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Presenter
Presentation Notes
In this presentation the effectiveness of laser striation for AC loss reduction in SuperOx coated conductor will be shown. This work was done as collaboration between Karlsruhe Institute of Technology, SuperOx company (which provided the samples) and Leibnitz Institute (where the focus ion beam cuts were done). 



Striations reduce magnetisation AC losses: 

 Filament structures in CC is a way to 
reduce AC losses: 

• AC loss is proportional to the conductor  

squere width 

• introducing N filaments the losses are reduced by a factor N  

 Striation require sophisticated material processing: 

• Methods: Laser scribing, chemical etching,  

Mechanical scribing, inject printing.  

• Technical CC require stabilisation. 

• Up to now a lot of work done on Ag-cap 

conductors. 
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It is well known that introducing filaments onto flat coated conductor structure reduces the magnetization AC loss. When magnetic field is perpendicular to the tape’s flat surface, the AC loss is proportional to the conductor’s  square width, so it follows that cutting the coated conductor into N filaments will reduce the losses by a factor N. Although the idea is pretty simple, making striations on coated conductor architecture requires sophisticated material processing. Up to now several different methods for structuring have been used, such as laser scribing (the most popular), chemical etching, mechanical scribing or ink-jet printing. The most popular processing, mainly because of the preciseness and the flexibility it offers, is laser scribing. In our work laser scribing using Picosecond laser was used. Beside the striation method, also the architecture of the coated conductor plays a significant role. Up to know most of the work was focused on striation of Ag-cap samples, whereas technical superconductors need Cu stabilization. Here we focus on two different ways of obtaining technical superconducting tape with filament-structuring tapes with different copper thickness and electroplating after the striation process.



Striations reduce AC magnetisation losses: 

Pancake coil: 

CORC cabel IEE Bratislava: 

Y. Yanagisawa et al., IEEE 
Transactions on Applied 
Superconductivity, Vol. 25, No. 
3, June 2015 

• REBCO SuperPower  

• 27x2 turns 

• 16.8 m tape 

• Bs,Coil-B/Bs,Coil-A is 49% 

monofilament 3 filaments 

J. Souc et al., Supercond. Sci. Technol.  
26 (2013) 075020 (5pp)  

• 2 cables: monofilament and 5 filaments  

• REBCO Ag SuperPower 4 mm 

• tape lay pitch 50 mm 

• length of cable model 100 mm 

monofilament 

5 filaments 
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For further motivation I would like to show two examples of previous work carried out on striated coated conductors. Y. Yanagisawa et al. published a work in which two pancake coils were wound. One of the coils was made with monofilament conductor and the second one with 3-filament conductors. The screening field as a function of the load factor for those two coils is shown. One can see both from experimental and simulations that the magnetization losses in the coil made from 3-filament conductor is significantly reduced. 
A second example of filamentary conductor usage is a coated Conductor on Round Core (CORC) cable made at IEE Bratislava. In work published by J. Souc et al two monofilamentary and two 5-filament cables were assembled using non-stabilized REBCO Ag Superpower 4 mm wide tape. In that work it is shown that applying filaments onto coated conductor significantly reduces losses at higher field amplitude. 



Two different structuring approaches used: 

Laser 
cutting 

5 μm Cu 

10 μm Cu 

• 0-120 Filaments 
• 12 mm width 

5 Watt / 50 passes 

5 Watt / 60 passes 

Ag 

5 μm Cu 

7 μm Cu 

10 μm Cu 
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• Oxidation 
(500°C / 1h)  

• Cu plating 

Laser cutting 
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In our work we focus on SuperOx REBCO tape and two different processing roads. On the left hand side of the transparency, the first processing road is shown, where superconducting tape with different copper thickness as stabilizer was used. In order to be able to striate such different conductors, the laser parameters such as energy and number of passes over one grove need to optimized. After optimization, 20 cm long samples were prepared with 15 cm long filaments structure up to 120 filaments. On the right hand side a sketch of the process is shown: first the tape with Ag-cap is structured, oxidized and afterwards it is copper-plated. Oxidation is applied in order to isolate electrically the bottom of the groove with superconducting filament. 



