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GENERALIZED  CRITICAL CURRENT DENSITY OF COMMERCIAL Nb46.5, Nb50 
A N D  Nb53  w/o T i  MULTIFILAMENTARY  SUPERCONDUCTORS 

K. F. Hwang* and  0. C .  Larba les t ie r  

ABSTRACT 

We have measured the c r i t i ca l   cu r ren t   dens i ty  
Jc   o f   four   d i f fe ren t  commercial compositions of NbTi 
over the range of f i e l d s  up t o  H and a t  reduced 
temperatures. We have presentedcfhe  resul ts   in  
scaled  form so tha t   a t t a inab le   va lues  of J c   i n  NbTi 
a t   a r b i t r a r y   f i e l d s  and temperatures may e a s i l y  be  
derived. We have a1 so measured the e f f e c t  of  post 
manufacture  themal  treatments on Jc  and shown t h a t  
t h e  change in   Jc   scales   with a temperature  compensated 
t ime  factor.  

INTRODUCTION 

NbTi a l l o y s   a r e   s t i l l   t h e  most widely used 
superconducting a1 loys and h igh   c r i t i ca l   cu r ren t  
d e n s i t i e s  can be obtained  over a range of a l loy  
contents .  To a ce r t a in   ex t en t   d i f f e ren t   a l l oy  
compositions have become standard  in   different  
count r ies ,  e.g. Nb44  w/o T i  i n   B r i t a i n ,  Nb46.5 w/o 
Ti in   the  U.S.A, and Nb50  w/o  Ti i n  Germany. All 
of  these  alloy  compositions  are  capable of giving 
J > 1700 A/mm2 a t  5 T and 4.2 K. However, i t  has 
aCso been reported  that   values   twice  as   large  as  
these  can e obtained from Nb50 Ti when properly 
optimized.' F o r  superconducting  magnetic  energy 
s torage (SMES) appl ica t ions  NbTi i s  on$ of the two 
major  determinants of the s torage   cos t  and we 
have therefore  been s tudy ing   t he   poss ib i l i t i e s  and 
c h a r a c t e r i s t i c s  of high  Jc NbTi a l loys  of d i f f e r e n t  
composi t ion  .wi th   par t icular   interest .  In t h i s  paper 
we report  on the   c r i t i ca l   cu r ren t   p rope r t i e s  of four  
d i f f e r e n t  commercial a l l o y s ,  of nominal compositions 
Nb46.5, Nb50 (2) and Nb53  w/o Ti a t  f i e l d s  from 0 t o  
H c 2 ,  both a t  4.2 K and a t  reduced  temperatures. 

A common micros t ruc tura l   fea ture  of each of 
these  compositions i s   t h a   t h e y  a 1 possess a high 
d is loca t ion   dens i ty  ( Z  10"  cm/cm ) and t h a t   t h e s e  
dislocation  arrangements  are of decisive  importance 
in   de temining   Jc .  A t  some s tages ,   typ ica l ly   wi th in  
4-6 times  the  final  wire  diameter and a t   t h e   f i n a l  
wire   s ize ,   the   manufacturer   gives   control led  heat  
t r ea tmen t s   t o   t he   w i re ,   t he   e f f ec t  of which a r e   t o  
cons t ruc t ive ly  modify the   d i s loca t ion   d i s t r ibu t ion  
and possibly  encourage a prec ip i ta t ion   reac t ion .  
The high d i s loca t ion   dens i t i e s   a r e ,  however, 
thermally  unstable and t h e i r   s e n s i t i v i t y   t o   t h e  
exact  heat  input of the thermal  treatment i s  
probably  the  cause of t h e   g r e a t e r  p a r t  of t h e  
batch t o  ba tch   sca t te r   in  J seen  in  producing 
nominally  identical  bil  lets'of  superconductor. 
In la rge  magnet systems  there may, in   addi t ion ,  be 
post  delivery  heat  inputs  reaching the NbTi and we 
have followed  the  response of t h e s e   a l l o y s   t o  
post   product ion  heat   t redtments   par t ly   to   es tabl ish 
s a f e   l i m i t s   f o r  such inputs  and pa r t ly   t o   g ive  us 
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fundamental  information  about the r o l e  o f  micro- 
s t r u c t u r e  i n  determining Jc. A preliminary  report  
o f  t h i s  work f o r  Nb46.5  w/o  Ti has a1 ready  appeared. 

