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A bi -l a y e r b a r ri e r d esi g n f o r 1 2 2-t y p e i r o n-b a s e d s u p e r c o n d u cti n g wi r es a n d 
t a p es

X i n g c h e n X u * , F a n g  W a n , Z u h a w n  S u n g  

F er mi N ati o n al A c c el er at or L a b or at or y, B at a vi a, I L 6 0 5 1 0, U .S .A  

* C orr es p o n di n g a ut h or . E -m ail: x x u @f n al. g o v

A bst r a ct  

Ir o n-b as e d s u p e r c o n d u cti n g wir es a n d t a p es h ol d gr e at pr o mis e f or hi g h -fi el d m a g n et 

a p pli c ati o ns. A pr o misi n g d esi g n f or 1 2 2 -t y p e wir es a n d t a p es b as e d o n t h e p o w d er -in -t u b e 

m et h o d is usi n g sil v er a n d c o p p er d o u bl e -l a y er s h e at h s. F or t hi s d e si g n a h e at tr e at m e nt 

t e m p er atur e b el o w ~ 7 7 9 ° C is r e q uir e d t o pr e v e nt A g -C u  li q ui d f or m ati o n. H o w e v er, t hi s m a y b e 

b el o w t h e o pti m al h e at tr e at m e nt t e m p er at ur e f or t h e criti c al c urr e nt d e nsit y , a n d still c a n n ot 

pr e v e nt A g -C u  i nt er diff usi o n o c c ur ri n g i n t h e s oli d st at e. I n t hi s w or k we pr o p os e a d di n g a  

ni o bi u m or t a nt al u m or v a n a di u m  ( or t h eir all o ys) b arri er l a y er b et w e e n t h e A g a n d C u t o  s ol v e 

th e  A g -C u i nt e r diff usi o n iss u e, gi v e n t h at  t h e gr o u p-V B m et als ( v a n a di u m, ni o bi u m, t a nt al u m ) 

ar e  r el ati v el y i n ert t o b ot h A g a n d  C u. T o i n v esti g at e t h e eff e cti v e n ess of t hi s d esi g n, 

B a F e 1. 8 4 C o 0. 1 6 As 2  wir es a n d t a p es wit h A g/ C u a n d A g/ T a/ C u s h e at hs, as w ell as B a 0. 6 K 0. 4 F e 2 As 2  

wir es a n d t a p es wi t h A g/ C u a n d A g/ N b/C u s h e at hs , w er e f a bri c at e d . It w as f o u n d t h at b ot h t h e 

T a a n d N b l a y er s k e pt i nt e gr al aft er wi r e dr a wi n g, b ut aft er a l ar g e fl at-r olli n g re d u cti o n t h e T a 

la y er br o k e  w hil e t h e N b l a y er k e pt i nt e gr al . I n t h e t a p es wit h A g/ Cu s h e at hs (wit h o ut t h e T a or 

N b l a y er ) C u diff us e d  t hr o u g h t h e A g l a y er a n d i nt o t h e p o w d er  c or es  d uri n g  7 4 0 ° C  h e at 

tr e at m e nt, w hil e i n t h e t a p es wit h A g/ N b/ C u s h e at hs t h e N b  l a y er eff e cti v el y bl o c k e d  A g -C u  

i nt erdiff us i o n e v e n at 9 0 0 ° C . T his w or k d e m o nstr at e s t h at T a  is a s uit a bl e b arr i er m at eri al f or 
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1 2 2 -t y p e wir es , w hil e N b is s uit a bl e  f or b ot h wir es a n d t a p es. I n t hi s d e si g n  usi n g A g/ N b  ( or 

T a) / C u s he at hs , w e c a n re g ar d t h e o ut er C u as t h e c o n d u ct or m atri x w hil e t h e A g a n d N b  ( or T a) 

s er v e as t w o  l ay er s of  b arri ers t h at s u p pr ess  r e a cti o ns b et w e e n t h e c o m p o n e nts . T h us, w e c all t hi s 

d esi g n a  “ bi -l a y er b arri er ” d esi g n f or 1 2 2 -t y p e wir es a n d t a p es.  

 

K e y w o r d s: iro n -b as e d s u p er c o n d u ct ors, i nt er diff usi o n, s h e at h m at er i als, h e at tr e at m ent . 

1. I nt r o d u cti o n  

Ir o n-b as e d  s u p er c o n d u ct o rs (I B S), d es pit e t h eir y o u n g n ess,  h a v e s h o w n  gr e at pr o mis e f or 

hi g h -fi el d m a g n et a p pli c ati o ns [ 1-4 ]. A m o n g t h e v ari o us t y p es of I B S t h at c a n b e f a bri c at e d  i nt o 

wir es a n d  t a p es usi n g t h e p o w d er-i n-tu b e ( PI T) m et h o d , t h e 1 2 2 f a mil y a c hi e v es t h e b est c urr e nt -

c arr yi n g p erf or m a n c e at pr es e nt  [3 , 5-7 ]. T h e 1 2 2 -t y p e I B S, wit h criti c al t e m p er at ur e (T c ) u p t o 

