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We demonstrate a first-principles method to compute all factors entering the vacancy-mediated self-
diffusion coefficient. Using density functional theory calculations of fcc Al as an illustrative case, we
determine the energetic and entropic contributions to vacancy formation and atomic migration. These
results yield a quantitative description of the migration energy and vibrational prefactor via transition state
theory. The calculated diffusion parameters and coefficients show remarkably good agreement with
experiments. We provide a simple physical picture for the positive entropic contributions.

* Use density functional theory calculations to determine the
energetic and entropic contributions to vacancy formation and
atomic migration, i.e. all parameters used to evaluate vacancy-
mediated diffusion coefficients

 Compare the calculated values with available experimentabmaééhﬁ_
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Outline @

* Interstitial diffusion from first-principles
— Theory and finite temperature thermodynamics
* Oxygen diffusion in fcc nickel
— Site preference & diffusion pathway
— Va-modified site preference & diffusion path
— Oxygen diffusivity with and without Va
* Oxygen diffusion in bcc iron
— Site preference with and without Va
— Oxygen diffusivity with and without Va
* Summary
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Diffusion coefficient D is a productof g7
kinetic coefficient L and thermodynamic W
factor @

Independent set of driving forces
Concentration gradients
Volume-fixed frame of reference l
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Tracer diffusion coefficients

Concentration gradients i D , | D ”
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Intrinsic diffusion coefficients
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Independent set of driving forces T
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Interstitial diffusion equation @

Following Wert & Zener, interstitial diffusivity can be described by:

Coordinate number Jump distance i IS\
N3 |4 . BV,
HH 2sinh
=n d2F r=k_T@e—AE/kT — kT _ 2kT | p-aE/iT
/o \ "L " T | 2sinn( 1Y
Probability factor Jump frequency ni=1 2kT
‘|—'3N—3 ‘IS
High temperatures (hv/2kT<<1) T =11l ’TS o AL _ o) * o~ AE/ KT
=> Vineyard equation 1_[1'=1 V.

exp E3N -3 hV
Low temperatures (hv/2kT >> 1) = kT 2kT o AET k_T o~ (AE+AG,) /KT
h

= Eyring equation exp TV hv/”
P
2kT
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Finite temperature thermodynamics - \-%
The quasiharmonic approach

F(V,T) = E(V) + F,(V,T) + F(V,T)
- E,(V) Static energy at 0 K and volume V, i.e., EOS (by VASP)
- F,,(V,T) Vibrational contribution at VV & T (Phonon or Debye model)

- F_(V,T) Thermal electronic contribution at V & T (by VASP)

DFT directly— 1 E-DOS
5 / -5 4 3 . gzy v 1 0 1
s
- FaV. D ||
- Fvi.b(v’.n L ‘/ \ || P-DOS
Volume A |
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Calculation methods - \ = 4
Oinfcc Ni & O in becc Fe v

* DFT based first-principles calculations
— VASP code
— PAW method for electron-ion interaction

— Exchange-correctional (X-C) functionals
* LDA for O in fcc Ni
 GGA-PBE for O in Fe
e Also tested others: PW91, PBE+U, PBEsol, AM05

— CI-NEB for migration barrier calculations
— Phonon & Debye model for finite T thermodynamics

PENNSTATE
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Case1o0f2

* Oxygen diffusion in fcc Ni
with and without vacancy
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First-principles studies on vacancy-modified interstitial diffusion
mechanism of oxygen in nickel, associated with large-scale atomic
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(Received 22 October 2013; accepted 17 December 2013; published online 22 January 2014)

This paper is concerned with the prediction of oxygen diffusivities in fcc nickel from first-principles
calculations and large-scale atomic simulations. Considering only the interstitial octahedral to
tetrahedral to octahedral minimum energy pathway for oxygen diffusion in fcc lattice, greatly
underestimates the migration barrier and overestimates the diffusivities by several orders of
magnitude. The results indicate that vacancies in the Ni-lattice significantly impact the migration
barrier of oxygen in nickel. Incorporation of the effect of vacancies results in predicted diffusivities
consistent with available experimental data. First-principles calculations show that at high
temperatures the vacancy concentration is comparable to the oxygen solubility, and there is a strong
binding energy and a redistribution of charge density between the oxygen atom and vacancy.
Consequently, there is a strong attraction between the oxygen and vacancy in the Ni lattice, which
impacts diffusion. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861380]
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Oxygen diffusion in fcc Ni -
site preference

Solution energy:

. . . . M)I a— . — 5 —
For interstitial solution: Eo” = Emivo = Emni — Eo,

n—1

For substitutional solution: £5' = Eu-inizo ———Emi — Eo
TABLE L. Solution energies (eV) of oxygen in pure nickel.
Interstitial
Substitutional Octahedral Tetrahedral Method Sub u>.°
S
Es 2.31 3.63 3.28 This work g
— 2.65% —3.39" 2.38° Other DFT Tet w
Oct
. :
E. H. Megchiche, et al, JPCM 19 (2007) 296201 PENNSTAT

bJ. ). Kim, et al, APL 100 (2012) 131904 [T
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Oxygen diffusion in fcc Ni - 2 7

diffusion pathway \

* Two migration pathways are considered

4 \ y °\
/ \ / \\
0-0
1.6
_1.40ev —=—0-0
—e— O-T-0O

1.2+
>
)
> 0.93 eV
E) .........
e osl
o
C
he] :
©
2 04t
=

Tetrahedral site
0.0

Octahedral site

Reaction coordinate

Octahedral site

This work 1.40 0.93
1.57 1.23
Other DFT 144 112

1.70, 3.20, 3.12, 3.08,

Experiment 1’58 249 1.89

Predicted barriers much
lower than measurements
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Oxygen diffusion in fcc Ni -
finite T diffusivity

10
— Zolobov(1971)
) — Park(1987)
o° L — Alcock(1969)
........ Goto(1967)
N L N N < | B Barlow(1969)
10°F ol eSS /T Kerr(1972)
~—— Lloyd(1972)
1 0-10 I —— DFT-Phonon
. *
8 —#— DFT-Debye
3.0 —=—DFT-Debye
e —— MD-MEAM
| —@MD-MEAM"
P MD-ReaxFF~
13 “
i | | B MD-ReaxFF
10 O in Ni+Va ‘
~—-KMC
1 0-14 i —— KMC"
* Ni without vacancy
) | | | | | l , 1 1 ** Ni with vacancy
10

05 06 07 08 09 10 11 12 13 14 15
1000/T (K™ STATE

H. Z. Fang, et al, JAP 115 (2014) 043501 @ 12



* With Va, the neighboring Oct

Binding energy (eV)

Oxygen diffusion in fcc Ni -
vacancy modified site preference v

& Tet sites shift, i.e.:

o
o

©
~
I

0,20, T,-T,

—=— O at tet
—e— O at oct

# of nearest neighbor

PHASES

 O-Vabinding energy ~1.2 eV.
 Effect up to the 3 NN (O,).

\ = 4
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Oxygen diffusion in fcc Ni -
binding energy of O and Va

—a— O at tet
—e— O at oct

Charge density indicates binding strength

PENNSTATE
H. Z. Fang, et al, JAP 115 (2014) 043501 @ 14
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* Three possible paths for O diffusion from Va

o VAN

Oxygen diffusion in fcc Ni -
Va modified diffusion pathway
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Migration energy, eV
> o

o
o

Oxygen diffusion in fcc Ni -
Va modified diffusion barrier

Reaction coordinate

29
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TABLE II. Migration energies (eV) of oxygen in nickel without and with
vacancy effect.

0-0 0-T-0 Method
E"e 1.40° 0.93,%1.68.21.80,° 2.10" This work
1.57.°1.449 1.23°1.12¢ Other DFT

1.99° Other MD

170,/ 1.89.£3.08," 2.49,'3.274.28 ¥ 3.12' Experiment

*Ni without vacancy.
bare -
Ni with vacancy.

Significant increase of diffusion barrier from 0.93 to 1.68 eV

PENNSTATE
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Oxygen diffusion in fcc Ni - phononsgy

_ PureN;i Ni-O, Ni-Ogugie (ot Ni-Oter
21.85 THz
" ] - ] 20.65 THz
16.10 THz ] ]

16 1

12 1

Frequency, THz
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Oxygen diffusion in fcc Ni -
migration barrier at finite T

2.00

1.75

m
N
(&)
o

Migration energy, AG_(eV)

-

.

------ Ni with Va_Debye-QHA
—— pure Ni_Debye-QHA
- - - pure Ni_Phonon-HA

0 200 400 600 800 1000 1200 1400 1600

Temperature (K)
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Jump frequency:

kT

-AG, kT
[ =—e

h

Phonon: accurate but
expensive

Debye: efficient but less
expensive

Migration free energies for O,-T -O, pathway

H. Z. Fang, et al, JAP 115 (2014) 043501
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Oxygen diffusion in fcc Ni -
finite T diffusivity

10
— Zolobov(1971)
) — Park(1987)
o° L — Alcock(1969)
........ Goto(1967)
N L N N < | B Barlow(1969)
10°F ol eSS /T Kerr(1972)
~—— Lloyd(1972)
1 0-10 I —— DFT-Phonon
. *
8 —#— DFT-Debye
3.0 —=—DFT-Debye
e —— MD-MEAM
| —@MD-MEAM"
P MD-ReaxFF~
13 “
i | | B MD-ReaxFF
10 O in Ni+Va ‘
~—-KMC
1 0-14 i —— KMC"
* Ni without vacancy
) | | | | | l , 1 1 ** Ni with vacancy
10

05 06 07 08 09 10 11 12 13 14 15
1000/T (K™ STATE
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Oxygen diffusion in fcc Ni -

Arrhenius parameters ;, _ D, exp(-Q/kT)

TABLE III. Diffusion constants D and activation energies Q predicted by different computational methods in comparison with available experimental data.

