A novel method to simulate the
critical current degradation of Nb3Sn
PIT strands under transverse
compression

Tiening Wang

Tufts University

2013 CHATS-AS at PSFC, MIT 10/10/2013, Cambridge MA



Outline

Introduction
Methodology

* Finite element analysis
 Calculation based on a scaling law

Results and discussion
Conclusion



Introduction

Understanding critical current degradation of Nb3Sn superconducting strands under
transverse (Lorentz) compression is necessary for large magnet application

Due to the experiment cost of full size cable, experiments on sub-sized cable or single
strand are conducted but generally experiments are challenging due to the small diameter
of the strands (~ 1 mm).

We developed a method to estimate the critical current behavior under transverse load
based on Finite Element Analysis (FEA) and an available tensile scaling law.

A successful method would allow a platform for the optimization of the strand design and
for the prediction of the behavior of a cable without costly experiments.



Methodology

Two steps to calculate the critical current (Ic) degradation

 FEA is based on the experiments at University of Geneva.
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* Calculate Ic degradation based on
1) Strain of the NbsSn filaments from FEA
2) An available scaling law.

 Comparison between the calculated results and the experiment
results.



Methodology

Finite element analysis

FEA procedure in ANSYS®

1. Solid geometry modeling

2. Meshing (Finite element model)
3. Boundary conditions and Loading
4. Material properties

5. Solution

6. Post-Processing
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Meshing

Strand mesh

Element type: PLANE183 with plane strain option

Division on the lines to control the size and shape of elements.
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Contact pairs include contact element CONTA172 and Target element TARGE169

Pilot node representing the “plate” \ Pilot node representing the “wall”

e plate St

Two contact pairs are used for the contact
between:
1 “plate and strand”

wall 2 “wall and strand”

TARGE169 /

CONTA173

strand
b x
Plate and wall are modeled as rigid bodies (no deformation) with TARGE169.

Pilot nodes are generated by an option of TARGE169. Pilot motion represents the motion
of whole body.

The load and boundary conditions are applied on the wall and the plate via pilot nodes.



Boundary conditions and loading

Boundary conditions (except symmetry conditions) and loads.

Loading direction | Plate: x-direction Plate: y-direction Wall: x-direction Wall: y-direction

4wall: -0.07 mm
Vertical loading Fixed Fixed Unknown
4wall+epoxy: -120 N/mm

4wall: -0.07 mm

i Unknown Fixed Fixed
loading 4wall+epoxy: -120 N/mm

Horizontal

3

Horizontal loading €<
. : : Because of the twisting of the

$5 1%

AT, o

3 o filaments, configurations of strand
Vertical loading  cross section are different at
different axial positions.

We apply the loads in vertical and
horizontal directions to take into
consideration twisting.

uollpuod AulowwAsg

Symmetry condition



Vertical loading
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Material properties
1. Copper/Bronze

Bi-linear form, parameters: Young’s modulus, Yield stress, and Plastic tangent modulus (H).
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Copper behaves as a plastic material
after cool-down. In the simulation,
we ignore the elastic region of the
stress-strain curve by setting yield
stress =1 MPa.

Good agreement on displacement
curves as function of applied force
for available experimental data [19]
was obtained for H=1300 MPa [20].

2. Nb3Sn: Elastic material: E = 50~100 GPa in literatures at 4 K.
3. EpOXY: Elastic material: E is estimated as 9 GPa at 4 K.



Solution

The simulation is a non-linear problem ( including contact behavior, large deformation and
elasto-plastic material property).

The load is applied by multiple load steps to avoid convergence problem.

Post-processing

We output

1. 1, 2" and 3" principle strains of all Nb3Sn filament elements.
2. Filament area of all Nb3Sn filament elements.

