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* NbsSn strands are prone to critical current reduction under the effect of
mechanical strains

o This strain dependence can be caused both by axial and transverse strains
o For high strains the reduction can become permanent (degradation)
o Similar effects were measured also for Rutherford cable stacks

« The fields required by particle accelerators are continuously growing

o Stronger e.m. forces — higher stresses/strains —» possible current
reduction/degradation — lower performances

«  We need a methodology to evaluate the magnet performances under high
stresses
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Interf. Coupling

Currently, we use an empiric limit of 150-200 MPa on the coil equivalent stress?

«  We cannot measure directly the strain on the coil

o This limit is verified against numerical model results (eventually validated with
indirect measurements)

o Inthese models the coil is considered a block with uniform elastic properties,
measured on cable stacks

TH. Felice et al., IEEE TAS, 2011
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Procran =T Strands Critical Current - Axial Strain

« Asignificant amount of experimental data exists about the performance of
NbsSn wires under axial strain.

« The main parameter governing the strain dependence in the reversible region is
the strain function s(¢):
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« In 2013, an exponential scaling law was proposed to describe the evolution of
the strain functionT:
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« Can we use this law in our magnets¢ How?
'B. Bordini et al., SuST, 2013
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' Copper Nb,Sn
Insulation ‘ Region Epoxy

+ 2D FE model of a Rutherford cable stack
* Material properties from literature

«  Geometry from a mix of image analysis and simple geometric formulas to
match the filling factor, copper-non copper etc.

« Stiffness validated against measurements on impregnated 10 stacks
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Cable Stacks — FE Model (2)
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Difficult to condensate the coil elastic
properties in a single number (modulus)

Virgin/cyclic behaviour explained by

copper plasticization
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FE slope reasonably good - no model
calibration was performed...

Model successfully predicted the higher
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stiffness (20%) of 11T cables Meas. data from C. Fichera et. et al., IEEE TAS, 2019
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PIT 2013 - Sample Holder - Critical Current
40 ' ‘ ~|—Model - 90 MPa
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2D mechanical and electro-magnetic model of the sample holder

+ Cable stack modelled with the mechanical approach validated from 10-stack
measurements

« Quench currents are matched reasonably well. Notice that:
o On the last loading there was a small irreversible degradation

o The quenches at 90 MPa were at short sample limit. The model correctly
predicts the same strain function at 0 MPa
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MQXF Design

LHC IR upgraded as a part of High-
Luminosity project

o Quadrupoles: NbTi - NbsSn
o 150 mm coil aperture

Target gradient and peak field:
o Nominal: 132.6 T/m, 11.4T
o Ultimate: 143.2T/m, 12.3T

Azimuthal preload at R.T. applied
with bladders & keys

Longitudinal preload at r.t. applied
pre-tensioning the rods

Both increased by the differential
thermal contraction during cool-
down
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MQXF — Critical Current

Critical Current [kA] MQXF - Load Line
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Powering results:

o Cirifical strands near the mid-plane, 20.7 kA (SSL, pole, 21 kA)

o Inner layer, 29 turn: the e.m. forces and the outer layer pole corner create a
stress concentration, reducing the available margin

+ The impact of local strain spikes is difficult to evaluate in block models
o Critical current is almost the same on the mid-plane and on the pole
« This is probably due to the empirical approach from past results
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+ Temperature margin:

o The critical surface movement caused by the strain can reduce the
available margin against sudden energy depositions, potentially
decreasing the magnet performances

o The temperature margin reduction is:
* 0.7 K at ultimate current
« 2.5K at the limit current
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+ Cable stacks under transversal pressure:

» Results suggest that we could use this modelling approach to estimate the

stiffness of future cable designs
» The critical current reduction can be reproduced using a law developed on

axial tests
* |t seems that we do not need to model the filaments

+ Accelerator magnets:

« Reasonable agreement between the measurements and computations

 The methodology can provide:
* A more accurate critical current and load-line margin computation

» Location of potential critical regions in the magnet (e.g. pole corners)
+ Updated temperature margin
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 In 2013, an exponential scaling law was proposed to describe the evolution of
the strain function:

