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Nanocomposite Coated Conductors %
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The ‘World of Coated Conductors %

Cost / benefit of
performance '
| have a drea ew technology
' -
O ideas * ° benefit
o &
« © &
L i '"
breakthroughs Cost Ll
[ 3
Utility
Scientist o

We need a coordinated strategy

Science and
Engineering

Economy and
Market

Implementation gets easier when an
alternative technology does not exit

Adapted from Physcs World August 2015
T. Puig -EUCAS 2015
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The history of Coated Conductors %

High Energy o910
Physics, Fusion, I\"F
| Ultrahigh Field NMR, ICMAB

Ultra-High field, 4.2K

Design stage

Large Electrical Motors

and Generators: Wind
Mills, Airplanes, Ships,..

High field, 40-60K

Energy Future Much activity with prototypes

paradigm : cables,
FCL, transformers,

Low and medium field, ZZK
any devices already in grid Nanocomposite Coated Conductors
can do the work and boost applications
at high and low temperature

T. Puig -EUCAS 2015
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o

Coated Conductors are a revolution %
in materials science and engineering

started 15 years ago ICMAB

»

Multilayer epilaxial coalings
of high transport current

- e . . " .
Ko T v,
IBADs (ABAD): | RS AL -
s : ): lon oY k wRABITS Rolling
Beam Assisted ; ¥ ¥
Deposited substrate i ' Assisted Biaxially
: P : Textured substrate

... scalable technology for growing km-length epitaxial (RE)Ba,Cu,0,
films on flexible metallic substrates T. Puig -EUCAS 2015
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Nowadays CC arekea
commercial

We have‘a‘s‘fmﬁ".,

industry in CC e\
manufacture '

deutsche

I\./I"E'C') nanoschicht
e etOx
‘ ~ The Coated o LA

Conductor THEVA

Q
o
S

Tape L_',j shanghal

Stainless steel LMO '
Ni-based T. Puig -EUCAS 2015
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The huge progress of CC in the last 10 years %&:
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Caacity: 25 Km/yr in 4 mm
Piece length: 600 m
High field applications
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2G superconducting tape by PVD THEVA
PILOT PRODUCTION LINE

»~ GdBCO evaporation
on ISD-MgO tape

Min. processing speed: 30+ m/h

Piece length: 1 km

fully automated

inline quality inspection Capacity: 150 km/yr in 12 mm-width
reel-to-reel & air-to-air tape transfer T. Puig-EUCAS2015
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= deutsche
nanoschicht

Expanded pilot line All CSD approach on RABITs

« Construction in 2015 I(77K,0T)/w = 294 +5A/cm
(Start sampling for customer projects in 2015/2016) I(30K,1T)/w = 853 45 A/cm

HTS layer thickness d = 1 um
 Planned capacity > 200 km/yr

* Present Length: 20 -100 m

i l . 3 & "
; . . il e pro e
Lab processing Expanded Pilot Line T. Puig-EUCAS2015
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Chemical Solution Deposition G xCLUTIA

scalability processes at Oxolutia ] CSIC
| N
Reel-to-reel Ink Jet Printing pilot plant for all CSD on cupotipes m‘:;g
ABAD Bruker subtrates

- 10 m deposition stability proven
for SDP, CeO, and YBCO

) ' e
. — = 1= e ==
h . = [ —
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Homogeneous single pass

1 m SDP layer @ 35 m/h

10 m CeO, buffer @ 28 m/h 1m YBCO
T. Puig -EUCAS 2015
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-/

§ Produciton Capacity: 1000 Kmlyr
T Piece length: 500 m
T. Puig -EUCAS 2015
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Installations at Fujikura Installations at Showa
- “#%| Batch furnace for TFA-CSD / IBAD

‘iP e i\!\
\.\ \L | [ I-:T‘\ :
\,'; 1 l[ }

Prductio apacity : 20 Kmlyr
Piece length: 125 m

P s

T. Puig -EUCAS 2015
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SUNAN

SuNAM (Korea): Production Facilities
RCE-DR on IBAD

IBAD facmty ~17 m Iong

System for Al,O, barrier & Y,0, seed System for IBAD, homo-epi & buffer

Production capacity' ~ 1000 km/yr. Piece length : 1 km

Reactive Co-Evaporation
Deposition and Reaction

T. Puig -EUCAS 2015
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HTS at all magnetlc fields %

& | High field NMR CSIC
S8 High Energy Physics ’
L .ga Fusion (!

