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Company Overview

SuNAM : Superconductor, Nano & Advanced Materials (A}, BiEE)

Establishment

2004. 11. 17.,
for commercialization of
HTS wire

CEO

Seung-Hyun Moon

Registered Capital

~$7M

No. of Employees

~ 45 (10 Ph.Ds)

H.Q.

Ansung, Korea

Current Production
Capacity

~ 60 km / month
(4 mm > 150 A)

Core Technology

2G HTS manufacturing
technology based on
RCE-DR process.
NI-base ultra high field
magnet technology

SUNAN

o Business Area .

HTS Coils
& Magnets

HTS Electric
Power
Engineering

Cryocooling
Solutions

SUNAN Vision & Core Value

HI| ofqx|e] M= mi2{Cry cixo]Y.
(The New Paradigm Designer of Electric Energy.)




Introduction on HTS
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Z & A|, Superconductor, 3B & A EE

o
ogt
H’l
é
x
>
0%
2
10
Y
>
mll
o
0y
-
9'j
I
Y
Mo
I
0

p <102 Om

Ammeter

S. C. Collins, 28 Bt St X ~1022Qm

¥No perceptible deeay was noticed from March 16, 1954, when the test
Curren Current

oo gt was initiated, until September 11, 1956, at which time the test was

discontinued, In order that no change of flux be detectable the resistance

Sehematic of Four-Point Probe must be Jess than 10-%" ohms, assuming a measurement accuracy of 1%,
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8. Superconducting elements shown in the periodic table,
as known in 1920, 1930, and 1950. A modern version is shown in
Figure 33
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NbTi(9.2), Nb3Sn(18.3), Nb3Ge(23.2)
= Heavy Fermions (3004 &) ; Unconventional(non s-wave)

CeCu2Si2(0.7 K, 1978, F. Steglich), CeColn5(2.3 K), UPt3(0.48), URU2Si2(1.3)
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Two workhorses of S.C. business

* NbTi is the standard ‘work horse’
of the superconducting magnet

104 b business

Yy

* Itis a ductile alloy

 Niobium tin (Nb5;Sn) has a much
higher performance in terms of
critical current field and
temperature than NbTi

104+

« But it is brittle intermetallic
compound with poor mechanical
properties

Critical current density A mm-

10*t

Conventional

o iron yoke
2tn electromagnets

|0 Fe=za

6§ & 10 1 % & 18 20 n
Magnetic field (Tesla)
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H 'cC

Air Products Announces North America Price
Increase for Liquid and Bulk Helium Gases

December 15, 2011

Effective January 1, 2012, or as contracts permit, Air Products (NYSE: APD)
will be implementing a price increase for liquid and bullk helium gases in North
America. Specific adjustments are being communicated directly to customers.

1 Press Contact
= Art George
(610) 481-1340

= )L Alt20let DI HAE A& <2, Grain Boundary S &0 I H &< E
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REVIEW LETITERS

VOLUME S8, NUMBER 9 PHYSICAL

Superconductivity at 93 K in a New Mixed-FPhase Y-Ba-Cu-O Compound System
at Ambicnt Pressure

M. K. Wu, J. R. Ashburn, and C. J. Torng
tabama IS8V

Department of Phkysics. Umiversity of Alabama, Humiseilde,

and

P.H Hor, R, L. Meng, L. Gao, Z J. Huang. Y. Q. Wamg, and C. W. Chu ‘!
TN

Department of Physics and Space Vacuum Epitaxy Center. Unicersity of Houston, Houston, Texas
Ry sod manssaript rescaved TN February 1987

1Recewad 6 Fotwary 1NN

A stable and reproducible supcrconductivity transition between S0 and 93 K has been unambiguously
observed both resistively and magnctically in a new Y-Ba-Cu-O compound system at ambuent pressure

An estimated upper critical field /4,.3(0) between 80 and 180 T was obtained

PACS numbers: 74.70.Ya

Discovery of Tc > 77K SC

LN,

- 1/100 price of LHe
- 20 times higher cooling power than Lhe | ,

t
_...

- Possibilities of large scale applications | -
like cable, fault current limiter, motor, 2
. |

generator, MagLev, etc.
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The APS March Meeting of 1987
The "Woodstock of Physics'" in New York City, March 18-19
The significance of this meeting was to announce the development of new, high-temperature

superconducting materials. The chief topic at this meeting was a session devoted to the discovery of
cuprate superconductors. Papers were given, starting at 7:30pm and lasting until 3:15am.

Prof. Paul C.W. Chu claimed
a transition temperature of 93 K in

a yttrium-barium-copper oxide
(YBCO) compound.

On the night of the session, 1800 scientists

poured into a room meant for 1100. Outside the
room 2000 more watched on television monitors.

