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Why Mean-Field Creep?

To model the non-classical behawour of 800H

two-minimum creep
strain rate minima*

Experimental normalized creep curves w/st.Dev. (ULiége)‘

Creep
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24 minimum
15t minimum creep rate
creep rate il

A=

_m— e ti me=

my PhD. Project in a nutshell

Low stresses & a single high temperature ($$$!!)

Objective: Service life assessment of 800H in industry

Challenge:

Creep
deformation = =

— Microstructure
evolution

* oc<op<og<or |classical : Finite element modelling of creep, using LAGAMINE**
LE-01 | — | A non-classical . .
v i TR =  New viscoplastic model
S | | .~ O | : pe o
@ l j | | = Parameter identification & validation
01E-02 - Hosprstas:
n 22 minimum: | | T
% Steady-state creep rate # i Ve N
o LE-03 oo s een: e b = it op Experimental creep curves
= | |
7 I i : complemented with
©1E04 - e e T — a
g g | | Virtual creep curves
< :{lstminimum: | \ /
N - | Solid-solution hardening |
2 , =0 Mean-Field Creep (MFC) model
5 | | |
Z | |
LE-06 . . }2.25Cr—1Mo (K. Maruyama, MSEA, 1997) [1]
1E-05 1E-04 1E-03 1E-02 1E-01 1.E+00 Also studiedin ) ¢ gNi-3Cu-Nb-N T, Hatakeyama, MSEA, 2022) [2]
Normalized time - log. scale B ** in-house FE code developed in MSM team, ULiege (3]
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800H microstructure evolution overview* C Msyy , DREVER
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In|t|al m|crostructure s> O 15t minimum: solld solution hardening (SSH)

" )-Coarse austenite o \ \w
~-Annealing twins
- -Precipitates:

Mobile

Slip plane

_ o - dislocations e
 ITi(C,N) carbonitrides L
« Intragranular M,,C, P
| P

1.E-01 . . . gV e e, Y Solute atoms from
o | . OF | dissolved M,,C,
: | N/ fE
;m_E-oz — 274 minimum: steady-state creep rate + aging
— nd mini - | | o .
@ 2*“minimum: | | Intergranular M,;C, precipitation
= Steady-state creep rate / ;
- LE-03 | | e 4 £==NgL L b=t
s X : : .
7 | ; Substructure (subgrains)
1E04 -t T S i D WEY i '
5 z | |
S " 1s*minimum: l |
=2 1E-05 | Solid-solution hardening | L
T - | | i
g : | | |
S | | ! |
z | | | |

1.E-06 ' ' ' '

1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

Normalized time - log. scale * After C. Rojas-Ulloa, JMS, 2026 [4]
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Non-linear equation system* based on dislocation density (p

creep strain rate € = L
Frank— Read source Production & pz’le—up at DW PD intiract:ion
o . . .7 N BpsRow  pm Ps  Pm pPs , Psfyb
mean mobile dislocation density rate - - - - - - P = Vgpm (Pl + p, L/2 )+ g( > +og| = — Fue| o+
bb zntehractzon Dynamic & static recovery
Pm 3/2
- Ug (h—) Ug(sanhpm + pmps) — V805, /
DN
Production & pile—up at DW PD z’nteA’ractéon
. . . . Prm Ps P Ps Ps |, Psfvb
mean static dislocation density rate - - - - - - - Ps =  Vgmp — — Vep —— + V| T — — U +
2RDW DW )\eq 2Ti )\eq L
DD interaction Dynamic reocver
/—’5—\ Yy o Yy
m ” Y
DN
pile—up & annihilation at DW
mean boundary dislocation densityrate - - - - 0 = [ (1—2¢) . ]
DW

- (N.M. Ghoniem, Res Mech.,1990) [5]
- (S.D. Yadav, MSEA, 2016) [6]
- (F. Riedlsperger, 2020, 2023) [7,8]

* 2 combination of
scientific contributions:

Numerical model m
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Non-linear equation system = classic predator-prey system

generation
or :% of single
dislocations

classic water tank problem from ODE* > 541
dipole
Psat :
" ._E I,I generation
psgl.spon W

Dislocation
Frank-Read

— 1 S
Vo ps(217) Par
. gr's l dipole
production e annihilation
Paip by climb
szlp.spon e — b:lip.c

