
Field and temperature scaling of the critical current 
density in commercial REBCO coated conductors

Carmine SENATORE, Marco BONURA, Miloslav KULICH, Giorgio MONDONICO, Christian BARTH 

Département de Physique de la Matière Condensée & Département de Physique Appliquée 
Université de Genève, Switzerland

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Invited presentation 3A-WT-O1.1 given at EUCAS 2015; Lyon, France, September 6 – 10, 2015

1

Not submitted to IEEE Trans. Appl. Supercond.

Presenter
Presentation Notes
In this presentation I give an overview of the electromagnetic, electromechanical and thermal properties of industrial coated conductors from various manufacturers. 



Outline

• Critical current under mechanical loads

• Jc(B,T,θ) surface, scaling relations for the temperature and
field dependences

• Research on coated conductors @ UNIGE

• Overview of the industrial REBCO CCs

• Thermo-physical properties: thermal conductivity and normal
zone propagation velocity
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Motivation
Towards 20 Tesla accelerator magnets for HEP

Funded by coordinated by

Today : the record collision energy in LHC is 8 TeV

Scope : Future Circular Colliders, collision energy up to 100 TeV
Shed light on the physics beyond the Standard Model

Towards all-superconducting 30 T-class solenoidal magnets
Funded by in collaboration with

Today : commercial systems with Bmax = 23.5 T @ T = 2.2K

Scope : high resolution NMR spectrometers, high field laboratory magnets
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At present the Group of Applied Superconductivity at UNIGE is involved in two projects on the applications of CCs. The first one is EuCARD2. The goal is to explore the magnet technology for dipoles operating at 20 T, in view of future hadron colliders at 100 TeV. 
The collaboration with Bruker BioSpin is focused on the conductor properties needed for the development of solenoids in the 30 T range. In the frame of this collaboration we have developed a 3 Tesla insert for our 21 T magnet. The results of the tests will be presented at MT24.



Overview of the industrial CCs

AMSC B-HTS Fujikura SuNAM SuperOx SuperPower

RABiTS ✓
IBAD ✓ ✓ ✓ ✓ ✓

physical deposition ✓ ✓ ✓ ✓
chemical deposition ✓ ✓

in situ process ✓ ✓ ✓ ✓
ex situ process ✓ ✓

substrate NiW
75 µm

SS 
100 µm

Hastelloy
75 µm

Hastelloy
60 µm

Hastelloy
60 µm

Hastelloy
50 µm

thermal stabilization Laminated
(2 sides) Electroplated Laminated

(1 side) Electroplated Electroplated Electroplated 

MOCVD
Chemical vapor

MOD
Dip-coating

RCE
Co-evaporation

PLD PLD PLD

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Invited presentation 3A-WT-O1.1 given at EUCAS 2015; Lyon, France, September 6 – 10, 2015

4

Not submitted to IEEE Trans. Appl. Supercond.

Presenter
Presentation Notes
The main characteristics of commercial CCs are summarized in this table. The differences among the manufacturers start from the textured template. All manufacturers except AMSC adopted IBAD, even if the buffer layers may be different. Only AMSC uses RABiTS. The REBCO deposition can be physical or chemical, the process can be in situ (deposition and formation are simultaneous) or ex situ (deposition and formation in two separate steps). Other differences come from the substrate and the stabilizer. The thicknesses of substrate and stabilizer influence the engineering critical current. 



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

BHTS T2291

BHTS T003

SuperOx

AMSC
Fujikura

SuNAM

SP M4 UNIGE

BHTS T002

BHTS T2290 SP M3 and SP M4 are two 
production lines @ SuperPower

Average values over the 144 
SuperPower spools measured at 
NHMFL for the 32 T project

15 mol. % Zr-added (Y,Gd)BCO   
Xu et al., APL Mater. 2, 046111 
(2014)
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What is clear from this plot is that Bruker HTS is targeting the market of high field magnets, with very high Jc at low temperature/high field and low Jc at 77 K. The other manufacturers are focusing more on the performance at high temperatures, in view of applications in the electric utilities sector. The group of Houston has recently shown that one can obtain high Jc both at low T and at high T in heavily Zr-doped REBCO.



