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Outline

o Introduction to CERN and the accelerator complex

o Materials engineering at CERN: an integrated tool and know-how for a full life cycle management 

of materials

o Material selection for ultra-high vacuum and cryogenics, examples through CERN LHC and HL-

LHC, ITER and fusion beyond ITER

o Case histories of failures and their elimination

• LHC vacuum and cryogenic system

• The ITER vacuum vessel thermal shields

o Lessons learned and conclusions
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CERN’s mission and the Large Hadron Collider (LHC)

BUDGET 2022 (as of 09.02.2022) 

Total of contributions 1206 MCHF

A world collaboration:

o 23 members

o 8 associated

o 8 observers

o 61 with agreement 

BUDGET 2022 (as of 09.02.2022) 

Total of contributions 1206 MCHF
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https://youtu.be/pQhbhpU9Wrg?si=k1paO8wIuCflaFcc
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Material 
selection for 

ultra-high 
vacuum and 
cryogenics: 

the LHC 
example
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Material 
selection for 

ultra-high 
vacuum 

1. General rationale

+ cooling 
capillars

S. Sgobba, G.  Hochoertler, A new 
non-magnetic stainless steel for 
very low temperature 
applications, Proc. Int. Congress 
Stainless Steel '99 : Science and 
Market, pp.391-401
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Material 
selection for 

ultra-high 
vacuum

1. General rationale
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1. General rationale

• 3000 tonnes of 1.4429 
plates delivered by 
ArcelorMittal Industeel /FR

• 41 km of half-shells, Ø 550 
mm, 15 m length, 10.1 mm 
thick produced by Butting 
/DE

Courtesy Dr. N. Pauze, ArcelorMittal 
Industeel

Material 
selection for 

ultra-high 
vacuum
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2. Stainless 
Steel – a major 
player for 
particle 
accelerators 
and detectors

end covers

S. Sgobba et al., A Powder Metallurgy Austenitic 
Stainless Steel for Application at Very Low 
Temperatures: Proc. of the 2000 Powder 
Metallurgy World Congress, Nov. 12-16, 2000, 
Kyoto, Japan, vol. 2, p. 1002-1005

After capsule removal by pickling and 
heat treatment, before machining

Award of the American Society for Metals (ASM), 
30/01/2004

Grand Prize, reception at the PM Part Competition at 
PowderMet 2007, The International Conference on 
Powder Metallurgy and Particulate Materials, 
Denver-CO, May 13-16, 2007

• Leak tight to gazeous He at 300 K

• Leak tight to superfluid He at 1.9 K

• 25 thermal cycles down to 1.9 K

o High ductility and toughness at 

low T

o Compatible with its 

environment (316LN)

o Cost effective
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IT-4203/TE/HL-LHC

HL-LHC implies: 

• 3.1 km of finished strip;

• 4600 m of seamless cold-

drawn cooling tubes in 

lengths of up to 14 m

• Same stainless steel as for 

the LHC

• More than 450 tonnes of 

austenitic stainless steel strips

• Same stainless steel

specification as for the LHC

Fine-blanked 
collars

F712 contract

HL-LHC beam 
screens

Beam screen

Material 
selection for 

ultra-high 
vacuum
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Shrinking 
and inertia 
cylinders

HL-LHC further 316LN plate production and 

forming (2015-16)

• Supplied by Arcelor Mittal Industeel

• 15 mm x 6.5 m (11T project)

• 8 mm x 6.5 m and 10 m for WP3 (Q2, CP et 

D2)
Courtesy AP TELA OY /FI

Courtesy H. Prin /CERN-TE

Material selection…
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Case histories of failures and their elimination
LHC vacuum and cryogenic system
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Case histories of 
failures and their 
elimination
LHC vacuum 
and cryogenic 
system

 100 x 

1 

 100 x 

2 

 100 x 

3 

 100 x 

4 

• Oversized (1,2,3) and 
thick (4) B type 
inclusions up to class 2.

 7.1 x 

1 

2 

3 

4 



2024-04-16 16Materials for high vacuum applications - S. Sgobba

Case 
histories 
of 
failures
…

 7.1 x 

1 

2 

3 

4 

RD 
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For any wrought product (plate, tube, bar), 
an unfavourable inclusions alignment will be
anyway present in the rolling or drawing
direction

Case histories of failures…
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Case 
histories of 
failures…
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Outer surface

Inner surface

Ca, Si, Al, O

Large inclusion

Multidirectional forging alone, even if including

upsetting is not enough to avoid the risk of leaks 

due to macroinclusions 

Courtesy of Imbach /CH

Courtesy of Interforge /FR
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3. 
Development, 
requirements 
and 
application of 
grades for 
accelerator 
magnets

2.a Stainless steels, macroinclusions

10-5 torr l/s

courtesy of A. Poncet
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Spec. N°1001_1.4429_316LN_blanks

