New Nb Material for
Cost Saving

Akira Yamamoto (KEK-CERN)

In cooperation with
A. Kumar, T. Dohmae, T. Saeki (KEK), G. Myneni (BSCE), G. Ciovati, P. Dhakal, R. Rimmer (JLab),
M. Carl, A. Fajardo, and N. Lannoy (ATI)

LCWS-2023, Acc. SR Session, at SLAC, Sept. 16, 2023

€9 KEK (\)BSCE Jefferson Lab 3£AT|

2023-5-16 o LCWS-2023, SLAC



Motivations

* The best cost-effective SRF cavity production:
 Quality:
« Clean Nb and RF surface critically important,

« Cost:
» Simple production process inevitably required.

- Efforts for a solution:
 Fine Grain (FG) :
* Mechanically best, but contamination due to forging and rolling
« > Large Grain (LG):

- Best for cleanness and cost reduction, but mechanically not stable resulting in
HPGS code not applicable

« > Medium Grain (MG):

« Optimized for cleanness, mechanical stability, cost reduction, and applicable to
high pressure gas safety (HPGS) regulations.
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Production of Nb Discs/Sheets for 1.3 GHz SRF Cavities
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Process flow of the industrial Nb production
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Process flow of the industrial Nb production
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/
LG-Nb realized very good cost performance. [ _-
But LG-Nb material causes broad mechanical strength distribution (less uniformity).

(= Minimum strength becomes low) LCWS-2023, SLAC 6
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Process flow of the industrial Nb production
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Uniformity of Nb material is achieved by ‘Medium>Grain (MG) structure.




Summary of Nb Sheet/Disc Fab.Technologies for SRF

Fine Grain (FG) Medium Grain (MG) Large Grain (LG)
Rolled Nb sheets Forged Ingot Nb discs Ingot Nb discs

Up to fourteen EB melted ingot w/ larger dia. EB melted ingot of required
manufacturing steps Forging required dia to be sliced diam. to be sliced

Fabrication process

ASTM Grade ~5 0-3, (1~2 av.) n/a
Grain size ~<50 um <1mm >1 cm

Possible prone to Proven clean surface
clean surface

Cleanness contamination due to o .. with no-forging and direct
with direct slicing

rolling slicing
MeChar."Cal Very Uniform Reasonably uniform Nlon_umform, ateie)
properties distributed
Expensive Cost advantage Best cost advantage

Cost

2023-5-16 LCWS-2023, SLAC 8



Courtesy: ATI

Properties of MG Nb disc realized
In cooperation with AT

Table 1. Material properties of MG Nb material produced by ATI.

- 0.02 inch ( 50 um)
Chemical Composition (%) Other properties S—
Ta: <0.01% Dimensions: 260 m (dia.), 2,8 mm (t)

W :<0.003 % RRR : > 450

Ti, Si, Mo, Fe : < 0.003% Recrystalization : 100 % Edge
Ni : < 0.002 % irsize —0:2 =03 . —
H, : <0.003 % Hardness (HVO.1) - 40 ~ 44 =
C:<0.002 % Mechanical Strength : |
N> : <0.002 % Ultimate strength (RT) > 141-146 Nmm ™2 Mid. Radius i
0, : < 0.004 % Yield strength (RT) > 56-61 Nmm™> ————l LR

Special Thanks for the Cooperation by ATI !
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A Refe rence: Courtesy: ATl and G. Myneni,

Nb Gr1 (MG) RRR Nb (MG)
Parameters
Measured Measured

RRR ~100 ggg
Re-crystalization 100 % 100 %
ggag': T o o 0.05-0.3 0.2, 0.25, 0.21
Y.S.-0.2% (RT) ~ 67 MPa 61 MPa

T.S. (RT) > 147 MPa 141 MPa

2023-5-16 LCWS1R2023, SLAC



Courtesy: A. Kumar

Room temperature property Comparison

Mechanical strength of MG-Nb achieved the criteria of HPGS regulation for KEK/STF-Cavity

Tensile Strength ~
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MG-Nb closer to FG-Nb than LG-Nb
Elongation is lower than FG Nb but
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* MG Nb data: https://jacow.org/srf2021/papers/mopcav004.pdf

* FG Nb and LG Nb data is for Mid-RRR annealed material (M.Yamanaka et al., SRF’21 WEPFDV0O05).
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https://jacow.org/srf2021/papers/mopcav004.pdf

Courtesy: A. Kumar

Room temperature property Comparison

Mechanical strength of MG-Nb achieved the criteria of HPGS regulation for KEK/STF-Cavity
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- MG Nb data: hl HPGS issues to be more discussed by
» _FGNbandiGN K. Umemori, tomorrow, Wednesday !  PFDvo0s).
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Low Temperature Property Comparison
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= Tensile Strength of MG-Nb at LHe-T is better than LG-Nb.
= Brittleness and low elongation of MG-Nb are not observed at LHe-T after annealing.