3. Compression force.
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Output files

Load step|: 1210

| 1

_| Fila_strainl - Natepad ' . (= [ [= El

File Edit Format View Help
0.0007457 0.0001299 0.0002614 0.0006645 0.0009538 0.0011480 0.0012938 0.0013947  0.0014459  0.0014343 A
0.0009666 0.0008222 0.0007563 0.0006221 0.0003379 0.0000000 0.0000000 0.0000000 0.0000000  O.0000000
0.0009671  0.0006915 0.0004805 0.0004569 0.0004364 0.0004033  0.0003899 0.0004003 0.0004247  0.0004441 L
0.0012319 0.0018223 0.0024220 0.0028997 0.0031287 0.0032011 0.0031618 0.0030098 0.0027498  0.0023648
0.0013657 0.0023310 0.0033750 0.0043459 0.0050631 0.0056208 0.00G60878 0.0064704 0.0067705 0.0069687
0.0014835 0.0028760 0.0043307 0.0056041 0.0065056 0.0071730 0.0076818 0.0080284 0.0082153  0.0082239
0.0021297 0.0053152 0.0087548 0.0119162 0.0144066 0.0164745 0.0182870 0.0108548 0.0211717  0.0222004
0.0018773 0.0046138 0.0075003 0.0101034 0.0121301 0.0137914 0.0152010 0.0163532 0.0172431 0.0178466
0.0011970 i 99 0.0043991  0,0048357  0.0051750  0.0054113  0.0055524  0.0055851
888]]:?8; _| Fila_strain2 - Notepad = B X
888%%15'% File Edit Format View Help
0.001755 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000  0.0000000
0. 001499 0.0000000  0.0000000  0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000  0.0000000
0.001381 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000  O.0000000
0.001466 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000  O.0000000
0.001155 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000  O.0000000
0.001612 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000  O.0000000
0.001277 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000  O.0000000
0.001654 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000  O.0000000
0. 001440 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000  O.0000000
0.001632 0. 0000000 0, 0000000 0. 0000000 0. 0000000 0, 0000000 0. 0000000 0. 0000000 0. 0000000 0., 0000000 0. 0000000
888%?3? 88888883 _| Fila_strain3 - Notepad = B Pg
ggggggg 88888888 File Edit Format View Help
0. 002099 0.0000000/| -0.0010548 -0.0016970 -0.0030090 -0.0045825 -0.0060663 -0.0074659 -0.0088649 -0.0102872 -0.0117166 -0.0131596 A
0. 001023 0.0000000/| -0.0013731 -0.0026552 -0.0039455 -0.0051341 -0.0061805 -0.0071293 -0.0080329 -0.0089130 -0.0097708 -0.0106196
0. 001257 0.0000000/| -0.0010992 -0.0015258 -0.0020035 -0.0027123 -0.0035441 -0.0044403 -0.0054462 -0.0065823 -0.0078318 -0.0091970 L
0. 001494 0.0000000| -0.0014507 -0.0020437 -0.0043942 -0.0057564 -0.0069740 -0.0081016 -0.0092013 -0.0102893 -0.0113653 -0.0124344
0. 001811 0.0000000/| -0.0012842 -0.0023218 -0.0034251 -0.0045715 -0.0057030 -0.0068294 -0.0080041 -0.0092466 -0.0105541 -0.0119301
0. 001200 0.0000000/| -0.0015083 -0.0032021 -0.0049364 -0.0066016 -0.0081017 -0.0095027 -0.0108786 -0.0122420 -0.0135915 -0.0149291
0. 001432 0.0000000/| -0.0017614 -0.0042256 -0.0069044 -0.0095119 -0.0118411 -0.0140026 -0.0161108 -0.0181848 -0.0202157 -0.0221993
0. 001557 0.0000000/| -0.0016418 -0.0039316 -0.0063697 -0.0087258 -0.0108429 -0.0128150 -0.0147293 -0.0165951 -0.0184041 -0.0201556
0. 001418 0.0000000/| -0.0016211 -0.0037553 -0.0060044 -0.0081968 -0.0101852 -0.0120651 -0.0139241 -0.0157767 -0.0176163 -0.0194528
0. 001279 0.0000000 | -0.0017866 -0.0041525 -0.0066969 -0.0092463 -0.0116050 -0.0138718 -0.0161436 -0.0184548 -0.0207827 -0.0231364
9- 001279 o ooeoaoa | Zoroo1? Jgi@naaiiz n'cawiane a'anataza o' madasaa  a'atsieas  aesdisia  alesealia a'aiedser aladiizas
0. 001528 0.0000000 | -0.0020553 -@ "7 Fila_area - Notepad - - =R
0.001235 0. 0000000 -0.0018362 J & - -
0.001308 0. 0000000| -0.0021220 - File Edit Format View Help
0.001406 0.0000000 | -0.0013308 Q] 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589 0. 00001589 0. 00001589 0.00001589
0.001421 0.0000000 | -~ 02830 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589 0. 00001589 0. 00001589 0.00001589
0.001390 0.0000000 | - —7. oo fa3y 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398
0.001151 0.0000000 | -~ Ho 2oy 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398
0.001170 0.0000000 | - —7. o 83nS ~ 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207
0.001256 0.0000000 | -~ Hoo0any 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207
0.001597 0.0000000 | - —7. HHe- 208~ 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015
0.000843 0.0000000 | - —7. FHe8222  ~ 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015
0.000986 0.00000001 | - ooaraE - 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589 0. 00001589 0. 00001589 0. 00001589
0.000992 0.0000000 |~ e L e 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589 0.00001589
0.001142 0.0000000 | - —7. FERITS ~ 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398
0.001238 0.0000000 | - —7. 09238~ 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398
0.001291 0.0000000 | - —7. oo2o2s 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207
0.001715 0.0000000 | -~ He 2 3 0e - 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207 0.00001207
0.001518 0.0000000 | - —7. el ~ 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015
0.001089 0.0000000 | - —7. 02208~ 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015 0.00001015
0.001141 0.0000000 | —7. oo 2328 ~ 0. 00001589 0. 00001589 0. 00001589 0. 00001589 0.00001589 0.00001589 0. 00001589 0. 00001589 0.00001589
0.001237 0.0000000 | - —7. oo a80e ~ 0. 00001589 0. 00001589 0. 00001589 0. 00001589 0.00001589 0.00001589 0. 00001589 0. 00001589 0. 00001589
0.001326 0.0000000 | -b.LL13003 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398 0.00001398