A press conference was held on March 19 (next day) to

3 announce the developments.
Karl Alexander Muller, Paul Chu, Shoji Tanaka,

Michael Schiuter, Malcolm Beasley (Stanford), Morrel Cohen
(Chicago), Philip Anderson (Princeton) Paul Grant (IBM)

1\

Scientists met the press the day after the sessions.
Lxplaining the new findings to reporters




Critical temperature T; [K]

Timeline of Superconductivity from 1900 to 2015
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https://en.wikipedia.org/wiki/Superconductivity
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Paradigm change in Electrical Power Industry

Stabiiizer [Ag/Cu/Brass/STS)
*——— Superconducting layer (GJdBCO]
Buller layer [AL:0y/Y:201/MgO/LMO]

In communication(or IT) industry, In electrical power industry,

Cu wire vs. Optical fiber Cu wire vs. HTS 2G wire

SUNAN




Oxide High Temperature Superconductors

4 e=Sr '33.5
(La,Sr)2Cu04 (40 K), 1987 i i aox T
YBa2Cu307-5 (92 K), REBa2Cu307-5 ~ *=& =" 4 M
(90-96 K), 1987, T > 77 K! o=la :
=N 40K I

Bi-Sr-Ca-Cu-O system (Bi-2212 (85 K),  -o
Bi-2223 (110 K)), 1988

TI-Ca-Ba-Cu-O system (Ti-2223: 125 K), it
1988 aa
Hg-Ca-Ba-Cu-O system (Hg-2223, 135 %

K), 1994

(a) CaTiO;, (b) (La,Sr),Cu0,,
(¢) (Nd,Ce),CuO,,

(d) YBa,Cu50,;,

(e) Bi,Sr,CaCu,0g,

(f) Tl,Ba,Ca,Cu,0,, , and

(g) TIBa,Ca,Cu30q .

SUNANMN



" The First HTS Wires (1987)

\ -Before Discovery of BSCCO - |

letragonal to orthorhombic phase transition:
decrease of c-axis lattice parameter = crack generation

Before heat treatment After heat treatment

0.5mm

A

Y-Ba-Cu-0O (Ag sheath) Powder in Tube (PIT): Y,0, BaO CuO
~10 wite dic.: 1 omm ¢ Sintering: @900-1000 °C. 0, Annealing: @400 °C
= r- core dia.: 0.77mm ¢ Sintering: (a . O, Annealing: (@
= Sk : 2 N
= S0aem’ /" [TypCo: 4.1x10 *Alem? (@T7K 5.1,
0 7. BSCCO: 3.5 x 10 *“A/em? (@77K.s.1.)
S @ 77K TBCCO: 1.0 x 10 *A/em? (@77K,s.t.)

1 L L i

0

SUNAN
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([ Science : 26 May (1989)p. 914-916 |

) Superconductivity: Is the Party Over ?
‘A@Cﬁiﬁﬁ}iﬁgfﬁbﬁﬁ@ﬁ:ﬁé}ﬁﬁ?& ture superconductors have revealed a possibility
insurmountable obstacles to many of the hoped-for applications

»no super-efficient power transmission, for example, and no low cost levitated trains.
Further, the problems with the lattice seem to have put the Holy Grail of useful room-
temperature superconductivity forever out of reach, barring the discovery of an entirely

new type of superconductor.

@h [ New ﬂﬂfk @i‘“ﬁg June 06, 1989

Superconductors showing a flaw that dims hope

Recent discoveries have dimmed hopes that a new class of superconductors will ever find
wide use, despite predictions two years ago that they could bring vast economic benefits.

New findings by AT&T Bell Laboratories, .B.M.'s Thomas J. Watson Research Center and
other research groups say that the substances, which conduct electricity with no loss to
resistance, may be inherently incapable of carrying enough current to be very useful.
And all of them cease to be superconductive when they are exposed to the large magnetic
fields required for or created in most large-scale applications, including energy-storage
systems, power-line transformers and medical imaging equipment. Wary of Short-Term

Projects




Deposited on (100)SrTiO, by PLD (1989)

" v- vs Te

World First Success of HTS Thin Film Deposition by PLD on Oxide Single Crystal
by T. Venkatesan et al. (1989)

4~5MA/cm?
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T. Venkatesan, X D.Wu et al: Appl. Phys. Lett., Vol. 54, No.6, 6 February (1989), P.581~-583
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Why texture matters? (Schematics of the HTS microstructure)

)

« Differently oriented single crystal grains
are separated by regions filled with
secondary phases. In addition, oxygen

depletion may occur at grain boundaries.

Different Basic GB geometries
and J. reduction J_ ~ e/ 0

(o : misalignment angle )
o, ~ 5°, for A) and B),
oy ~ 39, for C).

SUNAN




J. vs (001) tilt GB angle (YBCO)

108 ! | ! | ! | ! |

.
o < YBCO : 1
e 4.2 K normalized |
<.>.<> (by Manhart et. Al.)
[ & = ]
106 £ % Ceo 3
_ ; e ]
E 0 3 ]
~.<_t..- 3 [ ) §
~ i E .
I §i ]
0% E o E
: Squares & filled diamonds : STO. ]
E Circles : YSZ. ® 3

F Open diamonds : Bi-epitaxial jtns. i Misorientation of the d-

. | | . g wave order parameter :

1025 10 20 30 10 =0 partial cancellation of the
Grain boundary angle (deg) supercurrents.
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Various routes reach at HTS 2G wire

=

MOD

E-Beam PLD
CeO, (SRO, GZ0.))

