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The aim of this presentation is to cover the developments along the last 30 years, from the excitement after the discovery of Bednorz and Müller in 1986 to the applications where HTS are the enabling technology.



The talk will focus on superconductors with a Tc above the LN2 temperature 
available as industrial conductors

discovered after 1986
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Timeline of Superconductivity
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This graph reports the critical temperature versus the year of discovery for relevant superconducting materials. This is to better restrict the field of my talk. The title is “30 years to HTS”, so the focus will be on superconducting materials discovered after 1986 with critical temperature above 77 K. The availability as technical conductors, i.e. wires of tapes, is the other criterion, as the presentation is addressed to the applied superconductivity community.    



What is special with HTS 

How to make technical conductors out of HTS

• How to deal with anisotropy

• How to deal with grain boundaries

• High critical current, and what else?

What we can do with HTS

Focus on large scale applications

Outline
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I will start illustrating what is special with HTS cuprates compared to LTS. Then I will talk about the difficulties to overcome in order to obtain practical conductors out of HTS: anisotropy, grain boundaries and also a series of engineering requirements. The last part of the talk will be devoted to the large scale applications.
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The cookbook for new superconductors before 1986

B. Matthias et al., RMP 35 (1963) 1

Matthias’ Rules
0. Valence number per atom between 2 and 8

1. Seek high symmetry

2. Seek peaks in density of state

3. Stay away from oxygen

4. Stay away from magnetism

5. Stay away from insulators

from a compilation of superconducting elements, 
binary compounds and solid solutions 

Favorable valance numbers: 3, 4.7, 6.9

Cubic is better 

BCS, PR 108 (1957) 1175 

1
1.14 exp

( )Vc ph
F ph

T
N E

ω
 

= −  
 

HTS are copper oxides 
The undoped parent compounds are 
antiferromagnetic Mott insulators

Record Tc = 23.2 K in Nb3Ge
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Well before the discovery of HTS, Bernd Matthias formulated a series of empirical rules that have been the cookbook for new superconductors for a long while. These rules led to the record Tc (before 1986) of 23.2 K in Nb3Ge. But following these rules, in particular the last three ones, HTS would have never been discovered.   



1986: Superconductivity in La2-xBaxCuO at Tc ≈ 30 K
In the 1980’s Bednorz and Müller were looking for superconductivity in the oxides

In particular, they investigated the 2 systems: La-Ni-O and La-Cu-O 

1
1.14 exp

( )Vc ph
F ph

T
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ω
 

= −  
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N(EF ) is low
Look for increased N(EF) in mixed valence compounds

Vph is rather strong
Look for Jahn-Teller polarons

1987
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The intuition of Bednorz and Müller was to look for high Tc superconductivity in oxides, because of the strong electron-phonon interaction, and, in particular, in the oxides containing elements with mixed valence. They were focusing on two systems: La-Ni-O did not work, but La-Cu-O changed the history of superconductivity! And here is the careful title of the paper that appeared in 1986.



And only few months later…

The 1st SC with Tc above the LN2 temperature!

And BSCCO came in 1988
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The result was rapidly reproduced in other laboratories around the world. Less than one year after the paper of Bednorz and Müller, there was the discovery of superconductivity in YBCO at 92 K by C.W. Chu and co-workers. YBCO was the first superconductor with a Tc above the liquid nitrogen temperature. At this moment people started to dream about widespread applications of superconductivity. 
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A quick introduction to the HTS phase diagram
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In a previous slide it was mentioned that HTS are antiferromagnetic Mott insulators in their undoped state. What does it mean? Commonly, an insulator – a Bloch insulator – is a material with a completely filled valence band separated from the conduction band by a large energy gap.



A quick introduction to the HTS phase diagram
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Only one electron per site                
but the strong Coulomb repulsion 
between the electrons impedes 
their flow

On the top of that the 
antiferromagnetic interaction 
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A Mott insulator is significantly different. If we look to the electronic bands and we count the electrons, the conduction band should be half filled and thus the material should exhibit a metallic behavior. This is not the case, because electrons are localized by a strong Coulomb repulsion that impedes their motion. On the top of that there is also an antiferromagnetic ordering. The theory of HTS is still in suspense, but some people believe that superconductivity is fundamentally imprinted in the Mott insulator.
If we start removing electrons from the system, i.e. if we dope the material with holes, electrons start to flow, the system becomes conducting and eventually superconducting. 



