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Fig. 1 Cu/Al/Cu three-layer film model (Cu atoms in blue,

Al atoms in red)
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Fig. 2 Diffusion diagram of Cu, Al atoms during casting: (a), (d) After casting 0.5 ns; (b), (e) After cooling; (c), (f) After
casting (Red represents Al atoms, blue represents Cu atoms; Atoms structure at same status presented in Fig. (d)—(f), red

P G5 R T4k SR 4y FCC 45KJRF, Al ik
TR 2, NJE—2R, Wi 2(0FR.

X R4 = 2 IR AT IR R AR gk, R
Al X R A () 2% A T S 2l A BT R IR S 7 Bl ot IR
IS . B 3 s NI I B~ a] i 2k
TEN. 7] 6,=1.61393 GPa, MNAZ £=8.07%H, TE4RTH
FEL A A AL, an & d(a)FiTo, TERAL B
PSR T, RHFLIA T AZ AL AL RS . 7E R 7
0,=0.82868 GPa, WAF ¢=3.78%Mf, 7E St AbSEirsh
M IALIE, 1 40)FiR, FLIREZAEITE T
gER SR PR/ B HCP 4505 1.

2.1 SEEERPIFLURAFZ

BEAE RSN, 8 R NARE I N 2R
01=1.61393 GPa, N A% £=8.07%H, {4k ]k 4%
N, @) B) AR . Shockley £ 4 5w 43 A1l A
AL, W 5 Fios. B, IEATFO4AS B e i,
AR,

| [ (— -
LH12T]+ 211 ——{T10] 2)
a0 1 1

L2111+ {211]——{001] 3)

b ) SRS ' :

represents HCP structure atoms, green represents FCC structure atoms, and white represents other structure atoms)



2478 hEA O RYR

2021 £ 9 A

0,=1.61393 GPa

20 0,=0.82868 GPa

1.5
1.0
0.5
0
-0.5

Stress/GPa

-1.0

_15 1 1
0 2 4 6 8

Time/ps
B3 /AR =R BRI 1 F T SE - 18] i 2
Fig. 3 Stress—time curve of Cuw/Al/Cu three-layer film

under cyclic loading
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Fig. 4 Screenshots of void nucleation evolution on middle
of Al film at £e=8.07%(a) and on interface near Al side at
£=3.78%(b) (Red represents HCP structure atoms; green
represents FCC structure atoms; white represents other

structure atoms)
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Fig. 5 Local dislocation screenshot in void nucleation at
middle of Al film at ¢e=8.07% (Red atoms is HCP structure
atoms; purple is Stair-rod dislocation, yellow is Hirth
dislocation; green is Shockley dislocation; dark red is other

dislocation)
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Fig. 6 Screenshots of void nucleation evolution at middle of Al film (Red represents Al atoms): (a) £=8.4%; (b) £=8.43%;

(c) £=8.46%; (d) e=7.44%; (¢) £=5.88%; (f) £=5.52%

S e
m 2
-

B 7 A TR R 1 T4 Ha

Fig.7 Screenshots of atoms structure of void nucleation evolution at middle of Al film (Red represents HCP structure atoms,
green represents FCC structure atoms, and white represents other structure atoms): (a) £é=8.4%; (b) £=8.43%; (c) £=8.46%;

(d) e=7.44%; () e=5.88%; (f) £=5.52%
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Fig. 8 Local dislocation screenshot in void nucleation at
middle of Al film at £=8.37% (red atoms is HCP structure
atoms, yellow is Hirth dislocation, green is Shockley
dislocation, and dark red is Other dislocation)
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Fig. 9 Screenshots of dislocation of twin formation in void nucleation at middle of Al film (Red atoms is HCP structure
atoms, green is Shockley dislocation): (a) £=8.61%; (b) €=8.64%; (c) £=8.67%; (d) £=8.7%; (e) e=8.73%; (f) e=8.76%