Methodology

Calculation based on a scaling law

A scaling law developed by B. Bordini et al [17] is used to calculate the critical current
degradation. The calculation procedure is listed as follow:

Description of step

Relevant equations

1. Calculate the first invariant of strain tensor
and the second invariant of dewviator strain
tensor, I, and J,, with the principle strains.

Il:El‘l‘EQ‘l‘Eg

1
J2 = g[(El —£5)° + (g1 — £2)° + (81 — £2)°]

2. Calculate the strain function s(g) with I

and ], assuming the effective Poisson's ratio
of the PIT strand 15 0.36

J2+3 12+3_ o
-C LT3
o 1]2"‘1]2 + e C112+111

2

s(e) =

3. Calculate the critical temperature T.(c) as
a function of strain function.

1
T.(e) = T (0)s(e)w
t=T/T.(2), T is the experiment temperature

4. Calculate the second critical magnetic

field B.,(T,¢) and the normalized magnetic
field b.

Bes (T,e) = B (0,0)s(e)(1 —tY)
b = B/B_, (0,0). B is the background field

5. Calculate the pinning force F,(T,¢)and
F,(T,0).

Fp(T, E) — IC(T, E) w B = Cg(g(g))h(t)bp(l . b)q
8(5(2)) =s(e); h(t) = (1 —t3)(1 —1:1-52)

6. Calculate the critical current degradation
of Nb3Sn element i1, R;.

B I.(T,2) B F,(T,)
' 1e(T,0)  Fo(T,0)

