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WK RX B EHTIER T Nb,Sn £ & FKH
TR IR BB N R N HERTU
A NESREI RN

ORIFEH T AT 18 3 TR = B N D1 # R8BI, 17 RJE 030024)

FEE:Nb,Sn H S REFERET THRBRGATHFAR G E T4 T ERIG REE R TR
LR FNHEAEEEL , RARQP T AN FEN T EFRTRKREL BT ERML &
Nb,Sn/Nb & & # B EHEH A TR BHAGAT A, BB 241 T & & X Nb;Sn/Nb & & # 8 &
B AW AT AW Be . SR E W 2 % Nb,Sn/Nb & & 4 K& 8 31 # 7 16 F 5, Nb,Sn & H
REH, YEBE LN BEIEL AR THE BRI, ERS T RBA MBS, BEE A M
#F % Nb,Sn = BT 2 % 2 T % & Nb,Sn/Nb & & AT B b T & J 4 LA & 48 30 #0743 1 2] A%
W, SR EEALRFEER, ERRAHEMBEL, BRHE A M F Nb,Sn B X & T & BT
Z ., Nb,Sn/Nb ZAMBELRR ML EETRILE AR BB R 7 A . AN F N8 v, ¥4 Nb,Sn
BHW RS R EN I, $ 3 E & Nb,Sn/Nb & 4 # By F B 58 . T % & NbySn/Nb & & # #}
LR A AR R E YA SR FE N e T K, B EE T, £ A MK NbySn B R B
AR AEARAKNFAREE , FRERW A E T2 M Nb,Sn/Nb & & R H T T o 315 8
it A2, AR By M R TR — E A B

K H218): Nb,Sn/Nb & & 4 B 2 F 20 h FE I IR R HAG; A& TR

FE 5 ES:0347 XEkFRERS: A

Nb,Sn A Ak R L HE 2 (9 8 R P RE )32 I P T R B AR 403, I B oA R DR U i o 8 ML
IR I AR & A RS, 3l H, Nb,Sn LU N HL 48 544 (cable-in-conduit conductors, CICC) [ JE 2 i FH
TR . SRWE Y . TR D, RS2 G S I R T R T . AR, XA A AR it #
T B N )16 PR 2 T B0 Nb;Sn A Ilm FPERBIR Ak o PRk, 7 1 2847 X NbySn A4 RE 7 5 1 BE 1Y 52 1 02 8
WA At | R M T rh b 20 ) SRR 2K

FESE 2L AR, A5 XF Nb,Sn 8-S A AEE I 2 1E T B8 S PR RE . AR TR 40 15 LA B i AR
BN AT T IZ B SE R oE . BL7E 1979 4F, Eisenstatt %51 Clark 5517 38 2 | 45 AU 55 SC B0 A58 1
N Z i Nb,Sn W ¥BPEARIE, 245 T 2 f Nb,Sn 19 i IR J7 5 3 B R A8 R ) R Yot AR i H
T 5 R AR SR, 22 i NbySn 9 i IR 77 5 0 BE AR OG, 5 AR R IEA DG . ARl S A R 2
#im Nb,Sn 78 & 45 B 19 32 22 2 i O ) M W R4k 2, 48 FLIR A L KL M 2 T 28 . 1991 4%,
Ochiai & X} NbySn #F47 T Z i T AE PR N 28525, UE B TR 3 27 22 280 4.2 K T Nb,Sn A Il A4 BE
R, AHAZ SIS AR A R BRI, TCTE X R T I S A IR AR A TR MER DN . F 2004 4F AR, Wessel 5P
Nijhuis 21" 53 H T 5 #4022 i )7 0328 2% ' (test arrangement for strain influence on strands, TARSIS)
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%38 4 B AR BARIR XA PR R T T Nb,Sn = 5B S (A AR TG 5 B HL AR A8 07 $ (B AL 52