Practical characterization of REBCO CCs
Applications @ low temperature / high fields

• Jc depends strongly on the orientation of the tape wrt the
magnetic field

• Bc2 at low temperature is ~100 T

• The operating temperature margin is 30 – 40 K

→ Thermo-physical properties, c(T,B) &  κ(T,B), are essential

• The response of the tape to mechanical loads depends on
its architecture (electromechanical properties)
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To qualify REBCO tapes for operation in high field magnets, it is necessary to perform an extensive characterization.
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Magnetization measurements are the tool to explore a larger region of the critical surface
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Only a limited portion of the critical surface is practically accessible from transport 
measurements

Transport and magnetic measurements of Jc(B,T,θ )
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The need for an extensive characterization of the critical current surface is a problem because only a limited portion of this surface can be explored by transport measurements. On the other hand, magnetization measurements represent a valid tool to expand the explored region. 
It is well known that the irreversible magnetization (DeltaM) is proportional to Jc via a geometrical coefficient related to the length scale of the current flow. The value of Jc(40 K, 7 T) extracted from transport Ic was used to set the coefficient of proportionality between DeltaM and Jc and thus to convert magnetization to critical current density. The two datasets, transport and inductive Jc, exhibit identical magnetic field dependence, as shown from the curves in the figure (symbols from transport data – solid lines from magnetization).   



Temperature dependence of Jc

Temperature scaling relation 
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Here I am showing the temperature dependence of Jc between 0.5 T and 14 T for the tapes from Bruker (plot on the left) and Fujikura (plot on the right). The field is parallel to the c-axis of REBCO, i.e. perpendicular to the tape surface. Data come from transport and magnetization measurements. The plots show log(Jc) vs T:  The curves are straight lines over a wide range of temperatures. This corresponds to an exponential dependence of Jc over T. It follows that the ratio of Jc between two temperatures at a given field depends only on DeltaT and on the scaling parameter T*. 



Temperature dependence of Jc : 3 orientations
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T* ranges between 15 K and 35 K – it depends on field and orientation 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2015.
Invited presentation 3A-WT-O1.1 given at EUCAS 2015; Lyon, France, September 6 – 10, 2015

9

Not submitted to IEEE Trans. Appl. Supercond.

Presenter
Presentation Notes
The exponential T-dependence holds up to about 50 K for Theta = 0° and 45°, and between 10 K and about 40 K for Theta = 90°. At Theta = 90°, the higher is the field the lower is the deviation from the exponential behaviour at temperatures below 10 K. We encountered the same scaling behaviour for all the investigated tapes regardless of the manufacturer. 




Temperature scaling parameter T*

Lower T* values ⇒ faster decrease of Ic with increasing T 

T* ranges between 15K and 35K – it depends on field and orientation 
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In this slide I am reporting the field dependence of the temperature scaling parameter T* for the tapes from the six manufacturers. At the lowest field, B = 0.5 T, T* values span between 20 K and 30 K. At higher fields, the general trend is T*(0°) > T*(45°) > T*(90°). The only exception comes from the Fujikura CC, which exhibits T*(45°) > T*(0°) between 4 and 8 T. Tapes from SuNAM and SuperOx exhibit a monotonic decrease of T* with field independently of the orientation. For the other coated conductors, T*(0°) and T*(45°) reach a maximum between 2 T and ≈ 8 T followed by a smooth decrease as field increases, while T*(90°) decreases (BHTS and Fujikura) or stays nearly constant (AMSC and SuperPower) with increasing field.



Field dependence of Jc

α is almost constant below 40 K, the value varies between 0.5 and 0.8 
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Here I am plotting the critical current density vs the magnetic field in a log-log plot for the tapes from Bruker and SuNAM. Different colors correspond to different temperatures. The curves show a low field plateau followed by a smooth decrease of Jc for fields higher than a given threshold. The log-log plot of the data reveals that the field-induced decrease of Jc is well described by a power law dependence, i.e. Jc proportional to B^-alpha. We observed the power law regime in the field range 0.5 – 19 T for T below 30 K, but only between 0.1 and 1 T at 77 K. When approaching the irreversibility line, Jc departs from the power law.