Cost/Performance 120

Figure of merit: N\ AB
€/kAm at specific T and H 32 Wind generators
100
Present:
~200 €/kAm (77K, SF) 80
(1= 400 A)

W N, vBCO(L)

60 per
Bi-2212 RW ~

~100 €/kAm (30 K, 3T)
(.= 800 A)

40

Further nano-structuration
and production scalability
expects a factor 4 decrease

Irreversibility Field (T)

20

Estimatled Market by
2030: ~15.000 km/yr

0

Temperature (K)
D. Larbalestier, Nature Materials (2014) T. Puig -EUCAS 2015
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32 T LTS-HTS Magnet 26.4 T HTS Magnet

With Multi-Width and

No-Insulation REBCO Wire SUINAMN

25m

26 Double Pancake
Coils Stacking

15T ' ReBCO 17T
T. Puig -EUCAS 2015
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The Call of High Energy Physics: LTS and HTS v High iy
Future Circular.Collider (FCC) _ =
s R>E]

& S = i 5 > ) www.cern.ch
T T S~ EUCARD?
g - - e . \v

Geneva

Beam energy Bending radius

" £/GeV]=0.3 x B[T] x p[m]

Dipole field

HTS needs tojoint efforts with:LT8&-for magnets above 16 T

LHC HE-LHC (2025) FCC-hh (2035) FCC-hh (2035)

27 km, 8.33 T 27km,20 T 80 km, 20 T 100 km, 16 T
14 TeV (c.0.m.) 33 TeV (c.o.m.) 100 TeV (c.0.m.) 100 TeV (c.o.m.)
1300 tons NbTi 3000 tons LTS 9000 tons LTS 6000 tons Nb,Sn

700 tons HTS 2000 tons HTS 3000 tons Nb-Ti

T. Puig -EUCAS 2015

Luca.Bottura@cern.ch
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Nanotechnology engineering enables %

Critical Current Density (MA/cm?)

YBCO to improve at all regions csic

and postulate for low T applications
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YBCO nanocomposite (4.2 K)

Nb,Sn (4.2 K)

« NbTi (4.2 K

)
.
.

Biaxially textured
YBCO (77 K)
.

YBCO nanocomposite
(77 K)

5 10 15 20
Magnetic Field (T)
T. Puig -EUCAS 2015
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The outstanding push towards scalable
Artificial Pinning Centers cSIC

By Pulsed Laser Deposition ( also by MOCVD) By Chemical Solution Deposition I\“?

- A -~ - #
PRSP LR - -
. 29 2 :
i - <
S .

Self-assembled spontaneous segregation of second nano-phases
hin the epitaxial YBCO matrix

J. Driscoll, Nat. Mat. 3(2004),T. Haugan, Nature 430(2004) J. Guiterrez, Nat Mat 11 (2007)
Y. Yamada, APL 87(2005); S. Kang, Science 311 (2006) A. Llordés, Nat Mat 6 (2012)

, oy M. Miura, SUST 26 (2013), M. Miura, SUST 23(2010)
B. Maiorov, Nat Mat 8 (2009);A Kiessling, SUST 24 (2011 ’ ’ ’
(2009) g (2011) ¢ ¢ sel APL 90 (2007) T Puig -EUCAS 2015
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Growth of ReBCO Nanocomposites :
Simultaneous deposition and growth =SIC
(Case PLD, MOCVD and HLPE) M,

_ Deposition
| Absorption

| Surface diffusion
Self-assembly

- Epitaxial nanorods form with YBCO simultaneously
- Semicoherent interfaces between nanorods and YBCO induce localized strain

Pulsed Laser Deposition (PLD): Physical vapor deposition

Metalorganic chemical vapor deposition (MOCVD): Chemical vapor deposition

Hybrid liquid phase epitaxy (HLPE): Physical deposition with solid-liquid reaction T Puig -EUCAS 2015
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Growth of ReBCO Nanocomposites %ﬁi

Sequential deposition and growth C2es

(CSD, RCE-DR and CSD-TLAG cases)

Precursor deposition
Nanoparticles formation
ReBCO conversion and
trapping of nanoparticles

