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Fig.1 (a) Loading direction and the location of the inclusions investigated?!]; (b) void nucleation induced by
decohesion during in situ tensile testing!??; (c) void nucleation caused by decohesion in the shear zonel??; (d) void nucleation
resulting from inclusion fracture in the shear zonel??]
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Fig.2 SEM images of spall fracture surfaces for (a) a 99% commercially-pure aluminum‘and-(b)a 99.999% high-purity
aluminum(23]
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Fig.7 Typical atomistic evolution of spall damage in single-crystalline and polycrystalline metals: (a) damage evolution in
single-crystal tin under release-melting conditions[’?; (b) void nucleation and growth near the spall plane in nanocrystalline
Cul”l; (¢) cavitation process of nanocrystalline Pb under classical spallation conditions[!
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Fig.8 Atomistic evolution of spall damage associated with He bubbles and double-shock loading: (a) microstructure evolution
of poly Al-He at u, = 1.0km/sl82); (b) evolution of the free-surface velocity and time-dependent damage stages of copper
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loading[34

10



[ 7/ B R O
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

MD BAUL ] DU RO I G AT 5 MEL SR, BE AT AP A BN . 3@ 4 TRl R SR
(T RR% BRIE . FLIRIER A28 R I SR ) 85 R B S BRI AT 2R A 2860, Refid e IR 3 8)) 1) 2 5585 R
AT B (4L R S (1) AR AL A AN DGR N o X b AN S I AR s B < R SR I e K, R
AT LR 5 ) 2 e E R AE AL AIE A L, WIHES) T 48 E R A b R i R R
71 7 R AR AT R R
22 EMRE

FEFEMRE L, EROAEGEUER T 7% BaREE R GiE SRRz 5057, IRl 4564
7 PR 527 158 A R 70 sl T SR A DU R A R KA T o L 88030 3o g 38 AN [+ oA B o i A A P A
A BRI, RGE AL T SRR 5 IR R RAT R . 5 R, sl R R
568 B R K B i, AR T AR e U 2 R PR % . Czarnota SEVER X s ok T (8146
IRVEMEL, PR T — P LI SO S A KA AR AR, I rb R P M2 2 18 bR HICR R R 4 e
PR B LI R e g A2 AE, - FLIIA A= A U I R e A R R A IR . H7E ABAQUSTEXplicit FA 14 5L 3L~
s S0 A BR G, 25 S DI s ORGS0 I B 1 [ T O AR o et SO L
A A FWILEFLBR R 1 2 FLAE AR e TR IR IE A BR e/, $RHTE/~ 8 &R, FLIRG M Rea
TN AR, WTERIERI S . W50 — BRI 7 a0 LB FE S FLBR T i
B J2 2 7 1) 5 0 A2 VB AEHLER . Schmelzer Z519TE HY T —Fhid T B AR S A () 30 )y 22—
A BRI Z AR, KL BRI AR R AR TR G A IS BEBR AR, st 56T B AL
REZR 43 A bR B S BIUROUE FL B ) 7 W0 AL B ORI 1 o iR R ] e A R PEAEZE T, 5INE
HHRIAE, FEOEm =Ry 26 256 25 RE AP 8 New AR AT TR 46 7 J H R T AL, )
R T A AR pp o S8 P AR AL R . Wa ZE002148 AP B o SR 06 S AR Jy AR, WA
T B AT S TR B SR R gk T 2 B 468 AT N, R T i T R ]
] BT A PR AR FR A B s, AR RIS PR AR P R AR A, SREL TR
Bk SEEGRFAE A RO RIS, REETR G SRS SRz, AR S
AT IR e AR 2 DL R T 2R 5 A0 PR A 9 S TR 1

B EE T FLIRE AL O IE SR A B Al 3 A SR RURE 47 A W 2R o U El B — 92 g B8R AR i b
] [F] ) 25 FE N ) =l 5 Lode S 801 2 FliN JPIRAS TR K JE . Wierzbicki 203941 KRG 7 A
5] S IRES N 428 BB T 5 AT R g L T 5 LR SR Lode S 55 M ¥ ¥ 14 S5 I AL 7Y,
Hdt—20 K e T 12 1E Mohr—Coulondb AMMC) W22y, {5 B AR R [R] I R AE S ) — i g 5
Lode S0t 9 1E T 24 AR . EME3ERA -, Lou Z50SNFLIA R . 3K K BT U & 25 o il
Hil RS2 T DF2012 WiZdupiu, R SRR AR L 8y = 4l B R B R BY B 4391 45 A [R] I B ) 4
PEWT R R AT K . B A, [hou ZE0NE I 5] \Ff Lode Z B IR )1 = BRI R T
DF2014 #EN], M1 SRy BERLAEAR N, ) =l B B (8 =l B 2 A R W 4 T e 775 it —2b
P DF2016 #EATRE NS Atk S 8604k T Lode 25006 M ARSI RIS ER, AR RE % 4
I I B ) Ui L A R B4 e 7 2R ) B 5 Y LR 71 RAS . Mohr F Marcadet!SE H T B A HOW ) %
Ja & 1] Hosferd<€oulomb WiZLHEN, 81T 51 NSRS IR R [ 2Pk, 5@ TR 7 = 40 B 444
TREPERIR I TRQUEE 17 . IR R SR I, WP W R ) 1E 10 AR G B S A A 50 4
7] B/ =4l B —Lode S5 A LS WOM AR L JE A Wi eI gk, N B 2Bl a1~ &8
JE A 0 AR R AL T TR N e I E IR R

B FaR 724, I AESRAR L 518 ) SR A s i R T2 R SR T . A
(Phase Field, PF)/7i£2ET Griffith WiZd s M0k R B HHAED), it AR o 3 R 28U ib it
T, AT A DT 224 i) R A N R B e /M I 000, 45 G5 07 VAR L, %0720 75 4004 b I 24 34905 B )
H RGO A AR KRR A EAER, BRI B AR B A TR e o103, e, fEBh T Uk
SHER VR LU 1) IR A AL FRO0, FHIA TG 3SR AR T A% e I RS0 r 1) DA A 5 Wi Sk Il A,
HA AT 2 B0 RGO ATRAERAE, Wi ERUE B S RGN %R0, Zhang 45
[061EEF PF-CZM 45 & #IB VR AR S) ) S AR KRBT e 2240, Ok ~Pad8 o 1 o T 3 1) i