EXPERIMENTAL PROCEUURE 

Four wires were studied of nominal composi t i o n  
Nb46.5 Ti (MCA) , Nb53 T i  (Airco)  together  with two 
samples of Nb50 Ti (Vacuumschmel ze)  . This  range 
covers a composition  in which few a-Ti p r e c i p i t a t e s  
a r e  found (Nb46.5 T i ) ,  a composition, lNb50 T i ,   i n  
which t h e  an be f inely  dispersed and extremely 
e f f e c t i v 3 "  and a composition, Nb53 T i  i n  which 
they  can form rather   easi ly ,   permit t ing  high Jc 
with  less   cold work than i s  needed for   the  lower 
Ti a l loys.   Other   detai ls  of the  composites  are 
given  in  Table 1 .  Alloy  compositions  of  the Nb 50 
and Nb53 Ti a1 loys were determined by e lec t ron  
probe  microanal{sis  against  calibrated  standards. 
The to le rance  o the  Nb46.5  w/o Ti i s   s t a t e d   t o  
be c l .5  w/o Ti. rl 

TABLE 1 

.. __.______. . . . .. 
Sample S p e c i f i c a t i o n <  

Nb46.5 w/o T i  Nb49.7 w/o T i  Nhin.4 wlo T i  Nb52.7 w/o T i  

Manufacturer NCA Vacuurnschmelzr V.lru,imcchmelze Airco 

Wire diameter (mn) 0.686 0.629 0,600 0.831 

Copper/S.C. r a t l o  I .8:1 1.7:1 I . 2 : l  I .a: I 
Number of f i l a m e n t s  2100 2000 60 180 

F i l a m e n t   s i r e  (vn) IO 3 52 38 
. ~ 

Cri t ica l   cur ren t  measurements were made using 
standard  techniques.  Penetration  lengths  in these 
composites  are  small ( <  1 cm) and approximately 
20 cm long  hairpin  samples  were  used,  ensuring 
negl ig ib le   cur ren t   t ransfer   vo l tages .  ,Measurements 
u p  t o  7 t e s l a  were made in  Madison, those above 7 T 
and below 4.2 K a t   the   Nat iona l  Magnet Laboratory, 
MIT.  The c r i t e r i o n   f o r  I i n  each  case was t h e  
appearance of a voltage oF 1 pV/cm. Voltage t a p  
separat ion was z 5 cm i n  Madison and 2. 3 cm a t  
MIT. Heat t reatments  were carr ied  out   in   evacuated 
s i l ica   capsules   contained  1/3 atm. o f  argon  in 
furnaces whose constant temperature zone (+5OC) 
considerably  exceeded  the  voltage  tap  separation. 

RESULTS AND DISCiJSSION 

Figure 1 shows the   c r i t i ca l   cu r ren t   dens i ty  vs. 
magnetic f i e l d   a t  4.2 K fo r   the   four   a l loys   s tud ied .  
Note the  onsiderable r nge of values  obtained, from 
1700 A/mm t o  2700 A/m a t  5 t e s l a  and i n   p a r t i c u l a r  
the f a c t   t h a t   t h e  two nominal Nb50 Ti samples had 
widely  different  J values.  That  for the sm l l e r  

"fi 1-ent  Nb49.7 w / g  Ti  had a J of 1850 A/mm a t  
5 T while  the Nb50.8  w/o  Ti ha: t h e  much higher 
f i g u r e  of 2700 A/mm even  though the  f i lament   s ize  
exceeded 50 urn. A t  present the commercial s t a t e  of 
the a r t   i s  about 1800-2000 A/mm a t  5 T so t h a t  the  
high  values  exhibited by the 50.4 Ti a l loy   a r e  of 
considerable   interest .  A t  present we a r e  examining 
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t he   m ic ros t ruc tu re   o f   t hese   a l l oys   us ing   t ransmiss ion  
e lect ron  microscopy  but   our   s tud ies  are  not   yet  
complete.  While we know t h a t   p r e c i p i t a t e s   a r e  
present i n   a l l   t h e  a1 loys  we do n o t   y e t  know t h e i r  
d e t a i l e d   d i s t r i b u t i o n   a l t h o u g h  we  may surmise  that  
i n   t h e  Nb50.4 w/o T i  the  thermal and mechanical 
processing  schedule has  been  such  as t o  produce a 
f i n e   d i s t r i b u t i o n   o f  normal a-T' r e c i p i t a t e s   w i t h i n  
t h e   d i s l o c a t i o n   c e l l   s t r u c t u r e .  1 ,E 

