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Summary 

The  work described i n  this report was under- 
taken,  within  the  context of the 12 Tesla program, 
to  investigate  the  possibility of increasing the 
upper c r i t i ca l   f i e ld ,  Hc2,  of Nb-Ti through alloying 
a d d i t i o n s .  preliminary  report has previously been 
given by us . In  the f i r s t   p a r t  of this paper we 
report   further measurements of.Hc i n  the Nb-Ti-Ta 
and  Nb-Ti-Hf systems. Whilst we find'only Small en- 
hancements of %0.3 Tesla i n  i-ioHc2 (4.2K) 
compared to  binary Nb-Ti, a t  2K there i s  a wide 
composition  range i n  the Nb-Ti-Ta system where 
PoHc2(2K) exceeds 15 Tesla,  reaching a maximum of 15.5 
Tesla. This represents an enhancement of 1.3  Tesla 
over una1 loyed Nb-Ti . By comparison alloys i n  the  
Nb-Ti-Hf system show a maximum enhancement i n  
p0Hc2(2K)  of only 0.3 Tesla. The reasons both fo r  
the enhancements in Hc and for  the  differences 
i n  behavior shown  by afloys  containing Ta and Hf a re  
briefly  discussed. 

In part  I1 we discuss common features i n  the be- 
havior of the h i g h  f ie ld   cr i t ical   current   densi ty ,  
Jc ,  of four commercial Nb-Ti composites and  upon 
the  basis of this behavior  predict  the enhancements 
i n  high f i e l d  J, t o  be expected from using Nb-Ti-Ta 
and i t s  a1 loys. 

I .  The  Upper Critical Fie1 d of the Nb-Ti-Ta  and 
Nb-Ti-Hf Systems 

Introduction 

The upper c r i t i ca l   f i e ld  i n  the  absence of para- 
magnetic l imi t a t ion   a t0   K i s  given by the  fiigzburg, 
Landau, Atrikosov and  Gorkov ( G L A G )  theory  as: 

uoHc2(0) = 3.1 x 10 y p, Tc (Tesla) 3 

where Y is  the  electronic  specific.  heat  coefficient, 
P,, i s  the normal s t a t e   r e s i s t i v i ty  and T ttje 
c r i t i ca l  temper Werthamer, He1 fand'and 
Hohenberg  (WHH)'''r~~owed tha t  poHc2(0) could  also be 
expressed  as 

( 1  1 

P ~ H Z , ( O )  = 0 . 6 9 ~ ~  Tc (dHc2/dT) 

I-r Hc2(.0) should reach 17-18 Tesla i n  binary Nb-Ti 
ayloys  instead of the 14-15 Tesla  observed. The or- 
i g i n  of the  diminished Hc l i e s  i n  the  appreciable 
orbital paramagnetism of  6b-Ti  which  makes a signi- 
ficant  contribution  to the f ree  energy of the nor- 
mal state.  This  paramagnetic 1 imitation can be 
relaxed by spiglorbi t scattering  processes and the 
theory o f  WHH considers this i n  de ta i l .  

Tc * 
( 2 )  

The ra te  o f  spin-orbi t scattering i s  propor- 
tional  to the fourth power of the  average atomic 
number of the a1 loy and for  this reason we have 
focussed our attention on the Nb-Ti-Hf  and  Nb-Ti-Ta 
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systems. The heavy element additions of hafnium 
(Z=72)  and tantalum  (Z=73)  should significantly reduce 
the paramagnetic l imitation upon  Hc2 of Nb-Ti. 

