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Fig. 1 Initial random number scatter plots under four distributions
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AR . RA RN E SR —2, 96 B 1.5 mm O I 32 RS2 56 R 32 11 58 555 e 1) XK )
1 R ERIACR H I E i A A BT N AR RS o TR R U AR R R SR i 4 T8 48U 4 (oxygen-free high-
conductivity copper, OFHC), Griineisen {RZA& 77 B S HAAM S 58] T 3% 2, 2 2GRS 505 T 3% 3,
Hrp, G BT U g . WS UE, MIAS RSTEC 4 wm B, 0 15 il 2R 08k, PRI, AR B 5% 0 I 4% R
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Fig.3 Schematic diagram of free surface particle velocity Fig.4 Schematic diagram of plate-impact experiment
®1 PHRIEBHSREFEN
Table 1 Configuration of plate-impact experiments
Experiment No. Flyer thickness/mm Specimen thickness/mm v/(m-s™) o, /GPa
Al 0.32 0.63 247 1.39
A2 0.42 0.82 246 1.30
A3 0.53 1.03 138 1.08
A4 1.04 2.05 118 0.85
R2 REHEHKRSHFRESENEBSY
Table 2 Parameters of equation-of-state and constitutive equation for OFHC
G/GPa A/GPa B/GPa ky C
46.6 0.23 0 0.34 0
po/(g-em™) c/(m-s™) S5 Yo a
8.924 3910 1.51 2.0
*3 LEENBEREDRESY
Table 3 Spall phase-field model parameters for OFHC
n/us b/um G¢/(k]-m™) o,/GPa
0.025 10 1 1.39, 1.30, 1.08, 0.85
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Ja3CENE . A EEREAL A i, AR B A= i B (B 7(a) ZE D AT LA, AL S, S8
FLAZIY B 5 2 400, HL 2 )2 2 2, W 7(a) A7 B BTR; 5 IR BEHL o A I, FLIRDE A% S BRAE Y %)
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B A4 J2 24T S0 S T SR A R
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Fig. 5 Comparison of free surface particle velocity curves between simulation and experimental results
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Fig. 6 Comparison of damage distribution between simulation and experimental results
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Fig. 7 Spall crack surface
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Fig. 9 Comparison of free surface particle velocity curves under different distributions with experimental results
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I3AT, S5 53 A R IC O3 AR S AR T LA I . X T IE 2 0 A RO OE 25 9317, S84 78 5 3 X)) (X
R R 2 5 B 200 B2 i 25 S S0 (H K 22 ) w02 FURR E 22, T 45 B R [Rl bp o 22 1 19 2 2458 B2 45 253 X T
Weibull 73477, 3 i B HOE RS, nI R BIA R RS ECT IR ZEGRIELR . B Rl BB RS 8
X — I T 00, B PEAT 35 U2 RN, 19 345 42 2408 L A STt 25 251, WniEl 12 s, Hor, il
T T AR 3 A A — 2 b i 22 BB AR S RO 19)Z 2800 B 25 50 CHAB AR MEZE T 45 5R 2600, ZE A
PSR 7R 18 2% 0 A J2 2800 2 B8 2R AT IE A PR AR 36 19 23 B 45 2R, 20 ) g MR 3 4 8 ek 55 R B0 A R
B, Horp 256 0 IESYER SR 4580, 5HE A W& R1F. #E— P8 7 AR AT A [ b ofi
2EBIE RS R 2 2R A T DL, X Fr A AR 9547 Shapiro-Wilk 1E S PEAG0, K e 45 R W4 4 Pis .
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Fig. 11 Relationship between spall strength and the standard deviation of the log-normal distribution
0.865 0 —
 Nomnl(horia) e Normal (=1.25) — Normal
- Logenommal empric) e Log-normal (0=0.75) — I\i?gl-)ncl)ﬁnal
0.862 5 - Weibull (empirical) Weibull (k=1.6) cibu
Weibull (theoretical)
L]
0.860 0 N
°
[ ]
‘ g
o 08575¢ .. . °° X
2 o ® )
= °
% 0.8550¢1 o ©® ° .
?‘i : ° . o Coe t%e 0 e 2
|72} ° e °
0.8525 . o o
° ° °
° : ° . . .
0.850 0 o ¢ ge°
° ] [ ]
f ° ° °
0.847 5 o
L] ° °
0.8450 - - - - - - - -
0 1 1 5 10 15 20 25 30 35 0 100
Cumulative probability Calculation No. Probability density

4T LU, PERT 0.05, H w354 1, RUITCie s A T A EEAL 7, Hoki i 4 (2 R0
) BN IEZS I o X BEHITEJZ= 2L R b, i R AN o 1 B o A T 20 i A A B AR AR UK,
JEBLH —PhRE ST . SR TARESERL, FEMISHHERR T, J2 2RI AR iy . — L sl fe 3 ik g
fioh Kz, T 2 224> 23 T 7 B DAL A K OR5 AH EAE HT A Pp FR] 4 ) o A ) 7 e Ak )40 i ot O it 38
BEALYE | =308 B 7 = b B8 ) 22 5 LA R 3 3 30k s e ) B/ N D A%, G R ke 1 Jg i 40 40 A 3k R 5 e

B 12

AR AR BEAL A1 T 2 58858 38 73413 (AR 25 5 B2 bR AR SRR 70417 PR

Fig. 12 PDF and CDF of spall strength distribution under different initial random distributions
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Table 4 Shapiro-Wilk test results under different initial random distributions

