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C h ar a ct eri z ati o n of r e si d u al-r e si st a n c e-r ati o of  C u st a bili z er i n c o m m er ci al

R E B C O t a p e s

J u n L u a ,* ,  Y a n  Xi n a ,  Vi n c e  T o pl o s k y a , J e r e m y L e vit a n a ,  K e  H a n a , J a n e  W a d h a m s a ,
M u ni r  H u m a y u n a ,  D m yt r o  A b r ai m o v a ,  H o n g y u  B ai a ,  Yif ei Z h a n g b

a N ati o n al  Hi g h  M a g n eti c Fi el d L a b or at or y,  T all a h ass e e, F L,  U S A
b S u p er P o w er I n c.,  Gl e n vill e,  N Y,  U S A
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K e y w or ds:

C u

R e si d u al-r e si st a n c e-r ati o

S u p er c o n d u ct or

R E B C O

A B S T R A C T

R e si d u al- r e si st a n c e-r ati o ( R R R) of  C u st a bili z er i n  R E B C O c o at e d c o n d u ct or i s a n i m p ort a nt d e si g n p ar a m et er f or

R E B C O  m a g n et s.  C u st a bili z er  wit h hi g h  R R R i s e s p e ci all y b e n e fi ci al f or q u e n c h pr ot e cti o n s of  R E B C O  m a g n et s.

I n t hi s  w or k,  w e st u d y  R R R of el e ctr o pl at e d  C u st a bili z er i n c o m m er ci al  R E B C O t a p e s.  W e pr e s e nt  R R R of o v er

1 8 0 s a m pl e s  m e a s ur e d f or t h e q u alit y a s s ur a n c e pr o gr a m s of  R E B C O  m a g n et pr oj e ct s at t h e  N ati o n al  Hi g h

M a g n eti c Fi el d L a b or at or y,  U S A ( N H M F L).  T o i n v e sti g at e t h e f a ct or s t h at i n fl u e n c e  R R R, s e v er al s a m pl e s  w er e

a n al y z e d e xt e n si v el y b y u si n g s c a n ni n g el e ctr o n  mi cr o s c o p y, s e c o n d ar y i o n  m a s s s p e ctr o s c o p y, a n d i n d u cti v el y

c o u pl e d pl a s m a  m a s s s p e ctr o s c o p y.  W e f o u n d t h at  R R R i s str o n gl y c orr el at e d  wit h t h e gr ai n si z e of  C u,  w hi c h

s u g g e st s t h at r e si sti vit y at l o w t e m p er at ur e s i s d o mi n at e d b y gr ai n b o u n d ar y r e si sti vit y. I n a d diti o n, l o w  R R R

c orr e s p o n d s t o hi g h c o n c e ntr ati o n of c hl ori n e i m p urit y.  T hi s i s e x pl ai n e d b y t h at hi g h er c hl ori n e i m p urit y

hi n d er e d t h e gr ai n gr o wt h i n t h e s elf- a n n e ali n g pr o c e s s at r o o m t e m p er at ur e  w hi c h r e s ult e d i n s m all er gr ai n si z e

a n d l o w  R R R.  A n n e ali n g at 3 0 0 C si g ni fi c a ntl y e nl ar g e d t h e gr ai n si z e a n d e n h a n c e d  R R R.  D u e t o t h e c o n c er n of

criti c al c urr e nt d e gr a d ati o n, h o w e v er, a n n e ali n g i s n ot r e c o m m e n d e d a s a pr a cti c al  m et h o d t o i m pr o v e  R R R of

C u i n  R E B C O t a p e s.

1. I nt r o d u cti o n

I n a s u p er c o n d u cti n g c o m p o sit e  wir e, a c ert ai n a m o u nt of st a bili z er

m at eri al  wit h hi g h el e ctri c al a n d t h er m al c o n d u cti vit y i s n e c e s s ar y.

El e ctri c al c o n d u cti vit y of a  m et al at l o w t e m p er at ur e s i s oft e n a s s e s s e d

b y r e si d u al-r e si sti vit y-r ati o ( R R R), d e fi n e d a s a r ati o of r e si sti vit y at

r o o m t e m p er at ur e ( 2 9 5  K) a n d t h at at 4. 2  K.  T h e hi g h er t h e  R R R, t h e

hi g h er t h e el e ctri c al c o n d u cti vit y a n d t h e t h er m al c o n d u cti vit y at l o w

t e m p er at ur e s.  R R R of t h e st a bili z er i s a k e y d e si g n p ar a m et er f or

s u p er c o n d u cti n g  m a g n et s.

