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Fig.2.4 Conceptual comparison between harmonic and quasiharmonic.
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Fig.3.1 Conceptual diagram of proposed method.
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Fig.3.2 Locus of a Ni atom (Ni (FCC), NVE ensemble (900K), EAM). The units are A.
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Fig.3.3 Locus of 2 Ni atoms (Ni (FCC), NVE ensemble, EAM). The units are A.
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Algorithm 1 Analytical method for calculate thermal expansion coefficient.

Natom

. 3
Require: n,, ny,n; € R, Miattice> Matom € R, fror € (R — R}, {X €R } | TeR

Ensure: w € R™ ™ {gpiy € (R — R}}“"

i=

Initialize Lyin, Limax, €
repeat
L < 1/2(Liin + Limin)
omega < CALC : PHONONS(fpo, L, ny, iy, 1)
for all x; do
o; & CALC : SIGMA(x;, w, T)
gist; <= N(|Ix]|, 07)
end for
gpist < 2.i(8pist;)
Pporen = —4/3L% [(gpio(r) 22 rdr)
Pk & NiaicekT /L
P & Ppoten + Px
if P > O then
Lnin &L
else
Lyax & L
end if
until (Ly.x — Liin) < €
return 1/2(Lyin + Lnin)
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Fig.4.16 Estimation of RDF and comparison (Al).
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Fig.4.20 Estimation of thermal expansion and comparison (Ni).

1200



43 ODOOOOOOOODOOMDOOOOO 81

Length Ratio

Thermal Expansion Coefficient [1/K]

1.08

1.07

1.06

1.05

1.04

1.03

1.02

1.01

MD‘ + | + + + ™
| Proposed

8e-005

7e-005

6e-005

5e-005

4e-005

3e-005

2e-005

1e-005

0 200 400 600 800 1000 1200 1400

Temperature [K]

(a) Length ratio

l l
MD +
| Proposed _

+t+t4

+Ft

\ \ \ \ \ \ \
0 200 400 600 800 1000 1200 1400

Temperature [K]

(b) Thermal expansion coefficient

Fig.4.21 Estimation of thermal expansion and comparison (Cu).



82

040 0O0O0ODOOODOODOODOOOOO

Length Ratio

Thermal Expansion Coefficient [1/K]

1.05
1.045
1.04
1.035
1.03
1.025
1.02
1.015
1.01
1.005

5e-005

4e-005

3e-005

2e-005

1e-005

Fig.4.22 Estimation of thermal expansion and comparison (Ag).

Temperature [K]

(b) Thermal expansion coefficient

I I
MD + +
I~ Proposed + +
n + _
: \ \ \ \ \ \
0 200 400 600 800 1000 1200 1400
Temperature [K]
(a) Length ratio
l l
MD +
Proposed
+
+
| | | | | | |
0 200 400 600 800 1000 1200 1400




43 00OO0OODOODOODOOOMDOODOOO

83

Length Ratio

Thermal Expansion Coefficient [1/K]

1.03 T
MD +
Proposed

1.025

1.02 -

1.015

1.01

1.005

0 200

400 600 800 1000

Temperature [K]

(a) Length ratio

1200

1400

3e-005

l
MD +
Proposed

2.5e-005 -

2e-005

1.5e-005

1e-005

5e-006 |-

0 200

(b) Thermal expansion coefficient

Fig.4.23 Estimation of thermal expansion and comparison (Au).

400 600 800 1000

Temperature [K]

1200

1400



84

040 0O0O0ODOOODOODOODOOOOO

Length Ratio

Thermal Expansion Coefficient [1/K]

1.04

1.035

1.03

1.025

1.02

1.015

1.01

1.005

8e-005

7e-005

6e-005

5e-005

4e-005

3e-005

2e-005

1e-005

\ \ \ L
MD + +
| Proposed + |
= + —
+
| | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000
Temperature [K]
(a) Length ratio
[ [ [ [
MD +
| Proposed |
+ + |
| | | | | | | | |
0 100 200 300 400 500 600 700 800 900 1000

Temperature [K]

(b) Thermal expansion coefficient

Fig.4.24 Estimation of thermal expansion and comparison (Pb).
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Fig.4.25 Estimation of thermal expansion and comparison (Al).
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Fig.4.29 Estimation of thermal expansion, including quantum effect (Ni).
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Table5.1 Target variables and values for potential fitting (Ni).
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Table5.2 GA parameters for potential fitting (Ni).
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Table5.3 GEAM parameter ranges for potential fitting (Ni).
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Table5.4 Fitted GEAM parameters (Ni).