I 5 Nb;Sn 9 W AR XTIl B e 52 e, 38 5 A8 [/ A9 98 3k 20 6, 5805 X5 JLAN Nb,Sn #8485 2647 1 il 1) F1
HE ) S HA P 28T R 7 - AR I, IR 4R n 2R RD 1 28 el 2 A 2 1 B A 1 A ] o 2% A B
Nb,Sn 5 2k b4 706 FR o B2 vy sUPE AT S (9 A8 Ak, 38 0ok ) 48 22 20 10 7 ARAS I8 A0 338 38 406 2 7 1 9 7 s, W
Z2 3| Nb,Sn #8 - 2 M TEAE PR 2 Aar T 04 107 A8 X 1l 5 H it R RE AL A8 55 n 77 A T 520, JF 2 1 AR 28 AL
LA (AN TT 356 N AE A B . SEBG 45 S F B, Nb,Sn 111G Y I 1, AR B AR - 07 AR, 8 A X B 114 7 AR i
A, Tt A B4 28 A B, I SRR U 1, 43 % 2B F AT 3 A Ak ) R T 3 AR A A % R o AR Nijhuis 58U R
I, X5 T AN T NbySn B8 4 bF, 7R [ B /TR, 2923 M 28 /T 0.3% B, LI 5 H O 2
AL o [RIAST, I ST A 0 AN AT 3 AR Ak Bl 2 A9 20 3k far VR I 68 S AR i 405 SR AR Ak . Al S
MR [12] AHRIE , 75 4 2 25 19 Nb,Sn -5 22 1 ] 30 i A8 #BR Ry 0.55% . 78 4 A Sl Al T~ R 3] AR
FIELVAE 24 0.43% B, Nb,Sn -5 22 th I8F WL IN 2 2420, SRTT, 4 Nb,Sn 48T 22 35 B A 0] 30 hiy A2 4% R, B
Nb,Sn [YAAE N A5 0.55% I, 8 22 WA SU R . Mitchell™ [FIAEHS th, 76 L IAG IR AT T, A
Al AR 25 38 B NbsSn Il SV BE T B, JF 45 Pk #2 1 Nb,Sn (W 2440y g 5t A 3¢ . Sheth 251 i@
i F T 2 58% (scanning electron microscope, SEM) Wil 2] Nb,Sn/Cu & A& #8 5 22 16 5% 57 2 ff T 1) 24
S A RN 3 AT G O, 38 3% LGS [0 AE T Nb,Sn -5 22 9 2 80% B2, 78 Nijhuis %1 iR 503EAE L, $2
tH Nb,Sn 7 = 48 T F AR A8 N X5 406 24 2 ey ST BURR, 76755 A48 T, NbySn P 2440 % B B AR PR B 38 n
TS 238 o R T SRE SR LA Y X A 7 AR G2 A, Shen A5 U SR X 4R T2 S LR T R A £
faf & 2 22 Nb,Sn (Wi 24174, K BLAE Nb,Sn i T 22 th 48 K 240 800 1 ] L SUF AL IR BB o Jiang 5510
FFJE T Nb,Sn/Cu 8- F LM AR W A8 T A 55 5250, 38 81— Bt 4 T8 AL A7, 2B 7R R 0 v i 41 1
Nb,Sn 8T 4 M H T W B2 AR A0 A58 1 7 A8 SRR 5 B0 7 = g R Ak, I TINAS [m] 1 A8 T 8 S 2 p 1Y
P57 FE A . RS EE LRI, JE AT T Nb,Sn 8T 2 A4 P00 42 1 Jia 4 7 22 3 35OH I 1 g aR
ey FEZF A . [AI, Nb,Sn -2 b N8 e KRB 3 DB Be: & 56, NbySn bk} rpiih 22 7= 24F
PRI, SRS, B tita TAaE s 5w, AR b AR K 44, il AR N R s s B K

