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Grain growth

* Tendency - to minimize:

e grain surface area

 specific grain boundary energy
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Grain growth kinetics MatCaic

* General idea: Mobility & Driving force

D—dD—MP
— d?

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

t - Time



Single class grain growth

* Single quantity: Mean grain size

D,
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Single class grain growth MatCaic

* Single quantity: Mean grain size

variables ... b 4
4 prec_domain struct sc
4 D5
GD%austenite 0.000 v
Fallw E Wk S

category: prec_domain struct sc

expression: GDSaustenite

legal unit qualifiers: *none™

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



Growth driving pressure MatCalc

* Driving pressure dependent on

* Grain interface energy

e Grain size

YHA
e

Yuya- Graininterface energy

D - Mean grain size (diameter)



Growth driving pressure

* Driving pressure dependent on

* Grain interface energy

e Grain size

variables ... x de )/:#A

variables value

v Yua- Graininterface energy

category: prec_domain ms evaolution

expression: DF_GGEaustenite _ H H ( H )
e e ot D - Mean grain size (diameter
-= driving force for grain growth of unrecrystallized grains

kq- Scaling factor
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Growth driving pressure

* Driving pressure dependent on

o G ra i n i nte rfa Ce e n‘ Precipitation domains ... G

[austenite*

eeeee | Mech. Props

Defects ...

e Grain size

Precipitation domains ...

MS Evolution

Diffusion control Energies Mobilities

Grain boundary [1/m2] 0.5

Subarain boundary [3/mZ] |0.3

Dislocations [1/m]

0.0

Trapping Spedial

Stacking fault energy
automatic SFE manual [Ijm2] 0.0

D

Yya- Graininterface ene
D i Mean grain Size (d Set active Rename ...

kq- Scaling factor

OK
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Growth driving pressure MatCaic

* Driving pressure dependent on

H Precipitation domains ... ?
L] L]
e G terf S
ra I n I n e r a Ce e n ‘ Precipitation domains ... General Mech. Props MS Evolution Trapping Special

austenite™

iy
5

Grainstructure Substructure Solute drag Vacancies Heat generation

H H Grainsize evolution model Single dass model -
* Grain size
Size distribution ...
# size dasses:
Grain growth ...
YHA C—— =
PD — ‘ —— scfmc fact gg (4.0 scfmc factre (4.0
D topology factor (0.0=none, 0-1): 0.5
Recrystallization contral ...
[ allowrexx € _gb
. . impingment exp. growth 0.5 coarsening 5.0
Yua- Graininterface ene
New ... Remaove
D - Mean grain Size (d Setactive Rename ...
Cancel Ok

kq- Scaling factor



Mobility — general approach MatCalc

* General form M :xp(—@/RT)

Precipitation domains ... ?

e
1

Precipitation domains ... General Mech. Props MS Evolution | Trapping Spedal

. austenite” Diffusion control Energies Mobilities
M - G ra I n bo u n d a ry Grain boundaries (HAGE) ...
intrinsic M0 0.01"MOB_HAGES@
mo b | I |ty solute drag MO |0, 1%GB_MOB_INTS@
pinned M0 0.01%GE_MOB_INTS@
MO - M O bi I ity p re_fa CtO r Subgrain boundaries (LAGE) ...
intrinsic MO 0.01"MOB_LAGES®@ Q 0.0
Q - Act ivat | on ene rgy solute drag MO |0, 1%56E_MOB_INTS@ 0 0.0
pinned M0 0,01*SGE_MOB_INT$@ Q 0.0
R - Gas constant
T - Temperature
New ... Remave
Set active Rename ...



