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Fig. 1 Schematic diagram of electromagnetic expansion ring
experimental apparatus assisted by external magnetic field
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Fig. 2 Typical current waveforms of the two coils: (a) external coil current waveform and
external steady-state magnetic field curve; (b) driving coil current waveform
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Fig.3 Experimental setup diagrams: (a) without external magnetic field experiment,

(b) external magnetic field assisted experiment
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Table 1 Experimental results

Group U/kV  UJkV  I/kA I/)kA ByT wlms')  ém/s' t/us & (TehHC S, /mm

. 10 0 50.5 0 0 117 8180 518/0.24
6 50.4 29.6 5.1 334 17610 267/0.24
5 s 0 77.8 0 0 248 13660 35.8 0.37 665/0.25 7
4 76.6  18.5 34 435 22490 28.6 040  466/0.25 8
3 20 0 100.1 0 0 388 20480 323 0.44 635/0.10
4 98.6 18.4 3.5 593 29470 24.5 0.40 485/0.10 4
400 500 750
—Exp,0T —Exp.,0T . —Exp.,0T
~ 320F - Sim,0T 7 T=4d ~ 400+ - Sim.,0T o h ~ 600+ Sim.,0T ==
n Exp., 51T / P Exp., 34T / » Exp,3.5T 7
E 240F - Sim,5.17T/ E 300F - Sim.,34T E 450~ Sim,35T
‘\"T / ’ E‘ / / T 5 / / B
3 1607 Y g 200f p 5 300 ,
o /
> st / ~ 100} / 2 150 /
/ y / ) /
ol—= 0 . 0l=
5 10 15 20 4 8 12 16 20 5 10 15 20
Time/ps Time/ps Time/ps
(a) U=10kV (b) U=15kV (¢) U=20 kV

4 CuCrZr #: 5L IR JEE 4
Fig. 4 Expanding velocities of CuCrZr ring
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Fig. 5 Strain rate-strain curves of CuCrZr alloy
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Fig. 6 Temperature-strain curves of CuCrZr alloy
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Fig. 7 Stress-strain curves of CuCrZr alloy
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Fig. 8 Current and current density of CuCrZr alloy
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= 334 m/s, IR IR e KN A8 R i 8180 s 1T 1761057, 5% A8 %t (93 TH 1 217 °C AR E 129 C, #
S48 R o 2 1 AR R4 G A 2.85 A A 2,15 4, IR THREAR T 41%. MK AR S 4 BB sEH 20 kv, Ak
R 3.5 T I, WM 0 2 B2 U8B i T4 Mg 37 I 1 388 my/s 386 KB 593 my/s, e KN AR % Y 20480 s
FETHE 29470 s, 5% L AE XS I 9 U 436 °CREAR 2 308 °C, 3R RN AR N A8 FR 4 Bl 1.53 £ AN
144 £5, IR TFREAR T 29%.  Fifi 25 % ik B 5K 3 £ el 7 v Wl i 9 B2 T, SN 37 14 1 FH 20 i 359 , G PR
W AE BRE TPAG  HORRAIG o 5 T5 7 DK Sh 2R Bl T FE 20 KV I 5t A A5 AN 1 8 o S 3 4R T n 280 AR
R,AMEIRET A S 8~ 10 T, X H H T HAT/ME L B R e 11 .
22 Si5iTie

UK 5l 2 P8 1 75 i el R A TR B, A /TG AMNE 3 45 CuCrZe 4 4 B I 7 -0 A% il 2k 2 0 A B S A A
PE, 22BN B S AR b 18 R B, B SN IR R B N ) B B IR B 2k B e
FEIHETE, Bk 2R A Jitt R 0 37 st 7 7 3 B0 ) o 9K 5 4 R 7 i e R AR T I R B . 2 5 T
55 0.01 B CuCrZr &5 4 RN J7 . MR EE . N ARS8 | IR %% B DL S0 B o B 5 e i F R A v, 2
AR50 1m0 7 A8 23R 0 3 K, A AU (AR T L R R RN R R B ZE IR B S K, A CuCrZe
G i A FR I U] 0N ) 3 5R, RILE Z RS E RS, CuCrZr & 4 MOREBY I 207 A5 28 48 £ J2 52 i #4
RhER B R E