Experimental Details 

A1 loys were prepared, us ing  industrial  grade 
starting  materi a1 s , by arc me1 t i n g  i n  an argon 
atmosphere'. Our a1 1 oys were  homogenized f o r  
8  hours a t  135OOC following  arc  melting,  cold  rolled 
by about  75%,  recrystal 1 ized  for 1 hr a t  875°C ( u p  
to 1000°C for   the Nb-Ti-Ta samples),  water quenched 
and then  sheathed  in  copper  before being cold drawn 
to an area  reduction  ratio o f  1OO:l. The Hc measure- 
ment  was performed res i s t ive ly  on these lmm gia. wires 
a t  a  measuring current  density of 0.05 A/mm ~ he f i r s t  
onset of resistance being using t o  define Hc2.' As we 
have discussed  elsewhere, i t  i s  d i f f i cu l t  t o  make an 
unambiguous definition of Hc2 and all   characterizations 
of upper c r i t i ca l   f i e ld  by a single value  are  arbi- 
t r a r ~ ~ ' ~ .  Depending on the choice of point on 
the  resist ive  transit ion  curve and the value of 
measuring current  density,. Hc2.can vary by approxi- 
mately k 3/4 T. Measurements of Hc2 a t  4.2K and 
bel ow were performed a t  the  Francis  Bitter  National 
Magnet Laboratory and those a t  temperatures  greater 
than 4.2K i n  an experiment which f i t s  a 7 Tesla 
solenoid i n  our own laboratory . 

2 
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Fig. 1 :  Upper c r i t i ca l   f i e ld  of Nb-Ti-Hf alloys a t  
4.2 K. 
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Fiq. 2 :  Upper 
2 K .  

30 20 10 Ti  40  
N b 6 0  - a/o Hf 

c r i t i c a l   f i e l d   o f  Nb-Ti-Hf a l loys  a t  

4.2 and 2 K i n  
The upper 

shown in  Figs. 
appear t o  show 
i s  subs t i tu ted  
small increase 

c r i t i c a l   f i e l d   v a l u e s   f o r  Nb-Ti-Hf a t  
t h e  6 s t a t e  (quenched from 875OC) a r e  
1 and 2 .  Alloys i n  t h e  Nb-Ti-Hf system 
a stead.v  decline i n  Hc:, a t  4.2 K a s  Hf 
f o r  T i . -  A t  2 , K ,  howevzr, t h e r e   i s  a 
i n  u Hc , from 14.2 T i n  the   b inary   a l -  

loys   to  14.5T f o r  aX a?loy o f  composition Nb60 ' a t  % 
Ti 5 a t  % Hf (Nb4lwt%Ti 13wt%  Hf) . These  increases 
t h o u g h  of  fundamental i n t e r e s t   a r e   n o t   s u f f i c i e n t l y  
l a r g e  t o  be of   p rac t ica l   in te res t .  Some d e t a i l s   o f   t h e  
upper c r i t i c a l   f i e l d  i n  t h e  Nb-Ti-Ta system  have a l -  
ready been given.l   In  anticipation  of a f u l l e r   r e p o r t  
of  the  physical  and superconducting  properties, we re -  
c a l l   t h a t   t h e r e  i s  a la rge   range   of   a l loys   for  which 
upper c r i t i ca l   f ie ld   va lues   g rea te r   than   15  T a t  2 K 
a r e  found. The oeak value i s  15.5 T f o r   a l l o y s  i n  the 
neighborhood  of Nb 65at%Ti  12.5at%Ta (Nb 42wt%Ti 19 
' w t %  Ta).  Thfs  composition i s  a l i t t l e   l e s s   T a - r i c h  7 
than  the  a l loy chosen for t h e  General  Atomics 12  Tesla 
c o i l ,  whose Hc2 value i s   a l s o  15.5T. The i n i t i a l  
increase i n  H?, with Ta add i t ion   i s   qu i t e   s t eep ,  

Hc values  greater  than 15T being  obtained  for Ta 
a8di?ions of %5 a t  % (%12wt%). A fu l l e r   r epor t   o f  
t hese   r e su l t s ,  as well as   those on t he   pa r t i a l  sub- 
s t i t u t i o n   o f  Ta  by cheaper Hf, i s  also  in   prepara-  
t ion.6 A t  4.2K the  increase i n  Hc2 i s  l e s s  marked,be- 
ing  about 0.3T f o r  alloys.inthene1ghborhood o f  Nb60 
at%Ti7.5at%Ta (NB40wt%Til?wt%Ta), . A previous  report  of 
l a r g e r  enhancements i n   t he  Hc2 a t  4.2 K appears   to  be 
due t o   t h e   f a c t   t h a t   d i f f e r e n t   d e f i n i t i  ns of Hc2 were 
used for   the  binary and te rnary   a l loys .  % 