- Random oriented nanoparticlég form prlgr'“ YBCO
- A heavily long range isotropic nanostrained matrix

Chemical Solution Deposition of metalorganics (MOD-CSD)
Chemical gas-solid conversion CSD -Transient Liquid
Reactive co-evaporation by deposition and reaction (RCE-DR) Assisted Growth
Physical co-evaporation and fast conversion from a liquid Chemical ; Liquid
Solution Assisted
. CSD- Transient Liquid Assisted Growth Deposition growth
-'C  (CSD-TLAG) v Lowcost  v'Very fast growth rate

+ Fast liquid-solid reaction from CSD precursors T. Puig -EUCAS 2015
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Strong increase of Pinning Force (F,=J xB) A

by Nanocomp05|tes
1 — (77K)= 32 GN/m?3 - l l x

| max I
32)(1 0 77K B//C p =0 YBCO
1 -~ YBCO#Y,0,
28 - p max (Nb T|@4 ZK) - YBCOOY 0 .aphmised
. m & YBCO4820
24 5= GdBCO . 2D APCs
== YBCO+BZO (LANL)
s YBCO+BZO TFA (ICMAB)
w=se SMBCO LTG (Nageya)
20 we SMBCO+BHO Alt. Target (Nagoya) IS SO
(.-,A YBCO+B8S0O Hiroshima University
E i YBCO+Ba2YNDO6 (LANL)
2 16 = = NbTid.2K (Wisconsin)
Q
W
12
8- > . B
Ry
4 17K
. ' . , properties
| T [ | | | T 7 |
0 1 2 3 4 5 ) 7 8 9 10

B (T)

X.Obradors, T. Puig, A. Palau, F. Sandiumenge, P. Mele, K. Matsumoto — “Nanostructured Superconductors with efficent vortex pinning” in
Comprehensive nanoscience and nanotechnogly, AP, Vol 3 (2011) 303-349 [added with YBCO+Ba2YNbO6 and SmBCO+BHO]

T. Puig -EUCAS 2015
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It is all about Vortices ... quantized flux lines g‘z

GSIC

W
ICMAB

Their motion and the role
of pinning centers

Superconducting

currents "

F=)xB
Up ~ (H2/8m) (& 2) ~ (do/A,)?

(core) pinning

28~ nm In HTS nanometer defects get into the game
T. Puig -EUCAS 2015
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-
Abrikosov Vortices in HTS %;

Thermal fluctuations, elastic energy, pinning energy and vortex-vortex CSIC
repulsion play relevant roles ““r
’ The Vortex Matter e
c2

Mixed State Normal State
Jc #0 4, J =0

YBCO: T=77K :H,=1.5H_~14T
J. Figueras, T.Puig et al.,Nature Physics 2,(2006)

Bose Glass
k=)
Q
= { i
o
—
[3) [ (
= {
=X |
> ( /
Vortex Glass
\Vortex Lattice
Hcl

Meissner State

Temperature T
G.W. Crabtree et al, Phys. Today 50 (1997) T. Puig -EUCAS 2015
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Vortex Pinning Centers in HTS %

5
Great variety of pinning sites and complex vortex matter CSIC
0D-PC: oxygen vacancies, element 1D-PC: Dislocations, columnar defects v
substitutions, point defects Iu?

Isotropic and e Anisotropic and
weak defects strong defects

2D-PC: Grain boundaries, twin 3D-PC.: precipitates, secondary phases,
boundaries, planar defects local strain

Anisotropic and

strong defects strong defects
Nanoengineering is the path towards control of vortex pinning and enhace
performances. Interaction with natural defects to be considered 7 rug-cucas 2015
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Pinning strength diagrams Heo
Hfab Wk ... from J (H,T, 6) we separate |

the different components
: T | M,
=~ c - Weak pinning ICMAB
str _
5001 2lf 57 3.(T)=3(0)e "™
< < c
S 1E-3 - .
“olE . § l - Strong pinnjing
- 1T - T .
—el-3T anisotropic = J.(T)=J:"(0)e='T )?
1E-5F ol 6T =° c c
— 8T
1E-6
90 135 180 225 0 - .
0% . . 0 20 40 60 80
isotropic Temperature (K)
H//c . . . .
Isotropic-weak Isotropic-strong contr. Anisotropic-strong
’/Hirr 8 iso-s Jtotal / 5rr 8 J:nis/‘]?t | H,, !
c c 0,3 o
_ 1) o5 _.6 0.6 % .
c 5 =
T 4 X T os
= > 0,3 3?4 :
2- B 0.2
2 0,4 .
20 40 60 80 s 2:7 — e S = \e'o " B
Temperature (K) “remperaturé k) Temperature (K)

