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 What is it all about?
* Why do we care?

* How do we estimate it?
* Planar sharp interface
e Curvature correction

e Diffusive interface
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What is it all about?

e Various contributions to Gibbs energy...

G =ZNiHi +ZAka + .- G — Gibbs energy
: = N; - Number of moles of ,,i“-species
/ \ . . 7 .
| Chemical part | Interfacial part Hi - Chemical potential of ,i"-species
Ay - Area of , k“-interface
e |nterfaces considered Y - Interfacial energy of , k“-interface

* Precipitate/matrix interface
* Grain boundary
e Subgrain boundary
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What is it all about?

e Various contributions to Gibbs energy...

G = zNilii +2Akyk T oo
i K

* Interfacial contribution dependent on the dispersion...

1 mm
/’I
i ”1'mm
le— 1 mm —#
Volume 1 mm3 1 mm?3 1 mm? 1 mm?
No of pieces 1 2 8 1000 million
Total surface 6 mm? 8 mm? 12 mm? 6000 mm?

area
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What is it all about?

e Various contributions to Gibbs energy...
U — Internal energy

G = zNiui +2Akyk T H — Enthalpy
; k
F — Free energy
S — Entropy

_ — p — pressure
e \arious derivatives...

(6U> <8H) <6F> (66)
Y =\ — = | — = | — — | —
aA S,V,Ni,Nj... aA S,p,Ni,Nj... aA T,V,Ni,Nj... aA T,p,Ni,Nj...

IV —Volume



Why do we care? MatCalc
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* Classical Nucleation Theory

3
G* e lé6my
]~exp _ﬁ 3 AGchem +AGel ?
e

J —Nucleation rate

AG -jem - Chemical contribution of nucleation Gibbs energy
R — Gas constant

AG,; - Mechanical contribution of nucleation Gibbs energy
T — Temperature

v% - Molar volume of the matrix
G *- Critical nucleation energy



Why do we care?

e Coarsening (Ostwald ripening)

(f(t))g = (f(to))s + Kpswt

t —time
7(t) — Mean radius at time t

Dg - Diffusion coefficient of solute in the matrix

MatCalc
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8cEDEvFP
Kisw = B Y
9 (CB — cg) RT

cp - Solute concentration in the matrix
cp - Solute concentration in the precipitate

v# - Molar volume of precipitate phase
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How do we estimate it?

* Becker concept
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Abb. 6. Schema zur Berechnung der Oberflichenenergie

(Aj_4 +A3_3)

Y

Becker R., Ann. Physik 32 (1938) 128-140
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How do we estimate it?

e Source of energy — chemical bonds

Page®= 9
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Epi = ngzsep,

i Xj=i MijEij
7”'SZS

a1 =

ng - Number of atoms per interface area

Zs - Number of bonds between the nearest

neighbors , broken” by the interface
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How do we estimate it?

e Source of energy — chemical bonds

NgZg

Epr = ngzsey,
Qi 2j=i Nij€ij

€a2

XXX
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How do we estimate it?

e Source of energy — chemical bonds
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How do we estimate it?

* Becker concept
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Abb. 6. Schema zur Berechnung der Oberflichenenergie

Y

(A1—4 + A3_5)

*
€ = 280(1/6{2 — a1

— &a2

J— - k
— nsZs(Zgal/aZ — &a1 — 5a2) = NgZs€
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How do we estimate it?

e Using Turnbull concept

00000000060 0000000000

0000000000 .....,....

e eeseeed cecsstoere T
es3sessess + + AH,,; = sesisessss +::3¢
0000000000 ..‘.’.....

0000000000 0000 00000 -#-
0000000000 ....‘.....