3 8  K  [8, 9 ], u p p er critic al fi el d a b o v e 1 0 0 T  [1 0 ], r el ativ el y s m all  a nis otr o p y ( ~ 2) [1 1 -1 3 ] 

c o m p ar e d  wit h ot h er hi g h t e m p er at ur e s u p er c o n d u ct ors , h a v e a p ot e n ti al t o off er u ni q u e 

a d v a nt a g es o v er ot h er s u p er c o n d u ct ors. C o m p ar e d wit h N b Ti a n d N b 3 S n, t h e y m a y b e us e d at 

hi g h er t e m p er at ur e ( e. g., 2 0 K) a n d hi g h er fi el d  [ 2, 3]. C o m p ar e d wit h R e B C O c o at e d 

c o n d u ct ors , t h e y c a n b e f abri c at e d i nt o m ultifil a m e nt ar y, r o u n d  wir es t h at ar e m or e c o n v e ni e nt 

fo r t h e c o nstr u cti o n of m a n y t y p es of  m a g n ets  [1 4 -1 7 ]. C o m p ar e d wit h B S C C O wir es a n d  t a p es, 

t h eir a d v a nt a g e is t h e p ot e nti al f or l o w er c ost a n d hi g h er m e c h a ni cal str en gt h b e c a us e t h e y d o 

n ot h a v e t o us e o n l y A g ( or A g-ri c h all o ys) as t h e m atri x. Pr es e ntl y t h e pri m ar y iss u e  li miti n g 

t h eir a p pl i c ati o n is t h e r el ati v el y l o w criti c al c urr e nt d e nsit y (J c ) c o m p ar e d wit h ot h er 

s u p er co n d u ct ors a t t h e r el e v a nt fi el ds. T h e h i g he st r e p ort e d J c  v al u es  at 4. 2 K, 1 0 T pr es e ntl y  f or 

I B S wires a n d  t a p es ar e 5. 4 × 1 0 4  A/ c m 2  [1 4 ] a n d 1. 5 × 1 0 5  A/ c m 2  [ 1 8], r es p e cti vel y. T h e fl at -

r olli n g pr o c ess, w hi c h t ur ns wir es i nt o t a p es, st r o n gl y e n h a n c es J c  b y i n d uc i n g c -a xis t e xt ur e i n 
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t h e I B S a n d re d u c i n g gr ai n mis a lig n m e nt  [1 8 ]. As I B S ar e still i n t h e e arl y st a g e of d e v el o p m e nt, 

t h er e is still si g nifi c a nt p ot e nti al f or f urt her i m pr o v e m e nt. S t u di es i n or d er t o b ett er u n d erst a n d 

t h e i m p urity s e gr e g ati o n  a n d c o m p os iti o n al v ari ati o ns th at li mit t h e i nt erg r a n ul ar J c  [1 9 -2 1 ], t h e 

f a ct ors i nfl u e n ci n g t h e gr ai n ori e nt ati o n [2 2 ], t h e fl u x pi n ni n g m e ch a nis m i n t h e I B S m at eri als 

( e. g., [2 3 ]), a m o n g ot h er as p e cts,  m a y  a ll c o ntri b ut e t o  f urt h er J c  i m pr o v e m e nt. 

A n ot h er  f a ct or t h at si g n ifi c antl y i m p a cts  th e I B S  p er f or m a n c e is t h e s h e at h m at eri al. A g  is 

t h e m et al t h at h as t h e l e ast r e a cti o n wit h 1 2 2 p o w d ers [2 4 ], s o A g a n d A g -ri c h all o ys [2 5 ] ar e 

us u all y us e d t o c o nt ai n 1 2 2  p o w d ers . H o w e v er, u si n g  o nl y  A g  as t h e  m atr i x w o ul d l e a d t o hi g h 

c ost a n d w e a k c o n d u ct or s tr e ngt h as A g is s o ft. A n alt er n ati v e  d esi g n t h at has b e c o m e m or e a n d 

m or e c o m m o n  is usi n g A g/ C u  d o u bl e -l a y er s h eat hs  (i. e., a n A g t u b e e n c o m p ass es t h e I B S 

p o w d er w h il e a C u t u b e is o utsi d e  t h e A g t u b e)  [2 6 -2 8 ]. C u is a pr ef err e d m at eri al f or t h e 

m atri c es of s u p er c o n d u ct ors d u e t o it s m ulti pl e a d v a nt a g es: hi g h el e ctri c al a n d t h er m al 

c o n d u cti vit i es, g o o d dr a w a bilit y,  r elati v el y l o w c o st , b ei n g n o n-m a g n eti c, et c. . H o w e v er , a 

pr o bl e m wit h t hi s d esi g n is t h e A g -C u  i nt er diff usi o n d uri n g h e at tr e at m e nt. At 7 7 9 ° C A g a n d C u 

e v e n for m a li q ui d . T o pr e v e nt t h e li q ui d f orm ati o n , h e at tr e at m e nt t e m p er at ur es b el o w 7 7 0 ° C 

h a v e us u a ll y b e e n  us e d  [2 6 -2 9 ]. H o w e v er, e v e n t h o u g h n o li q ui d  f or ms i n t hi s l o w t e m p er at ure  

r a n g e, A g a n d C u c a n still i nt er -diff us e i n t h e s oli d st at e a n d t hi s is d etri m e nt al t o t he  c o n d u ct or 

r esi d ual r esisti vit y r ati o ( R R R) a n d  t h er m al c o n d u cti vit y [3 0 ]. F urt h er m or e , pr e vi o us s t u di es t o 

i n v esti g at e t h e eff e ct of he at tr e at m e nt o n t h e s u p er c o n d u cti n g pr o p erti e s of 1 2 2  t a p es s h o w e d 

t h at J c  i n cr e as e d m o n ot o ni c all y as t h e h e at tr e at m e nt t e m p er at ur e w as i n cr e as e d fr o m 7 0 0 t o  8 0 0 

a n d f urt h er t o 8 5 0 -9 0 0 ° C , d u e t o i m pr o v e d gr ai n c o n n e cti vit y a n d c -a xis t e xt u r e [ 3 1, 3 2]. 