VgPm (vPm + v/Ps)
oW BpsRpw
d S:
hlz)w (_)
e s — + ey s
Annihilation of p,, ( )f -(T ) Annihilation of p; Annihilation of p,,
d . . S 2 pm (2Rpw) d . 5 ( ) ep
ynamic: vg anh(pm +pmps) 1 ynamlic:  VgOanh\PmPs static: 25&
) 3/, Vg X pm(/’leq) . 1 hpw
static: ~ v.8p,, 4 static: ~ veps(hpw)
\Pm(hDN) B
- e
A
vc x pm( eq) .
&’OSbe(ri) — * Water tank pic. after review article from (W. Blum, MMT, 2002) [9]
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Model development

An efficient hierarchical approach

1. Prediction of the steady-state
creep rate level

1.0
= 274 minimum creep rate
‘S gg | (steady-state creep rate) :
Z !
2 /
o 0.6 ,
S /
2 /
804 d g
TU 7
£ ,
0.2
Z - ,.‘

0.0 _———

0.0 0.5 1.0
Normalized time

>

»

(Mvi
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2. Prediction of the solid-solution

creep strain hardening

1.0
1st minimum creep rate

(solid-solution hardening, SSH)

0.2

Normalized creep strain

4

/
/

!
/

0.0
0.0 0.5

Normalized time

1.0

3. Prediction of loss of load carrying

capacity, damage & fracture

1.0

Tertiary creep stare
(creep damage & rupture)

0.2

Normalized creep strain

0.0
0.0 0.5

Normalized time

1.0

f

Here is where our two main contributions stem from...
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Modification of the apparent representative volume (V

» The mean glide velocity of

. —Q ~(OmVe] . . (appVh o ke
dislocations is defined as: vg = kg exp (—G) exp % 2 sinh | —22__ with: | T

kT kT

» For a single temperature & multiple stresses in 800H, no unique V. was found!

+»» V. follows an Arrhenius-like stress dependency!

A
‘ ¢ V. evaluated at each stress s
\ o
\‘ - = Arrhenius equaiton fit @
™M \ _ 3 5
g |V Vi=Ay-[1+By-exp(—Cy-oupp)|-b 2
\ £
| \‘ b is the Burgers- vector (= 0.253 nm) for FCC %]‘
\ N
R :
Q \ %
9 \ S
= \\ g
® g

\Q~~~.e-
----- LT T T
Tapp MPa

1000

800

600

400

200

kG
Q¢

Oint

Oapp

—_—

—_—

Glide pre-exp. constant  Fitting param.

Glide activation energy Fitting param.

Boltzmann constant 1.38 x 10723JK~1
Temperature (K) Variable
Internal stress Variable

Applied (true) stress Variable

Similar behaviour found for 316N stainless steel by *

—0—0.07% N
—3—0.11% N
—A—0.14% N
—r—0.22% N

1 n 1

400
Temperature: 923 K 316LN SS
- 350
—0—0.07% N
—0—0.11% N
—A—0.14% N 1300
—v—0.22% N

250

- 200

150

Average dislocation segment length (7)), nm

100 120 140

: : : —! 100
160 180 200 220 240

Stress (o), MPa

* after (C. Parveen, MISEA, 2021) [10]
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SSH incorporated within the internal stress equation

—0Ojnt Vr Oanp V,
vge = (...) exp “kaT ZSinh< ;\(ZpTr>

ﬁ' Taylor stress: g,y = amypGby/pp,

Oint = Otay T Oss

!

Solid-solution hardening stress: g —\fss(aapp

T) (x ) ——e power for FCC materials

® solute atom concentration, i = Cr

.
physical function: — Tavlor f 206 -
_ _ i : . my Taylor factor .
£~ ex ~1kg k—Tln eny Pre-exponential function: ¢ Shear modulus known [4]
ss = Jss0 P C; AE, €o fuo = —m G(V )3/4 C, Material constant Fitting param.
ss0O T eq .
V2 with: @ Yield stress known [4]
- Used to predict SSH in HEAs by * | Veq Equiv. atom misfit See [11]
. _ w
* cool trick to adapt to creep: . Energy barrier function: 5 Aver. travel dist. ratio =~ 0.17 ([11])
In i —m-In Oy (T) 3/ ¢, , Material constants Fitting params.
€o a ez AE, = ®m Gb3 ( ) 2 |%app R Gas constant 8.314 Jmol1K1
T b mTG o
®(T) = ¢, exp ( P2/
* (1. Toda-Caraballo et al., Acta Mat., 2019) [11] 1 €Xp RT
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Ex-situ simulations were conducted for 800H alloy

Number density distribution of Cr,;C, before creep Volume fraction of C during creep (aging)
(after solution annealing + water quenching) thermo-kinetic simulation at 1000°C
10% 10°
N _
T
15

5 10 10°]

= ~

2 U

2 S 107 _—

= =

@ & Dissolution of intra-
': 10° o granular Cr,;C,
4':" E 10‘15— —

2 % Production of Cr atoms
Q 0 . : .