MOD (lon-beam)
(Chemical) Sputtering

Ni(-W) Alloy
(RABITS)

Template — =
Electro-polishing, deposition
SUNANMN
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HTS 2G Wire : RABITS™ vs. IBAD
RABITS™ =" IBAD

PLD
e-Strahl

Rolling +

(Rolling Assisted Biaxially — €v® Annealing (lon Beam Assisted L Sputtern
Textured Substrate) ‘ Nickel, Deposition) ‘
Silver
I |
- EEEEEE HEE
l L] [ ] ]
| HEEEEEE ]
HTS I EEEEEE HEE s
|| HEEEENE [ [ [ ]
|| [ L] [ [ ] ]
_ ] l EEEEEE [ [ ]
—RABTS—— HEEEEEEEEEEEEEER I HEEEEE HEE
Buffer
Oxide buffer [ IBAD
Amorphous
Biaxially textured Stainless steel,
metal tape Hastelloy C276,
(Ni-alloy, FCC) etc. (polycrystal)

SUNAN



Coated Conductor (2"d G. Wire)

Superconductor, the main ingredient

Metal substrate, which gives mechanical strength & flexibility

Needs good crystallinity for higher current conduction

Lattice constant mismatch should be small

Metal diffusion at high processing temperature should be avoided
Current should by by-passed at quench (breakdown of superconductivity)

)
CuO chain Cu Stabilizer

BaO layer

((g)icc)izuz?::plane) Ag Stab"izer '
Buffer layer "

Y or Gd

¥  CuO, plane
(conduction plane)

BaO layer HomO'epi bUffel' .

CuO chain 'BAD layer \._‘

& © % Barrier Iayer [ Buffer
Substrate stack

Not to scale
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25 Years of Coated Conductors

» Yasuhiro lijima at Fujikura, 1991 e S YRNOND R cx G5 s (OGO pTT IS

Y. lgma, N Tanabe, O Xohno, and ¥ heno™
Mesorioly Reseseok Latorsnery, Fuplare Lad_ 1-3.), Kie Kovodu Tolpe 135 Jipun

(Received 11 Saptomber 1991, acorpend for peblicacion 15 Nowember 1991)

» Typically takes 20 years to bring new € et V€20 M ol ettt

subsiraies, bt o snd btses are rendienly distributed Due 80 the weak labs a1 the high

materials to marketplace Y. lijima et al Physica C 185-189, 1959 (1991)
o R .
s

I
: |
’l w e |

>
-.." e
" g ] e, : n.l 0ie.e
B TRSS = ”? “
v/ ' .
Yo “‘

1S |
st ':—"., ,L e e |
AMSC first Cable, FC.I'_: Eiics
IBAD-MgO commercial CC Magnet Projects
: ' Stanford
First CC , LANL first 1 SuperPower 10km
S e . to Sumitomo 6 Companies producing CC

e

1991 1996 2001 2006 2011 2016

2 Coated Conductors for Applications 2016, Aspen, CO, USA Qf‘}mﬁ iBeam

‘. Vladimir Matias Robert H. Hammond
l B e O I I . iBeam Materials, Inc CCA2016

. ; Aspen, Coloel Smnfwd University
Materialg >antafeNM cod Stanford. CA




Applications & markets using HTS
2G Wire (Coated Conductor).

SUNAN



Applications of Superconductivity

B £ wind

Generator

Crystal growth
s Magnetic seperator

(rg@sistive type

Transformer Motor & Generator

Current carry

SUNANMN

" Can carry “extremely large current without loss”.
" Can generated “extremely large magnetic field”.
" High energy efficiency with compact volume & mass.




1st Commercial Transmission class SFCL x2 by AMAT ...

Ref. JOINT TNC CIGRE & IEEE PES SEMINAR ON Understanding Superconducting Fault Current Limiters : Design and Application at PEA BKK, Sep. 29, 2015

Albert Nelson, "Fault Current Limiters - Unlocking Capacity in Fault Constrained Electrical Networks", Webinar broadcast via on24.com, July 11, 2017

System Voltage, Vs 115 kv
: Maximum Load Current, I, 550 A
gtgxest:: o e — ey | | ™ Prospective Fault Current, Ip 5 kA
Installation = - el B | Limited Fault Current, I;;, 2.5 kA
" B Current Reduction 50 %
Shunt Reactor Impedance 15Q
Voltage Drop Across FC 37.5 kV
BIL 550 kV
AC withstand Voltage 230 kV
RIV at 73 kV <1200 pVv

230 kV

8 115 KV SFCL - 2 identical units

l
15kV 115KV

1 [
== @) AseER.
)

Open

* 40 ~ 90 km of CC are needed for 1 unit.

