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BE: AR RTLEMH ST AT R NAERER, B RKANMENF G A F8 5
UG THEEMEAEEAEERL . A2 FRHAFENT ERART £ HKE[110] & @
TR T ¥ AT, FET 3M L% &% (Ackland,Mishin, 1£ ft 1 MAEAM ) % [
Ntedk MEFHFAER I BTN EZR, BT TEE ST OB N EREHA: XA
Ackland # i %k 1 M & & % ;2 % ( body-centered cubic, BCC) #7 #| % # < 7 ( hexagonal
close-packed, HCP ) MM Z K& /7 (14.03 GPa) H B\ LR #H4E, ARG HER AR T
5 48 % 948 &5 Mishin % & A & B R TR I Bk oL 69 B0 I B 68 8 MAEAM % 8 %
i By BCC-FCC ( face-centered cubic) /% JE /7 F & (49.91 GPa) & &, &4 & L5 &l
ZIFCCHMAL ., Wi, 3% R&MERTHRALAE mAEZIF, 8K BCC & 4% 2| 5 7%
FUHEREEN R AL EHRA
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&5 2 5:0521.2; 0469 TRRARERD: A

YRR b B e )z W 428 22—, BRTEN i 25 1F T AR AR AT o — B = e W SR AOM LR} 22 Sl i
WEFEHE FRBIRAE i gk A5, Bk A0 Y8 M AR TP 2o B2 5 A AR BIL I 0T T 2L A b A2 285 4 A R &
AR ERE & B AR A FE A O =i, Bk ARG 5T T (body-centered cubic, BCC) A 1] %5 HE
7577 (hexagonal close-packed, HCP) A [14)%% A% 1 Ay v He Wi o7 [ 2 780 S 461, 95 K 17 7 A 4% . YR TE 5 M
AL ) AR AR .

H Bancroft 55 HiR 8 £k FEZY 13 GPa ) My i #4540 5 & 4E BCC-HCP #H7E DLk, XHZ L4 1Y) 52
5 AR AR LR A S R R 5% O 1 AR A5 W AR AR R ) (B A 25 25 5o Liu S8 58 5k 52 56
B TR [110] S 18] BRI AS TR F7 8 (13.5+0.4) GPa. 1143130 77 24 FOHIF 5 45 S 3 ik i e L 22 ) 4 K
Kadau %1% 5% ] 25 B AR # (embedded atom method, EAM) J5 #3180 45 27T [110] & 5] A4 4H 4% {5
JE 7128 17 GPa; Wang 4611 Fil Lu 88U 2% j& 1 ¥ A8 08 By 52w, +F 58045 2 A9 A A8 R ) =53k 22.3 GPa.
T A i 2 3% W Jirl - TR B A T 22 pR 50 C LT 5 0 5% o 50 ) o R A8 i 55 25 A2 7y ol B A ol =5 ) 0 v
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A RS TR A AR TE A L B o Jensen 25 UCV 3 o v R B MR o S0 0E — A5 IR SE TN AR RN A AR
JE 3 0 R 00T, 2 B R I AR T AR SR B A AR R it . AR OW R, S 38 B AR 14 A AR I T 1
(B T 22 d MR, T 235 04 155 57 T 38 o S T T A S 5 e TR A28 s AL I 0, G s 9 kA T o) A AR BLA IR i
FERIUA, g B RS Cui 261 3l 38 41 3h 1 A g 38 s T FLATR B 5 38 e S 350 17 7 4 w4 0 AR AR JE %
B ELARBLE] . Amadou SFP WF 5T & UL, 58 36 ML AR ERAE 5 KT & Hh BURE AL AT o0, P04 AH AR 1 kAR T TRLAE
BB T LA HEAEAR () & A o Yao SFPU NG A I AL S S (R S PERE RURE A, & I P AR O 3 3 R I SO A
SIS TN PR A AR o D R S MBI 5 b ] LB e g 2k 0 A AR i R 2 22 3
SRPEARTE 15, PRI, PR A AR 5 S AR P B RS A AL 2 G E

