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e Secondary elements can be
added to stabilize the
microstructure.
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Cahn, Acta Metallurgica 10 (9), 1962
Nes et al., Acta Metallurgica 33 (1), 1985
Botcharova et al., Acta Materialia 51 (12), 2006
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Motivation

e Slower grain growth in HEAs?
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o Local disorder
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e Slower grain growth in HEAs?
o Local disorder
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Liu et al., Scripta Materialia 68 (7), 2013
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e Slower grain growth in HEAs?
o Local disorder
o Segregation effects

e Observed in microcrystalline
FeCoNiCrMn

e Exceptional resistance against
grain growth in CoCrFeNi
o Zener pinning at

precipitates

Praveen et al., Journal of Alloys and Compounds 662, 2016
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What is the origin of the reduced grain growth in HEAs?
Understanding kinetic and thermodynamic aspects.
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Molecular Dynamics Study

e Compare grain growth:
o Cu
o CuNiCoFe
o Average atom
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e (Compare grain growth

e Average atom

O

O

Artificial element

Behaves like CuNiCoFe
alloy

Leads to average matrix
without local disorder
Selectively study effects of
local disorder

Varvenne et al., Physical Review B 93 (10), 2016

Average Atom
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e Compare grain growth
e Average atom
e Atoms will be color coded
FIRBHRRHAHIRTE FCC - O

HCP @
2 BCC @

Other O

2 FACHGEBIET
15.02.2018 | Materials Modelling | TU Darmstadt | Prof. Albe | 15 rﬂIATERIAL
ODELLIERUNG



UNIVERSITAT
DARMSTADT

(I
T
U
=
Z
I
v
Ll
T

Average Atom

CuNiCoFe

-
e RIS e o

T
S
“"“;u,.

o

“
v

S

el

PR A AN

et

FCC(O HCP © BCC @ Other()

FACHGEBIET
ATERIAL
ODELLIERUNG

2

15.02.2018 | Materials Modelling | TU Darmstadt | Prof. Albe | 16



TECHNISCHE
UNIVERSITAT
DARMSTADT

t=0.33t

final

CuNiCoFe

'-b¢\
Sl f Nt

FCC(O HCP © BCC @ Other()

i FACHGEBIET

15.02.2018 | Materials Modelling | TU Darmstadt | Prof. Albe | 17 ATERIAL
ODELLIERUNG



TECHNISCHE
UNIVERSITAT

final DARMSTADT

CuNiCoFe

:q‘,"’

St PN Pt
o

FCC(O HCP © BCC @ Other()

i FACHGEBIET

15.02.2018 | Materials Modelling | TU Darmstadt | Prof. Albe | 18 ATERIAL
ODELLIERUNG



Y\ TECHNISCHE
&)=\ UNIVERSITAT

final %0/~ DARMSTADT

Cu CuNiCoFe Average Atom

Local disorder is not the main
contributor to the reduced grain growth.

FCCO HCP @ BCC @ Other(O
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e Bicrystalline simulation setup
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Bicrystalline simulation setup
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e Apply artificial driving force to
GB
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No signs of pinning in the CuNiCoFe.

No evidence for solute drag.

FCCO HCP @ BCC @ Other(O
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Simplified Lattice Monte-Carlo Model

e Fixed FCC lattice considering
only nearest neighbor

interactions ‘ ‘

Chookajorn and Schuh, Physical Review B 89 (6), 2014
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Simplified Lattice Monte-Carlo Model

e Fixed FCC lattice considering
only nearest neighbor
interactions

e Every atom has two properties

DA
o Atom type (color) :

o Grain number (number) @@ 2
D@D

Chookajorn and Schuh, Physical Review B 89 (6), 2014
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Simplified Lattice Monte-Carlo Model

e Fixed FCC lattice considering
only nearest neighbor
interactions

e Every atom has two properties

DD
o Atom type (color) ;
o Grain number (number) @@ 2
e Periodic boundary conditions ,
DD

Chookajorn and Schuh, Physical Review B 89 (6), 2014
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Simplified Lattice Monte-Carlo Model

e Each step an atom can swap:
o Atom type

D@D @3@
DPDD = DPHD
CIC JC JCDIC IC
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e Each step an atom can swap:
o Atom type

e Each step an atom change:
o Grain number

Y Yo
PDD
DDD
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Simplified Lattice Monte-Carlo Model

e Site energy depends on direct
neighbors.