T.Puig et al., SUST 21, 034008 (2008); J. Plain et al, PRB 65, 104526 (2002); J.Gutierrez et al., Appl. Phys. Lett. 90 (2007)
T. Puig -EUCAS 2015
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%
Anisotropy of Critical Currents IL and H, %
[y
Blatter scaling approach  p .. — H,-(9) = H, \ cos20 + — qng CSIC
T ~ AL T o 8 .-.-.-.-.-' "'
+8;}\ lla 7. ICMAB
—e0. - R ] J
01] o g5t T=77K lle 6]
R ] 07T —~ |
£ 0,01 1T _ = 5] i
é’ ) Isotropic o
s 1E35 3T contribution 47 ]
(6] g +5T p -
™ 1E-4 = 5 °
RS S b |
157 —e—8T YBCO/ Pristine = 1_' —e— 140° |
el UV . YBCO / Pristine
0,01 0.1 ! 10 76 78 80 82 84 86 83 90 92
HoHegr (7 =0) (T) 30- T (K)
. , YBCO / Pristife
Pinning Anisotropy (J, IL)= Y 251 T =918K
4 ) fil d\ = %] Intrinsic mass anisotropy,
Yeis =Y IN YBCO fi m.s an S ¥ = Ho,™/H = £, / £ ¢ =5
most nanocomposites Q10 —e—90°
Yer <7 Specialy in CSD To 5] —— 135
Knanocomposues ) 00’7 o5 o

0,8
t= T/TC T. Puig -EUCAS 2015
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The Breakthroughs of Nanocomposites by PLD %

A physical vapor phase growth method giving rise to a self-assembly process of  Ggi6
nanocolumns through spontaneous phase segregation

target
changer

0.8 P

—— Undopad

target
o7 L : —a—2% BZO i ]

KrF excimer
laser [248 nm]

'%

»0/
l/,be

Jo (MA/cm2)

heater
and substrate

targets ]
=40 -2 (4] El:nglzo(degﬁ;) B0 100 120
Anisotropic increase
of perfomance with
First demonstration of 3D epitaxial self- BaZr0, nanorods
assembly in complex functional oxides Anisotropic
(correlated) pinning
Yamada et al, APL 87( 2005), A. Goyal, et al, SUST 18 (2005), Maiorov et al. Nature Mat. 8(2009) T. Puig -EUCAS 2015
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Tunability of Nanocomposites by PLD N

Growth temperature, growth rate, second phase composition determine self- CSIC
assembling with direct consecuences on J,

i

I; '/// I’LU

. B//ab . . Bl

1.6 1T, 77K

J_ (MA o ®)
JAAIL90°)

=
ln

80 120 160 200
" #(°)

Maiorov et al. Nature Mat. 8(2009) P. Mele et al, Supercond. Sci. Technol. 21 (2008)
T. Puig -EUCAS 2015
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Self-assembly in PLD Nanocomposites 5

Strain field develope around the nanocolumns to reduce boundary cSIc
energy inducing self-assembly

ornl.
i S

. . -ﬁ",":;d i,,.“‘

Misfit dislocations form at the YBCO/ BZO
interface giving rise to a semicoherent
strained boundary

Nanocolumns are pinning centers,
but associated strain may also induce| "
isotropic pinning at low T

C. Cantoni et al , ACSNano 2011 T. Puig -EUCAS 2015
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Elastic Strain Model