52 00O0OOO0ODODOO0OD 99

-0.5 T
GEAM ———
Fitted
5 i
>
o
9]
[
5 i
_3 | | | | | | |
0 10 20 30 40 50 60 70 80
rho
(@) F(p)
120 T T T
GEAM ———
Fitted
100 B
80 B
2 60 :
40 g
20 B
0 L | |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Length [A]
(b) p(r)
0.1 T T T
GEAM ——
0.05 | Fitted
0 —
— -0.05 -
=
2,
5 01f
9]
&
-0.15 -
-0.2 -
-0.25 - —
_03 | | | | | | | |
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
Length [A]
(c) ¢(r)

Fig.5.1 Fitted potential shape (Ni).
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0Dooog Cll 240.89bar ~0.023
0ooo Cl2 148.84bar 0.010
0000 C44 125.17bar 0.0037

Table5.5 Target variables and values for potential fitting (Ni).
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Table5.6 Energy curve fitting in |AL/L| < 0.003 (Ni).
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Table5.7 Energy curve fitting in |AL/L| < 0.02 (Ni).
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Table5.8 Target variables and values for potential fitting (Fe).
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Table5.9 GEAM parameter ranges for potential fitting (Fe).
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Table5.10 Fitted GEAM parameters (Fe).
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Fig.5.4 Fitted potential shape (Fe).
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Table5.11 Target variables and values for potential fitting (Fe).
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Table5.12 Target variables and values for potential fitting (Cu).
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Fig.5.7 Comparison of thermal expansion coefficient before/after fitting (Cu).

oood Experiment | GEAM Fitted
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0000 C44 [GPa] 31.6 36.44055 | 32.5948

Table5.13 Target variables and values for potential fitting (Al).
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Fig.5.8 Fitted potential shape (Al).
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Generalized EAM O OO O OO O
L] 0O 0O O

0000000 400000000000000 SO00000O0O0000DO0Od
0000000 Generalized EAM(GEAM) ODOOOODO [27] 0000 0O O TableB.1
O GEAMOOO0O0O0ODOODOOO0DOODOODOOOnOg

Cu Ag Au Ni Pd Pt Al Pb
re 3.499723 2.891814 2.885034 2.488746 2.750897 2.771916 2.886166 3.499723
Je 0.647872 1.106232 1.529021 2.007018 1.595417 2.336509 1.392302 0.647872
Pe 8.90684 15.539255 21.319637 27.984706 22.77055 34.108882 20.226537 8.90684
@ 8.468412 7.944536 8.086176 8.029633 7.605017 7.079952 6.942419 8.468412
B 4.516486 4.237086 4.312627 4.282471 4.056009 3.775974 3.702623 4.516486
A 0.134878 0.266074 0.230728 0.439664 0.385412 0.449644 0.251519 0.134878
B 0.203093 0.386272 0.336695 0.632771 0.545121 0.593713 0.313394 0.203093
K 0.425877 0.425351 0.420755 0.413436 0.425578 0.413484 0.395132 0.425877
a 0.851753 0.850703 0.841511 0.826873 0.851156 0.826967 0.790264 0.851753
Fro 1.419644 1.729619 2.930281 2.693996 2.320473 4.099542 2.806783 1.419644
Fu1 0.228622 0.221025 0.554034 0.066073 0.421263 0.754764 0.276173 0.228622
Fpo 0.630069 0.541558 1.489437 0.170482 0.966525 1.766503 0.893409 0.630069
Fp3 0.560952 0.967036 0.886809 2457442 0.932685 1.578274 1.637201 0.560952
Fy 1.44 175 298 2.7 2.36 4.17 2.83 1.44
Fq 0 0 0 0 0 0 0 0
Fy 0.921049 0.983967 2.283863 0.282257 1.966273 3.474733 0.929508 0.921049
F3 0.108847 0.520904 0.494127 0.102879 1.396717 2.288323 0.68232 0.108847
n 1.172361 1.149461 1.28696 0.50986 1.399758 1.39349 0.779208 1.172361
Fe 1.440494 1.751274 2.981365 2.700493 2.362609 4.174332 2.829437 1.440494

Fe Mo Ta w Mg Co Ti Zr
re 2.481987 2.7281 2.860082 2.74084 3.196291 2.505979 2.933872 3.199978
fe 1.885957 2.72371 3.086341 3.48734 0.544323 1.975299 1.8632 2.230909
Pe 20.041463 29.354065 33.787168 37.234847 7.1326 27.206789 25.565138 30.879991
a 9.81827 8.393531 8.489528 8.900114 10.228708 8.679625 8.775431 8.55919
B 5.236411 4.47655 4.527748 4.746728 5.455311 4.629134 4.68023 4.564902
A 0.392811 0.708787 0.611679 0.882435 0.137518 0.421378 0.373601 0.424667
B 0.646243 1.120373 1.032101 1.394592 0.22593 0.640107 0.570968 0.640054
K 0.170306 0.13764 0.176977 0.139209 0.5 0.5 0.5 0.5
a 0.340613 0.27528 0.353954 0.278417 1 1 1 1
Fpo 2.534992 3.692913 5.103845 4.946281 0.896473 2.541799 3.203773 4.485793
Fp1 0.059605 0.178812 0.405524 0.148818 0.044291 0.219415 0.198262 0.293129
Fn 0.193065 0.38045 1.112997 0.365057 0.162232 0.733381 0.683779 0.990148
Fy3 2.282322 3.13365 3.585325 4.432406 0.68995 1.589003 2.321732 3.202516
Fy 2.54 3.71 5.14 4.96 0.9 2.56 3.22 4.51
Fq 0 0 0 0 0 0 0 0
Fy 0.200269 0.875874 1.640098 0.661935 0.122838 0.705845 0.608587 0.928602
F3 0.14877 0.776222 0.221375 0.348147 0.22601 0.68714 0.75071 0.98187
n 0.39175 0.790879 0.848843 0.582714 0.431425 0.694608 0.558572 0.597133
Fe 2.539945 3.712093 5.141526 4.961306 0.899702 2.559307 3.219176 4.509025

TableB.1 Generalized EAM potential parameters.
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