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Summary

In order to clarify the influence of inhomogeneity by surface or interface on the stress
decrease on the system instability under tensilon, we investigated the unstable behavior
or “elastic limit”, from the unique view point of the atomic elastic stiffness (AES) in fcc
metals of Al and NilJ First[J we discussed about the effect of structural inhomogeneity
by surface. We performed molecular dynamics simulations on Al and Ni thin plate
and nanowire models with (100),(110) and (111) surfaced Al (111) thin plate, all of
Ni thin plate and Ni (110) nanowire showed unstable stress drop, when the average of
det Bf; became negativell or reached to the “system instability”. Other Ni nanowires
also showed near-zero value in the average of det By} at the stress-strain peak, while it
is difficult to evaluate the instability behavior for other Al models, since they showed
high positive value of the average at the stress-strain peak. Next we made twist and
tilt grain boundaries against various misorientation angle, and evaluated the grain
boundary energy, the average and minimum of By}, the number of detBf; < 0 under
the no-load equilibrium. Both Al and Ni showed low energy cusp for the »3 twist,
(111)¥3 and (311)X11 tilt grain boundaries and there is no detBf; < 0 atoms in
these grain boundaries. The tendency of the minimum of detBf; and the number of
detB;; < 0 doesn’t coincide with that of the grain boundary energy for the other
misorientation angles. We have then performed molecular dynamics simulations of
tension normal to the X3 twist and tilt grain boundaries to investigate the inherent
strength of grain boundaries from the view point of detBj;. In the case of twist grain
boundaries of Al and Ni, the average of detBf: become negative at the stress-strain
peak, then dislocations nucleated from the grain boundaries. Kink formation was
observed at the twist grain boundary of Ni in the early stage of tension. In the case
of tilt grain boundaries, Al also showed negative values in the average of detBf; at the
elastic limit, while Ni did slightly positive but near zero value. After the stress peak,
we found many “detBj; < 0”7 atoms in the grains and the stress drop caused by the

phase transformation in the grains.
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Table 3.1 Analysis condition[

Coordination axis | Number of Cell lengthnm] Atomic number
x,,2 unit cell Al Ni

[100],[010],[001] | 20x20%20 | 8.10x8.10x8.10 | 7.04x7.04x7.04 32000

[110],[T10],[001] | 28x28x20 | 8.02x8.02x8.10 | 6.97x6.97x7.04 31360

[111],[T10],[I12] | 12x28x16 | 8.42x8.02x7.94 | 7.32x6.97x6.90 32256

13




5 — [001]

-7 [010]
|- [100]

-~ (a) (100) surface model

[001]

[110]

[110]
(b) (110) surface model

[112]

[110]
[111]
(c) (111) surface model

z
L,y
X

Fig.3.1 Schematic of simulation modelsJ tion cells

(i1) Nanowire model
Fig.3.2 Atom configuration in the simula-

14



3.2 AlO0OO0O0O

3.21 (10000000000

(100)0000000000000000033000000000K|000000
0000000000 detBy00000000000000000000000000
0000000000000000000000detB400000000000000
00000000000000000000000000000000000000
00000000000000000000-00000000000000000
OdetB2 0000000000000000000000-000000000000
e..=016600000000000000000000000

detBE0000000000000000O0O0BBIODOO0000000000
000000000000000000000000000000000000000
033b) 000000000000 00000000(0000000000000)0
00000000000 detB¢00000000000000000BZO00000O0
000000000000000000000¢e,,=0.16660000000 detBg0O
00000000000000000000000000 e,,=0.1678000 detBg
0000000000000 0O0 AID (100)0000000000-00000000
detBg 0000000000000000000000000000000O0000
0000000000000000000-0000000000detB2 00000
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000034000000000000000000000
O0detBE <000000000000000000000000000-00000
0000000000 (a)e.. =0.1670000detBg 000 000000000000
0000000000 (b)e., =0.16780000 detB2 00000000000000
00000000000000000000000000000000

15



Average of 6x6 determinant, ZdetB”,j/N,
normalizzed by detB“; at perfect lattice

Number of detB“ <0 atoms

[%)
(=3
(=3
S

= 2000

1000

T

o
~

Strain, &,

(a) Outline

0.6

L s
Stress-Strain curve

0.4

< Maximum
% L

N £,~0.1665 ! 5
e \:_/

. 2F 1
] 1
£ Average i
7] L 1

Minimum 1
I
I

Average of 6x6 determinant, ZdetB“;/N,
=3

normalizzed by detB“; at perfect lattice
f=]
S

o3 )
(=3 (=3
(=3 (=3
S (=]
T

1000 -
0
PR PR PR i 1
0.15 0.155 0.16 0.165 0.17 0.175 0.18

Strain, &

> Czz

(b)Zoom-up around stress drop

Number of detB“;<0 atoms

Fig.3.3 Change in the averagell standard deviation of detBf;l] and stress-
strain curve of thin plate of (100) surfaced AlOO

(a) e_=0.1670

§°

5

(c) e, =0.1681

[001]

(b) e =0.1678
[010] ”

[100] e

(d) e, =0.1683

Fig.3.4 Snapshot of (100) surface thin plate. Green circles indicate det Bf; <0

atoms] AlOO

16



3.2.2 (110)0000000

(110)000000000000000O0OO 3500000000e¢,,=0.123700
gbouodbuodgbogbudgbodbdgdibde,=0.1365000000000000
00000, (100)000000000000-00000000000O00O0DOoOO0
0000000000000 @(@o00) 000000 detB; 00 0DOO0DO0OOOOOO
gbobogoboago 3.5(b)DDDDDDDDDDDDDDDDDDDDDdeth‘j
UodoboobDbOo0bDOle,=01237000-0000000000000O00OO0
DooobooooodbdetB Doooobooooooooooooooooood
gogobbbbboodoooooobbbobbo3eooooonobboobn
DoobbOooobbOoOdetBy <0000 ODOO0OOOOOOOOOOOOO-000
DDDDDDDDDDDD(a)5ZZ:0.1237DDDDDDdetB%DODDDDDDDD
DDDDDDDDDDDDDDD(b)azZ:O.1241DDDDDdetBiajDODDDDDDD
gobobooogoboboooobo

17



I
Maximum £,=0.12371
I

Stress-Strain curve :

Stress, o,, GPa

Average of 6x6 determinant, ZdetB”i//N R
normalizzed by detB“; at perfect lattice

Op—==== Fakhhbiihiiiisiiduiniiiisisl bbbt -0
Mlmlmum , ,
0 0.05 0.1 | 0.15 0.2
é 3000 :
= T T T T } T T ]
< 1
J<2000f- " .
3 £,~0.12411 1
2 1000 | -1
I
< M\
3 0 L 1 L 1 1 1 P
'E 0.05 0.1 0.15 0.2
] Strain, &,
Z
(a) Outline

, ZdetB*;/N,

;7 at perfect lattice

Average of 6x6 determinant.
normalizzed by detB”

o
W

n

—_

(=}

PR B |
0.105 0.11 0.115 012 0125 0.13  0.135

Maximum 1 5
1
» 1
\:‘___
L Average | ‘
1
]
""""" i i 1
Minimum \

PELIN ) mr_‘

T T T T T T T

I
1
I
I
I
I
I
|
y

£,~0. 1241

P

PR R | L
0.105 0.1 0115 012 0123 013 0135

w
g
S 300
<
(=]
V_ 200
%
5 100
=l
i
S 0
5
Ne)
£
=
z

Strain, &,,

(b)Zoom-up around stress drop

Fig.3.5 Change in the averagell standard deviation of detBj;ll and stress-
strain curve of thin plate of (110) surfaced AlOO