Understanding & controlling self-assembly
of Artificial Pinning Centers

Dimensionality of APC
depend on elastic properties
and lattice constants

Nanorod diameter

depends on the inverse APC alignment direction

13— i
o A : strain decay length A,(2) depends on APC
i Bz0p 1 6 concentration and strain
_1ap — ] g 3
q_::': 1D APC aligned in c-axis ] g 14 - cu/CmE[;g-:llalg_- fs (x]_O 2)
~ 1OF 1 T2} © h=3004 117 123 141 172 2.16 273
e = ISR AN —_——— L] _ X=V. _- . T I o rrrrv
>oF 1 & "hesoN ' | v
0.8F 1 8 8 \ BZ0 7] 0.5} gl %
. | i b= \" ] L =L I,
e S s q_ B0 1 oaf £ »
0.7 S 4t 0 - A Yy
0 100 200 300 400 500 9 I ] 503 0 »
m 2 L - :: E . - . H T T T T TN R 1
WB(GPEI) = 0....|....|....|....- Q02'A 00 pur"l ol
1.0 15 20 25 30 2+ . L
J. Shiand J.Z. Wu, Philosophic A (2) - allg_n “flth agl_gnl In
Magazine 92,2911 (2012); 92, 4205 ! 0.1 c—axis ab=plane
(2012). J.Wu, et al, SUST 27, (2014); ool by
Shi and Wu, submitted 0 2 4 6 8 10
¢ (degree)

F.J. Baca, et al, Advanced Functional
Materials 23, (2013); J. Wu, et al, IEEE TAS

T. Puig-EUCAS2015 25 (2015); Wu et al, submitted
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Advanced APC structures by PLD /ssp &8

Opportunities to tune Isotropic / anisotropic performances

GdBa,Cu;0,-BaHfO,

Hybrid multilayers Segmented BaSnO, nanorods
on IBAD tape N

!}ti!&M§
: ‘ ,

BaSnO; nanorods

YO Np

20 . . . .

1.84 —A— BSO 10/Y203 10
—4— BSO 60/Y203 10
1.6 —4— BSO 90/Y203 30 [
= 147 o ;
= g =~
E 1.2 - S =
S 1.0 -
0.8 r Bllc
0.6 | 0 chlﬂAfcmz griterion .
6 4'0 8,0 1 éO 70 75 80 85 90 9:
0(°) T (K)
60 80 100 120 140 160 180 200
S. Awaiji et al, APEX 8 (2015)
K. Matsumoto et al, 116 (2014) 6 (degree) T. Puig -EUCAS 2015
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&7 UNIVERSITY OF

Mixed double perovskite nanocomposites™” CAN&‘%’%
Ba,Y(Nb, :Ta, :)O, nanorods and Y,0; nanoparticles
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10% cell parameter difference between YBCO and
BYNTO causes the presence of misfit dislocations

Rich pinning landscape — Complex J,

1 column /30 nm .
/ dependencies expected

—>B,=22T
G. Ercolano et al, SUST 24 (2011), Opherden et al,to be published T. Puig -EUCAS 2015
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High pinning properties by (L P CNBRIDGE | .
[ ] (] ‘
mixed double perovskites eurotopes
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e Sl W > BYNTO © 7 % ey
S \'erall F d ecn 1 07:_ y "
==E== E
=S- o= == == :
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) 4 10°
Bau'*GS’an,meo /(’OD ab-plan (Y‘GAd)zo‘ Fpmax = 25 GNlm3 at 77 K among the higheSt
G. Ercolano et al, SUST 24 (2011) Fpmax =750 GN/m2at 10 K values in literature

Vortices accommodate simultaneously to
nanorod-segments and nanoplatelets
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Fan-shaped BaHfO, nanorods by High Rate

on YSZABAD gybstrates
Laser Frequency = 1-50 Hz

Not submitted to IEEE Trans. Appl. Supercond.

2 nt‘ergrdwth ;

YBCO + émol% BaHfO,at 10 Hz

Pahlke et al., IEEE Trans. Appl. Supercond., to

be published
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EuBa,Cu,;0, + BaHfO; by PLD has ISTEC | A& ¢
superlor properties and it is scalable ISTERA M/
O RS T LR T 5 160 _,
— = : :_-GdBCO+BHO! . P
E \  SmBCO+EHO . .+ 141 A@77K,31
£ 10" 42120
a - EUBCO+BHO,-
LL ; : N 1™ Rl
S GABCO wio APC N\ |y 80 ”“ """ S
£ 10° | | N I~ &~
i N&® s A& GdBCO + BHO
F o max=1000 GN/m?3 (4.2 K) j E ’EuBCO contains much fewer current
10° Lottt = L #” blocking outer growth grains
0 10 20 30 40 50 60 70 80 DD 1 5 3 4 5
T [K] Film thickness [um]
T. Yoshida et al, Physica C 504 (2014)
780 A ELLBCO +BHO is suitable for long wire production osnion L, Fysice
T T,w;_ _ )
£ 520
< Leo I win~124 A@77 K, 3T -93.7 m
Filmthickness : 3.6um
0

20

40

60

Position [m]

36

80
T. Puig -EUCAS 2015



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Plenary presentation PL7 given at EUCAS 2015; Lyon, France, September 6 — 10, 2015.
Not submitted to IEEE Trans. Appl. Supercond.

