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Choice of the electrical steel for
DISCORAP dipole

1) Commercial electrical steel

2) Simple method for separating hysteretic, eddy
currents and anomalous losses

3) Choice of a commercial steel lamination



M235-50A means that it is a magnetic steel (letter M),
dissipating 2.35 W/kg at 50 Hz and B oscillating between -

IEC EN ASTM JIS | GOST
404-8-4 10106 | AISI | AG677 2552 | 21427
(1986) (1995) (1989) | (1986) | 0-75

- M235-50A || - - - -
250-35-A5 | M250-35A | M 15/ 36F145 [ 35A250 | 2413
270-35-A5 | M270-35A | M 19 36F158 | 35A270 | 2412
300-35-A5 | M300-35A |M 22 |36F168 | 35A300 | 2411
330-35-A5 | M330-35A |M 36 | 36F190 - -

- M250-50A || - - - -

270-50-A5 | M270-50A | - - 50A270 -

1.5Tand + 1.5 T, the thickness is 0.5 mm
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Standard

No. Variety Designation

B35A440, B35A530, B30A47T0,
Bo0AS40, BSOAG00, B30ATOO,
B30AB00, B50A1000, BSOA1300,
BESAG00, BESAT00, BG2ABOO,
BESAT000, BESA1300, BEG5AT600

Silicon [Q/BQAB |Cold Rolled non-oriented
Steel 480-1999 silicon steel sheet in coil

Nominal Theoretical Core loss value
Class thickness density P15/50
mm kg/dm®> W/kg

B35A440 7.70 <=4 40
B35A550 0.35 775 ==550
B50A4T0 7.70 <=4 70
B50A540 7.70 ==540
B50AGB00 775 ==6.00
BHOATO0 0.50 7.80 ==7.00
B50A800 7.80 ==8.00
BS0A1000 7.85 ==10.00
B50A1300 7.85 ==13.00
BG5SAG00 775 ==6G.00
B65AT00 775 ==7.00
BG5SAE00 065 7.80 ==3.00
BE5A1000 7.80 ==10.00
BE5A1300 7.85 ==13.00
BESA1600 7.85 ==16.00
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2 ub 50 Hz. SR 0P
d o} faster ) e
EM 10027-1 | EN 100272 18T 13T Bod 250 | BOOG | 10000
MDH0-ZIN 1,E860 023 | om0 | L2 | LT 0,345
MBD T L0865 027 | eeg | 1a0 | .78 2,950
M7 30 1, 8851 0.30 0,97 1.50 .75 0, 955
W | ML 1. 8858 038 | 111 | 185 | 178 0,960
B | Ma0ms 1, 0864 033 | 077 | 120 | LT 0,545
DI 4 | M1a0-718 1, 8865 027 | e85 | 1an | 178 0,950
EN 10207 # Wil40 308 1.6A62 [ 0,92 1.40 .78 — er e {1 355 r 1 1.85
[VEE N bl AILS0-30S 1,CHAT 038 L.oh 1.50 1.7T8 0, 960
| Mm e 12870 .33 - LoD | 163 0,35
| i e LeAsn | 037 | - | i0s | 188 0960
WL05-30F 1. 8RR .30 - 105 | 1A 0, 35
111 =3P 10881 0,30 - 111 | LEE 0,565
MLLT 307 18882 .30 - L17 | LB§ 0,955
WEHS 254 1.6850 L35 2 160
M50 BEA 1. BA00 2. 50 2 .60
MIT-E5A 1,801 035 | 270 - - L49 | L8O | LT 0,55 217 2 .65
MAB0-A5A 1, 8803 .00 F] .85
W30 354 1. BA04 3,590 3 .85
M50 504 1841 2. 50 17 3 160
| M270 508 1.8806 270 =17 ] .60
MRG0 1,807 260 48 | L6 | 170 £17 3 16l
MELLD-50A 1. 8A08 3.10 B 2 .85
M30S0A 1,800 3,90 14 3 165
MAEH BOA 18810 3,60 L60 | Le0 | LT0 12 P .85
L MAD-S0A Leall | &s5¢ | 400 | - = | 153 | 183 | 173 0.97 =3 S I I, ]
MATD-50A 1.6812 4,7 L.B4 164 1.T4 =10 E 1.1
# | o soa Leals 5.0 _LG6 | 165 | LTS #0 | W L0
: | MM 5O LO81a GO0 L57 | 166 | LT6 =10 w | m
i 5 | MO0 504 12815 7.00 1.60 | Léw | 177 - 10 7.50
EN LO1E SAD-500 1, G816 8., 0 LGl LT 1. T8 = [¥] 10 T.5]
(1985 ﬁ | M0 50 L8817 B0 | _L63 | 172 | LEl 8 | TB5
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T 100 1, 8R4 7.0 154 | 164 | 173 L8 3 165
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The Si content has been used as main parameters
for evaluating electrical and magnetic properties

