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Table. 2.1.1 Non dimensional parameter

Msta 1.00>< 1026(kg)
kg 1.38062>1023(J/ K1)
eV 1 electron Volt 1.60219><1019(J)

d 1.00><1010( )

o* 160.22 [GPal
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(c)icosahedral structure

Table. 2.2.1 Typical clusters and voronoi polyhedral structures[3]

Voronoi Fig.2.2.1 1(c)
12
(0,0,12,0)Voronoi
(0,0,12,0)Voronoi
[1](3]
(0,0,12,0)Voronoi (0,0,12,0)Voronoi

2.2.2 CNA(Common Neighbor Analysis)

CNA
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cut
cut fCC
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(»=(2 bond of the shared neighbors
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(a)fce structure (b)hep structure

Fig 2.2.1 Atomic configuration of fcc and hep structure of
near-neighbors.[3]
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(B)N<11 x>0

(6)x~=7 BCC x~6 FCC x=3
HCP
(7) cos Oy, Table. 2.2.2 S
(8)><0.1 o
(9)6bcc<6cp 10<N<13
(10)N0>]_2 NO 12 6bcp<6fcc
HCP NO ]_2 6[’cc<6[10p
9 BCC

Table. 2.2.2 Definitions of eight regions of bond angle cosines in which
weights x; are calculated. And definitions ofSwhich were optimized to

differentiate structures

Minimum | Maximum Ideal
COS &y, CoSs &y, BCC FCC HCP
X0 -1.0 -0.945 7 6 3
X7 -0.945 -0.915 0 0 0
X2 -0.915 -0.755 0 0 6
X3 -0.755 -0.705 36 24 21
Xy -0.195 0.195 12 12 12
X5 0.195 0.245 0 0 0
X6 0.245 0.795 36 24 24
X7 0.795 1.0 0 0 0
Shee 0.35 x4 /( x5+ x5+ X7 X1)
Sep 0.61]1- x624 |
Stec 0.61(]| xg+x-6 |+ x9/6
Ohep (| xo8 |+ | xg+ x+ x7+ x791)/12
2.2.4 CSRO(Chemical Short Range Order)
CSRO A
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3.1

GEAM Generalized Embedded

Atom Method
GEAM

3.1.1 GEAM

GEAM [71[8] EAM
(38.1.1) (3.1.7 GEAM

Utot:%22¢ij(rij)+ZFi(pi) ( 3.1.1

i j=
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3 |
ZF(——lj SPp<peip, =L15p, ( 3.1.6)

i=0 e
n n
F(p)=F{1—|n(ﬁj ]-(ﬁj Po=P (317
ps '03
Utot P i) T3 i )
pi 1 Fi(py Pi i
£ () 1 ]

I‘e,fe, Pe,Ps, A, B,A,B, K,A,FnO,FnlyFn27Fn3aF07F1’F2’F3’ n ’Fe
Table. 3.1.1
Zr Ni Cu Al GEAM
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Table. 3.1.1 Parameters for GEAM potential

26

Zr Ni Cu Al 1st Al modified
Te 3.199978 2.488746 2.5566162 2.886166 2.86378246
fe 2.230909 2.007018 1.554485 1.392302 0.32107874
Pe| 30.879991| 27.562015| 21.175871| 20.226537 5.51840359
Ps| 30.879991 27.93041 21.175395| 20.226537 5.568129541
(o 8.556919 8.383453 8.12762 6.942419 7.2446059
B 4.564902 4.471175 4.334731 3.702623 2.55172727
A 0.424667 0.429046 0.39662 0.251519 0.15297899
B 0.640054 0.633531 0.548085 0.313394 0.19199117
K 0.5 0.443599 0.308782 0.395132 0.44226034
PN 1 0.820658 0.756515 0.790264 0.80808134
Frno| -4.485793 -2.693513 -2.170269 -2.806783 -2.62650119
Fni| -0.293129 -0.076445 -0.263788 -0.276173 -0.21874117
Fno 0.990148 0.241442 1.088878 0.893409 0.92658694
Fns -3.202516 -2.375626 -0.817603 -1.637201 -1.48117309
Fo -4.51 -2.7 -2.19 -2.83 -2.64261689
F 0 0 0 0 0
Fs 0.928602 0.26539 0.56183 0.929508 0.43314373
Fs -0.98187 -0.152856 -2.100595 -0.68232 -1.88739896
n 0.597133 0.469 0.31049 0.779208 0.09234539
F. -4.509025 -2.699486 -2.186568 -2.829437 -2.63946287
GEAM