In order   to   reach a fundamental  understanding  of 
the   behavior   o f   the   upper   c r i t i ca l   f ie ld  when  Ta or  
Hf add i t ions   a r e  made t o  Nb-Ti, we have used  measured 
values  of pn, Tc and  (dHcz/dT) to   ca l cu la t e  H?$(O) 
and y using  equations 1 and 2 for  a s e r i e s   o f  Nb-Ti-Hf 
and Nb-Ti-Ta al loys  of   constant   e lectron  to  atom r a t i o .  
T.hese r e su l t s   w i l l  be reported i n  detail   elsewhere and 
we provide on7.y a summary o'f our  findings  here.6 

TC 

Subs t i tu t ion   o f  Hf f o r  T i  i s  found ,to increase Pn 
b u t  y and Tc f a l l  more rap id ly  so t h a t  Hcp(0) i s  

decreased.  In  the Nb-Ti-Ta a l l o y s ,  however, substi- 
tut ion  of  Ta f o r  Nb leaves Pn and y esSent ia l ly  u n -  
changed whils t  Tc fa l l s   on ly   s lowly;  Hc (0)  therefore  
decreases  only  gradually. The e f f e c t  o$ increased 
sp in -o rb i t   s ca t t e r ing  w i t h  increasing Hf or  Ta con- 
tent   appears  i n  the  comparison  of  the  experimental and 
GLAG nonpa ramagne t i ca l ly   l imi t ed   c r i t i ca l   f i e lds   a t  
2 K .  In the  binary Nb-Ti alloy  the  experimental  uoHc2 
1 i e s  %2 Tesla below t h e  GLAG value. However, as   the  
Ta o r  Hf content  of t he   a l loy   i s   i nc reased   t he   expe r i -  
mental Hc2 values more closely  approach  the GLAG l i m i t ,  
appearing  to exceed these limits f o r  Hf and Ta con- 
tents  greater  than  12atZ6. 

11.  Scaling  Behavior and High Field  Jc 

Given the  enhancements  found in   the  upper c r i t i -  
cal   f ie1 d of  Nb-Ti-Ta a l l o y s   a t  low temperatures,   the 
added expense  of Ta addi t ions and the  well-known 
sens i t i v i ty   o f   t he   c r i t i ca l   cu r ren t   dens i ty   t o   t he  
processing and heat  treatment  conditions,  i t   i s  de- 
s i r ab le   t o   enqu i re  whether  the Jc of   these  a l loys can 
be accurately  predicted.   This   is  a matter we have 
recently  reported upon9 and here we consider   fur ther  
extensions and implicat ions  of  this work. 

The development  of h i g h  3, i n  Nb-Ti composites 
requires  the  development o f  an  optimum, strong  pinning, 
microstructure .  A p rerequis i te  has been shown t o  be 
t h e  development  of a f ine   s ca l e  (<50nm) d is loca t ion  
sub-band s t r u c t u r e  and the   h ighes t   c r i t i ca l   cur ren t  
dens i t ies   a re   ob ta ined  when this  i s  accompanied by 

 wall^.^*^^^^ There i s  much, however, t h a t   i s   s t i l l  
f i n e  s a e r e c i p i t a t i o n  o f  a-Ti in   the  sub-band 

uncertain  about  the  processing  of Nb-Ti composites 
t o  high  JC  values and the introduction  of new a l loys  
has l e d   t o  some expressions o f  concern. We have re -  
cen t ly  made careful  studies o f  a var ie ty   of  commercial 
composites,  of  different  compositions,  manufacture and 
Jc  value i n  order   to   understand  the  var 'a t ion  of  prop-  
e r t i e s  met w i t h  i n  commercial p rac t ice .$  The corre- 
l a t i o n  between h i g h  3, and optimum p i n n i n g  micro- 
s t r u c t u r e  l's best  described i n  terms o f  the  volume 
pinning  force  Fp=JcxB. I t  is  well-known t h a t   t h e  
pinning  force  curve  for a par t icu lar   mater ia l  has a 
unique  shape,  depending on the   a l loy   micros t ruc ture ,  
and t h a t  it also  scales  with  temperature  obeying a 
re la t ion11 : 

F = Jc x 6 = f ( h )  Hc2 '(T) 
P 

where n is  an empirically  determined  index and f ( h )   i s  
t h e  shape  of the p i n n i n g  curve. 

