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Introduction

• Embrittlement is defined as the loss of ductility in metals caused by segregation
of certain impurity atoms.
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Specimen Pms/Pii2 SiNi (nm)

NSI 3 x 10-2 0.10 0.5
NS2 5 x 10-2 0.11 5
NS3 S x Kr) 0.00 —

Lassila and Birnbaum (1987)

Embrittlement of Nickel: Sulfur segregation on grain boundaries
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What is Grain Boundary Segregation Induced Embrittlement?
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• Segregation energy is defined as the binding energy difference between the bulk
site and a GB/ FS site.

AEGB/FS GB/FS ,-,GB/FS
seg = Eb — Ebulk

• Embrittling potency is defined as the difference between the GB and FS
segregation energies

6,Eb = 6,EsqeBg — 6,Es4



E
•TThe effect of GB structure on embrittlement behavior needs

explanation.
• A computationally efficient interatomic potential for Ni-S for

L high-throughput simulations is lacking.

Objectives

Motivation

Objectives

• To develop a new Embedded-Atom Method (EAM)
interatomic potential parameterized for S induced
embrittlement of Ni to perform molecular dynamics (MD)
simulations

• To calculate segregation energies and embrittling potencies
for various STGBs with the newly developed EAM potential



Interatomic Potential

• Interatomic potentials define the interactions between atoms in order to simulate
material behaviors such as fracture, phase transformations. deformations etc.
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• One of the most computationally efficient interatomic potentials developed for
modeling metals and impurities is the nbeaaea-Atom ivietnod (EAM).

• In EAM, all atoms have an embedding energy which depend on the environmental
effects of the host lattice.

• Total energy of the system: Et0t = Ei Fi(pi) + -21Ei,j0,7(rii)

• 3 main functions needed to fit an EAM potential:

1. Embedding Energy Function: F(p)

2. Host Electron Density Function: p(r)

3. Pair Potential Function: O(r)



Interatomic Potential Development

• In order to develop a new Ni-S EAM potential, the following functions are selected1
for the fitting procedure:

Host Electron Density Function
r—ro r — r

= [Joe A E(r,rd) where E(x) = —6X5 15X4 10X3 + 1 and Xer,rc) = H (rc)
cut — rc

Embedding Energy Function

Eta =IFi(pi)+I(PiArii) where Pi =1Perij)
j#i

Pair Potential Function

(I)(r) = Def[1 — e—am(r—ro)12 — 1} • E(r, rp)

• 3 fitting procedure needed to describe Ni-S interactions:
➢ Ni-Ni ,S-S and Ni-S
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Interatomic Potential for Ni-Ni interactions
•

Target properties and corresponding fit results: 

Vacancy formation energy

A 000

B 000

0.0

Stacking fault energy

The energy difference between
FCC and BCC state of Ni

Property' Target b Fit Experimental"
ao 3.52 3.52 3.52

Ecoh -4.45 -4.45 -4.45
Ev f * 1.592 1.592 1.60
E8 f * 88.843 88.843 125

AE f ce.—bcc 
* 

0.077 0.077 0.06
C11 * 2.467 2.455 2.465
C12 * 1.475 1.491 1.473
„--,, *
L., 44 1.250 1.343 1.247

a ac, (A) is the lattice parameter. E„h (eV), GI. (eV) and Es.f. (eV) are the cohesive, vacancy
formation and stacking fault energies, respectively.AEf„_b„ (eV) is the energy difference

between FCC and BCC lattices.CH, C12, C44 are the elastic constants with units 1012 dynlon2 .
b Values obtained from MD simulations using Ni-Al-H EAM potential Angelo and Baskes
(1995,1997).
c Experimental values taken from Angelo and Baskes (1995,1997).

Target energies for Ni-Ni interactions are matched exactly 7
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Interatomic Potential for S-S interactions
•

Target properties and corresponding fit results: 

aTar
Structure a() (Ar

et r

ao (Air

it,
E0 (eV) Eo (eVr

Dimer * 1.91 -3.28 2.00 -3.28
'Rimer * 2.03 -3.86 2.03 -3.86

Cyclo-octasulfur * 2.04 -4.06 2.03 -3.86
Hexagonal
Diarnond
SC

FCC *
BCC

2.32
5.79
2.59
4.00
3.18

-2.84
-3.01

2.15
5.24
2.35
3.66
2.89

-3.45
-3.22
-3.11
-2.84
-2.88

a Target values are taken from the DFT databasel.
b cto (A) is the lattice parameter and E0 (eV) is the energy per atom.

