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m Higher Je : metal substrate removal process.
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SuNAM’s Coated Conductor
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@high Temperature Superconductivity

Market Readiness Review

Investigation of the status of HTS technology, the
requirements of key applications and barriers to
future success

Peer Review Presentation
July 25, 2006

SUNAN

Office of Electricity Delivery and Energy Reliability

Navigant Consulting, Inc.

HTS Technology Platforms » Wire Requirements

Wire performance and price requirements vary by application, and
will drive the timing of market entry.

Industry Consensus Wire Performance Requirements for Various Utility Device Applications
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Orxiginal Data R. Blaugher, et. al, Updated by Gouge, Ashworth - January, 2006,
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£2006 Navigant Consulting, Inc.
HTS Peer Presentation Document - July 25, 2006
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스티커 노트
HTS wire requirements in performance and price for various application devices were being studied at least for 10 years.
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#ITS Technology Platforms » Wire Requirements > Timing

Once a marginal level of performance is achieved by HTS wire,
demonstration devices can be built, but the cost-performance ratio
must be reduced for market entry and commercialization.

Technology Near-Term Goals Mid-Term Goals Long-Term Goals
Attributes (present — 2007) (2008 — 2011) (2012 - 2016)

Critical t 250 A/cm, 77 K, sf 500 Afcm, 77 K, sf 1000 A/cm, 77 K, sf

ritical curren 125 Afem, 65K, 2 T 250 Afem, 65K, 2 T 500 A/em, 65K, 2 T
Cost/Performance $400/kA-m, 77 K, sf $50/kA-m, 77 K, sf $10/kA-m, 77 K, sf
Ratio $800/kA-m, 65K, 2T $100/kA-m, 65K, 2T $20/kA-m, 65K, 2T
Wire Length 100 m 1000 m >1000 m
AC Losses 1-2W/m 0.5-1.0 W/m <0.50 W/m

Source: NCI Analysis, Southwire, DOE.

The Utility/Energy market may be largest long-term opportunity, but
will require HTS sales from other segments to drive improvements in

S UN A M the cost-performance ratio before 2020.


스티커 노트
Unfortunately, performance and price goals have not been met until recently.
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Applications of Superconductivity
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스티커 노트
Electric power devices such as superconducting cables and fault current limiters are beginning to be deployed on commercial basis, and coil-based applications such as rotating machines and MRI/NMR are thought to be the next candidate.
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How can we realize practical HTS 2G wire?

2014 " Throughput : growth rate & large deposition area

. SUNAM's plan " Yield : process margin & (in-line) Quality Control

for HTS 2G wire

" Robustness : shelf life, stability (mechanical,

thermal cycling, thermal expansion...)

" Customer friendly : joints, easy to use...

" In-line production, automation...

B Copper Wire

Bl Frediction for 2G HTS wire " For reasonable size market creation,

2G HTS wire material cost

-> Target price ($/kA-m) : 50, 25, or less?
-> Availability : ~ 1,000 km/yr or /month or ??

Data: iv Supra, Siemens

» RCE DR : ~ 100 nm/sec or faster (SUNAM) - The highest throughput process

SUNANMN | " RCE-DR process : easy to scale-up to wide strip.



스티커 노트
Manufacturing cost of 2G wire surely depends on production/sales volume, but ultimately, among the variety of manufacturing processes currently employed, high throughput process should dominate.  Reactive Co-evaporation enables high throughput production due to high deposition rate and scalability to wider tapes.
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®
Structure

Cu/Brass/STS stabilizer

Protecting layer Ag (0.6 pm) DC sputter
Superconducting layer| (~ 1.3 um) RCE-DR
Buffer layer ~20 nm sputter
Homoepi-MgO layer ~ 20 nm A
IBAD-MgO layer ~ 10 nm IBAD
sputter &
Seed layer (Y,0,) > ‘E‘_’beam)
~7nm
Diffusion barrier (Al,O3)
~ 40 nm 7
Cperse
Hastelloy C276 (Ni-alloy tape) Electro
o : ~ -polishing
[ Stainless Steel-tape| P

( + Cu electroplating (+ lamination))
* Linear speed of each process : ~> 120 m/hr (12 mm equivalent).

SUNAN -Typical I, ~>700A/12mmW at 77K Self-field (J, ~ >5 MA/cm?)


