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ABSTRACT The plastic deformation process during nanoindentation of Ni tip into Al substrate,
including loading, unloading and stress relaxation has been studied by using molecular dynamics sim-
ulation with EAM potential. Results showed that a connective neck between the indenter and the
substrate will be formed when the indenter approaches and leaves the substrate surface. During
nanoindentation, the first dislocation is emitted at a critical shear stress 7,= 1.9 MPa, and shear bands
appear at partial shear stress 74=6.4 MPa. When the indenter moves upwards, a reverse tensile stress
appears and results in reverse yield of the substrate and continuous change in dislocation configuration.
When the indentation tip is retracted and passed through its initial indentation position, it connects to
the substrate by necking, and when the tip broke away from the substrate finally, there still exist some
substrate atoms on the tip. Stress relaxation has been observed on the nanoscale, which attributes to
heat activated dislocation emission and motion.
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Wit FEh % (MD) B, RIBFIE 04 K A4THE
189, B, JEN TR MD SRl gk [ i f2 P
RIPIASE TFZES). ELA A MD BT 40K RS E
BT LARRHRE 10121, i, Landman % U0 g1
BT NI EEA Au B35, ARGEELFEEZMER—
MRS Rafii-Tabar M B9 T Ir EA Ph #
W, RN EL IR A, SR E TR b
T AR E. Yo % U2 R T ERA TSR EA
WY ALR — BRI, (ERBIHATNIE, HMARLEH MD
BAGOK ERIED R HE. = IERA MD il
KRR HITE AR, BF5 A E R T AR ) 22 5 DA K
R R 73 st FR A TE AR 4 AE.
1 &I

JEsk MERE Ni, %42 R=10.56 nm , ¥ KHET
¥k 0335 x 105, FfEHN Al, . y Mz FrESHl
7% [100] , [010] BAJ [001], R~ 50 x 50 x 15 ag’
(ap = 0.405 nm, & Al BB ER) , MARETE N
1.85x10°. #AME R T BN 2.2x10° 4~

ki B 3 BIR T EE, HEMa*RHAEhaR
Sefb. XTEE, bRERFESH, MHA 5 ARER,
8y 3 BIETFHEE. NI (1=0) it, HLTRNmMZ
{RF IR 0.6 nm. B, ELYY 2 F7i ([001])
DR B FRE, T RERBE R (9

r(t) = Tmax sin(7t/T) (1)

A, RIS rmax=1.4 nm; T HHEBHY, T=50 ps.
Y t=25.0 ps W, MMHEREAKE dmax=0.8 nm;
t >25.0 ps i, WOSREIE (KL EBA).

FEk (Ni) Fiskfk (Al) ZRIMEERE %A Chen
% 1] gy EAM . #UET/EMS, & Newton 77
B AR NG RETFHINER; A Gear $ijk 19
A Ey b A A E TR E AR, AR K At=
2.5%107° ps. HEAIEF, XHANETIEATIEREH, BE
HIFFEEIR (300 K).
2 RER

U4 13 TR B 0.49 nm (%57 1.25 ps) i,
BRI SL R i 5 | S i 2R 24 &R By
0.468 nm(1.5 ps) AT, FEHTH Sk FRME MR —3F 0 2R R
FRrnFEm, WE la fir. XSHTEDgGR 1112
—%. YELEAEE 0.15 nm (XM 9.0 ps) B, &
IR T HMEARFE—ATI6045 e, WA 1b Fimm. A
0.39 nm(Xf57 12.5 ps) , HEEHH, WE lc iR
2L N 0.80 nm(KAY 25.0 ps) B, #HEGATIE KM
(WRE 2 R C A), XETHIVRSET AR EE IR
ARy, E 1d .

