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Abstract A transition method from discrete molecular dynamics (MD) simulation to continuum elastic finite element
analysis (FEA) is proposed. Firstly, the moving position and displacement of crystal material atoms is obtained by MD
calculation, and then the finite element deformation model under the assumption of continuous medium is constructed

according to the characteristics of crystal structure. Further, the strain and stress fields are obtained combined with the

2021-09-06 ki, 2021-10-13 5, 2021-10-14 P24 K.
1) H X ASREIEIE S BB H (11890681, 12032001, 11521202).
2) BRBL), Sz, LT ) RIS RUBE D) %, MORMAMOR B ) % 3148 E-mail: weiyg@pku.edu.cn
SIS R XN, BB A ES BT BE LA B PRI . T2, 2021, 53(11): 3080-3096
Mi Sien, Liu Xiaoming, Wei Yueguang. A transition method from discrete simulation to elastic FEA of continuous media. Chinese
Journal of Theoretical and Applied Mechanics, 2021, 53(11): 3080-3096



https://doi.org/10.6052/0459-1879-21-449

%113 5 SRR P A HORREAUL B S s AU ) 9 7 ik 3081

constitutive relationship of material mechanical behavior. In order to test the effectiveness of the MD-FEA method, this
method is applied to analyze the tensile deformation of Al-Ni soft-hard composite nano cylinder and the nano indentation
of substrate Al with spherical diamond indenter. The stress and the strain fields of the above two problems are obtained
by MD-FEA method, and the calculated results are compared with the atomic strain calculated by discrete deformation
gradient and the atomic potential stress in traditional MD method. The difference between the stress and strain field
calculated by MD-FEA method and the traditional MD atomic strain and potential stress is discussed in detail, and the
effectiveness of MD-FEA method and its advantages over traditional MD method are discussed. The result shows that the
MD-FEA method and the traditional MD method are consistent when the stress and strain change softly in the volume,
and in the area where stress and strain change rapidly and in the surface/interface area, the MD-FEA method can
calculate the result more precise. Meanwhile, the MD-FEA method avoid the selection of the cutoff radius and weighting
functions, which is necessary in traditional MD method and can lead to human error in some circumstances. When the
strain is large, there are obvious difference between the small strain calculated by MD-FEA method and the Green strain
calculated by traditional MD method. Thus the MD-FEA method is more suitable for the situation that the stress and

strain is small.

Key words molecular dynamics-finite element analysis method, strain/stress field, atom strain, virial stress
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o110 RSO RAE . — i DA SRR UL 1) 52 A O PR AL P e VR vk 3083

2RI B T LAY A B R T . l(g)lz (0)6] < o
NP -~ N PR i =4aE|l — -\ B rij <r

P2 T, AN MD R o 5 TR Lk 2 e i )\ 7o

AT BRI, REAS FEA NTHAR S IGEL S 14 N9 AL,
8 AN T /NTHIAR TR AT, 6 AL T/ THI A4 R T L.
AT 7[R 8 8 AN, O s T R s T
2 AN, R, T MD B BN T A S
BT A S%of B BTG (91 R RS, 7S TR 576 (1) N AR 37 W]
DL I JE 1% 5000 14 A S AL BT
. 54645 FEA AR, X7 AT 2
SRR R I N R B RS T R ) A RS A R i
MD EFUSRAF 1.

1.1 MD EHHEXEARXR

SRAR ST 1 A8 B S AR T R A

OU(ri,ry,-- 1)

j=1,2,---
0r,~ !

mi¥; = P;=— N7 (1
o vy, my, PR IR T IO E L TR A7 3
WAYER J1, U A n AN BT 4L ) R S % h6e, m
RGP RN IR T I AE R AR AT 2. 06) b A4 25 0
JEAERE, H R P9 A R 74 FH #54 : Lennard-Jones
(L-)) 1E R MR R R 135 (EAM 4.

X} T Lennard-Jones 1 FH %, HAN JiL 1) /E FH 34

El‘y‘j

1 ST
Slr-1 -1 -1 -1 -1
n 0 0 0 0 0
{ 0 0 0 0 O
al]l 0 0 0o o o
2 2 2 2 2
n¢
2 2 2 2 =2
143
N 2 2 2 -2 -2
TT6| | 2 2 2 -2 2
& 1 1 11
7 11 1 1 1
2 11 1 1 1
2 2 2 2 =2
2
nll 2 2 2 2 2
ol l-2 2 2 2 =2
I

Hory RET i Y Z AR, &, 0 M rg 739500
PN B IR 455 B, 11 i 2 A A T R
X T EAM J5i 14 ] #A07-18]
1
E; = Fazpﬂ(rij) +3 Z%ﬁ(h’j)

J# J#i

A3)

Hor B 25 i iR 3Bae, o BB 2 0 I+ i A
J O, F AR IR+ B EERRE, xR T2
p WRREL, ry JEJRT i R j ZIRIBE B, ¢ A id 3.