The gains i n  J t o  be made on  going t o  tempera- 
tures  lower   than 4.2 K a r e - w e l l  known i n   p r i n c i p l e ,  
and  J c u r v e s   f o r  Nb50.4  w/o T i   a t   lower   temperatures 
are  stown i n  Fig. 2. Note   tha t   there  i s  a  45% 
i n c r e a s e   i n  J a t  5 T  on oing  f rom 4.2 t o  2.5 K. 
Hc2 i s  seen t o   s c a l e  as T over   th is   range  increas-  
ing  from  about 10.8 t e s l a   a t  4.2 K t o  about  15 t e s l a  
a t  0°K ( F i g .   3 ) .   I n   t h e   s u p e r f l u i d  He range ( <  2.17 K) 
H a t t a i n s   v a l u e s   o f  13.8 t e s l a  and  above. I we 
a g i i t r a r i l y   t a k e  a c u r r e n t   d e n s i t y   o f  250 A / m  as a 
lower   use fu l  limit, we see t h i s   i s   a t t a i n e d   a t  about 
1-1.5 t e s l a  below H , suggest ing   tha t  NbTi may be 
u s e f u l   i n   m a g n e t i c   F f e l d s  up t o  12.5 t e s l a   i n  magnets 
cooled  by  superf luid  hel ium.  There  are  also advan- 
t a g e s   f o r   l o w e r   f i e l d  use. For 3 tesla  supercon- 
duct ing  magnet ic  energy  storage  uni ts  operated  at  
1.8-2 K the   app rox ima te l y   two - fo ld   i nc rease   i n  J 
i n   t h e  NbTi  and t h e   g r e a t l y  enh  nced hea t   t rans fg r  
ob ta ined  f rom  super f lu id   he l ium more t h a n   o f f s e t  
t he   i nc reased   re f r i ge ra t i on   cos t .  
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A use fu l  way o f   p resent ing   the   reduced tempera- 
t u r e   d a t a   i n   p a r a m e t r i c   f o r m   i s  o p l o t  he bu lk  
p inn ing   fo rce   (F  = JcxB A.T. m-' = N.m- ) vs. f i e l d  
(Fig.   4) .  The pfnning  force  curve i s  seen t o  come t o  
a c h a r a c t e r i s t i c  maximum a t  about  1/2 Hc2. If the  
reduced  parameters F /F x vs. H/Hc2 a re   p lo t ted ,  i t  
i s  seen t h a t  one uniberga?  curve i s  ob ta ined   f o r  each 
a l l oy .  Such scal ing  curves  have been shown t o  b a 
genera l   fea ture   o f   hard   type  I 1  superconductors. 
A use fu l  consequence o f   t h e   s c a l i n g   i s   t h a t  i f  t h e  
t e m p e r a t u r e   v a r i a t i o n   o f  F max .and Hc2 i s  a1 so known 
t h e n   t h e   c r i t i c a l   c u r r e n t   R e n s l t y   a t  any a r b i t r a r y  
f i e l d  and temperature  can  be  read from the   sca l i ng  
law  curve .   Sca l ing   curves   fo r  each o f   t h e   f o u r  
a l l o y s   a r e   g i v e n   i n   F i g s .   5 - 8  and t h e   v a r i a t i o n   o f  
Hc2 and Fpmax w i th   t empera tu re   i n   F igs .  3 and'9. 
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Heat  t reatments  were  carr ied  out  between.275 and 
500°C. Here we r e p o r t  on t h e   e f f e c t s   o f   t h e  300- 
500°C hea t   t rea tmen ts   f o r   t he   t h ree   h ighe r   T i   con ten t  
a l loys,   those n t h e  Nb46.5 T i   a l l oy   hav ing   a l ready  
been  reported.g I n   t h e  range 300-500°C t h e   e f f e c t   o f  
the  post   product ion  heat   t reatment  i s  t o  reduce  the 
Jc, i nd i ca t i ng   t ha t   t he   manu fac tu re rs '   schedu les  were 
e i t h e r   c l o s e   t o  optimum o r   ove r  optimum ( i n  each  case 
the  as-received Jc values  were good  by c m p a r i  son 
wi th   indust ry   s tandards) .   Severa l   hours  a t  300°C do 
not  reduce J by much (5-10% maximum) so t h a t   c l e a r l y  
t h e r e   i s   l i t h e   t o   f e a r   f r o m  immersing  conductors i n  
Pb-Sn o r  Sn-Ag solder  baths.  On the   o the r  hand, 
temperatures  o f  500OC and  above produce  rapid  degrada- 
t i o n   i n  J  and a r e   n o t   t o l e r a b l e  so t h a t   f o r  example 
cas t i ng  h?gh p u r i t y  A1 (MP = 660°C) around  NbTi, 
a l t h o u g h   d e s i r a b l e   i n   p r i n c i p l e ,  does not  appear 
f e a s i b l e   i n   p r a c t i c e .  The e f fec t   o f   hea t   t reamen ts  
between  300 and 500°C can a1 so be  scaled, as i s  
demonstrated i n  Fig.  13  where  the  fract ional  decrease 
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i n  Jc w i th   heat   t rea tment  as  a f u n c t i o n   o f   t h e  
temperature compensated t i m e   i s   p l o t t e d .  The 
temperature  (T) compensated t ime  (t) i s  t exp(-E  /kT) 
where EA i s  the   ac t i va t ion   energy   assoc ia ted  wit1 t h e  
m ic ros t ruc tu ra l   p rocess   con t ro l   l i ng   t he  change i n  Jc 
and k i s  Boltzmann's  constant. We de fe r  a f u l l e r  
d i s c u s s i o n   o f   t h e   s i g n i f i c a n c e   o f   t h e   d e r i v e d   a c t i v a -  
t i o n   e n e r g i e s   u n t i l  d l a t e r  date. It i s ,  however, 
i n t e r e s t i n g   t o   n o t e   t h a t   t h e   s p r e a d   i n  Ea observed 
(2.4-1.8  eV) i s   r a t h e r   l a r g e   f o r  such  a narrow compo- 
s i t i o n  range and may be  an important  reason why the  
manufacturers'  heat  treatments  produce  the  spread i n  
Jc t h a t   t h e y  do. 

