y s  conta in ing  up t o  500 ppm Th 

w i t h  s u b s t a n t i a l l y  improved high-temperature impact p r o p e r t i e s  over t he  

Ir--0.3% W a l l o y  have been developed a t  t h e  Oak Ridge Nat ional  

~ a b o r a t o r ~ . "  On e v a l u a t i o n  of t he se  modified a l l o y s  f o r  f u e l  con- 

t a i n e r s  i n  r a d i o i s o t o p e  the rmoe lec t r i c  g e n e r a t o r s ,  a l l o y s  wi th  a t  l e a s t  

100 ppm Th have been found t o  be. very  s e n s i t i v e  t o  hot-cracking during 

g a s  tungsted-arc  welding (GTAW) and electron-beam welding (EBW) , 
Table 1. Of t h e  two p roces se s ,  ERW wi th  i t s  h ighly  concent ra ted  hea t  

sou rce  and s i g n i f i c a n t l y  lower hea t  i npu t  i s  more l i k e l y  t o  produce a  

l ow-d i s to r t i on  weld. F u r t h e r ,  t h e  welding parameters  during EBW can be 

c o n t r o l l e d  p r e c i s e l y .  Pre l iminary  w e l d a b i l i t y  t e s t s  have shown t h a t  

hot-cracking dur ing  EBW i s  extremely s e n s i t i v e  t o  t h e  process  v a r i a b l e s ,  

such  a s  welding speed and beam focus condi t ions .  

Table  1. We ldab i l i t y  Screening of Doped I r id ium Alloys 

Dopants, ppm Weld 
~ r o c e s s '  

50 
30 

4 U 
30 IUU  
30 200 
h 0 60 

100 
200 
200 50 
200 
500 

EB 
E B 
EH, Kl'A 
En, U A  
EB, GTA 

. EB, CTA 
EB, GTA 
EBj GTA 
EB, CTA 
EB, GTA 
EB, GTA 

1lU c ~ d c k l l l g  
no cracking 
no cracking 
no cracking 
no cracking 
no cracking 
c r a c k i n g  
cracking 
cracking 
cracking 
cracking 

a 
Welds i n  0.64-mm (0 .025- in . )  shee t ;  EB = 

e l e c t r o n  beam, GTA = gas  tungsten-arc welds i n  
helium atmosphere chamber with lateral torch 
o s c i l l a t i o n .  

b ~ l l  cracked specimens showed c e n t e r l i n e  
cracking of the  e n t i r e  weld bead l eng th .  



- 
EXPERIMENTAL PROCEDURE 

Series of EB bead-on-plate welds were made on small 0.64-mm-thick 

coupons of DOP-27" with systematic variations in travel speed and beam 

focus condition. A Hamiltion Standard 6-kW electron-beam welder was 

used for the welding operations. The alloy sheet was fully 

recrystallized at 1500°C before welding. The operating conditions and 

results for autogenous bead-on-plate welds are summarized in Table 2. 

Series of welds with varying beam focus conditions at different speeds 

were made with constant beam voltage and slight variation in beam 

*Ir-0.3% W doped with 200 ppm Th and 50 ppm Al. Aluminum is added 
to improve the high-temperature impact strength. It does not have any 
apparent effect on the weld,ability of the alloy. 

Table 2. Electron-Beam Welding of Ir-0.3% W Alloy Doped with 
200'ppm Th and 50 ppm Al 

Focusing numbers 
E l e c t r o n  Beam T r a v e l  

K e s u l t s  

Speed 
~ h o r ~ :  UscdhGzz Pe'enetrat i o n  Appearance C r a c k i n g  kv MA ( m / s )  C o n d i t i o n  

I 116.0 5.0 2.5 727 734 7 f u l l  o v e r l a p p i n p  s p o t s  no 
2 116.0 5.0 2.5 727 736 9 f u l l  over lappinp.  s n o t s  no 
3' 116.0 5.0 2.5 727 737 10 f u l l  smooth no 
4 116.0 5.0 2.5 727 739 12 f u l l  smooth no 
5 116.0 5.0 2.5 727 741 14 ' f u l l  smooth 
6 116.0 5 .0  2.5 727 743 Lh p a r t i a l  smooth no 

7 116.4 4.8 4. I 720 7311 10 f u l l  o v e r l a p p i n g  s p o t s  no  
8 116.4 4.8 4.1 720 731 I I f u l l  o v e r l a p p i n p  s p o t s  no  
9 116.4 4.8 4.1 721 734 13 f u l l  o v e r l a p p i n g  s p o t s  no 