T

Hole doping p

AF

p = 0.05 p = 0.18

SC

Superconductivity arises 
in the CuO2 planes Macroscopic Ginzburg-Landau          

describes the electromagnetic properties

• Tc variation with the number 
of CuO2 layers

Bi2201 n = 1 Tc = 15 K
Bi2212 n = 2 Tc = 91 K
Bi2223 n = 3 Tc = 110 K

B. Batlogg, SSC 107 (1998) 639

• T-linear resistivity at optimal 
doping 

Open questions
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Superconductivity arises at a doping level p of about 0.05, reaches the maximum Tc at p = 0.18 – the optimal doping – and gently disappears as we go in the overdoped region. What we know: 1) superconductivity arises in the  CuO2 planes and 2) the electromagnetic behavior under the superconducting dome is described by the Ginzburg-Landau theory after proper tailoring. We do not understand many things. At the optimal doping, resistivity is linear with temperature from Tc up to almost the melting of the material. The variation of Tc with the number of CuO2 planes is another puzzling phenomenon: the BSCCO family is an example: from the one-plane compound to the three-plane compound Tc increases by almost 100 K! 



DeWilde et al., PRL 80 (1998) 153

optimally doped Bi2212 

Tunneling spectra

overdoped Bi2212

The energy gap ∆ goes to zero at Tc

T

Hole doping p

AF

p = 0.05 p = 0.18

SC

The pseudogap exists only in the underdoped
regime, up to T*(p)

Pseudogap

Renner et al., PRL 80 (1998) 149

underdoped Bi2212 

The energy gap ∆ does not go to zero at Tc Other phenomena take place in the 
underdoped regime

• Charge density waves
• Stripes
• Spin fluctuations

A quick introduction to the HTS phase diagram
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On the right we have the tunnel spectra measured at low temperature on optimally doped and overdoped BSCCO-2212. The gap in the spectra is the superconducting gap, whose width is a measure of the energy that keeps together a Cooper pair. In the optimally doped and overdoped regime, the gap goes to zero at Tc. But things are very different for the underdoped BSCCO-2212 (plot on the left). The red curve is measured at Tc and still we observe a clear gap in the spectrum that persists up to temperatures well above Tc. This phenomenon is called pseudo-gap and a hypothesis is that these are pre-formed Cooper pairs without phase coherence. The underdoped region is rich of many other phenomena. And some people believe that the secret of HTS has to be found in this part of the phase diagram.  



What is special with HTS 

How to make technical conductors out of HTS

• How to deal with anisotropy

• How to deal with grain boundaries

• High critical current, and what else?

What we can do with HTS

Focus on large scale applications

Outline
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Bi2212 Bi2223 Y123

a [Å] 5.415 5.413 3.8227

b [Å] 5.421 5.421 3.8872

c [Å] 30.880 37.010 11.680

# of adjacent 
CuO2 planes 2 3 2

Tc [K] 91 110 92

HTS materials for practical applications: the Trinity

Bi2212
Bi2Sr2CaCu2O8+x

Bi2223
Bi2Sr2Ca2Cu3O10+x

Y123
YBa2Cu3O7-x

3 CuO2 planes  

2 CuO2 planes  

CuO chains  

2 CuO2 planes  
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These are the three HTS materials produced today in the form of wires and tapes at industrial scale: the two high-Tc exponents of the BSCCO family, Bi2212 and Bi2223, and YBCO. The three compounds present a very anisotropic crystal structure.



The evolution to the present wires and tapes

Bi2212
Powder-In-Tube wire

Bi2223 Powder-In-Tube tape

Y123 Coated Conductor

Darwin’s finches
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Bi2212 practical conductors are produced by powder metallurgy in the form of multifilamentary wires. 
Bi2223 conductors are multifilamentary tapes, again produced by powder metallurgy. 
YBCO tapes are coated conductors: a thin epitaxial superconducting film is grown on a flexible metallic substrate. 
As for the Darwin’s finches, the three materials belong to the same family but practical conductors evolved in very different shapes. 
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Layered structure and Anisotropy

Cu-O layers

Other layers

Charge carriers have effective masses that depend on the crystallographic 
orientation 

c
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m
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Raffy et al., Physica C 460-462 (2007) 851
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All HTS cuprates display a layered structure that consists of two substructures: the CuO2 block, which is the superconducting block, and the charge reservoir block, which defines the specific HTS family. Looking to this model structure it is not surprising to encounter electronic properties that are different if they are measured in-plane or out-of-plane. In particular, the charge carriers have masses that depend on the crystallographic orientation, and this is reflected into the electrical resistivity as shown in the plot for a Bi2212 film. Also the superconducting properties are anisotropic, as the two superconducting lengths depend on the square root of the carrier mass.  