Field dependence of Jc : 3 orientations
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As for the exponential temperature dependence, the power law field dependence does not hold only for Theta = 0°, but is valid also for the other orientations, as shown here for Theta = 45° and 90°. What is changing from one panel to the others is the slope, i.e. the value of the scaling parameter alpha. 



Field scaling parameter α

Higher α values ⇒ faster decrease of Ic with increasing B 
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This figure shows the temperature dependence of the power law coefficient alpha for the six manufacturers. As for T*, each panel reports three curves corresponding to the three field orientations. alpha(Theta=0°) is almost constant below 40 K. The lowest values are encountered for the PLD-grown REBCO films (alpha about 0.5), whilst alpha as high as 0.75 is found for the chemical grown REBCO. From a fundamental point of view, the dependence with alpha = 0.5 is determined by the interaction between vortices nucleated at the grain boundaries and those strongly pinned to the dislocation cores. In the coated conductors where the REBCO layer is grown by chemical routes, dislocations do not connect from the bottom to the top of the film due to the grain boundary meandering. Therefore, c-axis correlated disorder becomes weaker and point-like defects play a role in the pinning landscape, leading to higher values of alpha. 
Please notice that the highest alpha for the SuperPower tape is observed at Theta=0° for T > 40 K. This is a signature of the artificial pinning.
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Ic(T) angular dependence: SuperPower with AP

30 K < T < 40 K  ⇒ Jc(0°) > Jc(45°) and Jc(0°) < Jc(90°) 

T > 40 K  ⇒ Jc(0°) > Jc(45°) > Jc(90°) 

Effects of artificial pinning 
on the Ic anisotropy
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In order to discuss the effects of artificial pinning on the anisotropy for the tape from SuperPower, I am plotting here Jc(B=3 T) for the three orientations and at various temperatures. Below 30 K, Jc(0°) < Jc(45°) < Jc(90°). Between 30 K and 40 K, we observe that Jc(0°) > Jc(45°) and Jc(0°) < Jc(90°). For T ≥ 50 K, the effects of artificial pinning become dominant and the highest Jc is measured at Theta = 0°.   
 



Higher α values ⇒ faster decrease 
of Ic with increasing B 

Lower T* values ⇒ faster decrease 
of Ic with increasing T 
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The scaling relations for the temperature and field dependence of the critical current density are summarized in this slide.



Critical current depends on 

• temperature

• field intensity
• field orientation
• mechanical loads
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Ic vs. axial strain: measurement method

Walters spring (WASP)
• Sample is soldered to Ti-alloy spring

• Turning the spring strains the sample
– calibrated with strain gauges glued to the sample

– sample is pre-strained upon cooldown due to thermal expansion mismatch

– pre-strain is determined & subtracted

• 1m-long sample
– precise

– low noise

 low Ic criteria

 get n values
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SuperOx: 4.2 K, 19 T, ε = 0.40 %
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Critical current vs axial  strain measurements have been performed at the University of Geneva, using a 4-turn Walters spring probe.



Dependence of Ic on axial strain @ 4.2 K, 19 T
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C. Barth, G. Mondonico and CS, SuST 28 (2015) 045011
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Here I report the normalized Ic (left panel) and the n-value (right panel) vs applied strain, measured at 4.2 K, 19 T.  The tapes form Fujikura and SuperOx show a peculiar behavior. They exhibit an early irreversible degradation and, when the samples are unmounted  from the probe, we observed that the tapes were delaminated over the entire length. Manufacturers are aware of the problem and are working to solve it.  



Stress vs. strain measurements @ 4.2 K
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 SuperPower:
E = 155 GPa, Rp0.2= 893 MPa

 Bruker HTS:
E = 187 GPa, Rp0.2= 736 MPa

 SuNAM:
E = 168 GPa, Rp0.2= 846 MPa

 Fujikura:
E = 176 GPa, Rp0.2= 787 MPa

 SuperOx:
E = 172 GPa, Rp0.2= 1083 MPa

C. Barth, G. Mondonico and CS, SuST 28 (2015) 045011
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To convert the measured stain to stress, we performed the stress-strain characterization at 4.2 K.