S U NA N Confidential




World 1st fully commercialized HTS power cable installation

p Commercialization

® Shmgal prOJect 100% funded by KEPCO

= Project period: Sep., ~ 2019
= System configuration: AC23kV 50MVA, 1km-cct + 7.5kW @69k Turbo Brayton Cooling system
Project cost: USD10M
Type test in progress

» Low voltage connection (154 kV - 23
kV)

». Removal of 2 transformer gn eagh side
of power station :

Vertical drop
Joint bay

(Director General
Dr. Y. J. Won)

¢ JICEPCO

System configuration InstaIIatlon Site

e ~150 km of CC are needed for 1 km, 23 kV/50 MVA cable.
- e ~600km of CC are needed for 1 km, 154 kV/1 GVA cable.
SUNAN



L
Jeo
e ™ CC’s: expected market growth and cost -
—
eurotapes decrease
Throughput and performance are
key to reduce cost/kAm: capital
000 - investment depreciation and
| total current
6000 1
g 5000 1 200
E W Magnets 1%
g; 4000 1 160
é 3000 + M Rotating machiney 140
: | gm
"é 2000 1 I:am;m;;!on and 5 100
istribution c
1000 1 £ w0
0. ! " a0 copper wire pce
2010 2015 2020 2030 20
Year ‘0 . Y
1,000 10,000 100,000 1,000,00(

Cumulated conductor length in km

Estimated world market
evolution of SC systems Estimated cost decrease of CC’s with

cumulated production: operating

condition is the real metric
~ 6.5 bn € by 2030 (1.3 bn € in wires)

S ~1.500.000 km/year by 2030|(x 1000 present production)




Merits of RCE(Reactive Co-Evaporation)

" Throughput : Important for availability & cost!!

2014

Throughput is the key

: SuNAM’s plan
for HTS 2G wire

Equipment cost share = capital investment / throughput

f

Key to lowering cost

Throughput = volume production rate

= A xR =LxWxR =vxWxD B Copper Wire
/ \ / \ / \ B Frediction for 2G HTS wire
2G HTS wire material cost
processing thickness tape tape tape film
area I_growth rate length width speed thickness
f \ Data: iv Supra, Siemens
U
- iy & physically limited
(material property) THEVA cronting the future o™~
|
Wide web
process | Depend on Process » RCE-DR : ~ 100 nm/sec or faster (SUNAM)
(liquid flux)

» RCE-DR : easy to scale-uo to wide strip.

" 3 Companies(SuUuNAM, Theva, STI) use RCE process !!

SUNANMN



SUNAM’s high rate e-beam process
with oxide epitaxy (RCE-DR).

SUNAN



Difficulties of complex oxide epitaxy

ITI-V MBE Growth

Ga stabilized GaAs surface CT Fomonand BA Joyoe Surf. 3d. 50, 434

v

ratio
GaAs(s) + Ga(l)

10
GaAs(s) | GaAs(s)+As(s)

P As GE. Stingfellow, 1. Cryst Growth 70 133

Importance of

1. Rate control of each compositions with high rates.
2. Spatial uniformity (beam profiles : cos"(0)).

SUNANMN

Pseudo Phase Diagram of YBaCuO

Y,0, BaO

- Y +2Ba + 3Cu + 60 = YBa,Cu,0, + ...

- Requirements : AG? < 0.

- All the phases have low vapor pressures
—>Will always get a mixture of phases.
(Amount of second phases will depend
on composition)

(Bob Hammond, Vlad Matias)




Scale up Issues: IBAD & in-Situ High Rate E-Beam

Physica C 241 (1995) 401413

Robert H. Hammond (Stanford Univ.)

J.L. MacManus-Driscoll **, J.C. Bravman *, R.B. Beyers ®

2.0 -vTIvlvrv[ ;vrT lvf'vrv-
pso T

©3 ~1 minute (YBCO)

- )
2.5 .‘ .nm

1 .—Umd
ey 100 e
: o L3
o' YBCO stable |°:',-,-’w-vn e

-3.0 I

log p0, (atm)
w
w
@

° 2914132483Cu 0.00) R
4.5 |

'A:n.n:.u..n‘u:
: 01 start here (am. solid)

UNIVERSITY OF RS S

CAMBRIDGE =50 B i ot s a hias st aaa i

0.82 084 086 088 090 0.92 0.94
1000/T(K)

. : SR
New Ideas, Directions? Cost Example

» High rate, large area, high I and low cost of

materials processes will eventually be required — C/P = § per year/R(LxW)J,

not immediately but in 10 years. Study 1SS’ 95:

> High rate may require growth in liquid flux. l R =100A4/sec l
L =30cm

W = lmeter
S UNAN J_ =10"4/em’

- C/P =810 /kA-m
l (@ 6000 km/year



APPLIED
MATERIALS:

)
3}
> 7} ~n
‘ \

RCE process

m Reactive Co-Evaporation (RCE) :

m Using inherently least expensive sources —
Conventional e-beam
High deposition rate can be used & adjustable composition web coater can produce
> 1 M km/year of

|
m Especially easy to scalable to large deposition area 4 mm width tape.
[ |

Very promising methods for HTS wafer production : Theva, STI

Wafer Deposition
1990 1995 2 @ RCE @

I
e ] process
' W Conductus/STI process

Kinder, TU Munich develops process;
Continued by Theva GmbH m

Coated Conductors 1995 2000

Theva shuttle process @1

- N
e

N
Korean EDDC process

SuNAN I:> SUNAM develops RCE-DR process.




