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Mechanical threshold

* Yield stress at temperature O K

* Microstructure dependent

O-O:f(p;d ;dsg; . p;

e Thermal & athermal contributions

O0p = Ogth T Otp
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p - Dislocation density [m-2]
d, - Grain diameter [m]

d., - Subgrain diameter [m]

S9

clm - Concentration of i-element in matrix

r... - Radius of precipitate j [m]

bj

N.

= Number density of precipitate j [m3]
j

04¢n - Athermal contribution [Pa]

o¢, - Thermal contribution [Pa]
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Dynamic stress contribution

e Sum of various contributions

—-n —-n —-n
ot Odyn,ht,pbd dyn + Odyn,NHc gy + Odyn,Cc dyn + ...

-n -n -n —-1/n
e O-dyn,HDc S O-dyn,gbs,gb dyn 4 O-dyn,gbs,eff dyn) dyn

Ogynit — LOW temperature regime Odynitppa — Power law breakdown, low temperature regime

Ogynne — Hightemperature regime Odaynhtppd — Power law breakdown, high temperature regime
Odyn.NHc — Nabarro-Herring creep Odayn,gbs,gp — Grain boundary sliding, lattice diffusion regime

Oayncc — Coblecreep Oayn,gbs,eff — Grain boundary sliding, grain boundary diffusion regime

OdynHDc — Harper-Dorn creep Nayn — Exponent
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Dynamic stress contribution

e Sum of various contributions

i -n —-n _n
+ ~Ndyn + —Ndyn + —Ndyn 4.
-« T Odyn, ht,pbd Odyn,NHc Odyn,cc

-n -n -n —-1/n
e Udyn,HDc S O-dyn,gbs,gb dyn 4 O-dyn,gbs,eff dyn) dyn

e Strain rate absence 2 g; = 0

* All but 64y, 1+ and 04y, pe contributions dependent on diffusivity in material
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Dynamic stress contribution

e Sum of various contributions i rength o
» TS _DWME™
| TVS_DYNSmatrix 1,39036e+07 |

s -n —-n n
— (O-dyn,lt dyn 4 Gdyn,ht dyn 4 Udyn,lt,pbd dyn 4 ...
e O-dyn,ht,pbd dyn + O-dyn,NHc dyn + Udyn,Cc dyn + ...

-n -n -n —-1/n
e O-dyn,HDc S O-dyn,gbs,gb dyn 4 O-dyn,gbs,eff dyn) dyn

e Strain rate absence 2 g; = 0

* All but 04y 1+ and 04yy pe contributions dependent on diffusivity in material
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Low temperature

Minimal value limit
for e >1018¢1

y RT /AFE
Udyn,lt I Asobcsndpeq
— Burgers vector [m] o, — Mechanical threshold, thermal contribution [Pa]
— Gas constant [Jmol1K1] AFcﬁg — Yield stress activation energy, low temperature[Jmol?]
T — Temperature [K] Peq — Equilibrium dislocation density [m—]
Csnda — Speed of sound [ms] Ag, — Scaling factor for strain rate limit

5 — Strain rate [s]
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Low temperature

Minimal value limit
for e >1018¢1

: RT /AFE
| g
O-d — O- variable value
yn,ltl th
ASO bcsndpeq * prec_domain strength
» TS _DYM_LTS*
TS DY M_LTSmatric 14741 2e+07
— Burgers vector [m] o, — Mechanical threshold, thermal contribution [Pa]
— Gas constant [Jmol1K1] AFalg — Yield stress activation energy, low temperature[Jmol?]
T — Temperature [K] Peq — Equilibrium dislocation density [m2]
Csna — Speed of sound [ms] Ag, — Scaling factor for strain rate limit

5 — Strain rate [s]

MCE-ppt-MO4E-V1



High temperature

0 dyn,ht

Csnd

bRT (a;,; M+G)?

