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Abstract

High-temperature creep deformation is often accompanied by microstructure
evolution. However, aspects affecting the creep properties of materials such as
substructure formation and kinetics of primary and secondary precipitates are
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not addressed by conventional models. In this work, a microstructure-dependent
mean-field model is adapted to predict the non-classical creep deformation
response of materials exhibiting solid-solution hardening regimes. Numerical nov-
elties include an improved stress-sensitive apparent activation volume for the
dislocation glide velocity, and a diffusion-based solid-solution stress formulation
through the internal stresses of the material. An Incoloy 800H experimen-
tal campaign to identify and validate the model combining creep tests and
microstructural characterization techniques was performed. Additionally, ex-situ
thermokinetic simulations on Thermo-Calc® PRISMA module were conducted
to recover the physical evolution of precipitates during creep. The numerical pre-
dictions are in good agreement with the experimental results for low-stress and
high-temperature loadings. The loss of predictability observed at high-stress lev-
els is attributed to a creep mechanism transition. Exact stress and temperature
ranges cannot be openly disclosed for confidentiality reasons.

Keywords: High temperature creep, Solid-solution hardening, Particle strengthening,
Cr23C6 thermokinetics, Incoloy 800H

1 Introduction

The continuous improvement in the efficiency and productivity of industrial processes
in sectors such as power generation, metallurgy and aerospace [1] often relies on new
technologies where higher operational temperatures are needed. In this context, resis-
tance to the creeping viscous deformation observed in metallic components subjected
to a combination of high-temperature and a constant mechanical load remains a major
design aspect [2]. To satisfy these new requirements, researchers may explore the suit-
ability of commercially available alloys [3, 4], develop new alloys [5, 6], or develop
heat treatments aimed at enhancing the mechanical properties of commercially avail-
able alloys [7, 8]. In any case, accurate assessment of the creep performance during
testing and service life is challenging. New creep testing methods such as indentation
[9], miniaturized specimens [10, 11] or accelerated creep tests through the stepped
iso-stress method [12] have been explored to reduce the costs of material charac-
terization. Nevertheless, uniaxial tensile creep tests remain the most popular creep
characterization technique. They consist of the application of a constant uniaxial load
under high constant temperature (following either the ISO-204 [13] or ASTM E139
[14] standards). Conventional creep characterization campaigns covering wide stress
and temperature ranges are, however, lengthy and costly. In this context, the develop-
ment of reliable inter- and extrapolation methods that minimize experimental input
to predict creep deformation and service life is a scientific challenge shared among
industrial and academic researchers. Despite their popularity, conventional stress, tem-
perature, and time-to-rupture (tr) extrapolation methods such as the Larson-Miller
parameter or the Manson-Haferd parameter assume a single creep mechanism and a
constant microstructure per master curve. In general, simpler models fail to recover the
creep behavior of materials that exhibit creep mechanism transition or microstructure
evolution.
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Under sufficiently high temperature and mid-to-low stress regimes, some austenitic
steels exhibit complex creep behavior characterized by two consecutive local min-
ima in the creep strain rate history. The second creep rate minimum corresponds
to the conventional steady-state creep stage, whereas the first peak is often a con-
sequence of complex microstructural transformations related to precipitate kinetics.
For instance, [15] concluded that the non-classical regime observed in 2.25Cr-1Mo
steel was the consequence of an Orowan-type particle-strengthening mechanism involv-
ing MX precipitates. More recently, [16] investigated the non-classical response of
18Cr-9Ni-3Cu-Nb-N at 873 K and 280 MPa by means of ex-situ microstructural char-
acterization of material samples at different creep stages. The authors attributed the
first local minimum to an intragranular NbX precipitate strengthening phenomenon,
whereas the second minimum was ascribed to a grain boundary precipitate strength-
ening effect driven by the intergranular precipitation of Cr23C6 carbides associated
with conventional aging.

Providing a balanced cost/weight ratio and good creep and corrosion resistance,
alloys such as 800H, 800Rk and 800HT have experienced high popularity given their
admissibility for the manufacturing of critical nuclear power plant components [17–
19]. Investigations seeking to ascertain its applicability for temperatures roughly above
850◦C were, however, limited by non-classical creep behavior. The first local creep
strain rate minimum has been attributed to a solid-solution hardening (SSH) phe-
nomenon linked to the incomplete precipitation of Cr23C6 carbides during water
quenching (WQ) [20, 21], whereas the second minimum is consistent with a conven-
tional steady-state creep rate; a delicate balance between dislocation production and
annihilation. Incoloy 800H is hereafter chosen as the case study given its timeless
industrial relevance and the modeling challenge it represents.

Accurate prediction of complex creep regimes involving microstructure evolution
requires a numerical model in which the stress-strain dependency on dislocation
and precipitate interactions is established. In this context, dislocation density-based
mean-field (MF) models are a particularly prominent technique. They compute the
microstructure dependent stress-strain mechanical response of materials by solving
an equation system consisting of two main building blocks. The first is a mechanis-
tic hardening model, such as those by E. Orowan [22] and the Bailey-Hirsh law [23],
where the critical resolved shear strain and critical resolved shear stress dependency
on the mean dislocation density (ρ) are established. The second block consists of the
exploitation of ρ as a state variable. To express microstructure evolution within the
equation system, variational ρ equation terms representing positive (e.g., dislocation
production and multiplication) and negative (e.g., annihilation and immobilization)
contributions are introduced. Altogether, this semi-physical framework provides ρ-
based MF models with the ability to predict numerous microstructure-dependent
inelastic phenomena. For instance, [24] achieved physical prediction of stress, strain
and temperature assisted dynamic recrystallization by establishing a mean stored dis-
location density threshold in addition to equations related to grain nucleation and
growth. Such an innovative technique was used as a complement to cellular automa-
ton simulations [25] or to predict the continuous inelastic deformation response and/or
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flow stress of materials during hot forming processes [26, 27]. Multiscale approaches
incorporating ρ formalisms into crystal plasticity models have also been explored [28].

In recent decades, creep-oriented ρ-based MF models have become increasingly
popular among the scientific and industrial community because of the physically reli-
able creep deformation and service life predictions they provide. MF models developed
during this period can be classified as static or continuum. Static creep models describe
the stress and temperature dependency of a single feature (e.g., the steady-state creep
strain rate (ϵ̇ss)) for a steady microstructure [29], whereas continuum creep models
describe the time-dependent creep deformation history for an evolving microstruc-
ture [30]. In view of the microstructural instabilities addressed in this work on the
high-temperature creep of 800H alloy, the latter technique was chosen.