In (9)  we performed a detai led  analysis   of   the  
scaling  behavior i n  four  commercial h i g h  current   densi-  
t y  Nb-Ti composites and applied this to   t he   p red ic t ion  
of  the h i g h  f i e ld   J c   o f  a Nb65a/oTi 10a/oTa (Nb43wt%Ti 
25wt%Ta) a l l o y  such a s  has been chosen fo r   t he  General 
Atomics 12  Tesla  coil  .7  Although  the  absolute  values 
of  the  pinning  force  curves  of  the  different  composites 
were r a the r   d i f f e ren t   t he  reduced  pinning  curves 
F / F  ax vs. h(=H/Hc2) of  al l   four  composites were 
foul! t o  be r a t h e r   s i m i l a r ,   a s  i s  shown i n  F i g .  3 and 
a l l  were found to   s ca l e  w i t h  temperature. A t  h i g h  
f i e l d s ,  h > %0.7-0.75; Fp i s  proportional  to  (1-h),  a 
f a c t   t h a t  makes the  h i g h  f i e l d  Jc pa r t i cu la r ly   ea sy   t o  
pred ic t .  Our predict ions of Jc ,  shown in  Fig.  4, were 
made s o l e l y  on the   bas i s  o f  the   increased  upper   cr i t i -  
ca l   f i e ld  and an assumption tha t   t he   mic ros t ruc tu re  
could be optimized to   t he   r ange   o f   l eve l s  found f o r  
l a r g e  volume commercial conductors9.  Also s own i n  
F i g .  4 i s  the  value  actually  obtal 'ned by MCA 9 on a 
mul t i f i l amen ta ry   b i l l e t   o f  Nb43wt%Ti 25wt%Ta. We have 
derated the reported  value  of  Jc=700 A/mm2 by 10%  since 
we showed i n  ( 9 )   t h a t  a cons tan t   vo l tage   c r i te r ion   of  
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Fig .  3: Reduced p i n n i n g   f o r c e   c u r v e s   f o r   f o u r   d i f f e r -  
ent ly   opt imized  commerc ia l   Nb-Ti   composi tes.  

1 uV/m c a n   s e r i o u s l y   o v e r e s t i m a t e   t h e   t r u e  Jc a t  

dicted  and  measure5 Jc v a l u e s   f o r   t h e   N b - T i - T a   a l l o y  
f i e l d s   c l o s e   t o  Hc . The agreement  between t h e   p r e -  

i s   e x c e l l e n t ,   c o n s i d e r i n g   t h a t   o u r   p r e d i c t i o n  was made 
o n   t h e   b a s i s   f o r  a 30 gm l a b o r a t o r y   i n g o t  and t h a t   t h e  
m u l t i f i l a m e n t a r y   b i l l e t  was p r o c e s s e d   i n d u s t r i a l l y  
qu i te   independent ly   f rom us. More s u r p r i s i n g l y ,   p e r -  
haps, t h e  Jc o f   a l l o y e d  Nb-Ti a t  2 K e x c e e d s   t h a t   o f  
Nb3Sn a t   any   tempera ture ,   even  though  12   Tes la   repre-  
s e n t s   a b o u t   8 0 %   o f   t h e   u p p e r   c r i t i c a l   f i e l d   o f   t h e  
Nb-Ti-Ta a l l o y  and   on l y   abou t  50% o f   t h a t   o f  Nb3Sn. 
T h i s   p o i n t s   t o   t h e   e x t r e m e l y   s t r o n g   n a t u r e  of  t h e  
p i n n i n g   m i c r o s t r u c t u r e   i n   N b - T i   a l l o y s .  