& 10 %%ﬁ%*%%ﬂﬁﬁ&u%ﬂ@%ﬁl

Fig. 10 Screenshots of dislocation loop evolution in void nucleation at middle of Al film (Red atoms is HCP structure atoms,
purple is Stair-rod dislocation, yellow is Hirth dislocation, green is Shockley dislocation and dark red is Other dislocation):
(a) €=8.94%; (b) ¢=8.88%; (c) £=8.55%; (d) £=8.52%; (e) £=8.37%; (f) ¢=8.19%; (g) £=6.75%; (h) £=6.48%; (i) £=6.42%;
(j) €=6.36%:; (k) £=6.33%; (1) £=6.27%; (m) £€=6.24%; (n) £=6.03%; (0) £€=5.91%; (p) £€=5.55%
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Fig. 11 Screenshots of atoms structure of dislocation loop evolution in void nucleation at middle of Al film (Red represents

HCP structure atoms, green represents FCC structure atoms, and white represents other structure atoms): (a) e=8.94%;
(b) e=8.88%; (c) ¢=8.55%; (d) ¢=8.52%; (e) ¢=8.37%; (f) ¢=8.19%; (g) ¢=6.75%; (h) e=6.48%; (1) £€=6.42%; (j) £=6.36%;
(k) £=6.33%; (1) e=6.27%; (m) £=6.24%; (n) £=6.03%; (0) £=5.91%; (p) £=5.55%
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Fig. 12 Stress—time curve of dislocation loop evolution in
void nucleation at middle of Al film: (a) £&=8.94%; (b) &=
8.88%; (c) £=8.55%; (d) £=8.52%; (e) £=8.37%; (f) e=8.19%;
(g) e=6.75%; (h) £=6.48%; (i) £=6.42%; (j) £=6.36%; (k) e=
6.33%; (1) &=6.27%; (m) £=6.24%; (n) &=6.03%; (0) &=
5.91%; (p) &=5.55%
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Fig. 13 Energy—time curve of dislocation loop evolution
in void nucleation at middle of Al film
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Fig. 14 Screenshots of void growth evolution at middle of Al film (Red represents Al atoms, blue represents Cu atoms):
(a) £=5.49%; (b) e=1.86%; (c) e=—5.76%; (d) e=—7.68%; (e) £=3.6%; () e=0.27%
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Fig. 15 Screenshots of atoms structure of void growth evolution at middle of Al film (Red represents HCP structure atoms,
green represents FCC structure atoms, and white represents other structure atoms): (a) £=5.49%; (b) e=1.86%; (c) e=—5.76%;

(d) e=—7.68%; (¢) £=3.6%; (f) £=0.27%
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Fig. 16 Screenshots of dislocation analysis of detwinning at middle of Al film (Red atoms is HCP structure atoms, purple is
Stair-rod dislocation, yellow is Hirth dislocation, green is Shockley dislocation and dark red is Other dislocation):
(a) e=51.72%; (b) £=51.75%; (c) e=51.78%; (d) e=51.81%; (e) e=51.84%
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Fig. 17 Screenshots of void closure evolution at middle of Al film (Red represents Al atoms, blue represents Cu atoms):
(a) e&=—0.78%; (b) &=—0.81%; (c) &=—0.87%; (d) &=—0.9%; () e&=2.49%; (f) &=—3.57%
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Fig. 18 Screenshots of atoms structure of void closure evolution at middle of Al film (Red represents HCP structure atoms,

green represents FCC structure atoms, and white represents other structure atoms): (a) &=—0.78%; (b) &e=—0.81%;

(c) e=—0.87%; (d) e=—0.9%; (¢) e=— 2.49%; (f) e=—3.57%
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Fig. 19 Screenshots of void nucleation evolution at interface near Al side (Red represents Al atoms, blue represents Cu

atoms): (a) €=3.78%; (b) ¢=3.81%; (c) e=3.87%; (d) e=4.11%
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,,,,,

Atoms structure of void nucleation evolution at same strain values (Red represents HCP structure atoms, green

represents FCC structure atoms, and white represents other structure atoms): (a) £=3.78%; (b) ¢=3.81%; (c) &=3.87%;