[001]

(a) e_=0.1237 [110]

v

(c) e, =0.1242

[110]

(b) £,=0.1241

Fig.3.6 Snapshot of (110) surface thin plate. Green circles indicate det Bf; <0

atoms] AlOO

18



3.2.3 (111)0000000

(111) 0000000000000 00OO 37000000000 DOOODO 200
Dodbdbf0e,=0114600000000000000detB; 00o00ooon
gbbuogouogobooobbooobodg 3.7(b)DDDDDDDDdetB%DDD
bO0dbe,=010000000000000000e,, =0.11060000001788
D00000detB; 00000 OdetB; DOLDDOO0DODODOOODOOOOOOOOO
DooooobOdetBzobooooooooooboooooooboobooo

O33000uoooooooooooooooooobidetB; <o00oooong
DobbOoobbOoobbbOdetBz00O000OOOooooo3000ooon
gobob20000000boboooooobobboooobbbboooooobon
Dobb0O0detB; D00D00DOO0DOO20000000000O0O00O0DOOOO
Ubooboobuoobgdbde,=011470000000DDOODODODODOO
DoooooobddetB; 00000000 e,,=0.115100 33(d)D000OOO
DobboobOOddetB: <00DO0O0OOO0O

g (111)DDDDDDDdetB?j gobooboboobbuoobboobboon
poboooobooooooobooboooobobbexe O pxooooooon
00039000 38000000000DDO0OD (My)OODODODOODOOOOOOO
OO0 detB D0D00DOOOOOOOOOO20000000000000000
0@ (00000)0000 (a)—»(c)D0OD0OD0ODODOOOOOOOOOOOOOOO
000000000000 (¢)D000000000 3.8(c)dboon detB; DogoQ
000000000000000000O0o [1ojoo0oo00Uoo0)Dooood
obboboboboboobbobobbbdetzy0bboooboooobooon
ooboobooxOobOobOOobobobooobobooooboobobo 2000000
Ooo00 (p)O0O0O0O0O0OD0O00000000000LULOLOUODL0LD yO00OOOOOo
detB 0O 0DOOOODOODOOOODOOOODOODOOUOODOOO

19



o
o

22—t —7—

L L | | T 1
1 _, 1!
o £,=0.11461 . £,7~0.1146(peak; 1"
Z3 . “ I 10 Z 3 1" 410
s =& 1.6 fMaximum 1 38 . 1
L] h LR Stress-Strain curve 1
S8 Stress-Strain curve | < 304
W W e
= 3 1.2 < O
§ E' 1 < § S'
g5 I & 5%
E N I 5 é S
3308 \ ] g3
ISR} ) 5 © 0.2
=Ta=] I o < o
© > 1 2 © >
&35 1 £ &3
S 304 H @ <3 I
S N Average | SN Average
ks ' g% o0 "y
-
z E o - 0 2 E [ Minimum
= y Minimym [} Lo = A R TP | W A
- 0.05 0.1 1 0.15 0.2 0.1 0.105 0.11 O.Il:IS 0.12 0.125 0.13
g 1 @ 1
I
2 l g i
S 30000 ———————+ . £ 30000 —r———1—— . .
v:@ L o L 1! J
3 V. 1
520000 - £720000 ! -
3 I £,~0.1147 5 I ! ]
510000 |- - = 10000} £,~0.1147 -
5 i o L 1 J
o [
=] 0 n 1 n | L L 3 0 PR el P R TR R B
Z 0 0.05 0T+ 0I5 0.2 E 0T 0105 001 015 012 0125 013
Strain, &, Z Strain, &,
(a) Outline (b)Zoom-up around stress drop

Fig.3.7 Change in the averagell standard deviation of detBf:[] and stress-
strain curve of thin plate of (111) surfaced AlOO

[112]
(a)e.=0.1106 L1101 (b) £, =0.1146 (a’)e, =0.1106
[110] [111]
(c)€,=0.1147 (e, =0.1151 (b) €, =0.1146

Fig.3.8 Snapshot of (111) surface thin plate. Green circles indicate det Bf; <0
atoms[ AlO0

20



o
w
o

[12] -
% [110]
(a) £.=0.1106 (b) £, =0.1146

eigen value A,

-

(c)e,=0.1147 (d)e,=0.1151

-3.0

Fig.3.9 Snapshot of (111) surface thin plate[ colored by the minimum eigen
value of A\;

21



3.2.4 (100)-(010)000 00

(100)-(010)000000000000000000 31000000000 (100)0
0000000000e¢,=013810000000000000000000000
D000000000detBE 0000000000000e,, =0.1045000000
00800000000000000e¢,=012250000000000000000
D000 310b) 00000000, =013810000000000 detBE000
00D0000000000000000detBE <000000000000000
00000000000000000detBE <0000000000 detBE0000
0000000000000000000000000000000000 detBg0
00000000000000000000 (100)-(010)0000000000000
00000000000000000000000000000

0311000000000000detBE <00000000000000¢,, =
010450 0000000000000000000000000000000000
(h)0000000 e, =0.12260000000000000()=»(d)000000
D00000000000000 (d)e,, =0.13810000000000000000
oooooo

03120031300 31100000000 ,0A000000000detBE00
0000000000000000000000000000000000000 A
00000000000 (hOO0O0003.130 ,0000000000000000
000 X00000000000 (b)OOO0D000detBE <0000000000
D00000ADOOOODOODOODO0DO0000000 detBE <00000A<0
00000000000

22



2 ———T—T——10 — T
- Maximum o Stress-Strain curve
<38 €815 10
2 E 16 8 W E
% = Stress-Straiff curve % =
52 =
£212 68 E2 i £
£ O £%8 I O
B - ! ;
5% Average [SHES -0 | 5©
5 5 08 4, BB &
o o 1 172 = o ! 173
£z : 5 g2 : 2
8 v 3 2]
% E 04 2 573 :
. O .
I ¥ :
5 E £,~0.1381 | SE O |
S () frmmemmmmmmmmsmmmmmmm e -0 S
< & M ‘w < & 1
.  vunmum . 1 . |
0.05 0.1 10.15 0.2 0 1
g ! g 1
) ! ) 1
= 3000 I = 1500 I
(=] T T ™t (=4 +
S L ! ! i ] S L I
2 2000 - ! - 2 1000 :
5% Q
3 L | 1 b F I
1000 [ | - 5500 I
551 3 L E 3
@ 0 s 1 s 1 ratll . . ’é O 4
2 0.05 0.1 0.15 0.2 E 0.12  0.125 0.13 0.135 0.14 0.145 0.15
Strain, ¢, Strain, ¢,
(a) Outline (b)Zoom-up around stress drop

Fig.3.10 Change in averagell standard deviation of detBf;[J and stress-strain
curve of (100)-(010) surface nanowireld Al00O

2
§
[001]
(a) e_=0.1045 [010] (b) &, =0.1226
&
. [100] " &
@ § ? 2
! 4
e /
$ ¢ -~
g ¢ ‘*
3 8
(c) e, =0.1330 (d) e, =0.1381

Fig.3.11 Snapshot of the (100)-(010) surface nanowirel] Green circles indicated
det B < 0 atomsO AlOO

23



Ty

[001]
(a) £_=0.1045 [010]

eigen value 2,

[100]