Hi g h  R R R  C u st a bili z er i n l o w t e m p er at ur e s u p er c o n d u ct or ( L T S)

wir e s i s e s s e nti al f or st a bilit y of L T S  m a g n et s [ 1 – 6 ] . F or  R E B C O  m a g n et s,

t h er m al i n st a bilit y s e e m s t o b e l e s s of c o n c er n t h a n k s t o t y pi c all y l ar g er

t e m p er at ur e  m ar gi n.  N e v ert h el e s s,  R R R v al u e of  C u st a bili z er i n  R E B C O

t a p e s c a n still si g ni fi c a ntl y i n fl u e n c e  m a g n et q u e n c h d et e cti o n a n d

pr ot e cti o n.  A hi g h  R R R i s al w a y s d e sir a bl e fr o m t h e p oi nt of vi e w of

q u e n c h pr ot e cti o n.  T h e i n s ert c oil s of t h e 3 2  T all- s u p er c o n d u cti n g u s er

m a g n et [ 7 ] d e v el o p e d at t h e  N ati o n al  Hi g h  M a g n eti c Fi el d L a b or at or y,

a n d t h e 4 0  T all- s u p er c o n d u cti n g  m a g n et c urr e ntl y u n d er d e v el o p m e nt

[ 8 ] ar e  m a d e of 4  m m  wi d e  R E B C O t a p e s  wit h el e ctr o pl at e d  C u st a bi-

li z er. Si n c e hi g h  R R R of t h e  C u st a bili z er of  R E B C O t a p e s i s e s s e nti al t o

e n s ur e t h e p erf or m a n c e of t h e s e  m a g n et s,  w e  m e a s ur e d  R R R a s a p art of

t h e i n c o mi n g  m at eri al q u alit y a s s ur a n c e pr o gr a m of t h e 3 2  T a n d t h e 4 0

T pr oj e ct s.  R e c e ntl y  w e f o u n d s e v er al s a m pl e s t h at h a v e  R R R v al u e s

si g ni fi c a ntl y l o w er t h a n t h e a v er a g e.  T hi s  m oti v at e d u s t o st art a n

i n v e sti g ati o n o n t h e f a ct or s i n fl u e n c e  R R R i n t h e el e ctr o pl at e d  C u  wit h

t h e g o al of i m pr o vi n g  R R R.

It i s  w ell k n o w n t h at c h e mi c al i m p uriti e s a n d  mi cr o str u ct ur al d ef e ct s

c a n r e s ult i n l o w  R R R. I n t h e c a s e of el e ctr o pl at e d  C u  fil m, h o w e v er, it i s

n ot cl e ar  w hi c h o n e of t h e t w o i s  m o stl y r e s p o n si bl e a n d h o w t o

si g ni fi c a ntl y i m pr o v e it s  R R R.  T h er e ar e o nl y f e w p u bli s h e d r e s e ar c h

w or k s o n l o w t e m p er at ur e r e si sti vit y of el e ctr o pl at e d c o p p er  fil m s

[ 9 – 1 1 ] , a n d t h e s e st u di e s  w er e pr e s e nt e d  wit h o ut c h e mi c al a n al y s e s.

T h er ef or e, i n t hi s p a p er  w e c o n d u ct e d a c o m pr e h e n si v e e x p eri m e nt al

st u d y o n  R R R of  C u st a bili z er of c o m m er ci al  R E B C O t a p e s. S e v er al

s a m pl e s  w er e a n al y z e d i n- d e pt h u si n g a d v a n c e d  m at eri al

*  C orr e s p o n di n g a ut h or.
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c h ar a ct eri z ati o n t e c h ni q u e s. I n d u cti v el y  C o u pl e d Pl a s m a  M a s s S p e c-

tr o s c o p y (I C P- M S) a n d S e c o n d ar y I o n  M a s s S p e ctr o s c o p y ( SI M S)  w er e

p erf or m e d t o c h ar a ct eri z e t h e tr a c e i m p uriti e s i n t h e  C u. S c a n ni n g

el e ctr o n  mi cr o s c o p y ( S E M)  w a s u s e d t o i n v e sti g at e  mi cr o str u ct ur e of

t h e s e s a m pl e s.  W e c orr el at e t h e  R R R v al u e s t o c h e mi c al i m p urit y a n d

mi cr o str u ct ur e.  T h e p o s si bilit y of i m pr o vi n g  R R R of  R E B C O t a p e s i s

di s c u s s e d.

