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EUROMAT AlID4Greenest: Creep prediction

AID4Greenest target (aid4greenest.eu): IA and other models to avoid waste

Life prediction

_ High T + o To avoid waste of :
Large forged shaft with material before forging &
high-temperature service @ energy » thermal post
Creep test validation time processing
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Material - 30CrMoNiV5-11 Steel (heat-resistant steel)
% | %Si | %Mn | %Cr | %Mo | %Ni | %V | %Cu | %S | %P
0,28 | 0,10 | 0,65 | 1,37 | 1,08 | 0,63 | 0,29 | 0,10 | 0,01 | 0,009

30CrMoNiV5-11 (Turbine manufacturers) — Different designations: DIN1.6946, SEW555

Family materials:
First developed: 1CrMoV — After 1990: 26CrMoNiV3-8 (in UK)

GX12CrMoVNDbN9-1, 9Cr-1Mo, 2.25Cr steel, 9Cr steel, 12Cr steel, 28CrMoNiV4-9, 1Cr-steel,

Manufacturing process:

Forge

Controlled
cooling

Normalizing
+ Tempering

Machining

Water Quenching
+ Tempering

Observed phases:

BCC_AZ2 (Bainite, Ferrite)
Different carbides nature,
shape density
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1. Process modelling and Process characterization (heat transfer coefficient)

- FEM simulations provide thermal field N/
- Mean Field + Cellular automata ['CF
- Microstructure 1 validated by characterization UNIVERSITY

OF OULU

2. Thermodynamic approach (Thermocalc Prisma) + sample characterization
- Microstructure 2, after heat treatments, before creep @i dea t= v LIEGE '2_,  ukasiewics

(Creep behavior

OF OUI

# LIE | =
-Standard tests & LIESE Z rukasiewicz/€| Stress tests Z Fraunhofer
-Phenomenologic model WHESE
-Machine Learning approaches Z Fraunhofer mi (dea
WM

I “Mean Field Creep m@
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==Yy i V38 Mean field creep (MFC) model framework

Why?

EUROMAT ML rupture/time predictions = mechanistic understanding
Classical creep fits = evolving microstructure

Creep deformation _)(_ Microstructure evolution

Microstructural features

Dislocation types
L mobile (p,)
+ static (or dipole) (ps)
L boundary (py)
Precipitates
@ Intragranular
" Intergranular
mean subgrain radius (Rygp)

solute atoms( )

A common physical framework: The Orowan equation

Creep strainrate (s71) Mobile dislocation density (m~2)
_L —Burgers vector (m)
. Pm- b- V——Velocity (ms™1)
By Carlos Rojas €=
y J mr Taylor factor (—)

MFC predicts the 3 creep stages +
comparison of 2 damage approaches
Identification Validation : experiments

...In math terms. ..

e+ [ flepmpap, =7
P f(E' Pm'Ps'Pb'ngb)
Vll/ =1|pPs | = f(f' Pm'Ps'Pb'ngb)
‘\ Pp f(e, P Pss Pp» ngb)

\\ Rsp _f(_'pm'ps'pb'ngb)_

Ne > Vector of unknowns
(co-dependent functions)




REINOSA ~ Materials
> 4 79 :
Forgings LII-rII“EgE GaR EIEgEST K;g @S M ﬁnd/Solwb

Castings

AN 4 F

F d d hY th UNIVERSITY

FEMS2025 .
HUNelV/\I Modeling framework
Particle kinetics
» Type of precipitate, location of nucleation, ... JAX-coded :
*  N,: Number density of particles (m™3) solver ::> Numerical SCT
* 1,2 Mean radius of particles (m™3) A Creep curves
Y. T i
Loadings — " Ae T f(& pmipsipp =)
Stress + Temperature App, f (€ pm. Ps, Pv, Rsgn)
Material parameters AW = s | = f(&Pm.ps: P Rsg)
A
. Experimenta[ data E> Aprb f(E; Pms Ps» Pp» ngb)
. B S .
» Adjustable parameters g _f(—, Pm> Ps» Ph» ngb)_ V
{} Experimental
Parameters identification < 1| SCT Creep
curves
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EUROMAT Constitutive core

Low-temperature creep High-temperature creep
o
o
§ Gshear‘ shear,
o Slip plane 2
. g Slip plang
Generic Ashby map > —_—t
3
. . c

Elastic domain o
® O hear
§ s Oshear
7 — Dislocation climbing
O  — Dislocation sliding — Dislocation sliding