Oth h
t

Shear modulus [Pa]
Taylor factor

Burgers vector [m]

Gas constant [Jmol1K1]

Temperature [K]

— Speed of sound [ms]

AFt
RT

exp
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Minimal value limit
for e >1018¢1

Nht

cMeps_dot

Mechanical threshold, thermal contribution [Pa]

Yield stress activation energy, high temperature [Jmol]

— Strengthening coefficient for internal dislocations

Strain rate [s]
Strain rate exponent

Exponent
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High temperature

Minimal value limit
for e >1018¢1

Nhpt
) bRT (i M7 G)? AF;¢ S
| O-dyn’htl_ O-th 2 Ath exp RT g bs_ wvanable | value
Csnd O-O “ prec_domain strength
» TS DYM_HTS*
TY5_DYM_HTSmatrix 2.64128e+08
G — Shear modulus [Pa] g, — Mechanical threshold, thermal contribution [Pa]
My — Taylor factor AFJ’}f — Yield stress activation energy, high temperature [Jmol?]
b  — Burgersvector [m] aine — Strengthening coefficient for internal dislocations
— Gas constant [Jmol1K1] g — Strain rate [s1]
— Temperature [K] Neps dot — Strain rate exponent

Csng — Speed of sound [ms] Ny — Exponent
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Low temperature, power law breakdown

n
| MrkgT — \ PP
Oaynitpth = GAiepip,1 Arsinh || Aiepiv,z = Daist foipeD €
l l

Aje pip1 — Scaling factor (10-3; hardcoded) D,;; — Diffusion coefficient along dislocations
Ayt pip,2 — Scaling factor (10%%%; hardcoded) (reference element) [m?s]
G — Shear modulus [Pa] fpipe — Correction factor for pipe diffusion
M; — Taylor factor b — Burgers vector [m]
kg — Boltzmann constant [JK] & — Strain rate [s]

T — Temperature [K] Nt pip — Exponent (5; hardcoded)
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Low temperature, power law breakdown

n
; MT kB T . lt'plb variable value
Oaynitpin|= GAiepins AR || Avepinz 5 " s Db 150
disl)pipe [TV DYN_POW_LT_BDSmatrix _inf |

Ay pipq — Scaling factor (1073; hardcoded) D,;; — Diffusion coefficient along dislocations
Ayt pip,2 — Scaling factor (10%%%; hardcoded) (reference element) [m2s]
G — Shear modulus [Pa] fpipe — Correction factor for pipe diffusion
M; — Taylor factor b — Burgers vector [m]
kg — Boltzmann constant [JK] & — Strain rate [s]

T — Temperature [K] Nt pip — Exponent (5; hardcoded)
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High temperature, power law breakdown

n
. MrkgT | repib
Oaynhtplb = GAnepip arsinh ({ Ape pip 2 D hE
eff
Scaling factor (10°3; hardcoded) My — Taylor factor
Scaling factor (10'®; hardcoded) D.rs — Effective diffusion coefficient (reference element) [m?s]
Shear modulus [Pa] b — Burgers vector [m]
Boltzmann constant [JK] & — Strain rate [s]

Temperature [K]

Npt,plb

Exponent (3; hardcoded)
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High temperature, power law breakdown

n . ~
. MTkBT . htrplb *.farlahled - ) value
— * prec_domain streng
O-dyn,ht,plb — GAht,plb,l arsinh Aht,plb,z GD b € v TVS_DYN_POW_HT_BDS*
eff [7s_DYN_POW_HT _BDSmatrix_3,32355¢+02 |

Apt pip1— Scaling factor (10°%; hardcoded) M; — Taylor factor
Apt pip2— Scaling factor (10*°; hardcoded) D.ss — Effective diffusion coefficient (reference element) [m?s™]

G — Shear modulus [Pa] b — Burgers vector [m]

kg — Boltzmann constant [JK] & — Strain rate [s]

T — Temperature [K] Npepip — Exponent (3; hardcoded)
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Nabarro-Herring creep

MrkgTdg
Odyn,NHc = €
’ 4-2Deffb3

M; — Taylor factor D¢ Effective diffusion coefficient (reference element) [m2s1]
kg — Boltzmann constant [JK!] b — Burgers vector [m]
T — Temperature [K] & — Strain rate [s7]

d, — Graindiameter [m]
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Nabarro-Herring creep

2 variable value
0) — MT kBng é V pr:::l_u:lnmain strength ;
| dyn,NHcl 42D b3 v TVS_DYN_NHCS*
eff 5 DYM_MHCSmatrix 4 81362e+14
M; — Taylor factor D¢ Effective diffusion coefficient (reference element) [m2s1]
kg — Boltzmann constant [JK!] b — Burgers vector [m]
T — Temperature [K] & — Strain rate [s7]

d, — Graindiameter [m]



Coble creep

MrkpTd?
Pdynce = 42m8,,Dgpb?