Target energies for S-S structures are in good agreement

T. Liang et al. (2009) Phys. Rev. B 8



Interatomic Potential for Ni-S interactions

Target properties and corresponding fit results: 
15 [100]/(210) 36.87°

Property"

ERF,s;

Ifft

EP n

ErS

AEb

Tar Fit

-1.410

-2.39

-3.22

A11 energies are in (eV). AE,c:9g 1Fsi is the segregation energy

associated with a GB/FS cell, EbG.D1k/Fs is the bulk energy

associated with a GB/FS cell, EbGB/Fs is the binding energy
associated with a. GB/FS cell and A.E.b is the embrittling
potency.

b Target values are taken from. ianskd et al. (2011).

Pair interactions for Ni-S is more favorable than S-S interactions,
causing the attraction between S-S to diminish 9



Results not Included in the Fitting Database

• Ni-S bond lengths less than 3 A are computed for a X5 STGB with S atoms at
the substitutional GB site: "OaS"

Present Work
Yamaguchi et al. (2015)

DFT calculations

OaS (S) Oal (Ni) OaS (S) Oal (Ni)

OaS (S) - -2.28 2.25

1S (Ni) 2.26 2.64 2.27 2.65

2S (Ni) 2.18 2.74 2.17 2.76

3S (Ni) - -2.84 2.87

* All lengths are in Angstrorns.

X5 [100]/(210) 36.87°

y < 012 >

z < 100 >

Ni-S bond lengths calculated by our EAM potential are in good

L. x < 021>

agreement with DFT results. 10



Results not Included in the Fitting Database

• Assumption: S prefers interstitial sites at GB/FS region
and substitutional sites at bulk region
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Oa I OaS 1 S 2S 3S 4S 5S 6S 7S 8S

Segregation site

9S 1 OS

I5 [100]/(210) 36.87°

y < 012 >

z < 100 >
x < 021 >

The segregation energies associated with different segregation sites
are matching the DFT results

11



Results not Included in the Fitting Database
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The segregation energies associated with different segregation sites
are matching the DFT results

12



Effect of S Coverage

• Rank ordered binding and segregation energies obtained from the newly
developed EAM potential shows the effect of S coverage in the system.

X5 [100]/(210) 36.87°
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Embrittling Potencies for six [100] STGBs
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[100] Symmetrical-tilt grain boundaries

The embrittling potency of S varies
for different GBs as well as different S coverages.
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Systematic Comparison and Future Directions

• Same type of approach can be used to plot embrittling potencies for a wide range
of GBs, and visualized using stereographic projection.

4
Embrittling Potencies ?

• •
Excess Free Volume

• Impurity atoms can be introduced to the system by using a hybrid semi-grand
canonical Monte Carlo/Molecular Dynamics approach. This hybrid approach
requires some properties to be calculated.

➢ Properties calculated with the new EAM potential:
• Melting Temperature of Ni: Tm = 1760 K(compared to 1728 K) 1
• Equilibrium chemical potential difference: Apt = — 0.55eV of a supercooled

system. (965 K)1
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1 Hu et al. (2018) Nature Comm.



Summary and Conclusions

• A new embedded-atom method (EAM) interatomic potential
parametrized for segregation induced embrittlement behavior of S in
Ni is developed
— The resulting fit is compared to literature with satisfactory results achieved

— Allows simulation of a larger number of atoms or longer simulation times than DFT
methods or atomistic simulation with the ReaxFF potential

• Segregation energies and embrittling potencies are calculated for six
[100] STGBs using molecular statics calculations with the newly
developed EAM potential
— These results indicate the importance of the GB structure and S coverage on the

embrittlement behavior

• Selection of GB sets by matching the embrittling potencies of
different interfaces to isolate the role of grain boundary structure
could provide insights on the embrittlement mechanism&

[1] Dingreville, R., Aksoy, D., Spearot, D.E. (2017) Scientific Reports, 7, 8332


