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1.1 SEEE A

A SIS BT R A AL Ry 28 5 AR B Cr-Ni-Mo 40 & 1 45 1 7 L8 il 5 9 33 45 F 7 8 S5 (scanning
electron microscope, SEM) f& J- 1 1 35 {117 5 (electron back scattering diffraction, EBSD) & Afik 45
&l 1(a) 2B, FF 5 0900 18 TSRO ZH 22 Sk H AU (g A 25 R 55 IRR AL 2L, R Z 2R B8 450 . %22
2 254 i R EG AR Rz (prior Austenitic grains, PAGs) 2H i, A — ™ J 8 [ A SR S il 240 T [k il 5%
T (packet) #4 1%, A — A~ I FCAAHR 2548 D) X6 17 - 5 FQAAAH AR 2o 2 v s 1 — AR AR A fR . i — 20 b, o
FC AR AR 25 7 i 2 A R e b AR BRI L S AT 1 M S5 R (block) 41 R el 1(b) "% s 1% [l (inverse pole
figure, IPF) 7%, PAG {2 R ~F 258 35 wm o 38 1 Bu] 3 K {8l K 2, 9045 RE 5 19 400 46 %5 % po
7.78 glem®. il 3 A bk i [T 96 % i v TR R L, A5 B YA S B CL Ol 5.96 ks, B S L Cr oy
3.19 km/s, MR Cr = JCT—4C2 /3 17, 15 5 HAR DL 5 Co 2 4.69 kn/s.,

$ Transverse direction

)

Rolling direction

10 pm
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(a) SEM images of metallographic structures (b) IPF mapping
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Fig. 1 Microstructural characterizations of the martensitic steel
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Fig.2 Schematic diagram of the plate-impact experiment
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Fig. 3 Layered flyers composed of high-low-high impedance materials for spall and spall recompression experiments
(Sample: Co-Ni-Mo low alloy martensitic steel)
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Table 1 Parameters and results of plate-impact experiments

Shot No. Flyer d/mm d/mm Uy (M5 ™) o/GPa o, /GPa
1 Cu/PC/Ta 0.51/0.40/0.50 1.21 604 9.34 5.79
2 Ta/PC/Ta 0.50/0.39/0.50 1.20 600 12.27 5.82
3 Cu 0.50 1.19 600 9.32 5.48
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(optical microscope, OM ) X fify A #5181 b (%) 453 40 20 A e AiE AT I R 0 #r. 1& S(a)~ & 5(d) WA ]
SRR IR S R i R A A G B R AT LU R, R A RS SR IR AL, X R
P 300 B 0 A E R 30 . B2 Cu K Nk )E, FEa T A B R R TR 2R MAEE)ZE A
U5, FE A A A RDES 23 = A B N8O S(b) R 5(c) 48 B B icbi Ay, A&l 5(a) o A @ bR i
X IR o
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Cu/PC/Ta, 604 m/s

Ta/PC/Ta, 600 m/s

Cu, 600 m/s

1 mm

Shock direction =——————-

100 pm

B 5 (a) [IBRE ARG L AMEE IR Fr, (b)~(d) Shot 1. Shot 2 Fil Shot 3 [ JR#8GF AR A
Fig. 5 (a) Optical microscope photographs of the recovered samples; (b)—(d) zoom-in views for Shot 1, Shot 2 and Shot 3
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Fig. 6 Damage degree as a function of distance from the impact surface for different shots
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SO A MR AR, 5 IR SR L, %R P R SR B BT U1 RS, Kernel - Y HR ) 22
(Kernel average misorientation, KAM) &l (ULIE 7(c). & 7(OHAE 7G)) o, i kE b 75 2L 80 [ 3 K FL I JE
Rl B AFAE 35 R ™ B A AR AR Y, 33X Jay A 1) SR P AR T A R T LR G A% L AR RO i% 38, I e A S 3
S AL R J2 2R S5 (AL AL 58 30 R A A Bl 28 AR, R WY I RE N 280 ) K F-JF
AHAF AL 58 2 A o

Bl 7 ORI a5 o AR A1 4L (a)~ (c) Shot 1 FPE Sl Jrils SEM - Ko Xt vz 14
IPF [5H1 KAM [, (d)~(f) Shot 2 FFH: k(1 JriHH SEM M J Sz HAS R TPF &1 KAM [,
(2)~(1) Shot 3 FPHFEF MR ER SEM MR F B Rz IPF I KAM [A]

Fig. 7 Microstructural characteristics of the recovered samples for different shots: (a)—(c) SEM micrograph
and its IPF and KAM maps of shot 1; (d)—(f) SEM micrograph and its IPF and KAM maps of shot 2;
(g)—(i) SEM micrograph and its IPF and KAM maps of shot 3

23 HARERADH

T8 o —4E AR S A B v il N 2 - 2 - BN 2 AE T Cr-Ni-Mo 9 i 3 R 4540 XA HAEH, 31
BT S 3k [23-24].

