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electron microscopy, SEM) F1 B, F 75 H 4 iT ¥ (electron backscattering diffraction, EBSD) X [FISL A 5 £ 47 43
Mr, L4 7~ NOTiZr (9 )2 24558 JE A5 4517 Ry Bl oo 7 7 800k o 5 38 A9 A8 AR B A, IR A BR AR = sh 5
AT R AR AR AL
1 #MREXLWHE

R FH B 28 I B ol 28 55 JEL T L NOTiZe WP & 4, 38 0 o B 5 45 B8 11K & B 6 15 1Y (inductively
coupled plasma optical emission spectrometer, ICP-OES) Jll %€ 3 M & B T K1 & &= . 45K /8, Nb, Ti.
Zr B T 43 5000 3N 40.01%., 20.59% Fi 39.35%.,

R F 50 e K A 5 A A5 40) R A i ) 58 B p, = 6.606 g/em?®s SR FH AR 75 Dk v 198 2%, A5 400 4 A o5 B 90
P (C) AV 8 7 5 (C) P2 0 31 ok 4.81 1 2,16 ks AR 8

Co= G203 1)
3
ATV AR P 7S Cy = 4.11 ks,

El 1(a) FE 1(b) 4351 R 00 46 A 5 19 X B 2607 5 (X-ray diffraction, XRD)#EA AR K. & 1(a)
7N, 575 NbTiZr N BAAHAL 3777 (body-centered cubic, BCC) 4544 . [l 1(b) 7, NbTiZr 4 fik: Sk Bl HLEL
m], X5 R RS A 387.8 um,

(a) ¢ (110) (b)
4 BCC

Intensity

11

(220) L (220)
A *

40 60 80
200(°)

1 04 NOTiZe i & S FEin Y XRD 3 (a) FISHIA (b)
Fig. 1 XRD pattern (a) and inverse pole figure (b) of the as-cast NbTiZr medium-entropy alloy sample
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Table 1 Experimental parameters and results for different impact stresses and pulse durations

ShotNo.  ty/(m's') o/GPa L/mm L/mm t/us Aw/(ms') o, /GPa  &/(10°s")  a/(10'm's?)

Al 325 4.64 0.92 1.79 0.19 257.5 3.77 3.11 5.08
A2 400 5.68 0.90 1.82 0.17 262.1 3.84 3.10 11.17
A3 493 7.00 0.91 1.81 0.17 281.0 4.13 3.08 29.92
A4 680 9.34 0.91 1.78 0.20 273.9 4.01 3.32 33.55
Bl 487 6.86 0.56 1.80 0.07 328.0 4.80 4.61 59.77
B2 480 6.89 1.15 1.83 0.28 258.5 3.78 2.86 24.02

K 2(a) Bon T KA SRR A R AR, Hoh: EL PL R MRS il . SRR DR [ TS S B0
B, S, ARE TR, Fhs £ s 43 AR R FIREfh o 18] 2(b) Sy 3 9  0U 45 #a ot g %) 1 Pl T
JE Cugy) Py Sl ith 2k, G045 LAY B PR AT IR U (04 B ) | 3B D% (4B BY) . W ST AR (BC Br) . #148(CD Br)
DL Z 24 Bk (DE BOF5 -

‘ ‘A
(2) (b
Spall plane
& S.
R,
R,
E P, P s
= == — | -
v ~ X ul‘s
Flyer Sample

K2 S di S s iR R AR () KX A i TR R (b)

Fig.2 Schematic x- (position-time) diagrams of wave propagation and interaction (a)
and corresponding free surface velocity profiles u(?) (b)

Pl 3(a) AL 3(b) U T W6 2 2 W0 28 0 308 0 1 o Tk W 2 2 ALK T, 7 4,64~
9.34 GPa i itk 7 74 FET P, NTiZr 0 oot i 3 25 L0 30 00 LD R o B 5 1 S ORI ) T
ELHEE, Rt SR PR T 7 2 0 LA R 5 B b 22 3 e 0

