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Fig. 1.1 Vicker’s hardness versus d~!/? for nanocrystalline materials
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(a)Taylor model (b)modified Sachs model

Fig. 1.2 Deformation patterns according to (a) the Taylor model and (b) the modified Sachs model
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Table 1.1 History of study on nanocrystalline materials by using molecular dynamics method

year author material potential grain size nm  total atoms  type
1994 3 Iwasaki®® Al Morse“ 2 3a
4 Chen#®-47) Fe FS? 0.9~1.7 3c
12 Wolf#2 Cu L-J 0.8~2.7 16,328 3c
1995 2 Inoue®®-69 Fe Morse* 2 7,948 2
2 Phillpot'7® Cu L) 4.3 55,296 3c
1996 5 Kalia®!-62 SizsN;  3-body? 6 1,085,616 3c
6 Keblinski'”> Si Swe 3.8~7.3 3c
7 Schigtz6V Cu EMT/ 361,568 3b
; Tajima(® L-J 1,839 2
- Heinisch®®? Ni EAMS 2.5 1,534 3b
- Wolf® Si Swe 0.8~2.7 3c
1997 4 Ogawa">¥ ZrO, Born-Mayer” 5 3a
7 Van Swygenhoven'®”©®®  Nj FS' 3-5.5 100,000 3¢
9 Chen®" a-Fe  Johnson/ 7.62~12.78 17,923 3a
11 Tsuruta®® SizNy  3-body? 5.6 1,131,732 3c
- Sasajime'*®) L-J 2
1998 2 Schigtz6>) Cu EMT/ 3.28~6.56 100,000 3c
- Nakatani‘6® bee-Fe FS? 2.8~5.16 12,036  3a, 3c
1999 3 Nakatani‘®? Al EMT/ 5.8 551,011 3c
4 Szpunar®®® Ni EAM* 1,040 3b
4 Keblinski'’® Pd EAM! 6 3c
4 Van Swygenhoven'’”  Ni,Cu SMA-TB' 3~12 1,200,000 3c
10 Heino'*¥ Cus EMT/ 1.8~13 200,000 3c
11 Schigtz® Cu EMT/ 3.28~13.2 1,000,000 3c
2000 4  Van Swygenhoven'”®  Cu,Ni EAM™" 5.2~12 1,000,000 3c
2001 4 Yamakov!’? Al EAM?° 20~70 1,021,000 3a
- Shimokawa(present study) Al EAM",EMT/ 5 1,403,169 3c

3 ¥ Lxw o~ TR A [, a .

type | 2 3a 3b 3c
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Table 2.1 Parameters of EMT interatomic potential for aluminum'®>

parameter | value unit
no 0.007 bohr™3
50 3.000 bohr
n 2.000 bohr™!
7 1.270 bohr™!
£ 1280  eV/bohr™?
Ey -3.28 eV
E; 1.12 eV
E; —-0.35 eV
Y1 1.0416
0%} 1.0664
yEMT=I 10.13 bohr
X 1.809
4 -15.0

1 bohr=0.52918%x10"1%m, 1 eV=1.60219%x10"1°J

N N N
EE;?M — % Z Z ¢EAM(raﬂ) + Z FEAM(pa,EAM) 2.61)
a=1 B=1, f+a a=1
N
pa,EAM _ Z ﬁEAM(ra,B) (2.62)
B=1, p#£a
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Fig. 2.10 An extended dislocation moving with velocity v. w is the width of extended
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moving partials and f;', and f7| are the forces on by, b,, respectively, because
of the applied stress.
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Table 3.1 Elastic constants for aluminium

C]] GPa C12 GPa C44 GPa

EAM-M 111.9 61.2 31.8
EMT-J 104.8 80.3 42.6
Experiment!>? 114 61.9 31.6
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Table 3.2 Macroscopic elastic moduli of EAM-M and EMT-J
A EVY  ER GV GR YR
GPa GPa GPa GPa
EAM-M 125 779 77.1 292 289 033 0.34
EMT-J 348 820 594 305 214 035 0.39
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Table 3.3 Unstable stacking fault energy and intrinsic stacking fault energy for EAM-M,
EMT-J and DFT (Density Functional Theory) of aluminium

Yus MJ/m>  ygp mJ/m>  ygg (relaxed) mJ/m?