LO 116.6 4 .8  4.1 721 735 14 f u l l  smooth no 
I 1  116.4 4.8 4.1 717 732 I5 f u l l  smooth no 
I 2  116.4 4 .8  4.1 718 734 ' 1 6  f u l l  smooth n o  
1 3  116.4 4.7 4.1 721 738 17 f u l l  smooch c r a c k e d  
i 4  116.4 4.0 4.1 718 736 I X f l ~ l  l . $mooth c r a c k e d  

1 5  116.0 6 .0  6.4 717 728 I I f u l l  o v e r l a p p i n e  s p o t s  no 
1 6  115.9 6.0 6.4 721) 735 15 f u l l  o v e r l a p p i n a  s p o t s  no 
17 115.9 6 .0  6.4 721 737 16 f u l l  smooth no 
1 8  115.9 6 .0  6.4 720 7 3 7 .  I7 f u l l  smooth no 
1 9  115.9 6 .0  6.4 717 735 18 f u l l  smooth no 
20 115.9 6.0 6.4 720 739 19 f u l l  smooth no 
21 115.9 6.0 6.4 720 7hl  21 p a r t i a l  smooth 
22 115.9 6 .0  6.4 720 743 2 3 p a r t l a l  smooth no 

2 3  116.5 7.1 8.5 721 735 14 f u l l  o v e r l a p p i n g  spuls no 

24 116.5 7.1 8.5 721 736 15 f u l l  smooth no 

2 5  116.5 7.1 8.5 720 740 20 f u l l  smooth no 

26 116.5 7.1 8.5 721 743 22 f u l l  smooth n o  

27 116.5 7.1 8.5 721 745 , 24 f u l l  smooth c r a c k e d  

28 116.0 8.0 12.7 716 720 4 f u l l  o v e r l a p p l ~ l p ,  SPOLJ no 

2 9  116.0 8.0 12.7 716 723 7 f u l l  o v e r l a p p i n g  s p o t s  no 

3 0  116.0 8.0 12.7 716 726 LO f u l l  smooth no 

31 116.0 8.0 12.7 716 731 . 15 f u l l  smonrh no 

32 116.0 8.0 12.7 716 736 20 ' f u l l  smooth no 

3 3  116.0 8.0 12.7 716 741 25 f u l l  smooth . no 
34 116.0 8.0 12.7 716 746 30 f u l l  smooth no 

:Sharp f o c u s i n g  c u r r e n t .  
F o c u s i n g . c u r r e n t  used f o r  w e l d i n g .  

C f , ~ n r t 8 s i n e  current used f o r  w e l d i n g )  - ( s h a r p  f o c u s i n g  c u r r e n t ) .  



c u r r e n t .  The weld ing  speed v a r i e d  from 2.5 t o  12.7 m a d s .  The s p v t  

s i z e  of t h e  beam was c o n t r o l l e d  by v a r y i n g  t h e  f o c u s  number, an  

a r b i t r a r y  d i g i t a l  r e a d i n g  t h a t  is r e l a t e d  is  t h e  f o c u s  c o i l  c u r r e n t .  

The f o c u s  c o n t r o l  number w a s  v a r i e d  20 d i g i t s  above s h a r p  focus  on t h e  

s h e e t  s u r f a c e  ( a p p r o x i m a t e l y  50 mm above t h e  s h e e t )  and 30 d i g i t s  below 

s h a r p  f o c u s  on t h e  s h e e t  s u r f a c e  (approx imate ly  75 mm below t h e  s h e e t ) .  

The beam focus  c o n d i t i o n  used f o r  each  weld may be e s t i m a t e d  from t h e  

d i f f e r e n c e  between t h e  s h a r p  focus  c o n t r o l  number and t h e  f o c u s  c o n t r o l  

number used  f o r  welding.  The wnrk distance was main ta ined  c o n s t a n t  a L  

0.22 m. Var ious  s e c t i o n s  of t h e  welds  were p repared  f o r  m e t a l l o g r a p h i c  

o b s e r v a t i o n s  by s t a n d a r d  t echn iques .  The samples were e tched  e l e c t r o -  

l y t i c a l l y  i n  a s o l u t i o n  of 400 m l  H20, 100 r n l  H C 1 ,  and 50 g NaCl w i t h  a 

s t a i n l e s s  s t e e l  ca thode .  

