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a c o n f i n e d ,  h e a t e d  l i q u i d .  L o w e r i n g  t h e  b e a m  c u r r e n t  
u s u a l l y  c a u s e d  t h e  m o t i o n  of the  l i q u i d  to c e a s e ,  
a l t h o u g h  i t  c o u l d  s t i l l  b e  i d e n t i f i e d  a s  a d i s c r e t e  
r e g i o n  w i t h i n  the  b u b b l e ,  F i g .  2.  W h e n  in  m o t i o n ,  the  
l i q u i d  o s c i l l a t e d  r a p i d l y  in  a l o c a l i z e d  a r e a ,  a s  if  i t  
w e r e  h e l d  t h e r e  by  s u r f a c e  t e n s i o n .  O c c a s i o n a l l y ,  t he  
e n t i r e  v o l u m e  of l i q u i d  w o u l d  j u m p  to a n o t h e r  s i d e  of 
the  b u b b l e  and  c o n t i n u e  to o s c i l l a t e  t h e r e ,  F i g .  3. 
W h e n  a p a r t i c u l a r  r e g i o n  of  t h e  fo i l  w a s  c o n t i n u a l l y  
o b s e r v e d ,  in  s o m e  i n s t a n c e s  t h e  a m p l i t u d e  of  o s c i l l a -  
t i o n  b e g a n  to  d e c r e a s e  a f t e r  a b o u t  5 m i n ,  a n d  c e a s e d  
c o m p l e t e l y  a f t e r  a b o u t  15 m i n .  T h i s  " d e a c t i v a t i o n "  
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T U N G S T E N  i n t e n d e d  f o r  l a m p  f i l a m e n t  a p p l i c a t i o n s  i s  
o f t e n  d o p e d  w i t h  c o m p o u n d s  of a l u m i n u m ,  p o t a s s i u m ,  
a n d  s i l i c o n  p r i o r  to  s i n t e r i n g  in  o r d e r  to  o b t a i n  w i r e  
w h i c h  p o s s e s s e s  a c r e e p - r e s i s t a n t  r e c r y s t a i l i z e d  
g r a i n  s t r u c t u r e . Z  S e v e r a l  r e c e n t  s t u d i e s  of d o p e d  t u n g -  
s t e n  w i r e  h a v e  s h o w n  t h a t  f i n e  r o w s  of b u b b l e s  a p p e a r  
a f t e r  a n n e a l i n g  a t  t e m p e r a t u r e s  g r e a t e r  t h a n  0 .5  T m .2-4 
T h e y  a r e  p r e s u m a b l y  p r o d u c e d  b y  t h e  v o l a t i z a t i o n  of 
d o p a n t s  w h i c h  h a v e  b e e n  p r e v i o u s l y  a l i g n e d  p a r a l l e l  
to  the  w i r e  a x i s  by  d r a w i n g .  3 C h a r a c t e r i z a t i o n  of the  
c h e m i c a l  and  p h y s i c a l  s t a t e  of t he  d o p e  a s s o c i a t e d  

�9 1 , 4 , 5  with this porosity has remained eluslve. Some re- 
cent data pertaining to this problem are presented here. 

Doped tungsten wire drawn to 0.178 mm diam at 
temperatures of 750 ~ to 1175~ was annealed by self- 
resistance for 6 rain at 3020~ in hydrogen (post-anneal 
sag resistance rating was 5 to 7 mm). Atomic absorp- 
tion and spectrographic analyses showed that it con- 
tained 82 wt ppm potassium, 12 wt ppm aluminum, and 
4 wt ppm silicon. Short lengths of wire were ground 
flat on two sides, cut into 2.3 m m  lengths, and thinned 
electrolytieally.6 The thin foils thus prepared were 
placed in copper sandwich grids to facilitate handling, 
and were examined with an AEI EM6G electron micro- 
scope equipped with a goniometer stage and an anti- 
contamination device. 

Thin foil specimens prepared from annealed wire 
contained rows of enclosed bubbles which varied in 
size from 50 to 1200A in diameter, Fig. 1. The most 
striking characteristic displayed by most, but not all, 
of the bubbles was that they contained a small quantity 
of rapidly moving liquid. This phenomenon was best 
observed when the foil was tilted so that a relatively 
intense reflection (110 or 200) was operating in the 
area of interest. Under such conditions the material 
in the bubbles behaved in a manner similar to that of 
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Fig. 1--Rows of bubbles  fo rmed  in doped tungsten wire  by an-  
neal ing  in hydrogen for  6 rain at  3020~ Poros i ty  which ex-  
h ib i ts  da rk  con t r a s t  contains  liquid. Light c i r c u l a r  f ea tu res  
a re  dep res s ions  e l ec t ropo l i shed  in the foil su r faces .  