0000000000 00000000060

Hy1 = Np1€aa Hyop = Ny g2 Hal/az = (Nal_Nal/a2)€a1+Na1/a2€a1/a2

Hal/az = (Naz — Nal/az)gaz + Nal/azgal/az
N; - Number of bonds in phase ,,i*

N;/; - Number of bonds on the interface between phase ,i“ and ,,j*
Page = 13 Turnbull D., Impur. Imperf. 32 (1955) 121-143
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How do we estimate it?

e Using Turnbull concept

0000000000 0000000000
0000000000 0000000000
0000000000 000006000
0000000000 000000000
0000000000 + AI_ISOI o&'—boooooo
0000000000 0000000000
0000000000 0000 00000
0000000000 0000000000
0000000000 0000000000

AHgo = 2Ha1/a2 —Hg1 —Hgp = Nal/az(zgal/az — a1 — 5(12) =NnpZ, €

_ n; - Number of solute atoms

z; - Number of nearest neighbors
Page = 14
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How do we estimate it?

* Planar sharp interface. Nearest neighbor broken bond (NNBB) model
* Ng, Zs - dependent on the interface orientation
* z; - dependent on the matrix crystal structure

'TLL=NA

* AH,,; taken as (aHmatrix,eq / afprec,eq)

Ngzg Ngzg (aHmat‘rix,eq

npzj, ZLNA afprec,eq foreceq=0
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How do we estimate it?

* Planar sharp interface. Generalized broken bond (GBB) model

Reaching beyond
the nearest neighbors...

Fig. 1 Broken bonds across a randomly oriented interface.



How do we estimate it?
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* Planar sharp interface. Generalized broken bond (GBB) model

e ng = (Ny/Viy) /3

« z¢/7z; = 0.329

Ngzg aI_I‘mat'rix,eq

Table 1II. Minimum, Maximum, and Mean Values
of zgcit/z1.er for 100 Nearest-Neighbor Shells and PO
Dependence of Interaction Potential

Structure  Minimum Maximum Mean Anisotropy
e 0.2871 [1.1.1] 0.3398 [10.5.1] 0.3291 18.4 pct
Bce 0.2905 [1.1.0] 0.3415 [10.2,1] 0.3280  17.6 pct

)/ —
GBB,pl,Sh ZLNA

1
= 0.329(N,V2)" 3
Ofprec.eq 4

H matrix,eq

af prec,eq

Sonderegger B. Kozeschnik E., Metall. Mater. Trans A. 40A (2009) 499-510



Phase status ...

How do we estin™
EEEEE%E}_M 1
* Planar sharp interface. C
* Ng = (NA/VM)2/3
e zo/z; = 0.329

General Constraints Precipitate

Precipitate setup

»'| Phase is predpitate

Parent phase; BCC_A
Kinetic alias name BCC_AZ#01_PO
# size dasses: 25

Precipitate properties ...

Shape factor H/D (0. 1is plate) [ | use

Interfacial energy [1/mZ]

Interface mability [m</3s]

Driving force model for growth

Initialize ...

Edit predipitate distribution ...

IESBCC_AZ2#01 I

I auto planar sharp interface

[ ] interfacial energy size correction
[] diffuse interface correction

regular solution T_crit /K

size cass bassed - SFFK

0H matrix,eq

1
Y6BB,pl,sh = 0.329(N, V)3

Page = 18

af prec,eq




How do we esti

Phases ... | General Constraints Precipitate Mudeation I Structure Spedal

BCC A2 Precipitate setup
BCC_A2#01

EECC_A2201_PD | Phase is predpitate
Parent phase: BCC_AZ#01

Kinetic alias name | BCC_A2#01_PO |

e Planar sharp interface. C pimdnmes: |2 =

| Edit precipitate distribution ... |

° nS — (NA/VM)2/3 Precipitate properties ...

Shape factor H/D (0. 1is plate) [ | use 1.0

Interfacial energy [1/mZ] I|:| auto planar sharp interface | 0,99%CIESBCC_A2#01
) ~
zs/z; = 0.329 e |

[ ] interfacial energy size correction

[] diffuse interface correction

regular solution T_crit /K 0.0

Interface mobility [m4/1s] 12100

Driving force model for growth |size dass bassed - SFFK

| Create ... || Remaove

YGBB,pl,sh - USEr defined... ‘

Page = 19
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How do we estimate it?