(a)

B1 Ek (Ni) EASRESEE (A) FFHSHEL

Fig.1 Variation of atomic configuration when the indenter
(Ni) indents into the substrate (Al)
(a) the tip is 0.468 nm (1.5 ps) apart from the sub-
strate
(b) indenting into the substrate for about 0.15 nm

(9.0 ps), the first edge dislocation e appeared
(c) indenting into the substrate for about 0.39 nm
(12.5 ps), a shear band appeared
(d) indenting into the substrate for about 0.80 nm
(25.0 ps), more shear bands appeared along dif-

ferent slip planes
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B, BRI R. SHCL R TR, © R
ET (8 1a) , BN m LR, mE 26 A—B
BRR. —BELIEANESE, B NIES, BREEEANE
EFtEm e, Wi 2 ) B—C BfiR. H#EE P=0 i
(2 D &), EBRHFTETE. {2 ki B—C—D
BS5—MER RN, RR® BD MUE8E
THRAHR, WEELBETFRIIEERTAR g D
B, EkERREFETER AN I, 38T G
s (ELETF RN E) J§, MFEERN S, JHE H 8
(L B R TFENE 25 nm) iF, BAER AWK

HEB P=0C D &) R T-AEME 3a B,
SEEaiH RS E 1d A, e R,
NASIASES I, Rk EFA RS, TR E kA
HAER RN Sy, BT Bauschinger 2057 161, g in
HEEEEAS,. FHit, fFEEL TSRS, Bk R
AT AW, B, B 3b MNEL EAE F S (f
oK) BIETFAR; wE 3c WXL B 2R
g R 2 8 G 5) HIRTHZS. ELgkss b, X
TR R, (B Sk hi o B R 38 Ao — 45 25 T AH
. WL AIAE IR 6.70 nm i, HELHIEEES
g, (HESk Bk E —BEERT, W 3d Brs.

MEAN 0.80 nm (X 2 #) C K), #H ok 0.33 uN
JGORFRENLR, XHTEATHEN RN FFE, 208 25.0 ps
JFEFI R ER R /AME, WA 4a Frs. B 4a BB H3h
BER, EV3E RS SEM S R G D, Hit,
RN RS, BRSPS AT . it

S S E—

25 20 15 10 05 00 0.5 1.0
8, nm

2 MD HiHEy P-6 M
Fig.2 MD simulated P-§ curve (curve A—B—C corre-

sponds to loading and curve C—D—F—F—G—H
to unloading)

B3 gukRRaRsnt BE TSR
Fig.3 Variation of atomic configuration when the indenter
moves upward
‘(a) after 33.0 ps, the indentation load P=0
(b) after 42.25 ps, the substrate having maximum
tensile stress (corresponding to point F in Fig.2)
(¢) initial position of indentation tip (50.0 ps, corre-
sponding to point G in Fig.3)
(d) the indentation tip rises to 6.70 nm apart from
the substrate (corresponding to 127.0 ps), and

breaks away from the substrate
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Fig.4 Stress relaxation curve (a) and dislocation configu-

rations corresponding to point L in Fig.4a (b) and

to point M in Fig.4a (c) during stress relaxation

BFFG (t=0) RYfIsE LA mE 1d Fiw; A3k 15.0 ps
G, (457N 4b ik, M AMBAEREE, &
% B fr S Y A A Ac.
3 g

BAIEA P, (0% 6 URELTUSERE R, WF
HEREAWERE B, MR HY LURIE B Fay
BRBIR S o B0 — i FE L AR A Bk 12
o= VR " i paaprr 1 R, 4Lk
B/, J @ = VRS LB MEIRER K. BTBEA
Afrgze ), ERAXAA R, st i o 3k
H E*, HV Ao, B B3-6

3P
= 153 (2)

*

P

Ta?

HV = (3)

_ (1—2v)P

o :
2ma?

(4)

L EREGR 6=0.80 nm Bf, ##H P=0.33 uN(LE
2) , I P SR B AR A He Al [ 2612 a=5.5 nm (WA 1d) ,
RA (2) A B E A HMEIE F*=56.3 GPa. B 4K
sk (Ni) FidEfk (Al) ROPMERES 51 0:  E=200 GPa

# E,=70.4 GPa, ¥: Poisson 4r8Ik: 14=0.31 1
vs=0.347. I A irkpar L B

1 1-vi 1-07

E*  E, E; (5)

PILAIRTG E*=58.8 GPa. X5 MD B4R —2, Hxt
#5] AE*/E* <5%.

SR ETEE (0 HB f1 HV) B, #REESHAT
fRfe—E SR EERM L. B, i (3) R
B, WOKshBikEIREER P ERAN. GE 4a 914, K
NE#F 25.0 ps, P=0.12 uN. f£ A\ a=5.5 nm , B4
HV=1.26 GPa. 4{kE/RI KM, #E HV ¥ TH5
SRR & Hyg b 17181

(HV/Ho)? = 1+ ap/s (6)

AP, Ho fl o Sbbklke. W mAsgs e 19
WRIHRE (6). REER (6) , BHIRRE 6 ) 10 pm B
A 1pm B, BEAE 165 SFIEEME, BRR
FEALA 0.80 nm, P AT #7840 WEBE(E Y 24 B B8 T IR AR
PR FR ARG RIREREE 0.4 GPa(XhY § ~0.3 pum).