Normalized shear stress
Plastic domain

Homologous Temperature

Diffusion-driven creep

"""" Vacancy current | () Vacancy sink ||~ Vacancy current| (__) Vacancy sink

#: Dynamic recrystallization (DRX
y y ( ) - - Atom current (] Atom sink - - Atom current () Atom sink
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=Wele]VI\B Model architecture
Stress/Temperature
Dislocation Precipitate Damage law Experiment
mechanics Kinetics loop
mean-field
( ) By TC PRISMA 2025a . » Standard creep
> M di > Cavity test (SCT)
> Dynamic recovery €an radqius » Precipitate
. » Number density ) :
> Static recovery > : coarsening Zwick Roell Kappa 100D5
Grain growth W HESE
: . : . Particle coarsening » Stepped iso-
Both mechanisms: Particle hardening .
(dislocation + diffusion)] within grains at graln boundary stress t(;st (SSM)
or intra granular Gleeble  Z Fraunhofer

 §

Creep-time curve, creep strain rate, damage evolution, rupture
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FEMS2025 Experimental campaign - Standard creep test (SCT)
Cross headl

EUROMAT

Zwick Roell Kappa 100DS

3 # LIEGE
université
Creep sample

—— R | \

Displacement Sensors
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Experimental campaign - SCT

Before test

g

Stress
Temperature

Rupture time

After test

Sample fractured at the middle




REINOSA Materials

. ~
N ¥ 770 1 Solid
Forgings b I.II-nII\EgE QQI!E(NE& K;g _AH/, Meohsa/m’,oy

Castings

M - F

Funded by the UNIVERSITY
European Union OF OULU

FEMS2025

EUROMAT Initial Microstructure measured by =i dea

Prior - austenite grain size (PAGS) — grain diameter d=2R,,
Average PAGS: 19.5 pm
Grain boundary (hig

h + low angles)

Inverse Pole Figure (IPF) map
A . el ki

e, =N It
£ ) '

0 ks 7 o iy

Misorientation angles

0200 [

74
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EUROMAT Microstructure measured by [ 1/ESE

Sample BG [um] excl BG [um] incl
Before creep 1 32 31.5
Before creep 2 33.5 47.3

550 °C, 450 MPa 33.4 34
550 °C, 350 MPa 26.3 26.7
550 °C, 283 MPa 23.6 25.3

(Measurements by Jérdme Tchoufang Tchuindjang)

Decrease of the grain size when the stress decreases.
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* M23C6_D84

- CEMENTITE_DO11 (Fe3C, M3C .
-« M6C_E93
« FCC_A1#2 (V(C,N))

after creep
Precipitates observed 2 Sk 2 e

)

TEM results of the tempered sample after 30 hrs P

vr{
Dislocation density measured o /0
using XRD (Cu Ka):

~ 3.4 x 1014/m2
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FEMS2025 Microstructure evolution (550°C) - Number density

By TC PRISMA 2025a

EUROMAT

FCC_Al#2 CEMENTITE_D011
1 E+28 - Bulk 1.E+29 - Bulk
M o h . BCC 2 LB K = = Grain boundaries 1 E+25 ====Grain boundaries
a] n p ase . A : R - ==~ Grain edges — = Grain edges
—_ B S . 1E+21 TN L
1E+20 — == = Grain corners ’/__.-. = < Grain cormers
P rec,l _Itate o R - — - Dislocations L LES1T PR S \\ — - Dislocations
Z et e Z j - \
p ° g L.E+16 smesssl 5 LE+I3 r’// A
= R R = oy '\
° 2 - 2 fie 17 W
= 1LE+12 ] b 7 \
— = = )
= Z 1 B0 i \y

M6C_E93
« FCC_A1#2 (V(C,N)) |

) ) ) 7 0 1 10 _— (1130 1.000 10,000 1106(%0 h 0.00 0.01 D‘fliﬂle(h) 100 10.00 11000002 h
CEMENTITE begins to eliminate at 1 h
M6C_E93 —r LE<28 M23C6_D84 —
Bulk, dislocation: it e M et
» precipitate hardening T e s Iy
é]&ug _élE*—lG/"—‘&_‘__HH‘k‘ T ==

Grain edge, corner, boundary: ===
» damage

Log tlme Scale I'Emﬂ-ﬁ Lo 0 1 10 lime (11:])0 1000 10,000 100,000

Big dlfferences in klnetlcs.
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Main phase: BCC_A2

- M23C6_D84
« M6C_E93
« FCC_A1#2 (V(C,N))

