#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 16 (2024) 164601

MR X B AR R E T A RIS I AR A A AL S

EHED FRY ARV HEY TEY
RED  HEEY HE

1) (FEPEETRAHU TAE2ERE, FEE 400054)
2) (PUFARHE R S %7, 4RFH 621000)
(2024 42 7 4 HYgH; 2024 4£ 7 A 7 HUREN B )

R 7 A B e g R o B B el J2 AT O B S ML, SR R AR S AT 4 T 3h 2 0 EERAR T R [ b
BE R 2SR P T A R AR A0 A PR, SR SRR L 2 AL I A R g R R AR AT R
(11 S ofras S Ry 1.5 ke /s, Y uhih i U, < 1.5 km/s BF, RZAHLHI N 282 24845, 1 U,>1.5 km/s Bf %
P RZ S 05, A HE 2 LR S R SR AL RO B RN, A S R A, R X TE L A M T el
XF G M 2R R (U, < 1.5 km/s) BU5EMA, JF4RAS T AL 2 258 B8, Y U, = 1.3 km/s I, KA 2 2450
JEERAE . BRI 2 245 5 R AR AS R AS AL L [RAE . R A% R S SR g N, B2
SREEJE N el U, < 1.3 km/s I, E2B0 LM BEEREW; 4 U, = 1.3 km/s I, BRRE F
T 3 4 S M AR S [ 8 A L M oh sl U, > 1.3 kan/s, 2 B4R B B BCC AR LI, FEMIAS AL
il 0 #H AR ¥ 4% FCC>BCT—BCC 1 5 [CAAR AR ML A SCHG 7~ T 1o 388 J3 o) 22 2450 497 0 W 284 52 v 0L 7 22
PRI, P A 55 35 A Aok 70 A oty i o 2% 1 9 B 477 107 FH 42 L BV S

REEIA: ppodd B, HER, SR, ARAE, Sy TEh T

PACS: 46.35.+z, 46.50.+a, 73.61.At, 33.15.Vb

1 5

G JEAPRHE bl IR B Sh AT s T
JEAIPE | GRS | PRI T A U, nze i/
B R R el B 4 L KK L e R B R U L by
A AU T A 8 R R A R S X E AT
FERE. SR e I AR B TE M BE S il L
AR R, I G R AR B 7 ST AR N
FRFI T I AL TR b, s | FLIR | 2% o SR iH
RS L [RIS, wAEHTT S R AR B A
TETEMEREE AL SRR R | W) s iz

ail%

DOI: 10.7498/aps.73.20240244

LR G SRR R R, 102 BT e R AR
R RS SRR E EE L 07, P, s
dr BT 1@ AR R T B AR FHPLEL S T
Il Py R U

BOHAEk, X m bRy 2 2SO TR T
RIS, W g0 B URES 5 AL I 2%
A2, A0 A B [l A A T B IO R
WFFEshas 2 T AT, S T LI A
- tE R B (NAG B ), e BEFLIR 1 i | A=
KRIE AR A AR SR AT 2L 0 = ML) B 12 A
TN R, whi B R ADR N R AL R, Bk A
PR TR 2 SO, ISR 18 s 7 90 55 T 28 5 AR A
F, FEHEE LN T, G R AR ) B A

* R RRIA IS TR S (S 12202081), TS [ AREEA T R H (S CSTB2023NSCQ-MSX0363) FITEIK
T ERAF AT RIF AT (kS KIQN202301117) % B AGEL.

t BIEYE#E. E-mail: huangxia@cqut.edu.cn
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

164601-1


http://doi.org/10.7498/aps.73.20240244
mailto:huangxia@cqut.edu.cn
mailto:huangxia@cqut.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 16 (2024) 164601

W BLRRE, gt J 2 IR 13 X T Jm ok Ui, J2
SN T NS 2 AR, BIFLIR A9 A% | A=
FFR SR AL 1] ol R X 4 B MDRHZE AT R R
e S22, 24 il e R AR, 4 S AR A A i
T AT T 240 RIS 217 A 5 A — R
ARZS, FLIV T 25 T 30— L SRR AN H T A
HAitits i SR 2 1 —807, 2 RAT A
YRR AR il AW R, 6 JE A
PR 2 e A= A A 2 o i Ak, 702 2R
ZHT A A - A R AR N g Y R AL S
AR R, SEON B EDE B A0/ Rz 1
JiK, 2JZ BT IR N R RS, AR RS
R A b i LR R BB )2 2T
Sy 19, {EL 52 R T B[] R RUBE TSR /1N, M LA 3ok 52
FAERASE R G B AR b 22 E FHALH], 230
it J2 S LB B = TR TR