Electroplating process at SuperOx: 

Long tapes 

• Continuous reel-to-reel process 

• Tape speed: 5 µm Cu: 200 m/h 

 10 µm Cu: 100 m/h 

Short tapes 

• Static batch process 

• Plating time: 5 µm Cu: 6 min 

                          7 µm Cu: 8,5 min 

                          10 µm Cu: 12 min 

A. Molodyk ‘’Production and integration  
of 2G HTS tapes into HTS devices’’ 
Tuesday M2OrC 
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As I have already mentioned, two different methods were applied. In the second method, samples were structured after copper electroplating. Those samples were processed for copper plating on reel to reel equipment, which is shown on the bottom picture. Samples which were electroplated after laser structuring were prepared using different equipment due to short sample length (20 cm). This part of the work was done at the SuperOx company.



Laser filaments of the different tapes: 
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In the first part of my presentation I will focus on the process where laser cut on tapes with different copper thickness was performed.



Top view of the groove in tape  
with 5 µm Cu stabilisation: 

Ni 

Cu 

Ag 

Laser groove 

Cu 

• SEM and EDX of the groove top view 
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Laser parameters such as used energy and number of overruns need to be optimized for each architecture of the tape. Especially in the case of stabilized tapes, where the laser needs to cut over several material layers down to the substrate. After process optimization with 5 Watt/50 passes, the samples were investigated using scanning electron microscope. On this transparency one of the grooves of a sample with 5 micrometer copper is shown from above. On the left hand side Energy-Dispersive X-ray spectroscopy (EDX) mapping shows single chemical elements on particular parts of the picture. On the top picture, one can recognize that nickel is only on the bottom groove, which proves that the laser cut the sample to the bottom. Two additional scans are showed. The Cu-scan shows copper on the edge of the laser cut. Some additionally traces of Ag were found as well. 



Homogeneous cross-section of the tape with 5 µm 
Cu layer: 

Cu 

Ag 

REBCO 

Hastelloy 

Pt 2x 
Laser groove 

Pt 2x 

Cu 

Ag 
REBCO 

• Focus Ion Beam cut perpendicular to the laser  
     groove. 

• REBCO 1.5 µm  

• Groove width  

20 µm  
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To look more precisely into groove’s geometry, a technique called focus ion beam (FIB) was used. This method is usually used for preparation of thin lamellas for transmission electron microscope. In our case, this technology was used to obtain detailed images of the cross section of the laser groove. The part of the sample where the cross section is cut first is covered by two layers of Pt material in order to recognize ablated material from FIB processing from probable ablated material from laser processing. In the case of 5 micrometer of copper on the top of coated conductor, the laser groove is 20 micrometer wide and homogeneous along the length of the tape. Copper thickness is variable, but on average it is 6 microns thick. 



Ni 

Cu 

Ag 

Top view of the groove in tape  
with 10 µm Cu stabilisation: 

Laser groove 

Cu 

• SEM and EDX of the groove top view 
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In the case of thicker copper layers, a similar optimization of the laser parameters was made. The best microstructure of the groove was obtained with 5 Watt / 60 passes over each laser groove. I this case, due to the thicker copper layer, a lot of inhomogeneity is visible already from in SEM picture (top view). The bottom of the groove is not flat and the vertical “walls” are inhomogeneous. The EDX map pictures for three elements Ni, Cu and Ag reveal that structuring was made down to the Hastelloy substrate. 