(c) €,=0.1330 (d)eg,=0.1381

Fig.3.12 Snapshot of the (100)-(010) surface nanowired colored by the mini-
mum eigen value of \;[J

30

[001]
(a) e_=0.1045 [010]

eigen value 2,

[100]

o el
il
4L D)

Do
L EC

>
g
—w

e il e’s
o e :',f{

L ¢
5590, Syt
R S 3

e

&

5 (c)e,=0.1330 (d)e,=0.1381

Fig.3.13 Snapshot of the (100)-(010) surface nanowire[ colored by the 2nd

minimum eigen value of \y0J

24



3.2.5 (110)-(110)00000

(110)-(110) 0000000000000 DO0O00 3.14000000000000
UobDbobboooodidibe,=003800000000000000000000
DoooobbobiOdetBz0000000OODOE,=0.021000000000
oooobooobboobouoobooooboouibdetBgoonooooood
O000e.,=00691000000000000000003000D000O0O0O0 detB;
oooooobboobboobbooboion e, =0.009100 detB; 0000
O000000o0oO0oo0o0ooooooo0ooooooooooooooo (oo
ooobooboob-0obooboobuobdetB<obbobnooobooonoO
detBp 000000 0O0OO0ODOODOOOOOOOOOODOOODOO

03.15000000000000detB; <00000000O0OOdetB000OM0
O00000000000000 (a)0(h)D000O0O0D0OO0OODDODOOO 20000
O00000000(b)e,,=0.052200000000000000000 10000
0000000000000 (d)ooo0UooDoooUoUoUoooDooooooooo
gboobbooboobooboobooboobooboobooboobon
goboooog

oo 000003160 000detBy <000 DOODOOODOOODOOODO
xUOOOOOooOooobooooooooog

25



Average of 6x6 determinant, ZdetB”,j/N S
normalizzed by detB®; at perfect lattice

=

—_
W
T
1
—
(=}

Maximum

Stress-Strain curve

T

i WW

n_m||||H|\||\W |

S
Stress, 0., GPa

o
W
T
1
W
Stress, 0., GPa

Average of 6x6 determinant, EdetB“ij/N,
normalizzed by detB®; at perfect lattice

Minimum,

0

0 atoms

0.05

<

u

[
[=3
(=3
=3
T

i L 4
Q

=l - -
G

© 1 .
=

3] L 3
5 __/_NN——.
g 0] =
g L L " "

Z A . B .

> 1500 ————T T

1000 o

500 ‘)I/-\"—-"

Fig.3.14

Fig.3.15

1 i 1 i 1 a1 i 1 i
0075 0.08 0085 009 0095 0.1 0.105
Strain, ¢, Strain, ¢,,
(a) Outline (b)Zoom-up around stress drop

Change in averagel] standard deviation of detBj;[J and stress-strain
curve of (110)-(110) surface nanowired Al00

Number of detB“;<0 atoms

8 8
8 : ] g /
8 ; 8 @
: : ;
] : 8
) . 8
: e °
[001]
(a) EZZ=0.0521 [110]
@ 110 S
: P g :
8
% A % w5
¢ i
g g, %
: :
% 8 < ® @ %
' g
@
(c) &, =0.0691 (d) £, =0.0938

Snapshot of the (110)-(110) surface nanowire[J Green circles indicated
det B < 0 atoms[ AlO0

26



~
3

[001]

TZO] (b) £,=0.0522
[110]

(a) £,.=0.0521

eigen value A,

-15 () e, =0.0691 (d) &, =0.0938
Fig.3.16 Snapshot of the (110)-(110) surface nanowired colored by the mini-
mum eigen value of \;[J

27



3.2.6 (111)-(110)00000

(111)-(110) 00000000000 000000O0 3000000 oooUooo
D0bbbOdetB0000000OOODDOOOO0OOOOODOODOOODN e, =0.0919
DooooooooooooooobbbbdetBz0obbobooooooooonon
DoooooboooobbdddetBzoo0oonioioUle,, =0.05150 0—640
£,,=0.0590 64—128000000000000O0O0O0O0O0O0O0O0O0O Ae,, =0.0515
O0e.,=0091200 detB; 0D OOODOODOOOO

D3.18DDDDDDDDDDDDDdethj<ODDDDDDDDD(a)52Z:O.O515
O000064000000000000000O(b)e,,=0.00960000 200000
oooobi12800000000detB; 0000000000000 (c)e.. = 0.09120
0000000000000 0O0000000000oggg (de,,=0.0919000
gboobgs3booboobobbobod

031900N,0000000(110)-(110)000000O detBj; <00O0O0ODOOO
gobboboooobbboooobbbooogbbbogo

——T——— T —— T 10 ————1T1—t—1—
i Maximum A £,~0.0919 (peak)
<8 16 ¢ Z 8 15f 410
%?3 =i Stress-Strain curve ?39 E Stress-Strain curve
O O
= Q < Q
A N
- E 1.2 6 o E 1 <
£ & [ g = [
£ O g% &}
E 503 4 8 E & e
<3 2 I3 4
g5 5 ogz” 2
wn wn
Z g4t ! 2 Dult
© N © N
o N Average o N |
£= 0 ~0.0919 ] £ S o
E E 0 i || -0 E § Minimum ]
= Minimym 1 L 1 L = P T S TR TN .
" 0.05 0.1 0.15 0.2 , 007 0075 008 0085 0097 0.095 0.
=) g 1
2 2
< < |
g 3000 1500 =T
S S I b
23 2000 2 1000 : 4
o 5]
3 I 3 [ ! ]
3 1000 S 500F £,=0.0912 -
E L E_')‘ L \ ) 4
S < T
g 0] P . 1 . £ Y A T
Z 0.05 0.1 0.15 0.2 2 007 0075 008 0085 009 0095 0.1
Strain, &, Strain, &,
(a) Outline (b)Zoom-up around stress drop

Fig.3.17 Change in averagel] standard deviation of detBf;[J and stress-strain
curve of (111)-(110) surface nanowired Al00

28



(a) e_=0.0515 [112] (b) £, =0.0596
= [111]

[110]

(c) g, =0.0912 (d) e, =0.0919

Fig.3.18 Snapshot of the (111)-(110) surface nanowirel] Green coloured circles
indicated detBf; < 0 atomsO AlOD

25

[112]
(a) e_=0.0515 (1] (b) €,=0.0596
[110]

|25 (c)€,=0.0912 (d)e,=0.0919

Fig.3.19 Snapshot of the (111)-(110) surface nanowired colored by the mini-
mum eigen value of A\{[]

eigen value A,

29



3.3 NiJOooonO

3.3.1 (10000000000

NiO (100)00000000000000000 3200 Al000O0000000
00006, =0.11600000000000AI0000000000000000
00000000000000000000000000000000 3.20(b)000
D00000000000000detBi0000000000000 (100)0000
00000000000 0000000000000000000000000000
detBE 00D0DO0O0DODODO0OOOODOD detBE000000000
0006, =0.00070000 16000 0000000000000000000000
D00000e, =0116000 detBE 000000000000000000000
000000000000000000000000000 (100000000000
0000000000000 =0000000 =000000000000000
0oO00oO0O00o0O00oooo

000000 detBg <000000003.210000160000000000000
000000000aMOe,, =0.1160000000 (b)e,, = 0.11600 (c)e,, = 0.1161
000000000000000000000(d)e,, =0.1163000000000
detB 0000DODODO