fats T T8 AR B e | 5 ARG
TORBIEE, 7373 1A 28 U 24K S50 0 B
WTBZE, i BHE R T R 2747 A
IRPESIE AL P02 B TBL. Liao 55 3 R 20
T BT ST T AN ) b B R K SR Y
IR B A A, & 2 2 B oL
M T RB R, A RS RE. 2R SHZ
42 [B] Y 32 X TR T4 B A B R A B A%
PLEI A, IEo3HT T FLIRE B AR R ] 19 O
Z. Li Fl Yaol! 38 5 53 8 1 24 B ik o 1
fn SiC Y il RIS, KRB TR il 3 B2 B
et e 8 T 3 SRy R L SR G5 AR AR AR A 3K B
SEAARZL; BEA hili R R OR, B AU T N E
B R BV N E L. He 45 il 43130 ) 2 A0
TR R RAT N, M R eh T E U, <
2.0 km/s BHZH)ZRZL U > 2.0 km/s BN HJZE
N, MRS RRA T LR A A K
RAE, BAERMZ 2GR, FLIR A R AT R X
saf, TG SR R FLTR B A AR Y X 8
Chen 55 20 3 5 313 ) S BAUBIEGY 18R Ak i i
B A TE i AT TR B9 30 g 2 e [ RO 45 44
AL, DA R Y i 3% (U, < 0.75 km/s),
el AT AR TR RS TE LR o AL 4 59 U3
AV, H H R —E R b 32 3 A 5 R 45 1
RELAG, 5 TR, i X % 32 8 DA i 1 5 A B 2.
MpiEE U, = 1 km/s I, w806 B R
(L5 P28 Y BRI 2%, BT 45 M 1B 8 45 T

¥, WOWZEA AR Y 2R L5 AR . Jiang 55 P72k
HFah J128E9E T B R 0 )2 2484405, iR 4R
T vk 5 1 RO 25 4 7E i RUBE 1% 2 2445 4
5 RS 0 20, 25 SRR G OK AL IR TR s
AR SO AR DX RIS 5] B, T SO R )2 AL
SR, AR KA LI TE A e R HE 2 5 DX 35 &) A%
SRR SR T IR, B RIS
Xie 45 28 5@ sk AEV i 53+ 30 I 2 BT oY T 4
+ FeNiCrCoCu = 4 im ] Al o 2 B2 % it
W AHAS (52, A BLAE [001] f Ia] BT B0 4
FRAS e | TS 7 — A0 7 AR 25 2y I B )
REE/RG b T 74 T DA =75 DG =/ & LR | AN I
& s EE R R, SO AR TR AILER LA BL ] 327
B AR FAHAR L FE 5, AR T R N AT N PR
ST /A S I e A R N (1| E B R s e
D _E A 3R O o o B 2 3 302 24T AL LR AN 7]
(B ZRFZE 2L, I EUZ R RAE.
SR, ok 3 B X6 B R Y S22 840 T R B )72 i i 2R
708 1R 55 M R AR RO AR FHAIL ATy dke = R A B PRI,
TR AN ST s 3 B8 0T B i R 2 240 7 S s e AL
Xof B A R B AR E AR i 5 1 T B R AL R vk
B 4P B

Zx BT, RS Jm AR vh s JE A T Y
RN AT B Z TR AN R B SE. AR SCR
A1 53 30 1 A A 9 B R A v A
HJZZAT R, oA i S B X 2 248 T S AL Y 52
Mg LA, e 7 vk 2 0 2 2R B PRl 1 A
PAOE AR R AL, SR e AR BT R
PRt ES Y S

2 WALk

PR SRER 290 Shy B O ST T S5 (FCC), H
PR o 3.52 A (1 A = 1010 m). ML,
BRI Xl Y R Z %43 5% R [100], [010] A
[001] FhAHL ), 3 X, YA Z 81435 400ax30ax
30a, RILAHUE FRICRSE R 10.56 nm x 10.56 nm x
140.8 nm, PIERIEARIILT A 1440000 4R T, A1
RUR B E B ANZE 7 i 1 iR, BERIAT 43 R B
gy ERLE ZERNFO AL, whh 0T MW Z #hr ).
T THBRISAAR R ER AN 1800, FEFTAT 3 A7 ]
R B AR T I A R SRR (NPT) & 25 B0
HLL 1 fs B R 2P FE ST 5T 30 ps, MHBLHIA R