1
Oy X pOCLAMm (2)
Ao PR BE Au = wp e — g p, use Mug p 53 0100 Co D WIS B o A AR 2R e Al 3 U530 R
~ 1 dufs(t)
T 2C; dt lep )
PN EE (DE Be) R 43 S Wbk il 4 0 v 1k %2, HO R A =0
_ dug(n)
ar_TDE “4)
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(c) o Experimental data (d) o Experimental data (e) Experimental data
Tensile strain rate Tensile strain rate —— Fitting line
—— Fitting line 15 Fitting line
s OF o < Or 16 o < 6
=%} %) =] »n =
S 14 5 © s 9
5y D SR T % g4l \e\’ ls T %54 /
13
2 L L 2 2 L L 2 2 : :
4 6 8 10 0.1 0.2 0.3 3 4 5
oy/GPa 7/us &/(10°s™)

K3 R[0T (a) At Bk 98 (b) 2505 A P T 2 1 o ik L % 22 2868 i
G EAE ) (o). PR RKTE (d) IR AE A (o) IOHBLE S A
Fig. 3 Free surface velocity profiles for different peak stresses (a) and different pulse durations (b),
and the spall strength as a function of peak stress (c), pulse duration (d) and tensile strain rate (e)

ST ek W 1N 7 o X5 RE 2 2414 5% 18 (Shot A1~ Shot A4) , F & F A% il 18 3 B I 325 m/s 75 7
PEEE] 680 m/s, FH N AYIE(EL N 1 N 4.64 GPa 3 K % 9.34 GPa. 7£ 325 m/s B opili B T, NbTizr Z 25
)T B /N, L, B R R BIA R e 22, anfEl 4 ARl S TR, OM Fil SEM Y R AF 45 3R iR,
LIS T, U A0 07 S B2 0 by 7 ) 7 — o V&2 B2 DX 38 PN 3 A 8 24 SO R L IR, 308 Ak T Y
B IE 4% G BE, BIAI 46 T2 24 B BE (WL IR 4(a). & 5(a)~ 8] 5(c)) o K w7 S 938, 22455 Au
PR a, 35945 TR R, 2 BH 0 w3 10 oot 7 0 i 28 2% 1 0 J22 280 3 R, L2 58440 40 T A o SR v K

Rt — A K R o i 3k e e B T R S B A SC M HEA T 40 BT, & B NBTiZr 1 2 2458 o,
M V(BN ) o Z RIAFTE ST LA O &R, WA 3(c) o, 7T LASE R

O =0y +0 %)
A a fil oy WG SEL, BAL @ =0.05, 0y = 3.54 GPa,
B SE AR K T8 T RERE 5 E 2L 5206 (Shot B1~ Shot B2, Shot A3), K H- & M 0.6 mm 14 i1 3]

1.2 mm, STERBKACHITHLIA 0.07 s HAZE 0.28 s, ahefi (LR A1 B AR AE o MR ZLH EIE (6) BT )
AR

Lf+Ls Lf_Ls
o~ 1 6
2 ( +Lf+L) ©

AL YRR R R SRR — 2 (L =Ly2) W), R TR =L /2, J2 2400 R ERE R B 172 X

B 2 R R (L, <Ly2) WF, 5K KRR E A R, FIVRESL S A T R R, PSR % £ T A, il

’E‘Yﬂhiﬁﬂﬂ‘@i 7,<t, 6<L/2, JZ S0 B AR I 2SR R (L >Ly2) I, 0 51 0 O A 288 5 g,
R up i Bk 58 v,>1, 6>L /2, J2 S8 T 0 B 0 A T Rl 1T
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(a) Shot A1 (2) ——Shot Al
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020+ —— Shot A3
;| o
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b) Shot A2 g 01
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i _ ED
< 0.10
g
(c) Shot A3 0.05
0 - . . -
0.4 0.8 1.2 1.6
(d) Shot A4 Distance from impact surface/mm
4027 ps
() 101 - < 017 hs
: = 0.07 ps
5
o _ g
=
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=
g
S
o _ m

Impact direction 1 mm

—

Equivalent diameter/um
4 P SRR B A ESCRE S Y OM I8 ()~ (d) ANTR] i i 7 T B R 2R A,
()~ () ANk SR T A ZZHROITESL, () W vhidi 77 0 505 B 73 A 5t 71 (Shot A4 RS,
() AR 5 JRZER A W I S8 S LR R BRI &R
Fig. 4 Optical graphs of the recovered samples and damage degree analysis: (a)—(d) damage of samples for different peak stresses,

and (e)—(f) damage of samples for different pulse durations; (g) damage degree distributions along the impact direction for all shots
except Shot A4; (h) elongation index as a function of equivalent diameter of voids and cracks with different pulse durations