1 Nb;Sn -5 452 B A B0 0 b %) i 1 A e 22 2 B0, ZEARE R Aar VE 3 s AR e ik
ARTEAFAET, R, 2R 3 AT A PR A T AR M T2 AT o AT T ER BB LAY . Mitchell™
WA E T SRR, SR T S E A LA EIRE 4 K REEIRE TR IR 19 124478, (K
A iR B R R S M A R . Wang SEPO LN A B R R B 22 ok, B T 48R
PR T ELABLAY, 43 AT 76 R4 2 v Nb,Sn rf U4 S0 1) 8 {0 R 24608 2 1 & 2288 S PERR 52 A, JF A
SRR GG PN ) B S T R JR E A R rh J IR A  FRBEA  Jiang SFECPY AFGE TR X BRAE BRI ST
1EHF Nb,Sn/Cu - T 4 b (45 0 Ak L B2, 20 B 1 S04 1 5 M0k s B FE Z B A AR R OC &R I
AR 45 R Ak R 1 AR R AR AR R M 1 RN . 3 T R IT U 1k B A BT AR TR D O A B A AT T
PE I Z A VE T NbySn &2 G 8 AR d B MU 1, 2F — 25 A B 90 T B2 DA~ IR 48 7 i i K U B 45 v
TGP # AV H Nb,Sn 52 G bORHZ 4 vh AR JE A 45 08 A ok 78, DAAR 584 BRIC 7 30 I+ REE AR TR AR B4R
WA B, X T ik it Nb,Sn &2 & S0 kH g B B2 0 Be A TR

A5 3 oL ST B RN 22 fi NbySn/Nb & A A BB HY Sk 143 F 31 71 2% (molecular dynamics, MD) J7
AR 5E Nb,So/Nb & 5 A RHFEAE PR 807 4 F T A2 I8 450 405 R B 24 HIL 1, [ k2% S8 A% ZE 2400 X Nb,Sn/Nb
2 AP RHR T 45005 F B 24 ML (4 52 M, DL R A L% Nb,Sn/Nb & & A4 BHE I8 8 2 r VE FH T 09 458 49 1
AL R0 A8 ZERO0E , $& T+ APRBHE 52 bR AR I b i o] Sk

1 SFHNFEERBEEHRE

1.1 RERENSETIE
M4 T AR 52 Nb,Sn/Nb F b RS MR AE, B8 = 480y 1-3h J1 2480, (&l 1 R, 7EiZ R 8,
Nb,Sn F1 Nb [ &A% & 505510 3.324 A1 5.332 A2, FHorp, s SRR B ]OSF 2R 25.0 nmx25.0 nmx25.0 nm,
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Nb,Sn JZ 5 Nb AR JZEE A 12.5 nm, x, y, z fli4> HI%F B Nb,Sn fh{A#Y [100]. [010]. [001] f#[f], A5 H
HeAd 3% 911 596 45T £ S AL NS 81.7 nmx81.7 nm=78.0 nm, Nb,Sn J2% 5 Nb He 1422 )& 5 24 2
39.0 nm, 5 EI H4T 5 29 187 566 N Tk T /IR SHRON BISE IR, 7 x. v z 3 A7 1) 1 3R i JE 40

P BT

(a) Molecular dynamics simulation model of
single crystal Nb,Sn on Nb substrate

B ST

Fig. 1 Initial computational model for molecular dynamics

5¢ I Nb;Sn/Nb &2 & A1k A5, R 731
Bl ) 2E R I VA XS IR IR AT Y ) 25 AR AT ik
TTWFE . SR R LB A B ik 0 i R G AT A
i, DLk B R Gie i /ME, 7E NPT R 25 Tl
Nose-Hoover 15 ifit #i F 452 Y i B 45 I 7 4.2 K B AIG
T e, LAREHOM R NN g, (AR R 35 %)
SRS, B BB ST A5 T ) B ) (o) A
IS, AE NVT Z 25 v i 1E g Iy A% 28 552 30 %
Nb;Sn/Nb & A 8 AR x J7 [ 96 2 22 10 A 400,
HAREA SRR 2 s o 7E0G R L A2 o 2k i AR
[ A8 SR AT N3 5 2, BB R, YR
JCI 1 R, A5 1k H 3, Ak Sk, B s A
I A8 B R 1% A3 52 F2 {8 B Nose-Hoover 5