B_(T)

Resistivity (u0.cm), Coercivity (A/m)

“o 1 2z 31 4 5 8 1 8 8 10
Si content (wt.%) in FeSi

Figure 1. Evolution of ininnsic features as a function of Si content in Fe—51.

X

Hc(x){%} - 110*e(_3'7] p(X)[Om]=1.3107 +8.710° x = B, (X)[T]=2.16 - 0.028x - 0.004x’

X = Si content (wt.%)
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INFN 2y
(_/ evchenses Calibration using known properties of a steel o
lamination, using a FE calculation applied to a plate
of 1 kg
Steel Hysteretic | Eddy Anomalous | Hysteretic | Eddy Anomalous
at 50 Hz | Currents at |at 50 Hz |at 0.056 | Currents at | at  0.056
and + |50 Hz and | and £1.5T | Hz and | 0.056 Hz | Hz and
15T i 15 T iBsat. and i Bsat. iBsat.
(W/kg) (W/kg (W/kg (mW/kg) (mW/kg (mW/kg
11200-100A 2.62 5.44 3.94 5.013 0.014 0.024
3 o
E H [~J [ m ]= n B max [J/m cycle]——a)Brf1aX
12p
GV,S
3 _ 0 05p1.5
EA[J /m cycle]_8.73 f°B.,

o,
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4 Ironyoks
5 Shell

£-Clamp

6 Staples

Steel Hysteretic at Eddy Currents | Anomalous at Hysteretic at Eddy Currents | Anomalous at
50Hz and * atb0Hzand+ | 50Hzand * 0.056 Hz and at 0.056 Hz and | 0.056 Hz and
15T 15T 15T B, + B, +B_.

(W/kg) (W/kg) (W/kg) (mW/kg) (mW/kg) (mW/kg)

M235-35A 1.7 0.4 0.25 3.10 0.000 0.016

M300-35A 2.0 0.6 0.4

M250-50A 14 0.7 04 2.54 0.0016 0.023

M350-50A 1.9 0.9 0.7

M350-65A 1.6 1.2 0.7

M600-100A 1.4 2.7 1.9 2.54 0.006 0.11

M250-50A and M600-100A seem the most suitable steel lamination. Our
preference is for M600-100A, because the larger thickness allows to handle

less number of plates
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Materials and lay-out for collars of
DISCORAP dipole

1) Function of the collar in DISCORAP dipole
2) Review of existing dipole collars
3) Towards a possible lay-out

4) Choice of material



P.Fabbricatore VI meeting INFN-GSI for R&D on SIS300 dipole GSI May 23 2007

Istituto Nazionale

Since the beginning of our R&D activities we did the choice
to have the coil mechanically supported only by the collars.

This choice was mainly determined to limit the difficulties
coming from the need to couple a curved collared coil with a
curved yoke.

This approach can be considered of HERA-type, with the
difference that we will use stainless steel collars.

We agreed with GSI that a relevant parameters was the coil
deformation during the field variation from 1.5 T to 45 T.
The maximum allowed deformation was fixed to about 50
um. As a consequence a collar of 30 mm thickness was
necessary, according the FE mechanical computations.
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To set a maximum deformation is clearly related to different issues:
1) Minimization of harmonics variation during the field ramp
2) Minimization of heat releases due to the friction or local heat releases

3) Minimization of strain/stress variations in a frame of fatigue
problematic (peculiarity of SIS300)

Recent developments of the conceptual design clearly show that
deformations larger than the agreed one are not necessarily worsening the
field quality (See SF presentation). This would open the way to a reduction
of the collar thickness, which has positive effects on temperature (and then
stability) margin. | am now presenting a comparison between
DISCORAP/SIS300 with other magnets to be followed, later, by a
discussion about the basic reasons leading to limit the coil deformation to a
given value.
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L e
Magnet - GSI1001
B (T) ®, . (mm) | Collar thickness | Self-support
(mm)
4 80 19 (?) (?)
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Magnet -

Tevatron

B (T)

®, . (mm) | Collar thickness
(mm)

Self-support

~11-13

Yes

Tne cold mass k= assembien I 3 compact crvostat which
conialng a liguid helum cooled shlsld and a Bquid nitrogen
cooied shiald.