(d) e=4.11%
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Fig. 21 Screenshot of local dislocation of void near Al
side of interface at ¢=3.78% (red atoms is HCP structure

atoms, purple is Stair-rod dislocation, yellow is Hirth

dislocation, green is Shockley dislocation, and dark red is
Other dislocation)
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Fig. 22 Screenshots of void growth evolution at interface near Al side (Red represents Al atoms, blue represents Cu atoms):
(a) e=7.29%; (b) £=7.92%; (c) £=8.37%; (d) £=0.03%
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Fig. 23 Screenshots of atoms structure of void growth evolution at interface near Al side (Red represents HCP structure
atoms, green represents FCC structure atoms, and white represents other structure atoms): (a) £=7.29%; (b) &=7.92%;
(c) e=8.37%; (d) £=0.03%
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Fig. 24 Screenshots of void closure evolution at interface near Al side (Red represents Al atoms, blue represents Cu atoms):
(a) €=0.24%; (b) £=6.54%; (c) €=6.72%; (d) &=6.75%
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Fig. 25 Screenshots of atoms structure of void closure evolution at interface near Al side (Red represents HCP structure
atoms, green represents FCC structure atoms, and white represents other structure atoms): (a) £=0.24%; (b) £=6.54%;
() &=6.72%; (d) &=6.75%

W EaX VA PIRIARAIE L. — R L2 ELIRFE N 73— Rh s A

FEAR /B = R REAEIA A, BNl M BRSO R A B R AR Eh . A Bk
TAHGEAETALAL AT AT AL, B RS EAMER BB IR AL . Fr A5
PR R B SR T LIRS Ry B R SR B R R A R, TR RE
PEAER, ACEEAMBLGH K, HUCHIIR AR E SRR SR T ET LR, BHASALEE



31 BE W Fei, S

K53 T8 5 A 5e o = 2 AR AR AR R PR 38 N LI s AL

2487

izzh. KL, SmEETrfLRAMALL, St iEin
A LR BN -

3 Zig

1) AR R IS AT e R, A AR
P PISHTE R AT AL A B e A, A1 2 ft ik —
ARK. wJa, R B S A R AT
LRI BRALIR o 38 5 18 2R T B2 SRR T
THEAR ALK, 2 SURETBUHAS R4 2k X
HOET B, LRI ROK, B RHEES
IR R A, AL AR RS A, (A
FLIAK R k. RN I IERT, fLiRgTCR
SRR IRTE, WE NSNS [ B G N A s
Wl. &, BRI, 2 A e 4
W R T FCC 858 1. fea, LA 745
HJRTIHTE, SERMAE .

2) FrmmAbEEIE AR O ) AT A A e Al B
Bi. BEAE NARHISEIN, SLIFTERZAE HCP Zik iR
TR AT AR T, ZBRIE BAZ N7 [
B KL . BEE AN BT, FLIFHT
AN TT I, ZA R, LSRR, R
TEMFEARBOR A BEJG, SLIFWA I BN AR
TN TT 1) o B FLIRTEE R I 7 AR
BB A INEIREAT , ALV AN BT [ 2
iR, LA P S IR T35S, AL
A B ) #e3h. dksemdk, LR ErE.
FLIA ] BT P G K JL - e (9 FCC S50 JR 1.

3) B& 7 EFPALEE RSN, A ALIR BRI S B
REAEIR, LI AL 2R B FR)  AA82  BU  7E Cu-Al
% 2 A R b FLIR 25 Bt LA 25 e LA 3 e
dr, FUGR I, G ISR R S R
FINGFFA 2K o

REFERENCES

[1] YANG W M C, TSAKALAKOS T, HILLIARD J E.

Enhanced elastic modulus in composition-modulated
gold-nickel and copper-palladium foils[J]. Journal of Applied
Physics, 1977, 48(3): 876—879.

[2] SROLOVITZ D J, YALISOVE S M, BILELLO J C. Design

of multiscalar metallic multilayer composites for high

(3]

(4]

(3]

(6]

(7]

(8]

[9]

[10]

(11]

[12]

strength, high toughness, and low CET mismatch[J].

