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Criteria of Good Fe-C-H Potential

stable a-Fe, y-Fe, 6-Fe, and orthorhombic Fe;C in MD
energy, volume, and elastic constants of various phases
energy and swelling volumes of C and H in a-Fe, y-Fe
diffusion energy barriers of C and H in a-Fe, y-Fe
stacking fault energy of a-Fe, y-Fe

hydrogen-vacancy interaction energy in a-Fe, y-Fe

hydrogen effects on surface energy of a-Fe, y-Fe
o~-y-0 phase transformation and Fe3C are challenging




Literature Review

d many EAM, MEAM, BOP, pair, hybrid potentials surveyed
1 all potentials are for Fe-C, Fe-H, or C-H binary systems
J only MEAM and BOP are suitable for Fe,;C

J no C-H MEAM exists to construct a Fe-C-H MEAM

d Fe-C, Fe-H, C-H BOPs exist to construct a Fe-C-H BOP
J Two Fe-C-H BOPs were constructed from refs. [1-6]

1] Kuopanportti et al, Comput. Mater. Sci., 111, [4] Brenner, Phys. Rev. B, 42, 9458 (1990)

525 (2016) [5] Henriksson et al, Phys. Rev. B, 79, 144107
2] Muller et al, J. Phys.: Condens. Matter, 19, (2009)

326220 (2007) [6] Henriksson et al, J. Phys.: Condens. Matter, 25,
[3] Juslin et al, J. Appl. Phys., 98, 123520 (2005) 445401 (2013)
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Polymorphic Pairstyle in LAMMPS

ZZ[( l]) (nj)_(l_nij)EJ(Xij)'VIJ(rij)]

11]1

Xij = X Wik (Tix) - G]fﬂ((%m) - P IK(TU ﬂ]nk)

k= 11
k+1i,j - ] ,
Potential 1s detined by n;, &5, and the six

Syt parameter functions Uy(r), Vi(r), Py(Ar), Wi(r), Fi(X),

0 =1a=por00#))  and G, (6) (for all species, J, K =1,2, ...)
N;j = 05 or N = 1- 9y
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Generalized Stillinger-Weber Polymorphic Potential

Polymorphic Potential

U )-0=m) B ) V)] g )= v R ()= v A

YF(X)=-X
Py (Ar)=1
Generalized Stillinger-Weber Potential W[J (7‘) =uy (7-)
E-= %Z; VR -V )+ )k;um(rik)-gm((eﬁk) Gk (‘9) = 8K (‘9)
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Stillinger-Weber Polymorphic Potential

Generalized Original

- _ . (7717 =0;,6,, =0
771']' - 5@']'>§IJ =0

UIJ (}/‘) _ Vf; (]/')— VII}I (]/') UIJ(V): AIJ &y (%) : |:B]J(%j —1} °€Xp[r _aUU. O'Uj

Viy(r)=uy(r) n@):m-exp(rf’;"ii }
<F[J(X):—X <FU(X o O
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Tersoft Polymorphic Potential

Polymorphic Potential = 0,6, =1

l- i[(l_df)'UU(”U)‘(l‘ﬂg)'EJ(Xg)'Vu(’?j)] UU(F) S]J_lexp[ 'BU\/E( elJ)] (1)

o S D

] M e, lJ

' 0. | - U(r)_ S 1 ~ By (r reIJ) fc,IJ(r)
=/ Wik (rie) - G (Ojine ) - Pre (15 — &1y * Tie ) i S,

~

1
<F}J(X):(1+X)—5
. P (Ar = eXp[ZlulK - Ar ]
) FSE g _
. o VV]K(’”) fc,]K(r) : :
fc,u(’”):<z+acos S— s Ty <I'<TIl.p G (‘9):7/ |+ Crx B Crx
0 r>r, \ HE ® d?K d,zK + (h]K + 0086’)2
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Rockett—Tersoff Polymorphic Potential

1] > 5].] = 1
A U exp(— /11,1J

A, -exp (_ )“1,1J

-

r) fc,[J (7'),

'r)'fc,lJ(V)» FSFoy
'r)'fc,lJ(r)'fc,uJ(r) Vo <V <T..u
rzrcllJ

r<rs1[J

cllJ ]v Vorg <T<T.1y

r>rcl[J

-r) fc[J r [
)

S e (’”)"' Ay - eXp(_ Ay
Jews (’")"‘ Ay - exp(— A ’")' Jew (’"

Crx

FIJ(X): [1+( 4, 'X)nU}
P (Ar ) = eXp[ﬂﬁ,IK A
Wik (r) = fc,[K (’")

2
G (‘9) =1+ :l,]f -

IK
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EAM Polymorphic Potential

Polymorphic Potential

v " &, =0
E LSSl ) on) mbe k] |
X~iW(r)G (Oiix) - Prc(rij — &7 - Tixc) VU(F):I
ij L 1k \Tix) - Grg\jix ) - Oix\Tij — S17 * Tik) <117]]()():_2117]()()
N Py (Ar) =1
EAM Potential w..(r)=f.(r)
A kGJ]K (‘9) =1
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Characteristic Properties of the Two BOPs