A-Zingie phiase (FUp2rcrilical) helum

S-Seam twbe

C-Liguid riragen snlela

D-Liguid hiellum shigld {bwo-phase)

T TP r Pt

This magnet has a warm iron voke and a
collared coil assembly in 2 closa-fiting cryostat.
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Magnet - SSC

B (T) @, . (mm) | Collar thickness | Self-support
(mm)

6.6 ~50 ~17 (?)

S3C Dipole Cold Mass Cross Section

= Huilum comainmaen shell
™ Eknziizad b

The principal dimensions of the collar
required for this design are shown in the I

figure. i
< o Di . . ] .:!__. .
1MIENS10105 110 I ol [ ___.-":-ﬂ:-""—\-\.\_\_\_ 5
A-6782  E-  102.68 deg. AT N T
2248 F-  3586des ”"’F\a:,‘.a,c; L7

B
C-3792 T
D - 5083 - -
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Magnet - HERA

B (T) @, . (mm) | Collar thickness | Self-support
(mm) Al-alloy

5.2 ~ 75 28.6 Yes

i

A - Nominal fit of HERA collar in yoke.

B - Calculated deflection (dotted lines) of pre-
stressed coils in collar. Room temperature coil is on
the left and operating condition coil with Lorentz
force is on the right. From K.-H. Mess, P.
Schmuser and S. Wolff, “Superconducting
Accelerator Magnets”, World Scientific Publishing
Co. , Singapore
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Figure 3.7. Calculated deformation of the collared HERA coil at 6 T. The collar material
is aluminium AlMgd.5Mn{G335) with a value of o5, =270 MPa and a yield strengih of
350 MPa. The maximum calculated siress in the collar is 150 MPa. The calculation was
performed by G Meyer of DESY. In a test set-up with a mechanical load applied to a

short stack of collar laminations the measured and computed defizctions agreed to within
5%.




In order to compare the different configurations we should know the
magnetic deformations. In fact the deformations are quite complex and
not known. | propose a figure of merit, which could be defined as a
sort of equivalent deformation defined as :

Magnet €
GSI1001 9.00 10-°
Tevatron 1.62 104
SSC 2.55 104
HERA 2.95 104
DISCORAP 9.21 10

.

BC? Rintcollar 1
20, JAR . Y

collar

One can see that DISCORAP would be much more conservative if its € is compared
to existing magnets (considered here self supported as surely true for HERA and

TEVATRON)
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Structure of the collars

All showed magnets have a
collar structure composed by
two elements composing a
cylindrical containment (4
elements are needed for
guaranteeing the circular
continuity).

The 2D mechanical analyses
were done using an
homogeneous material. More
ined 3D analyses are
or calculating peak
stress aroundpins and keys.
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L A different collar

LHC dipoles (due to their peculiarity to being two-in-one), used a different
collar. In fact only one part of the collar has a mechanical function, the other
being a sort of filler/closure. When assembling these collars in the usual way,
the radial rigidity is strongly reduced (down to %2). Not having yet defined the
precise collar lay-out, mechanical simulations were also done using an
artificial Young modulus lower than the one of the material. In these case the
deformations are larger and the peak stresses too.

Personally I think that this design shall be avoided in our case
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Material to be used in collars

The magnetic analyses showed that only a very low value of magnetic
permeability is allowed (1.003) leading to a choice of high strength austenitic
steel

Table 1 Properties of non-magnefic steel (KHMN) (plas AISI 316LN) (1.5 mmt cold rolled)

Target (850 KHMN INGLN (Ref.)