M; — Taylor factor

kg — Boltzmann constant [JK]
T — Temperature [K]
d, — Graindiameter [m]

9

gb

p —
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Grain boundary thickness (10; hardcoded) [m]
Diffusion coefficient along grain boundaries
(reference element) [m?2s]

Burgers vector [m]

Strain rate [s]



Coble creep

MrkpTd;
|Udyn,Cc|= 3 €
427T5gb ngb

M; — Taylor factor

kg — Boltzmann constant [JK]
T — Temperature [K]
d, — Graindiameter [m]

9

gb

p —
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variable value
* prec_deomain strength
w TYS_DYMN_COCS™
TY5_DYM_COCSmatrix 5,63809%e+13

Grain boundary thickness (10; hardcoded) [m]
Diffusion coefficient along grain boundaries
(reference element) [m?2s]

Burgers vector [m]

Strain rate [s]



Harper-Dorn creep

Odyn,HDc = G (AHDC

MTkBT .>nHDC
&E
Deorsb

Scaling factor (10%%; hardcoded)
Shear modulus [Pa]

Taylor factor

Boltzmann constant [JK1]

Temperature [K]

Dery
b

5

Nypc
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Effective diffusion coefficient (reference element) [m?s]
Burgers vector [m]
Strain rate [s]

Exponent (1; hardcoded)
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Harper-Dorn creep

n variahble value
y A MT kBT . Hbe V pr:::l_u:lnmain strength |
|O-dyn,HDc|_ G AHDC € v T¥S_DYN_HDCS*
Deff b 5 DYMN_HDCSmatrix 1,03742e+69

Ayp. — Scaling factor (10°%; hardcoded) D.sr — Effective diffusion coefficient (reference element) [m?s1]

G — Shear modulus [Pa] b — Burgers vector [m]

My — Taylor factor & — Strain rate [s7]

kg — Boltzmann constant [JK™] Nype — Exponent (1; hardcoded)

T — Temperature [K]
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Grain boundary sliding, grain boundary diffusion regime

kpTd3 .)ng’”’g”
&

Odyn,gbs,gb = G (Agbs,gb G ng h4

Agps,gp — Scaling factor (10%%; hardcoded) Dy, - Diffusion coefficient along grain boundaries
G — Shear modulus [Pa] (reference element) [m?2s]
kg — Boltzmann constant [JK™] b  — Burgers vector [m]
T — Temperature [K] & — Strain rate [s7]

d;, — Graindiameter [m] Ngps,gb — Exponent (1/2; hardcoded)
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Grain boundary sliding, grain boundary diffusion regime

» TY5_DVYM_GBS_GBS*
TYS_DYM_GBS_GBSmatrix 2,22256e+45

3 nng;gb variable value
o — G A kB ng é “ prec_domain strength
dyn,gbs,gbl_ gbs,gb GD bb4
g

Agps,gp — Scaling factor (10%%; hardcoded) D,, - Diffusion coefficient along grain boundaries
G — Shear modulus [Pa] (reference element) [m?2s]
kg — Boltzmann constant [JK™] b  — Burgers vector [m]
T — Temperature [K] & — Strain rate [s]

d;, — Graindiameter [m] Ngps,gb — Exponent (1/2; hardcoded)
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Grain boundary sliding, lattice diffusion regime

kgTdZ N9
Odyn,gbs,eff — G Agbs,d GDeffb3 €

Agps,a — Scaling factor (10%%; hardcoded) d, — Graindiameter [m]
G — Shear modulus [Pa] D.ry — Effective diffusion coefficient (reference element) [m?2s1]
kg — Boltzmann constant [JK™] b — Burgers vector [m]
T — Temperature [K] &  — Strain rate [s]