1243 5
_C, J2t3 —C1—
O i S
S\&) =
2

«  With I; being the first invariant of the strain tensor and J, the second invariant of
its deviatoric part:

I = 2(51 + €9 + €3)

Jo = [2(51 —e2)" + (e2 —€3)” + (€3 — 81)2}

S| =

« The strain tensor has to consider the applied load + the pre-compression strain

B. Bordini et al., SuST, 2013
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Reloading
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« Measurementst on stacks of impregnated cables: [
o Very different behaviour in the three phases — e
o The chord and tangent modulust vary continuously | EE;‘;‘;}:;;};::
during the test | l==prueiwn]
+ Probably difficult to condensate the coil elastic
properties in a single number (elastic modulus)
00 0.5 ] ‘1S , 2 2.5 3
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* Non-linear stress-strain relationship .
. . . fC. Fichera et. et al., IEEE TAS, 2019
o Unreliable stress from strain measurements on coil TASTM - E111 - 04
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«  MQXF cable, 10 stack campaign

* Virgin loading: peak at ~25-30 MPa (Cu plasticization?),
then ~15 GPa

* Unloading: non-linear, max at 50 GPa

* Reloading: non linear, max at 35 GPa
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FEM Cable Stack
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Cable Stacks — FE Model (2)
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* Hysteresis behaviour test: %1000&
[am
o ~35 cycles, sample used also to study creep = os00
o Need torepeat also at lower load levels 5 9000
«  The width of the curve (~energy dissipation) 7 850
converges : 8000 |
+ The residual strain keeps increasing 7500 ‘
.. . 0 5 10 15 20 25 30 35
« Energy dissipation ~ 100/150 mJ/cm3 Cycle
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e FRESCA Sample Holder

Parameter Unit Value - AT Value - B¥
Strand / RRP 108/127 PIT 192
Strand diameter mm 0.85 1.0
Number of strands in cable / 40 18
Copper to non-copper / 1.2 1.22
PSP 'Sy Twist Pitch mm 14 63
Cable Bare Width mm 18.15 10
Mid Thickness mm 1.525 1.81
Keystone Angle degrees 0.40 0
t 10-stack cable (MQXF [13]) - E measurements.
1 Sample holder cable [3] - Critical current measurements.

« 2D mechanical and electro-magnetic model of the sample holder

« Cable stack represented with the mechanical approach validated from 10-
stack measurements

o Same methodology but different strand/cable parameters
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Iron Yoke - LHe SS
Vessel

Tron Pad Al Shell
Iron Master Coil
Alignment Alignment

Pin Key

Al Collar
Load Key ‘
Titanium

Bladder 5——8 Pole

Slot

Cooling
Pole Key - Hole

« Azimuthal preload at R.T. applied with bladders & keys

« Al shell compresses the coils. Part of the force is absorbed by the pole key
* Longitudinal preload at r.t. applied pre-tensioning the rods
* Both increased by the differential thermal contraction during cool-down
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Temperature Margin

