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Abstract: To insight the underlying deformation for micro devices in micro/nano electrical mechanical system ( MEMS/NEMS) is
extremely important. However, a few research was reported on the evolution of copper deformation and the explore of dislocation atomic
migration rules at atomic level. Therefore, the correlated understand work for them behaviour and mechanism were studied. The
configuration evolution for dislocation atoms, and the curve characteristic of force vs displacement were analyzed. Wigner-seitz defect
analysis (WSDA) method was proposed to describe this effect of spherical contact pair with different contour on them deformation. It
was showed that the force vs displacement curve obtained consistent by comparing Hertz theory with molecular dynamics (MD) result at
elastic stage. Furthermore, the dislocation loop was found as the original source of plastic deformation, it was the main reason to lead
the curve of force vs displacement is not inconsistency after elastic deformation. An interesting phenomena was demonstrated on
dislocation loop evolution process, which experienced four stages during loading, namely formal stage, growth stage, reproduction
stage , maintenance stage. This external configuration features for dislocation ring evolution shows expand as curvature contour increase.

Nevertheless, all above four stages are not affected by them increase. In addition, it is serious than other places in subsurface
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deformation at loading. The WSDA method was applied to describe their defect characteristics, this result shows that the propagation

route can spreads to sides rapidly as contour increase, which is consistent with changes of stress and strain trend. This research result

plays a significance role in understanding the underlying mechanism on its elastic-plastic deformation. .

Keywords : elastic-plastic critical state; spherical contact pair; dislocation evolution; atomic simulation; plastic loop
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h=0.4 nm h=1.4 nm h=2 nm h=2.8 nm

- - 4
(a) R=2.5nm ]

<

o

%2}
B I
(b) R=3.25 nm 1

(c) R=4 nm

P8 BRIk s S B8 B XT A AR MR IR R R B4 X7 - ]
Fig. 8 Influence of spherical contact mode with different

curvature contour on lattice damage from XZ plane observe

2.4 SEBRTR SR

Shy P AR T 5 flh 0 G 1) R 4 4
JEF- 5471 %7 28 F1 von Mises [ 1 2 1iF 4 B AR TR i 5
NS SR AR R AR 2R TR R SR )Z N
V22 IR B 50 B TS A A — e BE R, B 32 48
o] J5 A kDR A R R 2 DN IET 9 A
INFREER TR b BRI ZN 42 fal iy g 24
FZ M RJZ I Iy 5 AN B I 5 5 M DX A0 %) 1 4
w5 175 5 A 07 8 ) R R Y E (LR 10)

BEAR, fi s ik o550 BER R, P R 2 N T B
IR A5 4 i e 7 A A TR R B 1) A I A5 e o i 25 ( DL ]
10 FIE 11)

h=1.4nm h=2 nm h=2.8 nm GPa
120
0
(a) R=2.5nm
GPa
- - - I
0
(b) R=3.25 nm
GPa
- - - I
0
(¢) R=4 nm

Pl O BRTAT figh £ &1 FBL 8 B X 1A 15 3 e A1 S e ) X7 - T ]
Fig. 9 Influence of spherical contact mode with

curvature contour on stress distribution

10 755 H i 422 fih X 52 28k Pk 5 91) 1z A48 -5 fih a5
FEER RN, 10 g, BER I h 3§, Z 41X
V1R o7 A2 AR B 3% T R, L f DX TR 0 A 3 S Al i
K, RISCHRE 10 ] B A2 40 97 ARG — 2, X
125 W 002 J2 10 A A ) 2, AR XU A 3%



5 4 39 WAt , A58« 5 T BR T A 42 A 1 i S b LA T2 AR A 105

LR SR 9 B ) B — B, 3R WA 2 5 00 4k
fiuh 32 G i R il 7 LR 5 AR A, DU RS R B ) A R
RO AL G, A, S s 5 BOBOR | $2
fi DX R A R NI, 5 A% 05 7 R 0 22 R [T
FHRE 5, Dt DR i 4 A0 A Jg i 422 i X 52 280
TR, B 3R 2 N 7 2 UK Bl 45 fih DX B 4 O A
WA, DL 30 o BE T 2 R BEAL T A%, DL & AE
LS ) VI E P B S T KRR S
FEXERE o 11 75 43 ik DX 30 % 107 28 38 e vy, HL I
ALY A A B AR 32 N ARTR L | fith 1 58 8 5 i) 1
o MARTR BB, e b 1 G T IR R R B A 5
S TN S A s s N TR e (TR (- R )
) i i s 6 G 4 0m B TR R AR 5K, 150 B A
AR A S a5 47 L A R i G P A 2
PRI DG

h=0.4 nm h=1.4 nm h=2 nm h=2.8 nm

(a) R=2.5nm
P10 BRI fioh st 71 1 50 X0 40 FE 9 A2 B2 52 69 XZ P T 1]