Ngpseff — Exponent (1/2; hardcoded)
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Grain boundary sliding, lattice diffusion regime

n .
kB ng gbs,eff variable | value
— G A é “ prec_domain strength
O-dyn,gbs,eff gbs,d GD h3 v TV¥5_DVN_GBS_DISLS"
eff TV5_DYN_GBS_DISLSmatrix 1, 74384e+45

Agps,a — Scaling factor (10%%; hardcoded) d, — Graindiameter [m]

G — Shear modulus [Pa] D.ry — Effective diffusion coefficient (reference element) [m?2s1]

kg — Boltzmann constant [JK™] b — Burgers vector [m]

T — Temperature [K] &  — Strain rate [s!]

Ngpseff — Exponent (1/2; hardcoded)



Some input values

Csnd
Xint
AFSt
AF]t
Ag,
Npt
Nayn

neps_dot

Page = 28
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Equilibrium dislocation density [m™]
Burgers vector [m]

Taylor factor

Speed of sound [ms]
Strengthening coefficient for internal dislg
Yield stress activation energy, low temper
Yield stress activation energy, high tempe
Scaling factor for strain rate limit
Exponent, high temperature

Exponent, coupling

Strain rate exponent

Engineering
£5¢ Precipitation domains ... ? ot
Precipitation domains ... General Mech. Props MS Evolution Trapping Special
matrix* Thermodynamic matrix phase ...
FCC_AL w
Microstructure parameters ...
quuilil:urium dislocation density [m-2] 1.0e11 |I
initial grain diameter [m] 100.0e-6 | elongation factor |1 |
initial subgrain diameter [m] elongation factor |1 |
Burgers vector
automatic manual value [m] |2, 5e-10
Mew ... Remove
Set active Rename ...

Cancel
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SO me |n p ut va ‘ UES | repencomins. :
Precipitation domains ... General Mech. Props MS Evolution Trapping Special
5 matric” General Solid Solution Segregation CC Diffusion Predipitation
Peq — Equilibrium dislocation density [m™] Mechanical properties ..
b _ Burgers VectOI‘ [m] Young's Modulus [Pa]  [(193000-73. 33%T9C)*1e6 |
Poisson's ratio |0.3
— Taylor factor
Matrix str th luation ...
— Speed of sound [ms™] e
Basic strength [Pa] |2III.IZIEE |
— Strengthening coefficient for internal dislc Hal-Petch coeff @bisg) 0796 |
= [oisl. strengt. coeff. (a1/a2) | /
AFs, Yield stress activation energy, low temper smalstanbem (4 o0 |/jos | oo
AFJ}f — Yield stress activation energy, high tempe Dynamic strength ...
IdF_sigD_lt IldF_sigEl_ht +286200 I
Ag — Scaling factor for strain rate limit - .
0 Composition dependendes ...
npe |- Exponent, high temperature cos dotfect 10 oot SEEl
Iht + It coupl,-exp |1.0 Iht_eps_du:ut_exp 1.0
_ Exponentl Coup“ng Total strength coupling coeffidents ...
. Mew ... Remove Coeff, thermal + athermal {1.0) |1.0
Neps dot|— Strain rate exponent oeft. themal +atheml (1) | |
Set active Rename ...

MCE-ppt-MO4E-V1
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Flow stress (raw)

e Sum of the athermal and dynamic contributions

0 = Ogth T Ogyn

* Strain rate absence 2> 0 = 0
* Values for small strains most likely overestimated - might need correction
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Flow stress (raw)

e Sum of the athermal and dynamic contributions

— _|_ variable value
@ O-ath O-dyn v prec_domain strength

v TY5_NBS*
| TvS_NBSmatrix 2,40202e+08 |

* Strain rate absence 2> 0 = 0
* Values for small strains most likely overestimated - might need correction
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~Small strain® correction

* Models are strictly valid for a fixed microstructure (fixed dislocation density)
* |In practice = Relevant for materials with strain > 2%

o [MPa] % | 400
-/ Sim. 256 |
f, - Exp 300

250 Predicted (raw)

MCE-ppt-MO4E-V1

B. Viernstein, 2020 (unpublished)

e[

200 _—=
| —" w. small strain correction
150 pf~
y 100 a
// 50
912‘ * 0 | | 1 | 1
€ [%] 0 0.05 0.1 0.15 0.2 0.25 0.3
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~Small strain® correction