The creep model developed in this work follows the continuum MF modeling frame-
work established in 1990 by N.M. Ghoniem et al.[31], where dependency to multiple
mean dislocation density forests in combination with an evolving material substructure
is introduced into a differential equation system consisting of 5 partial time-derivatives.
Expressions describing ρ mobility and subgrain evolution are adopted from the analyt-
ical studies by H.P. Hirth and J. Lothe (lately revisited by P.M. Anderson in 2017 [32]),
whereas terms representing dislocation production, annihilation and interaction with
other microstructural features are largely inherited from the works by R. Sandstörm
(a lifetime of creep modeling was recently summarized in [33]). The comprehensive MF
model proposed by Ghoniem et al.[31] stands out as a versatile numerical framework
capable of adapting to multiple materials, microstructures and problem types.

For instance, in 2012, M. Basirat et al.[34] achieved prediction of the full creep
deformation response of 9Cr-1Mo steel by neglecting the subgrain evolution state vari-
able, but introducing a climb-stress based SSH term, and a creep continuum damage
mechanics (CDM) formulation addressing precipitate, cavitation, and lave depletion
damage evolution. Later, S.D. Yadav et al. published on the application of creep
MF models adapted to predict the creep behavior of a new 12% Cr [35] and a P92
[36] steel in 2016 and 2018 respectively. In addition to a CDM addressing precipitate
coarsening and cavitation damage evolution, the authors compute the precipitate evo-
lution through Mat-Calc [37] thermo-kinetic simulations. Noteworthy time-dependent
ρ-based MF model applications to alloys such as new G115 steel [38], RAFM steel
[39], austenitic stainless steel 304HCu [30], IN718 superalloy [40], and steel 316LN
[41] were published during the 2020s. In particular, the successful applications by
F. Riedlsperger et al. to steel alloys P91 [42], P92 [43], and Ni-alloy 617 [44] have
led the research team to consolidate a proper MF software called CreeSo [45]. A
recent exploitation of the new CreeSo development environment by L. Witzmann et
al.[4] showcases good numerical creep predictions for a 10% Cr steel in addition to
remarkable mean dislocation density validation.

The present work deals with the development, implementation and validation
of a creep-oriented ρ-based MF model belonging to the broad Ghoniem family
introduced here above. It is adapted to account for the microstructure-dependent
non-classical deformation response experimentally observed for 800H during low-stress
high-temperature loadings [3, 46–48]. The creep MF model is presented in section 2.
An experimental campaign aimed at studying the non-classical creep deformation

5



response and microstructure evolution of alloy 800H is described in section 3. A brief
summary of the parameter identification procedure, as well as the physical parameters
used for this alloy, is described in section 4. The numerical validation of the model
and the numerical creep and damage prediction results are summarized in section 5. A
brief discussion addressing the main contributions presented in this work is provided
in section 6. Finally, section 7 contains the conclusions and prospects.

2 Mean-field creep model

The creep-oriented MF model implemented in this work establishes the creep strain
rate (ϵ̇) dependency on 3 field state variables: the mean mobile (ρm), static (ρs), and
boundary (ρb) dislocation density forests. The corresponding non-linear equation sys-
tem is presented in Equation (1). The labels throughout Equation (1b) and Equation
(1c) are assigned to facilitate the identification of dislocation interaction phenomena
later on. In particular, ”DWs” represents dislocation walls, whereas ”SR” and ”DR”
represent static and dynamic recovery, respectively.

ϵ̇ =
bρmveff

mT(1−Dc)
(1a)

ρ̇m = vgρm(ρ1/2m + ρ1/2s )︸ ︷︷ ︸
Frank-Read source

+ vg
βρsRDW

h2
DW︸ ︷︷ ︸
I

+ vg
ρs
2ri︸ ︷︷ ︸
II

− vg
ρm

2RDW︸ ︷︷ ︸
III

− vg
ρm
λeq︸ ︷︷ ︸
IV

− vg
ρm
hDN︸ ︷︷ ︸
V

− vgδanh(ρ
2
m + ρmρs)︸ ︷︷ ︸

VI (DR)

+

VII︷ ︸︸ ︷
vc

ρs
λeq

+

VIII︷ ︸︸ ︷
vc

ρsfvb

ri
−

IX (SR)︷ ︸︸ ︷
8vcρ

3/2
m

(1b)

ρ̇s = vg
ρm

2RDW︸ ︷︷ ︸
III

+ vg
ρm
λeq︸ ︷︷ ︸
IV

+ vg
ρm
hDN︸ ︷︷ ︸
V

− vg
ρs
2ri︸ ︷︷ ︸
II

− vgδanhρmρs︸ ︷︷ ︸
DR

− vc
ρs
λeq︸ ︷︷ ︸
VII

− vc
ρsfvb

ri︸ ︷︷ ︸
VIII

− vc
ρs

hDW︸ ︷︷ ︸
SR at DWs

(1c)

ρ̇b = vc

[
8(1− 2ξ)

ρs
hDW

]
︸ ︷︷ ︸

⋆

(1d)

Each dislocation density rate equation in Equation (1) incorporates mathematical
terms representing physical effects of multiplication, annihilation and transforma-
tion of dislocation density forests embedded in an evolving microstructure. These are
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(a) (b)

Fig. 1: Graphical representation of the multiple dislocation-precipitate interactions
included in our MF model. (a) Mobile dislocation production following the Frank-
Read source theory [49]. The mathematical expression in Equation (1b) incorporating
dependency to ρm and ρs is recovered from [44]. (b) Illustrations of multiple creep-
related microstructural phenomena according to the Roman numerical labeling system
in Equation (1).

illustrated in Fig. 1b according to their roman numerical labels assigned throughout
Equation (1b) and Equation (1c).

A brief description of the mathematical formula for each mean dislocation density
type illustrated in Fig. 1b is offered below.

I : emission of ρm at DWs. In the formula, RDW is the mean radius of DWs [31]. The
proportion of ρs dislocations participating in this depinning process is calculated
as βρs, where β = 0.0375 [31]. hDW is the dislocation spacing ratio at the DW
level and is calculated in Equation (2) [42].

II : fraction of ρm produced at non-coherent precipitate-matrix boundaries that act
as dislocation sources. ri represents the mean radius of these precipitates. [44].

III : fraction of ρm absorbed at DWs during creep deformation.[31].
IV : fraction of ρm that become immobilized (ρs) upon finding a precipitate in their

gliding path. λeq represents the mean particle spacing ratio of the precipitates
participating in the process.[44].

V : probability of ρm becoming immobilized upon encountering an equal-sign dis-
location in their gliding path. The average mean dislocation spacing ratio (hDN)
is calculated by solving Equation (3).[44].

VI : ρm annihilation probability following the encounter of two ρm of equal sign. δanh
is the length parameter for spontaneous dislocation annihilation [31].

VII : fraction of ρm produced from climbing [44].
VIII : short ρm dislocation segments produced at small precipitates. In the formula,

proposed by [44], fv is the phase fraction of the precipitates participating in the
process, and b is the Burgers’ vector.