(3-8)
ab 1 £°(r) F2(r) o
¢ (r)_E{fa—(r)Qj (r)_fb—(r)¢ (r)} ( 3.1.8
(3.1.8) a b paa  (phd
P
@2 (Pbb
Table.3-1




Al

Zhou Al
[71[8]
Zhou
Zhou
Al
Zr-Al
Zhou

Al_1st Al_modified Table.
3.1.2 Zhou Cu Ni
Al Zr Al_modified Al

Table. 3.1.2 Lattice properties of Cu, Ni, Al and Zr predicted by GEAM
potentials in comparison with experimental data [12]

Cll | C12 | C13 [ C33 | C44 | C55 | c/a
[GPa] | [GPa] | [GPa] | [GPa] | [GPa] | [GPa]
al 1 |[eV/atm] | [GPa]
Cu Calc. 2.556 -354 1376 | 1685 | 1218 75.7
Exp[*] | 2556 -354 138.3 170 | 1225 758
Ni Calc. 2.489 -445 1820 | 2465 | 146.8 1248
Exp[*] | 2489 -445 181 247 147 125
Al 1st Calc. 2.886 -358 972 1267 | 811 372
Al_modified | Calc. 2.864 -3.36 793 1116 | 63.1 466
Exp[*] | 2864 -3.36 79 114 | 619 316
Zr Calc. 3.208 -6.36 977 1419 | 713 | 674 | 1805 310 | 162
Exp.[*] 323 -6.25 96.7 144 74 67 166 334 | 159
3.1.2

[9] R. A. Johnson

5.6.1) BCC Fig 3.1.1
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¢ (r)1.9<r<2.4)

#(r)=14,(r)(2.4<r<3.0)
,(r)(3.0< r<3.44) ( 3.1.9)

¢i(r):ai(r_bi)3+cir+di

4 4.5

]

Fig 3.1.1 The iron-iron interaction potential

BCC

Table.3.1.3

Table.3.1.3 Lattice properties of Fe predicted by Johnson potentials in
comparison with experimental data
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Calc. Exp. [10][11]
Al ]bce 2.8600 2.8533
Econ [€V] bee -1.537 -4.316

Econ [eV] fce

-1.510(+0.027)

-4.934(+0.082)

Econ [eV] Idealhcp

-1.510(+0.027)

-4.957(+0.059)

BM [GPal 127.4 172.0
C11 [GPal 191.7 243.4
C12 [GPal 96.0 145.0
C44 [GPal 96.1 116.0
Table.3.1.3 BCC
3.1.3
ri=(rxi, Ty, i), vi=(Vxi, Vyi, Vi) F* = (F ir Fyis FZ,)
dr, _, .
mi dt2 :F| | :1121”"N ( 3.1.10)

ou

Fo — _ tot

' or”

- Ev)-3

1# ] ]
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j#i

FZ¢(.,)———Z ¢(.,)”j( 3.1.11)

j#i



or

r oF
F 25 p=i ( 3.1.14)

' oF
F, Zapm( 3.1.15)

Verlet A
A

1
=" + AV + —AF" ( 3.1.16)

2m.