H o w e v er,  i n t h e A g/ C u d o u bl e -s h e at h d esi g n  t h e l o w te m p er at ur e r e q uir e d t o a v oi d A g-C u li q ui d 

f or m atio n is si g nifi c a ntl y b el o w t h e o pti m al h e at tr e at m e nt t e m p er at ur e. T h us, a s ol uti o n t o 
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pr e v e nt A g -C u  i nt er diff u si o n a n d all o w a m u c h wi d e r h e at t r e at m e nt t e m p erat ur e wi n d o w m a y 

c o ntri b ut e t o f urt h er J c  i m pr o v e m e nt of 1 2 2 -t y p e wir es a n d t a p es.  

I n or d er t o bl o c k A g -C u  i nt er diff usi o n w e pr o p os e d  a n e w d esi g n  i n 2 0 2 1 [3 3 ], w hi c h a d ds a 

l a y er of ni o bi u m or t a nt al u m o r v a n a di u m (or o n e of t h eir  a ll o ys) b et w e e n A g  a n d C u  b e c a u s e 

t h e gr o u p-V B m et als ( v a n a di u m , ni o bi u m a n d  t a ntal u m ) ar e  r el ati v ely i n ert t o b ot h A g a n d  C u . 

F or e x a m pl e, t h e y ar e i m mi s ci bl e wit h A g, a n d t h eir s ol u bilit y i n C u is n e gli gi bl e , w hil e C u h as 

s m all s ol u bilit y (< 2  at. %) i n V a n d N b ( b ut n ot i n T a) at 9 0 0°C  [3 4 -3 6 ]. T his w or k will e x pl or e 

t h e f e asi bilit y of usi n g N b or T a, wit h th e g o a l of i n v esti g ati n g if t hi s N b or T a l ay er c a n : ( 1) 

k e e p i nt e gr al d uri n g wir e dr a wi n g a n d fl at-r olli n g, ( 2) pr e v e nt A g -C u i nt er diff usi o n f or hi g h  h e at 

tr e at m e nt t e m p er at ur es (e. g., u p t o 8 5 0 -9 0 0 °C t h at w as d e m o nstr at e d t o b e t h e o pti m al r a n g e f or 

J c  [ 3 1, 3 2]).  

 

2. E x p e ri m e nt al  

T w o 1 2 2 -t y p e I B S p o w d ers , wit h n o mi n al c o m p ositi o ns o f B a F e1. 8 4 C o 0. 1 6 As 2  a n d 

B a 0. 6 K 0. 4 F e 2 A s 2 , r es p e cti v el y, w er e pr o d u c e d at T o k y o U ni v ersit y of A gri c ult ur e a n d T e c h n ol o g y  

(T U A T ). T o pr e p ar e t h e C o -d o p e d 1 2 2 p o w d er, B a, F e, C o, As wit h m ol ar  r atios o f 1:1. 8 4: 0. 1 6: 2 

w e r e mi x e d a n d b all mill e d  i n Ar at m os p h er e  [3 7 , 38 ]. T h e n t h e p o w d er w as c o m pr es s e d i nt o a  

p e ll et, s e al e d i n a q u art z t u b e u n d er v a c u u m  a n d si nt er e d at 9 0 0 ° C f or 6 0  h o urs  b ef or e gr o u n d 

i nt o p o w d er, w hi c h w as t h e n fill e d i nt o a n A g t u b e wit h  i n n er dia m et er (I. D.) of  4 m m a n d o ut er 

d i a met er  ( O. D.) of 6 m m.  T o m a k e  t h e K -d o p e d  1 2 2 p o w d er , B a, K, F e, As wit h m ol ar  r ati os of 

0. 6: 0. 4 7: 2: 2. 1 ( ex c ess K a n d  As w er e a d d e d t o c o m p e ns at e t h eir l oss ) w er e mi x e d a n d b all 

mill e d  i n Ar at m os p h er e, a n d th e b all -mill e d p o w d er w as dir e c tly fill e d i nt o a 4 m m I. D. × 6 m m 
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O. D . A g t u b e. X -r a y diffr acti o n ( X R D) m e as ur e m e nts v erifi e d t h at t h e m aj orit y of t h e p o w d ers 

w er e B a -1 2 2 p h as es, wit h  s o m e F e a n d F e As p h a s es als o f o u n d.  

T h e n t h e p o w d er -fille d A g t u b es w e re s e al e d i n Ar -fille d  pl as ti c b a gs a n d s e nt t o F er mil a b  

f or wir e f a bri c ati o n. T o c o m p ar e t h e wir es wit h a n d wit h o ut T a , a h alf of t h e A g t u b e fill e d wit h 

t h e C o -d o p e d  1 2 2 p o w d er w as wr a p p e d ti g htl y b y > 2 b ut < 3 t ur ns o f 1 4 0 µ m  t hi c k p ur e T a f oil  

(f ull y a n n e al ed) , w h ile t h e  o t h er h a lf w as n ot c o v er e d . T h e n t h e A g t u b e wit h t h e T a f oil  w as 

i ns ert e d i nto a 9. 4 m m I. D. × 1 2. 7 m m O. D. C u t u b e. S i milarl y, a h alf of t h e A g t u b e fill e d  wit h 

t h e K -d o p e d 1 2 2 p o w d er w as ti g htl y wr a p p e d b y > 2  b ut < 3  t ur ns of 1 3 0  µ m  t hic k p u r e N b f oil 