T<_y
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(b) Molecular dynamics simulation model of
polycrystalline Nb;Sn on Nb substrate
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Fig.2 Strain loading-unloading mode
during cyclic process

TEAHAAF Nb,SND &2 A A RHEIE R FE b T 4.2 K AP IRIR IR, I @ A Ko 1 fs. BB 1x10°s™
A Ay 205 A 28 A B UL B (49 1 2 SR S0 43 B 0 A R v AR I AR T 05 4T R s [RVERE, 43 )3 1x10°, 1x10™°
F1x10" 571 3 200 28 BT Nb,Sn/Nb & A A BHEAE I 3 B2 A B 17 28 SRR

TE 1 8 1A Al R v, D1 ) B9 AR EL AR 32 i1

TIT KRR SRR o O T R A T

[ B9 AH B AR, 439 % H Zhang 5% IF & 4k A JiF # (embedded atom method, EAM) | & 1E ¥ A Ji5
F-# (modified embedded atom method, MEAN) 4 1 L-J 342! 3§ Nb. Sn 11 Nb-Sn J& 1 [a] 89 AH & AE 247
R o RIS RS , 8 B S AL BEE OVITO X6 1 ik 72 Hp b 44 PN R A8 T8 Rt 405 1 AL a6 47 20 7 o

1.2 DFHNFEDNNNRE

TEGr T8 Sy 2 W 5E v, T S W S0 B0 82 AF T R T 247 o+ oy BB, i el KUY
L 3SR AT A R R R oA T R ER R rp R BUE IS YT R LR B B G E .
5NN 3 B SCAT BT DX, FEAROULE ) TS v 3 o S TR AR 6 5 R ok S SO T R o A

PRI R T, B AIC AR o A RIB A
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=Tl VLZ (1)
St N R e 0BT ARG ko IR 5 B ARG T RGN W BRI, Vo BB, SRt
S 2 SN ik 5, TR 2 T AR I, b r R 0K BT ¢ 0 o 2 B
Bt A TR, A% LA I 2 S o R 2 K, TR, 962
SRS R, ST N 4R 1A R R i 926 T, B ST BN = N

BT § 00 1 A

o = —mpf - W @)
b o A BRI vy, 2, DA KRG 45 A A0k % ) 47080 | SRR T 1 EHAE, 45 2 WO 4
A, TR T G4BT AR . SO T 4 92 2k 09 g

W = %Z (ri P+ 5 FS)+ 2; (ri P+ 15 F5)+ 3)
Aorb: AT 1 IO I AR SR T ] Y RO RE TTRR, N, AR S SR ey Ay S OGS A
YER B A ST O 8, Fy A0 Fo o SO ™ AR AR A ST L 5 5 2 O T 0 25 B B RE 5T
Tk, Ny R IET | 25 004 R B BG4 53R UM mT BE H LAY 1 B2 TR . AN XY STk K25 (8] STk 4%

2 FERE5e

2.1 IR RIGUE
TG T T30 )1 AR 19 Nb,Sn 5L 5 1 550 5 550 St 5 85, 5 S 00 45 R AN 8 — 1 D B
L2 SRS LR W) A o X537 77 A NbySn di Ak, s Ae e PEHEN K. €1 +2C 1, > 0, C—Chp > 0F1 Cyy > 0P
(Cy R BtE s B ) o ARWFFTA5 209 Nb,Sn B 5 1% 35U 5 BORF 5 38 3k 12 A2 170 Lk A s M v DU
1 NbSn 2808 E KNSR EH