1
Mooyt ——AtF™ + F
o (. . ) ( 3.1.17

Gear
Time step fs
Time step fs
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<K> Z_ VieVi ( 3.1.19
T
v’ =V I
i = ? ( 3.1.19
T
3.2
GEAM Zr70Cusp
Zxr70N1i30 ZI‘7OCu20A110 Zr70Niz0Al10
4000 NPT
Melt-Quench 2000K 50ps
4>=<1012K/s 0 4
><101K/s 0K 300K
[12]
3.3 Zr70CU30 Zr7oNi30
GEAM Zr-Cu Zr-Ni
2 4><1012K/s
2000K 0K 4>=<10M1K/s 0K

300K

31



300K

2000K 300K 2000K 1500K 900K 600K

300K OK Fig 3.3.1 Fig 3.3.2 2000K
Fig
3.3.1 Fig 3.3.2 Zr Cu Zr Ni

600K
Fig 3.3.3 Fig3.3.4 Zr70Cuso Zr70Niso
[12] GEAM
300K
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Fig 3.3.1 Radial distribution function of Zr70Cusp amorphous metals
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Fig 3.3.2 Radial distribution function of Zr7oNiso amorphous metals

33




1400

1200 -

— 1000 r

-2

800 r

600 -

21Trp(r)[nm

400 -

200 -

0.2 0.3 04 0.5 0.6 0.7
rfnmj

Fig 3.3.3 Radial distribution function of Zr70Cusp amorphous metals

1400
1200 -

—calc.
- - exp.

|

o O

o O

o O
\ \

2thrp(r)[nm'2]

0.2 0.3 04 0.5 0.6 0.7
rfnm]j

Fig 3.3.4 Radial distribution function of Zr7oNiso amorphous metals
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Fig 3.3.3  Zr-Cu

VAGYAY
Zr-Cu
VAG/AY
GEAM YAGIA ,
Fig 3.3.4 Zr-Ni Zr-Cu
1.71 1.65
Zr-Ni VAGVA
Zr-Ni 7Zr-7r
Zr-Cu
VAGYAY
GEAM 7Zr-7Zr
Zr-Cu
Zr-Ni GEAM Zr-Ni
Zr-Cu
Table. 3.3.1 Table. 3.3.2 Zr-Cu Zr-N1
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Table. 3.3.1 Coordination numbers and atomic distances in Zr7oCuso
amorphous alloys in comparison with experimental data[12]

(r1: atomic distances calculated from Goldschmidt radii.)

(Xi: occupancies of Zr and Cu around Zr.)

r(r1)/ nm N (X3
Pair Exp.3 Calc Exp. 3 Calc
Cu-Cu 0.260(0.256) 0.267 2.6 1.24

Zr70Cuso Zr-Cu | 0.284(0.288) | 0.291| 3.2(29%)| 3.83(29%)
VAG/A 0.319(0.320) | 0.320| 7.9(71%)| 9.31(71%)

Table. 3.3.2 Coordination numbers and atomic distances in Zr7oNiso
amorphous alloys in comparison with experimental datal[12]

r(r1)/ nm N (Xy)
Pair Exp.? Calc Exp.? Calc
Ni-Ni 0.253(0.248) 0.261 2.0 1.24

Zr7oNiso | Zr-Ni| 0.270(0.284) | 0.285| 2.6(22%)| 3.65(28%)
Zr-Zr 0.319(0.320) | 0.321| 9.1(78%) | 9.59(72%)

Zr-Cu Cu-Cu
Cu-Cu
Zr-Ni Ni-Ni
Ni-Ni
Zr-Ni
Zr-Cu
GEAM Zr-Ni
Zr
Zr-Ni
Zr-Cu Zr-Ni
GEAM Cu Ni
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3.4

Cu N1 Al Zr-Cu-Al Zr-Ni-Al
3.4.1 GEAM
Al
Zhou Al 1st
Al modified
Al Table. 3.4.1

Table. 3.4.1 Lattice properties of Al predicted by GEAM potentials (Al_1st
and Al_modified) in comparison with experimental data

EleV/ia| a0 B C11 C12 C44
tom] [ ] [GPal [GPal [GPal [GPal]
Exp. [13][14] | -3.36 4.05 79.0 114.0 61.9 31.6
Al(1st) -3.58 4.08 97.2 126.7 81.1 37.2
Al(modified) -3.36 4.05 79.3 111.6 63.1 46.6
Al
3.4.2 ZI'70CU20A|10 Zr7oNizoA|1o Al_lSt
2000K 300K 4>1012K/s 2
2000K 1500K 900K 600K 300K OK
Fig 3.4.1 Fig 3.4.2 300K Zr-oCuypAlg
Zr70N120Al10 Fig 3.4.3 Fig
3.4.4 Al GEAM Al 1st
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Zr-Cu-Al Zr-Cu