Cu 

Ag 
REBCO 

Hastelloy 

Pt 2x 

Laser groove Cu 

Ag 
REBCO 

Hastelloy 

Pt 2x 

Laser groove 

Relatively homogeneous cross-section of the tape  
with 10 µm Cu layer: 

• Focus Ion Beam cut perpendicular to the laser groove 
• REBCO 1.5 µm, groove width 20 µm 
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When we take a look at the cross-section of the groove, we can see exactly the layered architecture of coated conductor with all elements. FIB cuts have been done in two representative places along the laser groove: one where the cut is deep and one where some bridge is visible. In both cases the laser cut was done up to substrate layer.  In the picture on the left, some ablated material in the groove is visible: it is the layer that is under the platinum layer on the bottom of the groove. The groove is narrower than in the previously shown tape with 5 micrometer copper on the top. The inhomogeneity in the shape of the groove is visible, especially in the picture on the left. 



Two possible current paths across the tape: 

0.000 0.002 0.004 0.006 0.008 0.010 0.012
0.0

1.0x10-4

2.0x10-4

3.0x10-4

4.0x10-4

5.0x10-4

10 µm Cu stabiliser

5 µm Cu stabiliser

Hastelloy

Position (m)

Resistance (Ω)

• LN2 

• Transport measurements 

• Resistance across the tape 

• Possible  ways for coupling  

currents 

• 5 µm Cu: 80% path A, 20% path B 

• 10 µm Cu: 2% path A, 98% path B 
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The resistance across the tape width was measured in tapes with 5 and 10 microns copper stabilization. Here the measurements results are shown in comparison to the resistance of the Hastelloy only or of the copper layer only (straight lines). Those measurements were carried out to estimate the amount of ablated material from laser processing as well as to get a better understanding of the AC losses in filamentarized tapes. When we take a look at the cross section sketch of the tape with two laser grooves (top right corner of the transparency) the current can take two possible paths across the tape: path A and B. In path A the current flows from the HTS layer into the Hastelloy substrate through the resistive groove and stays in the Hastelloy. Path B describes a situation where the ablation material from structuring is present in the groove and the current flows through this material from one HTS filament to the next. The situation for the sample with 5 micrometer copper stabilization is closer to path A, whereas the situation for the sample with 10 micrometer copper stabilization is closer to path B. 



Ic redaction caused not only by material removal: 

• Strong (80%) Ic degradation with 120 filaments. 

• Similar current reduction at tapes with 5 and 10 µm copper stabilisation. 

• Stronger current redaction in Ag-cap samples than only coming from removed  

material. 
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One of the most important parameters for tapes with filaments is the critical current reduction as a function of the number of filaments. Laser cutting has the advantage that the amount of material removed from the HTS tape is small (20 microns wide grooves). On the left side, a graph of the critical current reduction as a function of the number of filaments is shown. The grey curve shows the data for tapes without copper stabilization, with up to 120 filaments, whereas the orange and red curves show the Ic of the tapes with 5 and 10 micrometer copper stabilization, respectively. On the right side, the graph of normalized Ic vs. number of filaments is shown. On this graph a theoretical curve is shown: it represented the reduction of Ic expected from the sole removal of HTS material (loss of HTS volume), assuming perfectly-shaped 20-micrometer wide grooves. One can note a remarkable difference between theoretical values and experimental data. This difference is connected with the laser cut process and with inhomogeneities in the HTS layer from material synthesis (defects). 



Laser filaments of the different tapes: 
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The second process applied to tapes was done as follows. Silver sheathed coated conductor was structured with a laser and afterwards tapes were oxidized. The oxidation process was applied in order to introduce some oxide (isolating) layer into the groove (on Hastelloy substrate). Such oxide layer should prevent copper deposition into groove, increase the transverse resistance, and thus reduce the coupling losses. Copper electroplating was applied after this process with three different thicknesses of the copper: 5, 7 and 10 micrometer.