High F, in YBCO PLD with Y,0; nanoparticles >,

NHMFL

Tallahasse
; : 10004 4.2 K, H//c Y,0,-HTG PLD
c-axis Y203 nanopartlcles — R\J =6,5
u nanoparticles =
5 800- MA/cm?
-
S~
Z 600-
g 7.5%Zr MOCVD (UH)
L 24004 nanorods
200+ Pristine MOCVD (UH)
O 1 T T T

0 2 4 6 8 10 12 14 16
pH (T)
F, =1000 GN/m3 is reached at4.2K,16T

43. (Ni-Ti at 16.5 GN/m3)
77K
36 - . . . .
s0. Y,0HTG !sotrop|c strain pinning
€ 2 -induced atlow T
B Yerr= 3.6 Reduced pinning anisotropy
12 (e) but y=H_,**/H_,¢ = 5-7

90 60 30 0 30 60 90

A. Xu et al, Appl. Phys. Lett. 106 (2015)

it (Deg) T. Puig -EUCAS 2015
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. UNIVERSITYof |
The Breakthroughs of Nanocomposites o\, cr.

by MOCVD 7>

A chemical vapor phase growth method giving rise to a self-assembly

i NHMFL
process of nanocolumns through spontaneous phase segregation allahassee
(Y Gd)BCO —-BZO0 with extrem high density of BZO nanorods
olzr _*° 30k,37 ~ Anisotropic pinning from
1800 )¢ [ e7swm - BZO nanorods dominates J,
S 1600 & R | —-1swzrmodfied | P down to 30 K
s process
£ 1400
Ej 1200 -
£ 1000
|9 ]
. 800 - e 7 1
-100-80-60-40-20 0 20 40 6( _ 3.
0 (deg) §
<
Weak Isotropic pinning = =
S\ strain field around BZO
Avmge Bzo'su _‘ nanorods dominates J, at _
Average spam Am - L low T "
— == = -3 0
A : SUST, 26, 035006 (2013), PRB 86, 115416 (2012) 0 (Deg)

APL MAT. 2, 046111 (2014) T. Puig -EUCAS 2015
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The Breakthroughs of Nanocomposites by %
Chemical Solution Deposition GSIC

A chemical gas-solid reaction growth method giving rise to a self-assembly M,

process of nanoparticles through spontaneous phase segregation ICMAB
@Hzo ﬁHF TFA-route
T
. ’ ) .
# s y Heating rate
. gy 4 PO,
0 . ‘ * PH,0
(Y,Ba, Cu -TFA + M-salt ecompost!on Gas velocity
(M=Zr,Ta,Hf,Ce) and conversion
I:)total
i & Randomly

oriented
nanoparticles
are segregated
from the YBCO
matrix

% = 0-20 nm n -’ nop:
~ BazrO, iy

BaHfO,

A. Llordés, et al. Nat. Mater, 11, 329 (2012), J. Gutierrez et al, Nat. Mater. 6, 367 (2007) T. Puig -EUCAS 2015
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High performance of CSD-YBCO Nanocomposites e

LBy g
, CSIC
High performance at all o
T T T T T T T T 1 ‘N
temperatures sool lemas
F—— k- xorpmK— %*%){* o
_ wyg%
NANOCOMPOSITE 10K |

NANOCOMPOSITE 65K

—e — Pristine ] .
—o—8BYTO 1 Nb-Ti 4.2K

—x—10BZ0O5YO
0,01 Rt SRS
0, 01 0,1 1
u,H (T) (T
A. Llordés, et al. Nat. Mater, 11, 329 (2012), HO ( )
J. Gutierrez et al, Nat. Mater. 6, 367 (2007) T. Puig -EUCAS 2015
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Anisotropy in CSD Nanocomposites
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A. Llordés .T Puig., Nat Mat, 11 (2012)
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Incoherent YBCO-BaZrO; interfaces give rise to high 5
density of Y248 intergrowths and associated nanostraincsic

Incoherent interface
Interphase boundary

10%

APC (strain) is embeded | L !