CEMENTITE begins to eliminate at 1 h

Bulk, dislocation:
precipitate hardening

Grain edge, corner, boundary:

damage

H -~ F
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(550°C) - Mean radius
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By TC PRISMA 2025a

M23C6_DS8
5E-08 - Bulk 2E-08 Fec Al Bulk
4 FE-08 — — Grain boundaries 1 E-08 = = Grain boundaries
4.E-08 o _Gm{u edges ‘ - === Grain edges
Grain corers LE-08 | Grain corners
= 3E-08 — - Dislocations / | — . Dislocations
= LE-08
Z 3E-08 = ‘
= =
£ E B.E-09
5 2.E-08 = i
g 3 e
= 2E-08 2 0E0 _—
1.E-08 1ED9 |
5.E-09 2E09 A
0.E+00 0E+00
0 1 100 1,000 10,000 100,000 0 20,000 40,000 60,000 80,000 100,000
Time (h) 1 05 h Time (h) 1 04 h
SE10 M6C_E93 — CE08 CEMENTITE D011 —
===-Grain boundaries ===~ Grain boundaries
LE-10 I e N — -Grain edges SE06 ... __ | — -Gminedges
s . Grain corners ‘Grain comers
z — - Dislocations — AE-06 — - Dislocations
2 3E10 |
";’: | | 3.E-06
2610 ey ——
- R el I e — 2.E-06
LE-10 LE06
0.E+00 0.E+00
0 2000 4000 6000 8000 10000 100 1,000 10,000 100,000
Time (h) Time (h)

10° h
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EUROMAT modeling framework of literature need revision

for our material (Creep 550°C)

Modified Orowan equation
(dislocation creep)

€disl = M—T
Internal (Taylor) stress

0; = aMGb+\/py, + c5ps

Driving stress
Oapp = Oapp,0(1 +ve)

Total rate:
1

(1_Dppt)(1_Dcav)

Ecreep = (Sdisl + Ediff)

Coble equation
(diffusicin creep)

Gliding velocity relying on 1.
—Use - app Vr
v = a1eXp< kQBTlf>exp< kzv>251 h(akzp )

Damage evolution starts at stored-energy
threshold SE (stress dependent damage initiation)

1
SE = Ao(1+e)em = SEipreshola
A

édiff = K1(T)0'app ﬁ édiff [o'e O-appH

(More detalls in backup)

Poor consistent evolution of Vr
and log(é4r¢) to predict
experimental creep tests under
increasing stress

y V1
Vrand A *Vr mA
90 23
2.1
85 =
1.9
80 u ™ L7 g
5 ] m 15 =
=75 3 <
$ .
70 1.1
0.9
65 ]
0.7
60 0.5
283 318 330 350 370
Stress (MPa)
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Poor Creep strain rate prediction (550°C)
(15t model version of previous slide)

Creep strain rate

FEMS2025

Eairf X Oapp

EUROMAT

Creep strain

0.20
Experiment 01k Experiment
283 MPa
— — = Simulation 283IMPa 001 L — — = Simulation 318/MPa
0.15 318|MPa
0.001 L 350 MPa
350/|MPa
1 2 1E-4
g | g
£ | ' E
7 0.10 1 [ ' L 1E-5F ! '
@ ! : ! ! o ! | [ ' |
=1 1 ] I 2 ’ ] 1 ! 1
o { i ! | | 5 1E-BE o ' 1 ! {
i 1 ' ' ' =7 / ’ ' '
‘ 1 ! | ' e - _- Py J I
i ! ] ! ' 1E-7p=—====== it PET X P '
0.05 [} 1 f ! P | ETTTTRE_= A e o e e e EEATS A {
. P i ! 1 ] femmmm == = ’
, F ' p ' TEB o e oo .. e . o MR dad st ol Lo el 2
’ ’ ’ ’ ]
P ’ J ’ ’
a" l’ o" 4"‘ B9
- - ’—',—' '_—"
0.00 ss=as SEs==22C === 1E-10 ' ' ‘
1 10 . 100 1000
10 time (h) 100 1000 time (h)

> Prlmary stage not well predlcted

> Only Appllcable on hlgh stress level
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Hrle)V/ N\ Constitutive core (Revised modeling framework)
Modified Orowan equation| |Total rate: )
(disloca;ion creep) €creep = (€aist  €airr) [mp— ampom] Both V, and log(é4ir7) can be
g OPmUetf . , fitted by the functions
disl M, Gliding velocity
Internal (Taylor) stress —0se —ail; Tapp Vi
(Taylor) Vg = EXp< % Tlf ) exp( T >Zsmh <_k1:’,1" ) > T and oaGary) oV Wiogary
0; = aMGb+/p,, + c5pq . v o
Driving stress “ »
Oapp = Oapp,0(1 +v£) ;‘; B B . -
T 50 - . 10 §
Coble equation 4 ——" g
(diffusien creep) “ ol I
108 Cairy) = Ko (1)0apy ==t 08 (i) K Oy =P
283 318 3305““3?&133) 370 400 450

