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&R Tihe @S lEEF I B EH

EENY EoE’ £ OEY
(1. Je B YL S B BCA 5T, bt 100094;
2. PE TAEYHEMR BV A B, L5 100088;
3. A6 N R S EACE A S T A Y e EEH R E, JEat 100094
4. Jb R RFET S B HYHSHE ARG, 6 100871)

WEFZ-—HREELEAELBE-EAHENEBM A, G585 M A4k, 43
— S BRABR, EBEHELRITAM IS F UL RDARAT AN EEE A A
HAl, TR AEFHGRA, A LB F 2B THY 42 ER TFRE LW AT H FALEN
HEEAKE, FFELTFHHFR—HEENERARFE, TULENSALBPINE Fi=
HPE, NTT BT A ME-FREEATAPNXBERTFRELR, KW, 2 FH A FF EH
TEBRKBEAXANEFRMEEASDROEE, ENALAER THG A LN AW N
HRNERELESR, AR, A THGLLWNHABENUAR, BRSSP FIRE WETES
#0~100 GPa . iR JZ H 0~5000 K TEAE —~MHEERFENEG LI EFI B B HEA
DP-PbSn., ZH BHMEHUE - MHRENEETANEGLLNAEF R EEHELAN
Ji, R R B4R B AR A % B 1 M R, 3 6k 46 of 30 T 2 fb & 1 ok 5 Hugoniot
W&, BEATHEASA N EN ST BINEAR, ARZEBRAEFEGE LN T AN FW
MATHH#AT TS NENAR, BRTHA AWK LB PHEREMT AN ., ZHEH
HEENER TR Y LATHENETEL> T FEN, NTAEGE L2080 %
ATy B9 L 30 B R 4R X IR

XBIA:FHE L AN F MM NHEF; R FEAERAS B H

FESES:0521.2 XEkFRERS: A

By (Pb) A& S0 780 1 IV 5 4 J8 A RE, 765 T 1A 290 6 00 KW, S5y B TR I 09 T, Pb &
R R IR - R T AR, 4% 175 T 13 GPa B, Pb A 1fi0> 37 J7 (face-centered cubic, FCC) #H %% 75
N2 HE 7S T (hexagonal close-packed, HCP) #H2, X4 & Sy i — 4 F1 15 & 109 GPa UL B, Pb FE A8 M.
3777 (body-centered cubic, BCC) AH™, FE VTN 278 T, 3X 2 ASAHAE P9 E 52 R 2218 i — B A AR
TEB) SN EGEFE P, Pb 19 Hugoniot AR B FA Ty 27 PR AR 25 73 51| 28 3k V- AR 1 v 3 3 SRR B AR XY, Bt
Pb 7E v A FH FAAAE R 2209 AH A8 4T . Pb 5% (Sn)JE AL PbSn & & )5, M St — B BEAK, It B4 T8
AL A1, X SEREBR I 1 T Pb 55 PbSn & &7 S A N T 45 5 kAW A ARk, 4n wp it A8 4B i e
dii Ak, Pt, Pb Fl PbSn 45 4 MR AF 5T 6 o b R 3 285 07 2 By 5 Bl AR I 1Y) Tl AR AL