Normal distribution Log-normal distribution Weibull distribution

o w P o w P k w P

0 0.968 0.649 0 0.956 0.414 1.1 0.967 0.636
0.25 0.954 0.385 0.25 0.962 0.524 1.2 0.950 0.330
0.50 0.965 0.606 0.50 0.961 0.506 1.3 0.971 0.765
0.75 0.968 0.678 0.75 0.981 0.824 1.4 0.957 0.489
1.00 0.955 0.364 1.00 0.970 0.714 1.5 0.963 0.615
1.25 0.982 0.819 1.25 0.957 0.439 1.6 0.990 0.986
1.50 0.972 0.747 1.50 0.953 0.372 1.7 0.963 0.615
1.75 0.961 0.514 1.75 0.964 0.567 1.8 0.937 0.214
2.00 0.965 0.621 2.00 0.950 0.324 1.9 0.937 0.210

24 1IN 25

Ao X P A A il LR R SRS A RN, RGEWETE T AR ER BEHL > AT (B 50 0 A | IR L 6 R
TEZS I3 A5 Al Weibull 73475 ) XF 512 2 2447 0 B 820, DFFE R0

(1) i1 5 LA RAE BB 5 10400 40 BEAIL 0 A, 15403 119 25 ) A phy IR 5 A2 S A 3% 20,y st i 2 52 B
TSR B 1 2 R LA LS

(2) A RF A0 e Je Ml 3 2 52 36 IR 25 0 A, BREAULAS: B 14 1 1 )2 2R T2 15 9 06 295 2R 1) A 0T O 22 B /D
S T AR A LS BEA LA 5

(3) JZ 450 HE BB 46 73 A5 bR 22 B BT/, 75 6 % 8% 0 Fre 5 R AL 1 5

(4) TR 3 B B I M ART Ao BEATL A, J2 258 B2 249 I M TE 2500 A, RIS 0075 21 Y J2 2808 2 22 R AT
— PR A, A0 )2 2R B A AR

3 ZRER

3.1 BEHIRIIE

PLSCHR [54] Hotm 2 N st 2 2 2 245050 R 501, 8RR S 250 pm, S8 56 45 B J2 45 B
AR WA 5o BN, SR A8 B0 I 7 O 3T B S, AniEl 13 Fros, WAE R ] pag=27 GPa, 4§
fIERS [A] £,=0.150 pus. P94 R 1~ 3 pm. Griineisen k25 77 #2 2 5UF1 Johnson-Cook 28 4 2 5L 3 6, )22 24
GRS LR 7,

RS BAMBERIESH

Table 5 Loading parameters for laser-driven spall experiment

Experiment No. Material c/(m's™) Pol(g-em™) Duna/ GP2 o, /GPa
Bl Aluminum 5375 2.71 27 2.0
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Table 6 Constitutive and equation-of-state parameters for Al

G/GPa A/GPa B/GPa ko C

26 1.67 3.0 0.34 0

Po/(g'cmis) C/(m'sil) S Yo @
2.71 5375 1.34 2.0

®7 BHERBZERNSY
Table 7 Spall phase-field model parameters for Al

n/us b/pum G¢/(kI'm™?) o,/GPa
0.01 6 1 2.0
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1200
25
T PP eXP(1ty) P
» 1000+
20+ £
S E: 800
o 15+ Ry
° < L
‘é B 600
v Q
Q‘}:’ 101 u% 400 F
E — Experiment!®¥
5t o 200F — Simulation
[ . .
3 — Simulation¥
0
0 0.2 0.4 0.6 0.8 1.0 35 40 45 50 55
Time/ps Time/ns
& 13 FRECETE 1 IIE 14 [H DR B 2k
Fig. 13 Exponential decay pressure waveform Fig. 14 Free surface particle velocity curves
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Fig. 16 Evolution process of multispall damage
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Table 8 Time corresponding to the peak number of damaged zones under different random distributions us
Uniform distribution Normal distribution Log-normal distribution Weibull distribution
0.216 0.214 0.215 0.215
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Statistical Characteristics of Spallation Based on Stochastic Numerical Simulation
GUAN Youhao, ZHANG Hao, PEI Xiaoyang

(National Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid Physics,
CAEP, Mianyang 621999, Sichuan, China)

Abstract: This work integrates stochastic theory with a phase-field model for spallation in ductile metals.
By assigning four distinct random distributions to the initial yield strength to characterize the random
distribution of material defects and employing an explicit dynamic solver, the entire process of spall
damage—from gradual evolution to instability and coalescence—was successfully simulated. The simulation
results were validated through plate impact experiments and triangular wave loading experiments. These
validations revealed the relationship between the heterogeneity of material yield strength and both the spall
strength and the number/area of damaged zones. The results indicate a negative correlation between the
standard deviation of the initial yield strength and the spall strength, which holds for both single and multiple
spall scenarios in ductile metals. For single spallation, regardless of the initial distribution of yield strength,
the resulting spall strength follows a normal distribution. For multiple spallation, the number of initially
nucleated damaged zones increases linearly with the standard deviation, while the size of these zones follows
a Weibull distribution. Under the same initial random distribution, the number of damaged zones evolves
over time, showing a trend of initial slow growth, subsequent acceleration until saturation, and a final decline
after saturation. This trend corresponds to the typical process of damage evolution involving nucleation and
coalescence during spallation.

Keywords: ductile metal; spallation; stochastic model; phase-field fracture model; dynamic damage
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