(f ull y a n n e al e d), a n d  t h e n i ns ert e d int o a 9. 4 m m I. D . × 1 2. 7 m m O. D. C u t u b e . T h e n  t h e 

ass e m bli es w er e  dr a w n t o 1. 2 1  m m  di a m et er  i n a wir e dr awi n g v e n d or . N o br e a k a g e  o c c urr e d 

d uri n g t h e wir e dr a wi n g . T his all o w e d  us t o o bt a i n f o ur wir es: t h e C o -d o p e d B a -1 2 2  w ir es wi t h 

A g /C u s h e at h s a n d  A g /T a /C u s h e at h s, as  w ell as t h e K -d o p e d B a -1 2 2 wir e s wit h A g /C u s h e at h s 

a n d  A g /N b /C u s h e at h s, h er e n a m e d “ C o -n o T a ” , “ C o -T a ” , “ K -n o N b ” , a n d “ K -N b ” , r es p e cti v el y. 

T h e f o ur wir es w er e fl at-r oll e d t o 0. 4 m m t hi c k n e ss  (c orr es p o n di n g t o 6 7 % t hi ck n es s r e d u cti o n ) 

i n 4 p ass es t o c h e ck t h e i nt e grit y of t h e T a a n d N b l a y ers aft e r r olli n g. Aft er fi n di n g t h at t h e N b 

l a y er k e pt i nt e gr al w hil e th e T a  l a y er h a d br o k e n  aft er  6 7 % r olli n g r e d u cti o n , w e als o  r oll e d t h e 

K -N b wir e t o  0. 3 3  a n d  0. 2  m m t hi c k n ess e s in 5 p ass es a n d 7 p a ss es , r es p e cti v el y (c orr es p o n di n g  

t o 7 3 % a n d 8 4 %  r ed u cti o ns , r es p e cti v el y). H er e  t h es e t a p es ar e de n ot e d “ C o -n o T a -6 7 % ”, “ C o -

T a -6 7 % ”, “ K -n o N b -6 7 % ”, “ K -N b -6 7 % ”, “ K -N b -7 3 % ”, “ K -N b -8 4 % ”, r es p e cti v el y. F or e a c h  

w ir e a n d t a p e str ai g ht s e g m e nts w er e s e al e d i n q u a rt z t u b es u n d er v a c u u m  a n d h e at tr e at e d at  

7 4 0 ° C  f or 1 2 h o urs. T h e C o -T a a n d K -N b wir es a n d t a p es w er e  als o h e at  tr e at e d at 8 50 ° C  f or 2 

h o ur s a n d at 9 0 0 °C f or 0. 5 h o urs t o c h e c k t h e eff e cti v e n ess of t h e T a o r N b l a y er i n bl o c ki n g t h e 

C u -A g i nt er diff usi o n  a t hi g h t e m p er at u re s .  
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C r oss s e ct i o ns of t h e s a m pl es w er e p oli s h e d f or s c a n ni n g el e ctr o n mi cr os c o p y ( S E M ) a n d X -

ra y e n er g y -d is p ersi v e s p e ctr os c o p y ( E D S) st u di es, f or w hi c h a n a c c el er ati n g v olt a g e of 2 5 k V 

w as  us e d . T h e err or f or t h e E D S me as ur e m e nts is a b o ut 1 at. %, a n d d ue t o  th e  i nt er a cti o n v ol u m e 

t h er e is a tr a nsiti o n wi dt h of a f e w mi cr o ns f or a n  E D S li n e s c a n a c r oss a n i nterf a c e . S a m pl e s of 

3 -4 m m l e n gt h s w er e  m e as ur e d i n a v i br atin g sa m pl e m a g n et o m et er ( V S M) f or m a g n eti z ati o n

v ers us t e m p er at ur e (M -T ) cur v es at 1 m T , wit h t h e s a m pl e le n gt h  p er p e n di c ul ar t o th e m a g n eti c 

fi el d. R R R  v al u es of s o m e s a m pl es w er e m e as u r e d usi n g t h e f o ur-p oi nt m e t h od at  z er o fiel d ; a 

s e nsi n g c urr e nt of 1  A w as us e d , a n d t h e v olt ag e t a p s e p ar ati o n w as 5  m m. T h e R R R v a l u es w er e  

t a k e n as t h e r esist an c e s a t r o o m t e m p er at ur e (a b o u t 2 9 5  K ) o v er t hos e  at 4 0  K , w hi c h is a b o v e 

t h e T c  of t h e B a -1 2 2 s a m pl es . 

3. R es ults  a n d d is c us si o n s

Fi g.  1 s h o ws S E M i m a g es of t h e f o ur wir es  wit h o ut  h e at t r e atm e nt . B ot h t h e T a a n d t h e N b 

l a y ers k e pt i nt e gr al aft er  wir e dr a wi n g . It is als o s e e n t h at th e T a or N b d o es  n ot h a v e  a u nif or m 

l a y er t hi c k n ess: e . g., t h e cir cl ed r e gi o ns i n Fi g.  1 ar e t hi n n er t h a n t h e r est of t h e l a y ers. T hi s 

t hi c k n ess n o n -u nif or mit y w as c a us e d b y t h e f a ct t h at  w e wr a p p e d  > 2  b ut < 3  t ur ns of T a or N b 

f oil ar o u nd e a c h  p o w d er -fill e d A g t u b e –  t h e t hi n n er r e gio n s w er e  j ust t h e p arts t h at wer e  n ot  

c o v er e d b y t h e t hir d f oil t ur n. I n t hi s w or k w e si m pl y us e d f oils t o a d d t h e T a or  N b l a y er  f or t h e 

d e m o nstr ati o n  p ur p os e ; h o w e v er, f or f ut ur e pr o d u cti o n  of I B S wir es a n d t a p es, us e of T a or N b 

t u b es is pr ef err e d –  th is s h o ul d sol v e t h e t hic k n ess n o n -u n ifor mit y iss u e a n d als o b e n efit wir e 

dr a wi n g a n d r o lli n g. It is als o s e e n t h at t h e T a l a y er h as a hi g h er d e gr e e of s urf a c e r o u g h n ess 

t ha n t h e N b l a y er . T his  is p er h a ps b e c a us e  t h e m e c h a ni c al pr o p ert y  mi sm at c h b et w e e n t h e h ar d 