11



[ 7/ B R O
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

W5 sege gt K& Rif, HARIEIF PRSI E, 30, Zhang ZUHEH G —IXUHY
Big, HTRE AR S LAY PRI, R0 7R B AR B 2 5 SEBL T A RN s
T RS F AL, FRENE 2 R A 2 AU . Han SEUSTRJE T Gurson BUAHIZIR A,
KoL TR SR EMR S &, IR B I SRR S AR R, SEBL T = e i %
PE R VEE R ALIREL S R RO, #8710 170 B 32 S s i SO xt B2 2% 2= A 20 ) 52 i AL
Hl, W 9 frs. M INEER R B RIFE /1, (HEZRTAERERESH, 8
T e R PR DLORAE NS S, TSR, HAHIZ RSN 3 5 AL A 2 8] A BRI R 1 A
WIHG, U EE— B

Phase fzeld Velocity(mm/s)

1
os
oe
07
06
05
0.4
0z
03
01
0o

uonaa1p joudury
—

(b)Velocity field ;
(e) Simulation and experimental camiparison

Temperature >
000 of the upper half of thé cone after separation

50.0
45,00
20,00
35.00
30.00
25000
56.00
1500
10.00
s.00
[EXiE)

=~ (B) Simulation and experimental comparison
(c)Mises stress field (d)Temperature field of the lower half of the cone after separation

K19 =ZEHET 40220 Gursen BUAH I EH108)
Fig.9 Gurson-type phase-field simulationef spallatiol in a three-dimensional conical target(198]

1£3%8) 772~ (Peridynamics, PD) /7755 -4, Silling £ 11091101, 3@ i3 28 L ZE 4L /) 5T 7727 v B4
W T RRFACAR TR, THER T3 10 e, TR SR iE F T AL PRANE S r) el . 1% 77 kil it
KPR RO N BRI RS AR SR, ol B XUB ER R SUNIN U R PR AL BRI 1131, [R] I
TG R R FLAE K AR TR e mimdiedd 1) b B 25 A%, DR TE 2 2B rp B R A (9 T i 5
Silling S5 41 T~ 25 3T 375 71279 LS8 8 dhr 9 2 RIS IO RO AR, 454 il 315 B T i
AR ISR IS kg IR, AT SEM i 3041 AFENTE Sl B IR T RS H N . 7R
BEEEAS E, Mitchell ZEMSIRE A0 8 T 5T 5280 R P TE S R R R B A i A EOR, AT
RAESEI )36 5 o B0 B AL URAAE R EAT I 8l ) s i . SR, SR iil e 3 S50 Ak 28 4
B i) S P T 2 2R ISR M TS 5 O A I R R LI B B . AR SIS LB EEAN R, A
it — 2583 5 e AR, Wang SEMNOHR Y 7 — R BB IET 5 3) 1A HESE, F TR b o 8 T
SENE 4 1 B 28447 08 ANl 10 s . AAHESRIEIT 51 N Monaghan Y\ TR P4 400 1) v o e A% 36 v 1)
BUEIR S, IR —T~Tohnson-Cook 5:& Y 5 Mie-Griineisen (R7S /7 F2 AR IA G FRAZ T T B
IEVEN R o [F) N/ FLITR A% - KRR R N 80 3 5k 2R RS T T LR A 2 Ak v )
SEPL T AR AL S 2 W2 ST B ) B ORI o 12 R ) P B 1 SR A o S 3 1 ) T
FEDI S, FRHERTIN 1 R 2R BN AR R AR A R, AR T R R R B SR T —
B B A B 5T REAREVE R S —HESE

12



[/ B S S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

(a)
: G e o S £ B al
matrix H(X
it I I
| 4 I
Spall fracture HIX TOCRX X
o D] e bS]
| |
= LXK [X)
I I °a | '
- I | T EERIeEAEX [
I | +E“”(X*X) I
v | BC-PD model
* | I o |
| R0 | [
>
= L | |
_/.., =
e | I
= - 1 | iscoplastic  Porgsity-based |
X yield boRd-level
| :

lastic lure |

Impact spalling process

| Stress-strain relationship !
L s e -

B 10 ()R 1< 8 J2 A BB IR 1 8 /0 24 A AR R AR o J2 AL e () s 7 g (o) SR E st p L1 )
Fig.10 (a) A bond-corrected peridynamic framework for spall fracture in ductile metals,‘and\the‘evelution of (b) pressure and

(¢) porosity in plate impact spallation simulations!!!®!
3IEMERERNERERE

AT NA bR — AP RSO SR BT AL 5 7 BN 7 7 masy (19 U R s s A . B — RO RO
TEALE 3BT IR — e) i R B R RIRYE: — 7Tl AR 8 /1% (MDD R ORI B AR
RERS W B R AL AR A FLIR O A i AR R U, BRI RUBE I8 H R IR T A K=
G, IR P RN AME AR B B2, 3 BCHRUAS RS 2 S 2 (R AAAE ORI B B R 2%
20705 —TJ5 T, BB T3k ERE A A B S ERR R )i e B, AR A DN B A i
AR P S OUL 5 R A A AL R SRS AT LB o DRI, 8 RORE SR A R A O A T J SO A A ML) 5 2
WA i B[R] (A 80 & BT R BRI — Iy s 2 R R 4 30 71 %
(CGMD) MAHME B ISR AN ong- 31325 (MDD TIN5 7 ARSI 56 0 0 2 1) 14 i 2 P 2 B
i AT RS g, R RS UL 7, SRS IR .
3.1 ZRERFENFGE