스티커 노트
Materials, deposition methods, thicknesses, and functions of each layer constituting 2G wire.
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®)
Scale up Issues: IBAD & /n-Situ High Rate E-Beam

Physica C 241 (1995) 401-413
| J.L. MacManus-Driscoll |"‘, J.C. Bravman *, R.B. Beyers ®

Robert H. Hammond (Stanford Univ.)
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> High rate, large area, high I; and low cost of
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스티커 노트
Among the many factors influencing price performance ratio($/kAm), high deposition rate can be achieved with the help of liquid flux which exists at a certain area in the phase diagram.


®)
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SUNAM RCE-DR process

m RCE-DR : Reactive Co-Evaporation
by Deposition & Reaction (SUNAM,
R2R)

m High rate co-evaporation at low
temperature & pressure to the target
thickness(> 1 um) at once in
deposition zone (6 ~ 10nm/s)

m Fast (<< 30 sec. ) conversion from
amorphous glassy phase to
superconducting phase at high
temperature and oxygen pressure in
reaction zone

m  Simple, higher deposition rate & area,
low system cost

m Easy to scale up :single path

SUNAN
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스티커 노트
Lower right graph depicts the path taken by amorphous precursor of Gd2O3, BaO, CuOx mixture in the T-PO2 phase diagram, and upper right schematic shows how we realize the path.
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Growth mechanism of the GdBCO film by RCE-DR
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* Lower PO, zone (~30 mTorr): Gd,O; + Liquid (< 5 sec)
* Higher PO, zone (~100 mTorr): GABCO Film (< 20 sec)

500 nm

GdBCO growth mechanism: a seeded melt-textured growth!!!
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스티커 노트
You can see how the Gd2O3 seed in the BaCuO liquid nucleates GdBaCuO (right) as the precursor sweeps the path in the phase diagram (left)
 (I’m sorry that PPT animation cannot be seen in PDF format.)


Daily Production 2G wire performances
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스티커 노트
We typically produce ~700 meters of wire in a single run with the speed of ~ 120 m/hr (12 mm wide tape).  Ic variations along the lengths are shown for 9 runs.
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O
RCE-DR Results on Stainless Steel Substrate
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스티커 노트
Some point defects, the origin of which we can trace, and rather slow composition variations are not totally under control upto now.
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Quality Control : RHEED Vision System

= An appropriate feedback algorithm can keep the shape of the RHEED spot in the

specific range, while QCM monitoring to adjust the e-gun power.

:”M etal tape 3 Multi-turn R2R g ',""

= <RHEED spot Feedback program>

<QCM Feedback program> E-gun(12 kW)

Before optimizati After optimizati
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스티커 노트
In-line quality control is very important for producing high quality wire with minimal number of defects and/or non-uniformity.  This page describes how we maintain the crystallinity of IBAD-MgO with RHEED pattern as a feedback input.
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Feedback route based on RHEED spot analysis
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E-beam evaporator


스티커 노트
In-plane and out-of-plane crystallinity (Δϕ and Δω) behave differently with respect to RHEED spot angle, forcing us to compromise.
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=
Quality Control : RCE Vision Inspection System

Metal tape 29 Multi:turn R2R c
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스티커 노트
With the knowledge that the surface color (RGB) of the SC layer has a strong correlation with composition (RE:Ba:Cu), we set up another feedback system for the SC layer.
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=
Quality Control : RCE Vision Inspection System

" RCE Vision System will be introduced for increasing the uniformity of compaosition in
RCE-DR process. The control computer takes (RGB) values in three-dimensional
vector space which is transformed from the color of the tape surface.
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스티커 노트
The feedback system reads RGB of surface, looks up DB to figure out the composition, and then adjust the deposition rate of each metal accordingly, until the desired composition/color is restored.
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Higher Je : Thicker S.C. layer

SUNAN
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Normal RCE-DR process : before optimization !

“+ Thickness dependence of Ic and surface color for GdBCO
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스티커 노트
When the deposition rate(=thickness of superconducting layer) is increased, both Ic and Jc are sharply reduced
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Optimization of deposition region for making thick GdBCO films

For uniformity,

1. Decrease deposition region from 55 cm to
45 cm.

2. Increase distance between source and
substrate.

3. Increasing turns of deposition region (14
turns = 19 turns)

45cm N _ 45 cm

A
W

Normal ~ Optimization
As increasing the . total thick As increasing the
thickness, Jc is ame total thickness thickness,
decreased Layer thickness is Jc is not decreased
different

All the samples were prepared by same process speed.