2023-5-16 LCWS-2023, SLAC 13
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Summarized Results
ATI MG Nb Specimens

Young’s 0.2% Proof Tensile
Temperature Sample Modulus Strength Strength

[K] Processing [GPa] [MPa] [MPa]
300 Annealed 88.7+9* 3912 12345
300 ASR 89.716 4314 145¢+7

4.2 Annealed 114.0+11 283134 651160

4.2 ASR 115.4#14 284122 35128

* Error is standard deviation.

2023-5:h6h KUMAR LCWS-2023, SLAC
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Courtesy: A. Kumar

Summary of Mechanical Test Results

« ATI MG Nb’s_ mechanical properties does clear the mechanical strength
criteris required for HPGS code for KEK-STF SRF Cavity.

 However, elongation of the material needs to be improved for better yield
with press forming.

« MG Nb room temperature properties are closer to FG Nb.
« Low temperature behavior of MG Nb is closer to LG Nb

« Elongation is same as FG and LG Nb at low temperature; however,
some specimens did show lower elongation of 5-6% too.

* First Serration usually starts at 250 to 300 MPa stress.

2023-5-16 LCWS-2023, SLAC 15



Courtesy: T. Dohmae

MG Cavity Fabrication:
MG-Nb Disc successfully press formed to half-cells,

B LG (Supplier A)

B .G (Supplier B)

OLG No Annealing (Supplier B)
mATI MG

BATI MG No Ann
---FG Average

03 5::---——----------

— ot el ed oyl et et ped gt

Roundness [mm]

Figure 5: Histogram of measured roundness.
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Courtesy: T. Dohmae

An Issue in Press-Forming Process

- settled with enlarging the disc, inner-hole diameter
prior to press-forming

Disc # Hole Annealing Forming Purpose
Diameter Results
[mm]

#6 56 No Light crack R18
#7 56 No Light crack R18
#8 (56 Yes Deep crack  Test
#9 (59 ] Yes No crack Test
#10 58 Yes No crack Test
#57 _60 Yes No crack R18b
#58 58 No Light crack R18b
#59 56 No Deep crack  Test
#60 58 No Deep crack  Test

2023-5-16 LCWS-2023, SLAC 17



Courtesy: T. Dohmae

Evaluation of
MG Surface Roughness Issue

3D data of surface

Inner surface around equator

Zoomed view of MG disc

MG disc ($p260mm)

Disc 0.7 - Surface

Formed 2.6~57 11~28 Became rough after forming.

Polished 26~3.7 2.6~11 (especially at curvature regions)

EP (100pm) 1.1~1.5 3.4~6.7 R18: Mechanically polished (equator)

2023-5-16 LCWS-2023, SLAC 18



Courtesy: T. Dohmae

MG 1-Cell Cavity RF Performance
compared with FG 1-cell Cavity

1E+11

120°C X 48h baking

RF Testing
Measured at 2K
Surface treatment |
1. Initial electropolishing of 100 um .0.....”0 & |
2. Annealing at 800 °C X 3 hours in . .........Q...........
a vacuum furnace Soe,

3. Second electropolishing of 20 um

4. High pressure rinsing with ultra-
pure water : ® MG 1-cell cavity (R18)

5. Baking at 120 °C X 48 hours

SIE+0 |

FG 1-cell cavity (reference)

WILC qualification

Note: 9-cell MG CaVIty | - XILC operation
fabrication In progress |

MG cavity: 38.8 MV/m with Q,=1.5 X 10'°

| E+09 ‘ L L
0 5 10 15 20 25 30 35 40 45
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Summary of Features for the FG, MG, LG Nb

Process FG MG LG
o — MG > 1. Primary material v v v
FG @ Forging - annealing \" g 2. Pressing v v v
[ f 3 = .
= J o e e | 3.4 EB Melting
K"‘T Primary X f (multiple)
) Mmatenal Bl ; 5. Separating Ingot
S 6. Forging to reduce )
y & o 8 _ / Direct (thickn. or dia.) (thick.) (diam.)
-U‘@ Pressing = ' : , slicing o - j )
EmE—— Milling f / =
- : £ | 8. Rolling ] )
Y £ . - - s _ _
1st EB <) LG oty / & | 9. Polishing
melting I y"’( R XT Leve?g Q | * Annealing -
[}
e y > 2 | 10. Rolling ; ]
/ r.l:’j i ”n
2nd, 3rd etc. (g gglfsn;:ﬁzl 11. Cutting (sheet) - -
EB melting i Fallating * Direct S||Clng (dISC) -
22 Separate T ?P::. 12. Annealing
from base i ROliNG RRR @ | 13. Leveling v
SE plate L Gram sze '_E i j \/ \/ \/
— Inspection  Haaes 2 14. Chemical polish.
J Tensile tests i 15. |nSpeCti0n \/ \/ \/
. _ o | - Production cost High Low Lowest
Nb sheet/disc production process for FG, MG, and LG. E (1) (~2/3) (<2/3)
§ - Cleanness Modest Good Good
2023-5-16 LCWS-2023, SLAC - Mech. forming Best Good 0 Modest