Metallurgical and Materials Transactions A, 1995, 26(7):

1805-1813.

WOOD J T, EMBURY J D, ASHBY M F. An approach to

materials processing and selection for high-field magent

design[J]. Academic Accelerator, 1997, 45(3): 1099—-1104.

FLEVARIS N K, LOGOTHETIDIS S. Optical anisotropy in

compositionally modulated Cu-Ni films by spectroscopic

ellipsometry[J]. Applied Physics Letters, 1987, 50(22):

1544—1546.

XIANG Y, TSUI T Y, VLASSAK J J. The mechanical

properties of freestanding electroplated Cuthin films[J].

Journal of Materials Research, 2007, 21(6): 1607—1618.
JEIZE LK 22 T2 R T 5 4 K L RS ) S AT I AT

[D]. BisH: WHIR, 2007.

WEI Si-yuan. Interface structure and in-situ nanomechanical

testing of Cu/V nanoscale metallic multilayers[D]. Hangzhou:

Zhejiang University, 2007.

B 05T oK RURE AR AR R 57 47 9 B RS RURE D). T

FH: ARAEKEE, 2013,

XIAO Ting-yu. Fatigue behavior if nanoscale copper films

and its size effect[D]. Shenyang: Northeastern University,

2013.

T 7K. Cu/Ni UK R RGOSR LR S B 5k

53 I RAID). K KEiEF K2, 2005.

CHENG Dong. Research on strengthening micromechanisms

and tribological behavior of Cu/Ni multilayers with

molecular dynamic simulations[D]. Dalian: Dalian Maritime

University, 2005.

o Bk RS SR T RAT O JR TAEAD]. K

b IR, 2015.

MA Lei. The atomistic simulation of fatigue fracture

behavior in iron, nickel and nickel based alloys[D].

Changsha: Hunan University, 2015.

T, HRUE, B OIE, & BRILES R G SN 5t

FAWF L)), #InLILE, 2016, 45(19): 70.

GAO Si-feng, XIAO Jun-feng, NAN Qing, et al. Study on

porosity of nickel-based single crystal superalloys[J]. Hot

Working Technology, 2016, 45(19): 70—72.

TRARE. MRIBREE M. BRI WA ARV LAk R 2 R

#k, 2004: 107

ZHANG Jun-shan. Strength of materials{M]. Harbin: Harbin

Institute of Technology Press, 2004: 107.

ABRAHAM F F. How fast can cracks move? A research

adventure in materials failure using millions of atoms and

2003, 52(8):

big computers[J]. Advances in Physics,



2488

hEA O RYR

2021 429 H

[13]

[14]

(15]

[16]

[17]

[18]

(19]

[20]

(21]

[22]

(23]

727-790.

BULATOR V, ABRAHAM F F, KUBIN L, et al. Connecting
atomistic and mesoscale simulations of crystal plasticity[J].
Nature, 1998, 391(6668): 669—672.

FRIGRE, ORI, Ph SR, S IRLREN R AR IR 55 T e
5L IK) 43 F ) 0 S BT B AR, 2013, 62(10):
352-359.

GUO Qiao-neng, CAO Yi-gang, SUN Qiang, et al.
Temperature dependence of fatigue properties of ultrathin
copper films: molecular dynamics simulations[J]. Acta
Physica Sinica, 2013, 62(10): 352—-359.

LIU J N, XU B S, WANG H D, et al. Investigations on
fatigue behavior and surface damage of Cu film by nano
impact and molecular dynamics simulation[J]. Surface and
Coating Technology, 2019, 364: 204—210.

X SR, FRITAE, BT, & DRI T 9K AR R
FLIATEAZ . B K B A 2 T3 S s, AR,
2019, 68(13): 133101.

LIU Qiang, GUO Qiao-neng, QIAN Xiang-fei, et al
Molecular dynamics simulation of void nucleation, growth
and closure of nano-Cu/Al films under cyclic loading[J].
Acta Physica Sinica, 2019, 68(13): 133101.