IX : probability of dislocation annihilation during climbing [31].
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⋆ : production of ρb from the static population. The subtracted quantity 2ξ (ξ ≪ 1)
represents the proportion of ρs annihilated in the process. After [31].

hDW =
[
(ρs + ρb)RDW

]−1
(2)

hDN = 0.8 · (ρm + ρs)
−1/2 (3)

Our MF creep model presented in Equation (1) is at its core a wisely chosen
assembly of previous scientific works. Our contributions (namely the improvements
enabling the prediction of the SSH regime, the enhanced stress sensitivity of 800H
and the addition of a virtual inelastic work-based damage initiation criterion) are all
introduced within Equation (1a) of our system: the Orowan equation. It describes the
creep strain rate (ϵ̇) dependency on the field state variables, with mT being the Taylor
factor, Dc the equivalent creep damage, and veff the mean effective velocity of ρm.
The latter is calculated as the geometrical summation of both glide (vg) and climb
(vc) velocities [43], as shown in Equation (4).

veff =

[
1

vc
+

π

2

∑
i

(
r3iNi

) 1
vg

]−1

(4)

The equations describing vg and vc are shown in Equation (5) and Equation
(6) respectively. They follow a thermodynamical interpretation that involves thermal
and mechanical activation energy dependence [32]. In Equation (5), Kg is the pre-
exponential factor [42], Qg is the thermal activation energy for dislocation glide, kB
is the Boltzmann constant, T is the temperature in K, Vr is the apparent activation
volume for dislocation glide, and σi and σa are the internal and applied (true) stresses,
respectively. For Equation (6), ΩFCC is the atomic size of the face centered cube (FCC)
lattice per atom, and Kcl and Kcp are pre-exponential factors representing the lattice
and pipe diffusion contributions respectively (see [42]).

vg = 2Kg exp
(−Qg

kBT

)
exp

(−σiVr

kBT

)
sinh

(σaVr

kBT

)
(5)

vc =
[
Kcl +Kcp

]
exp

(−σiΩFCC

kBT

)
sinh

(σaΩFCC

kBT

)
(6)

σa is calculated for a perfectly uniaxial deformation state and volume conservation
as Equation (7a), where σ0 is the initial (engineering) stress, (ν) is the temperature-
dependent Poisson ratio and ϵ is the current plastic (creep) strain calculated in
the model. σi refers to the internal mechanical stresses preventing free dislocation
movement, a mechanical threshold that reduces the material ductility. In this work,
Equation (7b) is calculated as the sum of the dislocation pile-up stress (σT) and SSH
(σss) contributions. σT is computed by solving the Bailey-Hirsch law [23] (more com-
monly referred to as the ”Taylor stress”) Equation (7c), where α is a material constant,
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G is the shear modulus, and dependency on the square root of ρm is established for
FCC alloys in [50].

σa = σ0 (1 + νϵ)−2 (7a)

σi = σT + σss (7b)

σT = αmTGb
√
ρm (7c)

2.1 Solid-solution hardening

In this work, the SSH contribution to the inelastic deformation response is computed
as a stress effect. σss is calculated as the product of the strengthening function fss =

fss0 exp(. . . ) and the solute atom concentration X 2/3
i , where i represents the atom

type found in solution, and the exponent 2/3 is optimized for FCC materials [51]. The
Arrhenius expression governing fss in Equation (8) follows the interpretations of the
kink-pair formation (KPF) model [52], inasmuch as it reduces the σss calculation of
the breakaway probability for a single dislocation segment. The form of fss in Equation
(8) follows the proposal by [53, 54]. With only minor modifications, their model has
seen successful applications for Inconel 718 in annealed [55] and ”without-precipitate”
configurations [27]. In Equation (8), C1 is a fitting parameter, ∆Eb is the energy
barrier for dislocation breakaway, σy is the temperature-dependent yield stress, and m
is the hardening exponent. Our set of equations, guided by experimental observations,
is described below.

σss = fssX
2
3
i = fss0 exp

[
−1

C1

kBT

∆Eb
ln

∣∣∣∣∣
(
σa

σy

)m
∣∣∣∣∣
]
X

2
3
i (8)

The pre-exponential factor fss0 is calculated in Equation (9), where εeq is the
equivalent misfit parameter.

fss0 =
1√
2
MTG(εeq)

4
3 (9)

εeq is calculated in Equation (10) as the geometrical equivalent of the contributions
of both the shear-modulus misfit ηi and the solute atom size misfit δi [56], where a is
the solvent unit cell parameter; an experimental constant [57].

εeq =

[(
ηi

1 + 0.5|ηi|

)2

+ a2δ2i

]1/2
(10)

In Equation (8), ∆Eb represents the threshold energy barrier necessary for disloca-
tions to surmount solute atoms. Equation (11a) is an extension of the one used in [55]
and [27], where w/b is the mean atom travel distance ratio. The additional ϕ(T ) func-
tion in Equation (11b) is introduced to recover the temperature dependency observed
during model optimization for alloy 800H, where R is the gas constant and φ1 and φ2

are fitting parameters.
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∆Eb(T ) = ϕ(T ) MTGb3
(
w

b

) 3
2
√

σa

MTG
(11a)

ϕ(T ) = φ1 exp

(
−φ2

RT

)
(11b)

The dissolution of submicron-sized Cr23C6 precipitates that nucleate at disloca-
tions during WQ (see for instance [46, 58]) leads to the production of solid-solution
Cr and C. A quick calculation involving the proportion and size differences between
the two elements (see Supplementary material) suggests that Cr atoms are responsi-
ble for more than 98% of the total volume fraction of the particles produced from the
dissolution of these carbides. Therefore, further σss calculations involve exclusively Cr
atoms. Inspired by the analytical works of [59], the form of the stress-assisted diffusion
model of Cr atoms XCr is presented in Equation (12), where dAGS is the average grain
size (diameter), Deff is the effective diffusion coefficient for Cr diffusion during SSH, t
is the time, b5 is a fitting parameter, and XCr,0 is the maximum Cr solute atom con-
centration participating in the SSH process. The latter is a temperature-dependent
physical quantity recovered from ex-situ thermokinetic simulations (see section 4.3).

XCr =
XCr,0

2

[
1 + erf

(
dAGS

2
√
Deff t

+ b5

)]
(12)

The temperature and stress dependency of Deff is established in Equation (13a) by
numerical optimization. D0

ss is a pre-exponential factor, Qeff is the activation energy,
and b4 is a material constant. The temperature dependency of Qeff is described by
the Arrhenius exponential function shown in Equation (13b), where b1, b2 and b3 are
material parameters.

Deff(T ) = D0
ss exp

(
−Qeff,i

RT

)
exp

(
− b4

σy

σa

)
(13a)

Qeff,i = b1

[
1 + b2 exp

(
b3/T

)]
(13b)

2.2 Apparent representative volume

The stress-sensitivity of the model is largely determined by the apparent representative
volume (Vr). Although similar creep-oriented MF models treat Vr as a fitting param-
eter varying within a reasonable physical range [44], a single Vr proved unsuitable for
recovering the stress-sensitivity of 800H during creep. The independent magnitudes
of Vr optimized to recover the ϵ̇ss across our experimental creep curves via inverse
modeling depict an inversely proportional relationship to σa. The Vr dependency on
σa was thereby recovered by the Arrhenius formula presented in Equation (14).