2.  E x p e ri m e nt al  m et h o d

T h e s a m pl e s ar e 4  m m  wi d e S C S 4 0 5 0- A P  R E B C O t a p e s  m a d e b y

S u p er P o w er I n c.  T h e  R E B C O c o n d u ct or s f or t h e 3 2  T  m a g n et pr oj e ct

h a v e 5 0 μ m  C u st a bili z er, a n d t h o s e f or t h e 4 0  T  m a g n et pr oj e ct h a v e 2 0

μ m  C u.

F or  R R R  m e a s ur e m e nt, a 1 0 0  m m l o n g s a m pl e  w a s c ut fr o m e a c h

s p o ol of c o n d u ct or  w hi c h  w a s t y pi c all y 1 0 0 – 2 0 0  m l o n g.  T h e s ur-

r o u n di n g  C u e d g e s  w er e tri m m e d b y u si n g a p air of s ci s s or s.  T h e n t h e

C u / A g st a bili z er l a y er  w a s p e el e d  m a n u all y fr o m t h e c o n d u ct or a s

d e pi ct e d i n Fi g. 1 .  T h e r e si d u al  R E B C O r e m ai n e d o n t h e  A g l a y er  w a s

c h e mi c all y r e m o v e d b y u si n g a 0. 6  % of nitri c a ci d s ol uti o n f or a b o ut 3

mi n.  T h e p e el e d 1 0 0  m m l o n g  fil m t h at c o nt ai n s t h e 2 0 or 5 0 μ m  C u a n d

a b o ut 2 μ m  A g  w a s u s e d f or r e si st a n c e  m e a s ur e m e nt. It i s e sti m at e d t h at

R R R i s d o mi n at e d b y t h e  C u l a y er.  T h e c o ntri b uti o n of t h e  A g l a y er

w hi c h h a s a  m e a s ur e d  R R R of a b o ut 1 5 i s i g n or e d.

F o ur- pr o b e r e si st a n c e  m e a s ur e m e nt s  w er e p erf or m e d at r o o m t e m-

p er at ur e ( 2 9 5  K) a n d i n li q ui d h eli u m ( 4. 2  K) i n z er o  m a g n eti c  fl el d.  A

p air of v olt a g e t a p s t y pi c all y 7 0  m m a p art  w a s s ol d er e d u si n g P b 3 7 S n 6 3

o r I n 4 9 S n 5 1 s ol d e r s.  Eff o rt  w a s  m a d e t o r e d u c e t h e si z e of s ol d er s p ot s t o

mi ni mi z e t h e s m all p o siti v e err or i n t h e  m e a s ur e d  R R R d u e t o s u p er-

c o n d u cti vit y of P b 3 7 S n 6 3 o r I n 4 9 S n 5 1 at 4. 2  K.  D C c urr e nt of 1  A  w a s

d eli v er e d b y a  H P 6 6 3 1 B 1 0  V – 8  A p o w er s u p pl y.  T h e v olt a g e  w a s

m e a s ur e d b y a  K eit hl e y 2 0 1 0 di git al  m ulti m et er.

C h e mi c al tr a c e el e m e nt a n al y s e s  w er e p erf or m e d b y I n d u cti v el y

C o u pl e d Pl a s m a  M a s s S p e ctr o m etr y (I C P- M S).  C u / A g  fil m s a m pl e  w a s

di s s ol v e d b y 1 4  N  H N O 3 t h e n a ci di fi e d t o f or m a 2  %  H N O3 s ol uti o n t h at

w a s dir e ctl y a n al y z e d. El e m e nt al a b u n d a n c e s  w er e d et er mi n e d b y I C P-

M S u si n g a  T h er m o El e m e nt  X R ™ e q ui p p e d  wit h a n El e m e nt al S ci e nti-

fi c I n c. P F A s pr a y c h a m b er.  T h e I C P- M S  w a s t u n e d t o yi el d > 1  milli o n

c o u nt s / s e c o n 1 p art p er billi o n ( p p b) t u ni n g s ol uti o n of 1 1 5 I n. P e a k s f o r

6 0 el e m e nt s  w er e  m o nit or e d i n l o w r e s ol uti o n  m o d e.  C o n c e ntr ati o n s i n

s ol uti o n  w er e c o n v ert e d i nt o c o n c e ntr ati o n s i n t h e  m et al u si n g gr a vi-

m etri c all y d et er mi n e d s a m pl e  w ei g ht s.