Ag 
REBCO 

Hastelloy 

Pt 2x 
Groove 

Ag 
REBCO 

Hastelloy 

Pt 2x Groove 

Homogeneous cross-section of the tape with Ag cap: 

• Ag cap 

• REBCO 1.5 µm 

• Groove width 

21µm 
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After Ag-cap layer samples were structured and oxidized, FIB cut on such sample was performed. On this transparency two examples of the cross section of laser filament are shown. In both pictures one can recognize a homogeneous groove structure with 21-22 micrometer width. No re-deposited material is visible. Copper was subsequently deposited, as explained in the next slide.
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Ag 

Cu 
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Ag 

Laser groove 

Electroplated copper 

Copper - 5 µm - partially deposited on the oxidised  
groove: 

Electroplated copper 

Laser groove 

• Inhomogeneous deposition copper into a grooves 

• Copper bridges across laser groove 
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First 5 microns of copper were deposited using electroplating. On this transparency two different places from the sample are shown. On some laser grooves only some copper “islands” are visible, but on other grooves some connection bridges are also visible. FIB cuts for this type of sample are made in two different cases, as indicated by the red arrows. In the example shown on the left, the FIB cut was made on the copper bridge connection. One can note there that copper is deposited all across the laser groove, but also a crack between copper and Hastelloy substrate is visible. When we analyze closer (right hand side picture), we can see that the copper is deposited only across half of the laser groove, but there is connection between the copper and the bottom of the groove. It is seen already from this pictures that the oxidation process does not provide homogeneous oxide layer along all grooves. 



REBCO 
Hastelloy 

Cu 

Pt 2x 
Groove 

REBCO 
Hastelloy 

Cu 
Pt 2x 

Groove 

Copper - 7 µm - half deposited on the oxidised groove: 

• Deposition does 

not depend from 

number of 

grooves  (sc 

filament width). 
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The same conclusion can be drawn from SEM pictures of the top view of the copper plated sample with 7 micrometer thick copper. Here only some areas of the laser groove are not covered by copper. On FIB pictures the same effect is observed: copper is deposited on the bottom of the groove.



REBCO 

Hastelloy 

Cu 

Pt 2x Groove 

Ag 

Copper - 10 µm - deposited along entire oxidised  
groove: 

• Deposition do not 

depend from 

groove number. 

    (sc filament width) 

• Groove top view. 
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In a case of 7 micrometer copper plating, laser groove is barely seen from the top view. In the cross sectional view, a homogeneous copper layer across the tape is visible.



Critical current reduction due to used electrolyte: 

• Small Ic reduction due to electrolyte 

• Smaller reduction with 5 µm Cu 

• Stronger reduction with 7 and 10 µm Cu 

• Ag-cap tape non-oxidised 

• Negligible reduction in Ic with 5 µm Cu 
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Critical current measurements was done on the Ag-cap tapes after laser structuring first. After that, oxidation was applied and copper was plated with different copper thickness. Tapes up to 60 filaments have been re-measured at liquid nitrogen temperature in self-field conditions. On the right hand side graph a small reduction of the critical current after deposition of the copper layer is visible. This reduction increases with increasing copper thickness to 7 and 10 micrometers. Such effect can be explained by negative etching influence of the electroplating bath. Standard electroplating is applied onto tape with Ag cap on the top of the filaments. In the case of our processing additional Ag sputtering after laser processing is not applied, because it would create resistive bridges across the tape. 



Current flow across Cu bridges in electroplated  
samples: 

0.000 0.003 0.006 0.009 0.012
0.0

2.0x10-2

4.0x10-2

6.0x10-2

8.0x10-2

1.0x10-1

Ag-cap 

Ag-cap after oxidation

Resistance (Ω)

Position (m)
0.000 0.002 0.004 0.006 0.008 0.010 0.012

0

1x10-4

2x10-4

3x10-4

4x10-4

5x10-4

5 µm Cu stabiliser
electroplated

Position (m)

Resistance (Ω)

10 µm Cu stabiliser

5 µm Cu stabiliser

• Oxidation enhance resistance (Ag – cap) 
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The transverse resistance has been measured for Ag-cap samples structured with a laser and Ag-cap samples structured and after applying oxidation (left hand side graph). On this graph it is remarkably visible that the oxidation process increases the transverse resistance in Ag-cap samples (dot line correspond to Ag resistivity). Unfortunately, after the copper plating process, even the sample with only 5 micrometer copper plated shows a behavior similar to that of copper. This means that bridges in between superconducting filaments are present and that the current is definitely following the path B on small sketch attached. In the right hand side graph samples from previous processing are added for comparison. 