Anisotropy of the critical fields Bc1 and Bc2
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The superconductor anisotropy parameter
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It is therefore convenient to define the superconductor anisotropy parameter as the square root of the ratio of the carrier masses. A very large anisotropy, with g = 150, is encountered in the optimally doped Bi2212. g is of the order of 10 in optimally doped YBCO. Bi2223 anisotropy is in between. The two plots show the temperature dependence of Bc1 and Bc2 for YBCO thin films. Bc2  at low temperature is above 100 T even in the unfavorable orientation, and this follows from a very short coherence length.



Anisotropy, magnetic phase diagram & critical current
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LTS: in-field Jc → 0 close to Bc2

Vortex solid 
or glass
Jc ≠ 0
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The first direct consequence of the layered structure is the anisotropy of the superconducting properties. But there are others. 
In LTS materials, the critical current goes to zero when the magnetic field approaches Bc2. 
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HTS: in-field Jc → 0 at the melting field Bm
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In the case of a anisotropic 3D 
superconductor

And high anisotropy makes the 
things worse

Anisotropy, magnetic phase diagram & critical current

Anisotropy brings a field limitation in applications
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In HTS materials, the upper critical field values are much higher compared to LTS, but the high Tc and the large anisotropy make the effects of thermal fluctuations much more pronounced and lead to the emergence of a melting line in the magnetic phase diagram. Above the line there is a vortex liquid and thus dissipation (no critical current). The one reported is a textbook formula that relates the ratio between the melting field and Bc2 to the superconductor anisotropy, for an anisotropic 3D material (i.e. the spacing between the CuO2 planes is less than ). 
It is evident that anisotropy brings a field limitation in the applications.



3-D melting vs. 2-D melting

T

B Bc2

VL
Jc= 0

Bm

VG
Jc ≠ 0

Low γ
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On the left, the phase diagram for a low  superconductor (as YBCO). Vortices are similar to elastic lines that can deform in order to adapt to the pinning landscape. On the right, the phase diagram for a high  superconductor (as Bi2212), the CuO2 blocks are separated by a distance that is larger than  and vortices become stacks of weakly coupled “pancakes”. This leads to the melting of the vortex solid at lower temperatures and thus to a large region of the magnetic phase diagram where the critical current is zero.     



3-D melting vs. 2-D melting
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This slide presents two experimental plots of what illustrated in the previous one. The plot on the right shows the vertical drop of the melting field of Bi2212 around 20 K: this explains why Bi2212 has practically no critical current in a magnetic field above this temperature. 
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Grain Boundaries in HTS
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A grain boundary occurs when the crystallographic direction of the lattice has an abrupt change. And this is an artistic reconstruction of a 001-tilt boundary (around the c-axis) in YBCO. Because of the short coherence length and the low carrier density of HTS, the critical current density is very sensitive to the presence of grain boundaries.



Grain Boundaries in HTS
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The graph reports the Jc at 4 K, s.f., for 001-tilt boundaries as a function of the grain boundary angle. The exponential decrease of Jc with the grain boundary angle is a well-known phenomenon in YBCO and it is the reason why people had to develop the coated conductor technology. But the same behavior is also encountered in Bi2212 and Bi2223.   



Factors limiting the Grain Boundary Jc in HTS

Strain field

Charged 
dislocation

Normal core

Schmehl et al., EPL 47 (1999) 110

Reduction of the charge 
carrier concentrations Local strain field

Van der Laan et al., PRL 103 (2009) 027005
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It is not a single mechanism behind the unpleasant behavior of grain boundaries in HTS. In a grain boundary, electrically charged dislocation cores are separated by regions of strained material. The mechanisms limiting Jc include: 
- the reduction of the carrier concentration: the graph on the left shows the variation of Jc with doping: the substitution of Y3+ with Ca2+ reduces the electrostatic potential at the interface and leads to the increase of Jc.
- the strain: the plot on the right shows an increase of Jc when the grain boundary is submitted to an axial compressive strain.    



Which mechanism is dominating ?