S e c o n d ar y I o n  M a s s S p e ctr o m etr y ( SI M S)  w a s p erf or m e d at E ur o-

fl n s / E A G L a b or at ori e s t o  m e a s ur e t h e d e pt h pr o fil e s of  O,  Cl, P, S, a n d F e

i n  C u.  T h e d e pt h pr o flli n g of  C u / A g  fil m b e g a n fr o m t h e  A g l a y er  wit h a

1 0 0 μ m × 1 0 0 μ m r a st er ar e a.  C e si u m i o n b e a m ( C s + )  w a s u s e d f or  O,  Cl,

P, S a n al y s e s; a n d o x y g e n i o n b e a m ( O 2
+ )  w a s u s e d f o r F e a n al y si s.

F or  mi cr o str u ct ur e a n al y si s,  G a + i o n b e a m i m a gi n g  w a s p erf or m e d

u si n g 2 4 p A c urr e nt i n a  T h er m al S ci e nti fi c  H eli o s  G 4  U C d u al- b e a m

fi el d- e mi s si o n S E M.

3.  E x p e ri m e nt al r e s ult s

3. 1.  R R R of  R E B C O t a p es f or l ar g e  m a g n et pr oj e cts

R R R  w a s  m e a s ur e d a s a p art of i n c o mi n g  R E B C O q u alit y a s s ur a n c e

f or t h e 3 2  T a n d 4 0  T all- s u p er c o n d u cti n g  m a g n et s pr oj e ct s at t h e  N a-

ti o n al  Hi g h  M a g n eti c Fi el d L a b or at or y,  U S A. F or t h e 3 2  T pr oj e ct [ 7 ]

w hi c h pr o c ur e d o v er 1 0 k m of  R E B C O t a p e s fr o m S u p er P o w er,  R R R of

t h e 5 0 μ m  C u st a bili z er  w er e t e st e d f or 8 9 o ut of t ot al 2 5 0 pi e c e-l e n gt h s.

T h e r e s ult s ar e pl ott e d i n Fi g. 2 ( a).  T h e a v er a g e  R R R of t h e t ot al 8 9

s a m pl e s i s 5 7  wit h a st a n d ar d d e vi ati o n of 4.  T h e  m a xi m u m a n d  mi ni-

m u m  R R R ar e 6 8 a n d 5 0 r e s p e cti v el y.

F or t h e c o n c e pt u al d e si g n p h a s e of t h e 4 0  T pr oj e ct [ 8 ] , a t ot al of

a b o ut 2 4 k m of  R E B C O  wit h 2 0 μ m  C u st a bili z er  w er e pr o c ur e d fr o m

S u p er P o w er.  R R R  w er e t e st e d f or 9 5 o ut of 1 5 5 pi e c e-l e n gt h s.  T h e r e-

s ult s ar e pl ott e d i n Fi g. 2 ( b).  T h e a v er a g e  R R R i s 4 7  wit h a st a n d ar d

d e vi ati o n of 1 6.  T h e  m a xi m u m a n d  mi ni m u m  R R R ar e 8 5 a n d 1 9

r e s p e cti v el y.  C o m p ar e d  wit h Fi g. 2 ( a), Fi g. 2 ( b) s h o w e d l ar g e v ari ati o n

wit h s e v er al si g ni fi c a ntl y l o w  R R R c a s e s.  T hi s l e a d t o o ur d et ail e d

c h e mi c al a n d  mi cr o str u ct ur al i n v e sti g ati o n of s o m e  C u st a bili z er s.  T h e

r e s ult s ar e s h o w n i n t h e f oll o wi n g s e cti o n s.

3. 2.  C h e mi c al i m p uriti es i n  C u st a bili z er

C h e mi c al i m p uriti e s, e s p e ci all y o x y g e n, ar e u s u all y t h e  m ai n c a u s e of

l o w  R R R i n b ul k  C u.  W e  m e a s ur e d i m p urit y c o n c e ntr ati o n s of t w o

s a m pl e s  wit h  R R R = 2 5 a n d 6 0 r e s p e cti v el y b y I C P- M S.  V ali d d at a  w er e

o bt ai n e d f or  m or e t h a n 4 0 el e m e nt s ( n ot i n cl u di n g  O or  Cl).  N o i m p urit y

w a s f o u n d a b o v e 1 p p m, e x c e pt f or  G d,  Y a n d  B a  w hi c h ar e e vi d e ntl y

fr o m t h e r e si d u al s of t h e  R E B C O l a y er.

