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oan austenitic stainless steel dome equipped with protruding 
nozzles

o the nozzles are foreseen for the passage of the cold bore and 
the different cryogenic lines

o it allows to close the cold mass of the cryodipoles

o is welded onto the shrinking cylinder (MIG, circular)

o the nozzles are welded onto the interconnections pipes (TIG, 
orbital)

What is a magnet cover ?
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2.5 mm

PM HR 

PM 316LN, circular MIG weld



316LN, orbital TIG weld



PM 316LN, orbital TIG 
weld

Welding details :    
Travel speed:  1.5E-02m/s Arc length:  1.5E-03m 
Peak current:  68 A Tip angle 45° 
Base current:  32 A Gas flux and flow rate:  
Peak time:  0.2 s Shielding:  Ar, 1/6 l/s 
Base time:  0.2 s Backing:  Ar, 1/12 l/s 
 

 

1 mm 

50 μm 

PM 

CR



depth : 194 mm

diameter : 580 mm  

wall thickness : 12 mm

weight : approx. 50 kg

leak tight to gazeous He at 300 K under 2.6 MPa (test pressure)

leak tight to superfluid He at 1.9 K under 0.13 MPa (operating 
pressure)

25 thermal cycles 1.9 K ⇒ 300 K ⇒ 1.9 K (over 20 years)

Dimensions
and working conditions



Austenitic structure

Stability of austenite (δ-ferrite, spontaneous 
martensitic transformation) 

Low impurity level (P, S, B)

Absence of nitrides and carbides

Low inclusion content

Magnetic permeability < 1.005

Ready weldability

Requirements - 1



McHenry H.I., The
Properties of Austenitic
Steels at Cryogenic
Temperature



Low temperature ductility

⇒ impact toughness 120 J/cm2 at 4.2 K

Leak-tightness

Homogeneity of properties within the thickness

Compatible with its environment

⇒ coefficient of thermal contraction ≈ wrought 316LN

Requirements - 2



HIPed AISI 316LN end covers
for CERN LHC project (courtesy of Metso)

Main manufacturing stages

• inert gas atomization of AISI 316LN powder

• capsule manufacture

• powder filling, evacuation and sealing

• hot isostatic pressing (1180 °C, 100 MPa, 4 h)

• can removal by pickling

• heat treatment (1060 °C, 2 h, water quenching)

• machining

• NDT by 100 % ultrasonic and liquid penetrant inspection 



After capsule 
removal by 
pickling and heat 
treatment, before 
machining

HIPed AISI 316LN end covers
for CERN LHC project (courtesy of Metso)



Machined

HIPed AISI 316LN end covers
for CERN LHC project (courtesy of Metso)

Componenta Nisamo Oy: 3D measurements, from AT-MAS/FB 7153
visit report (19/08/03)



Liquid penetrant
inspection

HIPed AISI 316LN end covers
for CERN LHC project (courtesy of Metso)



HIPed PM 316LN  Metso CERN Specification 
  H 6277 Min. Max. 
Composition (w%) C 0.017  0.030 
 Si 0.59  1.00 
 Mn 0.71  2.00 
 S 0.005  0.015 
 P 0.012  0.040 
 Ni 13.07 12.00 14.00 
 Cr 16.98 16.00 18.00 
 Mo 2.53 2.00 3.00 

 O 0.011   
 N 0.185 0.15 0.20 

 
Typical Oxygen levels 
 

 in 316LN:  Couturier et al. (1998)   200 ppm  
     Dellis et al. (1996)    195 ppm 
 in 304L:   Appa Rao and Kumar. (1997)  400 ppm  
 in aust. SS  Zou and Grinder (1982)   300 to 4500 ppm 
 in 304L   Dunkley (1981)    1200 to 7800 ppm 



PM 316LN (H 6277)



GDOES, composition profile
Echantillon GRAC
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Microstructure

100 μm 

PM 316 LN – Metso,  Grain size according to ASTM E112: N° 6 to 7



100 μm 

Microstructure, comparison 1: 
wrougth

100 μm



Microstructure, comparison 2:
cast



Thermal contraction

Compared thermal contraction
of wrought and PM 316 LN stainless steel
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Thermal contraction
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Thermal contraction

 
“Warnes equation”(1) 

 
 

Taf /K = 90 - 1.25 Cr - 2.75 Ni - 5.5 Mo – 14 Si + 7.75 Mn
  

 

Influence of the alloying elements on the magnetic stability
of austenitic stainless steels :

Antiferromagnetic Transition

(1) : Warnes et al., Cryogenics 16 (1976) 659-667



Mechanical properties: tensile

PM 316 LN 
Tensile curves measured 

at 293K and 4.2K
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Tensile testing at 4.2 K
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Compared tensile properties
of PM 316 LN at 293 K and 4.2 K
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ISO-V impact energy at 4.2 K
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Fractographic analysis

20 μm

Oxides within dimples

Localized ductility (Couturier 99)



Inclusions

Mainly globular-type

150 μm
Original magnification 200 x





CERN specification (acc. to ASTM E1245-95)

 Symbol Units Max. 
allowed 
mean 
value 

Max. 
allowed 
value in a 
single field

Area fraction of inclusions (mean value, 
value per field) 

 

AA , AA 
 

% 
 

0.20 
 

7 

Number of inclusions per unit area (idem) AN , NA 1/mm2 200 1200 

Average area of the inclusions (idem) A , A  μm2 20 2000 

Mean free path of the inclusions (idem) λ , λ μm Min. 20 min. 8 

Number of interceptions of inclusions per 
unit length of scan line (idem) 

LN , NL, 1/mm 70 120 

Diameter of the inclusions (idem)1) none μm 5 1502) 

 

1) Additional required parameter not mentioned in ASTM E1245,
defined as the inclusion equivalent diameter

2) Maximum allowed equivalent diameter of a single inclusion

230



Distribution of the diameter of inclusions
(H6277, METLAB Sample, CERN measurement, threshold: 205)
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Effect of threshold, CERN measurements.
Threshold 123 (205); Anal. On (Off); Min. accepted  4 pix. 
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Magnet  end covers 

 

Compared advantages of possible fabrication techniques 
 

 

 welded closed die forged cast PM 
     
Microstructure - ++ - ++ 
Tensile properties + + - ++ 
Impact toughness at 4.2 K + ++ + + 
Near net shaping ++ -- + ++ 
Reliability, NDT -- ++ -- ++ 
Competitiviness, small series (tools) + -- + + 
Competitiviness, large series (tools) + + + + 

 



Properties of a PM 316LN :
⇒ physical
⇒ mechanical

assessed down to 4.2 K

Satisfactory results, competitive technique

Samples from real scale, complex shape components 
issued from the production, readily weldable

Two dipole magnets equipped with PM covers 
operated for several year in the “string”

Price competitive

Conclusions