Table 1 Elastic constant and lattice constant of Nb,Sn single crystal

Method C,/GPa C,,/GPa C,/GPa Lattice constants/A
MD simulations (300 K) 284.11 95.84 53.76 5.21
Experimental results (300 K) 253.85 112.44 39.62 5.29
MD simulations (4.2 K) 333.18 127.09 53.71 5.17
Ab initio simulations (0 K) 284.83 107.73 67.07 5.32
LB IRIR BT (E AT, 1560 NbSoNb & 12 C . = Dislocaton | oo
UL TREL LIE BRI of By e ]
REASWERE . 13 44 T 42 K MIRIRFRHE T, i 5] 4/ AN 12000 5
Nb,Sn/Nb & 4 b KL 25 H03 [100) T okeilis £ |/ AN (10000 g
1 LS BAE I2e (FERLEH 1:10° ), f) - £ | e | i
BT NG R G b s e 7 e Sl 2
gk, IFS 3 WL the 4 A 200 S avkbiba 2f 0 f 0 P aB e B
T AT BBz, NbSn J2 5 Nb JEHE b 3 4 7 o e 10
FEALA s #E AC BE, SRR R AR SRR, ik 0 0.05 0.10 0.15 020 0.25 030 0.35 0.40
Strain

A B A B T S it o Iz 7 ) 1 i H OR 5 A
C A ZJa, A MBI B g PR3 B, ot i s

= Rl 3 2 o ok B
Nb3 Sfl J2 f‘téli LI ﬂfF g iln ?}L% ° 1{% WER Iﬁ > Fig. 3 Tensile stress-strain curves and dislocation evolution
LS VR AT Ot i/ R maps for single crystal Nb;Sn/Nb composite materials

&3 B Nb,Sn/Nb & & kR
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N T G s WL P 2 A A e A A OV 45 R TS R B N, Sn/Nb &2 5 AR B9 ) 2 1k RE L
b, BEFEIET 3 AC Be 2 i i B i M D 0 46 AR W (L, JF I U ABADLEN 20 S5 1 0 i aad B o A2 3000 #h B
AR T, A MR E 2774 T3PS Y, NbSn 2 A7 7E B, Nb SE0R th 77 78 K 4
ARG 8 R 1) PR A (BT A%, A5 BB BR80T T AR 3 % 23 51 4 1.0% 1 1.5% B 5 Nb,Sn/Nb &2 & 44
IR ST - R A8 2K, AN TET 4 7 o AP 4 T LAFE Y, 72 LR 30 A2 b, 454400 00 i A (e a0 4
(BR IR B I 5 JSE ), B 7 B3 I AR B34 I3 0 o e B s — R IR e b, 8y R If ok AR R R
Wi, it A2 S AR AR T IR e o [T A, DA SED 28 AT 2 by 2k r T AL 3 B fg AR 2R R 1, O HL
W) 7 T £k P9 A1 2 P I 2 0 A8 107 72 Y M T 14 it e ok TR R A b AR B BB E, 45 2
fidd E, BEARIR OB AE AL S, A 5 B o AN 5 T LA HE, NbySn/Nb &5 BHRHEE 26 804 4 HI TR
AR E, R 3 S Se e a5 R Y — 2 R TR Y OF S R AT AR L, 2 a5 Th R
MR SR . BUEE R SR T Nb,Sn &2 & M-S ATEIE XS RN 1R A48 2R 52 56 45 R U i
o T BUCHIAY I, AL R R oR ] T A A B R, O B 25 B RO S FLIR RIS A R T
S P BREAR DU 5 A X BE B, DRI, SIS A B Y e i R A T 2R N A AR DL DR )

| — Increase in strain of 1.0%
10 Increase in strain 160 - ‘\\
8 140 -
—
0‘3 . 77\‘""——,;_; \
£ 4t [ — Experiment data = —=— Increase in strain of 1.0%
N o 100 | —e— Increase in strain of 1.5%
5l : —— Polycrystalline Nb,Sn/Nb M
’ 80
ok 0 2 4 6 8 10 12
1 1 1 1 1 Str;‘]in/IO%I 60 1 1 1
0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 1 2 3
Strain Number of cycles
B4 4.2 K ARIRFAE PR R A iR IR PR s 1 T 5 PR ARG FIZ & NbSn/Nb & G4k
Bk Nb;Sn/Nb 5K R F7-R7 28 12k TRV e X 7 PR A2 A
Fig. 4 Stress-strain curves of single crystal Nb,Sn/Nb Fig. 5 Modulus variation in the unloading curves of
composite material under cyclic loading single crystal and polycrystalline Nb,Sn/Nb composite
at different strain amplitudes in 4.2 K materials during the cyclic loading process