Teems RT 4K RT 4K RT ax/
Magnethe Absolute value, = LOD0Z L0 LAOn 1.0H1E ! !.ﬁ?
permeability  |[Devistion, s . -_:_ .-j. -____ﬂ_ ALIHHES 4 (LG0T | 4 (U + 0L {I_I}IJE
Thermal Coefficient (80— 300KK ") |equal to or kess than 75 wm* 75 vt
coiipaction Heplacement (4 — MK milyin} | those of iron 1.7 AI
0.2% proof strengih = M) = 12H) (2] 1541} Hﬂ/ L2
Temsile strength B 1720 qﬂ 2251)
Tetal ehongation ins large as possibic) 33 29 [ | M
Charpy impact absorption energy i 274 135 / 2% i20
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18— 1 1 T 1 T 1

i : : : B Permeability-4.4K

4 L1 Permeability-RT

1.025 T 2 ¢ Permeability-4.4K-316L
: : : < Permeability-RT-316L

L02 [~ *esgsiye e A o L e

’000000§“ * . .
T A =

Permeability
-

O R R

T R e . o N T i1

<><><>5<>© !\Iitronic tU
TR N - K

i I I I i I I I i I I I i I I I i I I I i

8000 16000 24000 32000 40000 48000
Field (Oe)
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Mitromic 20 =i M sieel
Temp (K] 205 L 205 -
¥. 5. (MPa) ge2.51| 1427.06 6ro.atl| 148221
T. 5. (MPa) 22033 181212 B13.40) 1605.00
Elongaticn 20% 23 33% 29°%
1 1.0014 1.0021 1.000% 1.001
E (GPa) 162 138
Mote 4 5
JIMETALS AND ALLOYS (193K TO 4.1K)
MATERIAL e=AL/L, COMMENT
Mitronic 40, S5C collar matsral 000247 High strength stainless steel usad for collars
HiMmn, collar material (KHMR30L) 0007157 High strength stainless stesl usad for collars
TYPE Mn P 5 51 Cr Ni Mo OTHER
MAX MAX MAZ MAX MAX. MAX. ELEMENTS
18-0LW 0.10 2.00 045 030 L.00 17.00-19.00 8.00-10.00 — Ba C Mm
Nitromic 32 0.15 11.00-14.00 060 030 L.00 16.50-19.00 S5-250 — Cu3.0-40
Nitronic33 0.08 1150-1450 060 030 1.00 17.00-19.00 225375 — N 20-45
Nitronic 440 0.08 8.00-10.00 060 030 1.00 19.00-21.00 5.50-7.50 — N.20.40
Mitronicso .03-06 4.00- 6.00 040 030 L.00 20.30-23.50 11.50-13.50 1.50-3.00 N .15-40
N .20-40
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The LHC experience

TABLE 1 TABLE IV
GraDzs TESTED THERMAL CONTRACTION (A L/ L) BETWEEN RooM TEMPERATURE AND 1 9K
Grade Prodacer Grada Thermal contraction Al

1 3“” 1 9 - S-Hl“.j'\.h -'jﬁ-‘-l.g !? = .ln-l

20-7 MNE Liging . -

YUS 130 88 Nippon 20-7 MN 27+10

Hytiorm 200 mod. ® Auesila Shislliedd YUS 130 § 26107

KHMM Karmsak Hylorm 200 mod 27+10°
KHMN 1.8+10%

donisiaa. aa

Nommial CEEMICAL CoMPOSITION (%0 OF ToTAL WEIGHT)

anand s OB T e ¢ Wi =N NEEH&MC}L%BP;C%PE;?IESAI??K

13D BT B8 &4 A B 184 AN 724D

20-7 MN RO 022 AN A0 G002 M Q8T aMe 04 Grada fg g [WP%) ~ AP Ay

YUS 130 B B 04 107 N GO0 M a1 As 8K 13AM1D 1113 1634 13

Hyform 200 mod. &1 038 &8 3093 B0OT R4 QW 7R AN 20-7 MK 1% 1440 ey

KHMN Bt 08 38 A09% OB &7 <04 482 &t YUS 130 S 1023 155% e
Hyform 200 mod 856 1533 BS
KHA 1050 1600 Srs

We should avoid high Mn steel (too low thermal contraction, requiring more pre-stress). As
a summary of these materials, Nitronic 40 seems the most suitable one for
DISCORAP/SIS300
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Conclusions

There are arguments leading to reduce the actual collar
thickness (30 mm)

The collar lay-out could be HERA or SSC type
The material envisaged material is Nitronic 40

The thickness shall be decided. However, on the basis
of FE analyses it could be about 2mm (Heat
dissipation about 3 m\W/m)



