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A Introduction: Outline

I Characterization needs for high field magnets
I 32 T magnet project
A Anisotropy inl(B,T)

A Smallscale tools
i SEM with OIM, FIB, PPMS, LTLSM, Ml mography

A Crosssection

A Joints

A Stressstrain,

A Reelreel characterization

A Correlations ir,
I 77 K seHield to 4.2 K irfield
I Batchbatch
i Mid-field to high field
A Conductor specifications
A Summary




Superconductor characterization nee
for high field magnets

A Conductor R&D and material science:

I Understandingvhat controls the critical currert
A B, field angleT, strain,, ..
A Hysteresis loss, joint and matrix resistaness,

A Irregularities No HTS conductor is without defect
Impact of defects needs to be understood

I Correlation to aspects of the production process

A Quantificationof propertiesand theirvariability
I Bare conductor, insulated conductor, joints

I During fabrication, cool down, normal operation, fault modes
(quench), warm up, for 20 years

I Feed into the magnet design and operating protocol
I Feed into conductor specifications



A Goal:

A Approach:
Focused project team
A Reliability key
Broader longer-term R&D program

A Supports 32 T project
A Own aggressive targets

32T, 4.2 K, 32 mm bore
500 ppm in 10 mm DSV

1 hour to full field

dilution refrigerator <20 mK
for installation in TLH

L @32mm

. @574mm
Current 172 A
Inductance 619 H

. i i .. i 4 i
Denis Markiewicz Huub Weijers David Larbalestier Stored Energy 9.15 MJ



32 T user magnet project

A Commercial Supply:
I 15T,250 mmbore Nb;Sn/ Nb Ti i ou tSustural bore tubes
I cryostat Compression
har
A In-House development: mecnansm /
i 17T, 34 mm bore YBCO coils

I YBCO tape characterization & quality
check

I Insulation technology

I Coll winding technology

I Joint technology

I Quench analysis & protection Test coil

A Progress 42162 (2)

I Key technological choices made
A Conservative
A Dry-wound double pancakes with insulated
co-wound reinforcement /
I Doing full-featured test coils
Doublepancake
modules

.

i Schedule: user operations in 2013 Heater wiring



Critical locations regarding
In the 32 T magnet design

Minimum IC conditions
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Cross section of coated conductor coils
in the 32 T magnet



|.anisotropy at 4.2 K

A Data on full size samples is hard to obtain at 4 K, high fiel
I High currents for B. c-axis, /fab-plane
I Small bore magnets (31 T in 38 mm cold bore)

NI 2F RIFEOGF 2y M YY 6ARS
xtensive data set needed for fliIB9,4.2K) model (fit)

I-I-If—l-
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500 A at 31T

Data points (red) and fit (surface) ¢[]
Typical error ~6% 0 730



|- anisotropyT > 4.2 K

A Forguench analysidata to the current sharing temperature needed

I to 30, 40, 50K?

A Parameters space: B
-
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T]: 1,2, 4, 8,12, 16

K]: 10, 20, 30, 40

®[°]: -M 1 X  °neanalmpeak)d (1 SLI ™

A Difficult experimentally even with 1 mm wide bridges
I Use 0.2 by 0.01 mm wide bridges



l.anisotropy > 4.2 K

A Photolithography to pattern contact pads and bridges
I Final trimming with FIB




|.anisotropy > 4.2 K

A Photolithography to pattern contact pads and bridges
I Final trimming with FIB

Samples fod(®,B,1) task

YBCO bridge

Ag shunted
YBCO bridge

- x oy ? ]
Patterns with reduced

magnetization
on contact pads Mounted on PPMS

sample holder




l.anisotropy > 4.2 K

A Physics at 30, 40 K are different than at 4.2 K
A Peak shifts from Q 9¢° due to

i Gaxis tilt 1o : |

. 10 40 K—

I Angled BZO nancolumns o 12

i Magnetization in pads o e N2l 8T
A Modified pads e | ]

i Error margin ing < af 145 1673 -
A Adding hall sensor o 181.8

B 30 0 30 60 9 1 150 180 210
Q, degree

BZQcolumndirection
o- BZO
| at minimum 18° off peak
Last buffer layer
Hastelloy



SEM, Orientation Imaging m—
(OIM) and FIB patterning o
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PPMS: transport
measurement