R2 HETHO1IE CuCrZr EEMZIABEMBSHE RN
Table 2 Multifield coupling loading parameters and flow stress of CuCrZr alloy at 0.01 strain

Loading conditions Stress/MPa Temperature/°C  Strain rate/s ' Current density/(kA-mm™) Magnetic field strength/T

10kV/OT 465 95.43 3745 55.1 22
I5kV/OT 491 112.00 4937 76.1 2.7
20kV/0 T 534 131.00 6153 96.2 3.0
10kV/5.1T 492 53.88 5832 48.8 6.7
15kVv/34T 534 77.00 6588 71.2 5.6
20kV/35T 567 123.00 7571 75.0 5.9

Ry TE— A T ) A T DR 2R 6 R ORE T 2 AT S B R W, ) 2 4 AR R AT I B CuCrZr A 4 7E 500~
5000 s W AR 25~500 C LGB N AR F1-RAE 2R, Be SRR S TR 4R L 5 R, B IEm

JC ALY, |
! ln( 8 )n] [1 ( - 0 )m] (©)
&o Tw—-T,

K 1. 280 4=430 MPa, B=336 MPa, C=—528 MPa, D=1.2x10"*, £=0.001 s™', n=2.6, T,=25 °C, T,=1050 C,
m=1.8,

BT 2RI RS H0, 51 A 4 FNEL S v i iR N AR AR Ak, X o -k -3 2R A AT
CuCrZr 45 4 S AP R 0 7 7 - AR AT 158, 325 Pl 32 RNy A8 2R A0 A 468 1E JC A R 255 75 T ) 2%
BB KA BT L 9 pros . K10 A T acie g WM mim 25 W pg 228, W RS
SLURAE Y 22 5 R, RS R T AR B EE R B ok 50%. Okazaki 531" 7E 77 K A T A5
FEHH, 10* A/mm? (1) HL 325 3 AT (6K B & A4 RL5E B2 T B 126 MPa, 1 IS AUTH 5 96 K, HJF PR KPR
Bk H G SR T S A R (R3S AR, SRR TR . 5 — T, R R PO (WIS 45 R
F WY, W3 5 A0 0 R B AR A A5 b ek B R R AR, A 200 P RE A Y R K R U B TR Ol 55~
110 kKA/mm?, B 53R B (0 i e BE 738 Bl 2.4~7.3 T, ML -5 16355 R i B 38V R0 S 3 CuCrZe & 4
BRI iR 3 i 2 AR

Molotskii 221 45 H, HL I 51 A9 % 7748 Ak J2 ik ob K e 4 R 4 0 A ek i B 38 B ) R B
D5, 925 H R 3 5 RN R I A T B R AR R O R D

o=(A+Bg,+Ce))
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K. ¢, C, AMASH

ARSI R i DX 7 R AL R AR B R R, iSRG IR S 2R T L) S AR B R A TS SR . R
T AER L R N R, KR (7) FRBIE SO 1 - B2/ (B + K2), IR IR A A B ) AR Ay Oy AR,
K (7)) ¥ N

o-:(A+Bap+Ca§)[l+Dln(§0)nH1—(é__T;O)m](l—BZ%ZK(%) )
Horp
K2 = C,exp(CyT + Cs By (10)
A B SHC L Cn G A1 0.9096, —9.2x107°, 2.096, Bra JFE AL B RESZ W (B . SR IS (9) 3155
BRAT 4 1 7 - 107 A5 B 2R 45 S0 90 45 SR A %t e an L 11 iR, Hor “Bxp R L AU, “TF-Model” 375 #4
JIRET T 25 5, “EMTF-Model” 7R HL - -3 - J) BRI O 25 5L . 51 A LRERS & 18 IE TS , AR A 1S 80 1
TORG A B T R AR T

