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1. Characterisation of soft magnetic materials

"Split-coil" permeameter 
available at CERN

P. Haren, Magnetic Permeability 
Measurements, Automatic Testing of Ring 
Samples at Cryogenic and Ambient 
Temperatures, CERN ISR-BOM/78-4
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1. Characterisation of soft magnetic materials

F. Fiorillo, Characterization and 
Measurement of Magnetic 
Materials, Elsevier, 2004 

"Point-to-point 
determination of 
normal magnetisation 
curve and symmetric 
hysteresis loops in a 
closed sample (ring)" 

power supply inverter S1

"step-like" current 
changer S2

regulators, R1 
and R2

DC: every recorded point 
should correspond to a 
stable microscopic 
configuration of the 
system 
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1. Characterisation of soft magnetic materials

❑ Transient voltage induced on a secondary winding by a 	
step-like field variation 
❑ Integrated over a time interval for complete decay of eddy 	
currents 
❑ Need of a reference condition ("flux variations") 
❑ Saturated (or demagnetised state) 
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1. Characterisation of soft magnetic materials

J. Billan, Coercimeter for Non-Destructive 
Measurement of the Coercivity of Steel 
Sheets, Journal de Physique Colloques 45, 
C1 (1984) C1-965-C1-968September 11, 2026
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1. Characterisation of soft magnetic materials
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2. Measurement of feebly magnetic materials

✓ Measurement of material permeabilities in the 
range µr = 1.00001 to 2 (4) 

✓ Permeability measurements with results that can 
be traced to national standards

Courtesy of Foerster, MAGNETOSCOP® 1.069

• Measurement of material permeabilities 
• Materials to be measured should be 

thicker than 8 mm 
• Measurements of materials thinner 

than 8 mm by stacking two pieces 
• Air gap between two pieces as small as 

possible 
• Flat area not less than 20 mm in 

diameter  
• Radius of curvature not be less than 40 

mm 
• Otherwise permeability less than actual 

valueSeptember 11, 2026
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2. Measurement of feebly magnetic materials

❑ "Based on a cylindrical permanent magnet 
❑ A gradient probe is placed on either side of the cylindrical magnet in the plane 

perpendicular to the cylinder axis at the center of the permanent magnet 
❑ If the cylindrical magnet is placed on a material whose permeability is greater than 1, 

there is a minute displacement of the magnetic zero of the cylindrical magnet towards 
the material on which the magnet has been placed 

❑ In the lower permeability ranges this displacement is a measure of the permeability of 
the material"

"gradient probes" or 
field sensors
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2. Measurement of feebly magnetic materials

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) 

1 
m

m
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2. Measurement of feebly magnetic materials
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2. Measurement of feebly magnetic materials

J. Sort et al., Applied Physics Letters 89 (2006) 032509

Commercial AISI 316 austenitic stainless 
steel, annealed at 1400 K

MFM ⇒

AFM ⇒

Source: Veeco Instruments Inc.Source: NANOSENSORS™, Neuchâtel/ CH
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AFM

AFM

AFM AFM

2. Measurement of feebly magnetic materials

weld metal (laser)base metal 
MFM MFM
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Magnetic lag

Two sources of magnetic lag: 

1.  lag due to eddy currents 

2. magnetic "after-effect" (Nachwirkung), 
dependent on impurities

Two sources of magnetic lag: 

1.  lag due to eddy currents 

2. magnetic "after-effect" (Nachwirkung), 
dependent on impurities

From Bozorth, 
Ferromagnetism, 1951

Flow opposite to magnetising coil 

Net effect: 

• DC, they prevent the field from 
penetrating immediately to the 
interior of the material 

• AC, "field strength in the interior 
may be never more than a small 
fraction of the field strength at the 
surface"

September 11, 2026



Special CERN Accelerator School 16

Magnetic lag

F. Fiorillo, Characterization and 
Measurement of Magnetic 
Materials, Elsevier, 2004 

Measurement of a lamination of 
rel. permeability µr, 
conductivity σ, thickness d: 

τ = µ0µrσd2/8 

10 mm pure Fe, µr = 1000: 

τ ≈ 0.15 s 

Sudden application of a field to a 
cylinder of field-dependent 
permeability of diam. d 

τ = 0.55d2/ρ ∫dB/dH db/b 

where b = 1-B/Bo, B0 is the 
ultimate field and ρ is the 
resistivity 
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Magnetic lag

Two sources of magnetic lag: 

1.  lag due to eddy currents 

2. magnetic "after-effect" (Nachwirkung), 
dependent on impurities

Sgobba et al., Acta Met. 43 (1995) 1171-1181

st
re

ss
st

ra
in

Anelastic "after-effect"

σ0

B.D. Cullity, C.D. Graham, Introduction 
to Magnetic Materials, 2nd ed., 

Wiley (2009)

Magnetic "after-effect"
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From Bozorth, 
Ferromagnetism, 1951