Case histories of failures…

https://edms.cern.ch/ui/#!master/navigator/document?D:1767576086:1767576086:subDocs
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Courtesy of Böhler Edelstahl

Risk mitigation, enforcing material purity…
A. Choudhury: Vacuum 
Metallurgy, ASM Int., 
USA, (1990)
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3. Development, requirements and application of grades for 
accelerator magnets

Courtesy of Forgiatura
Vienna /IT
Max. ingot weight/capacity: 
250 t 
Two furnace heads, electrode 
exchange, protective gas 
hood, fully coaxial design; 
largest ESR plant worldwide 
in operation

Courtesy of Breitenfeld Edelstahl /AT. 
Electrodes of diam. 500 mm, 750 mm, 1000 mm, 1200 mm, 
respectively, up to a length of 4 m and a weight of 35 t. 
Annual capacity is 250 000 t.

The additional cost of ESR ingots is in the order of 1 EUR/kg (Minutes of the visit to Company A on 27 January 
2015, ITER CS Lower Keyblock Material Progress Meeting)
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g-
st

a
b
ili

ze
rs

d-stabilizers

CERN 316LN

C
E
R
N

 3
1
6
L
N

Maximum allowed magnetic 
permeability µr = 1.005 at RT → 
allowed content of d-ferrite is 
nil

Case histories of failures: welds
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S. Sgobba and C. Boudot, Matériaux et Techniques 95, vol. 11-12, p. 23 (1997)

CERN 316LN: µr≤ 1.005; structure 
after solution annealing shall be 

completely austenitic

Case histories of failures: welds
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g-primary 
solidification

d-primary 
solidification

316LN 
end-covers

Korinko, P.S. & Malene, S.H. Practical Failure Analysis (2001) 1: 61. 
doi:10.1007/BF02715336

Schaeffler equivalent formulae for Creq and Nieq

Creq = Cr + 1.5Si + 1.37Mo
Nieq = Ni + 0.31Mn + 22C + 14.2N

Case histories of failures: welds
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304L vacuum appl.
(free machining)

"mumetal", Ni80Mo0.5Mn0.5;
S<0.0005; P=0.003 (!)

 

Case histories of failures: welds
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1

P506

conventional 

high Mn/N steels
steel Cr Mo Si Ni Mn N C 

UNS 21904 20   7 9 0.38 0.03 

 

316LN

g-austenite

d-ferrite

Case histories 
of failures: 

welds



2024-04-16 29Materials for high vacuum applications - S. Sgobba

1 mm

b2

1 mm

b1

500 m

a

c

250 m

Weld metal

Base

metal

m

m

J.P. Bacher and S. Sgobba, 
TIG Weldability of Special
Stainless Steels for the 
Beam Screen of the Large 
Hadron Collider, Bulletin du 
Cercle d’Etude des Métaux, 
XVI, p. 13.1 (1995) 

S. Sgobba, C. Boudot, 
Soudabilité laser d’aciers 
inoxydables austénitiques, 
Matériaux et Techniques 95, 
n°11-12, p. 23 (1997).

Case histories of failures: welds
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1.11.0

steel "900"

S. Sgobba: proc. Cycle Métaux et 
Procédés, CIP - Tramelan /CH, 
1996, p. 8/1-10

"900" steel: composition close to P506 but high impurity
content

P506 1 mm

P506, very
low impurity
content

1 mm

Case histories of failures: welds
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Courtesy of ITER, @iter.org
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ITER Magnet system
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S. Sgobba et al., Metallurgical assessment of large size 
tensioning components for the precompression 
structure of the ITER central solenoid, Fusion 
Engineering and Design, Vol. 170, 2021, 
https://doi.org/10.1016/j.fusengdes.2021.112543

CS jacket: JK2LB

Tie plates, LKB 
and upper 
structures:

FXM-19 
(Nitronic50) 

Central Solenoid 
Assembly Tooling Design 
Description, courtesy of S. 
Litherland, USIPO 

.318E+09

.351E+09

.384E+09

.418E+09

.451E+09

.484E+09

.518E+09

.551E+09

.584E+09

.618E+09 /Pa

ITER Magnet system; the Central Solenoid and its precompression 
structure

https://doi.org/10.1016/j.fusengdes.2021.112543
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Mechanical properties

Specimen 

location

Specimen

orientation

KIC

[MPa√m]

JIC

[N/mm]

Single piece forged

Head 

(top)
LT 170 130

Head 
(bottom)

LT 190 161

LS 197 172

Tail (slab)
LT 188 157

LT 226 239

Welded solution weld
weld 

direction
112 62

FXM-19

FXM-19 (Nitronic50) fulfils but with little margin the 

requirements for tensile properties and fracture 

toughness at RT and 4.2 K. 