SI M S d e pt h pr o fil e s of  O, P, S,  Cl a n d F e  w er e p erf or m e d o n 3 s a m pl e s

wit h  R R R = 2 5, 3 7, a n d 6 0 r e s p e cti v el y. Fi g. 3 ( a) s h o w s t h eir  O d e pt h

pr o fil e s.  T h e d e pt h pr o fili n g st art e d fr o m t h e si d e of t h e  A g l a y er.  Hi g h

l e v el of  O i n d e pt h s 0– 2 μ m i s d u e t o t h e a b s or b e d  O i n t h e  A g l a y er

w hi c h i s k n o w n t o b e p er m e a bl e b y o x y g e n.  T h e  O c o n c e ntr ati o n q ui c kl y

d e cr e a s e s a n d l e v el s off i n t h e  C u l a y er.  T h e s a m pl e  wit h t h e l o w e st  R R R

h a s t h e hi g h e st  O c o n c e ntr ati o n. I n a d diti o n,  Cl d e pt h pr o fil e s i n Fi g. 3

( b) i n di c at e t h at  R R R v al u e s ar e str o n gl y c orr el at e d  wit h t h e  Cl

c o n c e ntr ati o n s.

T h e  m e a s ur e d i m p uriti e s b y I C P- M S a n d SI M S ar e s u m m ari z e d i n

T a bl e 1 i n p p m b y  w ei g ht.  T h e d at a f or  O,  Cl, a n d S ar e a v er a g e s o v er

d e pt h of 6 – 1 0 μ m fr o m SI M S.  Cl e arl y  O a n d  Cl ar e t h e  m o st pr o mi n e nt

i m p uriti e s.  H o w e v er, t h e  m e a s ur e d  O l e v el c a n n ot e x pl ai n t h e r el ati v el y

l o w  R R R v al u e s. F or e x a m pl e, 7. 2 p p m of  O  w o ul d r e s ult i n  R R R= 1 1 4 a s

e sti m at e d fr o m  R ef. [ 1 2 ] ,  m or e t h a n 4 ti m e s hi g h er t h a n t h e  m e a s ur e d

v al u e of  R R R = 2 5.  T h e dir e ct eff e ct of  Cl o n c o n d u cti vit y of  C u i s n ot

si g ni fi c a nt [ 1 3 ] .  W e  will di s c u s s t h e i n dir e ct i m p a ct of  Cl l at er.  A b o v e

c h e mi c al a n al y s e s s u g g e st t h at  O,  Cl a n d ot h er i m p uriti e s ar e n ot

dir e ctl y r e s p o n si bl e f or t h e l o w  R R R v al u e s.

3. 3.  Mi cr ostr u ct ur es of  C u st a bili z er

A si g ni fi c a nt c o ntri b uti o n t o r e si sti vit y c o m e s fr o m t h e el e ctr o n

s c att eri n g b y str u ct ur al d ef e ct s, a s r e pr e s e nt e d b y t h e t er m ρ d ef e ct i n

e q u ati o n ( 1).  R e si sti vit y at gr ai n b o u n d ari e s, i n p arti c ul ar, i s v er y

i m p ort a nt [ 1 4 – 1 8 ] .  T h e s m all er t h e gr ai n si z e, t h e  m or e t h e gr ai n

b o u n d ari e s, t h e hi g h er t h e r e si sti vit y, t h e l o w er t h e  R R R.  W e e x a mi n e d

t h e  mi cr o str u ct ur e s of s a m pl e s of diff er e nt  R R R b y S E M. Fi g. 4 ( a)– ( c) ar e

cr o s s- s e cti o n al i o n b e a m i m a g e s of  C u st a bili z er  wit h  R R R = 2 5, 4 8, a n d

8 7 r e s p e cti v el y.  A p p ar e ntl y, s a m pl e s  wit h s m all er gr ai n si z e h a v e l o w er

R R R.  T h e t wi n b o u n d ari e s c a n b e di sti n g ui s h e d fr o m gr ai n b o u n d ari e s

b y it s str ai g ht n e s s. It s h o ul d b e n ot e d t h at Fi g. 4 ( a) a n d ( b)  w er e t a k e n

fr o m t h e  C u o n t h e o p p o sit e si d e of t h e  R E B C O l a y er (t h e b a c k si d e).  Wit h

t h e i d e nti c al el e ctr o pl ati n g c o n diti o n s, t h e  mi cr o str u ct ur e of t h e  C u  fil m
Fi g.  1. A s c h e m ati c of t h e l a y er str u ct ur e of  R E B C O c o at e d c o n d u ct or  w h er e

C u / A g l a y er a b o v e t h e  R E B C O l a y er i s p e el e d off f or  R R R t e st s.