164601-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 16 (2024)

164601

ty=[010]

Virtual wall

140.8 nm

Free surface

&3 B RN %5t v | B2 ¢
Fig. 1. Impact loading model of single crystal nickel.
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Fig. 2. Linear relationship between the shock wave velocity
U and the loading velocity U, of single crystal nickel.
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Fig. 3. Void evolution of single crystal nickel at different impact velocities.
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Fig. 5. RDF of single crystal nickel corresponding to the initial time, compression time and tensile time at different impact velocities.
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Fig. 6. Free surface velocity curve and spalling strength when the impact velocity is U, = 1.0-1.5 km/s.
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Fig. 7. Microscopic atomic configuration (colored by CNA) of single crystal nickel at different impact velocities (U, = 1.0-1.5 km/s)
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Fig. 8. Number of crystal structure atoms for the single
crystal nickel under different impact velocity (U, = 1.0-
1.5 km/s) at simulation time of 5 ps.
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FabEE DR RRE A L. 7E U, = 1.3—1.5 km/s I X 2 SR FE A B R, TR AR S
i, ﬁ%ﬁ%ﬁﬁa‘é@fﬁ%ﬁ%i@ﬂﬂidx PEAETEAZ A W, 2l 205 L .

U,=1.0 km/s Up,=1.3 km/s

B9 AR (U, = 1.0—1.5 km/s) T i 35 2025 00 582 ) H T8I 00 S5 o (400 TR0 7 4 4 B

Fig. 9. Atomic crystal configuration and dislocation configuration when the shock wave reaches the free surface of single crystal
nickel at different impact velocities (U, = 1.0-1.5 km/s).
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t=28.2 ps t=27.0 ps t =26.6 ps
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t =24.0 ps t=23.6 ps t=230ps <
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Bl10 ORI s B (U, = 1.0—1.5 km/s) T 8 585 09 {07 48 1 b 5 72
Fig. 10. Dislocation evolution of single crystal nickel at different impact velocities (U, = 1.0-1.5 km/s).
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3.3 BERERLAEABGETRITEAE

JE A SRS A R AT R N R 2
—, T ipt SR AR R S A ) N R 2
—. Tuler F1 Butcher % B4 B Bz i R X W7 24
SO0 Il AN BE (AR ) (e S
TN B AH DG B0, B M T DRI 2L ()R A 280 g 1Y
TR B P8 o R 2

/Otf (0 —09)dt = K, (2)

Horpr ¢ W AR, oo S BERHIT GG IR 1 N 77 [
{H, NF1 K N#FRLE %0, Davison fl Stevens? 2t
TS T 5 RAR A Py U AR, S8 s EUE A
BN RS EsA AL OB I S
R B AT (Pla = W Hip PN
N7, ¢ TR a]) P DU AE B2 EE XS A 4 )
AW LS FRAEHE T XA W B 2

(ao - 1) =& ®)
K, oo 2P EEE R 0.7 km /s BB ARG &%

Void nucleation

Up =.1.0 km/s, t = 27 Asps.

Fracture time

Void nucleation
U= 1.3 kin/s; t'= 26,87ps.

U, =i 5 1_<m/§,:ii 266{\})5

e

B 11 RFEpEHEE (U, = 1.0—1.5 km/s) T LI %
5 W RO I

Fig. 11. Micrographs of void nucleation and fracture under
different impact velocities (U, = 1.0-1.5 km/s).

Az JR BT IR T B3, NN Ay A5 o R
YIFRSG, Hatsg=lh

o = poDv = po(Co + \v)v, (4)
3, po FI Co 733 WG BE FURERLZ T P,
po = 8.902 g/cm?, Cy = 4.6 km/s.

HAE (4) 2545 2R W] b o B R 89
N Ty . AR (Rl A i AR AR BRI L T A AE R
AL IR A, DTSRI () P 445 TR 2 L 3R T 2 [R] A
BB Z 8] BT A AR T A [6] i
T P A 22 (E 0 W R 8] 4, TNIET 11 .
TIEEAS 2 B W AL R AT ) WA 1. B AR
W 2L N [ B 0z 3 i s s, (3) AT A
n, = 1.1, ML E S (n, = 0.97) AT K, X2
DRI Ay AR R AR RS R L AR DS, D RSB 5 R R
FE

F 1 iliEER U, = 1.0—1.5 km/s B0z

37 7 T4 ]