£ Robert Al JeremyV SASHIRL KL 7312 J12#HESE |, Avinash M. Dongarel!"ligf— 4 H 1
RT3 /1% (QCGDY| FE# H s Th B T F RS T & 8 2R i . o+ ) LA
PUTTEET 2 N B 40 R 4 B JE 2L AL L], Chen S51120M{E ) CGMD J7VEHF 7t 1 548
HRITRRAT A, FEIRT B R0 BV A A R AR A R st , B 11(a) iR X T2 b @ i
F, QCGD JEMIZ OINHAAE T T LR SRR MK (nm) REEFRSERICK (um) RE, B3
URAME G5 MDARAE 23 (8] 15 B2 B RIBR Y, AT S K RSE 2 B H 2= 28T I R4 .
Garvit  Agarwal S0 [} QCGD J7Z5@ il i 8 Aok RS s o IOk b R 28 49 RSSO0k <6 Jo vt i [ A
JRRRRFEN, JeoR 1 TR R s O S M AT A T T RE 0, anf&l 11(b)F7R. Sergey
Galitskiy 1 Avinash M. Dongarel!?M4XURERA (TTM) 5 QCGD J5ikMH4: &, #1E 51 MD-
TTM B B AMRE: 2B A ORI HE R 7 S22 25 3 s AT A, [\l 58
B T AL Bz S PR )5 R RRE . Wang 55023075 BA ] - [ A1 AR Re M 1 4 8 HH i QCGD
VEHEAT T AR IRAIE, TRk B U] 75 R P R R R AR A R R, X LRI ST AR O el
FERE AR B R A5 2 1w o B 2 OB T S 22 R BEARLALL

13



[ 7/ B R O
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

0.4
—a— MD
——L2
0.31 —=—1L4
s —v—1L8
©
© 0.2
w
he}
o
= 0.14
0.0 e e ;
20 40
Time (ps)

Ll A ALI B AL A B4 03, (D)X BT 100 4K (2D BLJ 200 i R RUST 1R) 22 i B o o g Rz 01210
Fig.11 The application of Coarse-Grained Molecular Dynamics (CGl\W esoscale spallation modeling: (a) Comparison

simulations!!3l; (b) Shock response of polycrystalline alumin

of micro-spallation phenomena and porosity evolution tr in,single-crystal copper between MD and CGMD
%onding to grain sizes of 100 nm (left) and 200 nm

ioht) [121

32 BRITERERE ;ZZ;

il kAL B R R RN 2 RE AR, #3478 R & I FAN R R — T AR
PRI AT AN TR RUBE T 1 e M T 5 B0 SRS B A W i B R SO O AN S 8, s LA
%%ﬁﬁi\%ﬁ%ﬁﬁﬁmﬁaiﬁé*Mﬁ@oﬁ%,2ﬁﬁﬁ%imﬁﬁﬁﬁé%%%:%
38 Z 4B e 538 5 1 R RRACHAT EEIRAG, NCRAWIHNEh /A= 30 IFhE

;'@4
W LR A B o A B U

SR
N
TS

NEB JE 5 BA0EAL 1 R BN 75K 85 (0 8 % e 22 2 18] (K € LG R
Wi TIET FCC &R 2 RUZJZRTMMEZ . IR TAR4E7R T 2400
5 TR A A SO R 2R B AP AR R AR 7 A B 42 %

RAROWAS B 9 R A D B R e N, AT SEAROMATL AR 15 25 W0 2 3R R E 22 TR 58
EICR, sttt SR LA R R AL 7 R ISR T . Huang S5EU204 X 21k
MgAl,O 4% I Ze i gt 5 1), 57 7 3T 7 3h J A RO R B Sk 2l s . il 12(c)
Jow, AZBRURE SR RBEIRAS AR N2 801 T PD BORARE, AN BENS A EL S 30 00 21 /22
SRBOPAEREERE, 4B TSR TN AR AL A RE R, 1 ] T OUL S R AR A5 A
I AT SR W], MD-PD R EVE 75 OR B WS # A5 S M RTINS, AR B Jie A8 i 8
S REE, AR MIRPRH ph it O TSR 1 I AT B 42

14



[ Y/ B 4

(a) As-received Post-shock

o
e

i 0-.
0
[
In°=°.' e o
N A ~F o8
o )
3

|
I
I
T
P A
o - o

O Unactivated O Activated

Cu flyer

B 12 TR BN R RS RS HEZE: (a)HI(b) B A AR iR N S WAL BS1240, - (e)hef o T

B2 5 T 2 BRI ) g 29
Fig.12 Multi-scale coupling framework for spallation microscopic physical mechanisms: (a) and (b) represent the

embedding of void nucleation and growth models into macroscopic simulations B3%1241; (¢) corresponds to the bond-based
peridynamic model coupled with grain boundary fracture parameters 23]

SRCKRE, B REZRERMG INg e T E 0 v N B RER R S i RE G B, Al
RURUREAL T VR E B, 7R BHLH AT IR T RN B RATE L JEE NRE TS
5 RZ WL SRR, R SIS B A% B . FLETRE 22 FLIRAE K S EU MR A ¢
RINEMERL. fEH Wrgerh, s RURE 2 2R % 3t DL LI A% 5 AR KSR ROUL B A5 4L
1 D9 RUBE T8 O
Hl, AR EES B R RAT s R T, 2 b B s AL AoRi ) L 55 A
T I 25 ) 53 A4

TR 5 SR 96 YTt BB B A R T 1)

4 BEERE

RLRGLRR T V&R 2L R FLIR % AR K SIEELH R 2 RESUE BT 7L e o
SRS, JRRAT A RAS LIRS T T s R RO . BUA T IE LR T 55 AL
THFHARY I, KRBT ST LR B S A RAR SN 0 2 R IR BB HE S
FEFLIRAER TS, B0 W10 1 35 2EE . B S B AR S OSAEAN FIR BE) AR s AEFLIRVE & 75
B PSR F B PR R B R TR AR TR S 1 R AR L M A AR R . SRR, Tl
FIHEMNR T RS 7R T RR AN, 2 EUE TS 7 TREREETIN, AL S 1E %5

