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Grain growth

 Tendency - to minimize:
— grain surface area
— specific grain boundary energy
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Grain

growth kinetics

* General idea: Mobility & Driving force

D =

dD

= MP
dt 2

- Grain size growth rate
- Grain boundary mobility
- Driving force/pressure for grain growth

- Time
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Engineering
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Single class grain growth

* Single quantity: Mean grain size

Dl D2
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Multi class grain growth

Various grain sizes need to be followed simulatneously...
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Multi Class Grain Model (MCGM) e

Engineering

* Class representation — as for precipitates
e Each class has identical:

- size (diameter)
accumulated strain
dislocation densities
subgrain size

- etc.



MCGM - selection 8QMM

Engineering

18

= S pc : ]
& Precipitation domains ... :

Predipitation domains ... General Mech. Props MS Evolution Trapping Special

austenite™ )

Grainstructure Substructure Solute drag Vacandes Heat generation

Grainsize evolution model Mone - no evolution -
Mone - no evolution
Single dass model
Multi cdlass model

Mo grain size evolution,
Mew ... Remove
Set active Rename ...

Carcel
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MCGM — class definition gﬁ,\ﬂ@

Engineering

Precipitation domains ... ?

[1.1 ]
]

Precipitation domains ... General Mech. Props MS Evolution Trapping Special

austenite™ Grainstructure Substructure Solute drag Vacances Heat generation
Grainsize evolution model Multi dass model -
Size distribution ...
# size dasses: |25 Initizlize ...
Edit grain size distribution ...
Grain growth ...
k_d 2.0 kr 1.5
scfmc fact gg 4.0 scfme factrx 4.0
topalogy factor (0.0=none, 0-1): 0.5
Recrystallization control ...
[ ] allow rexx  C_gb 1.0
impingment exp. growth 0.5 coarsening ©.0
Mew ... Remowe
Set active Rename ...
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MCGM — class definition Q@MM

Engineering

© . ; 2
474 Precipitation domains ... :
Precipitation domains .. General Mech. Props MS Evolution Trapping Special
austenite® )
Grainstructure Substructure Solute drag Vacances Heat generation
Grainsize evolution maodel Multi class model -
Size distribution ...
# size dasses: |25 Initialize ...
*
- MatCalc
Iﬁl Initialize grain size distribution size classes? All existing data will be lost!
Yes Mo
Recrystallization control ...
[ ] allow rexx  C_gb 1.0
impingment exp. growth 0.5 coarsening ©.0
Mew ... Remove
Set active Rename ...
Cancel oK
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MCGM — class inspection Sovorca

Engineering

Precipitation domains ... ?

[1.1 ]
]

Precipitation domains ... General Mech. Props MS Evolution Trapping Special

austenite™ Grainstructure Substructure Solute drag Vacances Heat generation
Grainsize evolution model Multi dass model -
Size distribution ...
# size dasses: |25 Initizlize ...
Grain growth ...
k_d 2.0 kr 1.5
scfmc fact gg 4.0 scfme factrx 4.0
topalogy factor (0.0=none, 0-1): 0.5
Recrystallization control ...
[ ] allow rexx  C_gb 1.0
impingment exp. growth 0.5 coarsening ©.0
Mew ... Remowe
Set active Rename ...
Cancel oK
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MCGM — class inspection
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LI

data ...

Edit ...

10

11

12

13

14

15

0,0001

D _dot

23
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Engineering

» I

actions ...
Read ... Write ...
Copy selection Copy all
Faszte Clear cell(z)
Insert row Insert co
Delete rows/cols
Generate
Type
(@) Mormal Hillert
() LogMormal () Rayleigh
) LSw
Values
fz 1
min: 1le-06
mean: |2e-06
max: | 3e-06
Std. 0.05

Generate ...