EAM-M 188 158 147
EMT-J 110 54 31
Hartford et al. (DFT)!1>D 213 153 142

Experiment - - 135152 166153
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Table 3.4 Distances between the partials of a screw or a edge dislocation

\% R \% R AE
edge wedge Woerew  Wserew  Wiscrew

EAM-M 7.6 7.5 3.2 3.2 3.1
EMT-J 379 300 155 10.1 8.8
(unit:A)
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Fig. 3.4 Atomistic configuration of extended dislocations moving toward surface
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Table 3.5 Cases of (100) tilt grain boundary
O[deg] | 369 22.6 28.1 163 43.6 189 12.7

z 5 13 17 25 29 37 41

Table 3.6 Cases of (110) tilt grain boundary
O [deg] | 109.5 70.5 140.1 38.9 50.5 129.5

)y 3A 3B 9A 98B 11A 11B
O[deg] | 8.6 934 1535 265 31.6 1484
)y 17A 17B I9A  19B 27A 27B

O [deg] | 59.0 121.0 160.0 20.1
x 33A 33B 33C 33D

Table 3.7 Cases of (111) tilt grain boundary
Oldeg] | 21.8 322 132 382 42.1

z 7 13 19 21 31
Oldeg] | 94 278 448 164 46.8
x 37 39 43 49 57
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Fig. 3.12 Mean square displacement of a model with one vacancy

Table 3.8 Diffusion coefficient of a model with one vacancy

Diffusion coeflicient 600K 800K 1000K
DEAM-M 132 /g 551x1071%  3.01x10713  2.23x107'?
DEMT-T 2 3.28x107*  6.35x10713  3.20x1071?
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Table 3.9 Number of jump
600K 800K 1000K
EAM-M 2 21 277
EMT-J 4 55 279
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Fig. 3.13 Mean square displacement of a model with X5 grain boundary

Table 3.10 Diffusion coefficient of 5 tilt grain boundary

Diffusion coefficient 600K 800K 1000K
DEAM-M ;m2s | 524%10713 7.57x10711 4.72x107°
DEMT- 125 245x10712 1.88x10710  1.21x107°
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Table 3.11 Vacancy formation energy, vacancy migration energy and activation energy for
> 5 tilt grain boundary

E, | EY, E¥ EY. | Ocs
EAM-M | 0.66 | 0.69 0.79 0.62 | 0.88

EMT-] | 1.12 | 0.58 0.62 0.54 | 0.80
(unit : eV)
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Table 3.12 Lattice constant, cohesive energy, elastic constants, anisotropy factor, vacancy
formation energy, vacancy migration energy, surface energy and stacking fault
energy compared with experimental values

Interatomic  ay Ey B Ch Cop Cu A
potential A eV GPa GPa GPa GPa

EAM-M 4.050 -3.36 78.1 111.9  61.2 31.8 1.25
EMT-] 4.026 -3.28 88.5 104.8  80.3 42.6 3.48

Experiment ~ 4.05160 336161 79(130) 11401500 61 91130) 37 6(130) 1 21

Interatomic E £ EY vs(110)  y4(100)  y(111) VSF
potential eV eV mJ/m? mJ/m? mJ/m? mJ/m?
EAM-M 0.66 0.69 1006 943 870 147
EMT-] 1.12 0.58 974 906 848 31

Experiment 0.68(_162) 0.65(163) 980(_164) 980(‘164) 980(164) 135’(152) 166(‘153')
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Fig. 4.1 Shape of crystal grain by using a Voronoi construction in the case of two dimension
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Table 4.1

Specimens of nanopolycrystal

Specimen

Model

Interatomic potential

Specimen 1A
Specimen 1B
Specimen 2A
Specimen 2B
Specimen 3A
Specimen 3B

Model 1
Model 1
Model 2
Model 2
Model 3
Model 3

EAM-M
EMT-]
EAM-M
EMT-]
EAM-M
EMT-]