Vr(σa) = AV

[
1 + BV exp

(
CV · σa

)]
· b3 (14)
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2.3 Creep damage

The addition of a CDM enables the prediction of the progressive loss of load carrying
capacity and creep rupture time of the material [34, 35]. The creep damage denomi-
nator (1 − Dc) in Equation (1a) is calculated by solving Equation (15), where Di is
the damage contribution of the ith damage mechanism acting in our creep case study.

(1−Dc) =
∏
i

(1−Di) (15)

The MF creep model presented in this work includes only two damage mechanisms:
cavitation damage (Dcav) and precipitate coarsening damage (Dppt). Dcav is defined
by Equation (16). The temperature-dependent constant A(T ) in Equation (16a) is
expressed as an Arrhenius-type function in Equation (16b), where A1, A2 and A3 are
fitting parameters.

Ḋcav = A(T ) ϵ̇ (16a)

A(T ) = A1

[
1 + A2 exp

(
T/A3)

]
(16b)

Precipitate damage (Dppt) in 800H is associated with the massive precipitation and
coarsening of Cr23C6 at non-coherent grain boundaries [58, 60, 61]. Equation (17a)
recovers the Dppt attributed to the jth precipitate type following the particle-spacing

ratio formulation by C.Ó. Murchú et al. [62], where λj,0 and λj are the initial and
current average spacing ratios of the precipitate j respectively. The spacing ratio of a
precipitate j is calculated by solving Equation (17b) and Equation (17c) as proposed
by B. Sonderegger & E. Kozeschnik in [63]. In the case of multiple precipitates, the
total Dppt is calculated as in Equation (15).

Dppt,j = 1− λj,0

λj
(17a)

λj =
[ ln(3)

2π
∑

j (Nj · rj)
+ (2rA)

2
]1/2

− 2rA (17b)

rA =

√
2

3
·
∑

j (Nj · r2j )∑
j (Nj · rj)

(17c)

Additionally, our model incorporates a simplified (uniaxial) damage initiation crite-
rion [64]. The accumulated plastic work formula is computed by Equation (18), where
mw is a fitting parameter. Damage is initiated once a user-defined critical threshold
of virtual plastic work wcrit is reached.

ws(σ, ϵ) =

∫ t

0

(
wiso(σ, ϵ) + wkin(σ, ϵ, ϵ̇)

)
dt ≈ σa ϵ

1/mw (18)
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Table 1: Standard Fe-balanced stoichiometric composition of alloy 1.4959
(wt.%), after [65].
*: 0.46 ≤ (Al + Ti) ≤ 1.07 wt.%
**: 30.09 ≤ (Ni + Co) ≤ 34.78 wt.%

constituents Ni ** Cr C Si Mn S Ti * Al * Co ** Cu

min 29.4 19.0 0.05 0.32 0.50 0.001 0.21 0.19 0.028 0.006
max 34.45 21.5 0.10 0.74 1.34 0.017 0.59 0.58 0.76 0.070

3 Experimental campaign

Incoloy 800H material was acquired in as-received condition in the form of 20mm thick
sheets. A heat treatment SA+WQ consisting of solution annealing (SA) for 30 min
at 1150◦C followed by WQ preceded the hot rolling process. The standard chemical
composition of the material is given in Table 1.

Material samples were extracted along the rolling direction of the sheets using a
Charmilles Robofil electric discharge machine (EDM) model 310. These were destined
to an experimental campaign combining mechanical creep tests and microstructural
characterization techniques. A summary of the experimental results relevant for the
application and validation of the MF creep model is given below.

3.1 Microstructure observations

The material microstructure is studied via an Olympus BX60 Light Optical
Microscopy (LOM) coupled with an OLYMPUS UC30 CCD digital camera and
equipped with a motorized stage together with the OLYMPUS STREAM Motion®

software. The material samples were first ground and polished down to 1µm prior to
super finishing with Oxide polishing suspension (OPS) down to 0.3µm on a Struers
Tegramin 30 automatic device. Complementary LOM techniques include chemical
etching with glyceregia (2 parts glycerol + 4 parts hydrochloric acid (HCl) + 1 part
nitric acid (HNO3)) to highlight carbide-decorated grain boundaries (GBs), and light
polarization to highlight precipitates. Scanning electron microscopy (SEM) analyses
were carried out using a Tescan Clara SEM associated with Back-Scattered electron
(BSE) for the images and a 129 eV BRUKER energy dispersive x-ray spectrometer
(EDS) with a silicon drift detector. The system was connected to ESPRIT® software
for pre- and post-treatment of the data. The accelerating voltage for the SEM analyses
was set at 15 kV, with a minimum scanning step size of the electron beam of 1µm.

As-Received (AR) material:

The AR microstructure shows coarse austenitic grains with abundant annealing twins
and small micron and submicron-sized precipitates scattered throughout the lattice.
Low-density titanium carbo-nitrides (Tix(C,N)) appearing dark in BSE images [48]
are differentiated into TiN and TiC via in-situ polarized LOM analyses, as shown
in Fig. 2a. Owing to the resolution limitations of our SEM machine, submicron-sized
precipitates (TiN and M23C6, observed via transmission electron microscopy (TEM)
by [58, 66]) could not be identified. Nevertheless, their presence can be correlated to
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(a) Qualitative identification of precipi-
tates in AR material via in-situ polarized
LOM.

(b) BSE image showing oxide penetra-
tion in 800H after 2 months of high-
temperature creep testing in air.

Fig. 2: Microstructural characterization (a)AR and (b) creep-affected microstructures
of Incoloy 800H.

the bright reflection of polarized light at segregation lines (i.e., the agglomeration of
submicron-sized precipitates formed during the hot-rolling process of the material)
observed during LOM, as shown in Fig. 2a.

Finally, digital post-treatment of LOM images was performed using the open-
source software ImageJ [67]. The grain aspect ratio was measured at 1.3 with no
particular geometrical orientation. An austenite grain size of 135.7 ± 30µm was cal-
culated by applying the linear intersection method according to the standard ASME
E112-13 [68].

Creep-affected material:

Material samples from specimens affected by up to 2 months under high-temperature
creep in air were subjected to similar microstructural analyses. A progressively greater
number of Cr-rich M23C6 precipitates nucleating at GBs were observed in the sam-
ples from longer creep tests, which is consistent with aging. No grain coarsening was
detected. Fig. 2b showcases the loss of the characteristic Cr2O3 protective layer [1, 69]
as well as oxide penetration in the form of nucleation and coarsening of Si and Al
oxides. These observations are consistent with those presented in [48]. The precipita-
tion of oxides during creep is attributed to high-temperature exposure to air under
sea-level atmospheric pressure conditions. In contrast with the observations presented
in [48, 58], the samples analyzed herein showed no evidence of nitridation. The absence
of nitrides is explained mainly by the short duration of the high-temperature creep
tests in air.