J— 7, T BCC-HCP MIZE B A8 1 iR 22 £ 4. Wang 552 3 i3 XS 2R WUSORS 40 25 44 (X-ray
absorption fine structure, XAFS) £ AR A 1 AHAS S #2, IEHEI 1 3 FoAHAZ AL HLI T 4 4 A1 Jg i
&, BCC HH BBk S5 US [001] &b a9 45, [RIIHES [110] 77 15 97 R, {d BCC AHAY (110) T 28 8 35 HE T, 4R
Jei F AR %% HE 1 AR G 1 A% B HCP K AL T4 5 Y Ul A, (112) P b (111] 7 [ i 47 5T 098 A
S HE T, A 2B %5 HE W RS AR A HCP AH; AL 48 H, AH AR 5o 72 0] B8 28 [y H [8] 25 11 0> 37 J7 (face-centered
cubic, FCC) £5 4, [AIREAE (112) 1 i [111] J7 1 b 47 B V1% i 2 ik T, (110) - 1 i [0110] Jy [ B 4]
A R FCC 254, AHAR % HE 1h W F% J5 28 B HCP #H . Hov, Hawreliak 26 38 5o J A7 X528 A7 5 52 56
0 3h A 0y i, SO 3 BCC Al BL4%55 48 HCP A, HAHAEHLHI X R ML T o Levitas S22
FERE T HLIG 4 NI A TERS 5256, % B8 U0 sl H1L5% nl LS 308k 19 BCC-HCP #HAE, S 587 9) £ 5 A AHAE i
F; Wang S5 Shao 5507 1 53 - 8l J1 A B 25 R S Re i e - P B 1 52 B AR HILAL, S AL AR, 4R
M, Kadau %" {4 43 3 7 244540 0 LEE 20 W [110] & 18] o i iF BCC-FCC-HCP By o 5648 . 2 H
B, A AL T A3 3] T 5250 ML TIESE o AN 8] J7 2 % A AR %42 04 T30 o] REAF7F 25 5%, 764> F ol )1
Bl 5 b 22 55 T BB K VR T B R B0 SRy BN 7 RS FTAE AR g 22 i ik = PR, R 9T [R) e pR 4k
ST B R ER OO G M A5 Ak, T IOAIE HOAH S B AR, X T B ke vh i R T AR S LR B L L,

B X LR R) A, A5 R o 8 D1 BT 5, 28 Ackland, Mishin F13E T MAEAM 35 ok 4011
AL AR (BL R FRAG AL MAEAM #4) 3 Fh 3 ok 85, BF 5% 80 S RV (1107 & 1o b o I 48R %9 A6 28 0 98 1
ATEAT o 8 X LA AR R T B L SO ZE AV A L 7 B R R A AR BE AR SRR, AT AS TR B R BT
e e 7 P 22 551, 5 AE SR F R OUE RUEE T Bt K o R 40 i 7 4 A P A R e B B A 4R
1 SFHNEIHE
1.1 BRHHEE

JELF- 18] A AR FH 32 ok 5500 B8 450G 2R B 40 7 8l 1 A A0 A AR RV AT R 45 R R 1 . 1B 5
pR £ (4 Meyer-Ente $%%1 Mendelev $4*°1) 55 B8 4 4 M il A 70 8 T 938 T 280 5, (B HO =5 e AR
7 1 T 5 S B 77 7E 525 R 2202, Voter-Chen $8B B4 7E T wh o % A4 46 SRS 1 2 B0 B 0, {EL % o7 4
T Ak AT AR B A 5 S I I A AR JE S BT R R, AR WFSE L Ackland #PY| Mishin #5Y

K ARAL B MAEAM 3460331 147435 ) 3 24440 .
Ackland #pRBUEL T 22 (R #UHE 22 (finnis-sinclair, FS)
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X R AH EAE FH PR BCHEA T8 IE, 7E IR 1] B x < xy (x, D BE 25 {8 i), DT AL Biersack-Ziegler i H B#
e 12 B
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Z @ij(xij)] €))