(More detalls in backup)

2

8 ¥
. g




Creep strian

FEMS2025

EUROMAT

Creep strain

0.20

0.15

o
i
o

0.05

0.00

Experiment

| = = = Simulation

-
-

0.1 1

330|MPa
!
350|MPai |
‘ ' |
. | 370{MPa i
E ' [ ' l !
{ ) | 1370}MPa !
] ] ] 1 !
i ) ! !
] ] [} ! | !
f ) ] ! | i
' 1 ' 1 () (]
i ] J y l,
’ 4 f v /) Y,
’ S o7 R e
- .." "—" .=
=== g:;;.'.‘.'ﬁ'--. PR | "
t119‘r|e (h) 100 1000

H -~ F
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Creep strain rate at 550°C (Uliege model)

UNIVE RSITV
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log(édiff) X Oapp

Creep strain rate

Experiment
0‘1_ 0 .
- = = Simulation
0.01
0.001 | i 330|MPa
2 | 350|MPa
S 1E-4F ' 37OMPa
= ’
g 7 [ ]
BIE-5pame="" ] | -37OMPa
S J : ! l :
e ' [ ' 1
B o o T ’l ) } ! {
= 4 ' ' |
T g e ) '
1E-7---------------:— --::::__—"‘— ." ll
'""“*--..::::‘--—"' A
1E-8 | MRt el
1E_g il i i P | " PR | |
0.1 1 Boe ) 100 1000

> Good agreement on all stress levels (different contrlbutlon of diffusion and dislocation mechamsms)
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Fixed simulation parameters identified at 19.5 um (PAGS)
> Change grain size only

1E-7 T -
o124 — — — Simulation 1 ; nd
/ 28.0°
' 19.5
0.10 , 180
16.0
0.08 Grain size (um): 16. /,
= ! = 2.7
g An increase in e ' -
£°%1  grain size leads ' B
to a reduction in
0.04 . .-
creep strain.
0.02 _‘.—"'— Ground
i truth
0.00 +—  2E T T T T T T T 1E-9 . . . i i : i | ‘ . ‘ ,
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400
time (h)

time (h)

o W
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« MFC + diffusion creep prediction = accurate secondary creep stage;
damage tertiary stage

Forgree (2 LIEGE A4 % (Mspjana s

Castings ”“"’e“"te GREENEST

« Strengths: clear relation with creep mechanism, parameter-identifiable
e Limits: Numerous data required
Grain evolution neglected,
Still 1D version = need extension to be included in FEM,
particle kinetics data to be validated

* Future work: temperature-dependent D ,(T),
grain growth coupling,
multi-axial constitutive law
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S le]Y/N\ Backup

-1
Effective velocity: ” [_ + 27T(Z p’i) : l]
eff Ve

<y . _Qself —0j V 0, per
Glide: Vg = ay exp( kT exp KT 2 sinh kT

Climb: ; ; ; 2nnyDy Tapp?
Lattice diffusion v, = o (il exp( e )ZSmh( T )

2mbD. —0; i o, n
—P p( : )Zsmh(ﬂ)
Lp KgT KpT

Pipe diffusion v, = |

Precipitate strengthening via Zr;in,i and spacing L, = \/Eagexp( W )
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EUROMAT Backup - Constitutive core
Precipitate coarsening:
0
D =1- > 3 3 :
ppt (£ e Cavitation .
Dcav = (Deap(t) + a(1 + bec))é
In(3
Lg = %ﬂ\)’ln + (ZT'A)Z— ZT'A
Damage evolution starts when
- 2 X Nirf stored-energy criterion reaches threshold
s 3 Zi Niri i
SE = AO'(]. + g)gm = SEthreshold
LY: precipitate spacing at damage onset,
L, (t): precipitate spacing at current time.
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EUROMAT Backup - Parameter identification workflow

> Step 1 (no damage, PK frozen): tune sinks (e.g., annihilation), V, for
stress sensitivity
> Step 2: add diffusion branch to lift entire curve (fit A.D,,0/d>)

> Step 3: re-enable PK evolution;

> Step 4: enable damage for tertiary
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