X Pb B B 45 2 M 1 S B 5Y F2 AR vh T WA S AT 5 i R, AN 2 SRR A R R R A

* ks B HA: 2025-08-06; &M@ HHA:2025-10-27
B—1EE: BN (1999—), T, W05 A, EE NS R0T J7 B EE A . BE T B S LS I WH5E.
E-mail: sg.enzo.h@foxmail.com
FURPEC1991— ), 5, f-b, BYBRBTSE 5, T M SRR R0 | 5 TR A SE B . B 92
R 5% . E-mail: wang_xiaoyang@iapcm.ac.cn
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Wi 3 AT DL R B B i 53 )2 B BT A R ROW R AR T Be A 2h A ) 2w 1 ik A rh A
AN FH, R, X DA GE 2o S 56 T B DU b AR A5 4 Rk 2l 28 i iz BF (8 SRR AR TR | S ARAR | A Ak B A R A
SRR OWHLER, H AT, 18 % R AR 5 1 36 7127 (non-equilibrium molecular dynamics, NEMD) J5 1
X H AT . NEMD J 12 RE 6 1 B i Afr 0 iof ) RUBE B 35/ 25 (B RUBE N 9 i3 sh e, AT 4k 45 3
A R OG0 I T RUBE S R . R R NEMD J7 3k, BF5E A 5% DX Pb 48K d 21 1 2 24 A2, Pb iy
IR A AR R AR R X 2 208 B s U DL Po (Y BB PR AT O U HEAT TR AR .

B R, HATRE 4 NEMD TAE R &80 S R FOR R JF 1 A A BAE T . 8 WL & 5
R BT A i A5 T8 (embedded atom model, EAM) "1, Bt ) % A J5F-45 5 (modified embedded
atom model, MEAM )" DL J% 4 2% #+ (bond order potential, BOP )" 45 | 25 16 34 o K3 5 % FH ] 5 114 pR %R
TE 2R BRAS AT I8 285, AT X D G A R B R AT 800 o SR, S 1 J - R A B R — A 2
B 1o 4 PR BN, e DL R T SO SORS BT (0. IR UL, 06 S5 R BSC7E 3006 H A 2 Z 0 P o e 3 RS BER 2, HL
SMERE 1A R, T B4 KR 43 1 28 50 e ek B0 LS H T 98 2407 20 Bl N 2 RhAE S5 48 i R U0, H 2 5
PR B A FL A8 [R]85 22 Fob BB E A RE 7 o 40 Wang 48U R Y POEAM & H A B 5 =
Pb Bk Bz —, REAE LUAR 2 A BE 838 Pb (9 2EAVE ORI Hugoniot £k, fE7ETH5 40 GPa LA L Pb B
SR S B 2 R . AR, I B R EUE EACAL T FCC AR (111) 22 &% T BCRE, 78 shh g f v A
G I T AR T B R . AT L, SR B A R BEAIN T NEMD BILLEE S ] S

T B pR H1I8 (density functional theory, DFT) 55—k UL HE E 912 I H THF5E Pb 76 i
T HARZEAS FIAR I o Lin 55U AT Cui 581" 115807 Pb YAHAS K7 1k FHE, 75 2] /Y FCC-HCP 1 HCP-BCC
AHZE 5 ) 5 9 B BUE - W& R4 Cricchio 58P I A Sk 530 -3 71 2% (ab initio molecular dynamics,
AIMD) J5 8 € T Pb (06 Ak M 22 B Fe 77 12846 0 3R, Fr a4 R 5 S0 B ™) m B — 3. Yu %P3t
AR B KT RE S SR I A R P AAT . Bk BRI, DFT Jr A i Po P Ty T B A AR
BRI REPE . SR, BT DFT 35 A9 52 9 B bl 400 2 = O i K, [ I 2R 7 e T RIR R R
i [] RUBE 19 0 3 1 2 BRI o 33 s AR 3k v, DR, ATMID T ik B 22 FH AU 80 38 07 2 i

BT, ML ) SR B P e R TV 2 o R B I FOR B o T i 8T 3 AL ( Gausssian
approximate potential, GAP) ! 4 5k & #( moment tensor potential, MTP)**! | S35 1 4B 43 #r # (spectral
neighbor analysis potential, SNAP) % ¥R i #{it (deep potential, DP) P &5 X BLp #8242 #pR By ik A 22
P 2R — M S R ARG B 5 1A KR EE B A 4Dl ey, N AR AR AR S ] B 0 O 2 SR A5 2R iE AT RE AR
W5 1% 52 2 56 S HUL 485 SR AN TR 19 Sl 28 g 2 e g LB, DA T A A b 4t v R RUBE B 0L 45 SR i ] Sk, 9
AARAEL R R A5 T I HL RN IR o WL 2 > SR B0 1 © 9k )2 i T ARG 3l 28 g 2 i A 5, 48 s
e R A P BESE TR PGHOCAE TR S AR B4 B R LA IS TR T B A% i AR T RS
BRI 2 7% K diia PR BT D Souza FFPY BFSY T SR sl AR R B3 84T R Pan S50V BESY T R
FACRETE ph i AR BB 1L Zeng 5502 I I MLAR 27 ] # R B, I 7% 1 T WL IR BE AN, 9T T RS 7R PR
HOEOCIMEAE T B8 J12247 R o iR S R R W, AILAR 2 2] F R 4507 1 7E NEMD H 5 R 4038 FH vk
AT 04 I R o