3.1.1 Creep behavior

A total of 11 mechanical creep tests were conducted on a Zwick/Roell (Z/R) Kappa 100
DS machine equipped with a high-inertia resistance furnace MP00850. Creep strain
was measured at the uniaxial gauge length of the specimen by means of a high-precision
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(a) (b)

Fig. 3: (a) Normalized creep strain rate vs. time curve showing the source of samples
A, B and C. Sample C is not extracted from a creep test interrupted after the ϵ̇ss
was reached. (b) KAM map calculated from EBSD measurements for sample A (AR
condition).

ceramic extensometer. To enable the SSH-driven minimum creep strain rate regime to
take place, standard creep test (SCT)s experiments were primarily conducted under
a combination of low-stress and high temperature loadings. In addition, the loading
application methodology instructed in ISO-204 [13] was modified by decreasing the
pre-load temperature holding time from 60 to 15 minutes [60]. Although specific stress-
temperature regimes cannot be openly disclosed, they range between 10−80 MPa and
700−1050◦C.

3.1.2 Dislocation density estimation

Experimental characterization of the geometrically necessary dislocation density
(ρGND) was conducted on material samples under both AR (samples A & B) and
creep-affected (sample C) conditions. In particular, sample C was obtained from a
single creep test interrupted after reaching the ϵ̇ss (Fig. 3a). To calculate the ρGND,
a kernel average misorientation (KAM) map was first constructed on the basis of the
Nye-tensor approximation methodology for local misorientation of neighboring points
detected by Electron backscattered diffraction (EBSD) (Fig. 3b). The ρGND is then
estimated from the slope of the linear fit of the accumulated frequency of angular local
misorientation (Θave) as afunction of the step size (length scale defined by the beam
size definition and grid during EBSD) [70]. The ρGND values estimated for the three
samples along with the corresponding misorientation gradient, background noise and
R2 error are given in Table 2. The grain map, KAM map and Θave identification for
specimens A, B and C are provided in the supplementary material file.
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Table 2: Summary of results of the EBSD-based ρGND mea-
surements (Fig. 3) for samples A, B (AR condition) and C
(creep test interrupted at ϵ̇ss).

sample A sample B sample C

Estimated ρGND (m−2) 2.33× 1011 1.71× 1011 2.19× 1012

Θave ×10−6(deg. ·m−1) 0.0032 0.0025 0.0318
Background noise (deg.) 0.5651 0.5689 0.5802
R2-error 0.9913 0.9918 0.9924

4 Input parameters

4.1 Initial state variables

The boundary conditions necessary to solve the non-linear equation system of our MF
model are hereafter defined as the vector W0 = [ϵ0 ρm,0 ρs,0 ρb,0], where ϵ0 is the
initial creep strain (ϵ0 = 0.0) and ρm,0, ρs,0 and ρb,0 are the initial mobile, static and
boundary dislocation densities, respectively. ρs,0 is approximated as the 10% of ρm,0,
as seen in [44], whereas ρb,0 is calculated in Equation (19) as a function of the RDW

and the mean DW misorientation angle [71].

ρb,0 =
3ΘDW

2bRDW
(19)

Finally, a constant magnitude of RDW=250 nm is used in this work. This value is
estimated from the numerous TEM experimental observations of the AR hot-rolled
microstructure of 800H alloy [72–74].

4.2 Physical and fitting parameters

4.2.1 Diffusion coefficients

Diffusion in solids is modeled as a thermally-activated process by means of the Arrhe-
nius equation shown in Equation (20a), where D0

i and Qi are the pre-exponential
factor and activation energy for diffusion in a medium i, where i = l (lattice), GB,
or p (pipe). Following a similar approach to that proposed by [75], the parameters
D0

i and Qi to calculate Dl and DGB are computed on the basis of the weighted aver-
age of those measured for Fe, Ni and Cr in an 800-type alloy. The weighted average
function is shown in Equation (20b), where x is the property under evaluation and wi

are the relative molar mass of the alloy per element (wFe = 0.335, wNi = 0.353 and
wCr = 0.312). A summary of the parameters used to calculate Dl and DGB following
this approach is given in Table 3.

Di(T ) = D0
i exp

(
−Qi

RT

)
(20a)

xeq,800H = xFe · wFe + xNi · wNi + xCr · wCr (20b)
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Fig. 4: Temperature dependency of DGB, Dp and Dl used in this work, calculated
after the methods of [75, 77–79]. The arrows inside the plot illustrate the vacancy
diffusion under load (σa).

Table 3: Pre-exponential and activation energy parameters calculating Dl

and DGB for 800H alloy.

Magnitude per γ lattice constituent

Parameter
FCC-Fe
(after [78])

FCC-Ni
(after [77])

FCC-Cr
(after [75]) weighted average

D0
l (m2s−1) 3.260× 10−5 8.620× 10−5 3.240× 10−4 1.424× 10−4

Ql (Jmol−1) 2.596× 105 2.559× 105 2.874× 105 2.670× 105

D0
GB (m2s−1) 1.880× 10−5 3.820× 10−5 5.800× 10−5 3.788× 10−5

QGB (Jmol−1) 1.607× 105 1.564× 105 1.842× 105 1.665× 105

The pre-exponential and activation energy parameters to calculate Dp are
extracted from [76]: D0

p=4.50× 10−5 m2s−1 and Qp=1.85× 105 Jmol−1). The temper-
ature dependency of the three diffusion coefficients is depicted in Fig. 4.

4.2.2 Material elastoplastic constants

Elastic constants:

The shear modulus G and Poisson ratio ν of the material were introduced into the
MF model as temperature-dependent polynomial functions f(T ) of the form shown
in Equation (21). The equation and its fitting parameters (A, B, C and D; given in
Table 4) are part of the quasi-static hot tensile material characterization conducted
for Incoloy 800H by [80].

f(T ) = A · [1 + B · (T − T0) + C · (T − T0)
2 +D · (T − T0)

3] (21)
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Table 4: Fitting parameters for Equation (21) describing the temperature
dependent shear modulus (G) and Poisson ratio (ν) for Incoloy 800H. Material
characterization and parameter identification were performed by [80]. T is in
◦C, and T0=20◦C.