MCGM — class inspection
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data ...
] D _dot M H_M_av acc_eps dd_ex_internal  dd_ex_wall
1 D,DDD1 0 190%3.. 1 0 0 0 0 0
1 n ................... A i A A A A n A

data ...

dd_es_int_dot dd_sx_wall_dot dd_ex_internal_sat dd_esx_wall_sat

sgd_dot sgd_sat sgb_misorientation ™

1

?

grain_ocrientation_x grain_crientation_y grain_crientation_z aspect_ratic_y aspect_ratic_z dfr_rexx dfrm_gg gb_mob MN_dot_rex gb N_dot_rexc psn X _MN_av_dot D_rexx

0 0 0 0 0 1] 0
0 0 0 1] 0 1] 0
data ...

D_mean_class gg_wf_class rex_class_index rs_h_i_factor

1 0 0 0

20 N n
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ro_crit_dre fit_func ™

0

0

0

0



MCGM — class generation
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L 113
et

data ...

Edit ...

10

1

12

13

14

15

10,000154

0,000148
0,000142
0,000136
0,00013
0,000124
0,000118
0,000112
0,000106
0,0001
9,399999999999999¢-005
8,8e-005
8,2e-005
7,6e-005

6,9999009%3999%99%-005

[ dot

» I

actions ...
Read ... Write ...
Copy selection Copy all
Paszte Clear cell(s)
Insert row Insert col

Generate

(@) Mormal Hillert

Delete rowscols

() LogMormal () Rayleigh

Values

f:

Cancel

1
Se-06
20e-06
80e-06

0.05

Generate ...

2
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MCGM — class export/import
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L 113
et

data ...

Edit ...

10

1

12

13

14

15

10,000154

0,000148
0,000142
0,000136
0,00013
0,000124
0,000118
0,000112
0,000106
0,0001
9,399999999999999¢-005
8,8e-005
8,2e-005
7,6e-005

6,9999009%3999%99%-005

[ dot

actions ...

» I

Read ... Write ...

Copy selection Copy all
Paszte Clear cell(s)
Insert row Insert col
Delete rows/cols

Generate

Type

(® MNormal Hillert

() LogMormal () Rayleigh

) Lsw

Values

fz 1

mir: Se-06

mean: |20e-00

max: |80e-06

Std. 0,05

Generate ...

Engineering
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MCGM — relevant windows
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Select new window ...

MatCalc type user-defined

(m7] Monte Carlo: proxigram

(m&) Monte Carlo: local chemical environment
(p1} Plot core: XY-data

(p3) Plot core: precipitate distribution - scatter plot
(p5) Plot core: precipitate distribution - histogram
(pE) Plot core: TTP-Diagram

(p7) Plot core: 2D0-array contour

(p#) Plot core grain size distribution - scatter plot

[(p4] Plot core: grain size distnibution - histogram
(r1} Plot regicn: XV¥-data
(s1) Cell Simulation: interfaces

» I

show groups
7 al
(®) diagram

() debug

23
O MatCalc

Engineering



MCGM — size distribution histogram

7e+12
S6e+12
>5e+12
‘n

_@49+12
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gﬁ”MatCalc

Engineering

Number density [m™]
P
=

L
30 40 50 60 70
Grain radius [pm]

— austenite




Mean grain sizes

Single class

variables ...

4 prec_domain struct sc
4 GD5*
GO5austenite 0.0001

Pl =t N1

category: prec_domain struct sc

expression: GDSaustenite

legal unit qualifiers: *none®

-= mean grain diameter (number weighted) in precipitation domain
(single-cdass model)

gﬁ?‘!\ﬂatcmc

Engineering

Multi class

variables ...

variables value

4 prec_domain struct mc
4 G0_MCE*
GD_MCSaustenite 4,00004e-05
4 G0 _MCVS*
G0 _MCYSaustenite  4.44571e-05

category: prec_domain struct mc

expression: GD_MCSaustenite

legal unit qualifiers: *none™®

- mean grain diameter in predpitation domain (multi-class
model, number-weighted)

variables ...