30



0.6 ——————T T —T——T725
I
. - = k) 1
Z,\_g 5\5 :812 0.1165 (peak)
3 E 3 TE —20
] 5 E !
O + O E
= 2 < 9 04F
W2 W g : 15
8 £ E& 1 £
£® © g% T : Stress-Strain curve | O
g & 1 g S Maximum | q10 ¢
T 0O 4 © 002 1 w5
< o | s O 1 7 ]
Sy ||| 1 2 g£2 1 Z
5 a & =45 @
=3 fitbtt][ |1 <38 !
S § " <} N Average I E
&3 """ &g 0 ! 0
5 £ X = — SN 7
S5 >3 Minimum ! 4
Z 8 - , - i \
_ Minjmum_ 1 . PR TR S B SR | T
0.05 0.0 T 015 0.2 0T 0105 0. 0118 012 0125 0. ?
" I " I
g I £ I
2 L 2 T -
Z 30000 S 30000 i
v:} B V:: B T
& 20000 2 20000 ]
< [ < i 1
% 10000 < 10000 i
5 I 5 i 1
"g 0 L L L L1, L M- '§ U N P N
= 0 0.05 0.1 0.15 0.2 Ef 01 0105 0.I1 0113 012 0125 0.3
2 Strain, &, A
(a) Outline (b)Zoom-up around stress drop

Fig.3.20 Change in the averagel standard deviation of detBj;J and stress-
strain curve of thin plate of (100) surfaced NiJO

[001] (b) £, =0.1160
[010]

[100]

(c)e,=0.1161 (d) e, =0.1163

Fig.3.21 Snapshot of (100) thin plate surface. Green circles indicate detBf; < 0
atoms[] NiJO

31



3.3.2 (110)0000000

NiO (110)00000000000000000 3.20000000000000
Oe..=013500000000AI0000000000000000OOdetB;000
oooboobboobboobbooboobboobbobbiobbboOn detBg
DO000e,=01042000000000000detB 0000000000000
£..=0.1042000 000000 224000¢,, =0.10420 =33600 U e, = 0.12160 —
448000 ¢e,, = 0125700 000000000000 0O0O00O0O0O0O0O0 &,, =0.1263 0
DooooobooobOdetB; 0000000000000 0ObBMIOdetB 0000
oobbooobboobbOoobobbooobbdetBzoobooooooon
00 e,=01230000000000000000000O00O00O00O0O00O0O0ODODO
gobboooooboboooobobooooboo

032300000bbbbbo0detB;<obbonoooboboons23nobood
00000000 (a)e,, =0.10420 000000 1000000000(b)e,, =0.1044
002000000000000000000000D0000 (c)e,, =0.1262000
040000000000000(d)e,, =0.126300 detB; 000D OOO0DOOO
00000000000 ()oooooOo0oOoooooooooooooooooo

32



S—— 11— 0.6 25
. | .
5 3 420 %X E 420
23" 1 S804l . 1
8- “5 V[ Stress-Strain curve s
g = 415 g &
£ & g EW £
g ??5 1 ] @N g E‘é Maximum 10 (D“
23 d10 8" 3502} | ¢
) g ¢z 2
305k e = S ' 5 2
o IIII‘"@ ds 2 3 S Average 1
o . | . i
-+ =1 2% : 0
8 5 a4
<2 0 0 < g » ' !
\erllln‘u_lm [P B PR

0.2 0125 003 0135 0.4 0145 0.1%

” " 1
I
5 5 |
< = L L L L
< 30000 < 30000 [z = —
! , A K2 ]
220000 I 2520000 -
o 1 Q L E
=l B | el
5 10000 ' 5 10000 -
g L 1 —d;)‘ 3 g
g 0 1 " 1 L " g OF o v v by ey T
3 0.05 0.1 015 0.2 2 002 0125 0.3 0135 0.4 0145 015
Strain, &, Strain, ¢,
(a) Outline (b)Zoom-up around stress drop

Fig.3.22 Change in the averagel standard deviation of detBj;J and stress-
strain curve of thin plate of (110) surfaced NiOJO

(c)e_=0.1262

(d) e, =0.1263 (e)€,=0.1264 () &,=0.1350

Fig.3.23 Snapshot of (110) thin plate surface. Green circles indicate detBg; <0
atomsU Nill[J

33



3.3.3 (111)0000000

NiO (111)00000000000000000 3240000 325000000
DONiDD (100)00000(110) 0000000000000 detBE000000
0000000(11)000000000000¢,,=0.119100 detB3 000000
D000000000000000detB: 0000000000000000000
D000000000000003.250 detBE <000000000000000
00000006, =0116100000 Al0000000200000000000
0000006, =0119100000000000000000000000000
detBg <0000000000O (¢)0()000DO0DNIDOODODOO (111)0
D0D00D0 detBE <0000000000000000000 detBE<00000

gobbboooouooobboooobobbboooobbboooon

34



2 —— 1 . 25 0.6 T T — T T 25
I [} o
& E s Stress-Strain curve 1 20 & E 1%
O+« 1o 1 O
R I 0 g 04
‘é 2 : Maximum =15 & ‘§ & | Stress-Strain curve 15
£8 | & £8 | &
ggb 1 1 - . g%: N
8 I ' 8 3
RS c=01191" 10 ;a 3302t £,~0.1191 (peak)] ;;
Sz 2 V- : £ £ 2 [Maximum : ]
= gosr I » 23 F I i
°X ‘Avera | 5 ° N Average \
on = ge 1 ODE I
e J e m
6 E P ! sE O !
< g 0 10J00110 0 < g \N\
N 1 N 1 1 N PR R IR B | 1 _

0.05 or 1oIs 0.2 0T 0105 01T 0115 .12 0125 0.13
2] : » :
g 1 g 1
‘5 T v T l' T E" T T T ] T v T
S 30000 f - S 30000 -
v I ! l v ! |
% 20000 - - 2 20000 I -
3 I £,~0.1161 i 3 ! X
5 10000 |- “ - 5 10000 | &70.1194 4
o} i 1 5 - ]
"E 0 N 1 N 1 . 1 . Jé, " " .
2 0 0.05 0.1 0.15 0.2 Z 0@ 0105 0IT 0115 012 0125 0.13

Strain, ¢, Strain, &,
(a) Outline (b)Zoom-up around stress drop

Fig.3.24 Change in averagell standard deviation of detBf;[J and stress-strain
curve of thin plate of (111) surfaced NiOJO

[110]
(a)e_=0.1161 (b) e, =0.1191

[111]

(c)e,=0.1194 (d)e, =0.1195

Fig.3.25 Snapshot of (111) thin plate surface. Green circles indicate detBg; <0
atoms[] NiJO

35



3.3.4 (100)-(010)0 0000

NiO (100)-(010)000D000000000000000 3260000 3.27000
000000000327000000000000000000000000000
D000000000detBE D000000000000¢,, =0.050200 detBg O
00000000000 327)000000000000000000000000
D000 327b)0(c)00000000000000000000 detBE <0000
000000000 (be,. =0.097000 3.27(a) D000 detB 0000 (00) 00O
000000000000000000 (e, =0.0183)0000000000000
0000000000 327(d)00000000000 (a)—(d)0000 detBE <0
D0D0003260b)00000000000000detB:<000000000000
D00000D0detBE 0000000 e, =00183000000000000000
0000000000000000000000000000=000000000
000000000000