Conventional RCE-CDR process

m RCE-CDR : Reactive Co-
Evaporation by Cyclic Deposition
& Reaction (EDDC(KAIST/ KERI,
batch) & LANL/STI,
R2R(planned))

m CDR : Co-evaporation at low O,
pressure followed by reaction in
high PO, in cyclic manner.

m Pulsed deposition : low average
growth rate.

m High speed(> 100 rpm), high
temperature(> 800 °C)
mechanically rotated drum is
required : complexity, cost, difficult
to scale up

SUNAN KER| knist

> Halogen heater

oIT

KAIST/
KERI

Differential

-

L]
Sm (S2G) Ba (L2G) Cu(L=2G)
Deposition /dp (=44) Massive(> 100’s of
rate
: T I kgonscale-up)
- _‘ _ _|Averageratei _
LANL/
STI
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New SUNAM RCE-DR process

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

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

Multiturn R2R Low PO, High PO,
(o ) () e e
QCMD— 3\ Furnace O}
v computer Upto
2km

Pg,(Torm)

-
Y(Sm) Cu Ba

Differentially
pumped
Pierce type
E-gun (30 KW)

;\

Feedback program

7

211+L
012(L),

BCO

211+L

24

Conventionarl
CDR path

YBCO

|
800

11+ 023

012(S)
211+13

SuNAM
DR path

(repeat more
than >>1,000 -
times)

9.0
10000/T (K)

(single

9.5 time)



Comparison of various deposition methods
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10 CDR path < 211+132+012( 10
-3 (repeat more 6
10 than >>1,000 times) 10
10™ | R R 2 107 SuNAM
10'5 1 I 111 1 I | | I | | I 1111 I 11 1 f L1 1 1 I . DR path .
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10000/T (K)

SUNAN



RCE - DR Process : Phase Diagram

10 L) LI LI L | L L LI LI LI LI
% [ L I |I il | [ [ : '? 10° /2Gd203
4 1100 1000 900 800 7009 e I.>300A
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102 : ;10-1 e I,<100A
1 - 012(i.‘)\ 3 ,
~ 10" F =107
E of 211 LBCO : 3 3”C
— 10 F il . =31
I N s grrreu? ERE Gd211
ar — )
100 ] (B 410"
5 - +012 L}J_.-‘sz{S) . 08
10 F ' o 10° ' &
T T TR -
107 F 310° //\ \i/\/\
10-4 B = 7 ) 7 7 7 * 7 7 > 0.0
3 g 107" Ba0 o 2 04 | 06 | 08 10 cuo
10'5 _l I | I T | I L1 11 I 111 I 1111 I 111 I L1 11 I L1 1 I: Bacu02 Bacu202 z
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10000/T (K)

" Understanding of phase diagram at low PO,

" Liquid phase is very important

SUNAN



RCE - DR Results : XRD 6-20

50000
(a) ~ 1PO4-300 mTorr| |-
[ 1PO3-200 mTorr| |
[ 1PO2-100 mTorr 40000
[ 1PO1- 50 mTomr| [
- 30000
——— 20000
’ —— 10000
1/— 0
% PO4
N PO3
£ PO2
. . PO1
10 20

SUNANMN

0-20 (degree)

" The same batch, PO, increases.



RCE - DR Results : XRD ¢-scan (103)

14000
(b) 'PO4 - 300 mTorr |
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8000
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SUNAN “ The same batch, PO, increases.



R-T & XRD for optimized tape by RCE - DR
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PO,(Torr)

Growth mechanism of the GdBCO film by RCE-DR

10.0
BRI

8.0 8.5 9.0 95
960 940 920 900 880 860 840 820 800 780 760 740 720 700 (°C)

Y e e e e

ff|__G,<_lBVC,0 EEEFEEEEEEEE T

'} 1E4

0.1 4

(atm)

0.01 LTI LTI
E fiitEicisis R iR E i e iR aEaEEE bEs =

PO

T e S e

=il ]
B4 rm TR

‘ Amorphous 4 HHH

1e-5 LU e L L L L L
8.0 8.5 9.0 9.5
10000/T (K)
* Very low PO, zone (~ 10 Torr): Amorphous Film
* Lower PO, zone (~30 mTorr): Gd,0O, + Liquid (< 5 sec)

* Higher PO, zone (~100 mTorr): GABCO Film (< 20 sec)

500 nm

GdBCO growth mechanism: a seeded melt-textured growth!!!