Mobility — general approach

e General form

M - Grain boundary
mobility

M, - Mobility pre-factor

(Q - Activation energy

R - Gas constant

T - Temperature

M= Moexp(—Q/RT)

variables ... ®

variables value

category: prec_domain ms evalution

expression: GB_MOBE_GGSaustenite

legal unit qualifiers: *none™

-= effective grain boundary mobility for grain growth
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No obstacles

w
D = MfPD

D¢p

wD:gV,,
My =112 rT Vo
b
YHA R

Pn = 2k, —
nflkd_

Turnbull D., Trans. AIME, 191 (1951), pp. 661-665

Grain boundary width
(hard coded - 1 nm)
Diffusion coefficient
for grain boundary
Molar volume
Burger’s vector

Gas constant
Temperature

Scaling factor

MatCa
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No obstacles MatCalc

& FrE . 9
Ser Precipitation domains ... :

D — Mf 1 D Predpitation domains ... General Mech. Props MS Evolution Trapping Spedial

austenite®

Diffusion control Energies Mobilities

Grain boundaries (HAGE) ...

a) D V intrinsic MO 0.0 1IMOB_HAGB 5@ Q |0.0

GB m solute drag MO |0, 1%658_MOB_INTS@ Q [0.0

M f — 77 A 2 pinned MO 0.01%GB_MOB_INTS@ Q 0.0
b R T Subgrain boundaries (LAGE) ...

intrinsic MO~ |0.01*MOB_LAGES@ Q |00

solute drag MO |0, 1%5GE_MOB_INTS@ Q 0.0

" H A pinned MO 0.01%5GE_MOB_INTS@ Q 0.0

variables ... b 4
variables value ™
. . MNew ... Remove
4 prec_dormain ms evolution
4 MOB HAGBS* Set active Rename ...
MOB_HAGBSaustenite 7.40552e-11

category: prec_domain ms evalution

expression: MOBE_HAGE saustenite

legal unit qualifiers: *none®

-= mobility of high angle grain boundaries based on gb diffusivities
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No obstacles MatCalc

L Td

S - 9
gt Precipitation domains ... :

[ ]
D — Mf 1 D Predipitation domains ... General Mech. Props MS Evalution Trapping Spedial

austenite®

Diffusion control Energies Muobilities

Grain boundaries (HAGE) ...

: ] D | 7 intrinsic MO EI.DIIMOB_HAGBS@ Q |0.0

GB m solute drag MO |0, 1%GB_MOB_INTS@ Q [0.0

M f — T] A 2 prned M0 0.01*GB_MOB_INT$@ Q 0.0
b R 7 Subgrain boundaries (LAGE) ...

intrinsic MO 0.01"MOB_LAGES@ Q 0.0

solute drag MO |0, 1%SGE_MOB_INTS@ Q 0.0

P H A pinned MO 0.01%5GE_MOB_INTS@ Q 0.0

PDIde D

variables ... b 4

New ... Remaove

>

variables value
N i Set active Rename ...
4 prec_domain ms evolution

4 GB_MOB_INTS* Cancel

GB_MOB_INTSaustenite 7.40552e-13

category: prec_domain ms evolution
expression: GE_MOB_INTSaustenite
legal unit qualifiers: *none™®

-= intrinsic grain boundary mobility
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No obstacles MatCalc
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D = MqP,

100 000

(l)l)(;f;[é%l
F Th2RT

10 000 -{-

1V1f- —

Grain size [um]

1000

]?[) — 2kd zififl uin | ;

D

] - T - T - ]
100 10 000 1e+06 1e+08
Time [s]
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System with precipitates

Grain boundary movement

g Precipitates on the

grain boundary

Reduction of grain

boundary energy

g Grain boundary

pinning/slowdown

bdl)nnfapsaixow/AM[191 1338/ I1n/wod buwnA:1//:sdiy
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System with precipitates

 Growth retarding pressure dependent on

* Precipitate phase fraction

* Precipitate radius

Pz rVHA Z l (ﬁl 1) 2 fi,j

variables ...
variables value

o Erec_dnmain ms evolution
4 PRPS*
PRPSaustenite

T - .1

category: prec_domain ms evalution

expression: PRPS™

legal unit qualifiers: *none®

-= ralculated precipitate retarding pressure (Zener force) from
internal MatCalc routine

>

P; -

fij-

=
1

Pinning force (Zener force)
Phase fraction of class j of
precipitate /

Mean radius of class j of
precipitate /

Scaling factor

Pinning factor of
precipitate i

Pinning exponent of

precipitate i

MatCalc
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System with precipitates

Precipitation domains ...