4.3 DOOOO

oooobono 0010 00 I1g

DDDDDDDDDl:lzDDDDDDDDDDDDDDDDDDDDDDDDDDISD
000 AL,ODO0D0O0D0D0O AeODDOODOO AlZ:l?AsEIDDDDDDDDDD32OfSD
ooobo0ob0b0o0oobo0oobo0obU0oooboooboobb0oUD 4200000
goooobooboobooboooboo LILmooooobobooboobooo
0000000000 300K 00000Parrinello-Rahman 00 0®0 00000000
odoooodooon ooy ddboooaoooduooodoooodd

Table 4.2 Condition of tensile load

increment of strain Ae  strain rate 1/s

Condition 1
Condition II
Condition III

4%x1073 1.250 x 100
1x1073 3.125 x 10°
4x10™* 1.250 x 10°
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Fig. 4.2 Deformation process
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Table 4.3 Properties of relaxed models

Specimen 1A 2A 3A 1B 2B 3B
Mean cell length /, A 211 216 215 209 215 213
Mean grain size dg, nm 5.8 4.3 3.6 5.8 4.3 3.6

Pro. of defect atoms fgg 0.312  0.407 0486 0.329 0436 0515

Pro. of hcp atoms f,,, 0.004  0.008  0.016 0.008 0.016 0.026

Elastic modulus E,, GPa 74.1 72.4 71.7 71.5 67.1 67.0
(ES, ED) (75.3, 71.5) (74.0, 70.0) (74.0, 69.3) (73.2, 68.1) (68.4, 65.3) (68.5, 65.6)

Elastic modulus E, GPa  74.5 73.8 73.2 72.8 71.0 71.2
(Ef, E]y)) (75.6,71.9) (75.5,71.3) (75.6, 70.6) (74.6, 69.2) (73.3, 67.9) (74.2, 68.4)

Elastic modulus E,, GPa  74.2 74.0 73.0 71.8 71.3 70.2
(Eg, E?) (75.3,71.7) (75.7,71.5) (75.2,70.6) (73.4, 68.6) (73.8, 68.1) (72.7, 67.8)
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(e) Specimen 3A (f) Specimen 3B

Fig. 4.3 Atomic configuration obtained by relaxation computation
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Table 4.4 Number of grain boundaries which consist of over 20 atoms
Specimen 1A 2A 3A 1B 2B 3B
Number of g. b. 323 861 2099 325 863 2093
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(f) Specimen 3B, £=0.18

Fig. 4.21 Atomic configuration in cross sections of specimen 3A and 3B in £=0.00, 0.08
and 0.16 on the condition III
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Fig. 4.22 Atomic configuration colored by equivalent strain between £:0.000 0.08 in
cross sections of Model 1 and 3 on the condition III
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Fig. 4.23 Atomic configuration colored by equivalent strain between £:0.000 0.08 in
cross sections of Model 1 and 3 on the condition III
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Fig. 4.25 Atomic configuration colored by two tone lateral stripes in cross sections of
specimen 1A, 1B ,3A and 3B on the condition III
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(a) Specimen 1A, & = 0.00 (b) Specimen 1A, € = 0.08 (c) Specimen 1A, € = 0.18

(d) Specimen 1B, € = 0.00 (e) Specimen 1B, & = 0.08

(g) Specimen 3A, & = 0.00 (h) Specimen 3A, & = 0.08 (1) Specimen 3A, € = 0.18

(j) Specimen 3B, £ = 0.00 (k) Specimen 3B, £ = 0.08 (1) Specimen 3B, € = 0.18

Fig. 4.26 Distribution of tensile axis in the unit triangle of each specimen on the condition III
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(c) e=0.15 (d) e=0.25
Fig. 429 Switching of neighbor grains in the region (S)
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Fig. 430 Switching mechanism of Ashby and Verrall
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Fig. 4.34 Stress—strain curves and distributions of tensile axis in unit triangle. Values of
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Fig. 4.38 Relation between stress-strain curve of specimen 1A and the movement of the
dislocation of D, in Fig. 4.37
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Fig. 4.46 Atomistic arrangement of specimen 1A-2 colored by (a), (b) atomistic structure
and (c) equivalent strain under tensile deformation at £ : 0.00 ~ 0.03
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Fig. 4.47 Atomistic arrangement of specimen 1B-2 colored by (a), (b) atomistic structure
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118 040 O0O0OODOOOODODOOOODODOOO