Property A B (oC−1) C (oC−2) D (oC−1)

G 76.74± 0.16 (GPa) −2.50× 10−4 −4.32× 10−7 3.40× 10−10

ν 0.297± 0.0022 (−) −6.05× 10−4 2.66× 10−6 −2.11× 10−9

Table 5: Optimized parameters for the polynomial function Equation (22)
describing the temperature-dependency of the 0.2% offset σy for Incoloy 800H.
Experimental characterization after [81, 82]

α0 (MPa) α1 (MPa oC−1) α2 (MPa oC−2) α3 (MPa oC−3) α4 (MPa oC−4)
2.43× 102 −3.14× 10−1 3.88× 10−4 5.69× 10−12 −2.60× 10−10

Yield stress:

Considering the temperature-dependent 0.2% offset yield stress characterization of
Incoloy 800H at various temperatures conducted independently by [81, 82], σy is
defined as a 4th order temperature-dependent polynomial function. It is presented in
Equation (22), where T is the temperature in ◦C, T0=20◦C, and αi are fitting parame-
ters. The latter are identified via simple root-mean squared percentile error (RMSPE)
minimization and are given in Table 5.

σy(T ) =
4∑

i=0

αi · (T − T0)
i (22)

4.2.3 Physical and fitting parameters

The good balance between the accuracy and predictability of MF models is attained
by combining both physical properties and reliable phenomenological formulations. To
this end, correct identification of both physical and fitting parameters is paramount.
The physical parameters reported in literature are given in Table 6, whereas the
fitting parameters are listed in Table 7. To ensure physical consistency, the latter
were identified via inverse modeling following a hierarchical optimization strategy (see
section 4.4).

4.3 Complementary thermokinetic simulations

To consider the effect of precipitate evolution on the creep deformation response,
this MF model requires the time and temperature-dependent precipitate history to
be introduced as input data. That is, the mean radius ri and number density Ni of
precipitates and their corresponding nucleation sites. This information is outsourced
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Table 6: List of physical parameters with literature sources.

Parameter Description Magnitude Source

ηCr SSH: Cr-FCC shear modulus misfit 1.7541− [55]
αFCC SSH: FCC geometrical constant 16− [57]
δCr SSH: Cr-FCC size misfit 0.0298− [55]
w/b SSH: mean atom travel distance ratio 1.70− [55]
dAGS Average grain size (diameter) 150µm [48]
ag Unit cell size (FCC) 0.356 nm [83]
b Burgers’ vector (FCC Fe-Ni-Cr) 0.253 nm [84]
α Constant σT, optimized for 800H alloy 0.6− [50]
mT Taylor factor, optimized for FCC 3.06− [84]
β Factor for dislocation production at GBs 0.0375− [31]

δanh Dislocation annihilation coefficient 5− [31]
ηv Coefficient for transfer of defects into jogs 1.00× 10−6 − [31]

ΩFCC Transfer parameter of dislocations into jogs 1.21× 10−29 m3 [31]
ΘDW Mean misorientation angle of DWs 5◦ [74]

from ex-situ thermokinetic simulations conducted with Thermo-Calc PRISMA mod-
ule, using the TCFE13 and MOBFE8 databases. These calculations, intended to
recover the kinetics of precipitates in 800H during creep, correspond to isothermal sim-
ulations with no stress dependency (i.e., equivalent to aging). Such an approximation
is admissible given the low stress levels addressed in this research.

4.3.1 Thermokinetic simulation methodology

The initial number density distribution of the precipitates in Incoloy 800H is largely
determined by the mandatory SA+WQ. In view of the influence of these precipitates
(in particular, Cr23C6 nucleating at dislocations [58]) on the SSH behavior of this
material, accurate determination of the initial precipitate distribution is paramount.
To this end, a thermokinetic simulation that replicates the SA+WQ process shown in
Fig. 5a was first performed. The resulting number density distribution (NDD) of the
primary precipitates obtained after this simulation are shown in Fig. 5b.

Given the high stability and rapid precipitation of Tix(C,N) and to ensure numer-
ical convergence in TC-PRISMA, only the initial NDD of Cr23C6 is considered for the
subsequent creep/aging thermokinetic simulations conducted in TC-PRISMA. A total
of 5 isothermal simulations were conducted at: 700◦C, 800◦C, 900◦C, 1000◦C, and
1050◦C. The evolution of the mean radius and number density of Cr23C6 precipitates
for an isothermal thermokinetic simulation at 1000◦C for a total of 1 × 105 h (≈ 10
years) is shown in Fig. 6. The predicted coarsening of intergranular Cr23C6 precipi-
tates (i.e., at grain boundaries, grain edges and grain corners) is consistent with aging,
whereas the dissolution of those nucleating at dislocations is the source of the SSH
phenomenon addressed in this work. The mean radius and number density of precipi-
tates during MF creep simulations are continuously calculated internally by means of
time and temperature dependent linear interpolations.

The tabulated *.csv files containing our thermokinetic simulation results for 800H
alloy can be made available upon request.
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Table 7: List of fitting parameters of the model and their calibration target
in hierarchical order. While parameter magnitudes cannot be openly disclosed
for confidentiality reasons, the physical definition and calibration target for each
parameter are provided to facilitate model reproducibility.

Calibration target Parameter Description Unit

1. Steady-state

creep rate (ϵ̇ss)

a1 Pre-exponential factor for vg ms−2

Qg Thermal activation energy for vg J
AV Parameters for Vr in σss:

Vr(σa) = AV

[
1 + BV exp

(
CV · σa

)]
· b3

−
BV −
CV Pa

2. Solid-solution
hardening (SSH)

C1 fss − Equation (8)
−

m −
φ1 ∆Eb − Equation (11)

−
φ2 J
b1

Parameters for diffusion of Cr
Equation (12) & Equation (13)

J
b2 −
b3 K
b4 −
b5 −

3. Tertiary creep

stage (damage)

mw Stored plastic energy:

ws(σ0) = σa ϵ1/mw

−
wcrit −
A1 Cavitation damage parameters:

Ḋcav = A1

(
1 + A2 exp

(
T/A3)

)
· ϵ̇

−
A2 −
A3 −

4.4 Parameter uniqueness and identification methodology

Given the dimensionality of the constitutive framework, an identification strategy was
adopted to ensure physical consistency . First, a base model entitled to the case study
alloy is defined by constraining the precipitate kinetics information inherited from
ex-situ thermokinetic simulations (see section 4.3), physical parameters (see Table 6)
and calibration of initial state variables (see section 4.1). Then, the inverse modeling
of the creep deformation response addressing the individual contributions of ϵ̇ss, SSH
and damage is conducted. This is:

1. Identification of ϵ̇ss by optimization of parameters for vg (a1, Qg), and Vr (AV,
BV, CV).

2. Identification of SSH by optimization of parameters for fss (Cl, m), ∆Eb (φ1,
φ2), and Cr-diffusion (bi).

3. Identification of damage parameters for damage initiation (wcrit, mw) and
cavitation (Ai).

This hierarchical approach ensures that each parameter subset remains physically
constrained to its respective deformation mechanism.
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(a) Simulated SA (60 min at 1150◦C) fol-
lowed by WQ.

