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DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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The A15 layer of a commercial Airco wire containing 2869 Nb filaments 
was analyzed as a function of heat treatment. Its microstructure is 
composed of three morphologically distinct concentric shells. The cen- 
tral shell consists of fine equiaxed grains and has a nearly stoichio- 
metric Sn concentration. High resolution electron microscopic analysis 
suggests that the fine grains are formed through the polygonization of 
dislocations. The homogeneous composition through the fine-grained 
layer is a probable consequence of the small grain size, which permits 
relatively rapid chemical redistributions through grain boundary diffu- 
sion. In contrast, the chemical gradient in the large-grained inner and 
outer shells is steep. 

The microstructure is established by the reaction heat treatment, anu 
determines the critical current. The best combination of grain size, 
composition, and volume of the f ine-grained shell is obtained with an 
intermediate reaction temperature (700 to 730°C), this temperature range 
also yields the best values of Jc. Various two-step heat treatments were 
studied and compared to isothermal aging. The best microstructure and, 
hence, the best critical current characteristic was obtained by aging the 
specimen at 700'~ for 4 days followed by 730'~ for 2 days. 

The onset transition temperature and the transition width were measured 
inductively. The inductive signal is apparently determined by the 
properties of the smallest volume of superconducting phase that is 
sufficient to expel the external magnetic flux. The composition gra- 
dient within this volume is then reflected in the transition width. The 
critical temperature first increased (to -18K) and then decreased with 
increasing reaction time. 

The Jc characteristic of the multifilamentary wire is compared to that 
found in preliminary tests on an 'internal tin' bronze-processed wire 
fabricated by Intermagnetics General. The internal tin wire appears to 
have a much better critical current density at lower field. Possible 
metallurgical sources of the higher current density are discussed. 
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Figure a. A scanning elr,.ron micrograph of a typical 
reacted bronze-processed multifilamentary wire. 
Notice that the Ta diffusion barrier constrains 
the volume expansicla of the art i v e  care d l l r i n &  
the diffusion reaction, hcnee, . the NbgEn d i f f v -  
sion layer experiences a radial compressive 
strain. Withobt this restrictive layer, the 
bronae matrix would be able to expand freely and 
not exert as much strees on the Nb3Sn layer. 
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Figure 2. A scaaoing electz.,, microgr=.,h showing the Nb3Sn 
layer  and t h e  r e s i d u a l  #b f i l a m e n t s  a f t e ~ ,  t h e  
bronze matr ix  has been removed. Voids i n  the 
A15 l a y e t s ,  predominately a t  tihe periphery of 
the f ilaraenta, are b e l i e v e d  t o  arise f r o d  the 

-preferent ia l  etching o f  the A15 grain boundaries 
due to their  high copper concentration, 
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Columnar G r ~ i n s  Equioxed Rne Grains Coarsened Groins 
\ A-15 N4Sn Diffusion Lager - 
Figure 3, Schematic representat  ion of the  gra in  morphology XBL 824- 5549 

of t h e  A15 d i f f c s i o n  layer .  The d i r e c t i o n  of 
the reaction is inward t o  the Nb filament. A s  a 
colisequence, a success i v e  l aye r  format  i on  f o I- 
lowed the order: columnar grains,  f i ne  equiaxed 
grains ond coarsened grains. The transformation 
of columnar gra ias  t o  the f i ne  grains  is due to  
the polygonizatiun of dis locat ion walls t o  re- 
duce the s t r a i n  energy associated with the NbgSn 
layer format ion. 



Figure 4 .  The s e l e c t e d  area e l e c t r o n  di f fract ion pattern 
o f  the  boundary r e g i o n  bet  ween the  A15 and the  
residual Nb. The square pattern near the center 
maximum i s  t h e  (001) A 1 5  zone a x i s  p a t t e r n  and 
t h e  BCC (111) i s  represented by  t h e  b r i g h t e s t  
d i f frac t ion  s p o t s .  