(a) Shot A1 (b) Shot A1 (c) Shot Al

(f):Shot A4

(d) Shot B1 (e) Shot A4

50 pm

S um

s [SCRE A2 2R 510 SEM [EI1Z: (a)~(c) Shot A1 (4 RIKCHE S, (d) Shot B1 Y [IARE &,
(e) Shot A4 1Y) [ SCH: 7 2 24THT T LA, () B 5(e) £IAE X I SR BOR EME Cobis J5 11 4 i)
Fig. 5 SEM images of damage in the spallation region: (a)—(c) recovered sample in Shot A1, (d) recovered sample in Shot B1,
(e) fracture morphology of the spall plane of the recovered sample in Shot A4, (f) magnified view of the region
indicated by the red rectangle in Fig.5(e) (The impact direction is the y-axis.)
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ML 3(b) s 14 1 F v -5 8] gl 26 0T L, BEE vk ik 98 0 38 n, J2 24 R R B Aw 98/, B
I a, A R MU /N o 3k 2 B B 2 oo JOk s 380, )2 45 R RD 45 405 8 Ak R R T BRI, )2 S
of il bk B 2 B S R M, AR 3(d) BT . A5 SRR IH, 2 5R 5 whedi K BE B9 06 &R AT LU R B

oo =Bexp(=7/y) + 0 (7
K gy Mo, MIIESH. @3 IIE 155 g=2.22 GPa, y=0.12 ps, o, = 3.55 GPa,
W 3(e) Fiom, J2 2408 B 55 R iy A8 232 1) 56 R 30 BLilk 2 HR B0 &

oy = exp(1.13+0.03£+0.01) )

s o B LN GPa.

PRI, 2 2R 5 B 0 v ot K O A S AR DG TT BBl LR 2 R R 2 (1) A IR i ik S8R L R AR
R FE AR, V2 22800 B i o DK 9 B4 AORE S B b R Ile 5 S 7 Rz A R  AROR 2 (2) 7 T R AR
ity 1, AN [ ol K R 1 o R RO PR S B, S B ST L AN R, T e AR R R A
R T 949 3 72 AN (), 50l T2 200 £ A o A v e 2R e B,

22 AN SR

OM M Jr 45 R i 7x, Shot A1 [T it 1) J2 R4 A5 R 2 e/ D, AN 8] 4(a) BT s, 52RO B L) A1
B /NREL, Z BB W E L, SR 3 B 45 R — 3 WI4GJZ 2L NOTizZe A% i N &R R i B0 1 fcfFL AN
S, K 5(a)~ & 5(c) s . EBSD 45 2R KB, Gl AL 3 S AE AR B A, T Gl 2L 80 ) 3= BE7E df A Ak
HAZ (UL 6(a)) , 43 53] 3¢ 3 Ay 0B 4 0 G P 1) 460 005 R AR 20, EBSD RAE 45 R v (1 Kernel ~F- 44 Hit [n] 22
(Kernel average misorientation, KAM ) it 5 5 ¥ P A2 JE 72 B AH G, Jm) 3 KAM %em (UL A 6 1 7 Sk AL
0 Rl 2 5B 43 ) 3 H BN Ry 2 AR SR A A SRR PO, R LR BRSO IR . Bl A e
G ZE 400 F1 493 m/s, A i 9 J2 248000 4 B2 IR, a1l 4(b) FET 4(c) B o BB S 3 2R IR 1l
fL. GG — 2D A K AR B 22 0] A 3458 o 400403 1 326 3 = 0 ) By D) 80 D) R R B ) kL Y
R R SE B, ANTAT 5(b)~ &1 5(d) £L 18 XS] 6 FAE X 7R o PRk, 08 1 A0 R SR A0 455 1 i 1 25
rn Ay, Y el RSB S & 680 my/s I, AR KA SE 2 B, AT A FE R NS, SR R ek
. Bl 5(e) s T Shot Ad [ISCRE i 58 42 2 24 W T (9 SEM KIS, AT DL€ 38 L8 ) off: i B ARR AIE, 008
T B AL A5 W A A (E D7 HE X0 | 308 DA S OR B i 8 b 453X B8 )88 RO I /N T A ki1 24 RO
FEAAE T SRR (A HT S48 w5, 50085 224109 EBSD FRAE 25 3 — 35 416 75 HE X8R &5 4%
SEM EIME (1l 5(f) 7, TR 2448 Z B IR AAAE R B /NI B, ROTHE 0.4 pm 2247, W] RES2 I 78 /2 1 B
] A4 A I GAL, A7 5 AR S R BT