(b) NDD of Cr23C6 and Tix(C,N) nucle-
ating during the SA+WQ, calculated with
TC-PRISMA.

Fig. 5: Thermokinetic simulation of SA+WQ (Solution-Annealing followed by Water-
Quenching) process conducted with Thermo-Calc PRISMA module for Incoloy 800H.

(a) (b)

Fig. 6: Mean radius (a) and number density (b) history of M23C6 precipitates per
nucleation site calculated after isothermal thermokinetic simulation conducted with
Thermo-Calc PRISMA module at 1000◦C for 1× 105 h.

5 Results and validation

5.1 Creep deformation response:

A visual validation of the creep deformation predictions of the developed MF model
is given in Fig. 7, where three experimental creep curves at equal temperatures and
different stress levels are compared to their numerical counterparts. The exact scale
information cannot be provided for confidentiality reasons.

The apparent prediction inaccuracies observed at the very beginning of the creep
strain rate curves shown in their normalized form in Fig. 7b stem from the simplified
stress-assisted diffusion model. The functions chosen to describe the time, stress and
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(a) (b)

Fig. 7: Superposition of experimental and numerical creep strain (a) and creep strain
rate (b) curves for Incoloy 800H for a single temperature and three different stress
levels (σ1 < σ2 < σ3). All the creep curves, with the exception of those at σ2, were
conducted until rupture.

temperature dependent SSH (see section 2.1) are suited to recover the creep strain rate
hardening effect within an order of magnitude of accuracy. Despite this approximation,
the low level of creep deformation attained during the initial SSH creep strain rate
regime leads to this error becoming negligible in the log term. Consequently, the SSH-
induced creep hardening predicted in the creep strain vs. time curves in Fig. 7a is
close to the experimental results.

Our MF model is identified and optimized for high-temperature and low-stress
creep loadings. In the context of creep modeling, the applicability of the model is
limited to a stress-temperature range whereupon a ubiquitous combination of creep
mechanisms is involved. Venturing on stress levels falling outside this regime entails
facing different creep mechanisms where new equations should be required. Let us
illustrate this point by comparing the numerical predictions for two experimental creep
curves at equal temperatures and different stress levels in Fig. 8. Both the creep strain
and the creep strain rate benchmarks indicate that the model provides reasonable
predictions for low(σ4) stress levels. Conversely, the numerical curves obtained for
the high stress case (σ5 ≈ 2σ4) fail to reach the experimental response, dangerously
underestimating the deformation response of the material.

During high stress creep deformation (see σ5 in Fig. 8b), the ϵ̇ss is found to be an
order of magnitude above than that predicted by the MF model. This finding indicates
that creep is driven by a deformation mechanism that differs from that considered in
Equation (1). In addition, no SSH effects are observed.

The creep deformation error calculated for those tests where the numerical predic-
tions were consistent with the experimental results (e.g., σ1 to σ4 in Fig. 7 and Fig. 8)
shows that for large creep strains ϵ ≥ 5%, the model error is largely within a reason-
able range: between 15% of underestimation and 5% of overestimation. Considering

21



(a) (b)

Fig. 8: Superposition of experimental and numerical creep strain (a) and creep strain
rate (b) curves for Incoloy 800H for a single temperature and two different stress levels
where σ5 ≈ 2× σ4. All the creep tests presented here were conducted until rupture.

that experimental creep curve scattering is often found within a ±10% error, in addi-
tion to the fact that the model appears to exhibit a largely conservative error margin
(i.e., underestimating the tr), predictions for high-temperature low-stress loadings are
validated. MF creep simulations can therefore be used for creep data extrapolation
and creep rupture prediction.

5.2 Dislocation density evolution:

Given the inherent difficulties associated with accurately measuring the ρGND and
the inability to effectively identify the respective contributions from ρm, ρs and ρb,
validation between the numerical and experimental time-dependent evolution of these
dislocation density types is possible only from a semi-quantitative standpoint [27, 44].
To this end, the ρGND values measured for 800H under AR condition and during creep
(see Fig. 3) are compared to the dislocation density types predicted for the same creep
testing conditions in Fig. 9. Let us compare the ρGND measurements to the predicted
ρm, given the physical relationship between these two quantities [85]. The results show
that the ρm history is within 1 order of magnitude of the experimental ρGND. In the
context of MF modeling, such a deviation is considered to be in good agreement with
the experimental results.

5.3 Damage evolution:

Creep damage (Dc) combines the effects of particle coarsening Dppt and cavitation Dcav

contributions. It is implemented following a semi-coupled approach, affecting the creep
deformation response through the Orowan equation in Equation (1). In addition, an
energy-based damage initiation Equation (17) is implemented. The fitting parameters
(3 parameters for Dcav and the strain exponent mw, see Table 7) are optimized for low-
stress high-temperature creep tests following an inverse RMSPE error minimization
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Fig. 9: Numerical prediction of dislocation density evolution by type (ρm, ρs and ρb)
and experimental measurements (ρGND) for the same creep test (see Fig. 3).

(a) Creep strain benchmark for a single
creep curve compared to numerical pre-
dictions with and without damage.

(b) Time-dependent Dc evolution for the
test presented in (a) and contributions
from Dcav and Dppt.

Fig. 10: Effect of creep damage on the creep deformation response prediction and
detailed assessment of the individual contributions from Dcav and Dppt.

procedure. In addition, a critical damage level of Dcrit
c = 0.9 is imposed to account

for the rupture of the material. The simulation results presented in Fig. 7 and Fig. 8
show that the fracture prediction with these parameters is in good agreement with the
experimental results within the stress-temperature applicability range of this model.
The effects of individual damage contributions for curve σ1 from Fig. 7 are illustrated
in Fig. 10.

6 Discussion

6.1 About the stress-sensitivity of Vr

The ϵ̇ss dependency on stress and temperature is the core component of any viscoplas-
tic model. The improved stress dependency of the apparent activation volume (Vr)

23



developed in this work was the result of several inverse modeling attempts. The optimal
magnitude of Vr, identified independently on 4 experimental creep curves at equal tem-
peratures and multiple stress levels, exhibited an inversely proportional Arrhenius-type
dependency on σa. Similar Vr dependency on the stress has also been reported for 9Cr-
1Mo martensitic steel [86], low-carbon steels [87], Ni3Al polycrystals [88] and 316LN
stainless steel [86], substantiating the interest in this generic formulation. Nevertheless,
dependency on the strain rate [89], temperature [90], and grain size [91] has also
been reported, indicting that the real mathematical form of Vr is strongly material
dependent.

A similar Arrhenius-type Vr dependency to σa has been recently implemented for
the MF modeling of the creep behavior of 30CrMoNiV5-11 martensitic steel by F.
Chen et al.[92], further consolidating the applicability and generality of this approach.