E 10°4 = Cr.C. nucleation site in solid solution (X¢,)
B Cr,,C, nucleation site Volume fraction 10-20|| — Grain boundaries

£ , .||~ Grainboundaries 1.0788E-03 — Grain edges

3 10°1| — Grain edges 1.1681E-07 — Grain corners

— Grain corners 4.4089E-12 | — Dislocations
70 L= Dislocations 1.3231E-06 O 05 107 107 1 1% 160 10°
1 0-10 T T T LU 1| [l)-9 T T T LI |1l (I)-8 T T T LU 1l O-? ~ time (h)

Mean radius (m)

* After C. Rojas-Ulloa, JMS, 2026 [4]
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Results — Creep strain validation

Low stress

Normalized creep strain vs. time curves (ULiege)
(Single temperature & multiple (low) stress levels)

1.00
| *++ Experimental curves (o; < 0, < 03) o
Numerical predictions

I 080 | Oy
=
s
5 i
v 0.60
% B
& 03
U L
o 040 |
N i
©
|
© 0.2 -
2 0.20 i

0.00 - o

1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

Normalized time, log. scale (—)

Normalized creep strain rate (—)

& (Moy; ) DREVER
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Normalized creep strain rate vs. time curves (ULiege)
(Single temperature & multiple (low) stress levels)

1.E+00

=
i
o
—_

1.E-02

1.E-03

1.E-04

1.E-05

1.E-06

1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

Normalized time, log. scale (—)

s Let us analyse the evolution of the mobile dislocation density (p,,,) in test g;
* After C. Rojas-Ulloa, JMS, 2026 [4]
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Results — Dislocation density validation l’ @Sﬂ 7) DREVER
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Low stress
Mean dislocation densities predicted by MFC compared to
Experimental geometrically necessary dislocations experimental measurements for a single creep test
measurements performed with EBSD LE+17 &
£ Samples A & B ©oOLE+l6 2 eem-mmT 7T
c . i E -
E 1.E-02 3 (As-Received) é 1.E+15 L __- -
17 : 2 - (As-received
= ‘s LE+14 2.3E+11
©'1.E-03 = e
S S LEH13 £/
8 1.E-04 I — e Numerical predictions by type
'% ' E Sample C -_g LE+12 Creep-affected - Bom?dary (pp)
= . (creep affected) - T * SR | 2 2E+12 R Mobile (pr,)
;5 1,E—05 . C e r s raal f L 8 1.E+11 = + Static (ps)
Z _ ) — « " -, ) .
1.E-02 y 1i1_5: Oé y 1.E4+00 g 1E410 ;:—f As-receivedT _______ 4 . l-ij(rlleilrfle-nt?l _(,O.GiD)
1.E4+09 ———— | '
0.00 0.25 0.5 0.75 1.00

Normalized time (—)

* After C. Rojas-Ulloa, JMS, 2026 [4]
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High stress
Normalized creep strain vs. time curves (ULiege) Normalized creep strain rate vs. time curves (ULiege)
(Single temperature, with low & high stress levels) (Single temperature, with low & high stress levels)
1.E+00
-+~ Experimental curves (o5 = 20,)
- = - = -Numerical prediction for test o, J, G-
\L |— = = Numerical prediction for test o ﬁ_,c; 1.E-02
= 080 | i
@ - =
B = 1.E-03
7 i b=
2.0.60 |- ® 1.E-04
) - o,
S 3 1.E-05
S 040 | s
= 2 1.E-06
g N
i <
S 020 & 1E-07
Z - S
i — 1.E-08
0.00 —s—esimasmmmm®

1.E-09
1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00
Normalized time, log. scale (—)

1.0E-04 1.0E-03 1.0E-02 1.0E-01  1.0E+00
Normalized time, log. scale (—)

¢ Test conducted at o5 is found beyond the limits of our MFC model
* After C. Rojas-Ulloa, JMS, 2026 [4]
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Results — Literature validation l’ @ST/, ,’“ DREVER

. International
Aging effect

Creep strain vs. time curves (literature*) Creep strain vs. time curves (literature*)
as-received material Argon-aged material (800hours at 1000°C)
0.40 0.40
0as | MFC simulation (ULiége) oas LT MFC simulation (ULiége)
' —— Experimental curves * : ' — Experimental curves * I'
0.30 0.30 /
~ . —~ /
< - /
=025 2025 ¢ ,
g s ’
5020 t 5020 ¢ ,’
a, o b’
$ 0.15 015 | y
() ()
0.10
0.05
0.00 | | | | |
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

time (h) time (h)
¢ Large experimental scattering

**MFC results within reasonable agreement * see (A.M. Young, Journal of Materials Science, 2023) [12]
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Results — Literature validation
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L &np