Magnetic lag

∝ exp(-t/τ)
∝ ∫

∞
−⋅

0
d)t/exp(/)g( ττττ
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Magnetic lag
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+ cooling 
capillars
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The LHC beam screen
Requirements for beam screen and capillary steel 

property requirements 

Rel. magn. permeability, BM < 1.005 at 10K<T<20K 

Rel. magn. permeability, WM idem 

Weldability readily weldable 

Austenitic stability in weldments full 

Hot cracking absence 

Stability to martensitic transformation full 

Tensile properties high strength at RT and 
working T  

High ductility at 4.2 K > 200 J 

Thermal contraction 293 K ⇓ 4.2 K not far from 316LN 

Corrosion behaviour see 304L/316L 
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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

γ-austenite

δ-ferrite

September 11, 2026
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LHC beam screen

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) 
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LHC beam screen

S. SGOBBA, C. BOUDOT, Soudabilité laser d’aciers inoxydables 
austénitiques, Matériaux et Techniques 95, n°11-12, p. 23 (1997).
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LHC beam screen

S. Sgobba, G. Hochörtler, A New Non-
Magnetic Stainless Steel for Very Low 
Temperature Applications, Proceedings 
of the International Congress Stainless 
Steel 1999: Science and Market, Chia 
Laguna (I), 6-9 June 1999, Vol. 2, p. 
391-401

µm

µm
September 11, 2026
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1 mm

1 mm

steel "900"

S. Sgobba: proc. Cycle 
Métaux et Procédés, CIP - 
Tramelan /CH, 1996, p. 
8/1-10 and EST/SM-MB 
report n° 96/10/16

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

1 mm P506, very low 
impurity content
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Welding stainless steel 
of Atlas feet (courtesy of B. Nicquevert)
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LHC beam screen: stainless steels, specific features at 
cryogenic T

Compared magnetic susceptibility of different  austenitic SS
and their laser weldments
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S. SGOBBA and G. HOCHOERTLER : A New Non-Magnetic Stainless Steel for Very Low Temperature Applications, Proceedings of the 
International Congress Stainless Steel 1999: Science and Market, Chia Laguna /IT, 6-9 June 1999, Vol. 2, p. 391-401 
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Warnes law:

( ) MnSiMoNiCrKTaf 75.7145.575.225.190 +−−−−=

P506, predicted Taf = 121.5 K, 
measured 125.7 K

LHC beam screen: stainless steels, specific features at 
cryogenic T
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Types of magnetic behaviour,  
antiferromagnetism (2.d)

Compared magnetic susceptibility of different  austenitic SS
and their laser weldments
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( ) MnSiMoNiCrKTaf 75.7145.575.225.190 +−−−−=

Highly non-magnetic stainless steels = high Mn (high 
N) steels

Specially true for very low T applications

LHC beam screen: stainless steels, specific features at 
cryogenic T
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LHC beam screen: stainless steels, specific features at 
cryogenic T

Mn-containing SS : thermal expansion properties

25 MnJN2

UNS 21904

P506

316LN
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Types of magnetic behaviour,  
antiferromagnetism (2.d)
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Phase transformationd and their 
influence on magnetic behaviour

 
Steels C Mn Ni Cr Mo Si N P S B 

P506 0.012 12.05 10.90 19.18 0.86 0.23 0.33 0.005 0.001 <0.001 

YUS130S 0.09 10.70 6.60 18.00 0.10 0.40 0.32 0.022 0.004 - 

KHMN30L 0.10 28.00 0.82 6.70 - 0.60 0.10 0.022 0.004 - 

316 LN 0.021 1.26 13.03 17.33 2.61 0.61 0.16 0.025 0.0008 0.0011 

Table 1: Chemical composition (% in weight) of the three austenitic steels. For comparison, the typical 
composition of standard AISI 316 LN stainless steel is given. 

Table 4 shows the values of the temperature Md30, calculated for the three Mn steels and 
316 LN according to the relationship of Nohara et al. (11): 

Md30 (oC) = 551 - 462(C+N) - 9.2Si - 8.2Mn - 13.7Cr - 29(Ni+Cu) - 68Nb - 1.42(8-ν) (2) 

where ν is ASTM grain size number. 
 

Steel P506 YUS130S KHMN30L 316 LN 

Md30 (oC) -291 -171 105 -167 

Table 4: Calculated Md30 of the three high Mn steels. For comparison, value of 316 LN is calculated. 
September 11, 2026
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Phase transformationd and their 
influence on magnetic behaviour
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Figure 2: Evolution of room temperature relative magnetic susceptibility with plastic strain at 4.2 K. 
Values are average values on three tests performed for each plastic strain level. For comparison, values 
for standard 316 LN stainless steel are also given. The dashed line corresponds to a value of χr = 5⋅10-3. 