ZHOU Q, LI S, HUANG P, et al. Strengthening mechanism
of super-hard nanoscale Cu/Al multilayers with negative
enthalpy of mixing[J]. APL Materials, 2016, 4(9): 096102.
TIAN X, CUI J Z, YANG M, et al. Molecular dynamics
simulations on shock response and spalling behaviors of
semi-coherent
Journal of Mechanical Sciences, 2020, 172: 105414.

YIN F X, ZHAO Y Z, YU S Y, et al. Molecular dynamics

studies

{111} Cu-Al multilayers[J]. International

on the interface evolution characteristics and

deformation mechanisms of Cu/Al multilayers during
compression process[J]. Journal of Applied Physics, 2019,
125(2): 025112.

CAI J, YE Y Y. Simple analytical embedded-atom-potential
model including a long-rang force for fcc metal and their
alloys[J]. Physical Review B, 1996, 54(12): 8398—8410.
PLIMPTON S. Fast parallel algorithms for short-range
molecular dynamics[J]. Journal of Computational Physics,
1995, 117(1): 1-19.

EVANS D J, HOLIAN B L. The nose-hoover thermostat[J].
The Journal of Chemical Physics, 1985, 83(8): 4069—-4074.

RIS, EXT, $LEE, & H RSN A5

[T A SRV [0]. REFh 1S S A 42, 1999, 6: 39-41.

LIU Wen-chuan, WANG Xing-ping, ZHU Jii-zhang, et al.

Discussion on calculating formula for efficient pouring time

(24]

(25]

(26]

(27]

(28]

[29]

(30]

[31]

[32]

[33]

of non-ferrous metal casting[J].
Nonferrous Alloys, 1999, 6: 39-41.

GUO Q N, YUE X D, YANG S E, et al. Tensile properties of

Special Casting &

ultrathin copper films and their temperature dependence[J].
Computational Materials Science, 2010, 50(2): 319-330.
iz, fRdsr, £ 3%, 5. B Cu(001)HEEM AT
15> F B0 SIS BRNI]. PIEEFR, 2010, 59(12): 8836-8842.
HE An-min, SHAO lJian-li, WANG Pei, et al. Plastic
deformation of single-crystalline copper films with surface
orientation [001]: Molecular dynamics simulation[J]. Acta
Physica Sinica, 2010, 59(12): 8836—8842.

PR, PR, BIEI. A Cu MRHUKDIEIRER
TN &85, 2009, 45(10): 1205-1210.
LIANG Ying-chun, PEN Hong-min, BAI Qing-shun.
Molecular dynamics simulation of nanometric cutting
characteristics of single crystal Cu[J]. Acta Metallurgica
Sinica, 2009, 45(10): 1205-1210.

WU L P, YU W S, HU S L, et al. Radiation response of
cascades[J].
Journal of Nuclear Materials, 2018, 505: 183—192.

R, W T, FERLL MLILTT Fe (1000 ArEEH
XS TERES @S2 1 7313 15 FE[T]. PB4, 2020,
69(11): 116102.

LIANG Jin-jie, GAO Ning, LI Yu-Hong. Effect of interstitial

nanotwinned Cu under multiple-collision

(100) dislocation loop on expansion of micro-crack in body
centered cubic iron investigated by molecular dynamics
method[J]. Acta Physica Sinica, 2020, 69(11): 116102.
PEEE, 5 F, kM, S mRAR R N KA
% 5 R HEKD]. P EF, 2012, 42(5): 464-474.
PANG Wei-wei, ZHANG Ping, ZHANG Guang-cai, et al.
The nucleation and growth of nanovoids under high tensile
strain rate[J]. Science China, 2012, 42(5): 464—474.

WANG Q L, BAI Q S, CHEN J X, et al. Stress-induced
formation mechanism of stacking fault tetrahedral in
nano-cutting of single crystal copper[J]. Applied Surface
Science, 2015, 355: 1153—1160.

LI B Q, SUI M L, LI B, et al. Reversible twinning in pure
aluminum(J]. 102(20):
205504.

