31 1 Vol.31 No.1

2010 2 CHINESEJOURNAL OF SOL ID MECHANICS February 2010
L .
* : ,300161)
@ ., ,100190)
0 1
1.1
,  Schiotz ™ | Vvan (10.21]
Swvwygenhoven  “®! | Yamakov '*®  Tschopp - ,
(9]
’ ’ € ij T 1(}lj € ij
T l(:'lj
: dw =duU - Tds+ Td” s (1)
) U W S
: , d?s>0 :
Oij
50 nm ,

_|ou  _0s U _0S
Oij@ij—[@ij- T@iJ @ij+[aﬁij- TG&J do; +

[%ﬁ- T‘S—? dT+ 7d¥ S5 (2)
, (2
_ [%‘% T%ﬂ dT+ 7d” S=0 3

(10772178 ,10721202)
2008-10-16 1 ,2009-05-15 .
Tel : 010-82543966 , Email : hongys @ mech. ac. cn.



-2 2010 31

Td” $20, ©) : J2
au oS _
ot Tor=0 (4) K
Gbbs z-y- foem = . - 0, +7f =0 (13)
TS, (2) : d Oy, ky
O & jj :id:ij +idﬁij +Td" s (5) ,J2 = §; Sij/ 2
&ij aﬁij
[11] : Sij =0 - éo_kléij (14)
Td" s= A& + By dy; (6) '
® & | | er
Gijdij:[_§+AiJ @ij"'[%"’BiJ ds% (7)
J J e . Colonnett (2] ,
i, Y
85 8?,‘
_E
O = 2, + Aijj (8 g?j
0
%*Bu:o 9 e
(8) , (9)
=1 = _JZ]‘D(O% +0' ;) €5 +€')dv (15)
(6) el o
o £
D =AE + By (10)
() . , . Uy
-1
Ajj =A: _éé 2%[_%& @ _éﬂ (11)
! ! ! U =0, S (16)
[ N I N R )}
Bii =A» 0%, = 2| 0%, jj 0} 2%, (12) (16) , (15)
1.2 zlzij'o?gﬁdv-iIo?mv:
2] o 2| o
, Vi 1
o _ G =
=(d- w)®/ . | W 2(0?5'1 VOE i) (17)
£ [12] Vi
w=kd ¥?, k=0.000016 nm*?.
(17)
()(1-2X1)2+()(2-2X2)2+()(3-2X3)2S1
a & & 1 _
a(i=1.2.3) :1:2(31 |i1jkl +A |i2jkl)8(it(l)d (18)
X= (X, X, Xs) .
(@=a=aza), , |:i|]kI:_12-(6i5jl +00 i) (19
_Ba-w(a-w)
Vi s [333 |i2jkl =0Pu (20)
B=alaa=d (2°8). A=A - vi QAL + DA, +AAS) (22)

B , . M =H - vdA, (22)



1 - 3.
A, 2002 (23) =, = iIoij[eij ~eRTIEQ) 1dv (37)
& 2] o
A=A 28U -U°) 32 ) -A9)
A, = a 3&(&1"‘38{2) a(a +3a&) (24) 1, x 2Q
a=2(1-v)@E°-U) S+ (25) e = 0, x&XQ (39
2=2(1-vi){°-M) S+ (1-vi)QA°-A)S + ¥0,
3(1- vi) A°-A) S +A (26)
St :15(1-_\,) (27) J' € idv = J:fun,u.ds J'O.J juidv = 0 (39)
_Y-1 . (37)
= =15(1-v) (28) _ 2
U )\ v g )\ g L ame v =2 = ZI |§ dV = - Vg |£ ij (40)
(o)
€ eh. O = D€ K" (41)
g, =€y +€"% (29) Dijw = D1 liiw + D2 I (42)
en Di1=2(1- vi)U (S - 1) B: (43)
, SIJ_Vau; D2:(1' Vf){282“(Sl'1)+Bl[aJSZ+)\(Sl'
, D+AS]+3B[US+A (S - 1) +A ]}
(131 el =wiBi€h. (44)
( )
efm

Sﬁ =" - viBjuE k" = (liljkl - viBik)ER"  (30)

Bijx = Bz |iljk| + B2 Iizjkl (31)
e
B1 = C (32
_A°® A°C AC,
B = " G(C +3C) G (G +3q) O

G=2M°+(1-vi))@°-M)(S-1)] (39
G=A+2(1- vi)[2SM°-M) +
(St-1DA°-A) +3SQA°-AN)] (35)
£f

= :%(Zl_liljkl +)\_|i2jkl) Ei - (|iljmn - viBim¥EMm] -

[skl = (ljliimn - VfBan)sm] (36)

pm
€ /]

= :_th(z-l_l:il-jkl +)\_|i2jkl) E - (|iljmn - VfBijmn)sm] .

