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Presentation Notes
This talk focuses on the work done in collaboration between Tufts University and MIT Plasma Science and Fusion Center on the experimental and numerical activities performed on REBCO tapes and Twisted Stacked-Tape Cable Conductor
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» Research activities and their importance

» Experiments on single tapes and TSTC conductors

* Modeling work on tapes and cables

* Torsion, Bending and Lorentz load

= Next high field TSTC experiment
» TSTC conductor scale-up
» Joints and AC losses

= Future directions and conclusions
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Presentation Notes
After a brief introduction we will go into describing the experimental and numerical work on single tapes and cables. We will then discuss possible options to scale the conductor up and the work done so far on joints and AC losses.
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- Introduction

Complementary research activities of Tufts and MIT-PSFC.:

» Characterization of the electrical and mechanical behaviors of HTS materials
under loads relevant to magnets using custom-made experimental devices
and finite element analysis (FEA) techniques in support of design and
fabrication of the next generation high-field HTS magnets.

= Development, fabrication and high-field, high-current experiments of the
Twisted Stacked-Tape Cable (TSTC).
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Superconducting materials performances are sensitive to electromechanical loads experienced during operation of large magnets (medical, HEP and fusion devices). 
We generally work on the characterization of HTS materials under loads relevant to powerful magnets using custom made experimental devices and finite element analysis (FEA). Those activities are in parallel with the development, fabrication and high-field, high-current experiments of  the Twisted Stacked-Tape Cable (TSTC).
The work provides critical information to design and fabricate cable/magnet options that are structurally and electromagnetically sound. 
The dream: predict the behavior of a magnet from single strands/tape behavior.
Those are the typical fields, currents and loads of interest:
Fields (> 8 T)
Currents (10-50 kA)
Stored energies (GJ)
Forces (MN) 
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What do we do?
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We have been working on the electromechanical characterization (experimental and numerical) of superconductors for a while starting with Nb3Sn (following in clockwise direction): 
Transverse load on sub-cables picture at far left, pure bending, transverse load on 3-strand cables
To working on HTS in particular single REBCO tapes:
Material properties and axial behavior, Torsion-Tension (far top right and far bottom right)
To working on cables made of stack of tapes under bending (bottom center) and electromagnetic loads (bottom left).
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»

Our approach

The critical current of a superconductor is a function of load (stress & strain).
For high field magnet applications the conductor will experience a variety of
different loads during cable and magnet fabrication, thermal cool down, and

magnet operation: .
= Axial (different rates of thermal contraction) a
Torsion (twisting during cable fabrication)

Bending (winding of magnet coils)

Transverse compression (electromagnetic forces)

Combined tension-torsion (magnetic hoop stress)

1.5 um YBCO
3.0 um YBCO
1.5 um striated YBCO
3.0 um striated YBCO
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Axial Strain (%) D. van der Laan, 2009

We are particularly interested in HTS TSTC conductor to be used in the

next generation high-field magnets.

Our work allowed us to identify key features of TSTC for twisting, bending and

transverse load.
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Our approach is to utilize the knowledge of the critical current behavior as a function of strain (experimentally determined) to predict the critical current of tapes and cables under a variety of different loads (to compare numerical and experimental results) during cable and magnet fabrication, thermal cool down, and magnet operation:
Axial (different rates of thermal contraction) 
Torsion (twisting during cable fabrication)
Bending (winding of magnet coils)
Transverse compression (electromagnetic forces)
Combined tension-torsion (magnetic hoop stress) 
We are particularly interested in HTS Twisted Stacked-Tape Cable (TSTC) conductor.
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- Experiments on REBCO tapes
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We started looking at the experimental behavior of single REBCO tapes under pure torsion, transverse load (on thin edge and wide face), Tension and Tension-torsion.
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Experiments on REBCO tapes

Critical Current (A)

Critical Current (A)

90

85

75

70

120
113

110 &

103
100
95
90
85
80
75
T0

80

|. Pure Torsion

j ' ' j ' SuperPower
| —®— Istup
| —&— 1stdown

— —@— 2ndup
o — —&— 2nd down

— 3rdup

3rd down

1 @ 4thup
—&— 4th down

. —#— 5thup

-.___-————‘ 7 <— 5thdown

A Gthup

#— 6th down

200 300 400 500 600
Twist Pitch (mm)

[1l.a Tension

~#—SP-1
—&—SP-2
F ——SP-3
[ ——sp4
—=SP-5

SP-6
—#—SP7

i L

SuperPower

0 100 200 300 400 500 600 700 800

Applied Stress (MPa)

. Mechanical Transverse Compression (Thin Edge)
120

Critical Current (A)

Critical Current (A)