Zr-Cu
Zr-Cu
VAGYAS
Zr-Ni-Al Zr-Ni
Al
Zr-Ni
Zr-Cu

VASYA Al

Table. 3.4.2 Table. 3.4.3 Zr-Cu-Al Zr-Ni-Al
Al 1st

Table. 3.4.2 Coordination numbers and atomic distances in Zr;qCugyAl,,

amorphous alloys in comparison with experimental data[12]

r(r1)/ nm N (Xj)

Pair Exp.? Calc Exp.? Calc
Zr-Zr 0.320 | 0.322| 7.1(66%) | 9.7(75%)
Zr,oCugAlyy | Zr-Al | 0.306 | 0.312| 0.89(8%)| 0.55(4%)
Zr-Cu | 0.286| 0.292| 2.7(25%)| 2.6(21%)
Cu-Cu| 0.252| 0.269 1.6 0.67
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Table. 3.4.3 Coordination numbers and atomic distances in Zr7oNigoAlio

amorphous alloys in comparison with experimental data[12]

R(r1)/ nm N (Xi)
Pair Exp. Calc Exp.? Calc
3)
Zr-Zr | 0.319| 0.323| 7.9(70%) | 9.7(75%)
Zr7oNigoAlio | Zr-Al| 0.298 | 0.314 | 1.7(15%) | 0.72(6%)
Zr-Ni| 0.270| 0.286| 1.715%)| 2.5(19%)
Ni-Ni| 0.248 | 0.261 1.0 0.79
Zr-Cu-Al Zr
Al 1st Zr Al 0.55
4% 0.89 8%
Zr Al
Al Al
Zr Zr 66% 75%
Zr-Ni-Al Zr Al
6% Zr-Cu-Al Al
Zr-Al
Zr-Ni
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3.4.3 Zr7oCu20AI10
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Fig 3.4.5 Radial distribution function of Zr;;,CuyyAl;, metallic glass
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Fig 3.4.6 Radial distribution function of Zr7oNi2eAlio metallic glass
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Fig 3.45 Fig 3.4.6 A_modifiedl
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Fig 3.4.7 Radial distribution function of Zr,;,CuyAl;, metallic glass
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Fig 3.4.8 Radial distribution function of Zr7oNi2eAlio metallic glass
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Zr-Cu-Al
Al 1st Zr-Ni-Al
Al 1st
Al
Table. 3.4.4 Table. 3.4.5

Zr-Cu Zr-Ni

Table. 3.4.4 Coordination numbers and atomic distances in Zr;qCugyAl,,

amorphous alloys in comparison with experimental data[12]

r(r1)/ nm N (Xj)
Pair Exp. Calc Exp.? Calc
3)
Zr-Zr | 0.320| 0.320| 7.1(66%)| 9.0(69%)
Zr,oCugAlyy | Zr-Al | 0.306| 0.313| 0.89(8%) | 1.5(11%)
Zr-Cu | 0.286| 0.290| 2.7(25%)| 2.5(19%)
Cu-Cu| 0.252| 0.265 1.6 1.0

Table. 3.4.5 Coordination numbers and atomic distances in Zr79NigeAlio

amorphous alloys in comparison with experimental data[12]