SUNANMN

@% Seoul National University
S

Department of Material Science & Engineering



Production Facilities

- ‘\ TR

A I 7 i
IS v.':lf‘_-‘ "

i—n & TN =
E | .
1 o )
R
R

. .-

= Site area : 5,500 m?,

Building area : 1,750 m?,

Gross floor area : 3,050 m=.

® Class < 10,000 clean

room area : 1,000 m2.

SUNAN " Production capacity ~ 60 km/month(4 mm width) considering the yield(~ 70 %)




Structure

Cu/Brass/STS stabilizer

Protecting layer Ag (0.6 um) 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 ~
g
Hastelloy C276 (Ni-alloy tape) Electro
o , ™ -polishing
[ Stainless Steel-tape

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

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



HTS 2G wire performances (dally pI‘OdUCtIOn )
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RCE-DR Results on Stainless Steel Substrate

1000 ] T ¥ T ¥ T d T T hd T d T ¥ T d T
4 4
900 - .
SO0 sy S AN i YIS ~
E 600, .-
= J ] N
o 500+ - <
«— 1 ] —
~ 400 1 ©
< 4
— 300 1
O 1 )
= 200 . o
100 1 ] 0 100 200 300 400 500
0 1 Length (m)
0 100 200 300 400 500 600 700 800 900 1000 Width | Length | AVGlc Minle | Maxlc 0 lox L
(mm) | (m) (A) oA @ | OV am)
Length (m) 12 450 799 23 664 838 o g | 318765
10 666 19 553 699 i 265,638
. . L Width Length AVG.lc 10(A) Min.lc Max.lc COV(%) lex L
® Min Ic (A/cm-width) x L (m) > 0.6 Million A-m L) || o a) T Lo
12 s34 768 110 8 838 1ag 2474
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" Production speed of 120 m/hr (12 mm width)
(1 km for ~8hrs)
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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.

11

Metal tape 3 Multi-turn R2R T

il

lon gun(1.5 keV Ar®) ’/"

MgO
il <RHEED spot Feedback program>
---!ﬁ',—_ T 1YY ) LK TL) R L AN S -~
<QCM Feedback program> E-gun(12 kW) P

Before optimizatic

After optimizati

SUNANMN



Feedback route based on RHEED spot analysis

T T

(110) spot

Dby Tiees 04 V\rﬁ-quub Avwaging WO 4 it HMAN  na

T T 7.0

404 e _
3.8 o 16.8

- | «—e o _

Q 3.6+

% | o o 16.6

8 344 O L o—— ]
Y 1 6.4

¥ - g 32 7] ‘ J
w 3.0+ o 16.2

- 2.8- e ‘e
................... 6.0

67 68 69 70 71 72 73 74 75 76 77

" Because of different evolution of Ap & AwR,
optimization is very important for high quality 2G

wire.

" [Intensity & tilt angle of MgO (110) spot is one of the

Most important parameter.

SUNAN

Rheed Spot Angle (degree)

E-beam evaporator
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Quality Control : RCE Vision Inspection System

29 Multi-turn R2R

Based on color dependence
of composition DB, optimum
composition level is
automatically controlled by
PC. (Slow feedback)

SUNANMN
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Quality Control : RCE Vision Inspection System

" RCE Vision System will be introduced for increasing the uniformity of composition 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.

. Start color

(Composition DB)
z!——-——-—“'w.
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Combining Barrier, Seed, IBAD, Buffer Systems in One

System for Al, O, barrier & Y,04 seed System for IBAD, homo-epi & buffer

Cutting side

T T T T T T T T T T T T T

— 12 mm-width : 740 A

5 —— 4 mm-width Center : 234 A
2.5x10 —— 4 mm-width Left :235A
1 4 mm-width Right :240 A 1

1.0X105‘ ..................................................
5.0x10° . ing
0.0 gty ]
0O 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




Optimizated 2G wire performance with 1.6 um thickness

V ( Voltage )

(77 K, s.f)
1.0x10" ———— 1200
' R
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8.0x10°1 1.=905A/12mm . 1000 . o . |
N-value = 44.2 1 800 o T T
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AT BhAS
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Progress of HTS Conductors (as of 2015.6.8)
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Some application examples of
coll/magnet
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HTS magnet for 10kW generator

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 25 NO._ 3, JUNLE 2015 5202004

Performance Analysis of a 10-kW Superconducting
Synchronous Generator

A-Rong Kim, Kwung-Min Kim, Heecheol Park, Gyeong-Hun Kim, Tae-Joon Park. Minwon Park,
Scokho Kim. Sangjin Lee, Hongsoo Ha, Sangwon Yoon, and Hunju Lee

Abstruct—POSCO und the Research Institute of Industrial
Science and Technology developed o 10-KW superconducting
synchronous generator using high-temperature superconducting
wire. The generator consists of four-pole racetrack-tyvpe super-
conducting coils using GABCO wire for rotor and 24 slots cop-
per windings for stator. The rated power of the generator was
10 KW at 600 r/min, and the operating temperature was 30 K
by thermosyphon cooling method using liquid neon. The output
power was measured when the generator was connected to s vector
motor, und the detailed results were discussed in this paper.

