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KEY FINDINGS

Among all practical superconductors, REBa2Cu3O7-x (REBCO, where RE is a
rare  earth  element)  tapes  are  highly  regarded  as  ideal  candidates  for  high-
field  magnets  due  to  high  critical  temperature,  high  irreversible  field  and
excellent  electrical-mechanical  properties.  However,  the  current-carrying
capacity of REBCO tapes is decreased rapidly under applied magnetic fields,
posing  a  substantial  challenge  from  the  perspectives  of  materials  science
and  electrical  engineering  applications.  Enhancement  of  the  magnetic  flux

pinning capability is recognized as an effective strategy to address the issue.
Unfortunately, the existing technologies often require a substantial sacrifice in
production efficiency, which hinders the industrial-scale production of REBCO
tapes. In response, some patents have been proposed and implemented for
the fabrication of advanced REBCO tapes, employing both in-situ and ex-situ
approaches.  On  one  hand,  the in-situ approach  is  a  two-step  process  that
begins  with  the  creation  of  target  materials.  Various  second-phase precur-
sors  that  are  inert  with REBCO  are  mixed  with REBCO  powder  in  dedicated

proportions.  This  mixture  is  then  compressed  and  heated  to  form  a  target.
Subsequently,  a  reel-to-reel  pulsed  laser  deposition  (PLD)  technique  is
utilized  to  deposit  the REBCO layer,  which  features  a  self-assembled  nano-

structure, at high deposition rates exceeding 20 nm/s. On the other hand, the
ex-situ approach  involves  subjecting REBCO  tapes  to  tensile  stress  under
appropriate heat treatment conditions. This process leads to the formation of
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Figure 1.  In-situ and ex-situ approaches of REBCO tape and its application (A)  the typical REBCO tape configuration and the REBCO crystal  structure.  (B) the details of  two
approaches: (a) In-situ growth process; (b) the microstructure schematic of REBCO layer; (c) ex-situ treatment process.;(d) the microstructure schematic of REBCO layer; (e) the
vortex pinning schematic of correlated defects and uncorrelated defects; (f) the cross-sectional microstructure of the superconductor layer; (g) Jc-B curves of the tapes before
and after defects engineering. (C) The typical applications of REBCO tape with superior performance.
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the  additional  nano-sized  defects  that  serve  as  effective  pinning  centers
within  the REBCO layer.  Both  of  these  methodologies  offer  a  scalable  solu-
tion  for  the  production  of  high  performance REBCO  tapes,  without  at
compromising on production efficiency. This dual approach ensures that the
advancements  in REBCO  tapes  can  be  effectively  translated  into  practical
applications in the field of high-field magnet technology.

In recent years, the mass-production of REBCO tapes, as shown in Figure
1A, characterized by their high current-carrying capacity and superior electri-
cal-mechanical  performance,  has  captured  global  attention  for  high-field
superconducting  magnet  applications.1 In  a  landmark  achievement  in
September  2021,  the  Plasma  Science  and  Fusion  Center  at  Massachusetts
Institute  of  Technology,  in  partnership  with  the  fusion  energy  venture
Commonwealth  Fusion Systems,  successfully  created the  world's  first  20  T
high  temperature  superconductor  magnet  for  fusion  energy,2 elevating
research  and  development  in REBCO materials  and  their  application  tech-
nologies  to  unprecedented  levels.  As  a  leading-edge  material, REBCO  tapes
are  poised  to  revolutionize  various  sectors,  including  energy,  transportation,
and  large-scale  scientific  instrumentation.  However,  a  critical  challenge  in
REBCO  superconductors  is  the  motion  of  vortices  under  applied  magnetic
fields, which can lead to flux jumping3 and a consequent rapid decrease in the
current-carrying  capacity,  as  illustrated  by  the  red  curve  in  the Jc-B plot  of
Figure 1B(g). It is widely understood that non-superconducting defect regions
within REBCO superconductors can create local energy potential wells, effec-
tively confining flux motion.4 This feature allows REBCO tapes to sustain their
superior  current-carrying capacity  even  at  high  magnetic  fields.  Conse-
quently,  the  introduction  of  nano-sized  non-superconducting  defects  within
REBCO  superconductors,  termed  artificial  defect  engineering,  is  a  primary
strategy  for  enhancing  the  in-field  performance  of REBCO  tapes.5 Despite
advancements,  many  current  artificial  defect  engineering  techniques
encounter limitations, particularly under conditions of low growth rates. Thus,
the  pursuit  of  enhanced  in-field  performance  without  sacrificing  production
efficiency presents a scientific and engineering challenge in the fabrication of
REBCO tapes. To surmount these obstacles, we have devised two innovative
technical approaches: the in-situ and ex-situ approaches.