r(r1)/ nm N (Xj)
Pair Exp. Calc Exp.? Calc
3)
Zr-Zr | 0.319| 0.321| 7.9(70%) | 9.2(71%)
Zr7oNigoAlio |  Zr-Al| 0.298| 0.314| 1.715%)| 1.5(11%)
Zr-Ni| 0270 0.283| 1.7(15%)| 2.4(18%)
Ni-Ni| 0.248| 0.259 1.0 1.2
Table. 3.4.2 Table. 3.4.3 Table. 3.4.4  Table. 3.4.5
Al 1st Al modified
Zr-Cu-Al Al 1st Al modified
Zr
Al 1st Zr Al 0.55
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4% Al_modified YA
Al 11%
Al_1st Al Al
Al_modified
Zr-Ni-Al Zr-Cu-Al Al 1st
Al_modified YA
Al 1st Zr Al 6%
Al_modified Al 11%
Zr-Cu-Al Al 1st
Al Al
Al_modified Zr-Cu-Al Al_1st Al _modified Al
Fig 3.4.9 Al_1st Al_modified
Al_1st  Al_modified
Fig 3.4.9 Snapshots of Zr;,CuyAl;,
3.5
Zr
Zr Melt-quench 5000K
100ps 1><101K/s
300K
Zr 50K
Fig 3.5.1
YA Fig 3.5.2
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Fig 3.5.1 Radial distribution function of Zr;(CugyAl;q Zr;oNigAl;g and Zr
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— ZrCuAl

21‘[2rp(r)[nm‘2]

0.2 0.3 0.4 05 0.6 0.7
rfnmj

Fig 3.5.2 Radial distribution function of Zr;yCugyAl;q, Zr;oNigoAlsp and Zr
amorphous metals
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VAS
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N1 Cu Al VA
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1.5
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Zr-Ni
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4.1

GEAM
GEAM
EAM
[15][16]
Cutoff
Cutoff
Kobayashi[17]
Cutoff
4.2
4.2.1 (Cutoff )
5.2.1
A B
p(ry)=—-——+ r_8+ Cri + D ( 421
i i
rij 1 j A B CD
Ut ( 5.2.2)
Cutoff
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BCC

8-4

LJ

[9]
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Uw=23 X 4(r,)

i j#i

1 A B ( 4.2.2)
==>>|-—F+—5+Cr; +D

25 T Fij Fij

4.3
FCC HCP BCC

BCC

BCC
Table. 4.3.1
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Table. 4.3.1 Number of atoms about FCC, HCP and BCC neighboring
shells ( r is normalized by the nearest neighbor distance.)

FCC HCP BCC

r N N

1 Ist | 12 | 1st | 12 | 1st
1.155 2nd
14141 2nd 6 2nd
1.633 3rd 2 3rd | 12
1732 3rd | 24 | 4th | 18
1914 5th | 12 | 4th | 24

2 4th | 12 | 6th 6 5th 8
2236 5th | 24 | 7th | 12

4.4

2.309 6th | 6
2.38 8th | 12
2449 6th | 8 | 9th
2516 10th| 6 | 7th | 24
2,581 11th| 12 | 8th | 24
2645| 7th | 48 | 12th| 24
2.708 13th| 6
2.828| 8th | 6 oth | 24
2.886 14th | 12
3 | oth | 36 |15th| 12 | 10th| 32
3.109 16th | 24
[18]
« )
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44.1

4.4.2

Linear Crossover
Linear Crossover x; (L) t i x; (20
2t i 0.5(xiL0+ x20)  (1.5%10-0.5
;@) (-0.5x;(19+1.5 x;(@)

A Native Crossover

Parentl (x;10  xo(L0  xg(L  x,(L0) x,(LD)
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ParentZ (Xl(Z,t) X2(2,t) X3(2,t) X4(2’t) Xn(z,t))
Offsprlngl (Xl(l,t) Xz(l,t) X3(l,t) X4(2,t) Xn(2,t))

Offsprlngz (X1(2,t) X2(2,t) X3(2,t) X4(l,t) Xn(l,t))

Blend Crossover
Blend Crossover(BLX-ox) Mi O 1

1 Xl(l’t+1)
XLt = (1'y1)X1(1’t)+\/i x1(LY) 4.4.1

vi =(1+200 u; -

4.4.3

Random Mutation

ri O 1
i yi(Lt+D)
xi0 1 x; L)
it D=r(x(0- x;(L) 4.4.2
yitt D= x119+(ri-0.5) A 4.4.3
A 1

Normally Distributed Mutation

NO o)
i yi(l,t+1)
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4.5

4.6

4.2.2.