Cross section of amorphous GdBCO

1.6 um-thick

SUNAN


스티커 노트
We found the deposition region in which all the compositions (RE, Ba, Cu) can be uniformly deposited and increased the number of turns in order to increase the thickness of the superconducting layer.
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Optimization of Deposition region
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스티커 노트
In addition, the metal sources (RE, Ba, Cu) are put further away from the substrate to increase the deposition uniformity.
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Optimization of RCE-DR process for thick superconducting layer

(77 K, s.f)
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®)
RCE-DR results (wnth optlmlzatlon deposntlon reglon
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SUNAN " The same process speed(120 m/hr).



스티커 노트
We have achieved Ic = 1,050 A/12mm-width by applying the optimal deposition region. We are now working to attain Ic = 1,200 A/12mm-width in the second half of 2016.
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MCI(Metal Clad Insulation) 2G wire
for high field magnet

SUNAN
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26.4 T all 2G wire one-body(non-nested) magnet

No-insulation, multi-width, and compact !

v Multi-width Double Pancake Coils
- T

4. 1mmW 51mmwW 6.1mmwW 7.1mmwW 8.1mmwW

v’ Stacked Double v Fully assembled
Pancake Coils 264T@242A
300 e e R 30
’ Ramping Rate | 10 mA/sec ):(15 mA/sef
250 b : 125
v |
260 ] \\ 120

Field Mapping

Power Supply Current [A]
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I
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https://nationalmaglab.org/
https://nationalmaglab.org/
스티커 노트
Through a collaboration with Prof. S. Hahn, we succeeded in manufacturing HTS magnet, generating 26.4 T of center field at liquid Helium temp. This magnet is the first one wound only with 2G HTS wire in non-nested fashion, that generated such a high field.


IEEE/CSC & ESAS EUROPEAN SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2016.
Presentation 10-16 given at CCA 2016; Aspen,,Colorado,USA, September 11 — 14, 2016.

=

NI-MW winding technic — No insulation

Quench

O “Automatic bypass”
of the exceeding
current and better
protection to quench

Without insulation

bypass current

No-insulation winding technic :
Pros :

v Compactness : without thick stabilizer

v' Strong mechanical strength : without soft insulation material

v'  Self protection : automatic bypass

v" Rapid quench propagation

SUNAN

Hall sensor

at coil center
— S
=

Leak
current,

AN I

o
s

Supply L P
Heat,
QRC
v
Qre [W] = Iz* - R¢
Where, IR:IPS I@—IPS_%
0
Cons:

Charging time delay.
(excess heat generation/
Impractically slow for

charging)

P\ATIOI\AL HIGH
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https://nationalmaglab.org/
https://nationalmaglab.org/
스티커 노트
Pros and cons of no-insulation winding, and an equivalent circuit which is very useful in describing the behavior.
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Metal Clad HTS 2G wire & coil

)

< Copper plating CC tape > < Stainless steel cladding CC tape >
1 ‘ Power supbly current . P - 30 z
P 20 &
10 £
30 Aoperatingat 77 K [ 0 8
) Copper plated
=, 14 HTS coil
o} ] 95 % target field T3, second ~0-0-0-0r0rO-
H A O-0-0+O0-0—<
S 12 ) A A /oiU """"" .]_./D/D"D’ﬁ an i i
2 1.2 /C 7T 45.3 seconds
= i
S 1 /D/O e
7)) : 15 times shorter !!! 7 J:/:/
T 064 /o’/
= ] )
E 04 Vol E;/D Parameters Values
o 1 W Inner diameter 58 mm
= 0.2 {D/E'/u —{1+— Copper plated HTS coil
% 7 &/ —O— Stainless steel cladded HTS coil outer diameter 115 mm
g 0.0 =0 :

— T T T T T T T T 1 Turn 2
00 02 04 06 08 10 12 14 16 18 20 urns i

Time [min] Inductance 7.8 mH
S U N A N Kim et al, “Effect of Resistive Metal-Cladding of HTS Tape on the Characteristic of No-Insulation Coil,” IEEE Trans. Appl. Supercond., 2016



스티커 노트
Charging delay, one drawback of the no-insulation coil, can be reduced by metal-cladding to the tapes, adding extra resistance between turns.
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)
Burn out test @ 77 K ( SPC with Copper stabilizer vs. MClI )
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스티커 노트
Added resistance reduced charging delay, but did not compromise quench stability.