TEAS[A] whf Bk b v B2 269, NOTiZe (92 24400 00 R I 35 0 22 S5 o B 40 132 SC Ry A B e P4 L
I TR o AT R e DX AR A BRI LI A A SRR BRI A . i SR 8 HIOR Tt
A 25 2R TR A 6 it 5 i 22 b, AP SRR B I 1 FOR B335 A [RJE , iR 23248 B0z i &2 ) 3R 43t
Pi A . B 4(g) FIEL 4(h) 23 590 s 1 458 0 B8 A1 155 0 LA B MR SR8 2805 3 RO (LR S SR B0 4544
RGP R, 7T LLE t: KK DE 2% (Shot B1) T ¥ ik 77 18] B9 43 473 534 X 98 B A7 0.6 mm, 54 473 R~ /s
T30 pm, fHRIEET T 0.5~0.7 Z 18], LA/NFLIR 2 325 1078 J6 bk 96 7 28 (Shot B2) ', i it 77 1] 119
W05 40 A X 58 BE A 0.9 mm, 51455 R 5F 4 F 20~ 50 um Z [8], MK RIEEAE 0.2~0.6 Z Ja], DL R4k
Fo W HAE TR, FEAR [R) B o W (RN R, 2w bk e S E S 0 IRE, R A A A 05 BE AL, LI B
L5y A vl ARy 1) 78 25 (6] b 0 43 A BN A3 8. Ak, Bl A8 bk v 4 3G i, 5345 DA % 45 1 R s L
K AL 5 ZE S A 75 72 Sy AR G5 A5 0 FL A FO G0 N BES0hy 32, a] B8t H T s ok S 385 0 3 sz A iz A2
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Fig. 6 (a)—(d) Inverse pole figures (IPF) and (e)—(h) corresponding Kernel average misorientation (KAM) maps
of the recovered samples in Shot A1, Shot A3, Shot B1 and Shot B2
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Fig. 7 Comparison of XRD patterns of recovered
and as-cast sample in Shot A4
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Effects of Shock Peak Stress and Pulse Duration on Spall Damage
of NbTiZr Medium-Entropy Alloy

LUO Xiaoping', LI Xuhai', TANG Zeming?, LI Zhiguo', CHEN Sen',
WANG Yuan', YU Yuying', HU Jianbo'

(1. National Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid Physics, CAEP,
Mianyang 621999, Sichuan, China;
2. State Key Laboratory for Environmentally Friendly Energy Materials, Southwest University of Science and Technology,
Mianyang 621010, Sichuan, China)

Abstract: Dynamic mechanical behaviors of high entropy alloys (HEAs) or medium-entropy alloys (MEAs)
have attracted significant attention due to their exceptional strength-toughness balance and promising
potential applications in extreme conditions. This work investigates the effects of peak shock stress and pulse
duration on the spall damage of the NbTiZr MEA under dynamic shock loading. Peak shock stresses, pulse
durations and spall strengths are determined by analyzing free surface velocity profiles, with postmortem
microstructural analysis to reveal the underlying deformation and failure mechanisms. The measured spall
strength of NbTiZr MEA ranges from 3.77 GPa to 4.80 GPa, showing minimal dependence on the peak
shock stress but high sensitivity to the pulse duration. Furthermore, the damage morphologies are
significantly influenced by pulse durations. The damage is recognized as a quasi-cleavage fracture mode. No
phase transition or deformation twins are observed within the recovered NbTiZr alloy.

Keywords: NbTiZr; spall damage; shock loading history; microstructure
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