(b) £ =0.03 (c) equivalent strain

Fig. 4.48 Atomistic arrangement of specimen 1A-2 colored by (a), (b) atomistic structure
and (c) equivalent strain under compressive deformation at € : 0.00 ~ 0.03

(a) € =0.00 (b) e =0.03 (c) equivalent strain
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ks

D &=0.088 @ &=0.094 @ &=0.094
@ &=0.090 ® &=0.080 ® &=0.057

Fig. 4.55 Movement of the dislocation in the grain G at the view point from Q (Fig. 4.53(a))
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Fig. 5.5 Relation between true stress and nominal stress of Specimen 4A and 4B as a

function of nominal strain
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Fig. 5.6 True stress of Specimen 4A and 4B as a function of decrease rate of minimum

area of cross sections of each specimen
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Fig. 5.7 Atomic arrangement of Specimen 4A in v=50m/s
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Fig. 5.8 Atomic arrangement of Specimen 4B in v=50m/s
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Fig. 5.9 Change of minimum section area of each specimen as a function of nominal

strain, v=50m/s, 100m/s
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(a)e=0.00 (b)e=0.05 (c)e=0.10 (d)e=0.15 (e)e=0.20

Fig. 5.11 Change of atomic configuration in cross sections of Specimen 4A and distri-
bution of tensile axis in the unit triangle at v=50m/s

3 : 33 ~ T PaTy | gt o
(a)e=0.05 (b)e=0.10 (c)e=0.15 (d)e=0.20 (e)e=0.25

Fig. 5.12 Atomic configuration in cross sections of Specimen 4A colored by equivalent
strain for Ae=0.05 at v=50m/s
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(2)e=0.00 (b)e=0.05 (c)e=0.10 (d)e=0.15 (e)e=0.20

Fig. 5.13 Change of atomic configuration in cross sections of Specimen 4B and distribu-
tion of tensile axis in the unit triangle at v=50m/s

(a)e=0.05 (b)e=0.10 (c)e=0.15 (d)e=0.20 (e)e=0.25

Fig. 5.14 Atomic configuration in cross sections of Specimen 4B colored by equivalent
strain for Ae=0.05 at v=50m/s
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(a)e=0.25 (b)e=0.45

Fig. 5.17 Stacking faults consisting of hcp atoms in the Specimen 4B
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Fig. 5.21 Stress-strain curve of Specimen 1B
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Table A.1 Vectors connecting atom centers r;, their magnitudes, and the equivalent bond
energy in FCC

Bond r;(X6) Ir;[(x6/ay) Bond Ene. EAM-MeV  EMT-J eV Morse eV

ri (033) V18 b1 —42.9 X107 _737.8x107  _1g] 4x107
r {006 ) V36 b ~55.0 -62.8 ~171.5
7 (444) V48 ¢, ~40.2 -17.1 ~93.2
r3 (336) V54 b3 -20.3 -9.5 -67.8
ry (741) V66 ¢y 4.2 -0.2 -28.9
rs (660 ) V72 b4 3.7 - -15.0
rs (039) V90 s _ _ _

r,  (11(10)) V102 A - - -
re (666 ) V108 b6 - - -

v (T74) o ¢ - E -

g (24(10) V120 ¢ - - -
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Table A.2 Intrinsic stacking fault energy by central-force model

ysr—2 mJ/m*  ysp mJ/m?
EAM-M 157 158
EMT-J 72 54
Morse -82 —
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