* Planar sharp interface. Generalized broken bond (GBB) model

* Ng = (NA/VM)2/3

variables value 2 variables value 2
L4 ZS /ZL z 0 . 3 2 9 4 state variables GEB 4 kinetics: nucleation
4 CIES” 4 NUCL_CIES*
CIESBCC_A2 0 —————> ‘NUCL_CIESBCC_A2#01 PO | 0,520739
> | C|ESBCC_AZE01 0.529739
category: kinetics: nucleation
category: state variables GBB expression: MUCL_CIES™
expression: CIESBCC_AZ2#01 legal unit qualifiers: *none™®
legal unit qualifiers: *none*® - u:alu:ul._ated interfacial energy used for nucleaﬁ?n and assuming
-= calculated planar sharp interface energy for precipitate & planar interface {chedk also NUCL_IE_S_CORR)

1

OH_, i
‘ YGBB,pl,sh ‘= 0.329(N,V&) 73 matrix,eq

0f prec,eq



How do we estimate it?

* Spherical correction factor a(r)

Moving from planar to

spherica

interface...

Recounting
the broken bonds...

Sonderegger B. Kozeschnik E., Scr. Mater. 60 (2009) 635-638

Figure 4.11. Sketch of model for bond counting with (a) planar
interface and (b) curved interface. See text for explanation.

MatCalc

Engineering



How do we estimate it?

* Spherical correction factor a(r)

YGBB,sph = VGBB,pl® (r)

ag) =1 %(:—1) + [O.8921 +0.0451n g ] (’;_1)2
1

r1 - Nearest neighbor distance (2.48*101° m)

MatCalc

Engineering

0.4

1 10 100
plrn

Figure 4. Comparison of present size-correction function «(p). Eq.
(27), with results of Tolman [2] (T), Kashchiev [3] (K), Rasmussen [8’
(R) and Vogelsberger et al. [9] (V). Subscripts 1 for oy =0.25;
subscripts 2 for oy = 0.6.



How do we estimate it?

e Spherical correction factor

Y¢BB,sph = YGBB,p

6 /1
a(r) =1— H(7) +(0.8921 + 0.0451n

r; - Nearest neighbor distance (2.48*101°m

Page = 23
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i Phase status ...
Phases ... General Constraints Precipitate Mudeation Structure Spedial
BCC_AZ Precipitate setup
BCC_A2#01
EECC_A.E#'DLP'I} | Phase is predpitate
Parent phase: BCC_AaZ#01
Kinetic alias name BCC_AZ2#01_PO
# size classes: 25 Initialize ...
Edit predpitate distribution ...
Precipitate properties ...
Shape factor H/D (0. 1is plate) [ | use 1.0
Interfacial energy [1/mZ] auto planar sharp interface  from planar sharp ie
I interfacial energy size correction I
| diffuse intertace correction
regular solution T_crit /K 1000
Interface mability [m</3s] 12100
Driving force model for growth | size dass bassed - SFFK -
Create ... Remave
Help Cancel




How do we estimate it?

* Spherical correction factor a(r)

MatCalc

Engineering

variables value

4 kinetics: nucleation
a MNUCL_CIE_S_CORRS*

YGBB,sph = VGBB,pl

ag) =1 % (2)+ [O.8921 +0.0451n (g)] (’;_1)2
1

r1 - Nearest neighbor distance (2.48*101° m)

— |MUCL_CIE_S CORRSBCC_A2#01_PD :i0.742612

category: kinetics: nudleation

expression: MUCL_CIE_S_CORRSECC_AZF01_PO

legal unit qualifiers: *none®

-= calculated interfacial energy size correction for nudeation
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How do we estimate it?

1 — Solute fraction

* Diffuse interface correction factor S

n Phase | Phase Il

Moving from sharp
to diffuse interface... :

Y

1 T i I

n praset| | | | Phase |l

Recounting the 0 foemeeeef T _
brOken bOndS again... (b)diffusein)t(erface

Fig. 1—Schematic concentration profiles of sharp and diffuse inter-

Sonderegger B. Kozeschnik E., Metall. Mater. Trans A. 41A (2009) 3262-3269



How do we estimate it?

