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Outline

1. Stainless steels:

Å Stainless steels, a 100 years of know-how

2. Rules for the selection and specification of stainless steels

Å Metallurgy of general purpose and advanced stainless steels grades/processes for application to 
particle accelerators

3. Steelmaking routes to secure the final quality of the product

4. Stability of the properties: precipitations and transformations

a. Considerations for welding

b. Case study: steel for the new CMS HG-CAL detector

c. Martensitic transformations

5. Thermal treatments, sensitization, corrosion failures

6. Conclusions 
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Takehome from yesterday lecture

Stainless steel: iron alloys containing a minimum of 
approx. 11 % Cr

On the 13th August 
1913 Brearleycreated 
in Sheffield, UK, a steel 
with 12.8% chromium 
and 0.24% carbon, the 
first ever stainless 
steel.
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1. Stainless steels, metallurgy and families

d-Fe

a-Fe

g-Fe

bcc

fcc
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1. Stainless steels, ferritic

Å ferritic grades, 14.5 % to 27 % Cr
Å resistant to corrosion
Å subject to grain growth during 

firing
Å ferromagnetic at RT and below
Å brittle at low T
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1. Stainless steels, martensitic

Å martensitic grades, Cr 
between 11.5 % and 18 %, 

C up to 1.2 %
Å hardenableby HT
Å high strength
Å ferromagnetic at RT and 

below
Å brittle at low TC added to increase the 

"austenitic loop"
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1. Stainless steels, martensitic

Å martensitic grades, Cr 
between 11.5 % and 18 
%, C up to 1.2 %

Å hardenableby HT
Å high strength
Å ferromagnetic at RT and 

below
Å brittle at low TC added to increase the 

"austenitic loop"



1. Stainless steels, austenitic
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Ni, Mn (C, N...)

AISI 304, the "18 -8" or "18 -10" 
stainless (18%Cr, 8 -10%Ni)

Åformed by an addition of 
a fccelement (Ni, Mn) to 
the FeCrsystem
Åg-loop expanded
Åg-phase enhancedand 

enlarged
Åformation of ferrite can

be suppressed(austenite
former elements)
Åtransformation to 

martensite canbe
reducedor suppressed
(increasingalloying
elements)



1. Stainless steels, austenitic
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1. Stainless steels, austenitic
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Source: ASM Metals 
Handbook, vol. 3, 9th 
ed. (1980)

³

³

³

Vacuum & cryogenic applications: 304L, 316L, 316LN
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2. Rules for the selection and specification
Why low C (304L, 316L, 316LN)?

"Sensitization" of base metal, HAZsand welds

M23C6 (Cr 23C6)

A.K. Jha et al., Engineering Failure Analysis

D. Peckner, I.M. Bernstein, 1977 

Cr depleted zones
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2. Rules for the 
selection and 
specification: 
inclusion content
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ΨȢ ɉȣɊȟ ÉÎÃÌÕÓÉÏÎÓ
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inclusions up to class 2.
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ΨȢ ɉȣɊȟ ÉÎÃÌÕÓÉÏÎÓ

Å For anywrought product (plate, tube, bar), an unfavourableinclusions 
alignmentwill be anywaypresentin the rolling or drawingdirection



ΨȢ ɉȣɊȟ ÉÎÃÌÕÓÉÏÎÓ
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Spec. N°1001_1.4429_316LN_blanks

https://edms.cern.ch/ui/#!master/navigator/document?D:1767576086:1767576086:subDocs
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2. Rules for the 
selection: 
avoiding 

macroinclusions

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 

macroinclusionsCourtesy of Imbach /CH

Courtesy of Interforge /FR
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10-5 torr l/s

courtesy of A. Poncet

2. Rules for the 
selection: 
avoiding 

macroinclusions
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Spec. N°1001_1.4429_316LN_blanks

2. Rules for the selection: avoiding macroinclusions

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


2024-06-05 20Steels and Stainless Steels II - S. Sgobba

3. Steelmaking

Electrical Arc Furnace: 
functions solely as a melt-
down unit
Tapped as free as possible 
of slag into the ladle

Pure gaseous oxigen
blown onto the metal; 
C down to 0.015 % 
before Cr losses begin; 
removal of Non-
Metallic Inclusions 
(NMI)

C ®
P ®
(to a limited extent)
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A. Choudhury: Vacuum Metallurgy, ASM 
Int., USA, (1990)

3. Steelmaking 
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3. SteelmakingCourtesy of Böhler Edelstahl
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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 BreitenfeldEdelstahl/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 KeyblockMaterial Progress Meeting)
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CERN 316LN
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Maximum allowed magnetic 
permeability µ r = 1.005 at RT ­
allowed content of d- ferrite is 
nil

4.a Precipitations and transformations - welding
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S. Sgobba and C. Boudot, Matériaux et Techniques 95, vol. 11-12, p. 23 (1997)

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

completely austenitic

4.a Precipitations and transformations - welding
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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

Schaefflerequivalent formulae for Creq and Nieq

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

4.a Precipitations and transformations - welding
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304L vacuum appl.
(free machining)

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

 

4.a Precipitations and transformations - welding
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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

4.a Precipitations 
and 
transformations -
welding
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1 mm

b2

1 mm

b1

500¿m

a

c

250¿m

Weld metal

Base

metal

mm

mm

J.P. Bacherand S. Sgobba, 
TIG Weldabilityof Special
Stainless Steelsfor the 
Beam Screen of the Large 
Hadron Collider, Bulletin du 
/ŜǊŎƭŜ ŘΩ9ǘǳŘŜ ŘŜǎ aŞǘŀǳȄΣ 
XVI, p. 13.1 (1995)

S. Sgobba, C. Boudot, 
{ƻǳŘŀōƛƭƛǘŞ ƭŀǎŜǊ ŘΩŀŎƛŜǊǎ 
inoxydables austénitiques, 
Matériaux et Techniques 95, 
n°11-12, p. 23 (1997).

LHC, then 
HL-LHC 
beam screen 
+ cooling 
pipes

4.b Precipitations and transformations - welding
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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

4.b Precipitations and transformations - welding
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4.b A low permeability steel for CMS HG-CAL

o 564 t of stainless steel required for the CE-H cassettes, thickness 45 ~110 mm

o The relative magnetic permeability in the bulk plate material shall not exceed 1.05

Å Stringent control of ferrite content

Å Stability against martensitic transformations
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4.b A low permeability steel for CMS HG-CAL
S. Sgobba and C. Boudot, Matériaux et Techniques 95, vol. 11-12, p. 23 (1997)

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

completely austenitic
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4.b A low permeability steel for CMS HG-CAL

Two metallurgical routes:
Å Ingot casting
Å Continuous casting (95% of 

the world's steel production)

Two metallurgical routes:
Å Ingot casting
Å Continuous casting (95% of 

the world's steel production)
Ý not applicable to fully 
austenitic grades (risk of hot 
cracking)
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Courtesy Dr. N. Pauze,
ArcelorMittal Industeel
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1.4307: 

"Low alloy" 304L

1.4306: 

"High alloy" 304L

o Low magnetic permeability, ceteris paribus: 

Å Stringent control of ferrite content 

(composition / steelmaking route)

Å Stability against martensitic 

transformations (grade selection)

"High alloy" 1.4306

Very clean heat, 
143 ppm S+P

HGCAL 1:1 scale half disks 

Courtesy of S. Moccia & M. Pentella