Eo

Yi(l’t+1): Xl(lvt)+ N(O 0_) (

O
[9] Cu Zr
EO* = 5 = _1
Es|
=l
rO
FCC
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6BQ

Bulk Modulus =20 14 -28
0
2C
Elastic anisotropy —~———=—=2.5 1.2-4.0
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C
Elastic shear % =05 0.3-0.7

C,-C
Cauchy discrepancy % =0.0 -04-0.7
6E},
Vacancy energy E - 1.0 1.2-3.0
0
6Esurf r02
Surface energy £ - 20 09-14
0
B Q El,
Esurf
4.7
Cutoff Cutoff
Cutoff
1.4.1
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$(ru) =0 ( 47D
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Cutoff

Cutoff
Cutoff FCC
FCC
HCP BCC
Ideal HCP
4.8
FCC
DFT
f
f=Est ( 4.8.1
Ew= ZWE,i (AEDFT —AEyp )2 (482
Esit Wk 1
DFT MD
4.9
Fig 4.9.1
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(1)

(2)
(3)

Blend Crossover(BLX-ox)
Random Mutation
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Fig 4.9.1 flowchart of GA
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4.10 (Cutoff )

Table.
4.10.1 Cutoff Cutoff
ABCD
Table. 4.10.2 FCC
Table. 4.10.2
FCC 0.5
Table. 4.10.1 Potential parameters for each cutoff distance
Cutoff A B C D

1.08 64.606 20.646 -93.252 137.044
1.28 2.995 1.191 -2.453 4.091
1.52 1.047 0.483 -0.427 0.828
1.68 0.729 0.358 -0.191 0.407
1.82 0.618 0.325 -0.112 0.257
1.96 0.534 0.299 -0.068 0.169
2.12 0.466 0.276 -0.041 0.109
2.31 0.406 0.253 -0.024 0.069
2.41 0.383 0.243 -0.018 0.055
2.48 0.368 0.237 -0.015 0.047
2.55 0.356 0.233 -0.013 0.041
2.61 0.349 0.230 -0.011 0.037
2.68 0.337 0.225 -0.010 0.032
2.77 0.327 0.222 -0.008 0.027
2.86 0.318 0.219 -0.007 0.023
2.94 0.309 0.215 -0.006 0.020
3.05 0.300 0.212 -0.004 0.017
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Table. 4.10.2 Lattice properties of Eo and ro calculated with potential

parameters fitted by this work

Eo(FCC) | Eo(HCP) | Eo(BCC) | ro(FCC) | ro(HCP) | ro(BCC)
1.08 -1.000 -1.000 -0.667 1.000 1.000 1.000
1.28 -1.000 -1.000 -0.851 1.000 1.000 0.976
1.52 -1.000 -1.000 -0.974 1.000 1.000 0.977
1.68 -0.999 -1.000 -0.972 1.000 0.999 0.974
1.82 -1.000 -1.002 -0.983 1.000 1.001 0.978
1.96 -1.001 -0.998 -0.972 1.000 1.001 0.978
2.12 -1.003 -1.002 -0.978 1.000 0.999 0.975
2.31 -1.010 -1.012 -0.993 0.999 0.999 0.974
2.41 -1.004 -1.004 -0.985 1.000 1.000 0.977
2.48 -1.004 -1.004 -0.985 1.000 1.000 0.977
2.55 -0.995 -0.995 -0.976 1.001 1.001 0.977
2.61 -1.000 -0.999 -0.980 1.000 1.000 0.975
2.68 -0.999 -0.999 -0.982 1.001 1.000 0.975
2.77 -1.000 -1.000 -0.983 1.000 1.000 0.976
2.86 -1.005 -1.005 -0.987 1.000 0.999 0.976
2.94 -1.001 -1.002 -0.984 1.000 1.000 0.976
3.05 -1.000 -1.001 -0.983 1.000 1.000 0.975

Table. 4.10.2 FCC
Cutoff
0.5
Table. 4.10.1
Table. 4.10.2 Fig 4.10.1 Fig 4.10.1 Cutoff
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Fig 4.10.1