®
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Magnet Operation Results

(By J. Kim et. al., CP-14, yesterday)
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https://www.kimm.re.kr/
https://www.kimm.re.kr/
스티커 노트
We adopted metal-cladded tapes to 3 T demo magnet which is a scale-down version of 9.4 T/400 MHz NMR magnet.
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e
Reduction of Charging Delay

(By J. Kim et. al., CP-14, yesterday)

If magnet was wound with copper plated tape,
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https://www.kimm.re.kr/
https://www.kimm.re.kr/
스티커 노트
Reduction of charging delay is impressive.
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Higher Je : metal substrate removal
process

SUNAN
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Combining Barrier, Seed, IBAD, Buffer Systems in One

System for Al,O4 barrier & Y,0, seed System for IBAD, homo-epi & buffer

Cutting side

— 12 mm-width : 740 A

-5 —— 4 mm-width Center : 234 A
2.5x10 —— 4mm-width Left :235A
] 4 mm-width Right :240 A ]

1.0x10 S
5.0x107° 1 1 ing
0.0 Vg\hv.’w\z\m ,& «w i M i
0 100 200 300 400 500 600 700 800 After bending
Current (A)
|::> For standard process,
Stainless steel ~ 100 um thick
SUNAN Hastelloy ~ 60 um thick



스티커 노트
We connected IBAD and sputtering (deposition process of Al2O3, Y2O3) to build an in-line system for prevention of contamination by external exposure.
-> Improvement of adhesive property of coated conductor
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' Stress limits for HTS tapes under various 13
Ioading conditions
REBCO conductor Bi2223 conductor
COPPef REBCO _+ In-plane characteristics of REBCO
Axial tensile— , —>700MPa | CC tapes were significantly
stress Hastelloy - . improved.
ominal |

1T T T T T T T T T T T T strengthT T - higher strength substrate materials
i Transverse 1 : - N
¢ tensllostiess T 10-100MPa = - addition of Cu stabilizer and brass
R e o s F_l --------- - laminate

Transverse F :

: S— >100MPa
ROMpresSRSoss s -« Safe due to enough margin in
" . In-plane loadin
Shearstress <= >19MPa " ?
XF Not to worry?

Cleavage stress : T :
; 2 .« Significantly weaker in out-of-plane

loading conditions

- - major concern especially in

/ (a) superconducting coils and
magnet application designs

Peel stress

Utilize this properties !
H. Maeda and Y. Yanagisawa, IEEE Trans Appl. Supercond, vol. 24, 4602412 (2014)


스티커 노트
We utilize small the value of the peel/cleavage stress, which sometimes degrade the performance of impregnated coils, to our advantage.  We cleave the 2G tape such that the SC layer sticks to the thin protecting layer rather than to the thick substrate.
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High Je wire by removal of thick metal substrate

For Je, substrate thickness must be thin

For thin substrate, easy to damage during the reel
to reel process

Stabilizer
Superconductor layer reeeea, Stabilizer
: Superconductor layer
Substrate " Substrate
Improvement of Je
— Substrate
Stabilizer .--.-.E¢“ Stabilizer .--.-.Eo. Substrate
Superconductor layer |2 | superconductar layer H ‘o, Stahilizer
Substrate - Substrate ¥ Superconductor layer

- - Remove bottom substrate
Soldering thin substrate

on top of CC

Intentionally making a weak interface
by some treatment

SUNANM


스티커 노트
Schematic of peel/cleavage process and how and where we invoke cleavage.


)

Demonstration of High Je wire by removal of thick metal substrat
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Easily reduce the thickness ~ <20 um
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" Substrate remove machine
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스티커 노트
Resulting tapes, tape performances, and apparatus for the processing.
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Summary

m SUNAM has been producing high |- coated conductors consistently.

m Introduction of in-line Q.C. measures enhanced wire uniformity &
production yield.

m With thicker(1.3 um = 1.6 um) S.C. layer, we achieved >1,000 A/12 mm
in production.

m We demonstrated 3 T magnet using MCI coated conductor.

m Initial test of substrate removal & suggesting a new way of high Je wire
structure.

SUNAN
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Direction of Technology Development in the Future

37

“Increasing Demand for HTS
2G wire has surpassed the

supply”

“For market entrance $ 50 /
kAm is the threshold ”

“Price Reduction will ignite
an exponential growth of
demand for HTS 2G wire”

“High throughput, low
material cost, High yield is 3
Critical Success Factor”

- .

SUNAN

Price Reduction in RCE DR process

(Unit: USD / kAm)
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Thanks for
Attention !

SUNAMN  wwwi-sunam.com
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