1.2 FEA fHXEXRXR

XA G AL TT S AR ) 14 N IR 1)
S, R A BT R s as R R B 14 79 s
()25 (] /N T A B e, g Rl 1 s, i R I 45
Z oI ] LAk

u(¢,n,{) = ar +axé +azn+asd + asén +aend+

a7l +asénd +aod® +aron” +an+

anén+apn’l +aul’é )

Hh, -1 <l < VRES TR .

H U ] LA 5 ST TE BB N R
1 -1 4 4 4 4 4 4
O 0 0 8 0 -8 0 0
0O 0 -8 0 8 0 0 O
0 0 0 0 0 0 -8 8
-2 2 0 0 o0 o0 o o0
2 2 0 0 0 0 0 0
-2 2 0 0 0 o0 o0 o0
-2 2 0 0 0 o0 o0 o0 ©)
1 1 -4 4 -4 4 -4 -4
1 1 4 -4 4 —4 -4 -4
1 1 —4 -4 —4 -4 4 4
2 2 8 0 -8 0 0 0
2 2 0 0 0 0 8 -8
-2 2 0 -8 0 8 0 0 |




3084 i 2

Eitd 2021 4F 5 53 %

PR LG BTG PN — RUA (R AR 53 A

e=L-N-8°=B-6° (6)
o o0 2t R AL RS i 1T RIS R R, N
BN R HE B v LAy Ky

(Nix 0 0
0 Ny O
0 0 N
Bi=L-N,= L i= 1,214 (7)
Niy Nix O
0 Ni; Ny
[ Niz 0 Niy |
Horp
Nix Nig
Niyt = g~ Nig (8)
Ni Nig

TERT LERRRE J i3k T SERR 8 TT 55 55 T i A bR i e
U R FE AR e MESAERS DL, TN )3
B AR e L5350l by
o=D-¢g 9

1
U= 56,-T£B,-T-D,~-B,-d9-6,- =

1
EjjjsT.D.smdgdnd( (10)
/\q:‘
1426 4 A0 0 0]
A A+26 2 0 0 0
Pl A 242G 0 0 0
D= (11)
0 0 0 G 0 0
0 0 0 0 G 0
0 0 0 0 0 G|
N _ vE _E o e
WAL, 4= o HIG = - E— b

(P H H, L E R v 2 S0l S A Rk 1) 55 A i R
MEE/NE

A N @) R (6) A (9) WY A IS
HEEE IO m T s AL . AR RN ).
B3 % 3 x 3R TR, W TN
27 AR 4 a5 GELES TRIFR v 1T 20).

2 MD-FEA F3ERIN A

T T S A R B ) AR ATE Y, S R b
AL MD-FEA J5 £ 145 R 5 MD BHU 45 R, LIRS
AT 3.

2.1 HREBAMERE (AUN) FEEPKIT REKEWR

v Ik

WS ) A 2 fros.

SR 1 3 A LAMMPSP2) g 57 iy
AL FIT NI A4 BRI RN R AT A AR L, J5 7 18] R AH
HAEHRH EAM #5262 (3)). BN RS
i1 233568 MEF (93296 4 Al JR T F1 140272 A4
Ni J5 1) #k, BERIAE x J7 i K 44 nm (AL F
Ni B E 4K 22 nm) #f b1 K 8 nm 1 IE )7
. BRI GG T WP 2 frs. ALFI NI SR
[100] &5 x HPAT, BEEAE x J7 1) (10 79 3l 2 A
NIE, v, z J5 I 4 ANTHCY B BRI, ARG
NVT R 25 MRERRE 0.01 K.