The question is still open…

And the solutions to overcome the problem are very 
different and depend on the HTS material
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Grain boundaries behave the same for all HTS, but only YBCO requires biaxial texturing to obtain high performance technical conductors. 



Bi2223: Powder-In-Tube tapes

4 mm 

Ag

Filling factor is ~40%

Precursor powders are a mixture of Bi2212, Bi2201, Ca2PbO4 , CuO…

c-axis

Platelet-like Bi2212 grains are aligned with c-axis texturing during the 
wire-to-tape deformation
The texturing is kept after reaction by Bi2223 

Hikata et al., Jap. J. App. Phys. 28 (1989) 82

Presently produced by

a

b

b

b
a

a

b

ab

a

Looking from above

How does the current flow without          
in-plane texturing ?
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Bi2223 practical conductors are multifilamentary flat tapes, 4-mm wide and few hundreds m thick. The superconductor occupies 40% of the cross section, the silver matrix is necessary as the heat treatment is performed in O2 atmosphere. After reaction, Bi2223 filaments are c-axis textured within 10-15°. But still there are large angle grain boundaries in the ab plane. So, how does the current flow without in-plane texturing? 



How does the current flow in Bi2223 tapes ?

Grain thickness << Grain length

Bulaevskii et al., PRB 45 (1991) 2545

c-axis

tape axis
BRICK WALL model

c-axis current transfer among the grains 
(weak links)

RAILWAY SWITCH model
Hensel et al., PRB 51 (1995) 15456

Small-angle c-axis tilted grain boundaries as strong links for the supercurrent
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Two mechanisms have been proposed and the reality is probably described by a mix of the two. 
The brick wall model: Bi2223 grains are flat and elongated in the direction of the tape length. If there is an obstacle to the flow of the current, like a large angle grain boundary, the current is gradually transferred to the grains above and below across the large grain contact surfaces. This is a weak link based redistribution of the current.
The railway switch model: it is based on the observation of the presence in the filaments of small angle c-axis tilted grain boundaries that may act as strong links for the supercurrent, just like a network of railway switches. 



Bi2212: Powder-In-Tube round wires

0.8 mm 

Ag

Filling factor is ~25-30%

Presently produced by 

Enomoto et al., Jap. J. App. Phys. 29 (1990) L447
Heine et al., APL 55 (1989) 2441

Melting and recrystallization during the heat 
treatment determines:

• a gradual rotation of the c-axis of grains 
around the wire axisc-axis

• a local spontaneous a-axis texture along the 
filament axis  (within ~ 15°) 
Kametani et al., Sci. Rep. 5 (2015) 8285
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Bi2212 practical conductors are multifilamentary round wires. The filling factor is 25-30%. As for Bi2223, the silver matrix is needed because reaction is performed in oxygen atmosphere. The precursor Bi2212 powders are melted and recrystallized during the heat treatment in order to form continuous current paths. 
Bi2212 after reaction exhibit a weak but spontaneous biaxial texture at the local level. 



How do we get high Jc in Bi2212 wires ?
The “secrets” of its recent success 

OVERPRESSURE (up to 100 bar) during the heat treatment prevents 
the formation of bubbles 
To increase the current carrying cross section
Larbalestier et al., Nat. Mat. 13 (2014) 375

The intragrain region is overdoped, but 
grain boundaries are optimally doped 

The anisotropy is reduced → better pinning

OVERDOPING
Tc

Hole doping pp = 0.05 p = 0.18

Shen et al., APL 95 (2009) 152516

*

* it doesn’t work with Bi2223 and YBCO

C. Barth, 4MPo2D-05

10 bar

100 bar
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Overpressure prevents the formation of bubbles of trapped gas in the filaments. We performed XRD microtomography experiments at ESRF in Grenoble. The red dots in the cross section of the wire reacted at 10 bar are the bubbles. The bubbles are completely removed in the wire reacted at 100 bar.
Overdoping: the maximum Tc is achieved at optimal doping. Bi2212 wires are driven in the overdoped regime during the heat treatment. In a such a way the intragrain region has a reduced Tc but grain boundaries result to be optimally doped and this increases their transparency to the current flow. Moreover, in the overdoped regime anisotropy is reduced and this has a positive effect on pinning. 