15



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

IR INEAE R B R R R T T FE B R 0. 2 RE@AT I, MRS 2 8%
3 7O AR SOV LR 5 2 U B S T S B AR

G LA FUEAN R R 10 E R HESE 7w R RALH GR, ENEBR S, DT EIR R
52 B E R EIR, MRS — HRA SR A A HESE . Bk, 2480
FLIF A% AR 22 3 7 A BB R A W (B e 2 b, WS RE R R 2R M M 2% 2 AT S AT ia ik
BEIRAS BN T AN A2, AR E R R 7 AR A TAREA R & I RIS, R R AR 6
FAT, MR RBL B AP ATRRAE, AR Sy R T R AN AL A,
Xt FLIRE AL PR i [RD S0 Tk = 48— IO B A B S it IR . 3t — 2D, BRSO AL HE P s S9IR B
FLIF 22 8] RO AH LA P S SR AR N3 o D R, T B A 2 I s AL R s S LIRS 9, 0
e FLIGRE A T BB RN S R RSB SGEAN A o BAh, UTEER R AR IR 51k 8 /1245
BOBUED %, R R 5K R RS, HEAR S HS RO E L] 2 1]
IR NG R AT AN S WA, DB TRV E A At — e fom, 22 R TP I 2 b ol
[ Z L L S s, SR RENS W 2 RUBE(E BRIt SR B AL O 48— HEZR , AR i 112 1
X R AR AT R R 21 1

T ) L3 i R, RORAT SR AE BRI AL 55 55— NS patE st . — i, R
BRI B, SINERTE . M IR SR IE SE ESC A M5 2, Al ST Bt ) LR A A 2
RIS, BT e NAR T AR TR AL, A 0 EEAA S DA A 3 T3 D T R 5 75 13t L SR AL
PLAR R ZR . S350, BEE DGR BE AT G ], FLIRA [FARTLAR A 5 SR AR NLZ i 3 S R G
M, RG2S SRR . AERUE T T, RN s 70 5L 8 7 A R BB Tk
IO AL R 2 TR (I 2, IR Z AU BERIR, DRI A m] il Bk S W Be /05 IR, 2
JRUBESRARAT A R B 1) 255043 170 0L T A 15 HE 2R A JRE o/ AT B S b 22 3 MO SR o 95815 2 W i 22
BIAHEAE R . sAh, B2 ikt drg e X RZAT AR & it — 0 &
GitsL. JELSER . BR S EUE TR, <G SN e )R R R R G R S R EE T

S 3CRK

[1] NELSON R W. Low-yield earth-penetrating nuclear weapons [J]. Science and Global Security, 2002,
10(1): 1-20.

[2] BETTI R, HURRICANE O"A/Inettialtconfinement fusion with lasers [J]. Nature Physics, 2016, 12(5):
435-448.

[3] HU S X, COLLINS 1./JA+BOEHLY T R, et al. A review on ab initio studies of static, transport, and
optical properties of polystyréne under extreme conditions for inertial confinement fusion applications
[J]. Physics of-Plasmas;2018, 25(5): 056306.

[4] RAMESHK T, HOGAN J D, KIMBERLEY J, et al. A review of mechanisms and models for dynamic
failure, strength, and fragmentation [J]. Planetary and Space Science, 2015, 107: 10-23.

[5] EVANS HAE»Cracking and spalling of protective oxide layers [J]. Materials Science and Engineering:
A, 1989, 120-121: 139-146.

[6] MEYERS M A, TAYLOR AIMONE C. Dynamic fracture (spalling) of metals [J]. Progress in Materials
Science, 1983, 28(1): 1-96.

[7] CURRAN D. Dynamic failure of solids [J]. Physics Reports, 1987, 147(5-6): 253-388.

(8] IV, B, RS MBI AR 7). J157E &, 1993, 23(4): 433-467.
HUANG Z P, YANG L M, PAN K L. Dynamic damage and failure of materials [J]. Advances in
Mechanics, 1993, 23(4): 433-467.

[9] ANTOUN T, CURRAN D R, RAZORENOV SV, et al. Spall fracture [M]. New York, NY: Springer
New York, 2003.

[10] KANEL G 1. Spall fracture: methodological aspects, mechanisms and governing factors [J].

16



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

International Journal of Fracture, 2010, 163(1-2): 173-191.

[11] Futam, sk E, &%, & MRVZRBI B 7], =R WE SR, 2019, 33(5): 050301-1-
050301-20.

ZHOU H Q, ZHANG F G, PAN H, et al. Main Progress in Research on Material Spalling [J]. Chinese
Journal of High Pressure Physics, 2019, 33(5):050301.

[12] SUIH, YU L, LIU W, et al. Theoretical models of void nucleation and growth for ductile metals under
dynamic loading: A review [J]. Matter and Radiation at Extremes, 2022, 7(1): 018201.

[13] TIPPER C F. The brittle fracture of metals at atmospheric and sub-zero temperatures [J]. International
Materials Reviews, 1957, 2(1): 195-261.

[14] PUTTICK K E. Ductile fracture in metals [J]. Philosophical Magazine, 1959, 4(44): 964-969.

[15] COX T B, LOW J R. An investigation of the plastic fracture of AISI 4340 and 18 Nickel-200 grade
maraging steels [J]. Metallurgical transactions, 1974, 5(6): 1457-1470.

[16] GOODS S H, BROWN L M. The nucleation of cavities by plastic deformation/[dM}/Perspectives in
Creep Fracture. Elsevier, 1983: 71-85.

[17] NEEDLEMAN A. A continuum model for void nucleation by inclusron~debonding [J]. Journal of
Applied Mechanics, 1987, 54(3): 525-531.

[18] GURSON A L. Continuum theory of ductile rupture by void nucledation' and growth: Part [—Yield
criteria and flow rules for porous ductile media [J]. Journal of Enigingering Materials and Technology,
1977, 99(1): 2-15.

[19] BABOUT L, BRECHET Y, MAIRE E, et al. On the competition’ between particle fracture and particle
decohesion in metal matrix composites [J]. Acta Materialia, 2004, 52(15): 4517-4525.

[20] CHARLES Y, ESTEVEZ R, BRECHET Y, etVal: Modelling the competition between interface
debonding and particle fracture using a plastic strain dépendent cohesive zone [J]. Engineering Fracture
Mechanics, 2010, 77(4): 705-718.

[21] ACHOURI M, GERMAIN G, DAL SANTQ’P} et al. Experimental characterization and numerical
modeling of micromechanical damage under different stress states [J]. Materials & Design, 2013, 50:
207-222.