T B IR, VF 2 WFUs00 R, SERRIE LT
(1) AUNi FUTH 2 5 2%, e LLZEAT HEA 1) JR 1 A5 77
FEML 4 T I EFSY, Gurtin 5 MurdochP! #3537 T i
A R HA Rk 2/ S THI S Y A0 M) 0 2/ ST R B A
0 HEA @M 12, HAEIESA i) 2E R4S
ARSI AN N T AR R/ S s B e AR
P XAV, R T R, AR
Al NI AEF AL & B 2 /7 )2, IFAE x J71n) b
A7 W 5 , A 453 54100 R 7 AR 18 B h B AR R KR (7] —F
i P9 F T A S5 AR EAE R L0 34X (2), Bhek
AR LB R ISR TERE. 7 46, FEGKAF hr A A
Hh T8 R F AT AR IR N AR AR A A R AR s, HH T
THE R BRI, WY AR 200 AT 108 ~ 108 571 2 (1],
MAEABLIY p g 1 AR ST 5 AR T B vp R RE 1
T, PR T ST R 7 AE x 7 W AL, ALFI NI 2Z (7]
(AR oy ok SR AT A R A 3. TRt AR AR
K a7 2, AERLAY x 5 1) PR g it 0 p =

p
Nif =

K2 AUNG SURPERPRAT R0 313 o 22 A, ST B i A b
i)
Fig. 2 Molecular Dynamics model of the AI/Ni composite nano
cylinder system. The interface layers and the boundaries are marked

yellow



%11 W

IR A

s NS OB R A R MU K T 3085

160.2 N/s 117 518 80 Ay HARASE 200 5 4 1) )9 A N 2, 5%
GEAEHEAN I A3 B P ORRF P AT R G I ) PR
490.001 ps. &l 3 [N AR IR [A] ¢ 28 AT 40, AL Ni P
FHI AR 253 75 4x107 s71 F 1.7%107 s7', 3 HAEHE
AR R B AR —EL

BEARS A AL FI NG (18 g 3 AR i £k an 1] 4 Jiow.
EIE BRI ) 0,=7.56 GPa Z Hij, Al fll Ni 384k |
HFF G BPERTE.

IR BB BRI J5, ALTE S BT A AR R,
Kl 5 .

MR P AT R Y ) — AR G R, mI AT AL AT N (14
GB35k 72.2 GPa 5 134.6 GPa, iX 5 HABWF

0.14 - Al
0.12} ——Ni
0.10 -
0.08
0.06
0.04

0.02 +

0

0 05 10 15 20 25 30%107

time/s
3 PR R ALFD Ni f R AR - ) i 2

Fig.3 The strain-time relation of Al and Ni under uniform force

loading
gL
7t
6L
£ 5t
S
3t
2t —— AI-Ni
— Al
tr — Ni
0

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
SXX

Kl 4 AL-Ni ZRGURIPIAHRRHK N g - AR 6 5
Fig. 4 Stress-strain relation of the Al-Ni system and the phases

5 BN ) 0,=7.56 GPa J& Al-Ni RZHIAL K

Fig. 5 Deformed Al-Ni system after the critical tensile stress
0,=7.56 GPa

FE732 AR EAM #5010 T 1) AR Ni AR BB
53514 79 GPa 1 181 GPa, VA EL 73 71124 035 5 0.385
THE TS I R S5 74 71 GPa 1 125.3 GPa #H
1, HEASBIRAESPE T B A IR 92.1 GPa.
Wik MD-FEA J7 35 1S IR A A 5 5 1y 7 a0
AR LA AR & ARREEAN IRV IE L N AR Y. fE)
PRI ) oy = 7.56 GPa I, BAULE 2z = 4 nm AR x-y
BRI B NAS & WA 6 FioR, FIHALE N x=0nm,
AT E 39 x = =22 nm Ml x = 22 nm. ¥} Al
DAL EAT R AF Y A8 Ok 0,12, A6 R N Py S Fz A Y. A8

0.05, 5Kl 4 58— 5 Mife bRk S i A, H
T FREAT B RE R, Fr A N AR S PRE R A BT X ).
S 0.14
g S Iom
By |006

0 BN i

-20 -15 -10 -5 0 5 10 15 20
x/nm
6 HrEAT 0,=7.56 GPa I, Al F1 Ni 78 PR AL (K28 &, FE
A7 & N x=0 nm

Fig. 6 ¢, at the middle section of Al and Ni under 0,,=7.56 GPa. The
interface at x=0 nm

