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Nanocrystalline (NC) Metals )
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The Case for NC Metals ) i
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* Problem: High density of grain boundaries (GBs)

o Excess free energy: AF = A (vA) Grain 1
o Grain-growth and homogenization processes

Vn — J\4gb/ygblC

Herring, Phys. Powd. Metall. (1951)
Burke and Turnbull, Prog. Metal. Phys. (1952)
Mullins, J. App. Phys. (1956) Grain 2

» Possible solution: Solute segregation to GBs

o Solute atoms preferentially occupy GB sites
o Kinetic and/or thermodynamic stabilization

v ) - ~— - ) : A
GB mobility GB energy @ Solute X
Solute drag O Host




Phase Field Formalism )
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= Free energy

o c(r,t): alloy concentration

o ¢yrp),{i=1,...,n4}: grain order parameters
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GB Segregation Isotherm )

. RT
(e T) = GBe+ GM1 —¢) + v [clnc—l— (1 —¢)In(1 — c)] + Qic(l —¢), = gb, bulk

m

Free energy of pure states Heat of mixing
A : Solvent : A B
. Bulk: G G b s ) b
B : Solute atoms
Coo - Alloy concentration GB: ng, G957 Q
1.5" about [001], Fe-1.03 at.% Au X5, Pt-15 at.% Au

[(110])
Sickafus and Sass, Acta Metall. (1987)

O’brien et al. J. Mater. Sci. (2017)




GB energy ¥,,= ¥,,(c, Q) =

afmix
oc

" Gibbs adsorption €q.: ~+=AF-T

"~~~ Dilute limit

ng — O, <0
Cs : Large alloy concentration
Qs : +ve bulk heat of mixing
Qg : -ve GB heat of mixing

Coo - Alloy concentration
(2 : Bulk heat of mixing \_

45 : GB heat of mixing

e
Considerable %
§ \ reduction in

GB energy

Abdeljawad ef al., Acta Mater. (2017)
Murdoch ef al., Acta Mater. (2013)




Competing Processes ) B,

" Polycrystalline systems LR
o Initially (t=0): 1560 grains
o ¢(r,t =0)=(c)=0.2

Free Energy

Normal grain growth With GB segregation and
No segregation phase separation c

~—-_

Abdeljawad ef al., Acta Mater. (2017)




Role of GB Free Energy
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Observations

Atomistics: Pt-Au Experimental: Pt-Au
Hybrid MC/MD, T = 775K, 15 at.% Au

FCC Pt FCC Au

Non FCC Pt
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Anisotropy: Link to Atomistics ) i
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» GBs described by: G/, G, Qg
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Anisotropy: Half-loop Geometry
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Half-loop Geometry
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Anisotropy: Polycrystals ) e,

" 0, Uniformly drawn and randomly assigned (spatially)
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Thank you )
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Publications relevant to this presentation

Argibav, et al. Under review in Acta Mater. (2018)

Abdeljawad, Lu, Argibay, Clark, Boyce and Foiles, Acta Mater. 127 (2017)
Abdeljawad, Medlin, Foiles, Hattar and Zimmerman, J. App. Phys. 119 (2016)
Abdeljawad and Foiles, Acta Mater. 101 (2015)
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Equilibrium Properties ) i

" Regular solution model:
. T
(e, T) = GBe+ G (1 —¢) + ‘]E— [clnc + (1 —c¢)In(1 — c)] + Qic(1 —¢), = gb,bulk

m N

. A B ) . o
Free energy of Bulk: G, G, GB:GA,GB.Q,, Heat of mixing
pure states W =W, + (G4 - G&),
&1 = (G, = Gi) = (Ggy = Gy ) = (g — D),
§o = (ng - Qb)-

= Parallel tangent construction: Segregation isotherm

ce(T) ) 16§1¢g(1 - ?be)z + 32£2¢g(1 - ¢e)2ce + 20 (ce — Cx0)
1 —ce(z) 1-—coo P (RT/Vy,)

\ - -
~

Langmuir-McLean isotherm*

N— 4
~

Fowler-Guggenheim isotherm™*

* McLean (1957)
** Fowler and Guggenheim(1939)




Competing Processes )
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= Grain growth, GB segregation and phase separation
o Initially (t=0): 1560 grains
o ¢(r,t =0) = (¢) = 0.2 (unstable alloy)

Initial (t = 0): Colors are for grain IDs

o Vary GB free energies

= Metrics

o Average grain dimeter (D)

o Define solute partitioning factor

[ dr e(r,t)P(d)
T(t) = [ dr ¢(r,t)

0, No solute at GBs
1, GBs saturated with solute




Relation to Solute Drag ) .

= Sharp interface asymptotics (underway) Grain 2, outer region
€’ : r
thot — /dI‘ |:Wfloc(c7 ¢7 T) + §’v¢’2] ﬁ@ o>
S5~ \
a¢ 5Ftot
I ; .
ot < Bl ) Grain 1, outer region

6= o +wir +wgs+ -

_ 2
Normal grain growth c=cy+wey +wecy+ -

Provatas and Elder (2009)
Vo, = MK = Le’K

Karma and Rappel, Phys. Rev. E 57 (1998)

+oo 000 x /
With GB solute segregation K = /_ o /0 (o — Coo) dx'dx
L€2 LW K] +oo 2
V,, = IC:L62<1———)IC Koo (@)d
S (%) KK—III D Kir " /_OO i ) *

D: solute diffusivity

Young Man, in mathematics you don’t
understand things. You just get used to them

Abdeljawad ef al., In preparation (2018) J. Von Neumann




Relation to Solute Drag ) .,

* Phase field sharp interface asymptotics (underway)

Lé? LW K
V, = IC:L62(1———)IC
i LW\ K
1+ (4F) ar D Kipg

» Solute drag model [ideal, dilute alloys]

P = Vg pJC : Curvature driven flow

Vn — Mgb (P — P (Vn)) P*(Vn) : Drag pressure

6 -14 2

Je=e== D=3.0x10" m/s

Jeswsseee D = 1.0x10™ m%/s
13 2

5d=c= D=3.0x10" m¥s

12...°2

Je=== D=1.0x10"" m’/s

Cahn, Acta Metall. (1962)
(s Hillert and Sundman, Acta Metall. (1976)
g ' Gottstein and Shvindlerman (1999)
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Kim and Park, Acta Mater. (2008)




GB Widening? ) i
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—Grain 1—Grain 2—Grain 3 ——Grain 4 —Concentration

j X{ ){ J& f

0,—
A

Distance along line A-B B

/Energy: Ygb ~ €\/ W\

€
Width: d,p ~
g
= Concentration-dependent energy barrier: W = W (c) v W

? \_ J

» Control GB width: € = € (C)

62
Frot = /dr [Wfloc(ca ¢a T) + 5|V¢|2]




GB Widening? ) i,

o Fix free energy model parameters

o Vary the initial alloy concentration

H GB

grain

Normal grain growth (c) =0.35

GB segregation

Avg. grain area isotherm
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Segregation: Graphically ) i,

* Parallel tangent construction
. T
(e, T) = GPe+ G*1 —c¢) + ‘}i— [clnc + (1 —c¢)In(1 — c)] + Qic(1 —¢), = gb,bulk
Free energy of pure states \

Heat of mixing

Free energy
Bulk
T A: Solvent (matrix phase)
Y B: Solute atoms
: A B
’ng/5 Bulk: G Gb : Qb
. GB: ng’ ng’ Q
X i Coo * Alloy concentration
N 1
N | 0: GB width
i i\ \ /
| BN . M. Hillert (2007)
Coo Cgb ) Concentration P. Lejeek (2010)