[22] NOELL P J, SILLS R B, BENZERGA A A, et al. Void nucleation during ductile rupture of metals: A
review [J]. Progress in Materialg Science, 2023, 135: 101085.

[23] ZHAO F Q, ZHOU Ttmg,yHE A, et al. A coupling model of melting and damage evolution in the
spallation of tin under shock.loading [J]. Journal of Applied Physics, 2025, 138(8): 085901.

[24] SARMAH A, JAIN M K./Multi-scale modeling of decohesion characteristics of second phase particles
from the matrix)dm uniaxial tension in a high strength aluminum alloy [J]. Engineering Fracture
Mechanics,2024, 301: 110013.

[25] PEDRAZASN-A, WORTHINGTON D L, DALTON D A, et al. Effects of microstructure and
compositionien'spall fracture in aluminum [J]. Materials Science and Engineering: A, 2012, 536: 117-
123.

[26] RAJR, ASHBY M F. Intergranular fracture at elevated temperature [J]. Acta Metallurgica, 1975, 23(6):
653-666.

[27] REINA C, MARIAN J, ORTIZ M. Nanovoid nucleation by vacancy aggregation and vacancy-cluster
coarsening in high-purity metallic single crystals [J]. Physical Review B, 2011, 84(10): 104117.

[28] MEYERS M A, TRAIVIRATANA S, LUBARDA V A, et al. The role of dislocations in the growth of
nanosized voids in ductile failure of metals [J]. Jom, 2009, 61(2): 35-41.

[29] BRINGA E M, TRAIVIRATANA S, MEYERS M A. Void initiation in fcc metals: Effect of loading
orientation and nanocrystalline effects [J]. Acta Materialia, 2010, 58(13): 4458-4477.

17



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[30] TANG Y, BRINGA E M, REMINGTON B A, et al. Growth and collapse of nanovoids in tantalum
monocrystals [J]. Acta Materialia, 2011, 59(4): 1354-1372.

[31] LUBARDA V A, SCHNEIDER M S, KALANTAR D H, et al. Void growth by dislocation emission
[J]. Acta Materialia, 2004, 52(6): 1397-1408.

[32] LUBARDA V A. Emission of dislocations from nanovoids under combined loading [J]. International
Journal of Plasticity, 2011, 27(2): 181-200.

[33] WILKERSON J W, RAMESH K T. A closed-form criterion for dislocation emission in nano-porous
materials under arbitrary thermomechanical loading [J]. Journal of the Mechanics and Physics of Solids,
2016, 86: 94-116.

[34] WILLIS J R, BULLOUGH R. The interaction between a void and a dislocation loop [M]//Voids formed
by irradiation of reactor materials. 1971.

[35] AHN D C, SOFRONIS P, MINICH R. On the micromechanics of void growth byprismatic-dislocation
loop emission [J]. Journal of the Mechanics and Physics of Solids, 2006, 54(4)7 735-755.

[36] AHN D C, SOFRONIS P, KUMAR M, et al. Void growth by dislocation-lgop emission [J]. Journal of
Applied Physics, 2007, 101(6): 063514.

[37] SUT H, YU L, LIU W, et al. Three dimensional dislocation-loop emission etiterion for void growth of
ductile metals [J]. International Journal of Plasticity, 2020, 131: 102746.

[38] SUI H, LIU W, ZHANG Y, et al. Multi-scale spallation model for single-crystal ductile metals
incorporating microscopic mechanism of void nucleation [H}dournal of the Mechanics and Physics of
Solids, 2024, 183: 105520.

[39] HILL R. The mathematical theory of plasticity [M],/Oxford University Press Oxford, 1998.

[40] BALL J M. Discontinuous equilibrium solutions and eayitation in nonlinear elasticity [J]. Philosophical
Transactions of the Royal Society of Londen. Serie§’ A, Mathematical and Physical Sciences, 1982,
306(1496): 557-611.

[41] HUANG Y, HUTCHINSON J W, TVERGAARD V. Cavitation instabilities in elastic-plastic solids [J].
Journal of the Mechanics and Physics of Solids, 1991, 39(2): 223-241.

[42] MCCLINTOCK F A. A Criterion for Ductile Fracture by the Growth of Holes [J]. Journal of Applied
Mechanics, 1968, 35(2): 363437

[43] RICEJ R, TRACEY D M. On'the ductile enlargement of voids in triaxial stress fields [J]. Journal of the
Mechanics and Physics ofSelids,| 1969, 17(3): 201-217.

[44] TVERGAARD V, NEEDIIEMAN A. Analysis of the cup-cone fracture in a round tensile bar [J]. Acta
Metallurgica, 1984, 32(1)# 157-169.

[45] BUDIANSKY~B{ HYTCHINSON J W, SLUTSKY S. Void growth and collapse in viscous solids
[M]//Mechanies 6fisolids. Pergamon, 1982: 13-45..

[46] NEMAT-NASSER S, HORI M. Void collapse and void growth in crystalline solids [J]. Journal of
Applied Physics, 1987, 62(7): 2746-2757.

[47] HAGHI M, ANAND L. Analysis of strain-hardening viscoplastic thick-walled sphere and cylinder
under external pressure [J]. International Journal of Plasticity, 1991, 7(3): 123-140.

[48] KNOWLES J K, JAKUB M T. Finite dynamic deformations of an incompressible elastic medium
containing a spherical cavity [J]. Archive for Rational Mechanics and Analysis, 1965, 18(5): 367-378.

[49] CARROLL M M, HOLT A C. Static and dynamic pore-collapse relations for ductile porous materials
[J]. Journal of Applied Physics, 1972, 43(4): 1626-1636.

[50] JOHNSON J N. Dynamic fracture and spallation in ductile solids [J]. Journal of Applied Physics, 1981,
52(4): 2812-2825.

[51] WU XY,RAMESH K T, WRIGHT T W. The dynamic growth of a single void in a viscoplastic material

18



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

under transient hydrostatic loading [J]. J. Mech. Phys. Solids, 2003.

[52] WU X Y, RAMESH K T, WRIGHT T W. The effects of thermal softening and heat conduction on the
dynamic growth of voids [J]. International Journal of Solids and Structures, 2003, 40(17): 4461-4478.