Dependence of Ic on axial stress @ 4.2 K, 19 T
Ic vs. applied stress n value vs. applied stress
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• All samples have a very similar behaviour
• Very low stress effect  curves are flat in rev. region
• Irreversible limits σirr in 740 – 840 MPa range

C. Barth, G. Mondonico and CS, SuST 28 (2015) 045011
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Here I am showing Ic vs axial stress and the corresponding n-values. When strain is converted to stress, all the tapes behave in a similar way. Curves are very flat in the reversible region and the irreversible stress limit falls in the range between 740 MPa and 840 MPa. 



Electromagnetic properties    ✓

Electromechanical properties    ✓
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Thermal conductivity of REBCO CCs

Thermal conductivity is an essential parameter for QUENCH studies

∆T

B

B• Longitudinal thermal conductivity in magnetic
fields up to B=19 T

• Transverse thermal conductivity

B perpendicular & parallel to thermal current

Thermal
current∆T

M. Bonura and CS, SuST 28 (2015) 025001 

M. Bonura and CS, TASC 25 (2015) 6601304
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We performed longitudinal and transverse thermal conductivity measurements. Thermal conductivity k is measured in the steady state: in the longitudinal configuration one end of the sample is kept at a constant temperature, the other end is heated with a known amount of heat and the temperature drop along the sample is measured to determine k. In the case of transverse k, the temperature gradient is imposed between the two faces of the tape. Our measurements show that transverse k is up to 100 times lower than longitudinal k. This means that the normal zone in a winding would propagate mainly along the conductor. 
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Longitudinal thermal conductivity 

Manufacturer RRRCu
[ fit ]

RRRCu
[ρ(T)] SCu /Stot

AMSC 20 19 0.51

BHST 14 17 0.20

FUJIKURA 62 59 0.44

SUNAM 69 61 0.34

SUPEROX 13 14 0.27

SUPERPOWER 39 42 0.40

tot

i

i
iexp S

S∑= κκ
tot

Cu
Cu S

S
κ≈ and κCu = f(RRRCu) 

κ(T,B=0T) can be estimated (±15%) from
RRRCu and SCu /Stot

Cu/non-Cu ratio and RRRCu determine the 
in-field variation of κ

M. Bonura and CS, SuST 28 (2015) 025001 
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Longitudinal k for a coated conductor is the parallel of k of each component of the tape. However, it is dominated by the Cu stabilizer. k of Cu is determined by its purity and is a function of RRR. In the table I am comparing the RRR values as obtained by fitting the k curves to those obtained from electrical measurements. The values are quite low, spanning between 14 and 69. This could represent an issue for magnet protection.  
At B = 19 T, the values of k for tapes that exhibits very different thermal properties at B = 0 become comparable.    



Normal zone propagation velocity

where

is determined by the Jc(T) 
dependence

From the experimental κ , ρ , c , Jc(T), NZPV is found to depend only on Iop following a 
power law 
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This is a work in progress. We decided to estimate the normal zone propagation velocity from the experimental parameters we have measured. The reported formula was used and the results are shown in the left panel for the tape from SuperPower. We found that NZPV does not depend on B and T, but depends only on the operating current and follows a power law. This behaviour was also observed experimentally in direct measurements of the NZPV performed at UTWENTE.



Summary - Main parameters at a glance
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I thought to a way to summarize in a single plot the results of all the experiments reported in this presentation. In this radar chart, I am reporting Jc(77K,sf), Jc(4.2K,19T), Je(4.2K,19T), irreversible strain limit, irreversible stress limit, total area, Cu fraction and RRR. As an example I am showing the comparison between two Bruker tapes. 
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Here I made the same exercise for all manufacturers. This allows to make a rapid comparison of the tapes performance and may be used as a guide to choose the material that meets the specs of a given application. 



Conclusions

• Scaling of Jc(B,T) with an exponential T dependence and a
power-law B dependence

• Explored the Jc(B,T,θ,σ) surface for CCs from 6 manufacturers

• Irreversible limit σirr under axial loads in 740 – 840 MPa
range for all manufacturers

• Direct measurements of in-field thermal conductivity for
quench propagation studies and calculation of the NZPV

• Reconstruction of the critical surface possible with a
minimum number of measurements
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