Table. 4.3.1 FCC
Cutoff 1.28
FCC
Cutoff 1.52 FCC
-0.9 \
-0.95 -
>
o, -1 - x—x N e ey e X S S S S S
2
£-105 FCC
><HCP
-1.1 - -+ BCC
-1.15 | ‘ ‘
1 15 2 2.5 3

Cutoff distance

Fig 4.10.1 Cutoff distance vs. cohesive energy of each structure

Fig 4.10.1 Cutoff BCC
FCC HCP Cutoff
FCC HCP
BCC 4.12
4.13
4.11 (Cutoff )
6.2.1 Cutoff Cutoff
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f..(r)=1(r < Rc—Dc)

fcut(r)zi_iSin px IR L Gn[gr « FRE (Rc + Dc <r < Rc + Dc)
16 2 Dc

2 16 2 Dc
f..(r) =0(r > Rc+ Dc) ( 4.11.1)
Re Dc¢  Cutoff Re De
Cutoff Fig 4.11.1 R Cutoff
0.5 Dec Cutoff

ratio

Fig 4.11.1 Cutoff function for pair potential

6.2.1 Cutoff 5.6.1 5.6.2
Cutoff
6.6.2

A B
p(ry) = (- F"‘ r_g) x o () (4112

ij ij

5.5.2 A B Rec Dec
A B Re De
A B FCC
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Dc=0.1 Cutoff Dc Re
Fig 4.11.2 Dc=0.2
Fig 4.11.3

Energy[eV]

1 15 2 25 3
Cutoff distance

Fig 4.11.2 Cutoff distance vs. cohesive energy of each structure. (Dc=0.1)
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-11 - ><HCP
-+ BCC
_115 \ \ \ \
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Cutoff distance

Fig 4.11.8 Cutoff distance vs. cohesive energy of each structure. (Dc=0.2)

Fig 4.11.2 Dc=0.1  Cutoff
Cutoff BCC Cutoff
1.08 BCC FCC HCP
BCC
Fig 4.11.3 Dc=0.2 Cutoff 1.52
Cutoff 2.0 2.7 BCC FCC HCP
Cutoff 1.52 BCC
FCC HCP
Cutoff 2.12 FCC
FCC BCC
Cutoff 2.31 2.41 FCC HCP
BCC
Cutoff 2.68 2.77 FCC HCP
BCC
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De=0.5 Cutoff Dc Re

Fig 4.11.4 Dc=1.0
Fig 4.11.5
0.9
~0.95 -
3 -1
>
©_105 -
- FCC
11 - < HCP
-+ BCC
~1.15 |
1 15 2 25 3

Cutoff distance

Fig 4.11.4 Cutoff distance vs. cohesive energy of each structure. (Dc=0.5)

-0.9
-0.95
s -1
S
chj—l.OS -
FCC
-1.1 - HCP
-+ BCC
-1.15 ‘
1 15 2 2.5 3

Cutoff distance

Fig 4.11.5 Cutoff distance vs. cohesive energy of each structure. (Dc=1.0)
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Fig4.11.4 Dc BCC

Cutoff

Fig 4.11.5 Dc=0.5 Cutoff BCC

D =0.5 BCC FCC

Cutoff
BCC
Dc Fig 4.10.1
Cutoff 4.2.1 Cutoff

Fig 4.11.6 Cutoff

X Cutoff Cutoff

1Lk % % % X X X & 6%EXXEEE &
08 |
%O % K X X X & eXXXXX e
o FCC
L 06 -
e % % K X X 6 & XXXXX e ee x |XHCP
04 L% % % A X X & X XXX66 & &X ABCC
% A A X X @
02 & XA A X & & A AXKeeeAAXX X
¥ AAA A A A A & 66ALNSAXS A
0
1 15 2 25 3

Cutoff distance(Rc+Dc)

Fig 4.11.6 Ground state structure as a function of the model parameters
(Re+Dce) and De.
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412