(b) R=3.25 nm
Fig. 10 Influence of spherical contact mode with curvature

(c) R=4 nm

Ome 0.8
Shear strain

contour on copper deformation from XZ plane observe

h=0.4 nm h=1.4nm h=2 nm h=2.8 nm

(a) R=2.5nm

(b) R=3.25 nm

o 0.8
Shear strain

PRIL R i s X 5 T AR T S WA A XY - 1 ]
Fig. 11 Influence of spherical contact mode with curvature

contour on copper surface deformation from XY plane observe

3 Z5ip

K318 12T 5E T BRI i s AR 48
W A AR AT R S HLEE, 43 AT He A T fish i AN Rl
X 52 268 A DK IS A 4 TR &7 2R T ) AROWE A2 3
G2 FAEALE] A5 0 DT A5 .

(1) S IE B B, 11 500 8 M 4 h 19 Hertz
PS5 MD 25514 . 1 Hertz B85 MD 45 582N
W) 29 IRAE S0 AL s P 1 L 00, 67 5 B 6 5 2
SR PRSI AR A I ORI S

(2) 5 BRI b D5t 5 floh o5 R 52 RS 38 o, o7
IR B RS (PR A P2 4 kR
AL R ZF 07 S PR AR I A PRI S — o
FEIAERE I, M 5 1 0 2 (5 67 4 PR AR A 7 L
AHSEIG T, T A 55 BRI S 4 A By Be A 32 A0 [ 46 B
AL

(3) RN R ) FEAE PR ZE  HUGE IR
fih DA 5 %5 7 T 5 oy B v e S 2 T g
MRS, il B RO RN T A b i
PN A B A 07 T 2175 Sl AR T T

(4) WSDA & AT A R 1A 52 48050 RStk [ A2 T
Bl b S8 7211 3 3 ) 0 P 00 R 0 o 4 5 B
ik JER G TR ] N 2 S AR 3 O VR S %
B ) 5 A S — B AR R b 3R T R IR ik A
A B8 B 1 v TCBA S PR I RIOC &R

Z £ x M

[1] XU H, KOMVOPOULOS K. Fracture mechanics analysis of
asperity cracking due to adhesive normal contact [ J ].
International Journal of Fracture, 2013, 181(2) . 273-283.

[ 2] SHIBUTANI Y, TSURU T, KOYAMA A. Nanoplastic
deformation of nanoindentation: Crystallographic dependence of
displacement bursts [ J ]. Acta Materialia, 2007, 55 (5):
1813-1822.

[ 3] BEGAU C, HARTMAIER A, GEORGE E. Atomistic processes
of dislocation generation and plastic deformation during
nanoindentation[ J]. Acta Materialia, 2011, 59(3): 934-942.

[4] CAOFH, WANGY J, DAIL H. Novel atomic-scale mechanism
of incipient plasticity in a chemically complex CrCoNi medium-
entropy alloy associated with inhomogeneity in local chemical
environment[ J |. Acta Materialia, 2020, 194(4) . 283-294.

[ 5] SUBIN L, AVIRAL V, JISEONG I M, et al. In-situ observation
of the initiation of plasticity by nucleation of prismatic dislocation
loops[ J]. Nature Communication, 2020, 11(1) . 2367-2378.

[6] XIAO G B, HE Y, GENG Y Q. Molecular dynamics and
experimental study on comparison between static and dynamic

ploughing lithography of single crystal copper [ J]. Applied



106

2 B X W L B

2021 4%

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Surface Science, 2019, 463(1): 96-104.

QIU C, ZHU P Z, FANG F Z. Study of nanoindentation behavior
of amorphous alloy using molecular dynamics [ J]. Applied
Surface Science, 2014, 305(30) . 101-110.

LAI M, ZHANG X D, FANG F Z. Nanoindentation-induced
phase transformation and structural deformation of monocrystalline
germanium: a molecular dynamics simulation investigation [ J].
Nanoscale Research Letters, 2013, 8(12): 353-362.

BT, BRih A, 28k PR IRIIE IR K Sk 5 5 At 4l 5 1 i)
Hefih ) MEBEE MW B [J]. BEE S22 4R, 2015,
35(3): 308-314.

