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Figure 1 (Color online) Main application areas of superconducting coils [5-9].
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Figure 2 (Color online) Practical superconducting materials. (a) Nb-Ti, (b) Nb;Sn, (c) Bi-2212, (d) MgB,, (e) YBCO, (f) Bi-2223 [15,16].
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Figure 3 (Color online) Variation of critical current density of superconducting material with magnetic field.
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Table 1 Advantages and disadvantages of practical superconducting materials
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Figure 4 (Color online) Flux jumps of Nb;Sn superconducting coils in various scientific research institutions [26,32,34-36].
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Figure 5 Schematic diagram of superconducting constitutive model
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(a) critical state model; (b) power function model; (¢) flux flow model;
(d) flux flow and creep model [51].
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Figure 6 (Color online) Strain correlation of Nb;Sn short sample
critical current at 10 T at different temperatures (2—12 K) [59].
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Table 2 The best Nb;Sn ratios, B,, values, pinning characteristics, and estimated limits of RRP, PIT, and TT conductors are currently being

compared [20]

Fine-grain Nb;Sn fraction (%)

B, (4.2K), (T)

Flux pinning

Grain size (nm) F,(B) peak
Present best RRP ~60 25-27 120-150 ~0.2B,,
Present best PIT, TT 4045 25-27 100-150 ~0.2B,,
Limits or optimum ~65 ~28 <15 0.5B,,
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Figure 7 Fracture SEM images of (a) sample (with NbO,) and (b) sample (with SnO,) reacted at 650°C for 150 h [84].
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Figure 8 (Color online) (a) Variation of superconducting wires J, with different grain sizes with magnetic field. (b) Variation of the pinning force of
different superconducting wires caused by grain boundaries with magnetic field [85].
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Figure 9 (Color online) (a) 3D STEM sectional image of YBCO sample with embedded nanoparticles and (b) illustration of magnetic flux vortices
under electromagnetic field. (¢) Simulation graph of the variation of J, with magnetic field for different doped samples obtained using a large-range
computation method. Inset: Double-logarithmic scale to show the exponents, see ref. [90] for details.
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Figure 10 (Color online) (a) Variation of J. with grain boundary strength at different magnetic fields. (b) Variation of superconductivity at the
optimal grain boundary with magnetic field. (c) Corresponding vortex distribution morphology at the corresponding point [97].
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Figure 11 (Color online) Large-range computation grain schematics and statistical analyses of average grain sizes at 80 (a), 70 (b), 40 (c), and 20 (d)

[97].
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Figure 12 (Color online) (a) Function relationship between simulated critical current density J, and grain size at different grain boundary strengths
obtained under low magnetic field. (b) Function relationship between simulated critical current density J, and grain size at different grain boundary

strengths obtained under high magnetic field [97].
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Figure 13 (Color online) Schematic diagram of magnetic-thermal
stability/instability mechanism of superconductors [31].
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Figure 14 (Color online) SEM image of Nb;Sn superconducting wire.
(a) 54 subcomponents in superconducting wire and (b) filament in a
subcomponent.
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Figure 15 (Color online) Comparison of simulation and measurement results of equivalent circuit model [139].

(b)
1.66-05 | | — Ratio =1.62 16505} | — Ratio =4.79
= o~~~
2 1.2E-05 > 12805}
Strain Distribution at 700 A ;’ \; 12E-0
w=1.43 mm ?30 %0
= 8.0E-06 = 8.0E-06
e o
> >
4.0E-06 | l 4.0E-06 -
'l A
0 200 400 600 800 1000 0 200 400 600 800
1(A) 1(A)
(d)
49 T 50
b = Nthowtwamportcurrend )5 [— transport current 5000 A
40
= 30f =
£ E 35
= a5t 5
b : 30
=208 2 25
R % 20
=15
1.
0.5
00 |

0 20 40 60 S0 100 120 140
t(s)

E&&é%%%%@)@%@)ﬁ@%%%ﬁ@@ﬁﬁ%ﬁiﬁ;wLM)%%%%Eﬂﬁﬁﬂ%%*iﬁﬁ@%%%ﬁ%
BT

Figure 16 (Color online) (a), (c) Schematic diagrams and representative unit of superconducting coils. (b), (d) Flux jumps of single superconducting
wire in solenoid-type coils and racetrack coils [140,144].
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HTC current

(a) 750

SIS/ 506 4% van den Eijnden \"#E4.2 K
TS T PURPAS [F] 2 BIND, Sn -5 26 7 F i F T 19 B
JIRAE 4R, AllenZs NPURFFT T 4125 i R Nb,Snite 5
LRI HIZAT N, AR SO BT % T & xR
TR 2 1% e ER(B17), [F]ES 2H A X ND,Sn
(12 REHEAT T RGN IE 7S P |18y, I
HESL 7 AN 1 S8R E, Bt b=
SUOG H FE X Nb ;S 3 2k Bl AT 70 5 m R

v_p[133,145,154
il 1

GM
refrigeration

Strain measurement
system with DIC method

(b) 500

77K 300K
600 400
= 450
& < 300
=3 s
T 300} = 200}
o -51 200
150 100 |
0 T T T T T 0 L 1 L L L
0.000 0.005 0.010 0.015 0.020 0.025 0.000 0.005 0.010 0.015 0.020 0.025 0.030

a5
VLY

&)
Xt

18 IR (a) 77 KAI(b) 300 KIKINb,Sn #2528 (1 7 - A% pHy 251

Figure 18 Stress-strain curve of Nb;Sn superconducting wires with temperature of (a) 77 K and (b) 300 K [152].
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Figure 20 (Color online) Mechanical analysis of Nb;Sn superconducting wires: displacement distributions of (a) actual structure and (b) equivalent
model of superconducting coils. Mises stress distributions of (c) actual structure and (d) equivalent model [185].
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[188].
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Figure 26 (Color online) The temperature gradient effect of super-
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Niobium-tin, or Nb;Sn, coils are the key components of high-field magnets and have important applications in high-
energy physics, advanced medical treatment, magnetic constraint nuclear fusion, and other fields. However, after the
preparation of niobium-tin high-field magnets, many flux jumps are encountered during the testing process. These jumps
cause the superconducting current-carrying capacity to drop rapidly, affecting quench protection and inducing premature
quenching. In addition, the superconducting coils undergo significant mechanical deformation in a strong magnetic field
and high current environment. The superconducting electromagnetic performance is sensitive to mechanical deformation.
Therefore, magnetic-thermal instability of niobium-tin coils during the development of high-field superconducting
magnets is an urgent problem to be solved. Development of numerical simulation methods for resolving magnetic-
thermal instability of niobium-tin superconducting coils, as well as revealing the influence mechanism of electromagnetic
forces on flux jumps and quenching, is of great significance. As the earlier methods were difficult and costly, the
optimization design development for inhibiting the flux jump of superconducting coils will help accelerate the
development of high-field Nb;Sn magnets. This article reviews the research status of the multi-field coupling problems
related to force-electric-magnetic-thermal involved in Nb;Sn high-field magnet applications; shares the solutions to three
key scientific problems in the application of Nb;Sn superconducting coils, namely complex constitutive relations,
magnetic-thermal stability, and mechanical reaction; and discusses the difficulties and challenges involved.

superconducting mechanics, Nb;Sn high field magnets, critical current, magnetic-thermal instability, mechanical
reaction
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