Predipitation domains ... General Mech. Props M5 Evolution

austenite™

Grainstructure Substructure Solute drag Vacancdes Heat generation

Trapping Special

Grainsize evolution model Single class model

Size distribution ...

# size dasses:

Grain growth ...

k_d 2.0

scfmc factgg (4.0

topology factor (0.0=none, 0-1):
Recrystalization contral ...

[] Allow rexx  C_gb

impingment exp, growth 0.5

MNew ... Remove

Set active Rename ...

» I

Ik_r 1.5

scfme factrx (4.0

coarsening 6.0

Cancel

OK

P; -

fij-

lent on

Pinning force (Zener force)
Phase fraction of class j of
precipitate /

Mean radius of class j of
precipitate /

Scaling factor

Pinning factor of
precipitate i

Pinning exponent of

precipitate i

MatCalc

Engineering



System with precipitates

MatCalc

Engineering

Phase status ... ?
Phases ... General | | Constraints | Precpitate | Nudeation | Structure | Spedal
FCC_AT : : : I t
FCC_AT20] Properties Strengthening M5 Evolution e n O n
EFC C_ATE01_PO i Grain growth control
IEf'Fecﬁ\re pinning factor | 1.0 II pinning exponent | 1.0 ) )
P; - Pinning force (Zener force)
fij - Phase fraction of class j of
precipitate /
r;j- Mean radius of class j of
precipitate /
k. - Scaling factor
Gesie e || Remove a; - Pinning factor of
Help Cancel CK
precipitate i
P, = fer Vi —1) E Jij B; - Pinning exponent of
2 _ Ti’ j

precipitate i



System with precipitates

( Mp
M =< PZ PZ
prec
My -+ My (1 T
\ D D
wDGBVm

Mp = anf = Nply b2RT

D = MprecPD

Mprec

- Grain boundary mobility for

matrix with precipitates

- Grain boundary mobility for

pinned interface

- Scaling factor

MatCalc

Engineering



System with precipitates MatCalc

P, > P,

M = 5 P [ Pz\
prec —Z + M o Precipitation domains ... ?

p )2 J -
D Precipitation domains ...

austenite®

General Mech. Props MS Ewvolution Trapping Special

Diffusion control Energies Mobilities

a) D V Grain boundaries (HAGE) ...
M _ | GB m intrinsic MO 0.01"MOB_HAGES@ Q 0.0
p e 77 ) ’ f b 2 R T solute drag MO |0. 1*GE_MOB_INT 5@ Q 0.0
pinned MO E B_MOB_INTS@ Q |0.0

Subgrain boundaries (LAGE) ...

. intringic MO |0.01"MOB_LAGBS®E Q|00

D — Mprec PD solute drag MO |0, 1¥SGE_MOB_INTS@ Q |00

pinned MO 0.01*5GE_MOB_INTS@ Q|00
variables ... b 4
variables value 2

4 prec_domain ms evolution

GB_MOB_PRECS*

GB_MOB_PRECSaustenite 7.40552e-15

New ... Remove

category: prec_domain ms evolution Set active Rename ...
expression: GB_MOEB_PRECS™
legal unit qualifiers: *none™

-= pinned (Zener drag) grain boundary maobility Cancel



System with precipitates

M

prec,0=<M _Z_l_Mf(

wDGBVm
Mp = NpMly b2RT
D = MprecPD

P, > P,
Py
Py P; < Pp
A4prec
Mg
My Pp — Py
_PZ O PD
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System with precipitates MatCalc

Engineering

10 000 o ............................................. ............................................. ................... £

D= MprecPD

1 000 -

Grain size [um]

Mp

M = Py Py
prec ) __ &
Mp P + Mf (1 P, P, < P,

T T T v i T T T T T T T T T T T T T

1e-10 1e-05 1 100 000
Time [s]

Coo

e

e = no_prec = VCN

(UDGB Vm

M’P = Nply b2RT
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Geo
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0": = drv_no_prec ret_no_prec =drv_VCN ret_VCN
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Case with solute drag MatCalc

D = MeffPD
Mrr - Effective grain
boundary mobility
1 1 1 |
= + Mgq - Grain boundary

Meff > Mprec Msd

mobility with solute

drag

M i MprecMsd
eIy Mprec + Msd




a;

Cahn impurity drag

Mgy =

w(RT)?