B 6 NATEE z =4 nm Kb (1) Fp 28T ) bz i AR
&4y FERRTA L, #1RE AL AT Ni WAL JEEE (v = 0 nm)
FIBLAIEE (v = 4 nm) (WA A G0 & 7 fios. AR
TEWIAAR I ST 1) 1 2, 504 MR 3 SR 1
I, gk DV BARS, TEAEE ALFT NI A A 4
WIARGEAE 0.122 A1 0.053. LEMF KL S4B Ik, 4k}
AL Kb N AR Bl A 55 5 T S 1 ek 2D A LA D
(A, AT RE Ni AR N AT VRN, H 5 RN
I AR A L LA R TR 2 . A T B 30 8 AR ) AR AL
AE TR/ B9 FLIRT 4 nm YR X s

AR R ) iR R, ST B ) e R AR
e FEMRE AL KE B BRAR AL RE Ni AL B T i 32 3 0
I RMEREMIAS R SIS, R4 EAM 560 501 &5
WA )N AR R FR M, vl ALFT N 75 [1 0 0] di

i) b A BG40 731 8 72.2 GPa Al 134.6 GPa, 12
Et 435 4 0.35 A1 0.385. [Rlitk, Al F1 Ni ££ y J5 ] *F
ATF F 16 1 AR 23 531 A
el YAl
yy E (12)
Nz Ny
yy EN1

BE AL Ni 7E G HARFAT T 5 ) I AR ) ZE E N
R BC AR



3086 i 2 2 £t 2021 4 5% 53 45
Al Ni_[var i Al _ Oy 2val(ENival — Eavni)
Agyy = &), —sy; = (E_Al - E—Ni)O'x (13) Erx(x=0) = Eu [1 - Frt En
(17)
AR G0 AL (1) To 8 A% U A, F7 EEAE AL 5T N x|y 2vni(Enival - Eani)
=0 By Ea+Eni

BT AT TR E R ) 0%, DMESEZE x = 0 1
AT, 12

Al Ni
Eyy |x:0 = yy1|x:0 (14)

ECBE S I Ak 58 42 A BAEAR T, H S T DAL AL )
AR BRI A A5 S T R A DR FF 1A DRIt

excAl _ _excNi
Yy

excAl . eXcNi _ }
E AlEyy Ex &y = 0

&

VY =Agyy

(15)

Horh gl 1 goxeNi 735 4 ALFI NI FHARSN 51N 5t
TN g 77 PR AR, AL

Enival — EAlvni
Ea1+ ENi

excAl _ _ . excNi _
Engyy ™ = —Enigyy

yy Ox (16)

16 z J7 1) B RIEE. fi el 25 AL R NI £E x J7 7]
ENNEDR V'S

0.14
0.12
. 0.10 s,
© Y « y=0.67 nm
0.08 |+ .y=133nm
o «y=2.00 nm
N y=2.67nm
0.06 y=3.33 nm
- y=4.00 nm
0.04 . . . L
-20 -15 -10 -5 0
Xx/nm
(a)

K .
|« y=1.14nm "
0.04 y=1.71 nm “"’
| - y=2.28nm <
0.03 y=2.85nm L4
- y=3.42nm t
0.02 1,75 =4.00 nm
0 5 10 15 20
x/nm
(b)

7 AR A AN A7 BRI, (a) AL (b) Ni
Fig. 7 Tensile strain in (a) Al and (b) Ni at the different location of the
middle section
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Fig. 8 Strain computed by MD-FEA method and deformation gradient
with the system strain from 0.02 to 0.08
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Fig. 10 Tensile strain of the 2nd, 4th and 6th layers of the cross section
near the interface for (a) Al and (b) Ni
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Fig. 10 Tensile strain of the 2nd, 4th and 6th layers of the cross section
near the interface, for (a) Al and for (b) Ni (continued)
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Fig. 11  Atom strain at 2th layer in phase Al with the cutoff radius r,
from 0.35 to 0.38
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Fig. 11 Atom strain at 2th layer in phase Al with the cutoff radius r,
from 0.35 to 0.38 (continued)
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Fig. 13 MD-FEA strain and atom strain of the 2nd, 4th and 6th layers
of (al)-(a3) Al and (b1)-(b3) Ni in the middle line of interface section
computed by different cutoff radius
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Fig. 13 MD-FEA strain and atom strain of the 2nd, 4th and 6th layers
of (al)-(a3) Al and (b1)-(b3) Ni in the middle line of interface section
computed by different cutoff radius (continued)
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Fig. 17 (al)-(el) Atom strain and (a2)-(e2) the strain field computed by
MD-FEA method of ¢.. during the indentation (continued)
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MD-FEA method (MF) and atom strain (AS) during the indentation
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Fig. 19 Atom strain of (al)-(a2) ¢., and (b1)-(b2) &, with the cutoff
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