AN X L, NI S, SONG M, et al. Deformation twinning and

Physical Review Letters, 2009,

detwinning in face-centered cubic metallic materials[J].
Advanced Engineering Materials, 2019, 22(1): 1900479.
AOIEPR. 22 EE5HE FCC & Bk &ATENLHI 1 713 /1
SRR FLD]. dbat: ALt TR, 2019.

HAO Long-hu. Molecular dynamics simulation study of

plastic deformation mechanism of face-centered-cubic metal



H31EH M M, S RT3 12 E AN Db = R AR AD ARG IR A R B FLIRR AL

(34]

[35]

(36]

nanowires with twin structures[D]. Beijing: Beijing EEFHUE T[], BEE 22 4R, https:/kns.cnki.net/
University of Technology, 2019. kems/detail/62.1095.04.20200817.124 0.002.html.

PANG W W, ZHANG P, ZHANG G C, et al. Dislocation LIANG Gui-qiang, SHAO Rui, YAO Lin, et al. Difference of
creation and void nucleation in FCC ductile metals under nano mechanism analysis of mechanical properties of cu-ni
tensile loading: A general microscopic picture[J]. Scientific bilayers with semi-coherent interface[J]. Tribology, https://
Reports, 2014, 4: 6981. kns.cnki.net/kems/detail/62.1095.04.20200817.124 0.002.html.
KEE. AOEENERLEM]. 2 TRy 371 # Z, MEE, ™ 3L Cu/Ni 2 2B 73130
HRRCRE, 1993: 128. JIRERUT). EJR SR, 2008, 44(12): 1461-1464.
ZHANG Bao-chang. Nonferrous metals and their heat CHENG Dong, YAN Zhi-jun, YAN Li. Molecular dynamics
treatment[M]. Xi’an: Northwest Polytechnic University Press, simulation of strengthening mechanism of Cu/Ni
1993: 128. multilayers[J]. Acta Metallurgica Sinica, 2008, 44(12):
RrEs, 46 &, ok OBk, S EIR TR ) 1461-1464.

Void evolution of casting Cu/Al/Cu three-layer film by
molecular dynamics simulation under cyclic loading

PEI Hai-jiao, GUO Qiao-neng, YANG Shi-e, ZHOU Heng-chi, CAI Neng, ZHENG Yong-sheng

(School of Physics and Microelectronics, Zhengzhou University, Zhengzhou 450052, China)

Abstract: The molecular dynamics method was used to simulate the deformation process of the Cu/Al/Cu
three-layer film prepared by the casting method under cyclic loading, the evolution process of void was analyzed.
The results show that the voids appear at the middle of the Al film and the interface near the Al film side. The
evolution process of the void at the middle of the Al film is as follows: the Hirth dislocation and Stair-rod
dislocation at the middle of the Al film are overcome, allowing the gaps to grow. Then, launching the dislocation
loop several times at the void nucleation, the vacancy group grows and forms the void. Detwinning crystal forms a
stacking fault, releasing the stress and allowing the void to grow. The stress concentration and release make the
stacking fault disappear and reappear, and then, the void further grows. The stacking faults near the void nucleation
are intercepted, and the dislocation are emitted at the void nucleation, and the void grows to the maximum. Under
the compressive force, the void is filled by atoms with other structure, which shrinks into a vacancy cluster along
the strain loading direction. The void is filled by atoms with other structure, and closes. The evolution process of
the void near the Al side at the interface is as follows: Hirth dislocations and Stair-rod dislocations are overcome,
and a gap appears. As strain increases, the atoms of the HCP structure at the nucleation of the void are converted to
the atoms with the other structure, and the gap grows along the strain loading direction to form the void. The
stacking faults appear, the stress is released, and the void grows with strain loading. Continue to load, and the void
shrinks into vacant cluster along the strain loading direction, and the atoms of other structure fill the void. The
atoms of other structure around the void are converted to atoms of FCC structure, so void closes.

Key words: molecular dynamics; Cu/Al/Cu three-layer film; cyclic load; void
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