36



, SdetB*/N,

; at perfect lattice
Stress, o,. GPa
Average of 6x6 determinant, ZdetB”l-j/N s
normalizzed by detB”,j at perfect lattice
Stress, 0., GPa

Average of 6x6 determinant.
normalizzed by detB”

0.05 0.1

10000 f—r——r—T——
30000 -

<0 atoms

y

20000 - 5000

10000 -

Number of detB%,
Number of detB”,<0 atoms

Ug -
N 1 N 1 N 1 N 1 N 1 N
0.05 0.1 0.15 0.2 0.1 0.105 o0.11 0.115 0.12 0.125 0.13
Strain, &, Strain, &,

(a) Outline (b)Zoom-up around stress drop

Fig.3.26 Change in averagell standard deviation of detBf;[J and stress-strain
curve of (100)-(010) surface nanowired NiOJ[

010
(a) £.=0.0502 oL (b) £,=0.0970

[001] [100]

(c)e,=0.1130 (d) e, =0.1183

Fig.3.27 Snapshot of the (100)-(010) surface nanowired Green circles indicate
det Bf; < 0 atomsU Nil] top view[

37



3.3.5 (110)-(110)00000

NiO (110)-(110) D 0000000000000 0O0O0 32000000000
Oe,.=012070000detB 00000000 0DOOLOOOOOODOOODOOO
DooobO0detBz 000000000 00e,,=007400000 0000000
DoooobobddUdetB; 00000000000 ,,=0078200000 360
U000bobo0obodbioOobibOle,=01007r000 200000000000
0000000000000 e,,=0.1220000 41000 000000000000
O0000e¢,=01221000000000000000000000 3.28(b) 00O

0329000000000000detB; <0000DOOUOODOOOOOODOO
DDDDDDdeth‘jDDDDDDDDDDDDDDDDDDDDDD(a)DDDDD
gobbobbooooobbobtooooobbbobooduolooog 2000000
O000000e,,=0.100700 0.1220000 41000 0000000000000 (c)
000000 200000000000000000000 ()ODOOOOOOOO
gb1obogogboboooogn

38



12— r 25
Z“ © z‘ ® Stress-Strain curve 1 ]
.2 =8 I
& 8 = 420
0 + D — 1
= 9 o Q 1
o8- NS08k ,
R RS £,~0.1267(peak)i 15
£% £ £8 I &
E s = o é B:@ | O
23 g2 2 Maximum : H10 &
<3 . 8 T04 " ©
g2 Z g2 g
=] 85 ©S9 <45 &
3§03 S X [LAverage I @
go'% gn-i 1
5] s 1
g g 5 E 1) - T 0
< g < g I
Minimum I
b 1 PR I I N 1 N
0.11 0.115 0.12 0.125I 0.13 0.135 0 1;
1] v I
: : i
g 2 20000 ——————1%
$ 30000 o !
37 I S 1
% 20000 2 10000 £~01220 |
el F = 1
5 10000 k]
5 - 5 |
Ne}
g 'E Y N T T T U B T
2 g 0.11 0.115 0.12 0.125 0.13 0.135 0.14
Strain, &, Strain, &,
(a) Outline (b)Zoom-up around stress drop

Fig.3.28 Change in averagel] standard deviation of detBf;[J and stress-strain
curve of (110)-(110) surface nanowired Ni(J(J

[110]
(a) e_=0.0782 (b) ,=0.1007

[001] [110]

(c)€,=0.1220 (d)e,=0.1267

Fig.3.29 Snapshot of the (110)-(110) surface nanowire[J Green circles indicate
det Bf; < 0 atomsU NilJ top view[

39



3.3.6 (111)-(110)00000

NiO (111)~(T10)000000000000000000 3300000000000
D000detBi0000000000000000000000000000000
0 (c.. = 0.1058) 00000000 e, =0.0885000000000000detBg 0
00000000000000000000000000000000000000
D000D000000detBE 0000000000000

0331000000000000detBE <00000000000detBE0000
00000 (0000000000000 000000000000detBg 000
0000330(b)000000000000000000000000000 (b)3(c)
000000000000000000000000 (110)000000000000
00000 (00000000 0000000000000 detBg 0000000
0000000000000000 ()000000[1100000000000000
000000D0000000000000000000000000

40



, ZdetB)/N,

; at perfect lattice

Average of 6x6 determinant
normalizzed by detB%

. i

W

=

1
Stress-Strain curvel
1

—_
ol

o
1)

[

Stress, 0., GPa
Average of 6x6 determinant, EdetBaij/N,
normalizzed by detB®; at perfect lattice
f=]
n

=

[5v]
W

v 1 '_ 1 v LA 1
Stress-Strain curve |

|
1
1
B 1
1 =415 -
£,70.1058 | &
| {10 ¢
Maximum : %
\y 5 &4
W

1 0.
£ ' z
1
= + £ 5000
30000 ! o
A [ I i
%0000 | By
5 ! 3 2500
< r 1 =
510000 ! : ]
5 3 £,70.0885 | - E
g 0 ] T 1 g 0
Z 0.05 0.1 0.1 0.2 2
Strain, ¢,
(a) Outline

" 1 " " 1 " 1 "
0.09 0.095 0.1 0.105 0.11 0.115 0.12

(b)Zoom-up around stress drop

Fig.3.30 Change in averagell standard deviation of detBf;[J and stress-strain
curve of (111)-(110) surface nanowired NiOJ[J

9
®
(a) _=0.0885
[110]
[112] [111]

%

- 4

(b) &, =0.0924

(d) £,~0.1058

(c) &, =0.0925

(e) ,=0.1086

Fig.3.31 Snapshot of the (111)-(110) surface nanowire] Green coloured circles
indicate detBj; < 0 atoms[] NilJ top viewlU

41



3.4 00O

fecOOO AlO NiDOOODDODOOODDOOODOOO=O0D0000D000O0DO0OO
O00000o0o0oooooo(oo)o(li)o(liyoooooooooooooooog
oobooboobboobooboobUuobooboobbdetBzooooon
goboboooobobobuoooobboboooo

(1) Al(111)000000NiODOO00 ((100)30(110)0(111)) 0 (110)0000000
0-00000000000detB;00000000000000000000

gbobobooogbbbuooogbbbuoooobobbouoooobon

(2) DO0O0DO0O0OOONIODODOOO detB 000000000000 OOOODOAI
DobbOdetBzobooooooooooooooooonoooooooo

gbobobooogbbobuoooobobbooon

(3) AlD (100)000000 (110)0000000000000000000 detBg
00000000000000000000000000000000000
000

(4) A0 (100)000(110)0000000000000000000000000
D0D000000detB;000000000000000000000DO0

oobboobbooobboobbdetpzpooboooobboobbooon

42



L] 4[]

Juoogdoogtdyn

DobboooobboobboooobbooobbooobbdetBzooonon
gobbooggobobuogoobbbuoooobboooobobooooboon

detB; DO O0DDODODDOOO

4.1 0O00O0OO0ODOOODOOODOOObOOObOOOOOn

4.1.1 0000

00000000
0410000000200 [110)000y00 (001000200 (1100000000
00000000000 +6/200000000000000000000000
000005mm 00000000000 :00000000000X00 1~8000
00000000000000000000000000000000000000
0000000000 0.1[K]0 100000600000000000000000000

DoooboobooddetB; 000000

Fig.4.1 Schematic of simulation cell for twist grain boundary[

43



0000000

04200000000000200 [110)000y00 [001]000200 [110]00
0000:000000000000000000000000064/2000000
0000000000000000000000000000000000000 0.8
00000000000000000000000000000000000000
D0000000000000 (043000000)00000%000000000
00000000000 5mm0000000000000000000X00 1~80
00000000000000000000000000000000000000
detBE0ODODOODOO

(a) Initial placement. (b)Replacement. (c) After Relaxation.