J=1

2
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Ei = % Z V(rij) + Z F(;Bl) (4)
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h
P S E
L% 52 PR 2K
o) = (A exp [ |+ exp =) o (57 ©

Ko A IR H R 5 BRI B, A 4 il 5 B pR B Vo SR A S8 v Y Fe R RE A0 A Y PO
AR (3). (4) TR 3. 4 I AR KM BE B
oAb MAEAM 3R E A K h

Eu = |§vvw+Fma+Maw] ™)
R F(o) Hik ARE, M(P) R 1&ET .
WA B AR e

r rlfrY rm\® r\
V(r)=k0{1+k1 ln—+k2—2 (—C) +k3(_l) ](1——) } r<r, (8)
r r rl r re

1 1

K ko ks oy kg LA BB B R e = P k(P =), PO EBES TTA § EARFE RS, v NS i AR
JELF %k 2Z (A A B B, Db R A e S R S PO O s O AR e N A BT AR m O TR
i BRI BT 3 AR R S

HRABE F(0:) 2271 0y HL 15 2 o, 1Y) BRI KR

F@Jz—F%l—nmEﬂ(gj 9)

At p A AL THE, Fy P05 T I ARG, 0 WS HL b, R T RIER = D ),
Frp) WER T S5 F- 1 35 5 R B, BRI, = 15 40505 — 1) .
o 1 i T AR RO B 10 1 107

aP;P,
(Pi + Pc)2

P = Zg(ri_i), g(ri) MR TR 2 pREL . g(ri)FRm A

i

M(P) =~

(10)
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ij re—r

1.2 BREBWESENSE

AR GE I T IF WA A LAMMPS SE 4745 R JE RN 501 20 J1 4840 . R T 3R 58 A [ J5L 7 18] 34 R H506F
PR AR A T TN RE T, B %, A 1.6x10* 4N JE 19 BCC. HCP 1 FCC 2544 1Y B kAR R, IF ik
1T K R 1 AR TEASUL, FH - T0000 A A5 ) BIE s SRS, A 8 B R FH T b i in 2k T A AR 5, R
5Fo0 14 nmx 14 nmx 160 nm, 155 2 3x10° 4S5 F-. B ) Ak ARH U 2 x[110] . y[001] 1 2[110].

M MR, B2 R R LR VA R T R B de /M AR R SR AT AL, SN = A A O SR
PRI A5 BE G 1 NPT 225 T (F . 300 K), PL 0.1 fs (I A 25 K 047 B id R 60 ps 45 1 1L,
W 3R G ik BV iE— 258 2 Oy 1) Qe g 1)) 0 R0 M 300 4 AR Bl A Pl it SRR A, R
BHEEZ Ty ) [ B R, T A 7 1) A4 R BT Pk 3 SRR SRS, 7 NVE RERT, IURE A2 i & — > LAUHE
FEEEE (4504 0.6, 0.8 F1 1.0 km/s) ¥ z J7 [A132 ol B WA 15 €, 16 SER5 252 a1 A7 0 (U z ) o o 0 it ik
R, i IR 4E 40 ps, WA 1 TR

[110] x

i'! Piston Shock direction Free surface
Bcc @
z
[110] ’i
y

Bl b ikafdingos I
Fig.1 Schematic diagram of impact loading of single crystal iron
455 1K R J1 M von Mises N1 BEAT PR 2 (49 J1 2R U0 AT o SRy i /K T I3 7 SR AR A4 ek i) (AR AR
AL 47 9, T von Mises 1 7 WU FHIF-BIF TS A4 BHAE SN AT T (49 28 1L A8 T ok, i e B9 910 5 S 1) 22
AT M
Jey iR K g

[001]