K. COUTURIER, S. SGOBBA, Phase Stability of High Manganese Austenitic Steels for Cryogenic Applications, 
Proceedings of the "Materials Week" European Conference, Munich, Germany, September 25-28, 2000, 

http://www.proceedings.materialsweek.org/proceed/mw2000_432.pdf
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Phase transformationd and their 
influence on magnetic behaviour

Start of strain induced 
martensitic transformation = 
change of curvature
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Phase transformationd and their 
influence on magnetic behaviour

a

Partially transformed austenite of an AISI 316L austenitic stainless steel sample strained 6.5% at 4.2 K. 
Martensite is concentrated in bands (under the white boundary in Fig. a), developing during tensile 
deformation at 4.2 K. A detail of the austenite-martensite microstructure is shown in Fig. b (C. GARION, S. 
SGOBBA, B. SKOCZEN, A study of the plastic strain-induced martensitic transformation in 316L stainless steel 
at cryogenic temperatures and identification of the relevant constitutive equations, Submitted for publication 
in International Journal of Plasticity)
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Phase transformationd and their 
influence on magnetic behaviour

P506, tensile stress-strain curves
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+ end covers
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GENEVA,
SWITZERLAND 

http://www.metso.com/corporate/homeeng.nsf/FR?ReadForm
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▪ 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
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PM 316LN, circular MIG weld 
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316LN, orbital TIG weld 
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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 
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McHenry H.I., The
Properties of Austenitic
Steels at Cryogenic
Temperature
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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 

http://www.metso.com/corporate/homeeng.nsf/FR?ReadForm


Hot Isostatic Pressing

(courtesy of Metso)

100 MPa to 200 MPa ! 
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Liquid penetrant 
inspection

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

http://www.metso.com/corporate/homeeng.nsf/FR?ReadForm
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Microstructure, comparison 1: wrougth

100 µm
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Microstructure, comparison 2: 
cast



54

Thermal contraction

Compared thermal contraction 
of wrought and PM 316 LN stainless steel
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Mechanical properties: tensile

PM 316 LN 
Tensile curves measured 

at 293K and 4.2K
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ISO-V impact energy at 4.2 K

122121
100

89
103

75
92

150
135131

257249
270

112

83

0

50

100

150

200

250

300

1

IS
O

-V
 Im

pa
ct

 E
ne

rg
y 

/J
 

> 300

BM PM HAZ PM
WM

(WN1.4455) HAZ W BM W



58

Fractographic analysis

20 µm

Oxides within dimples

Localized ductility (Couturier 99)
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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 
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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) + + + + 
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Award: Grand Prize  
Year: 2007  
 

Description:  
The award was given to an end cover is used in the Large Hadron Collider, the world’s largest and highest energy sub-
atomic particle accelerator. Made from 316LN stainless steel powder, the part is hot isostatically pressed to full density. The 
superconducting dipole cryomagnets operate in a cryogenic environment at minus 450°F. As HIPed to a near-net shape of 
253.5 pounds, the finished end cover weighs 153.3 pounds. The fabricator incorporated finite element analysis, computer 
aided design, numerically controlled sheet metal cutting technology, and cutting-edge robotic welding and part manipulation 
to produce the end covers. This resulted in a more-than-50-times increase over the typical production rate of fully-dense 
HIPed PM near-net shapes, an unprecedented breakthrough in productivity. About 2,700 end covers have been delivered 
to CERN. The design of the part features several complex configurations. For example, both the inner and outer surface of 
the broad face is radiused with the inner surface approximately parallel to the outer surface. The exterior of the curved 
surface has either eight or 10 projections, depending upon which version of the part is produced. The design differs slightly 
depending on which side of the dipole magnet it is located. The PM HIPed part meets the equivalent mechanical properties 
of 316LN wrought stainless steel, including internal toughness and high ductility. 

Part: Dipole Cryomagnet End Cover 
Fabricator: Bodycote HIP-Surahammar 
End User: Metso Materials Technology Oy for CERN 
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General conclusions

(I)	 Conventional materials are key pieces of magnet technology (and of 
annual global market of magnetic materials) ⇒ selection, 
specification, purity, thermal treatments... require special care 

(II)	 Soft ferromagnetic materials of better controlled properties/
metallurgy than constructional steels might be considered for 
specific applications (fast magnet systems...) 

(III)	 Innovative materials of novel compositions, properties, metallurgy 
are relevant for an increasing number of applications to magnets 

  
(IV)	 A selection of experimental methods reviewed, for soft 

ferromagnetic and feebly magnetic materials 

(V)	 "Non-magnetic" ferrous materials deserve a critical selection 

(VI)	 Importance and use of powder metallurgy is increasing for 
application to structural, soft magnetic materials and materials for 
permanent magnets 
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There is a stone called the magnet; black, dull, 
and common. It does not adorn the braided 
hair of kings nor the snowy necks of girls, nor 
yet shine in the jewelled buckles of warriors' 
belts. But consider the marvellous properties 
of this dull-looking stone and you will see that 
it is of more worth than lovely gems and any 
pearl sought of Indian amid the seaweed on 
the Red Sea's shores. 