SRMT, B H AT, M B IS H T PoSn 45 4 3l 28 J7 27 i [0 A5E LLAHF 9 1Y) 25 06 3 B ML s 2~ A,
FHIZ T AT PoSn & 4 )2 Jy 2 W HLER AU IR A B . I, AW E e M Sn i H 4T R
0~31.25% 1) PbSn 754z, #4 8 im H BE AL -7 ) S pR AR SR, £ X% 18 0~100 GPa, i 0~
5000 K #4727 3 Bl HEA T SR A SOB0H A A, R A5 380 0% B0 U 2R TR 2 S e A 7Y DP-PbSn, 40 iE 1%
PR EO T 3l A Ty 2w A 09 38 Ak ; 55, AL DP-PbSn X 41 Pb J PbSn & 4 /& & 47 NEMD %
P, IR Pb M PbSn & & 7E A [A] oo He i N A9 2l A8 ma A7 2k 04 5[], DASTINIR X PbSn & 4 5 25 1
NEALER AN, S RGP PoSn & 46 1 3 245 7 27w i 47 A $ LA 5% T B AR AR B
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1 REBGEIRBILE

DP-PbSn % [ (45 U HE 41 S 1% B S fe i 0 DP-SERT, ¥4 452 % FH IR BE 3B A= il 2% DP-Gen™ #E1744
#, DP-Gen #2441 i 45 #4 L 10 [F] 26 27 20 SR, HAG IR A0 AR RN 25 | A A 25 AR R | B bR & 1T
B3N ERA R, B—MMEHR B S B EE ERAEEE . SEUEEM SR, M a3
XA AT B N 2, AT 255 BT F T NEMD R0 04 7% B 3 AR AL 780
1.1 REIZ

TERE— DL AE I, BRI 25 3 224K DEEPMD-kit™ F -2 it iy I e e s T B . I %5
P Adam BENLAE AL 0, N2k HAR o IR R RER E . 1952 S FLL AR R 4E LN Je.
Zrid 3 A0 R pR AL SN

P,

L L pfiep L op L
L_IBI%;[PEN|E Ef+Pigs ) A+ Pegy 2

K: BA— AR/ T, 1BIWIZ T 40K N R RS ANEG B B Sa sy B iZ T4
PRI R BE R | Z S MI4ERLR Sy, EX L FL, L &, Wiz TR R B R e | 52 0 A 4E 5L
ﬁéﬁﬁﬁﬁﬁﬂ?ﬁ{ﬂﬂﬁ, Pg. Pg. Pjyﬁllé}fﬁj‘iﬁqﬂj:iﬁ 3 /l\%IEﬁE/‘J*XE, Py, Pp. P, E@%%}j%{lﬂz
. AR AR IR 127 2T 23600 = 107, G5 IR 1022 2 RN 5Sx 107 Pey Pry PR N

e (1)

i ia

P(,(t):Pgm“(l—”—(()t))+Pfy‘m(”—(()t)), a=E,F,¢ 2)
r n

e PR P A 51 R I 25 T R R A5 BT A EE o IR T IR B, B B PR =0.02, PRt =1000),
Pt =0.02, 3% $E A B A DI Grad BRI TR AR, e AR S Pimt= 1.0, PimMt=1.0, P™'=1.0. 7EfEHER
R, DA HOH 410°, 5 — B PR ot 35T 400 145 A R, P A ] 0 BB