Fig.4.3 Remove process for overlapping atoms on tilt grain boundaryd

44



4.1.2 O0O0OOOOOOO

goobooon

0440 AIDDDDDDDDDDDDDDDDDD(a)detB%DDDDDDDDD
DD(b)deth‘jDDDDDDDDDDDDDDDD detB 00 DO0DOODOOOO
DDDDDDDD(C)detB%DDDDD(d)dethjDODDDDDDDDDDDDDDD
gpoooboboobbooboboobboob ¥3boobbooboboooboon
0000 (a)O detB; D0 0DOODDOODOOODOOODOOODOOdetB O
0000000000000 00000oooooooooooooooooO (b)
gbobobobooboboobooboboo Xoboboobooboboo
0000000000000 DOO0OOOO0ODOOOOOOOOOOOOOOODOO (o)O
detB 00 0DO0OO0OODOOODOODOOOOOOOOOOOODOOOOOOODOO
ooobbooob ¥boooobbbiooddetB;onooooooooon
DDDDDDDDDDD(d)DdetBiajDODDDDDDDDDDDDD 3o oonono
gbobooooboboobooboo xbboobooboboobooboobooboo
gbobbboooobbbobbbooodobbbbooobbbooodon

O450 NiDOOOODODOODOOOOODOODbDOooOOooAlOoDbOooOooDOo
ooo¥3goboooboooboobboobboobbooobooobooo
O0000000000000000000O0O0 (a)0(b)O detB; O OOOOOO0O
gobbooggbobobuogoobobbuoooobboooobboboooobon
000 (c)O detB000D0O0OODO0O0OOOODOOODAIDDOOOODODOOOO
000 ¥300000000000000 AlD0000O0OOO |90 228000
gboboooboboobooboobobobobuobobobooboNiDbobon
00000000000000000000ONIODDODDODOOoOOoOoO (d)o detBf; 00O
gbbodbboobbodobbodgbbodbbodbbuooboobbooboba
0X0000detB 00000000000 DOOO0OAIDOODOOX190000
OO0 Xr0Oooo0coogn

45



——o—— Boundary Energy

1.5

Boundary Energy [J/m?]
S
(9

—o0—— average of detB”;

219 211 %23%217 %3

/

4

T\

VMWWWW ]

1.5

Boundary Energy [J/m?]
(=]
n

1 1
30 60 90 120 150
Misorientation angle, 6 [degrees]
(a) Boundary energy and

average of detB”; at Alin Twist model.

—&a—— Boundary Energy
—0—— Minimum of detB*;

219 %1123 %17 X3

J
R 2

A

(=3

-0.5

S

1 1
30 60 90 120 150

Misorientation angle, 6 [degrees]
(c) Boundary energy and Minimum
of detB“; at Alin Twist model.

1.5
] 28
s T8
[ =
]
-
iy
] E=
éa.ﬁ
293
o O
. SIS
053 2
gz
] ©8
T
5 £
0 go
< =
180
1.5
| &,
3 Q
52
5=
91 wg
3
gs::.
ég
0.5}5‘%S
= o
Noliee}
Gy
© 3
0 g N
E S
E g
1 EE
= 2
18()0'5

Boundary Energy [J/m?]

Boundary Energy [J/m?]

——o—— Boundary Energy
—o—— detB”;on GB

L5 —T r 1 r 1 - 1 17T 1.5
[ 219 s1133317 33 ]
1F —1
\
0.5F | ./ﬂ,,ﬂ,\l 0.5
01 0
L\ A, Rt ]
L 1 L 1 L 1 L 1 L 1 L
0'50 30 60 90 120 150 18()0'5
Misorientation angle, 6 [degrees]
(b) Boundary energy and detB“; on GB
at Al in Twist model.
—&o—— Boundary Energy
—0—— Number of detB*;<0 atoms
15 — 7T r T r T T T 1T 300
219 31123217 X3 T
1+ -200
0.5F H \ I/:p",ﬁ\l -1100
0f 0
L 1 L 1 L 1 L L L

1 1
0 30 60 90 120 150 180
Misorientation angle, 0 [degrees]
(d) Boundary energy and Number of detB”;<0 atoms
at Alin Twist model.

Fig.4.4 Simulation results of twist grain boundary Al00O

46

(ZdetB,“®-detB,”")2A[ /m*]

Difference AAES

Number of detB;<0 atoms



Boundary Energy [J/m?]

Boundary Energy [J/m?]

—o— Boundary Energy ——o— Boundary Energy

Difference AAES

—0—— average of detB%; —0—— detB“;on GB
3/ r——T7T————T1T——7T 73 ST T T 713
Z 3 ]
- 219 11 233217 X3 1 &8 . 219 =11 %£3%17 X3
n s &
B g 2 H2
2F -12 '[3 o =
JE 2 o
ey 5 | lq\./" i
o £°5 = o
Es~ S 41
"%\l 293 5}
1 ;23 El
$0-003d a0-4—9-00—3 e B 2 0 ]
gg 4
s i 5 R Oz zmmsgunszans seszadseasfzasszabonanssans sansanseas 0
o N
&S
0 0 3 g HO-ORGA0-G—X
PRRLY IRRPELIN RNLIPRN | RPN BT YY) SR ¥ SPULEN NP ¥ I R E—
30 60 90 120 150 180 30 60 90 120 150 180
Misorientation angle, 0 [degrees] Misorientation angle, 6 [degrees]
(a) Boundary energy and average of (b) Boundary energy and detB“;on GB
detB“; at Ni in Twist model. at Niin Twist model.
——o—— Boundary Energy —o— Boundary Energy
—0—— Minimum of detB%; —0—— Number of detB“;<0 atoms
ST T 1 ——T1 3 ST T 71— 1300
£
- J =0
219 =11 23317 =3 = - Z19 XTI 3317 %3 -
5= &
2F 42 B = s\?
{ oy = 2F 200
S5 >
s "‘“\ 1 £ &%
O = s |l .
1 g 1 gﬁ . : i
23 S H AT
A © 21 d ! - 100
\ i 3 : H
g =
Thprssv il
£ i ;
] g § 0 fheenntiend 0
Y I I R NS T T E SR U PRI T IO RS S RO B
0 30 60 90 120 150 180 30 60 90 120 150 180
Misorientation angle, 6 [degrees] Misorientation angle, 0 [degrees]
(c) Boundary energy and Minimum (d) Boundary energy and Number of detB”;<0 atoms
of detB“; at Ni in Twist model. at Ni in Twist model.