I =20 kA - Temperature Margin [K] I =20 kA - Temperature Margin [K]
3
5
3 K
0% 02 0% 2,
0% e 6 0o %% 6K
RS o0 002 20000
3 oo% %
00%  00%%° 2950050509, 0%  00%%° 2005%0%502,
. 00200, % oo o saaete 0.05 0223000, %7 oot 1
056°" 050" 050" ©10° 0,0°" 50 0 0% 020
0%0° 0 0%0°°60%0°60%0" 0 0! o %°°,02%"
090° o' 0909%090%56%0° o 09500000 0929%,020°%,
0% ©%0°°%60%0°,60%9° %% . 0%0°. 0% 0%0°.60%0° 50! .
02000 0920°%60%0°,66%°%,02%° ,0%°%50' ©9,090°566%0° 60%°°,
0550 0 2009550909 60%0 0% 00% 0%0°,0% O 0950°%0%0°750%0% 60,
0%0°,0% 00! 0%, 690°%0%0° 0° 00%° 1050°, 0957 ©%0%020°5%0%0° 6090
0%0°0' 09700, %60%0%,02%°%,62%°%090° 0%0°,0%.0 o 02000902 50%0° ;0%0'
0%0%,0% 0°7080° %°%,090°750%0° 50%0° 0%, 0%0°,0%5°, 090 20°%0%0°% 60%0°% 60%0°% o0
%0250 50°0005%! 09,092°°60%0° 5,090,020 095020 0%0°  ©°050%0%,095°%,025°%, 080
0%°' 0% 0200 0909 50%0% 00%0° 5050 05090 0%0° 220%,020°7,0%0°%,090°
090 0020 20060%0% 50%0% 5090° 0 090 %0 95°550%0° 50%0% 56%0% o
5 gesk RN PR PCCT SOy %S ooe® RN XA OCCT SIS 5
0%, 090 09%0%,09%°%,09%0% 00%0" 00, 2520 095°%090°%,09%°5 00%°
0.04 PR e AL e 5 5 & Boanbesagbos 000,
. 0! 020° 50%0° ,0%0° . o' 0% 19,0°150%0°%,02%°
o 0%0°50%0°5090°% 09> 0°' ©909550%0°°,0%0°, 0050
0900020%5020°%,09%°% o0, 09060%0°7,090°%,02%°% o0,
092005509507, 00%0% 00t% 029°%005°%,00%2%,00%
0%02%9%, 60%0° 095" %°%02%0% 0020°,09%°"
—_— 0909509509 00%0°" 5 —_— 0209502202 5050
g S aatoeet®™” 4. B 0abe% 00" 4.5
©092%°° S 20%,09%0°°
= o 50900 025"
528888388 %5 . — 523838 9%°°
L 9 oo o0 o A o
@« 0.03 232283888885 00000222282888885 4 @ 0.03 88 538888888 ,00000223283283838 4
N 0 000 000 . 0009 0000 0000
000922338500 000! 0000092338300 ° 0000008938 3500 00000099399
260000 00009 260000 600000! 00000 80000!
< 5522329338338 38858580 0000030838 % 3 522528828888 8388388055 oonaa3ass
000 00 0000 000 00
> o 5e38sREsESBERE Sotonngassasssstist S : 5092932883388 838250 000052228228
co0 ™ 60000 o H GSo00 00! 80000
00000098 5500 0000000 o 000088 3500000 0000
22 383888888880 E0 e '23333288888888EEE S0 3.5 sasezaesasazss S8SESRRCL cpcnsss 3.5
o a0n 333!
0.02 - 52 33888888388858F 0p00933333388888500 0.02 - 222398838888888  CCh00002929232383388
N 100000 1000 . 0000 0000 o
3:. 538838888335359% 29805220833383388550 323333883398888 ou00020222328333288
So00 Sen oo 83
82 ©33333383333855 9003888888888888858 3 So33882228888888 Socoeiuooouoopessas 3
ooe 2 28
830 ©38338388833558% '33533338333333333558 ©223883288822338 ooaae2a222322222233
0000000 000000 o ©00
837 ©283883888833583 99333383833888883858 $333838838888838 53293833238833332888
0000000000000 0000000000 0000000 000
0.01 85 CEBeeaE e 50555503385553380000 2.5 0.01 2333383288888332 '390322928333823883838 I P
. v . . .
BB sasss iossssasenscisditls 8838388338888335 93322338883388883383
o ©000000000000000 0000000000000000 0000000 00000
B aasaes oooccooccoooooaasy $3388838888383838 29383232325383838333
Se. -opase A Ses0ags0e a2
832 ©238888383853055 gguonononoonout!::::: 2K 28338833838855858 93333383383382388388 2K
So. -ooagnece Se9995992222228. 4
83: 233823333388338 33223823382332333338 23898838882382333 32222222222888238238
) | So: -pagoosagsocasss sesomsoooosassasasss ) ‘ Gagoasoooacoooas sosssomcosoosassasas

0.11 0.12
x-axis [m]

No strain (strain function = 0.93) - right

> U.S. DEPARTMENT OF

Office of
Science

G. Vallone

9/19/2019



DEVELOPMENT :
EE e Mid-Plane Stress
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