Y 4 IR MG 4 SRR TR AL S R R TP TR 22 R4
1.2 WHBIFEIRE

FF Sn 7T H 4N 0~31.25% 1) PbSn & 4, £ % FCC. HCP, BCC &5 #y 47 # AU 25 [A] 48 &
Xt T — AP AR S5 R, B 16 IR T 1) S B R AT R AR, SRAEAY HAK B 43 Pb16., Pb15Snl, Pb14Sn2,
Pb13Sn3, Pb12Sn4, Pbl1Sn5. 4R (AR T N 731 8l J1 AU, SR H NPT 2825, Nosé-Hoover K {f17,
Hrp VRIS 0~5 000 K, [ FE 5 0~ 100 GPa. X —J& B 144 3% T Pb #HIEI *h BCC.
FCC F1 HCP M Fa @ #1124 X [R] B8 SRFE AR, 43 F 8h J1 2L B B 8] 25 K R 1 s, SRAE AL B[] Fil
AR B WI AR Ak BRI — 58 AR X 8], AR AL KR 0.1 ps, Bl 25 30510 U038 T, A 481
WK 5.0 ps; FERIE AT — N RLEE DX ] I, LI B8 0.1 ps, DAMCEHHE . X T BT 20 730 118
i, B 10 LI — BRI T IR 22004 o PAs 7 O T A 1 10 5 KR T 52 i 22 o, 27

o= max, (|| Fo. = (Fu|[ ) ?3)

A Fo, AR o X R Fi il 52 3 B . YRR 224 T I A LA (o) 5 F 3 (00w ) Z 1], BD
Tlow < o < O-highﬂrj" *@ﬂﬁiﬁﬂﬂﬁ?%*ﬁ%i‘l‘% B@{E&Lﬁ*@ﬂo ﬁﬁghigh =0.20 eV/atom, Tlow = 0.05 eV/atOmo
Rt 25 2B HEAT, o 2B o 24 99% LA BYIR R H B35 o < oo I, R TR ZS [ AR R 45 0
TER—FR AR, Fe Z BEMLIEBUH L 2R 100 A BT R0 dm e 25119

4 T NF 48 W R () JERIAS R HEAT AR R 22 Ah, 1B % FCC AHIY (100). (110) F1 (111) 3 46500 2 1 24T
WR, RSP R NVT 228, IREJERE R 0~2000 K.
1.3 HEFEHRFZITE

ER—RERAEE 3 4, XUk MRS T DFT 158 . AR IEEE A9 =g B, 8 T Pb-Sn AR 31k
) TR0 49 B R i S 2 S T J0% T B R 2S [E) A% 8 B R S . R IR IE R R TR R R L A2 0 RN 4k LY
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Jrak B BENE 2 B ELE 1 meV/atom, 20 meV/A X 20 meV/atom, K i 100 Ry AY - 1 )% #% W 6E L &
0.08 bohr ' [ 8125 A1 4% S % . L FIERRECR 0.2 eV IR TR SE . EFXT DFT SR (1 38 # S B IZ bR,
K FH Ernzerhof 2557 2 H (1 SUBE FE AT AL, o R FHAR ST H i 3 ONCV (optimized norm-conserving Vanderbilt) !
4 Pb F1 Sn (Y 14 ML FF BN HLF o FEABES T, A T U2y DFT 158 (RPER 38 45 25 )
1 ABACUS 8456 i,

2 HRBIRAEER
MZR R R E

DP-PbSn Bl ZR B £ % 8 217 M B . FEIX I 454 I+, DP-PbSn i Y1l 2534 77 #i 1% 2% (root mean
square error, RMSE) {l13% 1 Fi7R .