T a a n d t h e s oft C u ( or A g ) is hi g h er t h a n t h e mis m at c h b et w e e n N b a n d C u ( or A g) : e. g., b ot h 
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t h e yi el d str e n gt h a n d t h e w or k h a r d e ni n g r at e of T a ar e m u c h hi g h er t h an t h os e of C u [ 39 ]. 

Hi g h er s urf a c e r o u g h n es s is c ert ai nl y u n d esir a bl e b e c a us e it m a y m a k e  t h e l a y er e asi er t o br e a k. 

O n t h e  ot h er h a n d , gi v e n t h at T a h as b e e n us e d s u c c essf ull y f or d e c a d es as t h e st a n d ar d b arri er 

m at er i al f or b r o n z e-pr o c ess a n d si n gl e -b arri er i nt er n al -ti n N b 3 S n wir es e v e n wit h l ar g e dr a wi n g 

str ai n s [4 0 ], w e b eli e v e t h at T a  c a n als o  b e a s uit a bl e b arri er m at eri al f or 1 2 2 wir es, pr o vi d e d t h at 

l ar g e fl at-r olli n g r e d u cti o n is n ot r e q uir e d  (as dis c uss e d  b el o w ). 

 

 

Fi g.  1.  S E M i m a g es of ( a) C o -n o T a, ( b) C o -T a, ( c) K -n o N b, ( d) K -N b wir es  wit h o ut  h e at 

tre at m e nt . T h e cir cl e d r e gi o ns ar e t hi n n er t h a n t h e r est of t h e T a a n d  N b l a y er s.  

 

Fi g.  2 s h o ws S E M i m a g e s  of all of t h e t a p es  b ef or e h e at tr e at m e nt . It i s s e e n fr o m Fi g. 2 b t h at 

s o m e g a ps e m er g e  i n t he  T a l a y er , i n di c ati n g t h at it br o k e d uri n g fl at-r olli n g. I n c o ntr ast, n o 

o p e ni n g w as f o u n d i n t h e N b l a y er i n a n y of t h e K -N b t a p es (f or e a c h t a p e m ulti pl e cr oss 

s e cti o ns w er e o bs er v e d), i n di c ati n g t h at t h e N b l a yer k e pt i nt e g r al d uri n g fl at-r olli n g, e v e n f or a 

r e d u cti o n as hi g h as 8 4 %. T h e r e as o n w h y  T a c o ul d n ot p erf or m  as w ell as N b  d uri n g fl at-r ollin g 

is p er h a ps r el at e d t o it s hi g h er yi el d str e n gt h a n d t h e hi g h er s urf a c e r o u g h n ess  m e nt i o n e d a b o v e  

(t h e l a y er t e nds t o br e a k at t h e i n d e nt ati o ns, es p e ci all y as t h e l a y er b e c o m e s t hi n).  
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Fi g.  2.  S E M i m a g es of ( a) C o-n o T a -6 7 % , ( b) C o-T a -6 7 % , ( c) K-n o N b -6 7 % , ( d) K-N b -6 7 %, ( e) 

K -N b -7 3 %, a n d ( f) K-N b -8 4 %  t a p es b ef or e  h e at tr e at m e nt .

F i g. 3 s h o ws S E M i m a g e s of t h e C o-T a -6 7 %  t a p e a n d t h e K -N b -8 4 %  t a p e aft er t h e 8 5 0 ° C /2 h 

h e at tr e at m e nt as w ell as t h e  K -N b -8 4 %  t a p e aft er th e 9 0 0 ° C /0. 5 h  h e at tr e at m e nt . As a r es ult  of 

t h e T a l a y er br ea k a g e , A g -C u i nt er diff usi on o c c urr e d t hr o u g h t h e g a ps  i n th e T a l a y er i n t h e C o -

T a -6 7 %  t a p e, f or mi n g A g -C u  li q ui d (Fi g.  3 a ). O n  t h e ot h er h a n d , t h e i nt e gral N b l a y er pr e v e nt e d 

liq ui d f o r m ati o n i n t h e K -N b -8 4 %  t a p es f or b ot h t h e 8 5 0 ° C  a n d 9 0 0 ° C  h e at tr e at m e nt s. 