_ OutO,toL (12)
p= 3y

S 0 oy Flor 50 R ST A B 3K B4, v W T RO PR, 2 (12) PG S5 1, 5
WIE, bR T2 FOR A

von Mises [\ J] 3/~ K
1
Oywm = \/E [(O-XX - O-yy)z + (O-yy - a—zz)2 + (O—zz - O-XX)Z + 6(T§y + ng + Tgx)] (13)
A1y 7y T NBTUIN S50
BTN AS R R
) 1
T];Vhses = \/rliy + 775: + 77)2& + 8 [(nxx - nyy)z + (nxx - 7722)2 + (r]yy - 7722)2] (14)

K s My 1 A IERAB S35, 0y My 0 R B AR S35

T UM A3 BT AL S SR, fd ] OVITOP SR 4F 47 i Ab 3, W EEAH A8 RO 1) 43 A o R L
1) 23 33 4B 5 (common neighbor analysis, CNA) 4387 it 1454, T3S [A] 40 19 i 5, 16 X 43 BCC,
FCC il HCP A5 A [R] & AR 45 #6) I v G A [R) 230 €2, AT 5 Bl 1R 5310 R 78 el o A A0 485 4 A2 Ak fifi A
5758 3 #1 (extended dislocation analysis, EDA ) J7 32 B 17 5140 5 4 RS 5 %% 5, AR A5 (7 45 AE Bl A vp
7 A0 1 OO o
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2 HR5i1e

21 EHFEERET

R T R GE N [R] 1 5 T A% o 500 Bt R A8 R 7 B TN BE 7, SR 3 DT ) 2 pR I Ackland
Mishin ALY MAEAM #, 5351 %F 1.6x10* 4~ Jii 19 BCC, HCP Fl FCC 2544 H fy 47 #K e 1 2488
B, IR R 45 A I A (A

FR A 26 B8 T 22 B8, R RS F T, RGEMAHAR IR 3 7 1 35 A i B 1 RE (G=H-TS) Je 2P, 4 R
135 B FAE IS, BCC A5 HCP M35 A5 01 At REAH S, fAHAS A3 DA & A o 78 ol gk i 4 403 LT

— A Rk R B AR RS AR AR, UL, ZEARAS SRR P S 0 AR bR e AHAR BE R R AE I BN R 2 —,
55 3CHk [9] HE mAF I 45 R — B

Kix - 77 0 2R 14 38 4506 o AH AR T 7 AL, A&l 2 o, 2068 = M ARIC T AH R A AHAS 53, FFKF 3 Flghe
PRSI TN 245 SR 5 SR (ARSI 5 SR R S B B AT T ER AR, ang 1 iR . XFF BCC-HCP AH#E A8 >R H
Ackland # bR 0 HE 0% 55 o i b 00000 AH AR ey, LSS SRS S0 KU e 5 3, H 5 Gunkelmann 255 i
A R B B AR ADL 45 SRR ST 5 SR Mishin 34 eR B0 14 R AR i g B e TSR IR A, P RE S S EUR
JI 5T B AR AS R A A 22 5 R AL 1 MAEAM 3% 5& 805 BCC-HCP 1728 & 7 RME (pyccer) T
W25 5% 8 T 92 36l S Ackland # pR R T 45 51, 101X T Mishin 5 pR B0 TOM 45 5 . 76 S50 v % A7 B
B (R E 2 W] BCC-FCC AH¥E A2 YA AE, {HJ2 3 4> 35 R B i B 45 SR 240 1) T BCC-FCC AHAE 4,

Z"X
ii

o (36.38,-1.82)
BCC “18r —BcC 38, -1
320+ ——FCC BCC
—— HCP BCC-FCC ol hes
i BCC-FCC
)l = 2.0
£ 330} E
S S 21F
>
© 335t §
T BCC-HCP S ol
—3.40
23+
345}
o4l BCC-HCP
—3.50 ; L - 1 1 1 1 1 1 1
12 13 14 15 16 28 30 32 34 36
p/GPa »/GPa
(a) Ackland (b) Mishin
-1.0F —BCC (4991, -1.03)
——FCC
— HCP
—-1.5F BCC-FCC
E
=t
S -
= 2.0
L
=
2.5+
ol 8
BCC-HCP
200 25 30 35 40 45 50
p/GPa
(c) Optimized MAEAM