YBCO (REBCO) coated conductors

Ag cap layer

Cu stabilisation

REBCO layer metallic substrate
buffer layers

~1 µm of REBCO in a ~100 µm thick tape

Biaxial texturing – within < 3° – is needed to 
overcome the grain boundary problem

a

b
a

b

a

b

a

b

a a

b

a

b

Looking from above

The template is a metallic substrate coated 
with a multifunctional oxide barrier 

Presently produced by

Goyal et al., APL 69 (1996) 1795
Iijima et al., APL 60 (1992) 769
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Powder metallurgy cannot be used to produce practical conductors based on YBCO (or its variants with other rare earths). 
A coated conductor has a complicated architecture and the superconductor occupies only 1-2% of the entire cross section. A serious biaxial texturing is necessary to overcome the issue of the grain boundaries. Over the last 10 years, many companies started the production of coated conductors at industrial scale. 



The technology of REBCO coated conductors
Alternative approaches for growing epitaxial REBCO on flexible metallic 
substrates in km-lengths

Substrate texturing

RABiTS : Rolling-Assisted, Biaxially Textured Substrates
Texture is created in NiW by a rolling-and-recrystallization process

IBAD : Ion Beam Assisted Deposition
A biaxially textured MgO layer is grown on polycrystalline Hastelloy

REBCO layer deposition

Physical routes

Chemical routes

PLD Pulsed Laser Deposition

RCE Reactive Co-Evaporation

MOD Metal-Organic Deposition

MOCVD Metal-Organic Chemical Vapor Dep.
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All-chemical approaches – from the buffer layers to the superconducting film – are particularly interesting for getting low cost conductors. 



Performance overview: Jc(s.f.,77K) vs. Jc
⊥(19T,4.2K)
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BHTS T150
BHTS T2289
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BHTS T003

SuperOx

AMSC

Fujikura

SuNAM

SuperPower M4

BHTS T002

BHTS T2290

15 mol. % Zr-added (Y,Gd)BCO      
Xu et al., APL Mat. 2 (2014) 
046111
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Different fabrication routes also determine very different performances. This is the message of the graph, where I am plotting Jc at 4.2 K, 19 T  vs. Jc at 77 K, self-field for coated conductors from various manufacturers. Most of the points are concentrated towards the right – better performance at 77 K, s.f. – because the developments are mainly driven by the perspective of electric power applications. The green points with high Jc at low temperature/high field correspond to the tapes from Bruker. This is not a coincidence, as they are targeting a 1.2 GHz NMR magnet, corresponding to a field of 28.2 T. The group of Houston has recently shown on laboratory tapes that one can get high performance both at 4 K and 77 K by introducing tailored artificial pinning.



Artificial pinning:“genetically-modified” REBCO
Introduction of artificial nano-defects to control vortex pinning, reduce 
anisotropy and enhance performance

BaZrO3 (BZO) precipitates are in form of 
nano-columns oriented along the c-axis

Driscoll et al., Nat. Mat. 3 (2004) 439
Goyal et al., SuST 18 (2005) 1533 
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Selvamanickam et al., IEEE TASC 21 (2011) 3049

Average BZO size 5.5 nm
Average spacing ~ 12 nm
Density = 6.9 × 1011 cm-2

Selvamanickam el al., APL 106 (2015) 032601
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It is known since the early years after 2000 that it is possible to enhance the performance of REBCO by introducing artificial nano-defects. The most successful material is BZO, but many other compounds are being tested. BZO forms spontaneously nano-columns oriented along the REBCO c-axis. This is effective to reduce the anisotropy of Jc with respect to the orientation of the magnetic field. In the graph on the right, the blue curve represents the angular dependence of Jc at 77 K, 1 T for regular REBCO: it exhibits a sharp maximum  when the field is parallel to the ab-planes of REBCO. The red curve shows the behavior of REBCO with BZO inclusions: it is evident the large increase of Jc when the field is parallel to the REBCO c-axis (and to the BZO nano-columns). In the micrograph on the left, a view from the top of an array of BZO nano-columns in REBCO: the length of these nano-columns can be of the order of 1 m. 



Engineering vs. superconducting layer performance
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REBCO and Bi2223 tapes retain the anisotropic properties of the superconductor

Data shown here correspond to the unfavorable orientation wrt the field

The in-field properties of Bi2212 wires are fully isotropic
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In the plot on the left, the field dependence of the engineering current density – the critical current divided by the conductor section – at 4.2 K for a REBCO coated conductor, a Bi2212 wire and a Bi2223 tape. The critical current density in the superconductor is reported in the plot on the right. Even if the superconducting fraction in a REBCO coated conductor is only 1-2 %, its engineering current density is comparable to that of Bi2212 and Bi2223 thanks to the remarkably high Jc, which is a consequence of the strong biaxial texture. 