H o w e v er,  w e di d o bs er v e  a f e w  ti ny, l o c ali z e d l e a k a g e s po ts (m u c h s m all er t h a n 1 m m ) at o n e of  

t h e t w o f a c es of t h e  K -N b -8 4 % -8 5 0 ° C / 2 h t a p e ( b ut n ot at t h e K -N b -6 7 % or t h e  K -N b -7 3 %  t a p es 

h e at tr e at e d at 8 5 0 ° C  or 9 0 0 ° C ), in di c at i n g t h at t h e N b l a y er w as  dis c o nti n u o us at a f e w ti n y 

s p ots  i n t h e K-N b -8 4 %  t a p e. T his  is m ost l i k el y d u e t o t h e t hi c k n ess no n -u nif or mit y  of  t h e N b 

l a y er –  i.e., t h e t hi n r e gi o n ( cir cl e d i n Fi g.  1 d)  w as n ot t hi c k  e n o u g h t o k e e p i nt e gr al e v er y w h er e 

af t er 8 4 %  r olli n g r e d u cti o n, w hi ch  e x pl ai ns w h y o nl y o n e f a c e of t h e K -N b -8 4 % -8 5 0 ° C / 2 h t a p e 

h a d s u c h l e a k a g e s p ot s w hil e t h e ot h er  fa c e di d n ot . T h us , w e b eli e v e t h at t hi s pr o bl e m c a n b e 

s ol v e d if a u nif or m N b l a y er ( e. g ., b y usi n g N b t u b es i nst e a d of f oils) wit h a t hi c k n ess a b o v e t h e 

“s a f et y t hr es h ol d ” is us e d. It is w ort h m e nti o n in g  t h at t hi s is als o r el ate d t o t h e fl at-r olli n g 
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pr o c e ss : w e tri e d fl at-r olli n g t h e K-N b wir e t o 0. 2 m m t hi ck n ess i n o n e p ass b ut s a w a s e v er e 

l e a k a g e aft er 8 5 0 ° C  h e at tr e at m e nt , i n di c ati n g t h at t h e r olli n g t e c hn i q u e h a s  a  criti c al i nfl u e n c e 

o n t h e N b l a y er.  

 

 

Fi g.  3.  S E M i m a g es of (a ) t h e C o -T a -6 7 %  a n d (b ) t h e K -N b -8 4 %  t ap es aft er 8 5 0 ° C/ 2 h h e at 

tr e at m ent , a n d ( c) t h e K -N b -8 4 %  t a p e aft er  9 0 0 ° C/ 0. 5 h h e at tr e at m ent . 

 

T o  f urt h er v erif y if a n y r e a cti o ns b et w e e n t h e c o m p o n e nts o c c urr e d, t h e el e m e nt al 

distri b uti o n s i n t h es e t a p es w er e m e as ur e d . E D S li n e s c a ns st arti n g fr o m t h e p o w d er c ore r e gi o n 

a n d e n di n g wit h i n th e o ut er C u r e gi o n w er e o bt ai n e d  f or t h e C o-n o T a -6 7 %  a n d t h e K-n o N b -6 7 %  

t a pes aft er t h e 7 4 0 ° C / 1 2 h h e at  tre at m e nt  a n d  ar e s h o w n  i n Fi g.  4 .  
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Fi g.  4 . E D S li n e s c a ns st arti n g fr o m t h e p o w d er c or e r e gi o n a n d  e n d i ng wit h i n t h e o ut er C u 

r e gi o n f or ( a) t h e C o -n o T a -6 7 %  a n d  ( b) t h e K -n o N b -6 7 %  t a p es aft er t h e 7 4 0 ° C / 1 2 h h e at 

tr e at m e nt. 

Fr o m Fi g. 4 it is s e e n t h at t h e  C o -n o T a -6 7 %  a n d t h e K -n o N b -6 7 %  ta p es s h o w si m il ar 

p h e n o m e n a. ( 1) A g diff u s e d i nt o t h e o ut er C u, f o r mi n g a C u-A g s oli d s ol uti o n wit h A g c o nt e nt 

as hi g h as 4 at. %. T his w o ul d  i n e vit a bl y r e du c e t h e m atri x  R R R  a n d  t h er mal c o n d u cti vit y [3 0 ]. 

( 2) Cu diff us e d i nt o A g, a n d t h e C u c o nt e nt i n t h e A g -C u s oli d  s ol uti o n w as as hig h  as 9 at. %.

N ot a bl y, C u diff us e d a cr oss t h e w h ol e A g l a y er. ( 3) C u als o diff us e d i nt o t h e I B S c o r e, wit h a 

c o nt e nt as hi g h as 5 at. %. H o w C u distri b ut es i n t h e I B S p o w d er  ( e. g., at gr ai n b o u n d ar i es or in 

t he  l atti c e) a n d h o w it aff e cts t h e I B S J c  still r e q ui r es f urt he r st u di es. T h e diff usi o n of C u a cr oss  

th e A g l a y er a n d i nt o t h e I B S c or e is dri v e n b y  t h e gr a di e nt of t h e c h e mi c al p ot e nti al of C u. Of 

c o urs e, t hi s c a n b e s u p pr ess e d  b y i n cr e asi n g t h e A g l a y er t hi c k n ess or r e d u ci n g t h e h e at 

tr e at m e nt t e m p er atur e or  ti m e, b ut t h e f or m er w o u l d l e a d t o i n cr e as e d c o n d u c t or c ost a n d 
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r e d u c e d str e n gt h, w hil e t h e l att e r m a y r e d u c e J c  if t h e h e at tr e at m e nt is li g ht er t h a n t h e o pti m al 

s c h e d ul e.  