Figure 6 .  A TEM micrograph showing a typical  NbgSn grain 
morphology near the Rb3Sn- bronze i n t e r f a c e ,  
The coarsened large-grain layer can be seen  a t  
the periphery of t h e  reacted filament with the 
f ine  equiaxed grain layer adjacent to  it. 
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Figure 10. Scanning electron micrographs of t he  f r ac tu re  eurface 
of indiv idual  filaments heat t rea ted  t o  near 90% reac- 
t i o n  a t  d i f f e r e n t  t empera tures .  ' The apparen t  g r a i n  
boundar ies  can be d i s t i n g u i s h e d  by t h e  predominate 
intergranular ' f rac ture  mode. Lower temperature aging 
produces a f i n e r  g r a i n  s i ze .  However, t h e  equiaxed 
grain boundaries a r e  not revealed on the  f rac ture  sur- 
f ace  due t o  t h e  n a t a r e  of t h e  low-angle boundaries.  
Therefore ,  t o  a c c u r a t e l y  de te rmine  t h e  g r a i n  s i z e ,  
t r a n s m i ~ s i o n  e lectron microscopy i s  required. 
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Figure 11. The r e s u l t s  of g r a i n  s i z e  versus aging tempera- 
t u r e  (650° t o  8 0 0 ° ~ )  a s  d e t e r m i n e d  by a TEM 
s t u d y ,  The a p e e i f  i c  d a t a  shown i n  t h i s  Ligure 
a r e  from t h e  samples heat  t r e a t e d  up t o  t h e  t ime 
required  t o  y ie ld  a layer  th ickness  ranging from 
1.7 t o  1.9 ;m. Two o the r  d a t a  i n  t h e  l i t e r a t u r e  
on g r a i n  s i z e  a r e  a l s o  included f o r  comparison. 
It c a n  be concluded t h a t  t h e  g r a i n  s i z e  in -  
c r e a s e s  w i t h  i n c r e a s i n g  a g i n g  t e m p e r a t u r e  and 
t i m e ,  and d e c r e a s e s  w i t h  d e c r e a s i n g  f i l a m e n t  
diameters. 
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Figure  12. T i n  c o n c e n t r a t i o n  p r o f i l e s  d e t e r m i n e d  by  
STEMIEDXS a n a l y s i s  ac ros s  t h e  r eac t ed  A15 l a y e r  
f o r  samples aged t o  near  90% r e a c t i o n  a t  va r ious  
temperatures .  The t i n  c o n c e n t r a t i o n  d e c r e a s e s  
monotonical ly  through t h e  l a y e r  from a  Sn-rich 
composi t ion a t  t h e  bronze i n t e r f a c e  t o  a Sn-poor 
c o m p o s i t i o n  a t  t h e  Nb i n t e r f a c e .  The c e n t r a l  
reg ion  of t h e  A 1 5  l aye r ,  where t h e  g r a i n  s i z e  i s  
s m a l l  and equ iox ia l ,  has a  composi t ion c l o s e  t o  
s to ich iometry .  The gene ra l  t r e n d  i s  f o r  t h e  t i n  
concen t r a t ion  g r a d i e n t  t o  decrease  w i t h  increas-  
i ng  aging tempera ture  and t ime.  



Figure  13. The volume f r a c t i o n  of t h e  f i ne -g ra in  l a y e r  w i t h  
r e s p e c t  t o  t h e  o r i g i n a l  Nb volume v e r s u s  a g i n g  
t e m p e r a t u r e  f o r  s a m p l e s  n e a r  f u l l  r e a c t i o n .  
S i n c e  th is  layer c o n t a i n s  h i g h  d e n s i t y  g r a i n  
b o u n d a r i e s  and a  n e a r  a to i .ch i .nmat . r j r .  c.:.omposi- 
t i o n ,  i t  i s  t h e  volume t h a t  c a r r i e s  t h e  m a j o r i t y  
o f  t h e  c u r r e n t  n e a r  3,. Two c o m p e t i n g  f a c t o r s  
d e t e r m i n e  . t h e  vo lume o f  t h e  f i n e - g r a i n  l a y e r :  
t h e  m o b i l l t y  of d i s l o c a t i o n s  t o  polygonize and 
g r a i n  conr~eni.ng. Therefore ,  an optiuiiul toruplax- 
a t u r e  (from 700 t o  730 '~)  produces t h e  maximum 
f  ine-gra in  volume. 
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F igure  14. A s c h e m a t i c  r e p r e s e n t a t i o n  of  ( a ) .  t h e  g r a i n  
s t r u c t u r e  and ( b )  t h e  t i n  c o n c e n t r a t i o n  p r o f i l e  
a c r o s s  t h e  A15 l a y e r .  It i s  b e l i e v e d  t h a t  t h e  
t l a t  concent ra t ion  p r o f i l e  i n  t h e  f ine -g ra in  l a y e r  
i s  due  t o  t h e  f a s t  d i s t r i b u t i o n  o f  t i n  a l o n g  t h e  
g r a i n  boundaries .  
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Figure  15. The induc t ive  Tc midpoint  and t r a n s i t i o n  wid th  
v e r s u s  a g i n g  t i m e  f o r  650,  730 and 8 0 0 ' ~ .  The 
T, m i d p o i n t  i n c r e a s e s  ( t o  n e a r  18K) and i t s  
wid th  dec reases  w i t h  aging time. This behavior  
i u  qiiitc ge!,asrrl fnr hrnn7.p. prncc.sacd wiros. It 
can be  concluded t h a t  t he  induct ive  measurement, 
which measures t h e  change i n  s lope  of hl-H curve 
w i t h i n  t h e  f i e l d  r a n g e  o f  t h e  a p p l i e d  o s c i l l a - ,  
t i n g  f i e l d  ampli tude,  y i e l d s  only the  informa- 
t i o n  abouL the v~olarut of  snparc.andacting phnso 
enough. t o  expel  t h e  e x t e r n a l  f lux.  I n  our  mea- 
s u r e m e n t ,  t h i s  volume i s  e s t i m a t e d  t o  b e  -1 pm 
i n  l a y e r  th ickness .  