Accdmulated strain

in the YBCO matrix

A. Llordés, et al. Nat. Mater, 11, 329 (2012), J. Gutierrez et al, Nat. Mater. 6, 367 (2007) T. Puig -EUCAS 2015
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Local lattice strains control the isotropic pinning

Sitele?
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landscape of CSD-nanocomposites s
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performance ever found in A S oo
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A. Llordés et al., Nat Mat, 11, 329 (2012)

nanostrain %
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Pinning properties of CSD YBCO nanocomposites
H,T pinning strength diagrams B

Jciso-strong / Jc Jcaniso-strong/ Jc Jciso-weak / "c CSIG

@ : wy
£ £ €: | ; J amso contribution
S *: = {1 dominant close to the IL
> 14 1 4 1
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. 2 Y e J,jsoweak contribution
. s £ £ present below 20 K
0.8 o ) 24 R 2 2
@ 1
o T % %0 co 7o Isotropic strong pinning mechanism p o < o e 7 s0 s 100
0.6 ) . . T (K)
dominates the phase diagram,
B J iso-strong
C

0.4

0.3

Nanostrain pinning is key

0.2

YBCO /10% M-BZO
i H, llc (T)

0.1

o = N
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T (K) T (K) T(K)
T.Puig et al., SUST 21 (2008); J. Plain et al, PRB 65, (2002); J.Gutierrez et al., Appl. Phys. Lett. 90 (2007) T. Puig -EUCAS 2015
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New vortex pinning mechanism based on strain%

[ ] [ ] [ ] e j
induced Cooper-pair suppression CSIC
Nanostrain leads to unpaired nanoscale regions M
. _ ICMAB

Bond Cu ) Cu Pawbre(z;kmg)energy: - te,o - transfer integral between
Contraction —@>—(—<@— 20= 4T Bty SR ki
Pairing : teyo (o€ 1/dcyo%) - t, : half bandwidth
G. Deutscher, APL (2010) Tensile strain quenches pair formation

Llordes et al., Nat. Mater 2012

-

A(‘i"-

! Nanostrained
"""""" regions

Vortex bending accommodates to a 3D ramified
network of localized isotropic nano-strained regions

Isotropic Strong pinning occurs by saving vortex line
tension energy in a significant fraction of their length

L

mtergro wth 4!

Y

T. Puig -EUCAS 2015
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Vacancies in Y248 intergrowth avoid Stoichiometry £
Catastrophe cSIc.
DFT- Spin density i f
Cu atoFr,TI}S n:ar:sthg :/sa?;;ﬁ:;yaacﬁgn Ol'l\.l I\“F

YBCO + BaZrOq
i 51

ferromagnetically, V., ~ 1.1y ICMAB

130 >ALBA

% This clusters induce dilute
ferromagnetism in YBCO

- <120
nanocomposites
‘ . L XMClD, 'CulL2,3‘ed'ge
00 05 E '
Magnetizatign < 00
_ density (1g/A) 51E o5 .
DFT calculations

YBCO+BYTO _
4 Y123 (Point 1)
* Y123 (Point 2)
* Y123 (Point 3) |

; — Langevin fits
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J. Gazquez et al, (submitted) E/CU=1-1 eV B(T) T. Puig -EUCAS 2015
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Nanocomposites by Chemical Solution STEC /-
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| |

Deposition : (Y,Gd)BCO+BZO

Improving in-field performance by limiting coarsening and fs ERA

avoiding porosity in thick films by an interim processes
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Also at ICMAB M. Coll et al, SUST (2014) T. Puig -EUCAS 2015
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In-Field and Temperature dependence
of (Y,Gd)BCO+BZO

ISIERA

Position in length direction x (m)
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Nanocomposites by Chemical Solution :

Deposition with preformed nanoparticles Cf:(:

ICMAB

Stabilizing compound

5N,

.“, -_r

Thermal and microwave-assisted
solvothermal synthesis of nanoparticles

}

11111
UNIVERSITEIT
GENT

Zroz Np(8x2 nm) in Univgita't-!ugama

YBCO-TFA+ZrO,Np YBCO-TFA solution deBarcelona

UNIVERSITATEA TEHNICA
DIN CLUJ-NAPOCA

Ly

-
eurotopes

¢ CeO,Np(2+0.4 nm)in
: YBCO TFA solution : !