A n  E D S li n e  s c a n  w as  als o o bt ai n e d  f or t h e K -N b -8 4 %  t a p e aft er t h e 8 5 0 ° C / 2 h h e at 

tre at m e nt  a n d  is s h o w n i n Fi g.  5. It c a n b e s ee n t h at  A g di d n o t diff us e i nt o  t h e C u l a y er. T h e 

m e as ur e d R R R (t h e r ati o of t h e r esis ti vit y at 2 95  K t o t h at at 4 0 K ) of t h e K -N b -8 4 % -8 5 0 ° C / 2 h 

ta p e  w as  3 2, n oti c e a bl y hi g h er t h a n t h os e of t h e C o -n o T a -6 7 %  a n d K -n o N b -6 7 %  t a p es aft er 

7 4 0 ° C /1 2 h  h e at tr e at m e nt  (2 0 a n d 1 7, r es p e cti v el y ). Alt h o u g h s o m e C u diff u s ed  i nt o t h e N b 

p er h a ps b e c a us e C u h as a littl e s ol u bilit y i n N b ( < 2 at. % at 9 0 0° C) [ 3 5 ], t h e C u c o nt e nt i n t h e 

A g l a y er w as v e r y l ow a n d t h at i n t h e I B S c or e w as n e gli g i bl e, i n di c ati n g t h at t he  N b l a y er 

eff e cti v el y b l o c k e d A g -C u  i nter d iff usi o n. O n t h e ot h er h a n d, a n  As  p e a k is s e e n a t t h e A g/ N b 

i nt erfa c e. W e i n d e e d  f o u n d a n As-c o nt ai ni n g  l a y er (< 1  μ m t hi c k) at t h e A g/ N b i nt erf a c e, b ut o ur 

E D S m e as ur e m e nts of t h e c or es s h o w e d t h at it h a d littl e i nf l u e n c e o n t h e I B S po w d er  

c o m p ositi o n . T h e a v er a g e c o m p ositi o n  of t h e I B S c or es of t h e K -N b t a p es w as  1 2. 2 at. % B a, 

8. 9 at. % K, 4 0. 3 at. % F e, 3 8. 6 at. % As,  w hil e t h at  of t h e K -n o N b t a p es w as  1 2. 1 at. % B a, 8. 8 at. % K, 

4 0. 5 at. % F e, 3 8. 6 at. % As . T h us, w e d o n ot e x p e ct t hi s t o aff e ct t h e I B S s u per c o n d u cti n g 

pr o p erti es. T h e c a us e f or t h e pr es e n c e of As i n t h e A g/ N b i nt erf a c e is w ort h f urt h er i n v e sti g ati o n.  

It is w ort h m e nti o ni n g t h at o ur E D S m e as ur e m e nts  o n t h e C o -T a wir e  aft er t h e 8 5 0 ° C / 2 h h e at 

tr e at m e nt (w hi c h h a d n o C u -A g li q ui d f or m ati o n at all d u e t o t h e i nt a ct T a b arri er l a y er ) s h o w e d 

t h at n o C u diff us e d i nt o t h e T a l a y er or t h e A g l a y er  (pr o b a bl y d u e t o t h e f a ct t h at C u a n d T a 

h a v e n o s ol u bilit y i n e a c h ot h er [ 3 6 ]) a n d t h at t h er e w as n o As i n t h e Ag/ T a i nt erf a c e . T his 

i n di c at es t h at f or 1 2 2-t y p e wir es, T a m a y b e a b ett er b arri er m at eri al t h a n N b. 
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Fi g.  5 . E D S li n e s c a n  st arti n g fr o m t h e p o w d er c or e r e gi o n a n d e n d i n g wit h i n t h e o ut er C u r e gi o n 

f or t h e K -N b -8 4 %  t a p e aft er t h e 8 5 0 ° C / 2 h h e at tr e at m e nt . 

 

W e als o att e m pt e d t o m e as ur e t h e s u p er c o n d u cti n g pr o p erti es of t h e s e s a m pl e s. H o w e v er, t h e 

M -T  c ur v es s h o w e d br o a d T c  tr a nsiti o ns a n d r el ati v el y l ar g e v ari ati o n s al o n g t h e s a m p l e l e n gt h 

f or all of t h e s a m pl es  (b ot h t h e C o -d o p e d a n d K -d o p e d wir es or  t a p es), i n di c ati n g th at t h er e w as 

c ert a i n d e gr e e of i n h o m o g e n ei t y i n o ur  1 2 2 p o w d ers . T hi s m a k es a f air c o m p aris o n b et w e e n t h e 

s a m pl es wit h diff er e nt d esi g ns i m p ossi bl e. As t his w as o ur firs t tri al i n f a bri c atin g 1 2 2  wir es, 

s o m e pr o bl e ms mi g h t h a v e o c c urr e d d uri n g  f a bri c atio n of  t h e p o w d ers or  wir es  (f or e x a m ple, t h e 

l a c k of t h e pr e -si nt eri n g st e p f or t h e K -d o p e d p o w d er m a y b e a  c a u s e of t h e pr o bl e m ). O n t h e 

ot h er h a n d, t his  d o es n ot aff e ct t h e c o m pl et e n es s  of t hi s st u d y  b e c a us e  its m aj or p ur p os e is t o 

i n v esti g at e if t his n e w d esi g n c a n s ol v e t h e A g -C u  int er diff usi o n  iss u e i n a wi d e  t e m p er at ur e 

r a n g e. Fr o m t hi s p ers p e cti v e t h e c o n cl u si o n  is alr e a d y q uit e cl e ar fr o m t h e a b o v e m et all o gr a p h y 

a n d c o m p ositi o n  res ult s , w hi c h d e m o nstr at e  t h at a d diti o n of an N b l a y er (or a T a l a y er f or wir es ) 

wit h a u nif or m t hi c k n ess a b o v e t h e  s af et y t hr es h o l d c an i n d e e d pre v e nt A g -C u i nt er diff usi o n or  
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li q ui d f or m ati o n at hi g h t e m p er at ur es. Usi n g t hi s  d esi g n t o f a bri c at e 1 2 2 -t y p e wir es a n d t a p es t o 

a c hi e v e hi g h p erf or m a n c e, w hi c h r e q uir es hi g h -q u alit y a n d u nif or m 1 2 2 p o w d ers, will b e 

p urs u e d i n  s u bs e q u e nt eff orts a n d als o p o ssi b l y b y ot h er gr o u ps. W e h o p e  t h at t hi s n ew d esi g n, 

b y all o w i n g t h e us e of  t he o p ti m al h e at tr e at m e nt, c a n c o ntri b ut e  t o f urt h er J c  i m pr o v e m e nt f or 