XBL 8 22-5156 
Figure  16. The Jc(H) c h a r a c t e r i s t i c s  of s a m p l e s  aged  a t  

6 5 0 ' ~ .  M i c r o s t r u c t u r a l  s t u d i e s  r e v e a l e d  t h a t  
t h e  f i n e  g r a i n  s i z e  f o r  s h o r t  h e a t  t r e a t m e n t s  
a r e  r e spons ib l e  f o r  t h e  h igh  J, a t  lower f i e l d s  
even tl iough t h e  volume of t h e  f i n e  g r a i n  l a y e r  
i s  s m a l l e r  and  h a s  a  h i g h e r  c o n c e n t r a t i o n  g r a -  
d i e n t .  P r o l o n g i n g  t h e  a g i n g  t i m e  t o  16  d a y s  
mainly inc reases  J c  a t  h igher  f i e l d s .  



X B L  831-5059 
Figure  17. The J c ( ~ )  c h a r a c t e r i s t i c s  of samples hea t  t r e a t e d  

i n  t h e  t e m p e r a t u r e  r a n g e  700 t o  800 OC. Hea t  
t r e a t m e n t s  a t  i n t e r m e d i a t e  tempera ture  and t i m e  
g i v e  t h e  bes t  J,(H) c h a r a c t e r i s t i c s .  For example, 
s a m p l e s  aged  a t  700°c f o r  6 d a y s  and 730°c f o r  2 
days show t h e  bes t  Jc a t  a l l  f i e l d s .  
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Figure 18. S c h e m a t i c  h e a t  t r e a t m e n t  s c h e d u l e s  t o  improve  
t h e  m i c r o s t r u c t u r a l  s t a t e  of A15 l a y e r s .  The 
f i r s t - s t a g e  hea t  t r ea tmen t  i s  a t  a  low tempera- 
t u r e  t o  e s t a b l i s h  a  f ine-gra in  s t r u c t u r e  and t h e  
s e c o n d - s t a g e  h e a t  t r e a t m e n t  a t  h igher  tempera- 
t u r e  i s  designed t o  r e d i s t r i b u t e  t h e  t i n  w i t h i n  
t h e  f ine-grained layer .  The necessary  cond i t i on  
f o r  t h i s  modif ied hea t  t r ea tmen t  t o  work i s  t h a t  
t h e  r e d i s t r i b u t i o n  of t i n  be a  f a s t e r  p r o c e s s  
t h a n  t h e  NbgSn g r a i n  c o a r s e n i n g  i n t r o d u c e d  by 
t h e  second-stage h igher  tempera ture  t r ea tmen t .  
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Figure 1 9 .  The volume f rac t ion  of the f i n e  grain layer for  
'severa 1 double-aged specimens a s  compared with  
LllaL uT Cl~e isu~heri~~ally prepared sa~~~ples. The 
s a m p l e s  aged  a t  700°C aud ~ l ~ e i i  f u l l u w e d  by 730'~ 
show an increase in  the  volume fract ion ,  whi le  
t h e  6 5 0 ' ~  + 8 0 0 ' ~  h e a t  t rea tment  produces a 
l ower  f r a c t i o n .  T h i s  can be a t t r i b u t e d  t o  t h e  
i n c r e a s e  i n  t h e  d i s l o c a t i o n  m o b i l i t y  w i thout  
s i g n i f i c a n t  coarsening a t  the 730°C treatment. 
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Figure  20. The STEM/EDXS a n a l y s i s  of t h e  t i n  concen t r a t ion  
p r o f i l e s  of t h r e e  double-aged  spec imens .  The 
s m a l l  c o m p o s i t i o n  g r a d i e n t  of  t h e  700 + 7 3 0 ' ~  
aged  s p e c i m e n s  shown i n  t h i s  f i g u r e  i s  f a v o r -  
a b l e ,  w h i l e  t h e  s t e e p  g r a d i e n t  of t h e  s a m p l e  
t r e a t e d  a t  6 5 0 ' ~  f o r  16 days + 8 0 0 ' ~  f o r  4 hours  
i s  undes i r ab le  and y i e l d s  i n f e r i o r  Jc. 
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Fi.giire 21. The J C ( ~ )  charar.t .eri  st . i .cs  of donhle-aged spec i -  