Fig. 2--Bubble fo rmed  in annea led  doped tungsten wire  which 
contains  liquid at  r ight.  Note the di f ference in th ickness  f r inge 
spac ing  within the bubble due to the p re sence  of the liquid. 
The di f f ract ion pa t t e rn  was obtained with a 25~m ape r tu r e  
cen te red  on the bubble. The l inea r  fea ture  ex t e rna l  to the bub-  
ble is a dislocation�9 
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Fig. 3--Bubbles formed in annealed doped tungsten wire.  Dark 
con t ras t  v is ible  within the l a r g e r  bubbles  is due to rapidly  os-  
c i l la t ing  liquid. The liquid in the lower left bubbte has jumped 
f rom its genera l  location in Fig. 3(a) to that  shown in Fig. 
3 (b) (arrows).  

of t h e  m o v i n g  l i q u i d  d u r i n g  o b s e r v a t i o n  h a s  t h u s  f a r  
p r o v e d  to  b e  p e r m a n e n t .  O s c i l l a t i n g  l i q u i d  h a s  b e e n  
o b s e r v e d  w i t h i n  b u b b l e s  i r r e s p e c t i v e  of t h e i r  s i z e  a n d  
s h a p e .  

B u b b l e s  w h i c h  w e r e  n o t  a c t i v e  in  t h i s  m a n n e r  d i s -  
p l a y e d  u n i f o r m l y  l i g h t  c o n t r a s t  in  t h e i r  i n t e r i o r s .  
W h e n  o b s e r v e d  in s t e r e o ,  s u c h  b u b b l e s  w e r e  s e e n  to 
h a v e  b e e n  i n t e r c e p t e d  by  t h e  fo i l  s u r f a c e  d u r i n g  e l e c -  
t r o p o l i s h i n g ,  a n d  t h u s  w e r e  no  l o n g e r  c o m p l e t e l y  e n -  
c l o s e d  w i t h i n  t h e  fo i l .  B u b b l e s  w i t h  d i a m e t e r s  g r e a t e r  
t h a n  200/~ d i s p l a y e d  p a r t i a l l y  d e v e l o p e d  f a c e t s ,  w h i c h  
w e r e  d e t e r m i n e d  by  s t e r e o g r a p h i c  a n a l y s i s  t o  b e  {110}, 
r a t h e r  t h a n  {100} a s  o b s e r v e d  in a p r e v i o u s  i n v e s t i g a -  
tion.V 

T h e r e  w a s  n o  i n d i c a t i o n  t h a t  t h e  d e g r e e  of b e a m  
h e a t i n g  w h i c h  c a u s e d  t h e  e n t r a p p e d  m a t e r i a l  to  m e l t  
a n d  o s c i l l a t e  w a s  g r e a t e r  t h a n  n o r m a l .  T h e  m i c r o s c o p e  
w a s  o p e r a t e d  a t  100 kv ,  u s i n g  a 500 ~ m  v a r i a b l e  c o n -  

tion depending on bias setting, and a 2 pm beam diam 
on the foil. Previous investigations 8'9 indicate that 
these conditions, together with the use of a copper 
sandwich grid held in the cartridge by a copper cooling 
ring, should minimize specimen heating. Using the cor- 
relation of temperature rise with thermal conductivity 
suggested by Gale and Hale, 8 the temperature rise in 
tungsten foils used in this study is estimated to be ap- 
proximately 50~ above ambient. It is possible that the 
temperature within the bubbles was somewhat higher 
if they possessed a coating of low thermal conductivity. 

The presence of entrapped material within the bub- 
bles in annealed doped tungsten wire is consistent with 
the doping mechanism proposed by Moon and Koo. a Ac- 
cording to their model, the dopant is entrapped in the 
powder metallurgy ingot during sintering, is extended 
into thin rods or ribbons by drawing, and volatilizes 
during high-temperature annealing to form strings of 
bubbles by bulk diffusion of vacancies. The presence 
of discrete regions of dope in fine tungsten wire had 
been detected by field ion microscopy, I~ as well as by 
transmission n and replica 5 electron microscopy. The 
results of the present study show that dope in con- 
densed form is present after high-temperature anneal- 
ing, in support of the same conclusion made by Tufts. 5 

The extremely low melting point of the entrapped ma- 
terial suggests that it is potassium (MP 64~ This 
hypothesis is supported by the presence of potassium 
in the doping chemicals, and in fine wire to the extent 
of 60 to I00 wt ppm.12 The large atomic size and con- 
sequent low diffusivity of potassium in tungsten explains 
its presence as a discrete phase in fine wire despite 
many opportunities for homogenization during process- 
ing. The mechanism by which the cessation of dopant 
motion occurs during observation in the electron mi- 
croscope is not apparent. Attempts to make more posi- 
tive identification of the dopant by microprobe analysis 
of the largest pores have been unsuccessful. An exten- 
sive study of the effects of annealing temperature and 
heating rate on dope morphology and size distribution 
will be reported subsequently. 

The author is indebted to D. D. White and N. Tall for 
the specimen preparation. 
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