J. L u et al.



Cryogenics 141 (2024) 103901

3

of both sides should be identical. The average grain sizes were analyzed
from Fig. 4 by counting number of intersections between grain bound-
aries and horizontal lines that are at different distances from the Cu/Ag
interface. In these analyses, we ignored twin boundaries, because twin
boundaries have at least one order of magnitude lower resistivity than
grain boundaries [16]. Table 2 lists the grain sizes measurement results,
which indicates that RRR values are strongly correlated with the grain
size, suggests that grain boundaries are mostly responsible for the re-
sistivity in these samples. Another observation made from Fig. 4 is that
grain size is significantly smaller near the Cu/Ag interface where the
electroplating process started. The grain size gradually increased as the
Cu grew thicker. This could partially be the reason why the average RRR
for the 32 T magnet conductors is slightly higher than that for the 40 T
magnet conductors.

3.4. Effect of annealing

It is well known that annealing of Cu enlarges the grain size. So an
experiment was designed to verify that the increase in RRR is correlated
with the increase of grain size by annealing, which would support that
RRR in our samples was dominated by grain boundary resistivity.
Table 3 lists RRR values of several samples before and after annealing of
REBCO samples at 300C for 30min in argon. As expected, RRR increased
considerably by the annealing for all the samples. Meanwhile the grain
size was also significantly increased as shown by SEM images in Fig. 5
(for sample D in Table 3). This correlation of RRR increment and grain
growth was confirmed.

Furthermore, it is of practical interest to explore the possibility of
improving Cu RRR by annealing the as received REBCO tapes. It is
known that annealing at temperatures higher than 200C causes signifi-
cant degradation in critical current of REBCO tapes [19]. Therefore, we
annealed a low RRR (RRR 25) sample at temperatures of 80 140C for 2
h. Annealing at these temperatures, as shown in Fig. 6, did not improve
RRR much. Significant improvements were observed only at tempera-
tures above 200C (for 0.5 h.) where degradation of critical current
would be a concern. Therefore, annealing as received REBCO tape does
not seem to be suitable method to improve RRR of REBCO without
suffering a loss in critical current.

4. Discussions

4.1. Effect of magnetoresistivity

RRR of Cu presented above is measured in zero magnetic field. In

Fig. 2. Measured RRR of Cu stabilizer of REBCO for (a) 32 T magnet project conductors with 50 m Cu (total 89 data), (b) 40 T magnet project conductors with 20
m Cu (total 95 data). The solid horizontal lines represent the average RRR values.

Fig. 3. SIMS depth profiles of (a) O in Cu stabilizer of different RRR, (b) Cl in Cu stabilizer of different RRR. The profiling started from the Ag layer. The initial 2 m is
the Ag layer which is known to permeable to O.

Table 1
Impurity concentrations in Cu stabilizers.

Element Concentration (ppm in weight)

RRR 25 RRR 37 RRR 60

O 7.2 1.8 2.7
Cl 14.2 3.1 0.9
S 0.1 DL DL
P and Fe DL DL DL
Other elements 1.0 1.0

* DL is the detection limits. 0.5 ppm for Fe; 0.03 ppm for S; 0.06 ppm for P.

J. Lu et al.



Cr y o g e ni cs 1 4 1 ( 2 0 2 4 ) 1 0 3 9 0 1

4

Fi g.  4. S E M i o n b e a m i m a g e s of  C u st a bili z er s ( a)  R R R = 2 5 ( b)  R R R = 4 8, ( c)  R R R = 8 7.

T a bl e  2

C u gr ai n si z e  m e a s ur e d fr o m Fi g. 4.

Di st a n c e fr o m  C u / A g i nt erf a c e ( μ m)  Gr ai n si z e ( μ m)

R R R = 2 5  R R R = 4 8  R R R = 8 7

5 1. 3 1. 9 2. 5

1 0 1. 4 2. 0 2. 7

1 5 2. 0 2. 0 3. 6

A v er a g e 1. 5 2. 0 2. 8

T a bl e  3

Eff e ct of a n n e ali n g at 3 0 0 C f or 3 0  mi n i n ar g o n.