Cooling system for Vector motor

thermosyphon Syzchronous
generator

(rotor and stator)

Index Terms—GABCO, liguid neon, rotating machine, super-
conducting generator.

L INTRODUCTION Fig. 1. Design results of the generator using |

<X . % 3 AT arean. (b) Mugnelic field distribulion
ECAUSE of increasing the clectricity demands. larger

nower systems are expected with high efficiency. To in-

Torque tube

_:c-— Top plate (Al)

Single pancake coil =

—_———— Bortom plate (Al) -

SuNAN RIST & KERI
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HTS magnet for LSM

SUNAN
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Transactions on Energy Conversion

Development of a Small-scale Superconducting
LSM using Gd-Ba-Cu-O High-Temperature
Superconducting Wire

Chan-Bae Park, Member, IEEE, Chang-Young Lee, Member, IEEE, Sangwon Yoon and Seokho Kim

Abstract—In this research, a 600 km'h-class high-speed train
with wheel-rail support and a linear synchronous motor (LSM)
propulsion system is being considered. Prior to the development
of superconducting LSM for propulsion of 600 km'h-class
high-speed ftrains, pre-performance validation through a
small-scale prototype is required. Therefore, a small-scale
7 kW-class superconducting air-core-type LSM protorype was

designed, one that includes a superconducting magnet with 2 poles.

High-temperature superconducting (HIS) wire of the
Gd-Ba-Cu-0 series was used for the magnet. Next, the various
characteristics of the designed model were estimated through a
numerical approach, with the finite element method (FEM).
Finally, a small-scale superconducting LSM protorype was
produced and installed in a bogie on a 10-m track. A performance
test of the superconducting magnet and a no-load induced voltage
and thrust measurement test of the small-scale superconducting
LSM were completed. The effectiveness of the proposed
superconducting LSM design techniques and design model was
verified.

Index  Terms—  Linear synchronous  motor,
High-temperature superconducting, HTS, High-speed train

LSM,

propulsion svstem that is based on rotary-type traction motors,
it 15 quite difficult to operate trains with an ultra-high speed of
500 km'h or beyond. In order to overcome the speed limitations
of the tramns due to the adhesive drive propulsion system. a
magnetic levitation velucle (Maglev) that uses a linear motor
propulsion system has been invented [3]. At present, the fastest
train in the world is Japan’s superconducting Maglev, at a high
speed of 581 km/h. Japan 1s almost finished experimenting on
the test track and it will be ready for commercial operation [1].
However, the Maglev's commercial operations are being
delayed due to numerous issues, including technical and
economic problems. The hybrid-type tramn system is emerging
as an altemative to the conventional high-speed train and the
Maglev system [4]. The hybnd-type train system incorporates
the strengths of the wheel-rail supported adhesive drive
propulsion system and the Maglev system. Although the
hybrid-type train system 1s based on a wheel-rail guided system.
a linear motor 1s used for propulsion instead of a rotary motor.
The non-adhesive drve propulsion system by a linear motor 1s
able to overcome the speed limitation of the conventional
high-speed train [5]. Figure 1 shows a conceptual diagram of an

TABLEI
DESIGN RESULTS OF THE SMALL-SCALE SUPERCONDUCTING LSM MODEL
Countents Value
Outpul pawer TEW
Max. thrust 118N
Mox. operating tiequency <8z
Length of test track 1008 m
Pole-pasrs n test wack 12
Turns Pole {Annatuze coil) 20 Tuaus
—Max. covent/Fhase Sor whole track: 44 fom
Ricsastasice Phase for whole track 04312
Atr-gap | Pole pitch A5 420
Pole nuubers {SC usagnet) p:
Required MMF {SC magnet) 72 kA<Tums
Operating current (SC maguet) 120A

Tig, 1. Conceptual disgram of the ultm-high speed 600 knv'h trains {4]



Racetrack Coil for Motor Application
Ret.) C.-B Park et al, “Development ot a Small-Scale Superconducting LSM...,” [EEE Trans. Energy Conversion

» 2 Poles and 3 double pancake colils per pole
» Peak field on the rail : > 1 Tesla (65 mm apart from magnet bottom)
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26.4 T all HTS 2G one-body(non-nested) magnet

IOP Publishing Superconductor Science and Techndlogy —— - )
Supercond. Sci. Technol. 29 (2016) 04LT04 (6pp) 30i:10.1088/0953.2048/20/4/04LT08 st 22 5o v o o s
Viewpoint ~
Letter Viewpoint: Are no-insulation magnets a
paradigm shift for high-field DC
LE a - 9
26T 35mm all-GdBa,Cu3;0,_, multi-width no- surerconducting magnets?
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In shom, these resulis indicate that the no-insulation approach to (RE)
Ba,Cu;0O; magnet construction will remain an important eptien tor high tield
superconducting magnels for many vears o come. The game is on!
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Abstract