Do (m?/s) Q (eV) T (K) Method Ref.
8.0x107° 0.92 700-1700 DFT-Phonon® This work
7.4%x107° 0.98 700-1700 DFT-Debye” This work

3x1077 . - «<MC* is work
4 X 10_6 0.91 700—1700w1th0ut VakMC ) Th?x work
6.4 x 10 0.95 1200-1700 MD-MEAM This work
2.3x 107" 0.49 8001400 ReaxFF* This work
8.8 x 107’ 1.64 700-1700 DFT-Debye” This work
39x107* 1.82 1000-1700 kMmc® This work
2.8 x 107* 1.95 1200-1700 With Va Mb-MEaM® This work
95x%x 1077 2.25 1000-1400 ReaxFF" This work
49 x107° 1.70 1123-1673 Potentiometric Park and Altstetter, 1987
7.9 3.20 1073-1473 Internal oxidation Barlow and Grundy, 1969
1.82 3.12 1173-1573 Internal oxidation Goto et al., 1967
26.8 3.08 1273-1623 Expt Intermal oxidation Lloyd and Martin, 1972
8.93 x 10° 4.28 1323-1473 Gravimetric Alcock and Brown, 1969
121 x 1073 2.49 623-1273 Desorption Zholobov and Malev, 1971
2.06 x 107~ 1.89 1273-1573 Electrochemistry Kerr, 1972

*Ni without vacancy.
bare =
Ni with vacancy.

D,: 8.8x107 ~9.5x103 (Expt: 4.9x10°°

Q: 1.64 ~2.25 (Expt: 1.7 ~4.28)

H. Z. Fang, et al, JAP 115 (2014) 043501

~ 8.93x103)

PENNSTATE
BTy

w 20



' PHASES

Discussion -
equilibrium O & Va contents in Ni

Vacancy concentration in Ni, CV

Vacancy concentration vs. oxygen solubility in Ni pennsmae
i)
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Case 2 of 2

* Oxygen diffusion in bcc Fe
with and without vacancy
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Oxygen diffusion in bcc Fe

Corrosion Science 83 (2014) 94-102

Contents lists available at ScienceDirect 2
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journal homepage: www.elsevier.com/locate/corsci
Vacancy mechanism of oxygen diffusivity in bcc Fe: @Cmssmrk

A first-principles study
S.L. Shang*">*, H.Z. Fang®P, J. Wang®"<, C.P. Guo®"4, Y. Wang®", P.D. Jablonski ®¢, Y. Du¢, Z.K. Liu®"
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ARTICLE INFO ABSTRACT
Article history: Diffusivity of interstitial oxygen (O) in bcc iron (Fe) with and without the effect of vacancy has been
Received 13 December 2013 investigated in terms of first-principles calculations within the framework of transition state theory.

Accepted 2 February 2014

- - Examination of migration pathway and phonon results indicates that O in octahedral interstice is always
Available online 8 February 2014

energetically favorable (minimum energy) with and without vacancy. It is found that vacancy possesses
an extremely high affinity for O in bcc Fe, increasing dramatically the energy barrier (~80%) for O migra-

Keywords: tion, and in turn, making the predicted diffusion coefficient of O in bcc Fe in favorable accord with

A. lron .

B. Modeling studies experiments. -
' © 2014 Elsevier Ltd. All rights reserved. =

C. Oxidation

C. Internal oxidation 23
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bee Fe & its oct & tet interstitial sites
— structure

O © oct Fe: 2a (0,0,0)
* - 0-oct: 6b (0% %)
O-tet: 12d (0 4 %)

o OtEt

A Fe PENNSTATE

[_Zive)
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Site preference of O in bcc Fe
- w.r.t. bcc Fe and AFM o-Fe, 0, v

| | | | | [

250 | _D_ PBE-SUb .."' _
€ —/— PBE-tet
2 —O— PBE-oct
> 200 -~ PW91-sub -
E | -4 PWO1-tet A
2 150 -@- PW91-oct """""""""" _ b S
o T e e 04
o W T )
S 100} e N Tet S
% - Oct
X 50 ,::" —