mens s t a r t i n g  w i t h  6 5 0 ' ~  and fo l lowed by va r ious  
h ighe r  t empera tu re  t r ea tmen t s ,  From t h e  da ta  it 
i s  c l e a r  t h a t  t h e  h i g h e r  t h e  second a g i n g  tem-  
pe ra tu re ,  t h e  s m a l l e r  t h e  J, enhancement. 
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Figure 22. The J c ( ~ )  c h a r a c t e r i s t i c s  of seve ra l  double-aged 
samples wi th  7 0 0 ' ~  a s  t h e  s t a r t i n g  heat  t r e a t -  
ment temperature. The .lC(ll) of t h e  70O0~/b days 
sample is a l s o  included, represent ing  t h e  bes t  
obtained by i so thermal  aging. The 700°c/4 days 
+ 730°c/2 days  sample  h a s  abou t  a 50% i n c r e a s e  
i n  t h e  Jc over t h a t  of t h e  700°c/6 days. 



Figure 23. The SEM micrographs of the  fracture  f i l ament s  
aged a t  (a) 650°c /14  days + 730°c/2 days, and 
(b) 8 0 0 ° ~ / 2  days, A s i g n i f  i cant  d i f f e r e n c e  i n  
the apparent grain s i z e  with varying heat treat-  
ment condif  ions  can be not iced.  Also,  t h e  in-  
tergraaular f rac ture  mode of t h e  A15 phase i s  
very d i s t i n c t  (b). 
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Figure  24. A comparison of I,(H) d iv ided  by t h e  i n i t i a l  Nb 
a r e a  of t h e  ' i n t e r n a l  bronze' Airco w i r e  and t h e  
' i n t e r n a l  t i n  b r o n z e '  I G C  w i r e .  The A i r c o  w i r e  
data  i u  L l i i s  I i g u i e  is t h e  b e ~ t  obta ined  by 
double-aging t rea tment .  The I G C  sample c i t e d  i n  
t h i s  f i g u r e  r e p r e s e n t s  t h e  bes t  hea t  t r ea tmen t  
c o n d i t i o n  of a  r e c e n t  p r e l i m i n a r y  s t u d y .  By 
o p t i m i z i n g  t h e  h e a t  t r e a t m e n t ,  i t  i s  e x p e c t e d  
t h a t  t h i s  v a l u e  can  be  improved  f u r t h e r .  A 
~ i g n i f i c a n t  i n c r e a s e  i n  Jc, e s p e c i . a l l y  i n  t h e  
lower f i e l d  range, i s  c l e a r .  The improvement i s  
most l i k e l y  due t o  t h e  m i c r o s t r u c t u r a l  sources  
introduced by t h e  change of d i f f u s i o n  condit ion.  
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Figure 25. S c h e m a t i c  r e p  r e s e n t a t i o n s  of  t h e  ' i n t e r n a l  b ronze '  and 
t h e  ' i n t e r n a l  t i n  bronze' processes f o r  t h e  mult if i lamen- 
t a r y  NbgSn w i r e .  It can be  r e c o g n i z e d  t h a t  t h e  main 
d i f f e r e n c e  between these  two processes i s  t h a t  the  ' i n t e r -  
n a l  t i n  b rouza '  p r o c e s s  has  a. c o n t i n u o u s  s u p p l y  of t i n  
i n s t e a d  o f  s e q u e n t i a l  d e p l e t : i o n  of t i n  i n  t h e  b ronze  
m a t r i x .  The g r a i n  s i z e  w i l l  be  s m a l l e r  due t o  a  h i g h e r  
n u c l e a t i o n  r a t e .  The f a c t  t h a t  i t  i s  e a s i e r  t o  draw t h e  
wi re  down t o  smal l e r  s i z e  encourages f i n e r  filaments.. The 
f i n e  f i l a m e n t s  w i l l ,  r e a c t  t h u s  e l i m i n a t i n g  t h e  low t i n  
con c e n t r a t i o n  boundary a t  the  Nb in te r face .  A s  a. r e s u l t ,  
a' l a r g e r  v.olume o f  t h e  A15 p h a s e  c a n  b e  c l o s e r  t o  
s to ich iomet r i c  composition. 
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