Courtesy of R.P. Walsh, NHMFL

S.A.E. Langeslag et 
al., “Extensive 
Characterisation of 
Advanced 
Manufacturing 
Solutions for the 
ITER Central 
Solenoid Pre-
compression 
System,” Fusion 
Eng. Des. (2015), 
https://doi.org/10.
1016/j.fusengdes.2
015.06.007 

Material selection, ITER and fusion 
beyond ITER

Requirements at 4 K:

• Very high strength and toughness: Rp02 > 1200 MPa; 
Rm > 1600 MPa; KIC > 130 MPa √m

• Fatigue resistance at cryogenic temperature

• Larger thermal contraction than central solenoid 
jackets (JK2LB) for an effective pre-compression at 4 K

A. Nyilas, P. Komarek - Cryogenic Tensile and 
Fracture Properties of Structural Materials for 
Superconducting Magnets in Fusion Technology 
(1989)

https://doi.org/10.1016/j.fusengdes.2015.06.007
https://doi.org/10.1016/j.fusengdes.2015.06.007
https://doi.org/10.1016/j.fusengdes.2015.06.007
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o Very large multidirectionally forged components

Lower key block in 
test assembly. 
Courtesy of US 
ITER and Petersen 
Inc.

Lower Support brackets: 
from material 
specification to 100% 
volumetric inspection. 
Courtesy of Monchieri

Tie plate single 
piece forging. 
Courtesy of Rolf 
Kind GmbH

Material selection, ITER and fusion beyond ITER
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Fusion beyond ITER: the SPARC project

• SPARC is a project of 
Commonwealth Fusion Systems 
(CFS), spin – off of MIT.

• Compact reactor (40 times 
smaller than ITER in volume).

• Relies on high temperature 
superconducting (HTS) magnets

Whyte, D. (2019). Small, modular and economically 
attractive fusion enabled by high temperature 
superconductors. Philosophical Transactions of the Royal 
Society A, 377(2141), 20180354.

Ongoing cooperation contract with R. Kind, a company that specialises in the production
of large size forgings in high-alloy stainless steels to precisely meet customer needs and
find the optimal process for each piece. They are in charge of forging the casings of the
toroidal magnets of SPARC. EN/MME-MM is providing expertise in cryogenic mechanical
testing and material characterization.
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Failure analysis and remediation: the ITER Vacuum Vessel Thermal Shields

Leaks were found in an uninstalled TS, and  corrosion spots have been observed in a large quantity both in installed and uninstalled TS 

cooling pipes’ welds. These components are very large panels (2000 m2), cooled down by ~23 km of piping, stitch welded for an improved 

thermal efficiency and silver coated to reduce their emissivity. 

 Silver coated thermal shields, with the stitch – welded cooling pipes

 Computed tomography was used for 

the first time to show the 3D trajectory 

of the leak provoked by the SCC.

Investigations were based on high resolution CT (~ 150 CT scans), 

metallographies at targeted positions, and advanced SEM (including FIB). 

CT scans (left) 

and 

metallographic 

preparations 

(right) of the 

same positions 

showing 

through 

thickness 

cracks by 

SCC

FIB cut showing cavities underneath 

the Ag coating (top). The detection of 

Cl inside them was possible thanks 

to the X-max Extreme Detector with 

an extreme light element sensitivity 


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Root cause analysis to prevent, mitigate and eliminate failures

VVTS-
Qualification of 
remedial
actions, Inox 
India, 28/02/24

S. Sgobba et al., 

Analysis of the leakage 

events of the ITER 

actively cooled magnet 

system thermal shields 

pipes, 

https://doi.org/10.1109/T

ASC.2024.3362746

https://doi.org/10.1109/TASC.2024.3362746
https://doi.org/10.1109/TASC.2024.3362746
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o Prevention of vacuum failures at CERN requires decades of anticipation

o Materials can seldom be “off-the shelf”

o Cost-driven solutions (1.4307 for the ITER VVTS; non ESR grades under the 
budget pressure of the LHC construction) are often not forgiving 

o Future projects (SPARC) requiring high strength materials for cryogenic use at the 
limits of feasibility

o High strength grades may be not forgiving: irreproachable production and follow-up, 
starting from steelmaking, is paramount 

o Stainless steels are not always stainless!

o All too often, “le mieux est l’ennemi du bien”: the best is the enemy of the good



Yann Marussich, 
collide residency 
organised by Arts at 
CERN @ MME-MM on 
21/09/24, ferrofluids

Joan Heemskerk, 
materiality of reading 
and writing  @ MME-
MM on 01/11/23

Johanna Bruckner, 
visualisation of 
CERN research@ 
MME-MM on 
13/03/24

Yunchul Kim, 
paramagnetic 
particles, CERN Art 
and Science Summit, 
30/01/24
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