2.1

# 1 DP-PbSn IR ESWIKIRE
Table 1 Training and testing error of DP-PbSn

RMSE
Dataset
Energy/(meV/atom) Force/(meV-A™) Virial stress/(meV/atom)
Training 4.76 61.98 32.54
Testing 2.88 31.39 25.73

T ST AR PPl DP-PbSn 7 I 5 B4 A2 BT 5 10 N ARG BE, A 1L 29 3 000 1AL L 8 3
o XA LT Pb16. Pb14Sn2, Pb12Sn4 3 F4H 43, R H NPT REEHAT /313 J12p#idil . IHRIE
1 fs, BT K A 10 ps, 4F 1 ps FHI—WEFT DFT bR283TH5, B 2R S E 10 MRS . AR
Moy IREE L RS0 IR 22 G 1 R, SRR 4R LAY RMSE 20 AR insk 1 iR .

30007 4 Bec L4 T aBee L4 * T aBce Lot '40§
M 4000 F o FCC A A | o FCC A A | o FCC A A . §
B o HCP A A o HCP N A o HCP A N 32 =
23000 4 A g A4 A - 4 A “E
5 Em A A A E
220001 N S " 24 g
o " " IE R
T 1000 | gmm L Ey ug 16 %,

s i el 5
ol - - - - - - 08 2

3000 5 Bee LU [ aBee L A BCC N N )
» 4000 o FCC A A L o FCC A A o FCC A 48 >
° o HCP A A O HCP A A o HCP A A 2
=
g 3000 - “ A & A 4 40 E/
g a2 A g2 A g2e A %)
£ 2000 - g™ ogda LT 3 E
& - L gt a®e -

1000 gma® o e 5

ol88 Bl il g

5000 F A al f A A 24| flap E

A BCC R A BCC N A BCC N g
¥ 4000 0 FCC A A + o FCC A A o FCC A 30>
E O HCP A A O HCP A A O HCP A A 2
2 3000 & A & A 4 =
i .ll A DID A .II A 24 %
g 2 000 - mg®t mg=A mgtt % E
S 10000  gtE =" - =
. R s & 8 &
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
Pressure/GPa Pressure/GPa Pressure/GPa
(a) Pb16 (b) Pb14Sn2 (c) Pb12Sn4
B ORRREEE AT 3 Fhe oy Iistine 2e
Fig. 1 Testing RMSE on three components at various temperature and pressure
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DP-PbSn 7EM IR AE | (01525 B A% TN 24215 25, 02 T, 7ESR 5 M b 2 oy, £ o fry i
SRRE SR 4 0 Rl bA) TR, 530 S b 70 (0 B R 2 R AR TR 5 A B 52 A7, M S B0 0 B A . 4K
PE AR FRESE KR e, AR SR A 30 X S s A R R f4) M 5 AR AR AEG, DRI ok, 4R S AR A 1R 22

22 HEAMRK

FI ] DP-PbSn Fililll (1) Pb FIAS[A] 40 43 4 4 9 BEAS P BT G 2 2 T 3R 3 FR o B 484 4 M 4l Po.
Sn FI R 43 e Cag, ) 43510 9% Fl1 25% B PbSn & 4, FRAF LA M A8 S M B (a Fl o) . RERE
(E.p) HAPEHRE(Cy)  ARTEECR L BLAE (E,) NI INEE (E,,)  WEARRE (E,) 5. Horh, SRR 5L
X B AR, RSP RS BE k EA T A A AR Ak, SR B S A B B O SRR

#&2 7F DP-PbSn FUR A 4L Pb B E A T
Table 2 Basic properties of pure Pb predicted by DP-PbSn

E,/(meV-A?)