RESULTS AND DISCUSSION 

Beam Focusing 

W e l d a b i l i t y  of DOP-27 was found t o  he ex t remely  s e n c i t i v c  t o  the  

w e l d i n g  speed  and f o c u s  c o n d i t i o n s .  These f a c t o r s  i n f l u e n c e  t h e  

macroscop ic  appearance  of t h e  weld bead. F i g u r e  1 show6 t h c  r e s u l t s  of 

0 - 5YOQIW WELD 
- OVERLAPPING SPOTS 

o l l l l l l l l l l l l  
I 4 0 D 12 14 10 

TRAVEL SPEED Immhl 

Fig .  1. W e l d a b i l i t y  of Doped I r i d i u m  A l l o y  DOP-27 a s  a  Funct ion 
of Defocusing Number and T r a v e l  speed.  



a number of welds made a t  various welding speeds and focus conditions. 

For a given beam voltage,  cu r ren t ,  and welding speed, the  bead 

appearance var ied  with the extent  of defocusing Df (d i f ference  between 

sharp focusing number and focusing number used f o r  welding). For 

focusing condit ions a t  o r  near sharp focus the  weld bead length  con- 

t a ined  a series of holes punched i n  the  sheet  [Fig. 2(a)].  A possible 

reason f o r  t h i s  is  t h a t  c lose  t o  the  sharp focus the  e lec t ron  beam could 

produce such in tense  l o c a l  heating t h a t  it almost i n s t a n t l y  vaporizes 

t h e  metal l o c a l l y ,  producing a hole. On defocusing the  beam, the  weld 

bead length  appeared t o  contain a series of overlapping spot  welds 

(designated a s  rough w e 1  d f o r  discussion purposes), Fig. 2(b). However, 

a ca re fu l  metallographic examination of the  sample revealed continuous 

melt ing a l l  along the  bead length. Further defocusing produced a smooth 

weld with f u l l  penet ra t ion  [Fig. 2(c)]. Such successful  welds were made 

over a narrow range of focus conditions. Focus condit ions above t h i s  

range, r e su l t ed  i n  e i t h e r  hot-cracking or l ack  of f u l l  penetrat ion.  

However, increasing the  welding speed f u r t h e r  extended the range of 

focus condit ions over which successful  welds were made. This trend is 

c l e a r l y  shown i n  Fig. 1. Since the  beam current  varied s l i g h t l y  f o r  the  

series of welds made a t  d i f f e r e n t  welding speeds, it is l i k e l y  t h a t  t h i s  

could have some influence on the  range of focus condit ions over which 

successful  welds can be made. However, a s e r i e s  of welds made a t  

constant  beam voltage and current  showed t h a t  the  major influence on the  

c r i t i c a l  range of focus condit ions was due t o  the  increase  i n  welding 

speed. Also, the  r e s u l t s  obtained were i d e n t i c a l  f o r  sharp focus below. 

o r  above t h e  sheet  surface. Perhaps t h i s  probably is due t o  the  very 

small thickness of the  sample involved. During EBW 0.f heavy sect ions ,  

condi t ions  of overfocusing o r  underfocusing do influence penetrat ion.  





Microstructure 

Figure 3 shows typ ica l  microstructures of a successful  smooth weld 

obtained a t  a low welding speed (1.7 mm/s). The puddle shape at t h i s  

welding speed has been observed t o  be near ly  c i r c u l a r  ( r a t i o  of the  

major t o  minor axes of the  e l l i p s e  i s  c lose  t o  1). The fusion zone 

revealed a f i n e  g ra in  s t ructure .  However, the  subst ructure  within the  

g r a i n s  is  not  c l e a r l y  v i s i b l e  because of etching d i f f i c u l t i e s ,  and when 

v i s i b l e  it has been observed t o  be c e l l u l a r  o r  dendr i t r i c .  Fur ther ,  the 

fus ion  zone s t r u c t u r e  revealed e p i t a x i a l  growth of p a r t i a l l y  melted 

g r a i n s  i n  t h e  base metal sheet ,  Fig. 3(a). In  general ,  during welding 

t h e  i n i t i a l  growth of p a r t i a l l y  melted g ra ins  i n  the  base metal is 

followed by a competitive growth process r e s u l t i n g  from the  tendency f o r  

growth t o  proceed most r ead i ly  i n  g ra ins  or iented  along tha t  easy growth 

d i r e c t i o n  having the  l a r g e s t  component of the  temperature gradient .  1 2-1 4 

For both Ecc and bcc mate r i a l s  ( ir idium is  fcc )  ( 100 ) d i r e c t i o n s  are the  

easy  growth directions.15 However, s ince  the  maximum temperature gra- 

d i e n t  is  normal t o  the  pool boundary and i n  our work the  puddle i s  

nea r ly  c i r c u l a r ,  the  d i rec t ion  of the  temperature gradient  changes con- 

t inuously  from the  fusion boundary t o  the  weld center l ine .  Hence, no 

s i n g l e  g ra in  experiences favored growth f o r  any extended period. 