 Diffuse interface correction factor. MatCalc application

 Two intermediate layers (one on each side of the interface)

1

A

Phase |

Phase |l

MatCalc

Engineering



How do we estimate it?

e Diffuse interface correction factor

* Concept of critical temperature of regular solution

1,21

4

1 phase

—

e

region

2 phases

\

region

02 04

Solute fraction

06 08
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 Diffuse interface correction factor. MatCalc application

1

How do we estimate it?

* Minimization of Gibbs energy of the system

A

Phase |

MatCalc

Engineering

Phase ||

T/T.=0

Phase |

Phase ||

T/T.=1
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How do we estimate it? va

 Diffuse interface correction factor. MatCalc application

» Evaluation of interfacial energy (broken bond counting...)

/- Y6BB,diff = YaB tVac tVYap

M | Phasel Phase Il +Ysc YVBp tVcp
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How do we estimate it?

 Diffuse interface correction factor. MatCalc application

c . 1.8
* Numerical solution ] zg,gsi
. P ... R
T 144 . \. . TO-CVM
K = (F) YGBB,diff — yGBB,ShB(K ) 1.2
c E 1.0 |
?‘E 0.8 -
0.6 -
( 6 5 4 0.4 1
8.4729K° — 26.691K° + 32.717K* —
C17.674K3 + 2.2673K% — 0.09K + + 1or K >0.07 02
BCK) = 4 +1.00047632 0'00.0 " 02 04 06 08 10
. /Tc
L 1 , otherwise .

Fig. 3 Interfacial energy of an (100) interface in fec systems.
NNBB model (Ref. 4), T-CSA." TO-CVM M and analytical (GBB,
an) and numerical GBB (GBB, num) approach.
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How do we estimate it?

- Diffuse interface correctiot * p— ?

Phases ... General | Constraints | Precpitate | Nudeation | Structure | Special
. . BCC A2 Precipitate setup
* Numerical solution e ] A P———
i i Parent phase: BCC_AZ2#01
T Kinetic alias name BCC_AZ#01_PO

K - T # size classes; 25
C
Edit predpitate distribution ...

- — K Predpitate properties ...
)/GBB,dlff )/GBB’p ln’S Shape factor H/D (0. 1is plate) [ ] use

Interfadal energy [1/mZ] auto planar sharp interface | from planar sharp ie

r8_4‘729[(6 —_ 26_691K5 _l_ 32.7171(Z [] interfacial energy size correction

I diffuse interface correction I

_17.674K3 + 2-2673K2 - 0.09K regular solution T_crit [ K 1000
B(K) - < -|—10004-7632 Interface mobility [m4,s] 12100

Driving force model for growth | size dass bassed - SFFK -

Initialize ...

Create ... Remowve

Page = 31
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How do we estimate it?

 Diffuse interface correction factor. MatCalc application

e Numerical solution variables value 8

4 kinetics: precipitates
4 C|E_DI_CORRS®

T CIE_DI_CORRSBCC_AZ 1
CIE_DI_CORRSBCC_AZE01 1
K - P ‘CIE_DI_CORRSBCC_AZ201_PD 0.244428
category: kinetics: precipitates

expression: CIE_DI_CORRSBCC_A2x01
legal unit qualifiers: *none®

. —_ (K) -= calculated diffuse interface energy correction (requires input of
)/GBB,dlff — yGBB,p ln,S 1 T_crit_reg_sol)

variables value s

4 kinetics: precipitates

(8.4729K° — 26.691K° + 32.717K* — — *
—17.674K3 + 2.2673K% — 0.09K + » OF & = i
B(K) — < +1.0004‘7632 category: kinetics: precipitates

expression: EIESBCC_AZ=01_P0O
legal unit qualifiers: *none®
-= effective interfacdial eneray of precpitate in matrix phase (CIES@

\ 1 ) Ot h e rW i S e minus gb, disl energy)
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* MatCalc website
e E10 (finding minimal nucleation barrier, binary system)
e E11 (finding minimal nucleation barrier, )

* P80 (application to Fe-Cu precipitation kinetic simulation)