BE AR A, BB 46 45 M 2K FH Mie-Griineisen IR 25 5 F2 (equation of state, EOS) fifi i

1 1
poc’p| 1+ (1 - 570)/1 — B
p= +(o+tawE (5)
Sot? S’ ’ '
R T e aaTe
g+l (u+1)
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K p BT, u———ljﬁﬁﬁfﬁfﬁf c WEEHH, y, N Griineisen R, a. §,. S,. S, WHE, EN
HARFRINRE

¥ H Steinberg-Guinan 7 #4155 B4 iR b4 B e 7 25040 R w7, Ji Al B Y RN BT IR R G 43 ) 3R
™A

G, p
G=Gy|1+ & —n1/3+—(T 300) ©)
Y, G,
_ » P T n
Y—YO 1+ 7—/+G—O(T—300) (1+ﬁ8) (7)

o Y, H Gy 2390 00 4 T Al i B8 00 s B DDA ks T g Tl RE (B2 KO 5 B m 23 531 S Bk ) 7 722 s A
RBONMBEALTEEG n=v/v IR AR LE, v, BTy 20 5 0 W1 AG LR RS /T2 G G G T p iS4,
Bl dG/dp; G, oh G XF T HREL, B dGAT; Y,k Y X F p 9540, B dY/dp.

Mie-Griineisen R 2 T FE S5 W3 2., Steinberg-Guinan A #5150 L 6 3,

# 2 Cr-Ni-Mo $R A Mie-Griineisen KA HFZ S H
Table 2 Mie-Griineisen EOS parameters for Cr-Ni-Mo steel

po/(g-em™) c/(km-s™) S, Yo S, S,
7.78 4.69 1.49 1.93

%3 Cr-Ni-Mo M #Y Steinberg-Guinan #1885 %

Table 3 Steinberg-Guinan constitutive model parameters for Cr-Ni-Mo steel

Y,/GPa Y, ./GPa G,/GPa B n G, G /(GPar K™ Y,

max’

1.5 3 77 43 0.35 1.74 -3.5x107° 7.7x10°3

NI SRR A e A b Y 8 TR R g S R B T A A AR AN 8 s o BJZE Cu kv 5 Ta/PC/Ta
TN A IRy s S SR 1 JR BG5S, 1T Cw/PC/Ta KR AT A o T D e i B
A5 (15 8(a)), 5L H 45 R —E

3 OSR]I R A 0 R KA N g X RE A G, SYTERE TR S 0 0.4 ps AR, X2
BZE TR . KA SRS SR R AR L AT RS, TR B it PC IR RNIA Ta B
23 S TR 4 5 O 1) RO AA AL RE , 405 10 300 25 0 s Bl 438 T P 2% S 300 o A 1 T 4, G [RT 8(b) ATIET 8(c) il
/N Cu/PC/Ta & r N T FE & b FE N 480 1 e 46 I 23 1% ) A T, 10 Ta/PC/Ta & 7 28T A b A7
P BRGE, X2l T4 12 R SHEMBESUREL . W I3 AR AN TR A o7 ST b 8 S 2 R g 5 0 R P50 Sy

(L0Co),
1-m

A=1+m ®

2
1+m

Ao AR 1A 2 AR AR5 m S PR A 0T BEATL L s A FB 4300k I 3 R BORNE I R e 4

i om e,

Ta. Cu I AYBHAL 73 5N 5.69. 3.49 Fil 3.65 g/(cm® us), Ta 5 Cu HIFHHT 22 KT Ta SH AT,
SN S SR BE /N T Cue BRI, Cu/PC/Ta € 5 NERAE S B, T 0 480 00 H 400 0 e 1% 46 %2 1 b v, 4
& 8(b) it 7 1 Ta/PC/Ta € INZRAE S I, P02 0 16 4 B R REAL 36 4R ALl 1T, A&l 8(c) Firn . 1E
ZEW LA Cu/PC/Ta KR Nk AR fhisk, A f T B AE 1.1 ps PR BT, 2= A ok As 5, Wi 224
T 9% T B 55 17 Ta/PC/Ta &R INARAE S i, 2 249k 03 P58, A i mid s R 2 B2 2R G 5 5.
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Fig. 8 One-dimensional hydrodynamics simulation results
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Spall Damage of Cr-Ni-Mo Steel under Shock-Release-Reloading Conditions

HONG Yifei'?, LI Xuhai®, WU Fengchao®, ZHANG Zhaoguo?, ZHANG Jian', CHEN Sen?,
WANG Yuan’, YU Yuying®, HU Jianbo®

(1. State Key Laboratory of Advanced Technology for Materials Synthesis and Processing,
Wuhan University of Technology, Wuhan 430070, Hubei, China;
2. National Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid Physics,
China Academy of Engineering Physics, Mianyang 621999, Sichuan, China)

Abstract: In this work, plate-impact experiments, postmortem characterizations and one-dimensional
hydrodynamic simulations were conducted to investigate the spall behavior of Cr-Ni-Mo steel under
complex shock loading paths. Multi-layer flyers were utilized to generate the complex shock-release-
reloading paths. Re-closed spall plane and mitigated damage zones were observed after recompression.
Voids nucleate at the austenite grain boundaries and packet boundaries, which is consistent with the
observations in single-shock experiments. The damage behavior is characterized by a mixed mode with both
transgranular and intergranular characteristics. Moreover, notable impedance mismatch between different
flyer layers can lead to the absence of reloading signal in the free surface velocity profiles. These findings
can provide us insights into the spall behavior of Cr-Ni-Mo steel under complex loading conditions.
Keywords: Cr-Ni-Mo steel; spall; shock loading; reloading; loading path
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