Table 1. Loading stress and fracture time under

the impact velocity of U, = 1.0-1.5 km/s.
MEEE U,/ (kmes) IN#N S P/GPa WiBLE] &/ps

1.0 53.67 3.8
1.1 60.46 3.2
1.2 67.49 2.4
1.3 74.78 1.8
1.4 82.33 1.4
L5 90.13 1.2

J T BAERLA BT EI n, (A HERRYE, 430
VEHU P o5 H A 1.25 km/s 1 0.9 km/s #1700 F
gl Syl e R 1.25 km /s B Sl 43
TF-oh SR B W 2 R] 4 2.0 ps, il a4
AT AR B B W AL )R 2.06 ps, 325N 3%,
I ZE SR R AF. M obii s 0.9 km/s B, 383357
T8 1 AT B ) W 4T E] A 5.2 ps, dlad A3
HEATIHEAR B W W 240 (8] R 5.93 ps, IR 2ZEA M T
15%, HMESE R HEA 750 E Y FLIIR A% 5
T L] 12 i 2.

F2  wpdEESIN 0.9 km/s F1 1.25 km/s

B N8 3 RN SR [

Table 2. Loading stress and fracture time under
the impact velocity of 0.9 km/s and 1.25 km/s.

T EE U, (km/s) IR S1P/GPa Wimf [l 4/ps
0.9 47.13 5.2

1.25 69.93 2.0
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Void nucleation

Fracture time

& 12 bR 2R 0.9 km/s A1 1.25 km /s B (4L A% 5 W 240000 15

Fig. 12. Micrographs of void nucleation and fracture at impact velocities of 0.9 km/s and 1.25 km/s.
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HEARAR B, FEAE RS, TERR O B S By
BB, BB AR B 5 ek v o D R A 0 A
M, P RTAYIE B BCC AR F A2 45454
Wb, XN BCCHIZS AR E, LKL FCC
1 BCC 1 HH 7] BE 42 Fifi 25 1 46 17 7 49968 /N 17 i /)
P . B 14 S5 T ol Eomr VR R SRR Y
FCC—BCC #7481 2. #Evh e /EHIT, FCC HE
G IR & A= DN T i B e A o IR RS A A,
| FCC 45M%6 A R0 IE TS (BCT) Hlalghty, 3f:

TEJ S T B i A BCC 4548, (A EE
o, M TSR /R, BCC &5ty &itt—4
A2, FeA N BN E W= R 2

xT

B 13 iU 1 ks I, B RER G TR R Al o R
(CNA FAiF)

Fig. 13. Evolution of atomic configuration of single crystal
nickel at impact velocity of 1 km/s (CNA characterization).

¢
¢

x

B 14 shilifER R B T FCC—>BCT— BCC fiA%E 48
SR

Fig. 14. Principle of FCC—BCT— BCC crystal transition
in single crystal nickel under impact loading.
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Abstract

In order to reveal the influence of impact velocity (U,) on the spalling and fracture behavior of single
crystal nickel, a non-equilibrium molecular dynamics approach is adopted to investigate the free surface velocity
curve, radial distribution function, atomic crystal structures, dislocations, and void evolution process. The
results show that the critical impact velocity U, for spalling behavior in single crystal nickel is 1.5 km/s, and
when U, < 1.5 km/s the spallation mechanism is classical spallation damage and when U, >1.5 km/s it
behaves as micro-spallation damage. The pore number and distribution area, and stress distribution area under
micro-spallation damage are much higher than those under classical spallation damage. The influence of impact
velocity on the classical spalling damage behavior (U, < 1.5 km/s) is analyzed and the corresponding spalling
strength is obtained, indicating that an accident of spalling strength occurs when U, is 1.3 km/s. The spalling
strength of single crystal nickel is influenced by the combined effects of stacking faults, phase transformation,
and dislocation. As the nucleation and emission of dislocations increase, the spalling strength decreases. When
U, < 1.3 km/s, the spalling damage is mainly due to stacking faults. When U, = 1.3 km/s, the spalling strength
is mainly affected by the competition between stacking faults and phase transformation. When U, > 1.3 km/s,
spalling strength is predominantly influenced by the body-centered cubic (BCC) phase transformation
mechanism (transformation path: FCC — BCT — BCC). This study reveals the impact velocity -dependent
patterns, mechanisms, and effects on spalling damage and fracture, providing a theoretical basis for realizing the
protective application of nickel-based materials under extreme impact conditions.
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