7. Calculate the critical current degradation
of the strand.

N

N
leo i=1 A




% Operation temperature
% Magnetic field in the

ZRead
importfile ('F D.txt');
importfile('Fila area.txt'):
importfile ('Fila scrainl.cxt');

raw data

Compression force
Filament element area
1st principle strain
importfile ('Fila strain.txt');
importfile('Fila straind.txt'):
Fila strainl=Fila strainl=*100;

Z2nd principle strain

3rd prineciple =strain

T

Fila strain2=Fila strain2+*100;
Fila strain3=Fila strain3~100;

% Define the constants
w=3; v=1.5; p=0.5:
% PIT data

TcO=17:

g=1,91;
Bc200=30.97; C1=0.735;

% Square of the 1st invariant

Il =qr=(Fila strainl+Fila strain2+Fila strain3)."2;

% The 2nd invariant
J2=1{6.*{[Fila_stIainl—Fila_stIain2J.“2+[Fila_strain2—f
Rl=exp (-1.*J2.*%C1l.* (J24+3) ./ (J2+1})):
E2=exp[—1.*Il_sqr.*Cl.*[Il_sqr+3].f[Il_sqI+1]J;

=Y
%2 5 funcrtion ¢
s=1/2.% (A1+R2); (@))
£t
Toce=TcD.*s3." (1/w); t=T./Tce; % Reduced temperature
£ b
Boc2=Bc200.*=.%(1-t."v): b=B./BcZ; % Beduced magnetic field
% Fpl{pinning force)=B*Jc=B* (g(strainl) *h({t)*£(b))
Fp=B.*s.%(1-t."2).*(1-t."1.52).*c."p.*(1-k) . q:
% Calculate the pinning force with 0 strain (s=1) at 4.2 K 3

% field of BE.
t0=T./ (Tc0.*1); Bc20=Bc200.*1.*(1-t0D."Vv);
b0=E./Bc20; FpO0=B.*1.% (1-t0."2).*(1-t0."1

% Ri of each Hb35n element

.52} .*b0."p.* (1-b0}|.

Ratio=Fp./Fp0:

dails uonenoje)

nd magnetic

% 5S5et the ratio to 0 if the
n=size (Ratio,l1l):

corresponding Bo2

m=size (Ratio,2);

i=1:;

j=1:

for i=1:imn;

for j=1:m:

if Be2(i,j)<B:
Ratio(i,j)=0;

< Bl(background field)

end
end
end
% Calculate the Ic degradation of the strand
Ic_degra_whole=(sum(Fila_area.*Ratio].fsum(Fila_aIea]]';

%2Beset the strain data

Fila_strainl=Fila_strain1!1GG;
Fila_strain2=Fila_strain2flﬁﬁ;
Fila_strain3=Fila_strain3!1GG;

Final result, step 7

We use the minimum value of Ri from vertical loading
and from horizontal loading to estimate the smallest

critical current.
Ratio combined=min(Ratio h,Ratioc v);

Ic combined=(sum(Fila area.*Ratio combined. / 3um (Fila area))';



Ic/IcO

Results and discussion

Parametric study of the effects of:

*Tangent modulus of Copper (bronze), range from 600 to 2000 MPa;

*Young’s modulus of Nb3Sn, range from 20 to 110 GPa;

Based on PIT192_4W simulation

X-axis: Compression force per unit axial length / Radius of the quarter FE model.

Y-axis: Ic/1cO of the whole strand
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Conclusion: Ic/1c0 is sensitive to Young’s modulus of Nb3Sn.
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Ic/1cO

Ic/1cO

Ic/1cO

PIT192 and PIT288 under 4W+Epoxy condition:

PIT192_4W-+epoxy_vertical

PI1T288_4W +epoxy_vertical

1.1
o ®UG_17T
: +UG_18T
0.9 AUG 19T
0.8 B1300_65_17T_4.2K_v -
0.7 ©1300_65_18T_4.2K_v -
0.6 . £-1300_65_19T 4.2K_v . h
05 S + #UG_17T_hex
04 N | %UG_18T_hex N
03 Ay | -AUG_19T _hex 4
02 X | §1300_65_17T_4.2K_v N
- A | ©-1300_65_18T_4.2K_v A
8(1) £-1300_65_19T_4.2K_v
0 40 80 120 160 200 240 280 0 40 80 120 160 200 240 280
PIT192_4W-+epoxy_horizontal Compression pressure, MPa
11
o ®UG_17T
: *UG_18T
0.9 S AUG 19T :
0.8 2 £1300_65_17T_4.2K_h -
0.7 A ©-1300_65_18T 4.2K_h -
0.6 . 21300_65_19T 4.2K_h - g
3 | ®UG_17T_hex
05 : T Z
04 1 4UG_18T_hex }%g\
03 RN - | &UG_19T_hex S\
: | 81300 65 17T 4.2K_h BN
L e Y | ©1300_65_18T_4.2K_h A
0.1 £1300_65_19T_4.2K_h
0.0 ‘ ‘
0 40 80 120 160 200 240 2800 40 80 120 160 200 240 280
PIT192_4W-+epoxy_combined P1T288_4W +epoxy_combined
1-1 ,,,,,,,,,,,,,,,,,,,,,,, 1300 65 17T 42K _combined
0 1300 65_18T 42K _combined Load
0.9 S g #1300 65 19T 40K combined
0.8 & 3 )
0.7 \J\\“‘ ; OOOOOO
. \;\F N |
o DN W N 000000
| W OEL AN AN e Q00000
04  ®mUG 17T \\& \ Ng DOOOOO00
0.3  $UC18T * S : S8 OOO0O000
&UG 19T VN UG 17T h
0.2 | &1300_65 17T _4.2K_combined < A I _Lr o _hex Ao Q00000
01 | ©-1300°65 18T 4.2K_combined S~ +-UG_18 T hex . Ealalalalele.
00 | 2r1300_65_19T_4.2K combined A A UG_19T_hex = T e —
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Ic/1c0

Ic/1c0

Ic/1cO

PIT192 and PIT288 under 4W condition:

11
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N 3
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Summary

PIT192 and PIT288 Ic degradation
Calculation vs Experiment

a4W 4\W+Epoxy
Vertical << J
Horizontal << /
Combined v (<) /(>)

* Nb3Sn Young’s modulus of 65 GPa seems appropriate for this work. The same value was used
successfully in previous studies [10].

* 4W+Epoxy results of vertical/horizontal loading agreed with the experiment very well. The combined
result overestimates the Ic degradation.

* 4W results of vertical/horizontal loading showed smaller degradation than the experiment. The
combined results (largest strain configuration) is also smaller than the experiment. This may be caused
by the uncertainties of the real loading condition in the 4W experiment (strand is not supported as well
as in 4W+epoxy. This might cause more filament damages, lower Ic.)

* Limitation of methodology: residual compressive strain of the filaments and current sharing between
the filaments are not considered.



Conclusion

>

Ic degradation is sensitive to Young’s modulus of Nb3Sn. Transverse stiffness of the strand is
determined by the plastic tangent modulus of copper.

= More accurate Young’s modulus of Nb3Sn measurements at 4 K are necessary in the future.
= More accurate measurements for annealed copper under transverse load to study the
compression displacement as a function of compression force are necessary.

Preliminary results obtained by the new method are compared with experiments.

= Good agreement is obtained when strand is positioned in the holder filled with epoxy.
= Simulation showed smaller degradation in 4W cases.

The Nb3Sn material property used in this work is consistent with that in a previous Internal-tin
triplet strand calculation, which indicates that this method may be used for different types of
strands.

This method can serve as a platform for optimization of the strand as geometry parameters are
easily adjustable in model (sub-element spacing, shape of the sub-element and the size of the
strand)

This method may be used for critical current calculation of higher stages of cable.

More experiments are needed to verify the use of this methodology
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