MD
4.12.1 MD
4.11
2000K 50ps
300K
MD

Table. 4.12.1 Potential parameters for molecular dynamics simulations

1><101K/sec

Table. 4.12.1

100K

Dc Rc Energy of Energy of Energy of
FCCleV] HCPleV] BCCleV]

0.2 1.39 -1.000 -1.000 -1.005
0.2 1.52 -1.001 -1.001 -1.083
0.3 1.52 -1.001 -1.001 -1.030
0.5 2.48 -1.000 -1.006 -0.993
0.5 2.94 -1.000 -0.996 -0.977

Johnson potential -1.510 -1.510 -1.5637

johnson MD
4.12.2 MD
MD Table. 4.3.1
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Table. 4.12.2 the structure after relaxation by annealing

Ground state
structure FCC HCP | BCC
Dc Re
expected by [ ] [ ] [ ]
Table. 4.12.1
0.2 1.39 BCC 0.0 0.0 100.0
0.2 1.52 BCC 0.0 0.0 100.0
0.3 1.52 BCC 2.2 1.0 96.8
0.5 2.48 HCP 67.3 18.4 14.4
0.5 2.94 FCC 63.6 15.8 20.6
Johnson BCC 05 | 05 | 99.0
potential
Table. 4.12.2 FCC HCP CNA BCC
Voronoi
Table. 4.12.2
FCC HCP BCC
Dc=0.5 Rc=2.48 HCP
MD FCC
HCP FCC 0.6
FCC
MD
BCC
4.13 BCC
Table. 4.13.1
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Table. 4.13.1 Contribution of 1st and 2»d neighbor atoms in each crystal

structure to the potential energy

M 1 EleV]
ECC nearest neighbor | 2.62 -151 100.00
second neighbor 3.71 0.00 0.00
HCP nearest neighbor | 2.62 -151 100.00
second neighbor 3.71 0.00 0.00
nearest neighbor | 248 -0.93 60.41
BCC | second neighbor | 2.86 -0.61 39.59
third neighbor 4.05 0.00 0.00
Table. 4.13.1 FCC HCP
BCC
Fig 4.13.1
0.1
0.05 -
BCC FCC BCC FGC
0 | |
S _po5lo 2 2.5 3 3.5
2> V.
& -01 -
€015
02 -
\ 4
-0.25 - S
-0.3
rf ]

Fig 4.13.1 pair potential curve
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Fig 4.13.1 FCC HCP

BCC
60
40
Fig 4.11.6 FCC
HCP BCC
Cutoff 1.28 1.39
Dc BCC FCC HCP
Dc
BCC BCC
4.13.1 Cutoff (Cutoff=1.39)
Fig 4.11.6
Fig 4.13.2 Dc=0.1 0.3
BCC
Dc=0.1 0.2 BCC
Dc=0.3 FCC HCP
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Fig 4.13.2 Cutoff distance vs. normalized energy of each potential. Arrows
show the distance of 1st and 2rd neighbor atoms in BCC crystal structure.

Fig 4.13.2 Dc=0.2
BCC
BCC
(Johnson Dc=0.1 0.2)
FCC (Dc=0.3)
BCC
4.13.2 Cutoff (Cutoff=2.12)
Cutoff
Fig 4.13.3  Cutoff 2.12 Cutoff 1.39
BCC
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Dec=0.4 FCC
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Fig 4.13.3 Cutoff distance vs. normalized energy of each potential. Arrows
show the distance of 15t and 2rd neighbor atoms in BCC crystal structure.
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Fig 4.13.4 BCC neighboring shells vs. energy of each potential.
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4.13.3 Cutoff (Cutoff=2.55)

Cutoff

The 6th, 7th and 8th
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Fig 4.13.5 Cutoff distance vs. normalized energy of each potential. Arrows
show the distance of 15t and 2rd neighbor atoms in BCC crystal structure.
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Fig 4.13.5 BCC Dc=0.1

FCC Dc=0.2
HCP Dec=0.4
Cutoff
Cutoff 2.12
Dc Cutoff Cutoff
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Fig 4.13.6 BCC neighboring shells vs. energy of each potential.
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