Phase Model alA E. /v  C,/GPa C,/GPa C,/GPa E./eV
(100) (110) (111)
FCC DP-PbSn  5.037  -3.243 45.75 39.14 14.64 18.87 20.82 17.68 0.485
DFT 5.039  -3.247 51.80 34.52 16.79 18.78 22.48 17.26 0.490
Phase Model alA c/A cla E../eV C,/Gpa C,,/GPa (C,/GPa E,/eV
DP-PbSn  3.539 5.892 1.665 -3.238 58.032 38.603 5.162 0.530
HEP DFT 3.542 5.863 1.655 —3.234 51.840 35.560 6.950 0.520

#*3 FIF DP-PbSn FUMEY A [E]4E 5 PbSn & EHIE A MR
Table 3 Basic properties of PbSn alloys with different compositions predicted by DP-PbSn

Ef E,(meV-A7)
sol
Phase  ag,/% Model a/A  C,/GPa C,/GPa C,/GPa
(meV/atom) (100) (110) (111
9 DP-PbSn  5.031 44.78 38.79 13.81 88.57 18.92 20.22 17.53
FCC DFT 5.021 51.28 35.19 14.25 127.09 20.10 22.40 19.20
55 DP-PbSn  5.001 45.45 38.93 13.01 72.97 19.42 20.82 18.45
DFT 4.991 51.21 36.28 12.53 95.39 22.60 24.60 23.90
Esol/
Phase  ag,/% Model alA c/A cla C,,/GPa C,,/GPa C,,/GPa
(meV/atom)
9 DP-PbSn  3.541 5.862 1.656 55.73 36.98 5.40 133.90
HOP DFT 3.541 5.846 1.651 55.26 40.71 11.29 252.10
)5 DP-PbSn  3.519 5.824 1.655 54.29 38.33 3.97 96.08
DFT 3.465 5.885 1.698 55.71 40.34 5.16 157.06
RERerita A=y
Ecoh = EO - Eiso (4)

b Eg AR XS N B TR, Ewo W E A IR e
SV BOR A PR 22 00125, dl D00 5 Al BUBC LA 2R 92T, I S8 AH W A9 4 2R e B2 1k, )]
B T E TR SR R e
NG RE R TR
Evac = Etot_N()E() (5)
o B B BRFGIR R ERE T, No WiZ I R 1Y %L
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RIMIE LR A AN
Esurf = (Es,ml - NOEO)/ZA (6)

K Eo M & RIER I SRER, Al At 2R m,

DP-PbSn X 3 A 1[5 (1) BUIOKG B 5 & 4 oA o X4l Pb, DP-PbSn 7£ Fil I fir A7 348 14 J5 Jy 1l
T 55— AT RS o X Sn JEFE 4 Hh 9% 1Y PbSn £ 4, DP-PbSn 7 T A P £
2 TH Al 25 M S5 7 T 28 B A v VROKS BE , T AE TN FCC AR HCP A (4 VA A% BE 77 T 5 DFT 345 45 524 L
A% HEAk, o F bk o Ko & ¢, BUE /N, F 8% DP-PbSn 5 DFT 25 JL A0 Ho AR 415 22 45k, B H: 4 it
BRI, AU B IA . PG A AT X HAb AR 2 (40 Sn) AL A% 24 2] ek B rh A7 HREE . X F Sn R
T H 43R 25% 1) PbSn A 42, DP-PbSn X HCP A% i At i) T (B AH % T DFT &5 SR A%, 1fi 78 T
b 5 T, fE %A 2 5 DFT AT AORS 2 .

EAFEENIE, YR I8 T 13 GPa i}, HCP A R I T # 53 E, 34, FCC-HCP #1728 i i 1%,
P Sh A R, HCP AN & K B, Uk, #U Y PbSn 4 4> HCP AH 1Y &6 4> & R AN it 5
DFT 4554 1) 22 B AN 25 18 35 52 ) DP-PbSn 5325 B i nT S o X S A 14 I A 0 A 9 A 2% v Al 0 0 ke
B P B RAT B R T 1 B B ARIE . X L3R 3 4143, DP-PbSn 7E FN (100). (010). (001) iX 3 4MIKFs
By A 2 1T AR RE R e B AR — PR R R AT EORS . AR ShAS Sy 2R R AN B ek RO 2 1
B 110 A T 22 ) Bh AR IR . SEBOW AN Al R AT A R AT R AR A T Y S
23 [ XNEtEEE