Low Temperature Laser
Scanning
Microscope(LTLSM): local
dissipation visualization
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Vibrating Sampl&lagnetometry

A Magnetization loops are also anisotropic

A Input data for AGoss calculations
I hysteresis/ ramp rate loss

A Planning to expand to
I HigherB
I HigherT

===t deg

===ildeg i
===t deg il
18 deg

4.2 K

aneﬂE.taﬁn-n kA m]
8

Applied field (O]

4.2 K, +/- 9T magnetization loops



SEM imaging

Rolling direction —— >

Cracks propagating in buffer stack from cutting anywhere from ub®@p to 200um



Examples of flux penetration

3.8 mm width
Where current flow

# 25-26 ZFC T=8K H=173.6 mT # 41-42 T=77K H=0 (FC H=173.6 mT)
Jc=2.5 107 Alecm? Jc=3.2 105 Alc

RD = rolling direction



Magneto-Optical Imaging

4 mm

Transverse §
Examples of flux penetration ‘adea

3.8 mm width

Where current flow

#25-26 ZFC T=8K H=173.6 mT # 41-42 T=77K H=0 (FC H=173 6 mT) #11-12 ZFC
Jc=2.5 107 A/lcm? T=10K H=40 mT

. longitudinaldefects’

RD = rolling direction



Magneto-Optical Imaging

4 mm g Transverse
defect

Examples of flux penetration

3.8 mm width
Where current flow

#11-12 ZFC
T=10K H=40 mT

SEM image after FIB cutting

#25-26 ZFC T=8K H=173.6 mT # 41-42 T=77K H=0 (FC H=173 6 mT)
Jc=2.5 107 A/cm?

. longitudinaldefects!
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1B on large area Top view sum

RD = rolling direction
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Time lapse Xay Tomography shows developing
microstructure throughout heat treatment
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Crosssection

A Tape width is kefor desired flat pancake coil surfacesasy to specify

A Variations in tape flatness can affect winding stability, radial thermal conductiv
(critical to conduct hysteresis losses in surface cooled solenoids) and can pos
iInsulation challenge

Custom Cu thickness

=, T ve,

Example: Custom
@ shielding during electro
ge deposition of Cu
reduces buildup at edge
increase around center

_ 1 mm N line




Crosssection .

A Accurately determining crossectional geometry is not always stralghtforwar
A Tape width is kefor desired flat pancake coil surfacesisy to specify

A Variations in tape flatness can affect winding stability, radial thermal conductiv

(critical to conduct hysteresis losses in surface cooled solenoids) and poses
iInsulation challenge

ThIS goes for cmvound materlals and msulatlon as weII
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Reduced builelp at edges
Extra buildup at edges ‘with modified process
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Cowound stainless steel tape with fine alumina particles irggebl silica insulation



Joint resistance

A Can be significant factor in heat load budget
A Affects current transfer length >> NZP, transitients

77 K. selfield data "

T — — T T T ° A e sk = =
®B | Hastelloy YBCO/Ag ‘[50 im
. C | e G T Q L aaer —
| Cu < ~
1000 | ® ® ....ﬂj.— [E) | & l 5 um
o @ Cu T
'ET> —
&
= Hastelloy
£ — — 0@ B
2 Limit in conductor specification ~ 3
@ 100
(]'_J ]
I= el
[5) — Nominal value & ASolder thickness is-55 um
‘ ASolder fixture with repeatable
TimeTemperature profile
10

A Joint resistance is on targdor many batches
AThere are exceptions that are not related to joining procedure



Joint resistance v8, dandT

100 100
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A sample B, 90 deg.
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B, T and & dependence 1s weak.
*77 K selt tield R, approximates that at 4.2 K in field.

Unlike: C.M. Ray, et. al., IEEE trans. Appl. Supercond. 19(3), 2317, (2009).



Stressstrain ofconductor

A Mechanical properties change when varying stabilizer
thickness

A No surprises

Cryo-capable stress-strain setup