2 AR REHANY 10 K T BCC, FCC, HCP 5 iks-FE J1 iR (L1 6 = M Fom e R 1)
Fig. 2 Enthalpy-pressure diagrams of BCC, FCC, and HCP structures based on the simulations under different
potential functions at 10 K (The red triangle marks the phase transition pressure)
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AL MAEAM #pR B HUN ) BCC-FCC AHZE K J1 A (ppecpec) W35 85 T 53 4b 2 D3R B B 400 25
BT Ackland # bR $500E T 52 56 b 5% A WL 3 (9 BCC-FCC MZEAT38R 45 11 T 5 BCC-HCP i i iy A 28
JE A7 PR, HE TR 28 T 7 B Y T30 45 58 1z ke 4 Ackland 3% b BCRE % 5 - i il 18 BCC-HCP HHHL A8 i
G, ABJE SHE R 1 BRI 3 BCC-FCC AH2Z, I AL MAEAM 34 pf 060 T BCC-FCC AH7E 1 77 19 1Y
TN T AT BEAT S50 45 H6 T bl ik AR TP ORAEAE FCC AR 9 1 T

*1 TEBEHTHEREES

Table 1 Phase transition pressure under different potential functions

Potential function Pyccucy/GPa Prccrec/GPa
Ackland 14.03 (13.755%) 14.43 (14.48%
Mishin 29.62 36.38

Optimized MAEAM 22.37 (22.318h 4991
Experiment: polycrystal 12.89+0.15M

22 HERNEBSHEHTNSE
AR P25 13 A 380 AR KO 7 025 P 0, SR ) 6 0.6, 0.8, 1.0 k) TS %4 o ¢
PR RIS 4 55 PR Ty 0%, A0 3 B3, $h p_ o = B0 160 B9 TE 161 ) it

50 - - ——0.6 km/s
40 - =
]
& 30+ r
& 20 -
10 -
0 L L L L L L L L 0 L L L L L L L
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
z/nm z/nm
(a) Ackland (b) Mishin

y
50 | 0.6 km/s Other
| — 0.8 km/s
< 40 — 1.0 km/s - FCC
A& 30+
<)
3 20+
10 +
O " " " " " " A "
20 40 60 80 100 120 140 160
z/nm
(c) Optimized MAEAM

B3 N[l T S AOESHITE 18 ps I 2R 73 A Xt e

Fig. 3 Corresponding microstructure distribution under different impact velocities and the corresponding waveform at 18 ps
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Ackland # R 2 (& 3(a)) 7E 0.6 km/s by 3 BE T TN (%) = 7 W (B 29 28 27 GPa, oA ) 90 5 25 1Y
BCC—FCC/HCP #4F . BCC MW whi J5 m % 48 & FCC A1 HCP AH, % B IZ 3 pR Bkt N 14 40 4% e 7 )
TEEAR, 5 WMAE W) A B (PR 2.1 715) o Bl npl OIS 2 1.0 km/s, TR 7 0B T+ 2 24 50 GPa, [R] B4
530 Bl E— 2B K, BCC MR MRS /D . A H 22 R, Mishin $2 2R 0000 A5 40 285 5% 28 300 48K SR A [l %) AH 25 3
% (E 3(b) . 1£0.6 km/s mhili R, JE HE(E 2 23 GPa, 1K 2 L BCC #1432, oK< H BB &A% HCP #H,
X AR A9 BCC-HCP AH7E JE 11 (29.62 GPa) FEUAHAE 3 3h 1R 1% i, Wi BR 1 1 87 A 89 A i H
A AE % v b U (0.8 1.0 km/s) Bf BE WL 2] HCP AH 7= 4E, HL ooy 380 5 ey, AH S 9 FU A8, IR 7
HCP # Z [B] 47 7E /D i FCC MBI E /A o X FHLL i MAEAM #pR 5k (5] 3(c)), 0.6 km/s M5 s BT
I 10 AE 2 25 GPa, M Az i/ B 1 FCC #1 HCP #H, {0 BCC #0445 = S s . (B0 & 02, B
fifi wpas 3 FE 2 1.0 km/s, fEAE ) MAEAM 3R EURL 145 2] 9 HCP AH 1 L 475 5 2K T Ackland Al
Mishin # pR 5O REI0L 25 %, ] i R 2% 21 B 8 6 FCC AR A= 1