[53] WU X Y, RAMESH K T, WRIGHT T W. The coupled effects of plastic strain gradient and thermal
softening on the dynamic growth of voids [J]. International Journal of Solids and Structures, 2003,
40(24): 6633-6651.

[54] ORTIZ M, MOLINARI A. Effect of strain hardening and rate sensitivity on the dynamic growth of a
void in a plastic material [J]. Journal of Applied Mechanics, 1992, 59(1): 48-53.

[55] MOLINARI A, WRIGHT T W. A physical model for nucleation and early growth of voids in ductile
materials under dynamic loading [J]. Journal of the Mechanics and Physics of Solids, 2005, 53(7): 1476-
1504.

[56] WILKERSON J W, RAMESH K T. Unraveling the anomalous grain size depeitdénge of cavitation [J].
Physical Review Letters, 2016, 117(21): 215503.

[57] CZARNOTA C, MERCIER S, MOLINARI A. Modelling of nucleation’ and void, growth in dynamic
pressure loading, application to spall test on tantalum [J]. International JournalbofFracture, 2006, 141(1-
2): 177-194.

[58] MOLINARI A, MERCIER S. Micromechanical modelling of poreus raterials under dynamic loading
[J]. Journal of the Mechanics and Physics of Solids, 2001, 49(7):*1497~1516.

[59] WILKERSON J W, RAMESH K T. A dynamic void growth-model governed by dislocation kinetics
[J]. Journal of the Mechanics and Physics of Solids, 2014,\70: 262-280.

[60] WILKERSON J W. On the micromechanics of void dynamics at extreme rates [J]. International Journal
of Plasticity, 2017, 95: 21-42.

[61] SCHMELZER N J, LIEBERMAN E J, CHEN N, et/al. Quantifying power partitioning during void
growth for dynamic mechanical loading inreduegd form [J]. International Journal of Plasticity, 2025,
188: 104314,

[62] PINEAU A, BENZERGA A A, PARDOEN T. Failure of metals I: Brittle and ductile fracture [J]. Acta
Materialia, 2016, 107: 424-483,

[63] THOMASON P F. A theory/forductile fracture by internal necking of cavities [J]. J. Inst. Met., 1968,
96(360).

[64] BROWN L M, EMBURY; J D. The initiation and growth of voids at second phase particles
[CJ//Proceedings of the’3rd\International Conference on the Strength of Metals and Alloys. London:
Institute of Metals, 1973: 164-169.

[65] THOMASON/R ¥ r Three-dimensional models for the plastic limit-loads at incipient failure of the
intervoid matrix in\ductile porous solids [J]. Acta Metallurgica, 1985, 33(6): 1079-1085.

[66] BENZERGA“AYA, LEBLOND J B. Effective Yield Criterion Accounting for Microvoid Coalescence
[J]. Journal*ef Applied Mechanics, 2014, 81(3): 031009.

[67] MOLINARI A, JACQUES N, MERCIER S, et al. A micromechanical model for the dynamic behavior
of porous media in the void coalescence stage [J]. International Journal of Solids and Structures, 2015,
71: 1-18.

[68] BENZERGA A. Micromechanics of coalescence in ductile fracture [J]. Journal of the Mechanics and
Physics of Solids, 2002, 50(6): 1331-1362.

[69] PARDOEN T, HUTCHINSON J W. An extended model for void growth and coalescence [J]. Journal
of the Mechanics and Physics of Solids, 2000, 48(12): 2467-2512.

[70] TONKS D L, ZUREK A K, THISSELL W R. Coalescence rate model for ductile damage in metals [J].
Journal de Physique IV (Proceedings), 2003, 110: 893-898.

19



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

(717 5kRUE, Jutom, SABER, 5. 9R3hE0EH T FLIRTE G V6 e 2 R s AL A B 5ema [J].
PIE 5, 2016, 36(5): 596-602.

ZHANG F G, ZHOU H Q, HU X M, et al. Influenceofvoidcoalescenceonspallevolutionof
ductilepolycrystallinemetalunderdynamicloading [J]. Explosion and Shock Waves, 2016, 36(5): 596-
602.

[72] £z, (@, (2R, 55 9B T emAreah S50 0 SRR 1a) B mt it g (1.
EEYEAAR, 2021, 35(4): 4-17.

WANG J N, WU B, HE A M, et al. Research Progress on Dynamic Damage and Failure of Metal
Materials under Shock Loading with Molecular Dynamics Simulation [J]. Chinese Journal of High
Pressure Physics, 2021, 35(4): 4-17.

[73] WANG X X, HE A M, ZHOU T T, et al. Spall damage in single crystal tin under shock wave loading:
A molecular dynamics simulation [J]. Mechanics of Materials, 2021, 160: 1039915

[74] WANG K, ZHANG F, HE A, et al. An atomic view on spall responses of release melted lead induced
by decaying shock loading [J]. Journal of Applied Physics, 2019, 125(15): k5510%,

[75] ZHU Y, QIAN S, QIU L, et al. Wave-partition-governed dual-site,_spallationin single crystals [J].
Advanced Science, 2026, 13(9): e15623.

[76] JTIANG D D, SHAO J L, WU B, et al. Sudden change of spall strength“induced by shock defects based
on atomistic simulation of single crystal aluminum [J]. Scripta Materialia, 2022, 210: 114474.

[77] BRINGA EM, ROSOLANKOVA K, RUDD R E, et al. Shoek-d€formation of face-centred-cubic metals
on subnanosecond timescales [J]. Nature Materials, 2006,5(10):"805-809.

[78] DONGARE A M, RAJENDRAN A M, LAMATTINA’B, et/al. Atomic scale studies of spall behavior
in nanocrystalline Cu [J]. Journal of Applied Physics, 2010, 108(11): 113518.

[79] MACKENCHERY K, VALISETTY R R, NAMBURW R R, et al. Dislocation evolution and peak spall
strengths in single crystal and nanocrystalline’\CuNJ]. Journal of Applied Physics, 2016, 119(4): 044301.

[80] XIANG M, HU H, CHEN 1. Spalling and melting'in nanocrystalline Pb under shock loading: Molecular
dynamics studies [J]. Journal of Applied Physics, 2013, 113(14): 144312.