What is special with HTS 

How to make technical conductors out of HTS

• How to deal with anisotropy

• How to deal with grain boundaries

• High critical current, and what else?

What we can do with HTS

Focus on large scale applications

Outline
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The critical current is not the only relevant property for practical applications.



Operate at high current density is a necessary condition, 
but it is not sufficient

Other crucial requirements:

• Have high tolerance to stress

• Be safe in case of magnet quench

• Have low magnetization

• Have a persistent joint technology

Quench detection, NZPV

Applications to NMR, MRI, HEP magnets

Applications to NMR, MRI

Magnetic forces
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In the following the focus will be on the electromechanical properties.



Magnetic stresses in the winding

F I B= ×hoop
wire

I BR
S

σ =

B I

In a real winding adjacent turns press on 
each other and develop 3-D stresses

In straight-sided coils such as accelerator 
magnet, the conductor experiences large 
transverse forces

As an example, the NHMFL 32 T magnet will 
operate at 400 MPa

F = 175 ton/m in a LHC dipole

Hoop stress levels above 100 MPa are common
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A short introduction: a ring that carries a current in a magnetic field is put under tension because of the Lorentz force. The so-called hoop stress is proportional to the current density, the magnet field and the ring radius. 

How do HTS conductors behave when submitted to stress?
 



Bi2223 tapes: axial stress sensitivity

Bi2223 tapes are inherently weak because of the soft Ag matrix

100 150 200 250 300 350 400 450
0.80

0.85

0.90

0.95

1.00

 copper alloy
 
 

225 MPa

@ 4.2 K

 

 

no
rm

al
ize

d 
cr

iti
ca

l c
ur

re
nt

, I
c / 

I c,
m

ax

Applied stress [MPa]
100 150 200 250 300 350 400 450

0.80

0.85

0.90

0.95

1.00

250 MPa225 MPa

@ 4.2 K

 copper alloy
 stainless steel
 

 

 

no
rm

al
ize

d 
cr

iti
ca

l c
ur

re
nt

, I
c / 

I c,
m

ax

Applied stress [MPa]

Sumitomo introduced reinforcement with high strength lamination
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Irreversible stress limit at 400 MPa with Ni alloy (Type HT-NX)     

Miyoshi et al., SUST 28 (2015) 075013

*at the cost of a reduced Jeng by ~25%

*
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The problem of the intrinsic mechanical weakness of Bi2223 tapes, due to the soft silver matrix, was overcome by Sumitomo by introducing the lamination of the tape with a strong Ni-based alloy. Of course, the improvement of the mechanical properties is achieved at the cost of the engineering current density, as lamination increases the conductor cross section by ~25%.



Bi2212 wires: axial strain sensitivity
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Bi2212 wires are inherently weak because of the soft Ag matrix

Reversible region of less than 0.3%

Reinforcement is being prototyped by lamination as for Bi2223

A. Otto, 1MOr1A-08
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The same consideration about the mechanical weakness due to the silver matrix also applies for the Bi2212 wires. In the plot on the left, two datasets of Ic vs. axial strain – one in compression, the other in tension – are reported. Data were measured on wires reacted with overpressure, so the superconducting filaments were almost fully dense. As soon as the applied strain is out of the narrow shaded region in the plot – the width is only ~0.3% – the performance of the wire is irreversibly degraded. As for Bi2223 tapes, reinforcement by lamination is being prototyped and results are encouraging – even if the laminated wire is rectangular and not any more round… 



Bi2212 wires: transversal stress sensitivity

Epoxy

Wire impregnated with epoxy
applied stress uniformly 
distributed

Sample
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Irreversible stress limit at ~ 75 MPa
No substantial improvement with OP or extra Mg
Results consistent with previous tests on Rutherford cables
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Bi2212 wires can be cabled in Rutherford cables and thus people envisage applications in accelerator magnets. However, the sensitivity to transverse stress becomes an issue particularly relevant. The plot shows the Ic vs. transverse stress curves measured for wires that are epoxy impregnated. Tests were performed at UNIGE on samples reacted at MagLab, in the frame f the European FP7 project EuCARD-2 coordinated by CERN. 
Blue points correspond to a wire reacted with overpressure, red points correspond to a wire with extra AgMg in the matrix. After reaction, the AgMg alloy produces MgO dispersions in the matrix and is supposed to act as a mechanical reinforcement. For both wires, the irreversible stress limit is around 75 MPa, well below the performance of Nb3Sn wires – the Ic vs. transverse stress for a RRP Nb3Sn wire is reported for comparison (grey points). 