100

120
115
110
105
100
95
90
85
80
75
70

80

L

| SuperPower
L —@— SuperPower-1
b —O— SuperPower-2

0 20 40 60 80 100 120 140

Transverse Stress (MPa)

I1l.b Tension-Torsion

LI R B I E B B B B B R B R

—&—SP-1TT (200 mm)
—%—SP-2TT (200 mm)
SP-3TT (150 mm)

SuperPower

=

100 200 300 400 500 600 700
Applied Stress (MPa)

800

160



Presenter
Presentation Notes
The plots in this slide show some of the experimental results we obtained by testing several REBCO tapes. Those results are for tapes fabricated by SuperPower but other manufacturer’s tapes were also used.
The top left figure shows the critical current as a function of twist pitch (the shorter the twist pitch the larger the strain therefore the lower the critical current).
The top right figure shows the critical current as a function of transverse load on the thin edge of the tape (the tape generally delaminates for loads much lower (<100 MPa) than the ones that the tape can sustain when the load is applied on the wide face >600 MPa).
The bottom left shows the critical current as a function of uniaxial load (the corresponding strain for which we observe degradation is ~0.4-0.6%) while the bottom right shows the critical current as a function of a combined tension-torsion loads.
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- Experiments on TSTC conductors

Pentagon Stacked-Tape Twist-Wind (STTW) Sample Sample current DC power supply of 10 kA
40-Tape, 2.6 Turn, 2.6 m cable ~200 mm twist pitch (seven small power supplies in parallel)

e nim-wmi W

REBCO tape: SuperPower 4 mm width, 0.1 mm thick, 120 A at 77 K

Stacked-tape cable twisted
during winding in a groove
covered with braided copper.

Soldered, and then filled
with Stycast around the
braided copper.

Takayasu ASC2016, 3LP01H-04 17 T Bitter magnet
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Together with single REBCO tape experiments we also performed several experiments on TSTC conductor and in this slide we show the most recent one performed at the National High Magnetic Field Laboratory (NHMFL) in Tallahassee, FL.
The cable tested was composed of 40 tapes and wound over a pentagonal shaped slot former made of G10 (top left) to be able to twist the cable along the long sides of the pentagon and make the bend at the pentagon corners along the easy-bending side of the stack (NOT in the plane of the tapes but along their length). The cable is covered with braided copper and soldered inside the G10 former. To support the electro-magnetic forces the slot is also filled with Stycast (bottom left).
The cable was tested with DC power supplies in parallel capable of providing up to 10 kA (top right) with a background field produced by a 17 T Bitter magnet (bottom right) at 4.2 K.
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» The degradation compared to single tape data
was 16% [16%, between 10 T and 17 T]

» High n-value

= No cyclic load effect (102 kN/m)

J. (8.1 mm Dia.) = 117 A/mm?
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Jo(5.7 mm Dia.) = 239 A/mm?
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And in this slide some of the results obtained with this sample are shown.
Top left: current-voltage curves for fields of 14 and 17 T.
Bottom left: Critical current as a function of magnetic field for the cable and its comparison to what’s expected from single tape performance (a half-twisted tape was tested together with the cable). The cable shows a 16% degradation compared to values expected from the single tape performance. This degradation is the same for ALL the fields indicating a degradation caused by fabrication, but NOT electromagnetic loads.
On the right axis we plot the n-value which stays pretty constant as a function of the magnetic field (~35) indicating a very good performance of the cable.
Top right: Critical current as a function of magnetic field for few cycles. The cable behavior shows that there is NO cyclic load effect and the performance of the cable does not change as the electromagnetic load is increased to 102 kN/m (6 kA x 17 T) and back to lower values.
The critical current density at 17 T and 4.2 K can be estimated over the 8.1 mm diameter of the cable cross section (117 A/mm2) or just the stack (4 mmx4 mm; 375 A/mm2) or the smallest diameter (5.7 mm) around the cable (239 A/mm2).
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- Modeling
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In parallel with the experimental activities, we work on the modeling with Finite Element Analysis for both single tapes and cables with the commercial software ANSYS.
Each tape is modeled as a single homogeneous volume one element in thickness but with layered capabilities that capture the different material properties in the cross section.
The loads are applied wit multipoint coupling and the contacts between tapes and other parts are modeled utilizing contact pairs.
We utilize a section model with symmetry for the cables to reduce the number of elements and the computational time and static nonlinear analysis with large displacement.
The material properties are described with a bi-linear approach and are summarized in the table on this slide (bottom right).
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»

Predicting |. using FEA strain results

We can estimate critical current of tape using axial strain through width of tape