~ EiDcpVin

(

z(aici)_l

i

Sin

d

E;
RT

)~

RT

)

Effective grain boundary
mobility

Grain boundary mobility
with solute drag

Inverse mobility

Solute concentration on
the grain boundary
Grain boundary/solute
interaction energy

Cross boundary diffusion

coefficient

MatCalc

Engineering
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Cahn impurity drag

Precipitation domains ...

austenite™
Mew ... Remaowve
Set active Rename ...

Precipitation domains ...

- I

_a)(RT)Z ,

sinh —

E;
RT

General Mech. Props MS Evolution Trapping Special
Grainstructure Substructure Solute drag Vacances Heat generation
Solute drag model |Cahn: impurity drag -
Solute drag interaction energies ...
Elernenll Inter. energy [J/mel] | CB diff factor
C 0.0 2.0
FE § 0.0 2.0
M 0.0 2.0
[v [ 2500 2.0
Cancel oK

Effective grain boundary
mobility

Grain boundary mobility
with solute drag

Inverse mobility

Solute concentration on
the grain boundary
Grain boundary/solute
interaction energy

Cross boundary diffusion

coefficient (~tracer diff.)

MatCalc

Engineering



Buken-Kozeschnik critical pressure

e Continuous mobility change dependent on the driving

pressure.

Perie — A

Pcrit

Perie + A

Pp

MatCalc

Engineerin g



Buken-Kozeschnik critical pressure MatCalc

R - 2
4 Precipitation domains ... !

Precipitation damains ... General | Mech. Props | MSEwveolution | Trapping | Spedal

austenite™ - - -
Grainstructure Substructure Solute drag Vacancies Heat generation

e Continuous mobili BN —— .

Solute drag parameters ...

Critical energy at grain boundaries ..

p re SS u re . Critical P* | 200000.0 transf, range |5000.0

Critical energy at subgrain boundaries ...

Critical P* | 100000.0 transf, range |2500.0

New ... Remave

Set active Rename ...

M, Cancel

Perir +|A Pp

D
rage



Buken-Kozeschnik critical pressure

3 Precipitation domains ...

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

austenite™ -
Diffusion control Energies Mobilities

[ ] [ ] [ ]
* Continuous mobili
intrinsic MO 0.01"MOB_HAGES@ 0.0
| solute drag MO |0, 15GE_MOB_INTS@ t 0.0
S
p re S S u re ° pinned MO 0.01%GE_MOB_INTS@ Q |00

Subgrain boundaries (LAGE) ...

intrinsic MO 0.01"MOB_LAGBS® Q 0.0
solute drag M0 |0.175GE_MOE_INTS@ Q |0.0
M A pinned MO 0.01*5G6_MOB_INTS@ qQ (0.0
prec
MNew ... Remave
Set active Rename ...
MSd Cancel
: »
Perie —4 Perie +A Pp

@
D

D
rage

MatCalc

Engineering



Case with solute drag MatCalc

Buken H., Kozeschnik E., Metall. Mater. Trans. A, (2016),
1E-08 - DOI: 10.1007/511661-016-3524-5

D = MeffPD 1E-09-

1E-10+

1E-11+

1 1 n 1

— IE-131

Meff Mprec Msd B4

800 900 1000 1100 1200
T[°C]

1E-12

log M [m*)-1s1]

MprecMsd

M — variébles 4
eff variables value &
Mprec + Msd 4 prec_domain ms evolution

GB_MOB._SDSaustenite 7.40552¢-14 I y

Pt B Pl ol

category: prec_domain ms evalution
expression: GB_MOE_SDSaustenite

legal unit qualifiers: *none®

-= pinned (solute drag) grain boundary maobility
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