;’Q Each composition

l | | | |
000 001 002 003 004 0.05 0.06
bce Fe Mole fraction of O ... AFM FeZO3PENNS-;FéTE
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- 0 at oct & tet sites

Phonon DOS

! I !
—— Oxygen at oct site
----- Oxygen at tet site

Frequency (THZz)

——— bce Fe i |
A bce Fe (expt.) & |
B A | _
Imaginary mode i'ie__;)
| 5 |
15 20 25

PHASES

Phonon DOS of bcc Fe (without Va)\-%

v

PENNSTATE
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Minimum energy pathways of O WW
diffusion in bcc Fe with/without Va

1.0 T | 1 | T | I | |

|1 Fes3OVa (1NN to 2NN)
| —&— Fe;30Va (2NN to 3NN)
—@- Fe;,O (no Va)

o o
o o0
I

Energy difference (eV)
o
N
|

TS (tet interstice)

o
N

0.0 0.2 0.4 0.6 0.8 1.0
Reaction coordinate PENNSTATE
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O-Va binding energy in bcc Fe \ 2 4
- using the 3x3x3 supercell

v

| fully separate O-Va

0.0 3NN @—meeme e Q
S N -
Q
> -0.4 — ]
o
) u i
c
.08 2
> .0 8k B
-_g - Energy 1 Energy 2
-_% i 8 F653Ova Fe54 - Fe53Va Fe54O ]

- _ (0 0) -
c>? 1.2 o O-Va binding energy
O FTNN V -

-1.6

NN between O and Va
PENNEIréTE
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Activation energy of O diffusion in bcc Fe

PHASES

\ 24

- energy (KkJ) between oct & tet sites

PWO1: 2x2x2 cell 49.8 |PBEsol: 3x3x3 cell 39.1
PW91: 3x3x3 cell 38.8 |PBE-CINEB-bulk-relax (O-T) 51.4
PW91: 4x4x4 cell 38.9 |PBE-CINEB-bulk-relax (O-T-O) |49.6
PBE: 2x2x2 cell 61.5 |PBE-CINEB-bulk-fix (O-T-O) 52.1
PBE: 3x3x3 cell 47.0 |PBE-CINEB-relax-Va (O-T-O) [98.8
PBE: 4x4x4 cell 47.8 |Expt.: Swisher 1967 177
PBE: 3x3x3 (charged) |51.9 |Expt.: Barlow 1969 167
LDA: 3x3x3 cell 16.1 |Expt.: Takada 1986 86+6
90+7

ENNSIATE
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Arrhenius plots of O diffusion in bcc Fe W
with/without Va ) — D, exp(-Q/kT) \

Temperature (K)

PHASES

1250 1200 1150 1100 1050 1000
[ [ [ [
-89~ -0 T T; —_
00k e T e T B
N@ O A O Expt
£ 95" —— Without Va (Phonon): Vineyard 1
N ----- Without Va (Phonon): Eyring < tests
< -10.0F- Without Va (Debye): Eyring _ -
2 —— With Va (Debye): Eyring <= Pick these
-
-10.5F o _
-11.0F _
] ] ] ] ] ] ]
8.0 8.5 9.04 9.5 10.0 DENNSTAT
1/T (10'/K) OIATE
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ﬂ
Arrhenius plots of O diffusion in bcc Fe \&W

with/without Va (details)
D =D, exp(— Q/ kT')

System AE,, Q
Fes,O (without Va)? 0.526" 3.75 x 10~ 7®) 0.49°
0.503¢ 5.72 x 107’ without 0.56'
2.86 x 10-7(2) 0.54%2
Fes30Va (1NN to 2NN)? 0.897" 0.63 x 1077® \with  0.80¢
0.892¢
Fes30Va (2NN to 3NN)? 0.772°
. i : h
Expt: O in dilute Al-Fe (1 79_558) 1077 0.89 £ 0.06
. : - . Eah N
Expt: O in dilute Si-Fe (2_9]_%‘5«7}) 107 pt0.93 +0.07
. - - . Eah N
Expt: O in dilute Ti-Fe (3 78 ?gg) « 10~ 7 0.95+0.06
Expt: O in dilute Si-Fe' (400 +100) x 10~ 1.73 £0.01
Expt: O in dilute Al-Fe’ 37.2 x 1077 1.01
Expt: estimated values® 0.98 + 0.1 -




Summary @

Exploration of site preference, diffusion pathways &
barriers, and diffusivities of oxygen

Existence of strong O-Va binding energy in metals

Va-modified interstitial diffusion mechanism proposed
to quantitatively predict diffusivity of oxygen in metals

Case studied in fcc Ni and bcc Fe

PENNSTATE
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