Mockman-Grantt relationshi the absolute
A
w . A the steady state
: .. . & min. creep rate . .. . 1o
Choosing the minimum creep strain rate: | £ Choosing the minimum creep strain rate:| s creep rate
Q. pa
3 o,
5 é 5 gé
10 oGy | EE—— " M) _ 107 = Y mq—g YTy "1 O
o0 time = E N\ ™o : >
N LN\ . time
N, o ‘:.‘.00 alloy 800H [ N e ofg;o\o alloy 800H
4 ® 4 t B 0
10 t"%' .’: o 10°F t"'o‘ "3 B30
oo Foo .o° “ee Foo ©o%
2 cgpfte, 0 2 e’ * MW
- . N oo 0...0 < A N o . o 89
103 e U ot 103} i ¥ AR
L ® L S
g \.\ .. ® ~.‘~ . . g ‘.\. ® ~.‘~ Q%
— N\ ° - N o o
5 102 . ° \\. ® ® 5 102!: \\ ® ® \@\Q
= Neoe 2 : $eo 3
=) N o o =) N * o
s N o0 x
1 N AN
10° N 10° N 1
e Experimental points (after *) N N e Experimental points (after *) N N
e minimum creep rates, MFC o Steady-state creep rates, MFC \\ :
0 A sl 0 N TP EEEPETTTY NS R B W e
oper 10°4 10°3 10°2 10" 100 10 0-5 104 103 102 10 100
Minimum Creep Rate (%/h) Minimum Creep Rate (%/h)
* experimental data points from (R. Swinderman, J. Eng. Gas Turbines Power, 1993) [13]
Results 15
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Mean-field creep model adapted to non-classical creep:

v’ Identified & validated with ULiége experiments
v’ Results in reasonable agreement with literature

v/ Stress-temperature applicability ascertained

Prospects:
e Virtual tests from MFC are a good complement to our | ¢« MFC model exploitation for other alloys: 30CrMoNiV5—11
experimental campaign alloy (AID4Greenest project *)
™ 1.E-02 . ——
N | msane Simulation ‘
Q . 107 Experiment 3
J‘E 1 E-03 — experiment . ‘
A= — MFC = 450MP |
3] _ s 107 D ; a ' |
,E L.E-04 .g 400}MPa shohe: \
B 1107 prasemncien g e sttt
o 1.E-05 g TR LR 4 f 35(?]52‘:?5\1|>;£ |
Q ©10°F } N !
— o S Sy OO SRR AL /  /318MPa |
@] rrEewRRn g g J }
= 1.E-06 L SRt S 283MPs
55 108'___,________,________________,_,_A,,_._4"--‘_-__-----a--""/
Z 1.E-07 - 1 L ; ,
1.E-04 1.E-03 1.E-02 1.E-01 1.E400 0. ' ew 1000
Norm. creep strain (-) * See (F. Chen, MDA, 2026) [14]
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_LE+22
QD
i e e LT T T YT YT TR LRLN
8 % ....... . .
< w1E+18 T
~ L=
2 e
(= = 1LE+14
-
[qv} N—
= 2
<P v 1.E+10 r
= -
8 <5)
ey 'E °°°°° TCPRISMA - 1000°C
I3 S 1.E+06 [ oo TCPRISMA - 9502C
& S ] e TCPRISMA - 900°C R
- = MFC interpolation 950°C NI
1-E+02 Ll L1yl L rml Lol 13l ...'.l:b"ﬁlum

1.E-04 1.E-02 1.E+00 1.E+02 1.E+04 1.E+06 1.E+08

Time (s, log. scale)
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ANNEX: EBSD — measurement of GND v @ST/, ,’“ DREVER
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Geometrically necessary dislocations are extracted from the
mean average misorientation angle captured during EBSD

0
1.4 5872 | —® Mave (experimental measurement) y
~ ! — = =Mgye(h) = 0.0032h + 0.5651
S 2 1.2 &~ 580
< 30 E/i10 o 578
—/ ‘ () —{
2 ’/, § 08 - 5/ 576
- 41
2 R 80.6 v O74;
> RN =] P ke 572
= 5 i " 570-
VTL/ e | 568-
BN % \ 3 L ; 0 0 T T T
0 2 4 6 8 10 ' 1 2 -3 4 5
x pixels (X100) / Step size, h (um)

slope = 0.0032 deg./um

0.0032 - (1—”0) 106
...and, for FCC:  PGND = Pm with PGND = b
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