Since the  g ra in  s t r u c t u r e  of the  base metal i s  very f i n e ,  many of these 

g r a i n s  s t a r t i n g  from the fusion boundary survive t o  reach the  center  of 

t h e  weld, a s  shown i n  Fig. 3(a) ,  hence, the  observed f i n e  g ra in  struc-  

t u r e  i n  the  fusion zone a t  low welding speeds. The grains surviving 

over an extended dis tance  a l s o  show considerable curvature due t o  the  

progressive change i n  the  preferred  growth d i r e c t i o n  [Fig. 3(a)].  

S imi lar  fus ion zone gra in  s t r u c t u r e  development was a l s o  observed i n  the  

welds [Fig. 2(b)] produced a t  focus condit ions c lose  t o  sharp focus and 

low welding speed. 



Fig. 3. Fuslon aone Microstructures or an mectrnn-neam Weld 
Showing a Fine Graln Structure. Travel speed 2.5 nnn/s and defocusing 
number Df = 12. (a) Top surface. (b) Transverse section. 



Figure 4 shows t y p i c a l  microstructures of a smooth weld obtained a t  

moderate t r ave l ing  speed (6.4 mmls). The puddle shape at  t h i s  speed 

appears t o  be e l l i p t i c a l .  Unlike t h e  s t r u c t u r e  of the  welds obtained a t  

low speed, t h e  fus ion zone revealed a ra the r  coarse g ra in  s t ructure .  

Many of t h e  p a r t i a l l y  melted g ra ins  s t a r t i n g  from the  fus ion boundary 

d i d  not survive t o  reach the  center  of the  fusion zone [Fig. 4(a)] .  Of 

t h e  many g ra ins  growing along the  welding d i rec t ion ,  a few t h a t  a r e  

o r i en ted  favorably appear t o  outgrow the  unfavorably or iented  gra ins ,  so 

t h e  fus ion zone s t r u c t u r e  is coarse. Often one or  two g ra ins  spanned 

t h e  thickness of the  weld a t  i ts  center .  A s t r u c t u r e  such a s  t h i s  is 

very  much prone t o  cracking. However, the  fus ion zone s t r u c t u r e  of a 

rough weld produced with focusing condit ions c lose  t o  sharp focus and a t  

moderate speeds contained a f i n e  gra in  s t ructure .  This may be due t o  

t h e  v io len t  s t i r r i n g  ac t ion  of t h e  puddle during welding c lose  t o  the 

sharp focusing condit ions and subsequent g ra in  refinement. 

Typical microstructures of a smooth weld obtained a t  high speed 

(12.7 mm/s) are shown i n  Fig. 5. The fus ion zone contained a f i n e  gra in  

s t ruc tu re .  Also, the  puddle shape a t  t h i s  speed continues t o  be e l l i p -  

t i c a l .  A s  a t  moderate speeds, many of the  p a r t i a l l y  melted g ra ins  

s t a r t i n g  from the fus ion boundary did  not survive t o  reach the  center  of 

t h e  fus ion zone [Fig. 5(a)] .  However, the g ra ins  growing along the 

welding d i r e c t i o n  were f i n e  because of the high s o l i d i f i c a t i o n  ra te .  

Also conformance t o  easy growth d i rec t ion  decreases a s  f reezing r a t e  

increases.  



Fig. 4. Fusion Zone Microstructures of Electx'on-Beam Weld Showing 
a Coarse Grain Sructure. Travel speed 6.4 m/s and defocusing number 
D p  = 18. (a) Top surface. (b) Transverse section. 



Fig. 5. Fusion Zone Microstructures of an Electron-Beam Weld 
Showing a Fine Brain Structure. Travel speed 12.7 m/s and defocusing 
number Df = 20. (a) Top surface. (b) Transverse section. 