Numerical Model
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The FEA allows us to obtain the strain map of a tape (or cable) so that we can estimate the critical current of the tape (or cable) utilizing the analytical relationship shown in the bottom left where the Ic(strain) function is obtained with the plot on slide 5. So for each strain value obtained with the FEA (the top left figure shows the case of twisting) we can obtain a corresponding Ic(strain) from the plot in slide 5 and integrate the overall critical current of the tape. 
The two plots on the right are representative of what can be obtained by pairing the FEA strain map and the critical current analytical evaluation. The numerical results are plotted together with the experimental results (blue diamond) showing a satisfying agreement between the two in the case of critical current as function of twist. Similar results are obtained for uniaxial strain and tension-torsion loads.
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TAPE WIDTH (mm)

Takayasu ASC2016, 2LP02D-03
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The numerical evaluation shown earlier for twisting can also be supported by analytical evaluations that can give an idea of how the critical current varies with the twist pitch and tape width. If we take the twist pitches corresponding to a 98% degradation for the different widths potted on the top figure we can obtain the figure on the bottom showing the twist pitch that can be applied to a tape and that would cause a maximum of 2% degradation based on its width. So for example for a tape width of 8 mm, 98% degradation is for a twist pitch of 175 mm while for a tape width of 3 mm, 98% degradation is for ~60-65 mm.
This indicates that for a given degradation, a tape with smaller width can be twisted to shorter twist pitches.
The twist pitch corresponding to 98% degradation is roughly 22 times the tape width.
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Bending behavior
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A similar approach was used to evaluate the bending behavior of a cable. It was found that the experimental results can be properly represented with the numerical modeling only if the tapes slide on each other (Perfect-Slip model). This is a reasonable assumption and probably a realistic behavior of the stack under bending. More experiments are necessary to support those findings.
The two plots on the right show the FEA strain map results of a representative tape in the stack as a function of the position along the length (or twist) and friction (for a bending diameter of 0.5 m but this plot can be reproduced for several bending diameters). This information is used to estimate the critical currents plotted on the bottom right figure. As it can be seen the FEA with a very small friction factor provides the best agreement with the experimental results. 
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Through an analytical approach we we can obtain critical currents as function of bending diameters for tapes of different widths using a perfect-slip approach (basically zero friction). 
The bottom plot shows the diameter that can be achieved for tapes of different widths with degradation that are less than 98%.
For example for a tape with width of 8 mm we can cause a 2% degradation for a diameter of 1.1 m. For a tape of 4 mm width the diameter is 0.5 m. This is in good agreement with the TSTC CICC in the aluminum former (bottom picture left) but for a free-standing type of cable this is roughly twice as much of what’s measured experimentally. Probably the free standing cable is more flexible in adapting to the circular shape over which it is bent. 
More experiments are necessary to verify the bending behavior of TSTC conductors. 
For now we can safely conclude that the bending diameter (in mm) for which we can expect less than 2% degradation is roughly 150 times the tape width. 
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- Predicting support structure for large EM loads
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Some preliminary work has been done in determining the best support structure for conductors that experience large electromagnetic loads. From our experiments we know that a TSTC can withstand 100 kN/m with no degradation so we wanted to explore possible issues with loads up to 300 kN/m (15 kA, 20 T conductors). 
The first investigation allowed us to determine that a solid copper core would be better at supporting the stack compared to the case in which the stack is inside a solder filled tube in both the width and thickness direction of the stack (indicated in the left figure). In particular we identified the 45 degree rotation (the tapes are twisted along the length and the 45 degree angle is indicated in the model in the left figure and indicates the angle of the stack compared to the load direction) as being the most critical one as it develops the highest stresses in the stack.
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“ Next TSTC experiment at high fields-NIFS

Nb;Sn NbTi

Spacer
% Winding

One turn coil sample

Dodecagon shape
Insulator

Support

> 685 mm
> $700 mm

> $1350 mm

Conductor cross section
Coolant channel

60 tape REBCO Tape
-~ (6 mm width)

-
“Braided copper
sleeve

—— Solder

S. Imagawa

Max. Field: 13 T

Bore: ¢700 mm
Sample Current: 50 kA
Temperature: 4-50 K

N. Yanagi, et al., 3" HTS4Fusion, ENEA/Tratos, September, 2015.
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This information was particularly useful in designing the conductor that will be tested in the near future at NIFS in Japan.
A TSTC made with 60 tapes will be tested with currents as high as 50 kA and maximum magnetic fields of 13 T.
The conductor cross section is shown in the figure at the bottom right. 
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- Possible cable configurations

Based on SuperPower SCS4050-AP (2012), 4 mm width, 0.1 mm thickness REBCO tape.
Tape critical current : 180 Aat 17 T and 4.2 K.