Ic vs. axial strain

C. Barth, G. Mondonico and CS, SUST 28 (2015) 045011

Ic vs. axial stress
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• Very low stress effect  curves are flat in rev. region

• Irreversible stress limits above 500 MPa

• The only weakness is delamination...

• REBCO CCs are inherently strong, ~50% is a high strength alloy

IEEE/CSC & ESAS EUROPEAN SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2016. 
Plenary presentation 4PL-02 given at ASC 2016; Denver, Colorado, USA, September 4 – 9, 2016.

Presenter
Presentation Notes
This is a study performed at UNIGE on the electromechanical properties of REBCO coated conductors from various manufacturers. On the left, Ic (4.2 K, 19 T) is plotted as a function of the applied strain, on the right as a function of the applied stress. All the tapes exhibit an irreversible stress limit above 500 MPa. However, because of their layered architecture, coated conductors are prone to delamination: the REBCO film detaches from the substrate and this can occur for several reasons: transverse tensile stress, cyclic loads, local defects, … 




REBCO Roebel cables under transversal compression
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• 2 different impregnation resins

• Irreversible stress limit > 400 MPa

P. Gao, 2LPo2D-06
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Coated conductors are quite robust against transverse compressive stress. 
It is interesting to show these results obtained on Roebel cables in the frame of a collaboration between KIT and UTWENTE, under the scope of the EuCARD-2 project. A Roebel cable is assembled starting from coated conductors that have been machined to have a meandered shape. The result is a transposed cable with high current capacity. 
The cables tested here have the same layout of those used for the 5 T HTS dipole demonstrator described in the slide 49. 
Cables with two different impregnation resins have been tested under transverse stress. For both of them, the irreversible limit was well above 400 MPa.



HTS technical conductors at a glance

Bi2223 Bi2212 REBCO

Geometry tape round wire tape

SC fraction 40% 25% ~1%

In-field Anisotropy ~2 1, Isotropic ~5

Multifilamentary Yes, untwisted Yes, twisted No, single layer

Operation 
boundaries

4.2 K, UHF
77 K, SF 4.2 K, UHF 4.2 K, UHF

77 K, ~3 T 

Mechanical 
properties

OK with lamination, 
but lower Jeng

Still an issue,                  
work in progress

Almost OK, but 
delamination issues

Disadvantages

One size, coil grading 
not possible

Still margin for 
improvement?

Complex reaction at 
100 bar to get high Ic

Wind & react

Long lengths under 
development
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Since 30 years we’re learning how to tame these WILD materials

… but who needs HTS ??
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Temperature

Magnetic 
field

30 T

23.5 T

What can we do with HTS ?

77 K4.2 K 50 K

HTS domain

LTS domain
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This slide compares the domain of application of HTS with that of LTS. Solenoidal coils up to 23.5 T and accelerator dipoles at the ultimate field of 16 T represent the farther limit of LTS. For what concerns HTS, I will discuss separately three regions of this diagram.   



Temperature

Magnetic 
field

30 T

23.5 T

What can we do with HTS ?

77 K50 K

Ultra High Field @ 4.2 K

• Laboratory magnets

• Accelerator magnets

• Fusion magnets

• NMR > 1 GHz

The record @ MagLab
40 T with REBCO                             
in a 31 T resistive magnet

1.03 GHz (24.2 T) @ NIMS
LTS/Bi2223 NMR magnet

4.2 K

HTS as high field superconductors
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The use of high temperature superconductors as high field superconductors.
The applications are laboratory magnets, NMR spectrometers above 1 GHz, accelerator magnets, fusion magnets. 
A magnetic field intensity of 40 T was reached recently at MagLab with a REBCO coil in the background field of 31 T. 
A 1.03 GHz NMR system with a Bi2223-based insert was successfully tested at NIMS. But there are also the 1.3 GHz project run by the Iwasa group at MIT and the 1.2 GHz program at Bruker, both based on HTS inserts. 