ISR e R — P A SR S AR R Y 12

PEREAE R, 538 T 36 3 4 52 00 5 T O ol = Drpse 1o

T ) 8 27 B 6] O T ) ) SEE A7 RO 6 R o 7 T 8_+g§3;g;;}>

MR RE RS . AE S MRS O 1 T 1L 2 A7 T 5 (1)

T, RRVF R TR A TR, 15 8 A - (R AL s 6

2k, By SURFREM L, WMy 2. DP-PoSn 2 4l

T 9 Pb Y7 SRS RE 2R AR 2 . Al

2R N, 5 18 5 RS 7 11 b (110), 207 11 K . | | | |

2] FCC S, M 55 5 W85 7 1614, 3RS TH i 02 04 06 08 10

Reaction coordinate

- ‘ o P12 DP-PbSn #5445 (110) Jr i RS
110y/(110)#5 #% % I, DP- i 15 2
£ (110)/ (110)# B & |-, DP-PbSn Tl 1 51 RIS T 0" S e

9 Pb Y B2 i EZY 9_'8 meV/A®, i DFT 351 458 Fig.2 Generalized stacking fault energy predicted by
4 10.2 meV/AZ; 1 (110)/(11 1)¥%$§%§L, DP-PbSn DP-PbSn along (110) on various slip planes
AE % Tt 52 0% 18 % 22 )22 0 R Y LI 235 4, Tt )
1 $5 e )2 5 RE N 3 meV/A?, 2928 DFT IHRE5 1Y 75%. BARMYZE5HE R W] Pb 72920 B I &) 7 A6
¥ (HASTE R E, DFT JZ 8 6815 A9 M B R 9 0 Ui A 2R 46 b . KL, DP-PbSn X} )™ XLJZ
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A Machine Learning Potential Model for Simulating Dynamic
Mechanical Response of Pb-Sn Alloy

HOU Enze'?, WANG Xiaoyang’, WANG Han**

(1. Institute of Applied Physics and Computational Mathematics, Beijing 100094, China;
2. Graduate School of China Academy of Engineering Physics, Beijing 100088, China;
3. Laboratory of Computational Physics, Institute of Applied Physics and Computational Mathematics, Beijing 100094, China;
4. Center for Applied Physics and Computing, College of Engineering, Peking University, Beijing 100871, China)

Abstract: Lead is a low-melting-point metal with a complex temperature-pressure phase diagram. Alloying
with tin further reduces its melting temperature, making lead-tin alloys an important model material for
studying dynamic mechanical responses and failure behavior. However, experimental characterization of
atomic-scale dynamic failure mechanisms in PbSn alloys remains challenging due to current technical
limitations. Non-equilibrium molecular dynamics (NEMD) simulations can track atom trajectories and reveal
key dynamic processes under dynamic loading-unloading. It thus serves as a critical alternative tool. Yet, the
reliability of molecular dynamics relies on the accuracy of interatomic potentials, and currently, no high-
accuracy potential exists for PbSn alloys under dynamic conditions. In this work, we develop a machine-
learning interatomic potential (DP-PbSn) for PbSn alloys using a concurrent learning scheme. This potential
achieves first-principles accuracy across a wide thermodynamic range (0-100 GPa, 0—5000 K), reliably
predicting fundamental properties (e.g., lattice constants, elastic constants), defect energetics (e.g., surface
energy, stacking fault energy, vacancy formation energy), as well as melting curves and shock Hugoniot
curves, demonstrating its suitability for dynamic simulations. Leveraging this potential, we conduct
preliminary NEMD simulations to investigate the dynamic mechanical responses of pure Pb and PbSn alloys,
elucidating the influence of Sn on phase transitions and plastic deformation under dynamic loading. The
DP-PbSn serves as a robust theoretical tool for high-accuracy non-equilibrium molecular dynamics,
providing essential insights for experimental studies on the dynamic damage behavior of PbSn alloys.
Keywords: lead-tin alloy; dynamic mechanical responses; machine learning; interatomic potential
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