1 2 2 -t y p e wir es a n d t a p e s . A n ot h er i nt er esti n g q u esti o n t o b e i n v esti g at e d is, w h et h er t h e l o w er 

t h er m al e x p a nsi o n of N b (or T a if t o b e us e d i n a r ou n d w ir e) a n d  its hi g h er str e n gt h at hi g h  

t e m p er at ur es m a y h el p i n c o n str ai ni n g t h e I B S c or e e x p a nsi o n d uri n g h e at tr e at m e nt , l e a di n g t o 

d e nsifi c at i o n of I B S c or e a n d b e n efi ti n g J c . 

F i n all y, it is w ort h m e nti o n i n g t h at in t his n e w d esi g n , t he C u c a n b e t h e m aj o r c o m p o n e nt 

f or t h e c o n d u ct or m a tri x w hil e th e A g a n d t h e N b  ( or T a) l a y ers c a n b e m u c h t hi n n e r t h a n C u, 

pr o vi d e d t h at t h e y k e e p i nt a ct e v er y w h er e aft er t h e m e c h a ni c al d ef or m ati o n s  ( e. g., wir e dr a wi n g 

a n d r o lli n g). If w e c o m p ar e t h e I B S wit h t hi s d esi g n t o t h e wi d el y -us e d N b Ti a n d N b 3 S n  

c o n d u ct or s, w e c a n still r e g ar d t h e C u as t h e m a tri x, a n d  r e g ar d t h e A g a n d  N b  ( or T a) l a y ers as  

t w o a d diti o n al b arri ers t o o v er c o m e  t h e ch e mi c a l i n c o m p ati bilit y b et w e e n t h e c o m p o n e nts : th e 

f u n cti o n of t h e A g l ay er is t o pr e v e nt  r e a cti o n b etw e e n t h e 1 2 2 p ow d er a n d  t h e N b ( or T a) l a y er, 

w hil e t h e f u n cti o n of t h e N b  (or T a)  l a y er is t o pr e v ent A g -C u i nt er di ff usi o n. T h us, w e r ef er t o 

t hi s d esi g n as  “ bi -l a y er b arri er” d esi g n f or 1 2 2 PI T wir es a n d t a p es. T hi s d esi g n c a n b e us e d f or  

b ot h m o n o -fil a m e ntar y a n d m ult i-fil a m e nt ar y wir es a n d t a p es. 

 

4 . C o n cl u si o n s   

T his w or k p r o p os es a bi -l a y er b arri er d esi g n f or 1 2 2-t y p e wir es a n d t a p es, i n w hi c h C u is t h e 

m aj or m atri x w hil e  A g a n d N b  ( or T a) l a y ers s er v e as t w o c h e mi c al b arri ers t o pr e v e nt r e a c ti o ns  

b et w e e n c o m p o n e nts  d uri n g h e at t r e at m e nt. T o i n v esti gat e t h e eff e cti v e n e ss of t hi s d esi g n , B a -
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1 2 2 wir es a n d t a p es wit h a n d wit h o u t a T a or N b l a y er w er e f a bri c at e d. It t ur n e d o ut t h at b ot h t h e 

T a a n d t h e N b l a y ers k e pt i nt e g r al aft er  wir e dr a wi n g , b ut T a br o k e d uri n g flat -r ollin g , w hil e t h e 

N b l a y er k e pt i nt a ct  e v e n f or  l ar g e r olli n g r e d u cti o ns. T his  d e m o nstr at e s t h at N b  is a s uit a bl e 

b arri er m at eri al f or  b ot h  wir es  a n d t a p es , w hil e T a  is us a bl e f or wir es. C o m p osit i o n st u di es 

s h o w e d t h at f or t h e t a p es wit h A g/ C u s h e at h s (i. e., w it h o ut t h e T a or N b b arri er), C u diff us e d  

a cr oss t h e A g l a y er a n d i nt o t h e  I B S c or e , w hil e a n i nt a ct N b b arri er c o ul d eff e cti v el y pr e v e nt  

A g -C u i nt er diff usi o n a n d pr e v e nt  C u diff usi n g i nt o I B S c or e e v e n at 9 0 0 ° C . W e pr o p os e t o us e 

this  bi -l a y er b arr i er d es i g n f or f urt h er im pr o v e m e nt of I B S wir es a n d t a p es p erf or m a n c e. 

C R e di T a ut h o rs hi p c o nt ri b uti o n st at e m e nt  

Xi n g c h e n X u:  C o n c e pt u ali z ati o n, M et h o d ol o g y, I n v esti g ati o n, F or m al a n al ysi s , Writi n g –  

o ri gi n al dr aft. F a n g W a n:  I n v esti g ati o n, F or m al a n al ysis. Z u h a w n S u n g:  F u n di n g a c q uisiti o n. 

A c k n o wl e d g e m e nt  

T his w or k  is s u p p ort e d b y a  L a b -D ir e ct e d R & D  (L D R D)  pr oj e ct  i n F er mil a b. T his 

m a n us cri pt h as b e e n pr o d u c e d  b y F er mi R es e ar c h All i a n c e, L L C u n der C o ntr a ct N o. D E -A C 0 2 -
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