Hot-Cracking 

As discussed earlier, the hot-cracking susceptibility of an alloy 

depends on elemental composition, its distribution, and the microstruc- 

tural characteristics within the material. During welding of the iri- 

dium alloy, the resulting fusion zone grain structure was found to be 

very critical in determining the hot-cracking susceptibility of the 

alloy. Fusion zone structures shown in Figs. 3 and 5 have been found to 

be less prone to hot-cracking than that shown in Fig. 4. With thermal 

and shrinkage stresses acting normal to the f n ~ i n n  xnne, a fusion zone 

containing coarse grain structure is very much prone to cracking. During 

EBW, cracking in the iridium alloy has been found predominantly to follow 

the centerline. The crack path has been mostly intergranular. Scanning 

electron microscopic examination of the fractured surface revealed the 

presence ot eutectic-like structure,'( IrgTh being the possible second 

phase in the eutectic mixture. Also, SEM shows the presence of a rela- 

tively low-melting liquid (eutectic) along the grain boundaries during 

later stages of solidification, due to solute segregation. 

A close observation of the microstructure and crack path has indi- 

cated that the crack, having initiated at the fusion boundary, works its 

way to the weld centerline and finally follows it. Figures 6 and 7 show 

the macroscopic and microscopic details of crack initiation and sub- 

sequent growth pattern in an EB welded iridium alloy containing 114.3% W 

and 500 ppm Th. On analyzing the weld sample for thorium distribution by 

a spark-source mass spectrometric method a region of positive segrega- 

tion of thorium was detected (Fig. 8). Such a region has a great poten- 

rial to nucleate liquation cracking. The region of positive segregation 

observed here may be rationalized on the basis of hulk flow of 

solute-enriched liquid between cells or dendrite arms in a direction 

opposite to that of the solidification front to feed volume shrinkage on 

solidification and cooling.17 A phenomenon such as this is commonly 

observed during ingot solidification. Also, thorium migration to the 

fusion boundary under the influence of a steep thermal gradient could 

enhance the thorium level at the fusion boundary. Welding speed may 



Fig. 6. Details of Crack Path in an Electron-Beam Weld. 
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Fig. 8. Concentration of Thorium as a Function of a Distance From 
the Weld Centerline in Electron-Beam-Welded DOP-21 Allay, 

have a great influence on these factors in that the segregation of 

thorium may be less severe at high welding speeds than at low welding 

speeds. Hence, the combination of least segregation and fine fusion 

zone grain structure at high welding speeds seems to improve the 

weldability, as shown in Fig. 1. 

CONCLUSIONS 

Electron-beam welding shows great promise of success in welding the 

modified iridium alloys, in particular Ir-0.3A W doped with 2Q0 ppm Th 

and 50 ppm Al. Electron-beam welding parameters to successfully weld 

thin sheets of this alloy have been established, Weldability af this 

particular alloy is a strong function of welding parameters, such as 

welding speed and beam focus conditions. The alloy can be welded suc- 

cessfully over a range of focus conditions, the range being narrow at 

low welding speeds and extended at high welding speeds. 



The f u s i o n  zone g r a i n  s t r u c t u r e  has  been found t o  be a s t r o n g  func- 

t i o n  of welding speed and f o c u s  c o n d i t i o n s  a s  w e l l .  Fusion zone g r a i n  

s t r u c t u r e  was f i n e  a t  low and h i g h  speeds  and c o a r s e  a t  moderate speeds .  

Also t h e  f u s i o n  zone g r a i n  s t r u c t u r e  i s  c l o s e l y  r e l a t e d  t o  t h e  

ho t -c rack ing  s u s c e p t i b i l i t y  of t h e  a l l o y .  

A r e g i o n  of p o s i t i v e  s e g r e g a t i o n  i n  thor ium was i d e n t i f i e d  a t  t h e  

f u s i o n  boundary i n  t h e  welds  t h a t  e x h i b i t e d  hot-cracking.  T h i s  r e g i o n  

a c t s  a s  t h e  p o t e n t i a l  source  f o r  t h e  n u c l e a t i o n  of a l i q u i d a t i o n  c r a c k  

t h a t  r e a c h e s  t h e  c e n t e r l i n e  and f u r t h e r  grows a s  a c e n t e r l i n e  c rack .  

The a u t h o r s  g r a t e f u l l y  acknowledge t h e  encouragement of 

A. C. Schaf fhauser  a s  program manager. Also t h e  a u t h o r s  wish t o  

acknowledge G. M. Goodwin f o r  h i s  guidance and s u g g e s t i o n s  d u r i n g  t h e  

i n i t i a l  c o u r s e  of t h i s  i n v e s t i g a t i o n  and J. F. King and C. J. Lvrig f o r  

t e c h n i c a l  review and C. P. Haltom f o r  ineta l lography.  Thanks a r e  a l s o  

ex tended  t o  S. P e t e r s o n  f o r  e d i t i n g  and K. A. Witherspoon f o r  typ ing  t h e  

manuscr ip t .  
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