Zi T, Ackland # R TN A5 21 (14 AH AR K 7 5 S50 (B W A AT, BRI b s B R B AT S s A
%5 Mishin # R E B S W AHAZR G R T, R BUREER S EE T E R, H 22N
HCP #; i fk i) MAEAM #pR EU TN ) HCP A1 AR & A= R eIk, R4 TN i) BCC-FCC AHAR e 7 B E
B, (B AR FCC AR Y .

4 IR T AN [R] S5 R BN T 45 FH 0 B0 B Ao 5 %% 138 B o) [0 3 A 10 A8 A B B o SR AR IE AR AE 7843
KA HHEBR AN s R A 2, £ £ 0.8 km/s Wy B SEAT 40T . 25 R B vl o I 30 38 A I A i J 23 4% [
T B 8, TR A A AR 77 A2 52, 7E 40 ps 1Y b i A o, ARF ST 3 226 1 BCC-HCP AHFS 48 2 fie K Ak iy
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Structural Phase Transition of Single-Crystalline Iron under Shock Loading

along the [110] Direction: Molecular Dynamics Simulations
Based on Different Potential Functions

WU Meigi'?, ZHAN Jinhui®, LI Jiangtao’, WANG Kun*, LIU Xiaoxing®

(1. Beijing Key Laboratory of Clean Fuel and High-Efficiency Catalytic Emission Reduction Technology, School of New

Materials and Chemical Engineering, Beijing Institute of Petrochemical Technology, Beijing 102617, China;
2. State Key Laboratory of Mesoscience and Engineering, Institute of Process Engineering,
Chinese Academy of Sciences, Beijing 100190, China;
3. National Key Laboratory of Shock Wave and Detonation Physics, Institute of Fluid Physics,
China Academy of Engineering Physics, Mianyang 621999, Sichuan, China;
4. College of Materials Science and Engineering, Hunan University, Changsha 410082, Hunan, China)

Abstract: Single-crystal iron is a prototypical system for studying the dynamic behavior of metallic

materials under shock loading, which is of great significance in high-pressure phase transition research due

to its phase transformation mechanisms and mechanical response characteristics. In this work, molecular

dynamics simulations were performed to investigate the mechanical response of single-crystal iron under

shock loading along the [110] crystallographic direction. Three different potential functions (Ackland,
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Mishin, optimized MAEAM) were employed to examine differences in stress transmission, dislocation
activity, and new phase formation, as well as to explore the coupling mechanisms between plasticity and
phase transformation. The research results show that the body-centered cubic-hexagonalclose-packed (BCC-
HCP) phase transition pressure (14.03 GPa) predicted by the Ackland potential function is closest to the
experimental data and can better describe the coupling of plastic deformation and phase transition; the
Mishin potential function shows an independent plastic stage at high strain rates; the optimized MAEAM
potential function gives a higher BCC-FCC (face-centered cubic) phase transition pressure threshold
(49.91 GPa), which is more consistent with the phenomenon that the FCC phase was not observed in the
experiment. In addition, the three potential functions all show the same phase transition mechanism: from
BCC compression to shear-induced stacking fault formation and its reorientation.

Keywords: molecular dynamics; single-crystal iron; shock loading; phase transition; plasticity
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