* Models are strictly valid for a fixed microstructure (fixed dislocation density)
* |n practice = Relevant for materials with strain > 2%
* Correction for small strains with a dislocation density saturation function 3

B = |B P + B, p - Current dislocation density

\ sat Psat - Saturated dislocation density
P1, B2 - Coefficients

n - Exponent



~Small strain® correction
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* Models are strictly valid for a fixed microstructure (fixed dislocation density)

 Relevant for materials with strain > 2%

* Correction for small strains with a dislocation density saturation function 3

P

sat

b= [br—*Ph

o =0 "+ (Bo)™"

op =0o(1+ L)~1/n

B function

0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4

Plasti c’ strain

— dd_sat_mob$matrix+dd_sat_wall$matrix-dd_equ$matrix - dd_tot$matrix

L
p1=1 B, =0
----------------------------------------
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4
Plastic strain
tys_betagmatri



~Small strain® correction
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L 1Y
-
-

=t Precipitation domains ...

Precipitation domains ...

matrix®
New ... Remove
Set active Rename ...

General Mech. Props M5 Evalution Trapping Spedal

General Solid Solution Segregation CC Diffusion Precipitation

Mechanical properties ...

? x

Young's Modulus [Pa] |[193DDD-?3.33"I’5C]|‘1E6

Taylor factor (2.5-3.1) |3.I:IE | Poiszon's ratio (0.3

Speed of sound | 5350.0

Matrix strength evaluation ...

Basic strength [Pa] |20.0e6 |
Hall-Petch coeff (gb/sgb)  |0.74e6 | 1 [o.es |
Disl. strengt. coeff. (a/a2) [0.5 | 1 os |
small strain beta (1/2) I|c|.n Hos | 2= I|3.n |I

Dynamic strength ...

dF_sig_t MS@ pow(BVS@;3)na| dF sigh_ht | +286200

Composition dependencies ...

eps_dot_fact | 1.0 | exp_ht | 1.0/3.0

ht + It coupl.-exp |1.EI | ht_eps_dot_exp |1.EI

Total strength coupling coeffidents ...

Coeff. thermal + athermal {1.0) | L0

Cancel

ostructure (fixed dislocation density)
cation density saturation function

p - Current dislocation density

Psqt - Saturated dislocation density

@ Coefficients
- Exponent

MCE-ppt-MO4E-V1



~Small strain” correctio

%?&" Precipitation domains ...

Precipitation domains ...

General

matrix®

New ... Remove

Set active

Rename ...

Mech. Props M5 Evalution Trapping Spedal

General Solid Solution Segregation CC Diffusion Precipitation

Mechanical properties ...

?

Young's Modulus [Pa] |[193DDD-?3.33"I’5C]|‘1E6

Taylor factor (2.5-3.1) |3.I:IE | Poisson's ratio ||:|,3

I For $1= 0, correction is inactive!

(0p = a(1 + B~™)~Y/", otherwise)

‘ O'B=O'

eps_dot_fact | 1.0 | exp_ht | 1.0/3.0

ht + It coupl.-exp |1.EI | ht_eps_dot_exp |1.EI

Total strength coupling coeffidents ...

Coeff. thermal + athermal {1.0) | L0

Cancel

*

p

Psat

A

MatCalc

Engineering

ostructure (fixed dislocation density)

cation density saturation function

- Current dislocation density
- Saturated dislocation density

L Coefficients

MCE-ppt-MO4E-V1

- Exponent
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~Small strain® correction

* Models are strictly valid for a fixed microstructure (fixed dislocation density)
* Relevant for materials with strain > 2%
* Correction for small strains with a dislocation density saturation function 3

b= |pi—+b;
,V sat variable
“ prec_domain strength
¥ TY55*
—n n n TY55matrix 1,90543e+08
O-,B =0 + (ﬁo‘) ~ TVS_BETAS*
TY¥5_BETASmatrix 1,00025
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