RIEE 2 TR NEETE A R ERT Ps = 4.2 x
1073 uN (X1 9.0 ps), fRAZ (4) AILABEN [001) 77
RBIIER ST op01) = 6.7 MPa , EfE@EFIE {111} #itE
BHm {112} MRS YIN S 75 = 0w cos a- cos =
1.9 MPa. »fBLGEK, (856 RSHFZE SR\ HE
Mk, & 7o NTEARGREE. W lc W41, £ 12.5 ps, X
P=1.38x1072 uN B, KIRAHS™ 4B BB, 18
W YIN 11 79=6.4 MPa. HEZEMT D SEEMIK
m (W 2) , 4 Bauschinger 25, &[5 iN#ATHY/H
PR3 b E m mE e b, E, RERIN e (R
W 2 B E A, MR NEEAERNES, BORHBA
AT AR /NS 2R, TR A TR AR OB RIS AR s
RAEEE 2 0 F SRS NEecEReEd, B
3VERH T X — 8.

4 KW, FEARERESEPWEEN TR, XC
HEGEH S 20 FRiEsE. 18R 1k B R b A S 4 A Y
AR, FRAAK FEIR R 7 3t B A R R R RS 5 1 A
g B HAES, X5 R 1 AE .
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(2) Bk (Ni) EAR S 76 = 1.9 MPa B, /&
(Al Bgh) FFEE AR S0VIN ) 79 = 6.4 MPa B,
I

(3) #EEL RS RPREL IR A hIN ), TR
SRR, RS R PR MR A SRR
AR

(4) 24k EAHE T EAR T R h 3 M E 4
%, HRSKAERS B RR A E T

(5) AR R EWMIEREN Wi g, HER R
GG RA AR A S ZE).

ZE 30

[1] Field J S, Swain M V. J Mater Res, 1993; 8: 297

[2] Oliver W C, Pharr G M. J Mater Res, 1992; 7: 1564

[3] Bahr D F, Kramer D E, Gerberich W W. Acta Mater,
1998; 46: 3605

[4] Pang M, Eakins D E, Norton M G, Bahr D F. Corrosion,
2001; 57: 523

[6] Doerner M F, Gardner D S, Nix W D. J Mater Res, 1986;

1: 845

Bahr D F, Nelson J C, Tymiak N, Gerberich W W. J

Mater Res, 1997; 12: 3345

6

[7] Yao Y, Qiao L J, Sun D B, Chu W Y. Acta Metall Sin,
2003; 39: 855
(B am, FeRIR, #h40, R, €m%H, 2003; 39: 855)

[8] Hoagland R G, Daw M D, Hirth J P. J Mater Res, 1991;
6: 2565

[9] Li Q K, Zhang Y, Shi S Q, Chu W Y. Mater Lett, 2002;
56: 927

[10] Landman U, Luedtke W D, Burnham N A, Colton R IJ.
Science, 1990; 248: 454

[11] Rafii-Tabar H. Phys Rep, 2000; 325: 240

(12] Yu H L, Adams J B, Hector L G. Modell Simul Mater Sci
Eng, 2002; 10: 239

[13] Christopher D, Smith R, Richter A. Nucl Instrum Meth-
ods Phys Res, 2001; 180: 117

[14] Chen S P, Voter A F, Albers R C. J Mater Res, 1990; 5:
955

[15] Toxvaerd S. J Comput Phys, 1982; 47: 444

[16] Cahn R W, Haasen P. Physical Metallurgy. 3rd ed., Am-
sterdam: North-Holland, 1983: 1301

(17} Ma Q, Clarke D R. J Mater Res, 1995; 10: 853

[18] McElhaney K W, Vlassak J J, Nix W D. J Mater Res,
1998; 13: 1300

[19] Fleck N A, Hutchinson J W. J Mech Phys Solids, 1993;
41: 1825

[20] Wang W, Jiang C B, Lu K. Acta Mater, 2003; 51: 6169