HUANG J M, CHEN J J, LI N. Analysis of the contact and
friction force behaviour between different indenter shape and
substrate on atomic scale [ J ]. Tribology, 2015, 35 (3):
308-314. (in Chinese)

BRad s, SAUEE, BBEE. BRI RE i s AR T B R
TR 2 Mol R B R 20 BT (] R T AR, 2018, 47(8) -
170-174.

CHEN JJ, HUHJ, LAIL F. Effect of adhesive contact failures
on single crystal copper with different diamond radius [ J].
Surface Technology, 2018, 47(8) : 170-174. (in Chinese)
e, SIULE, ARORRE. GAULRA G 22 T A6 S A 2 A
TR T]. REHAR, 2017, 46(8) : 195-200.
CHEN JJ, HU H J, LI B Z. Molecular dynamics simulation of
failure in adhesive contact with single crystal copper[ J]. Surface
Technology, 2017, 46(8) : 195-200. (in Chinese)

XIANG HG, LIHT, FU T. Formation of prismatic loops in AIN
and GaN under nanoindentation [ J]. Acta Materialia, 2017,
138(1) . 131-139.

SHI'J Q, FANG L, SUN K. Surface removal of a copper thin
film in an ultrathin water environment by a molecular dynamics
study[ J]. Friction, 2020, 8(2). 323-334.

CUL'Y H, LI HT, XIANG H G. Plastic deformation in zinc-
blende AIN under nanoindentation: A molecular dynamics
simulation[ J ]. Applied Surface Science, 2019, 466 (1)
757-764.

STUKOWSKI. Visualization and analysis of atomistic simulation
data with OVITO-the open visualization tool [ J]. Modeling and
Simulation in Materials Science and Engineering, 2010, 18(1) .
015012.

VERLET L. Computer “ experiment” on classical fluids. 1.
Thermodynamical properties of Lennard-Jones molecules [ J].
Health Physics, 1967, 22(1): 79-85.

CHEN J J, ZHANG H, XIANG H G. Atomistic modelling of

[18]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

interface structure and deformation mechanisms in the Al/GaN
multilayer under compression[ J]. Molecular Simulation, 2019,
45(11) . 921-926.

FOILES S M, BASKES M I, DAW M S. Embedded-atom-
method functions for the fce metals Cu, Ag, Au, Ni, Pd, Pt,
and their alloys [ J]. Physical Review B, 1988, 33 (12);
7983-7991.

SRR, PR, SRR, SF 9K RIS 00 S
AT S BRHLEEAF ST ()], R A, 2021, 50(5) .
216-223.

WENG S B, CHEN J J, ZHOU J Q, et al. Analysis of elastic-
plastic deformation behaviors and failure mechanisms for single
copper induced by
Technology, 2021, 50(5): 216-223. (in Chinese)

crystal nanoindentation [ J ]. Surface
MORSE P M. Diatomic molecules according to the ware
mechanics Il : Vibrational levels[ J]. Physical Review, 1929, 34
(4): 57-64.

QIAN Y, SHANG F, WAN Q. A molecular dynamics study on
indentation response of single crystalline wurtzite GaN [ J].
Journal of Apply Physical, 2018, 24(11) : 115102.

ZHOU N, ELKHODARY K I, HUANG X X. Dislocation
structure and dynamics govern pop-in modes of nanoindentation
on single-crystal metals [ . Philosophical Magazine, 2020,
100(12) : 1585-1606.

QIAN Y, SHANG F, WAN Q. The mechanism of plastic
deformation in intact and irradiated GaN during indentation: a
molecular dynamics study [ J ]. Computer Material Science,
2018, 149(15): 230-242.

GOEL S, BEAKE B, CHAN C. Twinning anisotropy of tantalum
during nanoindentation [ J ]. Material Science Engineering A,
2015, 627(11) . 249-261.

SHIMIZU F, OGATA S, LI J. Theory of shear banding in
metallic glasses and molecular dynamics calculations [ J ].
Materials Transactions, 2007, 48(11) . 2923-2927.

JOHNSON K J. Contact mechanics[ M]. England: Cambridge
University Press, 1985.

TSAI C H, JIAN S R, JUANG J Y. Berkovich nanoindentation
and deformation mechanisms in GaN thin films [ J]. Applied
Surface Science, 2008, 254(7) : 1997-2002.

EERIA: PR, 53, 1989 4E A A1, b0, EBERFT 5 10 R
MR/ 50 i BE A5 AR S5 B 4P T 1
E-mail ; chenjingjingfzu@ 126. com