Ewu - (limn - ViBum)EMm] - Jz‘vai,-kaE’{é s
(45)
D =(1- vi)oFef" (46)
ai" (13) .
(45) (9) (8)
en _ (limn = ViBymn)Oun + viDin€ B
0" = 1-wv (47)
g = (21_|i11k| +)\_|i2jkl) [s.ki - (ﬁdmn - Vwamn)S.m] =
Cix [S.kl - (llklmn - VfBldmn)s‘%m] (48)
tom =0, 2L om0 (49)
ij
(48) (47) , (49)

a)_cm{ (Iljkl - ViBiju) Cum& m + [ Vi Dijmn - (|iljk| -

VfBleI) Cklab(ldamn = Vde)mn) F mn —0 (50)



4 . 2010 31

Prandtl- Reuss'*® : -

et :)\‘—a‘cf; (51) ' s
(51) (50)
A= 2 .2 50 nm
_a_cf;(hljkl - VfBijkI)C_kimn B . ’ B
] : , B=1.0
Ta%]:ﬁ[('iljkl - ViBij) Gaa (I - ViBaw) - VfDijmn]ngﬁ
€m =N\TE m (52) 1000
(52) (51) . (48) a0
) %g 600 14
% 400 A
O =Cw = Gjmn[ ki - (l%nnab - Vanﬂab)é?I;/\E]elki &
@ 2001
(53) S
0. 00 0.04 0.08 0.12 0.16 0. 20
Strain
2
2 d=50 nm B -

(53) Fig.2 Sressstrain relations for different parameter B

values with grain sze of 50 nm
( ou>0, o; =0)

3
23 nm o
9=42.1 GPaVv® =0. 3 =25.26 GPayV =
H ’ ' ’ H ’ ’ 23 nm
0.33™ €°=10""s.
’
1
0.32 0.32
. Volume fraction
4 N 4
0.28 § Number fraction 0.28
o 0.249 N Jo.24 ¢
S \ S
© 4 Nr i 3!
A g 0.20 §§ 0. 20 2
a > 1 NNR J
S g 0.186 § § § 0.16 g
% < 012y NNN ¢ {o.12 &
3 ] TTod7%0m ” .08 §§4§ é??; 0.08
. _ .08+ NNm AN 4 0.
o 4=50 om WY
2004 0.044 WNNNINSIHIIND & 10.04
| AV /§g§¢§ Y/ ) ? 7
0 N 0. INAVIVANAVVVIVIVAAZ V] .
0.00 0.04 0.08 0.12 0.16 0.20 0.24 0 10 20 30 40 50 60
Strain Grain size(nm)
1 (1x10°%9 3 d=23nm (23]
- Fg.3 Statistical distribution of grain sze for cop-
Fig.1 Stressstrain relations of different grain sze per™ . About 270 grains were measured for

with strain rateof 1x10 %/'s the sample



1 5 .
1200 F —— With consdcring grain sizc distribution 1200
- = = Without consdering grain size distribution
1000
= o 800
ol Ay
= =,
4 i 600
w wl
< g
n n 400
200
0 L + L 0 L s L L
0.00 0. 04 0.08 0.12 0.16 0. 00 0.04 0.08 0.12 0.16 0.20
Strain Strain
4 d=23nm - 6 d=23n$m,B=1.0 -

Fig.4 Stressstrain relations for copper with average

grain sze of 23 nm

5 6 23 nm
B( )

1200

1000
800

600

Stress(MPa)

400 H

200

5 d=23nm,B=1.0 -
Fig.5 Stressstrain relation for different parameter B
values less than one with average grain size of
23 nm

[16,17] 7

5 nm

Fig.6 Stressstrain reation for different parameter B

values larger than one with average grain sze

of 23 nm
1200
10004
i 800
=9}
=
\i 600 A —— Model predicted d=23 nm
9 - — - Model predicted =26 nm
h 4001 ---= Model predicted d=49 nm
—o— Experimental data d=23 nm
200 —o— Experimental data =49 nm
—a— Experimental data =26 nm
0% T T T T
0.00 0.05 0.10 0.15 0.20 0.25
Strain
7 [16,17]

FHg.7 Comparison of stree-strain relations predicted

by present model with experimental datal’®*"!