[811 ZHOU T T, HE A M, WANG R, et al..Spall damage in single crystal Al with helium bubbles under
decaying shock loading via moleculardynamics study [J]. Computational Materials Science, 2019, 162:
255-267.

[82] ZHOU T, ZHANG W/ ZBAO F,'et al. The spallation characteristics of polycrystalline aluminum with
helium bubbles under a’wjide range of shock stresses [J]. Journal of Applied Physics, 2025, 137(3):
035901.

[83] ZHOU T, ZHAO.F, HEA, et al. Characteristics and mechanisms for a new damage region near the
loading sidewof polycrystalline aluminum with helium bubbles under strongly decaying shock waves [J].
Matter and Radiation at Extremes, 2026, 11(1): 017605.

[84] WANG J, WU'F, WANG P, et al. Double-shock-induced spall and recompression processes in copper
[J]. Journal of Applied Physics, 2020, 127(13): 135903.

[85] WANG J, WU B, WU F, et al. Spall and recompression processes with double shock loading of
polycrystalline copper [J]. Mechanics of Materials, 2022, 165: 104194.

[86] ZHANG Q, HE A, ZHAO F, et al. Understanding the spall behaviors of single crystalline aluminum
under double decaying shock loadings: Atomistic simulations and theoretical models [J]. European
Journal of Mechanics - A/Solids, 2024, 105: 105237.

[87] WANG X X,ZHOU T T, SUN Z Y, et al. Micro-spall damage and subsequent re-compaction of release
melted lead under shock loading [J]. Computational Materials Science, 2022, 203: 111178.

[88] LIN Q, XIE P C, HU J B, et al. Numerical simulation on dynamic damage evolution of high pure copper

20



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

with different grain sizes [J]. Acta Physica Sinica, 2021, 70(20): 204601.

[89] CZARNOTA C, JACQUES N, MERCIER S, et al. Modelling of dynamic ductile fracture and
application to the simulation of plate impact tests on tantalum [J]. Journal of the Mechanics and Physics
of Solids, 2008, 56(4): 1624-1650.

[90] CHIU E, NEEDLEMAN A, OSOVSKI S, et al. Mitigation of spall fracture by evolving porosity [J].
Mechanics of Materials, 2023, 184: 104710.

[91] SCHMELZER N J, LIEBERMAN E J, GRAY G T, et al. Thermodynamically consistent and
microstructure informed porosity-based dynamic ductile damage model [J]. Journal of the Mechanics
and Physics of Solids, 2025, 205: 106336.

[92] WU F, LI X, DUAN Z, et al. Double-shock induced spall damage and recompression in tin:
experimental and modeling insights into dynamic damage evolution [J]. International Journal of Impact
Engineering, 2026, 210: 105595.

[93] BAI Y, WIERZBICKI T. A new model of metal plasticity and fracture\with{pressure and lode
dependence [J]. International Journal of Plasticity, 2008, 24(6): 1071-1096.

[94] BAI Y, WIERZBICKI T. Application of extended mohr—coulomb, eriterion<to ductile fracture [J].
International Journal of Fracture, 2010, 161(1): 1-20.

[95] LOU Y, HUH H, LIM S, et al. New ductile fracture criterion forptediction of fracture forming limit
diagrams of sheet metals [J]. International Journal of Solids and Structures, 2012, 49(25): 3605-3615.

[96] LOU Y, YOON J W, HUH H. Modeling of shear ductile fracture’considering a changeable cut-off value
for stress triaxiality [J]. International Journal of Plasticity,2014;54: 56-80.

[97] LOU Y, CHEN L, CLAUSMEYER T, et al. Modeling' of ductile fracture from shear to balanced biaxial
tension for sheet metals [J]. International Journal 0f/Selids and Structures, 2017, 112: 169-184.

[98] MOHR D, MARCADET S J. Micromechanicallysmotivated phenomenological hosford—coulomb
model for predicting ductile fracture initiation ‘at low stress triaxialities [J]. International Journal of
Solids and Structures, 2015, 67-68: 40-55.

[99] GRIFFITH A A. VI. The phenomena of rupture and flow in solids [J]. Philosophical Transactions of the
Royal Society of London. Series\A, Containing Papers of a Mathematical or Physical Character, 1921,
221(582-593): 163-198.

[100] FRANCFORT G A, MARIGO-J J. Revisiting brittle fracture as an energy minimization problem
[J]. Journal of the Mechanics and\Physics of Solids, 1998, 46(8): 1319-1342.

[101] MIEHE C, HOFACKER M, WELSCHINGER F. A phase field model for rate-independent crack
propagation: Robust<algorithmic implementation based on operator splits [J]. Computer Methods in
Applied Mechani¢srand Engineering, 2010, 199(45-48): 2765-2778.

[102] WU 4)Y A “unified phase-field theory for the mechanics of damage and quasi-brittle failure [J].
Journal'efthe-Mechanics and Physics of Solids, 2017, 103: 72-99.

[103] XUWEYU H, ZHANG J, et al. Phase-field method of crack branching during SC-CO2 fracturing;:
A new energy release rate criterion coupling pore pressure gradient [J]. Computer Methods in Applied
Mechanics and Engineering, 2022, 399: 115366.

[104] BOURDIN B, FRANCFORT G A, MARIGO J J. Numerical experiments in revisited brittle
fracture [J]. Journal of the Mechanics and Physics of Solids, 2000, 48(4): 797-826.

[105] NGUYEN T T, YVONNET J, BORNERT M, et al. On the choice of parameters in the phase field
method for simulating crack initiation with experimental validation [J]. International Journal of Fracture,
2016, 197(2): 213-226.

[106] ZHANG H, PENG H, PEI X yang, et al. A phase-field model for spall fracture [J]. Journal of
Applied Physics, 2021, 129(12): 125903.

21



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[107] ZHANG F, PAN H, WANG P, et al. Spallation model coupled with variation of void distribution
characteristics and its application [J]. Acta Physica Sinica, 2026, 75(3).

[108] HAN H, WANG T, HUANG G, et al. Study of the dynamic impact spalling of ductile materials
based on Gurson-type phase-field model [J]. International Journal of Plasticity, 2024, 181: 104106.
[109] SILLING S A. Reformulation of elasticity theory for discontinuities and long-range forces [J].