22 REFEZF Nb,SO/Nb EEMRERBRIEEIEATHNZRITA

Y& 6 Ff 7 B9 06 I 28 fof V5 T 7 2% B8 08 R 1.0% 14 PR 5 Nb,Sn/Nb & A B RO B 45 31, v LUE
P Nb,Sn/Nb &2 & B BHEIE F0 2ty 4 FH T B W7 2840 A8 7 /N Fh A o /E R i Wr 240 A8 . 756
3WHEINEE B, B A BN RSO AR AE; 55 4 IRt fR vh, R IR R e i H R
SELCSEOREN R ) R 6 B [N AR B R AR I 2k (& 4), AT LAAS B LA Nb,Sn/Nb &2 &
PERHFEDE P 27 T (T 24N A7 0.135<e<0.140, TR S A RHEIE IR 2w N R AEL MmN, A T
TG M ATF 5 3K s (e B 4, 38 a1 OA 45 A 24 5 BE R Nb,Sn JZ T Nb SEAAR P9 Y R 7 40 A w26, an &l 7
TN FEINZEGE AR, Nb JER B TE D 5 2 50N, B K G218, 3 JE hF Nb R 7= A 1 7 4
FEHEIZ G R, Nb SRR R I 7E C AR T R, 13X 72 PR o Nb R A A9 A7 485 74 25, 15 Nb SRR T
FMORAS, BIE N, [RIEE, A Nb,Sn JZ BN S -0 A8 th Ze bl LUA Y, 2552 G BBV 7 S 2 mf (R th 2
W B #5), BT Nb,Sn-Nb 5t i 4 fi 7 2% (49 7F FH , Nb,Sn 240 F JE 45 K &5 (Nb,Sn JZ W /N F2&) .

MR AR A0 B 207 7 T B9 g -0 28 M 2k, 6 8 45t 1 5 5 Nb,ySn/Nb &2 & 4 L Nb,Sn J2 76 i 28
&=0 B R TR OO 85 ) 1451 107 8 (L S ) B4 NbySn B4 Ak . AAIEL 8 W LA Y, ZEAR R4 /E T, NbySn
2 W AR YA Bl A U ST 107 AR AN i DA S AL | T s A s R i Ab AR . Y 0 T i Nb,Sn J2 By g
PR BRI, 5 R Al al 45007 ) by AR Bl YR L S, Nl 8(b) P o X BB RS A AN S Bl A A1 3K
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%38 4 BOBAE ARARIR X ABER A 1 T Nb, Snd2 & 8 A AT AR A B HC AR A28 B (AL %20

oy 1 0 26 7 98 2, PN 3 A b, 2 T Nb,Sn J2 R R 55 TR T B 0SB, (45 Nb,Sn JZ TR AR B
Halno 4 £=0.140 B, 505, Nb,Sn 2 N 75 18 B 415 38 55 1) 1 7 JE Wi LI, 24 £=0.150 B, FLIRA#E—297 K,
KA WIS BRSO BN R R

10 10+
8t 8r
2 4f g 4r
wn wn
2r B .
2k — Single crystal Nb,Sn/Nb
ok ~— Nb,Sn layer
or A Nb matrix
-0.02 0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 - 0 002 004 006 008 0.10 0.12 0.14
Strain Strain
Bl 6 4.2 KARIEFREE P IEEREATAE TR 44 Nb,Sn/Nb 7 HAEFR R LR NbySn/Nb, Nb,Sn
S FORHI R - A 2 H1 Nb FEIR IR 5 0t &
Fig. 6  Stress-strain curves of single crystal Nb,Sn/Nb Fig. 7 Loading and unloading curves of single crystal
composite materials under cyclic loading at 4.2 K Nb;Sn/Nb, Nb,Sn layer and Nb matrix during a single cycle