Several oxnde nanoparticles could to be stablllzed in alcohollc and
ionic environment of YBCO precursor solution at high concentrations

P. Cayado, K De Keukeleere, et al SUST (submitted), F. Martinez-Julian, T.Puig et al. J. Nanosc.&Nanotech. 11 (2011)
I. Bretos et al, J. Mat. Chem. C 3 (2015), K. De Keukeleere et al, Inorg. Chem. 54 (2015)
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GSIC

CSD growth of Nanocomposites with , L, %
preformed nanoparticles *—"‘ UHUEM

Growth of colloidal solutions tend to induce nanoparticles reactivity, pushlng,
coarsening or accumulation at the substrate interface, but performance starts to show up

10% ZrO, NPs

BaZrO,

) —eo— Standard f:i_;
9632 \ —o—10% ZrO, NPs
042 .
5 o"'%q G, ¥ 77K, 1T
2 44 A
< = ' -
2051_ b &
-° —e — Standard )
0,01y —° 16% ZrO, NPs
—90—10% ZrO, NPs 3 .
1E-3 T 7 90 13% (deg§0

0 LOH (™) An opportunity to further enhance CSD performance
T Puig -EUCAS 2015
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Nanocomposite Coated Conductors %ﬁ

s g

A reality and yet continuously improving  ¢siC
Now, strong interest for low temperature W
properties and wllrahighv magnetic fields

3000 = I ——rr
e
2000 b 42K, B perp. tape "“u\‘_. UH - 20% Zr
Fujikura . U. Houston
1 AMSC-Irrad.
L _
£ 600} T, U 1 ..
500 = 0 I=7T7T3Alcm-w@ 31T
5 400 b SUNAM -:::!;.::ﬁ y _ ) ul?i-.-E_._, oA -/c
< a0} — '
.
200 ¢ D. Abraimov, ]
D. Larbalestier et al \
NHMFL, Presented ")
100 b at ASC, Aug 2014 O - Nanocomposites
gﬂ [ UH data from NHMFL - Feb. 2015 2l W
S | 1 1 1 a3 31

1 ' 10
Maanetic Field (T)

Courtesy of V. Selvamanickam -adapted T. Puig -EUCAS 2015
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Extraordinary future for ultra-high field applications %

2000 GSIC
4.2K U. Houston (15%Zr MOCVDJ_ o®-~ Fo max(4.2K, 30T)
e 2000%0.0:0000000:9°®° { =1750 GN/m3
1500 - o’ U. Houston (20%Zr) A

. ¥k
Fujikura (GdBCO + BHO,PLD) * oy (nangcomp.PLD) **

“’E AMSC (CSD-Irrag.) ‘A\A‘A“‘A
2 1000 4 9 Ia ahassee (Y,05-HTG,PLD)
O ISTEC (EuBCO+BHO, PLD) x 100
o
LL
500 - SuperOx (PLD-GdBCO) **
U. Houston (pristine) Nb-Ti (@4.2K, 5T)
0 ** by production line Fp,rlnax= 16.5 GN/m?
T T T T T T T T I ! 1
0 5 10 15 20 25 30
u,H (T)

Isotropic (random) strain seems to be a common feature for increasing properties at

low temperature and reach ultrahigh fields with nanocomposites T Puig EUCAS 2015
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CONCLUSIONS %f

e

GSIC

We are ready for HIGH FIELD CONDUCTORS development and Y
optimization based on Nanocomposite Coated conductors (NCCs) icmas

We should concentrate effort on vortex pinning at 4.2 K
HTS must join LTS efforts

NCCs are scalable based on “react and wind”

Reinforce fast and low cost growth methods

Expanding manufacturing capabilities will decrease cost (Figure of
merit €/kA-m @ H,T)

R&D in technology issues beyond Critical Current:
Compactness, transposition, quench detection, protection, joints,
insulation, mechanical strength, ...

A winning story of joint efforts

Materials Engineers, Physicists, Chemists, Electrical Engineers,

Manufacturers: The Superconducting Community T Puig -EUCAS 2015
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