DD
DD
DD

j FACHGEBIET
15.02.2018 | Materials Modelling | TU Darmstadt | Prof. Albe | 32 rﬁIATERIAL
ODELLIERUNG




Simplified Lattice Monte-Carlo Model

e Bond energy varies with direct
neighbors.
e Parameters space:
o Binary mixing enthalpies
o Binary segregation
enthalpies

o Unary GB energies (y,)

B FACHGEBIET
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Simplified Lattice Monte-Carlo Model

e Set all parameters
e Varied only GB energies (y)
e Simulated annealing
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Simplified Lattice Monte-Carlo Model

e Atoms will be color coded
o Type
o Grain boundary
(O On boundary
@ Grain interieur
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https://docs.google.com/file/d/17qK3e4kCCi50JVRoa2gYRGKK3LCqZFvo/preview
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Grain Boundaries

Atom Types


https://docs.google.com/file/d/1E52R6tTb3In6Z43QjtM0e_QY042PRL-m/preview
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Y=95Yy,
Final Configuration
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Result

Segregation can
strongly influence the
final grain structure.
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Conclusion

CuNiCoFe

HEA shows strongly reduced grain growth.
It cannot be explained by local atomic disorder.
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Conclusion

Segregation effects need to be explored further.
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Appendix Potentiale

_Aexp[-a(rir,~1)] Bexp[~B(rir,~1)] _ feexpl = Brir,~ 1)] B = ¢ FX . 1 VXYC ¢ 3
¢(r)= 1+ lr—r)® T+t —N® f(r}—m—- (Ad4) ( 0) X{ (:01)) e 2 ij XL¥» ( }
(a3) The pair potential between different species @ and b is then E.X [,ui ?"_- i
~onstructed as

where r, is the equilibrium spacing between nearest neigh- SonSCIeasRs X,Y
bors, A, B, a, and 8 are four adjustable parameters, and x fb( )
and A are two additional parameters for the cutoff. The elec- Q-l’ab (r)= 2 ) &(r) + Fb_ ‘i’bb("J (A5)
tron density function is taken with the same form as the X .
attractive term in the pair potential with the same values of 8 Embedding energy functions that work well over a wide Whe_l‘e (S ) —_ CX z We then Perfonn a Taylor expanslon
and A, i.e., range of electron density require that three equations be used I

s (FX(p:)) = (FX(p;)) + O(p; — p;)* around the average elec-
tron density p;, in which the first order term vanishes
since {(p; — p;)) = 0. Neglecting second and higher-order
terms [34], which is the only approximation, the average

MISFIT-ENERGY-INCREASING DISLOCATIONS IN. .. PHYSICAL REVIEW B 69, 144113 (2004) ,enel’gy ].S
to separately fit three different electron density ranges. For a 05 e
smooth variation of the embedding energy, these equations ! .
are required to match values and slopes at their junctions. & 04 . . = l
These equations are ‘32 — E FA = V AA 4
v B o ‘ / (Eo) = (:0!)+2 ij 4
F(p)=2, Fail =] p<p,. p.=085p.. : i s ; ; %% ;
o g ik
3 i | .
SO g [ [ g — E - A= . A
Hp)—%ﬂ P,-\,_pe lJ v Pa=p<py. py=115p,, 2 o + : MD simulation W‘lth F (p[) — E CXF (:Oi),
(A'T) : Continuum pradicion
e X
L3l 0 1 2 3 4 5 B T B 9 10 11 12
F(p)=F ll lﬂl 7‘ } FT « Po=p. (A8) Number of NI overlayers

Vi:?A = Z CxcCy ";f}’, pi = ZZ CXP{}T, (5)
XY

J#F X

Zhou et al., Physical Review B, 69(144113), 2004 Varvenne et al., Physical Review B, 93(104201), 2016
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CuNiCoFe Average Atom
a, (A) 3.572 3.570
Ec,n (€V) -4.141 -4.137
C,, (GPa) 172 170
C,, (GPa) 100 101
C., (GPa) 124 120
Ve (MJ/M?) 10.6 26.9
Yusr (MJ/m?) 44.8 129.4
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Appendix Nanocrystal
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Appendix GB velocity

1604 Cu
v = 1.02 A/ps
1501 CuNiCoFe

-\ = 0.85 A/ps
x Average Atom
v = 0.71 A/ps
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1301
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Table 2.1: Bond energies in a polycrystalline binary alloy in full and simplified forms.

Bond energy Full form Simplified form
EM | EAA EAA
e EP® E2A
EAA 4 EBB P
EAR 2 c EM + w,
2044 204y
JAA AA 0 EAA i it S,
Egh fe" ¥ 2t € ® zt
208y 200y
BB BB 10 EAA g
Egp Ll ¢ Ty
E.f‘ A + E ? 8 1 zﬁﬁ.v{i
e — (074 + 08y8) | paa 0
EAP ( 5 + Wgp T+ zt( ¥o +0°y5) EM + wgy + =

AHS®8 = z [wc

T. Chookajorn PhD Thesis, Massachusetts Institute of Technology, 2013

AHMX = 20 X (1 - X),

_Ypgb. L(stg _ QAYQJ]

2 2zt
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Results
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Local disorder is not the main
contributor to the reduced grain growth.
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