All superconducting magnets beyond LTS 
The Olympics of high magnetic fields

Maximum field 
[T] HTS insert HTS coil field 

[T]
Winding 

technology

27.6 Bi2223 / 
REBCO

4.5 (Bi2223)       
6 (REBCO) LW

27 REBCO 12 DP

26.4 REBCO 26.4 DP

25 REBCO 4 LW

HFLSM 24.6 Bi2223 10.6 DP

24.2 Bi2223 3.66 LW

26.4
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Presentation Notes
Different HTS materials for the high field insert, REBCO or Bi2223, and also different winding technology, layer winding (LW) or double pancake (DP).
Particularly remarkable the all-REBCO coil from SuNAM that reached 26.4 T.   



A dipole demonstrator magnet based on HTS

~1000 m of REBCO tape

~70 m of Roebel cable
5 T in a background of 15 T

40 mm aperture

Towards 20 T dipole magnets

Winding blocks canted to 
align with field lines

G. Kirby, 1LOr1B-01
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There are ongoing projects also for accelerator magnets based on HTS. As an example, I want to mention the REBCO-based dipole with accelerator field quality that is being developed at CERN in the frame of EuCARD-2. It will be able to generate 5 T in a background of 15 T. The interesting feature is that the winding blocks are aligned to the field lines in order to exploit the favorable orientation of coated conductors wrt the field orientation.  



Temperature

Magnetic 
field

30 T

23.5 T

What can we do with HTS ?

• MRI

• Motors (airplanes, ships, maglevs, …)

• Energy storage

• Generators (wind mills, …)

Intermediate Field @ 30-60 K

A lot of activity with many prototypes around the world

77 K4.2 K 50 K

17.6 T trapped in a GdBCO bulk
J.H. Durrell et al., SUST 27 (2014) 082001

The emergence of a new species
Superconducting bulk magnets
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The second and very interesting domain of application of HTS is at intermediate field (up to ~10 T) and 30 K < T < 60 K. This is the region of interest for motors, generators, energy storage (flywheels and SMES) and also MRI. There is a lot of activity around the world and many prototypes are being built. 
We are witnessing the emergence of a new species: the superconducting bulk magnets. The idea is to build devices using magnetized bulk superconductors instead of conventional permanent magnets. Conventional magnets are limited to less than 1 T, while it has been shown recently that a bulk superconductor can trap up to 17.6 T!



Temperature

Magnetic 
field

30 T

23.5 T

What can we do with HTS ?

77 K4.2 K 50 K

• Transmission cables

• Transformers
• Fault current limiters

Many devices already in the grid

Low Field @ 77 K

The future paradigm for the electric power distribution ? 

LHC magnets are powered 
with Bi2223 current leads 
31 km of tapes

1km 10kV-2.3kA cable
40 MVA FCL
Essen, Germany
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What is left? The tiny region in red may represent the future paradigm of the electric power distribution. I am referring to the applications at 77 K, low field, such as transmission cables, fault current limiters and transformers. 
Talking about power applications, let me mention that LHC magnets are powered using Bi2223 current leads made with 31 km of tapes. 
Among the large number of project around the world, I want to recall AMPACITY, in the city of Essen in Germany. A 1 km-long 10 kV-2.3 kA  superconducting cable was integrated in the electric grid of the city together with a 40 MVA fault current limiter. And the system is running smoothly since 2 years.



The next transit will be in 2061
Should we wait so long for the next revolution ?

The transit of Halley’s comet in 1911

To conclude…

Discovery of Superconductivity

The transit of Halley’s comet in 1986
Discovery of High Temperature Superconductivity
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To conclude…
30 years after the discovery, high performance technical conductors based on 
HTS are on the market and available from multiple sources 

The input of fundamental science has been essential to get there, and we are 
not yet at the end of the story

But there is still work to do on conductor architecture, available lengths and cost

Two categories of applications:

• Applications where HTS are the enabling technology, e.g., Ultra High Fields

• Applications where HTS bring advantages vs. existing technologies, e.g., 
Power Applications

Things are going pretty well

Many demonstrators around the world, but the high costs are delaying the 
introduction in large market. Things are gently improving  
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Thank You !
Carmine SENATORE

carmine.senatore@unige.ch
http://supra.unige.ch

Organisation Committee
Lucio Rossi, CERN | Conference Chair
Luca Bottura, CERN | Conference Chair
Amalia Ballarino, CERN | Industrial exhibition
Pierluigi Bruzzone, EPFL/SPC | Program Chair
Carmine Senatore, UNIGE/DQMP | Editor
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