S a m pl e R R R b ef or e R R R aft er

A 4 8 7 3

B 2 3 6 5

C 2 4 8 5

D 2 5 7 6
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high magnetic fields, the magnetoresistivity of copper is significant. The
effect of magnetoresistivity on RRR is discussed here. According to
Matthiessen s rule, resistivity of a pure metal may be written in the
form,

ρ ρthermal ρimpurity ρdefect ρmagneto (1)

where ρthermal is the resistivity due to thermal vibration of the lattice
which leads to electron phonon scattering. ρimpurity is due to the scat-
tering by impurity atoms; and ρdefect is due to the scattering by structural
defects such as dislocations and grain boundaries. The last term ρmagneto
is the contribution from magnetoresistivity.

The term ρthermal can be formulated by a Block-Gruneisen function
and is dominant at room temperature even in high magnet fields. At
temperatures below 20 K, however, ρthermal is negligibly small. At these
temperatures in zero field, ρimpurity and ρdefect are more important terms.
Therefore, to reduce the zero field resistivity at low temperatures, one
needs to minimize the chemical impurities and structural defects. In
high magnetic fields, magnetoresistivity becomes appreciable.

Magnetoresistance in copper is originated from its non-spherical Fermi
surface and it follows Kohler s rule, which can also be derived theoret-
ically from Boltzmann transport equations [20].

ρmagneto ρ 0 function B ρ 0 (2)

where B is the magnetic field, ρ(0) is the resistivity in zero field. When
magnetic field is perpendicular to the electric current (transverse field),
which is the case for most magnet applications, the magnetoresistivity
magneto in Cu at temperature T can be calculated by an empirical for-
mula [12],

Log( magneto/ 0(T)) -2.662 0.3168 log(B S(T)) 0.6229 (log(B S
(T))2 0.1839 (log(B S(T))3 0.01827(log(B S(T))4 (3)

where ρ0 (T) is the zero-field resistivity at temperature T in -m, B is the
magnetic field in tesla, S(T) ρ0(273 K)/ ρ0(T). Equation (2) and (3)
show that magnetoresistivity of Cu increases with field and decreases
zero field resistivity. It is used to calculate ρmagneto(B, 4.2 K) for different
ρ0(4.2 K). We define an effective RRR in magnetic field, RRReff as

Fig. 5. SEM ion beam images of a sample of RRR 25 before (a) and after (b) annealing at 300C for 30 min. After annealing RRR was measured to be 76 (sample D
in Table 3).

J. Lu et al.
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RRReff ρ0 295K r0 4 2K rmagneto B 4 2K (4)

We calculated RRReff using Eqs. (3) and (4). Fig. 7 plots the calcu-
lated RRReff as a function of magnetic field for different RRR values. For
high RRR materials, RRReff decreases quickly with magnetic field B. For
instance, for RRR 150, the RRReff is lowered to less than 30 in a 12 T
field. At higher fields as shown in the inset, the magnetoresistivity makes
such a prominent contribution that the RRReff is lower than 20 for all
RRR values. The benefit of high conductivity Cu in zero-field is much
compromised in high fields. It is important to note, however, even at
high fields, very low RRR still has significant negative impact to the
RRReff. For example, at 40 T, RRReff of RRR 50 is still 70 % higher than
that of RRR 10. Therefore, it can be concluded that in spite of the
significant magnetoresistivity effect, Cu stabilizer with RRR 50 is still
very desirable for high field magnets.

4.2. Effect of Cu microstructure

Cu resistivity increases with microstructural defects which include

dislocations, grain boundaries and other defects as shown in Eq. (1). For
instance, Cu resistivity increases significantly with cold work which
introduce microstructural defects [12]. The effect of grain boundaries on
Cu resistivity is well established [14 18]. The grain boundary resistivity
ρG can be related to the grain size d by a simple relationship [14],

ρG A d (5)

where A 7.22 10 16 -m2 is a constant obtained from fitting exper-
imental data [16]. If ρG dominates the resistivity at 4.2 K in zero field,
Eq. (4) can be rewritten in term of RRR as,