One channel cable

Conductor | Tape | Tape |Number| Critical Cable Conductor
width |current of Current | Diameter Cross-Section
(mm) (A) Tapes (kA) (mm)
Single- 4 180 40 7.2 7.4
stage
6 270 60 16.2 11.1
12 540 120 64.8 22.2 3 channel cable
4 180 120 22 16
(40 x 3)
Triplet 6 270 180 49 24
(60 x 3)
12 540 360 194 48
(120 x 3)
4 180 240 43 23
(40 x 6)
Hexa
6 270 360 35
(60 x 6)

4 mm Tape Hexa CICC
(26 mm x 26 mm)
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The most advantageous characteristic of a TSTC is the fact that it is fairly simple to scale it up and produce cables that can carry currents higher than 100 kA.
The table summarizes some of those options based in a tape critical current of 180 A at 17 T and 4.2 K.
The conductors are based on simple stack that are twisted in tripled or six stacks (Hexa CICC).
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“ Current and current density vs. width, thickness
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If we take a square conductor, the current scales as the square of the width while the critical current density stays constant (top left figure, with constant tape thickness of 0.1 mm). 
Both the critical current and critical current density are inversely proportional to the tape thickness (bottom left figure with constant tape width of 4 mm).
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Joints

. YBCO - BSCCO Termination
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One key technology necessary to fabricate large magnets is joints between cables.
We investigated several different options including (I) YBCO-BSCCO termination held by pressure contacts, (II) YBCO-YBCO termination utilizing a single YBCO tape wrapped around each tape of the stack and (III) Folding-fan soldered termination where the tapes are spread over a copper block and soldered. 
Those techniques are really promising in producing joints with resistances below 10 nOhm.
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= AC losses characterization oo S vy

Various TSTC conductors (30 SuUNAM tapes)

SuNAM (SCN04150-140819-01)

4.1 mm width

150 um thickness

Non-magnetic stainless-steel substrate (>80 um)

Tape critical current 200 A at 77 K in self-field
(manufacturer’s data).

Conductor length: 203 mm
Twist pitch: 200 mm

Fabricated AC loss test samples of various TSTC conductors (sent to OSU).

(a)Stacked tapes twisted between copper strips, encapsulated with a 0.5” OD plexiglass tube.

(b) Tapes stacked horizontally in a single helical groove of OFHC rod enclosed in an OFHC sheath (0.5” OD).
(c) Tapes stacked vertically in a single helical groove of OFHC rod enclosed in an OFHC sheath (0.5” OD).
(d)Stacked tapes in two helical grooves of OFHC rod enclosed in an OFHC sheath (0.5” OD).

These samples after tests will be soldered and sent back to OSU for the
soldered sample tests, in order to investigate solder effects on AC losses.
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Another important aspect of any large current conductor is AC losses which will be experienced during transient operation. 
Several samples have been prepared and they were tested at Ohio State University (OSU). 
The four samples in the figures have the following characteristics:
(Top) Stacked tapes twisted between copper strips, encapsulated with a 0.5” OD plexiglass tube. 
(bottom row left) Tapes stacked horizontally in a single helical groove of OFHC rod enclosed in an OFHC sheath (0.5” OD). 
(bottom row center) Tapes stacked vertically in a single helical groove of OFHC rod enclosed in an OFHC sheath (0.5” OD). 
(bottom row right) Stacked tapes in two helical grooves of OFHC rod enclosed in an OFHC sheath (0.5” OD). 
After the tests, these samples will be soldered and sent back to OSU, in order to investigate the effects of solder on AC losses. 
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Future directions and conclusions

Continue EM studies of cables and use future experiments to validate
modeling

Use modeling to optimize design of HTS cable options for high field magnets
Continue study of joints for HTS cables

Comprehensive structural and electromagnetic modeling

CICC fabrication development for a long conductor

More experiments on cables at high field and 4.2 K are necessary!!! ($$$)

Our expertise is the electromechanical characterization of REBCO (single
tape and TSTC) using experiments and finite element analysis.

The work provides critical information to design and fabricate cables and
magnets for HEP/Fusion that are structurally and electromagnetically sound.

21


Presenter
Presentation Notes
In the near future we will continue the EM studies of cables and use future experiments to validate modeling
We will use the modeling to optimize design of HTS cable options for high field magnets while continuing the study on joints for HTS cables
We will work on a more comprehensive structural and electromagnetic modeling and continue with the CICC fabrication development for a long conductor.
One of the critical component of our work is to have more experimental results on cables at high magnetic field and 4.2 K (very few facilities are available in the world).
Our work is important in providing critical information to design and fabricate cables and magnets for HEP/Fusion that are structurally and electromagnetically sound. 
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