H i g h   F i e l d  JC O p t i m i z a t i o n  

There i s  a cons iderab le   spread i n  t h e   p r e d i c t e d  
Jc va lues  shown i n   F i g .  4, c o r r e s p o n d i n g   t o   t h e   r a n g e  
o f  Jc va lues   commerc ia l l y   ava i l ab le .   (The   bes t  may 
exceed  the  average  by  30-50%,  even a t  5 T, 4.2 K.) 
High  Jc v a l u e s   a r e   p a r t i c u l a r l y   i n t e r e s t i n g   t o   d e -  
s i g n e r s   o f   h i g h   c u r r e n t   d e n s i t y   m a g n e t s .  One new 
p o t e n t i a l   u s e r   i s   t h e   c o n s t r u c t o r   o f   8 - 1 0  T a c c e l e r a t o r  
d i p o l e s .   I n   t h i s   c a s e  i t  i s   p r e f e r a b l e   t o   f o c u s   o n   t h e  
d a t a   o f   F i g .  3, r e p l o t t e d  so a s  t o  show t h e   d i f f e r e n c e s  
i n  magnitude o f  Fp(h),  as i n  F ig .  5 ( t h e   c o m p o s i t i o n   i s  
l e s s   i m p o r t a n t   t h a n   t h e   o p t i m i z a t i o n ,   c o m p o s i t i o n s  
b e i n g   g i v e n   f o r   i d e n t i f i c a t i o n   o n l y ) .  A p a r t i c u l a r l y  
i m p o r t a n t   f e a t u r e   o f   F i g .  5 i s  t h a t   n o t   o n l y  does t h e  
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F iq .  4: Predic ted  and  measured  va lues o f  Jc (12   Tes la )  
j n  Nb46.5wt%Ti  and  Nb43wt%Ti  25wt%Ta. 
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Fig .  5: The a b s o l u t e   p i n n i n g   f o r c e  for t h e   c o n d u c t o r s  
p r e v i o u s l y   d e s c r i b e d  i n  F ig .  3. 
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magnitude  of F (max) d i f f e r  from conductor t o  conductor 
but so a l s o  dogs t h e  h i g h  f ie ld   s lope .   This  i s  a 
ra ther   convenient   resul t ,   s ince most optimization 
s tudies  have been performed a t  5 T ,  4.2 K ( c lose   t o  
Fpmax) and th i s   wi l l   a l so   se rve   for  h i g h  f ie ld   use   too .  

Of t h e  4 commercial flamentary  composites  for which 
data   is   g iven  in   Fig.   5 ,   only  the Nb-Ti-Ta-Zr a l l o y  has 
a d i f f e r e n t  Hc2. In this  case  the low and mid-field 
Jc i s   e x c e l l e n t  and  high  values  of  Jc  appear  to be 
achievable w i t h  lower  degr s of cold-work  than w i t h  
a l l o y s  such a s  Nb46.5wt%Tiy3However, . i n  sp i t e   o f   t he  
Ta con ten t ,   t he  Hc2 is  about 1 T lower  than the bes t  
binary Nb-Ti a l l o y  so t h a t  above 7 T a t  4.2 K i t s  Jc 
fa l ls   off   very  sharply.   Jc   plots   for   these  a l loys 
have been presented p r e v i o ~ s l y . ~ ~ ~   I t  is i n s t r u c t i v  
however, to  normalize  Fig. 5 by dividing F by (Hcp.) 
When t h i s   i s  done, as in  Fig. 6 ,  the very  Ptrong 
pinning  of  the  quaternary  alloy becomes evident .  
Large low f ie ld   Jc   values  have frequent ly  been asso- 
c ia ted  w i t h  Nb-Zr a l l o y s  - i n  this case 8wp% appears 
t o   e x e r t  a marked inf luence.  Osamura e t  a1 have 
made a recent  microstructural   study  of th is  a l l o y .  
They f ind   t ha t   t he   p rec ip i t a t e s   o f  a-Ti/Zr a r e  more 
closely  spaced  than  in a binary  a l loy  of  Nb48wt%Ti. 
Thus, t h e  maximum Jc  values may be found by e i t h e r  
ad jus t ing   t he   qua te rna ry   Cryoz i t t   a l l oy   t o   s l i gh t ly  
higher   e /a   (a t   present  i t  i s  on  the  Ti r ich   s ide   o f   the  
Hc2 plateau  a t   e /a   4 .32)   or  by adding %5wt%Zr t o   t h e  
Nb43wt%Ti 25wt%Ta a l loy .  The h i g h  plateau  of Hc2 
around this   a l loy  composi t ion  should  ensure  that   the  
matrix Hc2 remains h i g h ,  i r r e s p e c t i v e  of  a-Ti/Zr 
prec ip i ta t ion ,  and the  strong  pinning  of  the Zr addi- 
t ions  should  increase  Jc a t   a l l   f i e l d   l e v e l s .  
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