No coupling losses at oxidised Ag cap tapes: 

• LN2, calibration free method 

• Fully uncoupled limit - analytical formula from Mawatari PRB 1996 (lines)  

• Different frequencies measured: 12, 72, 130 Hz 
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As I have mentioned at the beginning of my presentation, we introduce filaments into coated conductor structure in order to reduce AC loss in those tapes. AC magnetization loss at liquid nitrogen temperature have been performed using the calibration free method. On the left hand side picture, the losses as a function of the applied magnetic field are shown. Three different frequencies were measured (open, half-open and close symbols). The line on the graph represents the calculated losses using the analytical formula from Mawatari (PRB 1996), assuming completely uncoupled filaments. Good agreement between theoretical calculations and measured date is observed. On the right hand side graph, another representation of the loss is used (loss normalized by the square of the applied field), on which the presence of the coupling loss is more easily visible (if present), because the curve becomes flat. This is not the case for these Ag-cap samples. 



Coupling losses visible at Ag cap after 5 μm Cu  
electroplating: 

• LN2, calibration free method, frequency 72 Hz 

• Fully uncoupled limit - analytical formula from Mawatari PRB 1996 (lines)  

• Coupling losses higher than magnetisation losses  
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AC loss for the samples after 5 micrometer copper electroplating was measured as well. Here the theoretical lines for fully uncoupled filaments and different number of filaments are given as well. The AC loss decrease with increasing number of filaments up to 40 filaments at 72 Hz. Results for 40 and 60 filaments samples are very similar, practically overlapping. In all samples the AC losses are higher than those predicted by the model for uncoupled filaments. On the picture on the right, the loss curve becomes flat as the number of filaments increase, which is an indication of coupling. From both plots it is clear that coupling losses are dominant. 



Magnetisation loss reduction at low frequencies: 
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• LN2, calibration free method, Frequency 6 Hz 

• Fully uncoupled limit - analytical formula from Mawatari PRB 1996 (lines)  

• Coupling losses negligible, reduction of the magnetisation loss 
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When the AC loss is measured at lower frequency (6 Hz) and compared with theoretical calculations, one can see good agreement. On the right hand side graph the losses normalized to square of applied magnetic field are shown. These samples show remarkable reduction of losses at low frequencies. 



Summary:  

• Two different methods were applied:  
 
       top down: laser cutting through Cu+Ag+REBCO. 
 
       bottom up: laser cutting through Ag+REBCO and electroplating. 

 
• Both methods depend strongly on material homogeneity. 

 
• Laser cut narrow, well defined lines in the case of thin materials. 

 
• Industrial copper plating process at SuperOx was used. 

 
• Coupling loss due to resistive bridges on the laser groove observed. 

 
• Low AC losses at low frequencies were obtained (close to theory expectations). 

 
• Loss reduction by factor of 30 at 100 mT applied magnetic field with 40 filaments, 

when Ic reduced by 20% (6 Hz). 
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In this work two different methods for coated conductor striation were shown. One method can be called ‚top-down‘: the sample is cut through the whole tape architecture down to Hastelloy substrate. The second method can be called bottom-up:  Ag-cap coated conductor is structured and copper plating is applied afterwards. The efficiency of both methods for reducing the AC losses depends from REBCO layer homogeneity, size and number of defects. In our work, laser cutting provided narrow regular grooves in the case of Ag-cap tapes. With both types of process coupling losses are observed alongside a general reduction of magnetization losses. With both processes, the presence of resistive bridges in the laser groove has been observed, both microscopically and electrically. That resistive material influence AC loss, and makes it easier for the filament to become coupled. With 40 filaments and 100 mT applied magnetic field at 6 Hz, a loss reduction factor of 30 was observed. The Ic reduced by 20%.
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