Fig.4.5 Simulation results of twist grain boundary NiJO

47

(ZdetB,“®-detB, " )2A[ /m*]

Number of detB“;<0 atoms



gobooogd

0460 AlD0D0O0O0O0O0O0O0OOOOQOOODODOOOO(I)DODDODO0000O0O0O
0000000 (110)00000000000000000000000O0O (111)X30
(311)X11000000000000000000O000oOoLO0o0obooODoOoO X
000000000 0000oOo0oDOoO0U0O0oDooOOooDooOOUn (a)O det By
DDDDDDDDDDDDDDDD(b)DDDDDDdetB%DDDDDDDDHDDD
gbbodgbbugbugbobuoogoboogbooobboobbuoobobabog
0 (¢)O detBjobbooboooboobboooboooooboooooood
DDDDDDDDDDD(111)E3D(311)211DDDDdethjDDDDDDDDDDD
ooooooo (d) o detB; oo oooobobboobbooooobooooo
gbogobooboob

0470 NiJ 000000000000 0OODOOO0O0O{1)X3 000000000
DDDDDDDDDDDDDDDDDDDDDD(b)DDDDdeth‘jDDDD(lll)E?)
O0000000000000000000000 (¢) O detB 000D DODOOAIODDOO
0O (11)X¥3000ooooooooo0oooooooooooooooooooo
O00000000000000 (4O detBj o0 ooooooooooooon
000000000000000000000000O0117.5°0 (9] 0 163.9°00
gobobooogboo

48



——o—— Boundary Energy ——o—— Boundary Energy
—O0— average of detB”; —o0— detB“; on GB

(ZdetB,“®-ZdetB,*"")/2A[J/m*]

0y T 71— 12 09yp——7F—"7T"—"—TT 7 1.5
(331) (332)(111)(334) (112)(311) 1 Z\_g L (331) (332)(111)(334)(112)(311) i
_— 219 1123 217 23 Z11 ?ékﬁ 219 =11 23 =17 =3 311
£ 1°8% ool 41
=06 W& =
Z ERE :
1 =R =
5 1 é = 3 n
3
m03F —0.5%
g =4 1 23 5
T3} g3 g
g . O > 'g 3 1 3
2 dos5 &2 5 5
M [ g o =
L © N A o 0 g
4 o N =
s
<
0 0o 2E ' kM""‘Qx/’\&*"é”‘\ / :
=i
PR T SIS N TN SRR | N S - RN R 03 T T P T A T T 05
0 30 60 90 120 150 180 0 30 60 90 120 150 180"
Misorientation angle, © [degrees] Misorientation angle, 0 [degrees]
(a) Boundary energy and (b) Boundary energy anddetB“; on GB
average of detB“; at Al in Tilt model. at Alin Tilt model.
—o— Boundary Energy —=—— Boundary Energy
——o0—— Minimum of detB%; —0—— Number of detB”;<0 atoms
0.9 ——— 2 0.9 — 7T 7T TT 7T 100
z (331) (332) (111)(334) (112)(311)
331) (332) (111)(334)(112) (311 E =
- (219) (211)(23)(217)(23)(2 1) tégg [ 19 =11 23 217 23 :ll
— 41532 “E 1 ¢
g06F ~ j.j =0.6F 2
= 1 &% = s
& | £5 2 v oAy \
3 Y 4 EE B¢ {50 o
=) o3y = )
M 2] 2 0 5]
= = o = E
503 "ﬁw RN 503 5
9 E > £ e
=] o = g o
=1 —0.5 «= — =} =)
2 °5 aa] g
Wi\ ¥
o -bedfiPoes F- 3o dbomootich-40 & § 0 04 0
PR VI S TP | R S S R T T e e L 7o
30 60 90 120 150 180 0 30_ ) 60 ) 90 120 150 180
Misorientation angle, 0 [degrees] Misorientation angle, 6 [degrees]
(c) Boundary energy and Minimum (d) Boundary energy and Number of detB"’ij<0 atoms
of detB; at Al in Tilt model. at Alin Tilt model.

Fig.4.6 Simulation results of tilt grain boundaryd AlOO

49



—uo—— Boundary Energy —o— Boundary Energy
—O0— average of detB”; —o—— detB“;on GB

Difference AAES

2 — 3 h — 7,
L (331) (332)(111)334) (112) B311) iﬁ b (331) (332)(111)334) (112) (311) i
%19 X1l X3 %17 X3 X211 25 “93 g %19 X1l X3 X17 X3 X211
AE‘].S ~ E 5 «g FE L5
E -2 Wn E = 1.5F i
L ] £8 =
2 \ . § Ij\ 41
S 1k 415 2o g 1r
- ] g3 =} ]
g S ok 13
E L bgr
20.5F b 1 <=3 g
=] © N =]
05 o N 0 0
: &g
= g B 4
X - W‘Qz/\)
0 0 <2 0o )*‘6*4 =-0.5
1 1 1 1 I 1 I 1 I 1 I 3 o L 1 r 1 1 1 1 1 I 1 1
30 60 90 120 150 180 30 60 90 120 150 180
Misorientation angle, 6 [degrees] Misorientation angle, 6 [degrees]
(a) Boundary energy and (b) Boundary energy and detB“;on GB
average of detB“; at Ni in Tilt model. at Niin Tilt model.
——o—— Boundary Energy ——o— Boundary Energy
——0—— Minimum of detB%, —0—— Number of detB”;<0 atoms
—7—7—7—3 2T —T T T T —T1 250
E (331) (332)(111)334) (112) 311) ] Z:bo F o (331) (332)(111)334) (112) 311)
19 T11 3 217 3 311 —2.5 %a 2 19 11 =3 217 23 =11 4200
15 1 58 SIS
E 1, A3 §
= X Lﬁ E" Lé’ = X 150
g 1t 415 E® s 1F
. { 2% % 100
g r \ 2: E ot
E bgs
305 £z 205
m S aa] 50
05 g 5
S =
E <
4 mj“i,mfvnn 2 g 0 Lo
0 oS¢ | R%-40 £ 5
it} BRI O R PR -1 TR N B PR B = g PR T TP B T PR T R B AR
30 60 90 120 150 180 0 30 60 90 120 150 180
Misorientation angle, 0 [degrees] Misorientation angle, 0 [degrees]
(c) Boundary energy and Minimum (d) Boundary energy and Number of detB“;<0 atoms
of detB“; at Ni in Tilt model. at Ni in Tilt model.

Fig.4.7 Simulation results of tilt grain boundaryd NiJO

20

(ZdetB,“®-ZdetB;,*"")/2A[J/m*]

Number of detB”;<0 atoms



4.2 X3000000000o0ooooooon

gbbboooobbbdoodobbboooobbbuooobbboooobbo
gbobbooobobodgedbbbuodbbog4i1bgoobbouoononon
OOooOoboooboOoboono1ooo00fsboboobooooobobooboooobooon
00000:00000000000000 Ae,,=1.0x10700000000000
000000000000 Ae,.,=1.0x10*0000000000000000000
OoobO0e; 00D00O00O0O0ODDO G5, 0000AESODODOO detB%(VoigtDD)
00000000000 (ryOOO0)00O0O0O0OO000000O0O0DO0OO0OO0OOOOO
goobog

Table 4.1 Simulation conditions for 3 twist grain boundary[

Cell
¥ value | Misorientation length[nm]| Atomic
angle Al Ni number
3 70.5° 7.93x7.72x16.04 | 6.90x6.71x13.94 | 58432

AlO OO

0480 Al0000D0OOO0O0DOOOOOOODOOODOOODODOOE,,=0.09020
DoO0O0detB; 000D OODOOO0ODO0O0OOOOOOO0OOO0OOO0OOO0OOOO
detB; DO 0DDOO0DOOODOOOOODOOEe,=006900000000000
4300booboobooboobobidetb 0o0boboooooonon
gbodbobobobooobooobooNibgbooooobobobobobooooo
oobbooobboobboobbddetBzO00oooooooon e, =0.06990
OdetB 000000 O0OO0OO0OOO480000000 e, =0.0r740000
gobobooogbbbudde,=000000000000