Courtesy: S. Michizono, Y. Yamamoto

ITN WPP-1 Plan: FG + MG Cavities, Indust. Product. Readiness

® Pre-production with 1-cell cavities to establish the best process including: Material/Sub-component
® Nb sheet and SRF cavity production method
® Inner surface treatment recipe QA of MatelriaI/Sub-C
® Production of > 20 (~3 x 8) x 9-cell cavities for industrial-production readiness: Cavity Production

® Globally common design with compatible High Pressure Gas Safety (HPGS) regulation
® Best production process to be optimized in each region
® Cavity performance expected: E ¢ = <35 MV/m> (+/— 20%), Qo = 1.0 x 10", Yield = 290%

Surface Process

Vertical Test =
Cavity RF Test

Production process

® RF performance vyield to be re-confirmed (including 2"? pass and further (3" ...)

- # of cavities to be produced

billet
f

EB melting - A D e \ Region  Americas Europe JP/Asia
| b 7 :
o . . o ' Type FG + MG FG + MG FG + MG
Ingot to Billet (smaller dia.) Sicing by wire- Medium Grain (MG) Disc
forged and annealed Direct sice Grain Size <1 mm
G 1-cell 1+1 1+1 1+ 1, (+4)
. g ) 9-cell 4+4 4+4 4+4,(+4
[ . ‘__:k',:f“"r:,___ . q ( )
Nb ingot i <N
Ingot forged Rolling  Fine-Grain (FE;) Nb Sheet

Grain Size << 0.1 mm
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WP-prime 3: Crab Cavity Development

@ Pre-down-selection review hosted by KEK chose two primary candidates on Apr/2023

@ RFD (1%), QMiR (2"), Elliptical (3

e
1o

Infemafional development feam

@ Development and evaluation of two prototype cavities
@ KEK will provide for necessary Nb material to produce them
@ RF property simulation to optimize cavity design
@ Demonstration of synchronized operation with two prototypes
@ Down-selection to choose final cavity design
@ Cryomodule design based on final cavity design

P QIEXS 0 LXEAS Of LX2BS O LXECS
QDo SDD zwent  QF1 SF| SKi
3.3m
| Ellintical/Racetrack Lanc. Univ. i W VVVVETT - ‘
(3.9 GHz) —

RF Dipole (RFD)
Double Quarter Wave - e
CERN T
(DQW) -
Wide Open
: = Y —
Waveguide (WOW) BNL

2023-5-16

— Both two candidates are from US!

two beamline distance
14.049m x 0.014rad = 197mm

Possible
MG-NDb for

Prototype

0.24)

500 mm

Es =35 MV/m

LCWS-2023, SLAC

22



Summary

MG Nb material has been successfully developed to qualify RF performance,
qualified for 1.3 GHz SRF cavity application.

MG Nb disc may save the production cost to be ~ 2/3 of the FG Nb sheet
production cost.

« The RF performance has b een demonstrated with a 1-cell 1.3 GHz SRF
cavity satisfying the ILC SRF cavity specification. 9-cell in progress.

* The industrial produ tio e adiness for 1.3 GHz 9-cell cavities is to be
demonstrated in the | C N global cooperation, and

 For the future ...
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A Special Topic !, toward the Future Cost Saving !  Courtesy:

1.3 GHz, 1-cell Cu full-seamless cavity with new hydroforming :m: gﬁ:&ﬁ?
to be combined with thin Nb/Nb3Sn coating

-- KEK-CERN Cooperation --

1st step

Inner
pressure

%&22‘”&%4
I
|
|

Loading
force

Inner
pressure

2nd step

0\

Hydrofo*med cavity -

U/

Seamless Cavity _ _
Hydroforming Process, Simulated by CERN and  Realized by KEK

proposed by M.Y. « Simulation and material characterization, by M. Garlashce et al. at FCC-week and at SRF2023,
* Hydroforming details will be presented by M. Yamanaka et al., at SRF2023

““ & Succeeded,

last week
(in 2 days)
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