Journal of the Mechanics and Physics of Solids, 2000, 48(1): 175-209.

[110] SILLING S A, EPTON M, WECKNER O, et al. Peridynamic states and constitutive modeling [J].
Journal of Elasticity, 2007, 88(2): 151-184.

[111] SILLING S A, ASKARI E. A meshfree method based on the peridynamic model of solid
mechanics [J]. Computers & Structures, 2005, 83(17-18): 1526-1535.

[112] FOSTER J, SILLING S A, CHEN W. An energy based failure criterion for use with peridynamic
states [J]. International Journal for Multiscale Computational Engineering, 2017,/9(6): 675-688.

[113] WANG N, YU H, HUANG H, et al. A generalized peridynamic model<based on seth—hill
bond-strain measures for mixed-mode fracture [J]. International Journal for Nunierical Methods in
Engineering, 2026, 127(7): €70316.

[114] SILLING S A, ADAMS D P, BRANCH B A. Mesoscale model/ for spall in additively
manufactured 3041 stainless steel [J]. International Journal for Multiscale Computational Engineering,
2023, 21(3): 49-67.

[115] MITCHELL J A, SILLING S A, CHIU E, et al. Meodeling additively manufactured metallic
microstructures for dynamic response [J]. Journal of Peridynamics and Nonlocal Modeling, 2023, 5(4):
497-520.

[116] WANG N, MA F,ZHU Y, et al. A bond-corrected.peridynamic framework for shock-induced spall
fracture in ductile metals [J]. Computer Methods in Applied Mechanics and Engineering, 2026, 461:
119247.

(1171 XANR, 25, NG, 55, 2Tl T NEE e AR Eh A ma B FE R RIS [J]. ms
2R, 2019, 33(3): 030103.

DENG X L, LI B, TANG G Q, etial. Application of molecular dynamics simulation to dynamic response
of metals [J]. Chinese Journal of High Pressure Physics, 2019, 33(3): 030103.

[118] RUDD R E, BROUGHTON J @. Coarse-grained molecular dynamics and the atomic limit of finite
elements [J]. Physical Review B, 1998, 58(10): R5893-R5896.

[119] DONGARE A M, Quasi-coarse-grained dynamics: modelling of metallic materials at mesoscales
[J]. Philosophical{Magazine, 2014, 94(34): 3877-3897.

[120] CHEN H-Construeting continuum-like measures based on a nonlocal lattice particle model:
Deformation, gradient, 'strain and stress tensors [J]. International Journal of Solids and Structures, 2019,
169: 177-186:

[121] AGARWAL G, VALISETTY R R, NAMBURU R R, et al. The Quasi-Coarse-Grained Dynamics
Method to Unravel the Mesoscale Evolution of Defects/Damage during Shock Loading and Spall
Failure of Polycrystalline Al Microstructures [J]. Scientific Reports, 2017, 7(1): 12376.

[122] GALITSKIY S, DONGARE A M. Modeling the damage evolution and recompression behavior
during laser shock loading of aluminum microstructures at the mesoscales [J]. Journal of Materials
Science, 2021, 56(6): 4446-44609.

[123] WANG H, LI R, GAO Y, et al. On the grain size effects of the spallation in Pb by quasi-coarse-
grained molecular dynamics [J]. Journal of Applied Physics, 2024, 135(23): 235104.

[124] LIN M, SUI H, ZHANG Y, et al. Atomistically-informed modeling of void growth in spallation of
FCC metals [J]. Journal of the Mechanics and Physics of Solids, 2026, 206: 106410.

22



[T S/ S
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

[125] HUANG J, FENG L, ZHANG X, et al. Shock induced damage and failure mechanisms of
magnesium aluminate spinel based on an atomistically calibrated bond-based peridynamic model [J].
International Journal of Solids and Structures, 2025, 314: 113316.

Physical Mechanisms and Numerical Modeling of Shock-Induced Spallation in

Ductile Metals: From Void Evolution to Multiscale Modeling

WANG Ningtao', MA Fangzhe!, ZHU Yinbo'-2, WANG Pei?>, WU Heng’an!
(1. State Key Laboratory of Nonlinear Mechanics, Department of Modern Mechanics, University of
Science and Technology of China University, Hefei 230027, China;
2. State Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid»Physics, China
Academy of Engineering Physics, Mianyang 621999, Chind;
3. State Key Laboratory of Computational Physics, Institute of Applied Physics ‘and Computational
Mathematics, Beijing 100094, China)

Abstract: Spallation in ductile metals subjected to intense shock loading originates from multiscale damage
evolution governed by the nucleation, growth, and coalescence of“microyoids. This review presents a
comprehensive overview of the theoretical developments and numerical modeling of void-mediated
spallation in ductile metals from the perspective of the underlying-mesoscale damage mechanisms. First, the
evolution of void nucleation theories is examined, highlighting the transition from classical heterogeneous
nucleation associated with second-phase particles/to"/multiple competing mechanisms, including
homogeneous nucleation, dislocation-mediated nucleatioitpand vacancy clustering. Next, the development
of void growth models is reviewed, tracing their progression from classical cavitation instability theories to
dynamic formulations that incorporate viscoplastieityydmicro-inertia, and strain-rate effects. The theoretical
descriptions of void coalescence are then summarized, with particular emphasis on localized plastic
deformation and damage-induced instability leading to fracture. Building upon these fundamental
mechanisms, the review discusses the, application and distinctive capabilities of computational approaches
for spallation modeling, including’ molecular dynamics, the finite element method, hydrocodes, phase-field
methods, and peridynamics. Partictlar attention is devoted to the role of multiscale modeling in bridging
microscale void evolution dnd fmacroscale spall response. Finally, current challenges and future research
directions are discussed, including realistic microstructural characterization, dynamic damage mechanisms
under extreme strain-tate, loading, collective interactions among multiple voids, and robust multiscale
coupling strategies/Thig'review provides a unified perspective on the multiscale physics governing ductile
metal spallationyand offers guidance for the development of predictive damage models and numerical
simulation frapdeworks“for high-strain-rate applications.
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