A 26 T35 mm winding diameter all-GdBa,;Cu307-: (GdBCO) magnet was designed by the MIT
Francis Bitter Magnet Laboratory, and constructed and tested by the SuUNAM Co., Ltd. With the
multi-width (MW) no-insulation (NI) high temperature superconductor (HTS) winding technique
incorporated, the magnet is highly compact: its overall diameter and height are 172 and 327 mm,
respectively. It consists of a stack of 26 NI double pancake coils wound with MW GdBCO tapes
in five difterent widths ranged 4.1-8.1 mm. In a bath of liquid nitrogen at 77 K, the magnet had a
charging time constant of 16 min due to the intrinsic NI characteristics. In liquid helium at 4.2 K,
the magnet generated a 26.4 T field at the center, a record high in magnetic fields from all-HTS
magnets. The results demonstrate a strong potential of MW-NI GdBCO magnets for direct
current high-field applications.
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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
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World 1st All HTS Commercial Magnet for Axion Detection
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Commercial proto-type DC Induction Heater (All HTS Coil)

» Operation test of Superconducting magnet : Success!!

SUPERCOIL

» We fabricated the large-sized two HTS
magnets for induction furnace in the world.

» The HTS magnet size: length 1.25m X
height 0.62 m

(12 mm SuNAM wires, SS tape cowinding)

SUPERCOIL
Real 3D design of the 300 kW superconducting induction h%alateer

» The 300kW induction motor was selected with 12 poles at 60 Hz.
» Machine size: Length 7.4m X Height 2.9m X Width 4.7m 3 Phase 380V, 12 poles, 300
kW induction motor

: ®
’%?.\ SU PE R CQ l L HTS magnets and their  (weight : 6 tons, Torque: 484
5 ; conduction cooling

{ kg-m, Rated speed: 592 rpm,
system current 682 A)

o MMWE EVSOAMSIE FUL. o E TR HAE 43

Gripping system
i

R L L
AL

w -
G
A)

i o= . 'Nﬂ Loading/unloading
Supporting system for o machine of Aluminum
Heavy weight parts ’ billet
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: Applying 1500 A & Cryogen Free

400 mH HTS DC Reactor
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400 MHz conduction cooled NMR : Magnet Design

Z-axis
9 25
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No-Insulation with Metal cladding HTS tape

> € L enclosed as STS with 1 mm thick
147 0.D. 73.4 mm (Outer Rad.
i (O.5.) ( ) Multi-width winding for high I,

Inside notch design for homogenous field
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< Field profile of NMR magnet design >
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400 MHz conduction cooled NMR : Magnet Assemble

» 400 MHz NMR Magnet Assemble

65U1]009 UORINPUOY

HTS Magnet

DPC Winding Magnet Stacking

» Ferro-Shimming Technique

C

Quter Middle
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400 MHz conduction cooled NMR : *H NMR Signal
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® Future works

v’ Faster charging rate
v Investigation of field profile
v Shimming
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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 pum = 1.6 um) S.C. layer, we achieved >1,000 A/12 mm
In production.

m We have made different kinds of Ni(including MCI) magnet for various
applications.
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Direction of Technology Development in the Future
- HTS 2G wire

“Increasing Demand for HTS Price Reduction in RCE DR process
2G wire has surpassed the
supply”
------------ (Unit: USD / kAm)

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

25

“Price Reduction will ignite

an exponential growth of )
demand for HTS 2G wire” __!\ﬁo_lt_lli_:_JE_"lT___l__ngf‘_rﬂ _____ 3_ 69_"_":‘____

-
w
=)
o
o
~
3
<
~
wu
[=
o
o
~
3
<

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

: Achievable with
I Existing Line of
1 SuNAM

SUNANMN



Direction of Technology Development in the Future
- HTS Magnet

O For NMR magnet, near term(2017), 400 MHz cryogen free system with shimming.
—> will go to > 1.3 GHz proto-type.
0 For R&D magnet, next goal is 35 T, 35 mm user magnet (2019 KBSI-MagLab-SuNAM).

35 T 35 mm AlI-REBCO User Magnet (2019, KBSI-MagLab-SuNAM)

m High Field DC User Magnet at KBSI after Successful Completion in 2019
01 “Standalone (single stack of DP coils)™: 40 mm ID; 222 mm OD |
O Estimated 7..: 19.4 min with “NI"; 2 min with “metallic cladding”. & pE'Ees

= MS5: 81 mm width (3 DP)

o= N4 7.1 mm width (4 DP)

= M3 :6.1 mm width (5DP)

= M2:5.1 mm width (6 DP)

= M1:4.1 mm width (16 DP)

/~ M2:51 mm width (6 DP)

2 M3: 61 mm width (SDP)

\
I‘ = M4 :7.1 mm width (4 DP)

'~ MS:8.1 mm width (3DP)

35 T Magnet in the Existing
Multi-Purpose Cryostat at KBS/
Ref: S. Hahn, et al., “Design of a 35 T 35 mm Multi-Width No-Insulation AII-REBCO Magnet,” 1L0r2A-05.
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