(a) 6=0 (b) £=0.120 (c) £=0.130 (d) £=0.140 (e) £=0.150

E 8 4.2 K AYMRIEFRAEE H 45, Nb,Sn/Nb 4 A4 T AR I (E i AR 538 1k

Fig. 8 Damage evolution of single crystal Nb,Sn/Nb at the peak strain under 4.2 K
T S U AR R AR P A S RN R A ) BB MR T, P9 45 N T A S B B
HH) JL 5 AR 3 A o AP 9 FT LU HY, 24 £<0.050 HF (JLIET 9(b)), Nb,Sn J2 Hi A 1 A48 £ v X B Ar A
B s, BARW R X IR T HES 8 5, W] NbySn 2 i Bl I A RAEY AT N . BEE I AZ R,

Loading

Strain

I 0.3

(a) £=0.010 (b) £=0.050 (c) £=0.100 (d) £=0.140

0

Unloading

(e) &=0.130 (f) £=0.090 (g) £=0.050 (h) £=0.014
P9 Hifh Nb,So/Nb K243 BORHIERR i it o S5 7 1A% 4
Fig. 9 Atomic strain distribution during the cyclic process of single crystal Nb,Sn/Nb
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%38 4 AR ARARIR X AEER ATV T Nb,SndE A8 S AR (R AR TEAD 3 S Ho R AR 23800 B (R 52

Nb JEfA T IR U6 K LEAHAS, AL 9(c) AT 9(d) AT LA i, Nb BE{AR A R AS AN 255, £ E K A AR Y DX A
o3 o 7E Nb EARVE R, A2 T Nb,Sn 2 155 Nb B4 Ft i b (9% 57 I8 080G , ¥ 16 7] NbySn J2 N &
0¥, I IRALEE WAL AT, HEE I T3 K e, AR TIPS B B Be . 24 £=0.160 I, 7 Nb,Sn JZ N 1 #%
AL AL B 22" HE AL e B4, AEL7E 07 g - 778 il 26 (8T 6) v B R B I ) T B 3, AU 2R
2, AL A5 R B AN 22 T BUR A Nb,Sn/Nb S5 BB /R Z0RE 1 T I . 12 HI 0 72 P, Nb,Sn J2 i
P IX 23 B Se A A W AR , (058 A% Al 7 A AR 1 RS X U7 A PE TR 828 o DR S T Rl b A8 £L I J
J - 22 1) AR AR B A S5 /0N, i 25 7 g A8, A3 A% DX S A RN, S EALIR TR . 4RSI 2
I, AL 7 J RS~ PR R R R Wi, (R 258 A ko 2SN s AR 2R, AN T&] 9(h) B, AL
AT AR

TS 4 WIS R v, ZEAE R 3 B2 A BR T 2 4 8 S AR AL R R A%, SR WIS N AR R B0 e O
i RSE o T HESE NbySn JRTEAL Y i 7 v A B 19 R 80y e i O 4L, 22 T Nb,Sn J= b £L iR Fff
UL ST 2 &L, AP 10 firzs o AAIET 10 7T R, 24 e=0.110 i, fLIRJTF @R & . 7ESLIR Y Rl # v, L
{IF) 2 T o Al 5 1] (FL IR A S ) A7 R B0 0 B v X, P47 T x Bl 5 1] B 7 0 G R B I AR AN 4,
AL i S L 7 R TR R R, S AL o T e i 2 A LT SR, (LI, LTI RS AN ELAE LR IR AR
B AL AR L% 1, 1 — 423 A NbSn R N DAY, 530 Nb,Sn J= A RS 1 R Al 7 [ fB0RY, 3T
W5 x 1T . SESCEDY e % Nb FeAR FLIf ), ] Nb Fep p 48 i, IS 80 Nb SR 5 572815 )7,
FEAEREEEHERR, BRI S B0 BB R T R