Large  sca le  copies  o f   the  graphs may be ob ta ined 
d i r e c t l y   f r o m   t h e   a u t h o r s   f o r   t h o s e  who w ish   t o   sca le  
i n   d e t a i l   f r o m  them. 
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Fig .  1.. C r i t i c a l   c u r r e n t   d e n s i t y  vs. f i e l d   a t  4.2 K. 
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Fig. 2. Critical current  density vs. field for Nb50.4 
w/o Ti at reduced temperature. 
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Fig. 3. Upper critical field vs. T for various 
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Fig, 5. Normalized pinning force vs. reduced field 
for Nb46.5 Ti a t  4.2 K. 
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Fig. 6. Normalized pinning force density for Nb49.7 
w/o Ti at various temperatures. 
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Fig. 7. Normalized pinning force  density  for Nb50.4 
w/o Ti. 
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Fig. 4. Pinning  force  density (Jc x B )  ys.  field a t  
4.2 K. 
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Fig. 9. Maximum p i n n i n g   f o r c e   d e n s i t y  as a f u n c t i o n  
o f  temperature. 
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F ig .  10. C r i t i c a l   c u r r e n t   d e n s i t y   v s .   f i e l d   a t   v a r i -  
ous h e a t   t r e a t m e n t   c o n d i t i o n s   f o r  Nb52.7 w/o T i .  

Fig. 11. C r i t i c a l   c u r r e n t   d e n s i t y   o f  Nb50.4 w/o T i  
a t   va r ious   hea t   t rea tmen ts .  
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Fig.  12. C r i t i c a l   c u r r e n t   d e n s i t y  o f  Nb49.7 w/o T i   a t  
var ious  heat  t reatments.  

X 350°C @ 1 

Fig.  13. F r a c t i o n a l   d e c r e a s e   o f  J r e s u l t i n g  
from  heat  treatment  as a f u n c t i o n  sf t reatment  
time  and  temperature. 