RRR ρ295K ρG ρ295K A d K d (6)

where ρ295K 1.72 x 10-8 m is the resistivity of annealed copper at 295
K, so ρ295K/A K 23.8 m 1. In such case, RRR is proportional to the
grain size, and a grain size of 1 m corresponds to a RRR of 23.8. In
Fig. 8, we plot the measured RRR versus the grain size obtained from
Table 3. The estimated measurement uncertainty in grain size is 0.5
m. The solid line is calculated by equation (5) for comparison.
Considering the appreciable uncertainties in grain size measurement of
this work as well as Ref. [16] where parameter A of equation (5) was
obtained, the agreement between the experimental data and the pre-
diction by equation (5) is satisfactory. This is consistent with the cor-
relation between RRR and grain size in Ref. [11]. The results in Fig. 8
suggest that resistivity from chemical impurities is not significant. Grain
boundary resistivity is the dominant mechanism responsible for the
observed low RRR.

It is well known that electroplated Cu film undergoes a self-annealing
within a few tens of hours of deposition [21 23]. In the self-annealing
process, the grain size grows at room temperature, and resistivity de-
creases by up to 20 % [22]. It means that before self-annealing 20 % of
the resistivity is from grain boundaries which alone renders a RRR of
only 5. Compared with RRR after self-annealing of about 50 as shown in
Fig. 2(a) and (b), such a dramatic RRR enhancement highlights the
importance of the self-annealing process. Any mechanism that hinders
the self-annealing process would inevitably cause low RRR as will be
discussed in the next section. After self-annealing, further increment of
RRR becomes negligibly small. For instance, we measured a sample with
RRR of 25 six months after the initial measurement, RRR remained the
same.

Fig. 6. RRR vs. annealing temperature.

Fig. 7. The effect of magnetic field on RRRfm as calculated by equations (2) and
(3). RRRmf is plotted as a function of magnetic field for different RRR. The inset
is a close-up for magnetic fields above 20 T.

Fig. 8. RRR versus Cu grain size compared with the calculated relationship of
equation (5). The estimated uncertainty in the measured gain size is 0.5 m.
The solid line is the prediction by equation (5).

J. Lu et al.
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4.3. Impurity in electroplated Cu

Chemical impurity, especially oxygen, is usually the biggest
contributor to residual resistivity in bulk Cu. During the electroplating
process, however, the Cu film (cathode) has an accumulation of reduced
hydrogen which inhibits high level of oxygen from forming in the
electroplated film. This explains the relatively low oxygen content in our
samples measured by SIMS. To make Cu films smooth and bright,
sometimes additives, which often contains S, P, and Cl, are added in the
plating bath [24]. In such case, S, P, and Cl are often detected in Cu,
which can result in low RRR. Since there were no additives in the plating
bath for the SuperPower conductors, the concentrations of S and P were
negligibly low. Cl concentration, however, was surprisingly high espe-
cially in low RRR samples, even though no Cl was intentionally added in
the bath. Moreover, it is unexpected that Cl concentration is strongly
correlated with RRR (Fig. 3(b)), because Cu resistivity has not been
reported to be sensitive to Cl concentration, and we proved that
microstructural defects are mostly responsible for RRR of our samples.
Interestingly, it was previously reported that high concentration of Cl in
electroplated Cu hinders the grain growth in the self-annealing process
[25]. This is consistent with our observation that samples with higher Cl
have smaller grain sizes. Therefore, we conclude that high concentration
of Cl deterred grain growth during self-annealing. This resulted in small
grain size in high Cl samples. The small grain size in-turn resulted in low
RRR, since grain boundary resistivity is mostly responsible for RRR. This
explains why high Cl samples exhibit low RRR.

5. Conclusions

The RRR of Cu stabilizers of over 180 REBCO samples were
measured. Their typical RRR value was about 50. Electron microscopy
revealed that Cu grain size increased with increasing RRR, which is
consistent with the relationship between Cu resistivity and grain size in
the literature. This proved that grain boundary resistivity is mostly
responsible for the RRR in our samples. Annealing at elevated temper-
atures resulted in grain growth. As a result, RRR of samples annealed at
300C is considerably higher. Due to the issue of critical current degra-
dation, however, annealing is not recommended for improving RRR.
Chemical impurities O, Cl, S, P, Fe and other elements in Cu were
measured by SIMS and ICP-MS. Cl concentration was strongly correlated
with RRR. This is explained by that relatively high concentration of Cl
deterring Cu grain growth during the self-annealing at room tempera-
ture, and the smaller grain size resulted in lower RRR.
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