Stress/GPa

30
|

().090 ()0.11 (c)80.130 | (d) £=0.150 Y

B 10 4.2 K IRIRFRSE HEA Nb,Sn/Nb KGR BRI x 37 mh s (4 )51 1 = 14
Fig. 10 Atomic stress distribution of single crystal Nb,Sn/Nb under tensile loading along the x-axis at 4.2 K

1E Nb,St/Nb & A 448k, FEPR R AGAEJE X Nb,Sn 8 000 —— .
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Fig. 12 Types of dislocations in Nb matrix during cycling process
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Fig. 14 Generation of full dislocations through dislocation reactions in the Nb matrix
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Fig. 17 Atomic strain distribution during the cyclic process of polycrystalline Nb;Sn/Nb
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Fig. 18 Microscopic atomic evolution of grain boundaries in polycrystalline Nb,Sn layer during the cyclic process

B

024201-10



%38 4 BOBAE ARARIR X ABER A 1 T Nb, Snd2 & 8 A AT AR A B HC AR A28 B (AL %20

(a) £=0.070 (b) £=0.060 (¢) £=0.050 (d) £=0.040 (e) £=0.010
K19 R £ 5 Nb,Sn )2 S A sl e ATk

Fig. 19 Microcrack propagation behavior at grain boundaries of polycrystalline Nb,Sn layers during unloading process
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varies with different strain rates at the ultimate strength
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Fig. 25 Cyclic loading stress-strain curves of polycrystalline Nb,Sn/Nb composite materials
under different strain rates at 4.2 K
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Simulation on Deformation Damage and Strain Rate Effect of Nb,Sn Composite

Superconductors under Cycling Load at Extreme Low Temperature
HUANG Min, ZHU Benhao, XIAO Gesheng, QIAO Li

(Institute of Applied Mechanics, College of Mechanical and Vehicle Engineering,
Taiyuan University of Technology, Taiyuan 030024, Shanxi, China)

Abstract: The study on damage and fracture of superconducting Nb,Sn under cyclic loading is an

indispensable part of understanding the origin of the irreversible strain limit in Nb,Sn. This paper uses

molecular dynamics simulation to investigate the fracture and deformation damage behavior of
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polycrystalline and single crystal Nb,Sn/Nb composite materials under cyclic loading at extremely low
temperatures. The effects of strain rate on crack initiation and growth were carefully analyzed in both
polycrystalline and single crystal Nb,Sn/Nb composite materials. The results indicate that slip occurs in
single crystal Nb,Sn/Nb composite materials after cyclic loading. When the local stress at the slip band
intersection exceeds the material strength, microcracks initiate at the slip band intersection, leading to
fracture failure of the composite material. In contrast, the failure of polycrystalline Nb,Sn/Nb composite
materials is due to the inability of stress at grain boundaries to relax under cyclic loading, which leads to the
initiation of microcracks at the grain boundaries and intergranular fracture of the composite material. The
analysis of the different damage, fracture, and failure mechanisms of polycrystalline and single crystal
Nb,Sn/Nb composite materials at different strain rates shows that the fracture is brittle at low strain rates. As
the strain rate rises, the number of slip bands in the single crystal Nb,Sn layer increases, enhancing the
toughness of the single crystal Nb;Sn/Nb composite material. Conversely, the influence of grain boundaries
on material strength decreases in polycrystalline materials as the strain rate increases. Moreover,
polycrystalline Nb,Sn/Nb composite materials exhibit significant residual strength after local fracture of
Nb,Sn at high strain rates. The research results will contribute to a better understanding of the damage
evolution process of Nb,Sn/Nb composite materials under cyclic loading and offer theoretical guidance for
optimizing material performance.

Keywords: Nb;Sn/Nb composite materials; molecular dynamics simulation; cyclic loading; deformation
damage; strain rate effect
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