D4900000000000DOOOOODOOOOODOOOdetBZ00000
Doooo41000000detB: <0000 ODOODOODOOOOOOOOOODOOO

o1



0000000000 (e)OD00041000000000000000O0OO0ODODOOO
0000000000 49(c)000000CO00000D0ODOODOOOUOODODODOO
00000000000 (¢)00000D0O0O0ODODOOODOODODODOODODODOO

0 4.110 Atom eyel*® O central symmetry parameter 0 D 00000000000
O000000000000000 (a)e,, =0.00000000000000000000
O00000-00000000000OOOoOoOooOoO (b)e,=0.0002000000
0000000000 000000(e)0(d)DDO0o00000oooo0OoUooooO
ooooboobboobboobbdetzoobooooooooooonoon

gobbboogoobboooobobooggooobogg

2 ——————1

L]
1
. 1
Stress-Strain curve |
1
1

Maximum

£,=0.0902

Stress, 0., GPa
Stress, 0., GPa

Average of 6x6 determinant, ZdetB“[/N,
normalizzed by detB%; at perfect lattice
Average of 6x6 determinant, ZdetB“,_-,-/N R
normalizzed by detB®; at perfect lattice

0000
0000 F
0000 F
0000 F
0000

<0 atoms

=

o
— D W B W

=

1 1 1 1 1 1 1 1 1 1
0.07 0.075 008 0085 0.9 0095 0.1
Strain, &, ’ Strain, ¢,,
(a) Outline (b)Zoom-up around stress drop

1 1 1 1 1
0.05 T0.1 0.15 0.2

Number of detB;<0 atoms

Number of detB

Fig.4.8 Change in averagel] standard deviation of detBf;[J and stress-strain
curve of X3 twist grain boundaryd AlOO

52



y

(c)&_=0.0815

value of det B*,

(d) £_=0.0884 (e) £.=0.0902

Fig.4.9 Snapshot of X3 twist grain boundary[J colored by the det B
0 Al0 side viewdO

93



(a) £ =0.0773 (b) &_=0.0774 (c) £.=0.0815

(d) £_=0.0884 () £.=0.0902

Fig.4.10 Snapshot of ¥3 twist grain boundary] Green circles indicate
det B < 0 atoms[ All side viewOO

o4



z @G Rae e BaP

l (a) £_=0.0900 (b) £_=0.0902
y X

ta@fdaE taafiaas

(c) £.=0.0904 (d) £_=0.0906

Fig.4.11 Snapshot of 33 twist grain boundary Circles indicate defect atoms
O AlO side viewOO

25



NiOoOogd

04120 NiODODODODOO4.120000A100000000000DO00DO0O0O e,, =
0.111900 00000000000 bObO bbb U000 0UgUy e,,=0.02060000
poobobb-0boboobobbobobobnobbobOobbdetBz 00000
Do0ooobObdetB 0000000000 OdetB;000D0D0OOOOO0
gbobodbbooobuooooboboobbooNgobbooobooobuoobo
detBDOODOO00obOoooobbooobooooboobod

043000000 detB; 00000000 414000000 detB; 00000
000000000000000000000O0 (¢)00000000000000
O000000000000000000D000000 e,,=0.020600 4.13(d)00O0O
gogoooouobobbboooooooooouobobobbboooooooooo
oobooobboooboobboobboobbdetBzoogoboooooon
DDDDDD4.13D4.14(f)DDDDDDDDDDDDDDDDDdetBiajDODDDD
goodd

Central symmetry parameter 00000000000 4.150000000(a)=(d)
goggboobobooboobobooobobbooboooobuooboon
(e)e,, = 010080 000000000000 DOOUODOOUDOODODOODOOOOO
(fle,,=0.101500000000000000000000C0OO

26



2z ¢

edn “o ‘ssong

bt 2 o o
T T — -
< R =Y
- - m
- Z e o}
— —
S s 4
IIIIIIIIIIIIIII y S 1 m
S — - B
- — - =t 7]
= S S
S ] ] =l
[Ya) Su m
o S 8
i g = =£ g
3 < SE
o 1 1 2 a
- m = - 3
& S S &
f
% 1 1 o}
5 ° r )
- m\wu S w N
(=) o ~
r J o]
N
N 1 N 1 3 P PR PR P B 1N
e — v S S o 2o 2 oo
— = S & & &
de ! £ e & 8 8
uo\_sz_ 10911ad 18 ¥ q1ap Aq pazzijewiiou s 2 & =
Ny ¢ i
N/*,§19PT YURUIILINP 9Xg JO FRIAY swoje (>, g1op Jo JoquinN
edD “o ‘ssomng
Ll (=
= = e o o
T T =4

Maximum

Stre#s—Strain curve

i

/i
domey 109510d e ¥

S
19p Aq pazzijeuriou
¢ Z\ﬁmwovw JUBUIILIONIP 9X9 JO ATRIOAY

0.15

0.1

Strain, -
(a) Outline

0.05

y

20000 =

a1
(=3
(=3
(=3
(=3
I3

swoje (> g10p Jo roquInN

Fig.4.12 Change in averagel] standard deviation of detBf;[] and stress-strain

curve of X3 twist grain boundary] NiJO

57



-
£
4
-
. !
»
.

zz

(c)e.=0.0182

0.0175

zz

€

(b)

0.0171

zz

€

(@)

# & 10p Jo onfea

OO

O

zz

(f) £ =0.1008

e =0.0774

p74

(e)

p74

e =0.0206

(d)

a
v

Fig.4.13 Snapshot of ¥3 twist grain boundary colored by the det B

O NiO side viewdO

o8



z

l (a) £ =0.0171 (b) £_=0.0175 (c) £.=0.0182
y X

(d) £_=0.0206 (e) e _=0.0774 (f) e_=0.1008

Fig.4.14 Snapshot of ¥3 twist grain boundary[] Green circles indicate
det Bf; < 0 atomsU Nil side view[J[]

29



z

l (a) e _=0.0171
y X

G
gl
Py

(d) £.=0.0206

ARSI

ooy |

(b) £.=0.0175

>

<M

W, N

() £.=0.1008

fexx R

P ST —

(c)e_=0.0182

s

{

&

(f) £.=0.1105

Fig.4.15 Snapshot of 33 twist grain boundary Circles indicate defect atoms
O Nill side viewO[O

60



4.3 X300000000000000000O0000O

gbbboooobbbdoodobbboooobbbuooobbboooobbo
gbeddboooboobo4200bo00o0oooooonbuoobbognbnn
OOoo0oooonD wooootsoboooobooooboooboooboobooogoo
Oy0OOO0OO0DDO0O00D0O0O00 Ag,=10x10°000000000000000
DDDDAsyyzl.OxlO"lDDDDDDDDDDDDDDDAESDDDDdetBiaj(Voigt
00)00000000000 (£,2,000)00000000000000QOODOO0O
goobooon

Table 4.2 Simulation conditions for 33 tilt grain boundary

GB Cell
boundary | X value | Misorientation length[nm]| Atomic
plain angle Al Ni number
{111} 23 70.5° 7.93x16.86x8.02 | 6.90x14.64x6.97 | 64512
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Fig.4.17 Snapshot of (111) X3 tilt grain boundaryd Green circles indicate
det B < 0 atoms[ AlO side viewOO
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Fig.4.20 Snapshot of (111) X3 tilt grain boundaryd Green circles indicate
det Bf; < 0 atomsU Nil side view[J[]
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