1.0

[1] SchiotzJ, Di Tolla F D, Jacobsen K W. Softening of

nanocrystalline metals at very small grain szes[J].



2010 31

[2]

[3]

[4]

(5]

[6]

[7]

(8]

Nature, 1998, 39: 561-563.

SchiotzJ , Jacobsen K W. A maximum in the strength
of nanocrystalline copper [J]. Science, 2003, 301:
1357-1359.

Shiotz J, Vegge T, Di Tolla F D, Jacobsen K W.
Atomic-scale smulations of the mechanical deforma-
tion of nanocrystalline metals[J]. Physcal Review B,
1999, 60: 11971-11983.

Van Swygenhoven H, Spaczer M, Caro A. Micro-
scopic description of plasticity in computer generated
metallic nanophase samples: a comparison between
Cu and Ni [J]. Acta Materidia, 1999, 47:
3117-3126.

Van Swygenhoven H , WeertmanJ R. Deformation in
nanocrystalline metals[J]. Materials Today, 2006, 9
(5) : 24-31.

Yamakov V ,Wolf D, Phillpot SR, Qeiter H. Grairr
boundary diffuson creep in nanocrystalline palladium
by molecular dynamics smulation[J]. Acta Materia
lia, 2002, 50: 61-73.

Yamakov V , Wolf D, Salazar M, Phillpot SR, Gait-
er H. Length-scale effects in the nucleation of ex-
tended didocations in nanocrystalline Al by molecular
dynamics smulation[J]. Acta Materialia, 2001, 49:
2713-2722.

Yamakov V , Moldovan D, Rastogi K, Wolf D. Relar
tion between grain growth and grain-boundary diff u-

sonin a pure material by molecular dynamics s mula

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

tions[J]. Acta Materialia, 2006, 54 : 4053-4061.
Tschopp M A, McDowell D L. Grain boundary diso-
cation sources in nanocrystalline copper [J]. Scripta
Materialia, 2008, 58: 299-302.

RiceJ R. Inelastic constitutive relationsfor solids: an
internal-variable theory and its application to metal
plasticity[J]. Journal of the Mechanics and Physics of
Solids, 1971, 19: 433-455.

Zirger Z. Introduction to Thermomechanics[M].2nd,
rev.ed. Amsterdam: North- Holland, 1983: 42-80.
Mura T. Micromechanics of Defects in Solids[M].
Martinus Nijhoff publishers, 1982 :1-201.

Hill R. The Mathematical Theory of Plasticity[M].
London: Oxford University Press, 1950 :34-90.

Kim H S, Estrin Y, Bush M B. Pastic deformation
behavior of fine-grained metals[J]. Acta Materidia,
2000, 48: 493-504.

Youssef K M, Scattergood RO, Murty KL , Koch C
C. Ultratough nanocrystalline copper with a narrow
grain size distribution[J]. Applied Physics Letters,
2004, 85: 929-931.

Sanders P G, Eastman J A, Weertman J R. Hastic
and tensle behavior of nanocrystalline copper and pal-
ladium[J]. Acta Materiaia, 1997A , 45: 4019-4025.
Youssef K M, Scattergood R O, Murty KL. Ultra
high strength and high ductility of bulk nanocrystal-
line copper[J]. Applied Physics Letters, 2005, 87:
091904-091907.



MICROM ECHANICS ANALY SIS FOR DEFORMATION BEHAVIOR OF
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Abgract Nanocrystalline (NC) materials can be treated as composite material s consisting of two phar
ses, i.e. grain domain and grain boundary. In this paper, theincrementa stressstrain relation is derived
from the view point of energy balance. Asaresult, the stress strain relation of different grain Szesisob-
tained , and al 0 applied to the case of pure copper under uniaxial tenson. In addition, the effectsof grain
shape and statistical distribution of grain szes on the stress strain relation are discussed, and the results
predicted by the present model are compared with experimental data.
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