Ll Fie Literature experiments [1-13] and
BOP 1| BOPII | exp. DFT BOPI | BOPII | exp. DFT
a(A) 289 | 289 2.87 283 365| 365| 3.64] 3064| literature DFT calculations [14-16]
Ec (eV) -4.18 -4.18 | -4.28 -5.215| -4.15 -4.15| -427(-5.140] 1. Donnay and Ondik, Crystal Data, 1973
Cu1 (GPa) 218 218 | 243 uli 206 206 154 —— | 2. Barin, Thermochemical Data of Pure Substances, 1993
Cia (GPa) Al L. o kel Vi L —— 3. Simmons, Single Crystal Elastic Constants and Calculated
Cas (GPa) 130 130] 122 103 101 101 TI| Aggregate Properties, 1965
EE‘T’ E::g gég 222 — 2;32 :Z:ig :22618 — 21(7); 4. Zarestky and Stassis, Phys. Rev. B, 35, 4500 (1987)
Eno(eV) | 2.17| 217| -——| -5156] -2.58| -2.58| - |-4983| - Hirth, Metall. Trans. A, 11, 861 (1980)
Exr (eV) 227 227 - 5159 | -245| -2.45 —— | -5009| 6. Hayashiand Shu, Solid State Phenom., 73-75, 65 (2000)
Qco (A% 420 211 -— 1111 2.69 1.52 —- | 4.15] 7. McLellan and Wasz, J. Phys. Chem. Solids, 54, 583
Qcr(A%) | 737] 126] - 1032 413| 487 -] 1371 (1993)
Qno (A 1.83 1.83 | - 4221 1.55 1.55 —-| 087 8. Kucera and Stransky, Mater. Sci. Eng., 52, 1 (1982).
Qur (A% 448 448 | - 423 | 3.37 3.37 ——-| 2.15] 9. de Boer, et al, Cohesion in Metals: Transition Metal
AEnv (eV) | -0.08| -008| -— ] 007 007] | - Alloys, 1988
Eust (mJ/m?) 895 895 | --— | 470-590"| 260 260 ---- | >280" | 10.Hirth and Lothe, Theory of Dislocations, 1982
vo (mJ/m?) | 940| 94.0] 2410 2370° | 106.6 | 106.6 | 1950 | 2096" | 11.Yan et al, Phys. Rev. B, 70, 174105 (2004)
vu (mJ/m?) | 90.8 89.1| - -] 104.6 | 104.6 = ---- | 12.Li et al, Philos. Mag., 96, 524 (2016)
Doc (A*ps) | 57.95| 59.87 | 81.0 —--| 1353 | 288.6 | 7380.0 - | 13.Yu et al, Appl. Surf. Sci., 255, 9032 (2009)
Qc (eV) 072 | 0.96| 0.86 ——] 128] 180] 165| ---1 ]4.Yanetal, Phys.Rev.B, 70, 174105 (2004)
Don (Az/ps) 2.76 2.70 11.0 ---- | 2239 224.6 81.0 . 15.Li et al, Philos. Mag., 96, 524 (2016)
Qu (eV) 0.13 0.13] 0.12 — 0.98 0.98 0.45 ----

16.Yu et al, Appl. Surf. Sci., 255, 9032 (2009)

9 SEPTEMBER 29-0CTOBER 3, 2019

Oregon Convention Center ® Portland, Oregon USA



Fe ,C Elastic Constants

(A) (eV) (GPa)

.. a/b/c Er | Ci |G| Gz | Caa | Crp | Ciz | Co3 | Css | Ces
BOP1 | 5.09/6.52/4.50 | -4.95 | 310 | 540 | 352 | 110|156 | 154|146 | 115|126

BOPII | 4.96/6.47/4.48 | -4.94 | 319 | 283 | 355 37 | 140 | 137 | 112 | 116 | 111

exp. | 5.09/6.74/4.52 | -5.00 | v | oo | e | com | coom | coom | oo | oo | o

DFT | 5.03/6.72/4.48 | -5.84 | 377 | 344 | 301 | 133|162 | 149|172 | 146 | 134

Experimental data from

1. Fasiska and Jefferey, Acta Crystallogr., 19, 463 (1965)
2. Barin, Thermochemical Data of Pure Substances, 1993
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Arrhenius Diffusion Analysis

(a) H diffusion in (b) H diffusion in y
1. MD coordinates output every At "8~ e ] ST e
for total time t >> At B ' 5
2. Aa; ;: 1-th diffusing atom, j-th j A MV j
measurement over kAt period W N ™,
-].28.0 9.I0 l(;.O lll.l(()_lT>112I:;V_ll)3l.0 l4l.0 15I.0 16.0 -128.0 9.I0 lOI.O ll‘.O li(;Tll_’:((;v_lfl)O 15'.0 l6l.0 l7l.0 18.0
N m+l (¢) C diffusion in o (d) C diffusion in y
> Slaa, (kan)] i s
Ao (kAL 2> _ =l =l I N o —— | [T . sor o |
<[ 04 ( )] N(m 11— k) P .\.\.\.\.\. ko .
Sl T R B S ‘
< Aa(kAt)]2> =2D t 5| N - SN
([akar)F) + ([a=(kar)F ) =4, s - I I
< :AX(kAt )]2 > <[ ( )]2 > <[ (kAt )]2 > 6D t -“9‘0 10.0 11.0 12.0 13.0 14.0 15.0 -168.5 9;0 9?5 ]0"0 1(;5 llI.O III.S 12.0
KIT ! eV KT eV
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Stringent MD Tests

Stable a-Fe/Fe,C Interfaces  Stable Tensile Tests Literature Results

(a) BOP 1 (b) BOP_11

Fe,C,; Eckstrom-Adcock
carbide, with stable
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MEAM (Henriksson and
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e ‘.;:;?
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(a) no hydrogen (b) 5% hydrogen
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Summary

d Currently only BOPs can be constructed for Fe-C-H
systems without parameterization

d Two Fe-C-H BOPs have been constructed from literature
binary Fe-C, Fe-H, and C-H BOPs in polymorphic form

 Molecular statistics indicate that both Fe-C-H BOPs can
reasonably study mechanical properties

1 Molecular dynamics indicate that they also permit a-y-6
phase transformation, stable a-Fe/Fe;C interfaces, and
tensile test simulations