Regarding  the in-situ approach,  as  detailed  in  Patent  No.
ZL202011120751.9,  we  proposed  designing  a  target  with  dedicated  multi-
phase  compositions,  which  enables  to  form  a  high  density  nanocolumn
second-phase structure within the REBCO layer during deposition with a high
deposition rate  (exceeding 20 nm/s).  This  approach requires no changes to
the existing REBCO deposition equipment and is easy to implement. This in-
situ approach  involves  the  formation  of  self-assembly  nano-composited
microstructures  during  the  high-speed  epitaxial  growth  of REBCO  layer,
including target preparation and REBCO deposition, as shown in Figure 1B(a).
Initially, REBCO,  perovskite  (BaMO3,  where M represents  Zr,  Hf,  Sn,  or  a
mixture thereof), and double perovskite (Ba2(RE)NO6, where N represents Nb,
Ta, or a mixture thereof) powders are uniformly mixed in certain proportions.
This mixture is then cold-pressed, sintered, and polished to produce a multi-
phase target. Utilizing reel-to-reel pulsed laser deposition equipment, a high-
energy pulse  laser  beam ablates  the  target,  transferring  cations  proportion-
ally to the substrate. During deposition, nano-composite structure with a high-
density  columnar  second-phase  is  formed  within  the REBCO  layer  through
the entire film thickness,  as shown in Figure 1B(b).  This dedicated structure
ensures  effective  correlated  pinning  centers  (Figure  1B(e)),  significantly
enhancing the current-carrying capacity in low to moderate magnetic fields.
For  instance,  according  to  the  patent,  a  target  with  a  composition  of
EuBa2Cu3O7-x (EuBCO)  doped  with  a  mixture  of  3.5  mol%  BaHfO3 and  4.5
mol% BaEuNbO6 was implemented. As observed in the cross-sectional TEM
image in Figure 1B(f), high-density, straight second-phase nanocolumns with
a radius approximately 5 nm are formed in the EuBCO layer. Compared to the
EuBCO tape with conventional composition in Figure 1B(g), the Jc(B) at 4.2 K
of EuBCO tapes with mixed dopant could be improved to 120% to 140%.

In another patent (Patent No. ZL201811578088.X and US11600408B2), an
ex-situ pre-stress  heat  treatment  approach  is  proposed  and  implemented,
offering a novel strategy to further improve the Jc of REBCO tapes after depo-
sition processes. This approach typically involves applying thermal stress to
the REBCO  tapes,  as  shown  in Figure  1B(c),  and  is  independent  of REBCO
deposition. Initially, as shown in the Figure 1B(c), a specially designed mold is

used to secure the REBCO tape and apply  a controllable  stress.  The tape is
then subjected to heat treatment in a controllable atmosphere (oxygen, inert
gas, or their mixture) at a temperature ranging from 450 to 650°C. It is crucial
to note that the device design is not limited to the one illustrated, which can
be  modified  for  use  in  a  reel-to-reel  continuous  industrial  facility  to  handle
kilometer-long REBCO tapes. This approach utilizes stress-induced strain at
high  temperatures  to  initiate  reconstruction  of  the REBCO  microstructure,
substantially  increasing  the  density  of  naturally-formed  defects  at  the
nanoscale,  such  as  dislocations,  stacking  faults,  and  vacancies  within  the
REBCO layer. The reconstructed microstructure was schematically shown in
figure 1B(d), and its structure serves as uncorrelated pinning centers (Figure
1B(e)) to notably enhance the in-field performance. For example, a one-meter
length  3.5  mol%  BHO  doped  EuBCO  tape  annealed  at  500°C  under  20  N
stress shows the formation of more dislocations and short stacking faults in
the REBCO layer, as depicted in Figure 1B(f). Compared to the original EuBCO
tape, the in-field Jc values of the annealed tape are improve by 10% to 20%,
particularly in field above 9 T, as shown in Figure 1B(g).

In  summary,  the  patents  regarding in-situ multiphase  doping  and ex-situ
pre-stress  heat  treatment  approaches  are  instrumental  in  facilitating  the
transition to mass-production of REBCO tapes. These approaches enable to
modulate the structure and to improve the performance of REBCO tapes. As
empowerment  technologies,  the  application  of REBCO  tapes  can  be  further
expanded in  various  scenarios  including  motors,  superconducting  magnetic
levitation, accelerators, and nuclear fusion, among others, as shown in Figure
1C.
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