variables value

4 prec_domain struct me
4 G0 MCE*
GD_MCSaustenite 4,00004e-05
4 GD_MCYE*
G0D_MCVSaustenite  4.445371e-05

category: prec_domain struct mc

expression: GD_MCYSaustenite

legal unit qualifiers: *none®

-= mean grain diameter in precipitation domain (multi-class
model, volume-weighted)

>

>




Grain growth kinetics model Eonica

Engineering

Single class

D—dD—MP
—dt P

Grain size growth rate
Grain boundary mobility
Driving force/pressure for grain growth

Time

Multi class

dD;

b = dt

= MPp ;

D; - Grain size growth rate for class i
Pp ; - Driving force/pressure for grain growth

relevant to class i




Grain growth driving pressure Eonica

Engineering

Single class Multi class
YHA 1 1
Pp = deT Pip = 2NykaVua D, D

D; - Grain size (diameter) for class i

Yua- Graininterface energy o _
D,, - Mean grain size (diameter), number

D - Mean grain size (diameter) -
weighted

kq- Scaling factor .
ny - Scaling factor




Grain growth driving pressure

LT
[ 53

Precipitation domains ...

austenite”
Mew ... Rermove
Set active Rename ...

Precipitation domains ...

General Mech. Props MS Evolution Trapping Spedial

» IE

g@MatCalc

Engineering

Grainstructure Substructure Solute drag Vacancies Heat generation

Grainsize evolution model

Size distribution ...

# size classes; |25

Grain growth ...

k_d 2.0

scfme factgg 4.0

topology factor (0.0=none,

Recrystallization control ...
[ ] allow rexx C_gb

impingment exp. growth

Multi dass model

Initialize ...

Edit grain size distribution ...

k_r 1.5
sc/me fact rx (4.0

0-1): 0.5

0.5 coarsening .0

Cancel

%D = 2NgkaYua

Multi class

1

1

Di Dm

D; - Grain size (diameter) for class i

D,, - Mean grain size (diameter), number

weighted

ny - Scaling factor




Grain boundary mobility

D — MeffPD
1 B 1
Meff Mprec
(
Mprec = 4 Py
¢ o

O&;‘?“MatCalc

Engineering

Effective grain
boundary mobility
Grain boundary
mobility with solute
drag

Grain boundary
mobility for matrix
with precipitates
Grain boundary
mobility for pinned

interface



Grain boundary mobility

D — MeffPD

. A MatCalc
Engineering

ritv

dlute

[trix

M,y - Effective grain
1 . S
T Grain boundary mobility is the same
4 for both grain size representations
( (single and multi class) |
M =
prec < 1V1p e lVlf d L P P
\ Py \ } 7z < Ip with precipitates

wD:gV,,
M —anf = Nplly b2RT

- Grain boundary

mobility for pinned

interface



Grain growth driving pressure Eonica

Engineering

Single class Multi class

* Volume conservation by grain

number adjustment * Volume conservation by grain

size adjustment — Lagrange
control volume approach




Grain growth kinetics b -

10 000 - ................................... ................................... ................................... .............................. ........

11000 i A T— e -

Grain size [um]

100 -

| . | i | ! | ! ]
0,01 1 100 10 000 1e+06 1e+08
Time [s]

col
[ 3

= Number Volume

No obstacles



Grain growth kinetics b -

Single class

Multi class

(volume weighted)

10 000 10 000

Grain size [um]
Grain size [um]

1000 1 000

T i T ' ' g T T T i T T 1
0,01 1 100 10 000 1e+06 1e+08 0,01 1 100 10 000 1e+06 1e+08
Time [s] Time [s]

= 800 900 =1000 =1100 = 800 500 =1000 =1100

No obstacles



Grain growth kinetics e

Engineerin g

When performing multiple calculation with multi

Start every calculation with the saved calc-state
as the starting condition

100 000 7" cIass mOdEl:
¢ 1 |- Save a calc-state before the start of the first
8 calculation (to save the generated grain size
: ,m __________________ distribution)

No obstacles
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