— EMER,0T
600 600 | 600 | ~ _ Fitting_
Q? 450,——::11”’77_ Q‘E g ig]\t/t[ER,35T
= S 400 S 400 ~ e
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S 300 5 5
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Strain Strain Strain
(a) U=10 kV (b) U=15 kV (c) U=20 kV
Ko L8 GBI CuCrZr 44 N F7-NAE T2 10 2 g 2 R S AT Rl B AT 45 R % L
Fig. 9 Comparison of stress-strain curves of CuCrZr alloy under multi-field coupled loading
with thermo-mechanical coupling model predictions
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X °l
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% 200t % 00} g
— B=OT 200r —pg—oT 200} —B=0T
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(a) U=10 kV (b) U=15kV (c) Uy=20 kV

10 S AT CuCrZe & 4R 1IN S R 540 2 MO O S 2 5
Fig. 10 Differences between stress-strain curves of CuCrZr alloy under multi-field coupled loading
and thermo-mechanical coupling model predictions
AR B ' FEL TN 45 00 45 1) 9 A S R i B2 G DRI SRS 220, 4 T 5 R4 CuCrZr 45 46 Bl A B 2
JLAR o FEL T 2 I B S 6 I B Y CuCrZr 5 4 5 A 2230 LU H62 B A BT 24 107 748 o L A P 12 i s,
CuCrZr & £ fie R IR JE 250~ 600 m/s(h 28 0y 1.3x10%~3.0x10* s7) 1 [ P A4 17 48 7 22 5t O 7
0.4 7oA, R 5 BB I K S J3E 49 T 38 A A A, 1 B 17 R 28 10 7288 1) IO 78 AR AR A AR 2 e, <0 T AR
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RIHMUEIG L, “BRA IMEH LR . B 13 J8IR T AR 52564 i i LR -, ZEAH R A9 20 kV 3K
SR, it fin 3.5 T S 3 1% 55 56 fe K DO IROST 2 4 mm, 1717 TG A0 37 552 56 D) 4 38 Ay B3 bR 0K .
X HE— 2L KW, SME S AR R AT LS 30 7 4 [ I R AT At R AT e vy 41 v B
%% (scanning electron microscope, SEM) Wi [T AE 4N &l 14 Fr7w, 2 Fom#k T A9l O 2 R B IELIE S,
WAL, TEAMEE BT, R — i B9 PR B, (HAE R 1 4b, & BEATS A3 1o S L b
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Fig. 11 Comparison of experimental and fitted stress-strain curves
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Dynamic Tensile Properties of CuCrZr Alloy under Electro-Magnetic-Thermal-
Mechanical Multifield Coupled Loading

SU Rina', ZHOU Zhongyu', CHEN Xuemiao', LUO Bingiang', WANG Guiji', TAN Fuli', ZHAO Jianheng’

(1. Institute of Fluid Physics, China Academy of Engineering Physics, Mianyang 621999, Sichuan, China;
2. China Academy of Engineering Physics, Mianyang 621999, Sichuan, China)

Abstract: Obtaining the mechanical response of CuCrZr alloy under coupled electro-magnetic-thermal-
mechanical loading is significant for the engineering application of CuCrZr alloy, which is one of the
candidate materials for electromagnetic railgun rails. This paper proposes an external-magnetic-field-assisted
electromagnetic expanding ring technique, which stably achieves high strain rate loading exceeding 10* s™'
without the significant increase in the induced current and Joule heating temperature rise in the metal sample
ring. Based on this technique, a study on the dynamic tensile properties of CuCrZr alloy under coupled
electro-magnetic-thermal-mechanical loading was conducted. The stress-strain curves and fracture strain of
CuCrZr alloy under conditions of high current density, high strain rate, high temperature rise rate, and strong
magnetic field were obtained. The results provide important references for the application of CuCrZr alloy
under multi-physics field coupling conditions.

Keywords: electromagnetic expanding ring; CuCrZr alloy; dynamic tensile properties; multiphysics

coupling
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