Successful ϵ̇ss prediction entitled to the improved stress-sensitivity of Vr was only
achieved for low stresses. The loss of ϵ̇ss predictability observed for high stresses (see σ5

in Fig. 8) is attributed to a creep mechanism transition, either toward a diffusion-driven
Coble creep or toward grain boundary sliding (GBS).

◦ The Coble creep theory is supported after the work of L.A. Beardsley et al.[18] in
2019. On the basis of the semi-physical BMD (Bird-Mukherjee-Dorn; see [93]) ϵ̇ss
modeling formalism, the authors use a genetic algorithm to identify the combined
diffusion and dislocation creep mechanisms involved in the high-temperature
creep behavior of Incoloy 800H. The results provide phenomenological evidence of
two dislocation-based (low and high-temperature) creep mechanisms and a single
diffusion (Coble, where ϵ̇ss∝ σ−1) creep mechanism.
A complementary Coble creep term affecting the strain rate of the material

in Equation (1a) could be implemented to improve our MF model predictability.
Such an approach has already been implemented by F. Riedlsperger et al.[44] in
2023, and, more recently, by F. Chen et al.[92] in 2026, with outstanding results

◦ GBS is a plastic deformation mechanism in which grains move relative to each
other. This shearing grain movement has been observed to promote cavitation
damage during creep in materials with large grain structures (such as FCC in Cu-
or Ni-alloys [33]). Its phenomenological interpretation follows the relationship
ϵ̇ss∝ σ−2.

6.2 About the SSH approach

From a macromechanical perspective, SSH is a strengthening mechanism commonly
associated with yield and tensile stress increments with negligible changes in ductil-
ity. This is consequence of the incomplete precipitation of alloying elements, which
is purposely achieved by a combination of material composition and heat treatment
optimization. For instance, the SSH effect attributed to variations in the matrix con-
centrations of elements such as Si, Cr, Mo, C, or N in stainless steels was determined
by [94, 95] via regression.

For 800H alloy, while most of its alloying elements (such as Mg, Mn, Si or C)
remain in solid solution state, a peak creep minimum attributed to a SSH mechanism
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is observed at high temperatures. This creep strengthening is consequence of the incre-
mental matrix concentration of Cr and C atoms following the rapid dissolution of
the intragranular submicron Cr23C6. Qualitative observation of the polarized light
reflection response from these particles in AR material (see Fig. 2a) is corroborated via
TEM by [58, 96]. Early attempts to link the first creep strain hardening peak observed
in 800-type alloys to the precipitate strengthening effect of carbides achieved limited
success. For instance, B. Reichert et al.[97] used a Kocks-Mecking-Estrin (KME)-based
dislocation density model in which precipitate kinetics were included by means of an
Ostwald-ripening approach with poor experimental validation. A similar but strongly
phenomenological methodology was implemented by E. El-Magd et al.[98] for alloy
800HT with better results. Experimental evidence of a SSH process driving the plastic
deformation of 800H alloy was obtained after quasi-static hot tensile test experiments
conducted by Y. Cao et al.[21] in 2018, where a clear dynamic strain aging (DSA)
regime characteristic of a SSH process is observed. In consideration of these latter
findings, the solid-solution creep strain hardening peak exhibited by 800H alloy dur-
ing low-stress high-temperature creep regimes is included in our MF creep model as a
σi contribution. The combination of physical and phenomenological terms in the σss

formula (see section 2.1) allows for straightforward parameter optimization, whereas
the Cr physical misfit parameters for Ni-Cr alloys given in [55] allow the finaliza-
tion of the model set-up with no additional material characterization steps. However,
accuracy limitations can be partially attributed to the following simplifications:

• The formula describing σss (see Equation (8)) is a function of the Cr concentra-
tion in matrix (XCr). The solid-solution contribution of the C atoms liberated
during the Cr23C6 dissolution process is neglected because of their small size
and number compared to those of Cr (see Supplementary material). Additional
alloying elements that could contribute to the strengthening of 800H alloy in the
form of solid-solution (e.g., P, Cu, Si, etc.) are disregarded in these calculations.
Researchers aiming at more deterministic approaches could explore multiple SSH
elements, following, for instance, the works of M.A. Moretti et al.[55] where
multiple solid solution contributions are considered.

• Cr concentration function is inspired by diffusion in solids theory. The time-
dependent Arrhenius function describing the decrease in XCr (see Equation
(12)) is based on the theoretical works of P. Shewmon [59]. However the fitting
parameters bi (i = 1, ..., 5) are purely phenomenological.

6.3 Final remarks

The results within low-stress and high-temperature creep loading regimes (i.e., σ1

to σ4 across Fig. 7 and Fig. 8) show that the strain rate hardening prediction is in
good agreement with the experimental curves. The simplifications and concessions
acknowledged here above are confined within a reasonably physical framework. The
MF model developed in this work represents a balanced mesoscale approach where
prediction accuracy, parameter uncertainty and numerical complexity are considered.
This balance follows the modeling advice found in [99].
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Exploitation of the physics-based results obtained from the current MF model
can, for instance, complement experimental information gathered from conventional
standard creep tests, decreasing the time and resources devoted to intensive creep
experimental campaigns. Additionally, accurate predictions of creep scalars such as ϵ̇ss,
tr or time-to-1% creep deformation can be used to feed surrogate models or construct
physically-based stress-temperature material selection diagrams, exploiting machine
learning approaches.

7 Conclusions

In this work, a dislocation forest based mean-field (MF) model adapted to predict the
non-classical creep deformation response observed in 800H austenitic stainless steel
was formulated and validated. The key conclusions are as follows:

• The integration of thermokinetic simulation results into the MF formulation
establishes a direct, physically consistent link between the thermal history of
the alloy and its evolving precipitate radius and number density. This elimi-
nates the need for empirical precipitation parameters and enables a mechanistic
description of solid solution hardening (SSH), precipitate strengthening, and
coarsening-induced damage.

• The improved stress-sensitivity of Vr and the analytical diffusion-based SSH
formulation capture the physical effects involved in the low-stress and high-
temperature creep deformation response of 800H. Recent MF results reported in
[5] showcased an Arrhenius-like Vr dependency on σa is a good indication of the
generality of our approach. Nevertheless, more research is needed to corroborate
the applicability of both the Vr and σss formulations developed in this work.

• The creep prediction deviation observed for high stress is attributed to a tran-
sition towards an intergranular type of deformation. This finding is physically
consistent with mechanisms such as Coble creep, where the strain rate is con-
trolled by grain-boundary diffusion kinetics, or grain boundary sliding, where
deformation is controlled by the shearing movement of grains relative to each
other. The current model, focused on dislocation glide and climb mechanisms,
systematically underpredicted strain for high stress. Identifying this transition
provides a rigorous mechanistic basis for the observed discrepancy and clearly
delineates the validity window of the dislocation-based approach. Additional high-
stress creep tests and microstructural characterization instances are required to
verify the deformation mechanism and extend the model to high stresses. The suc-
cessful extension of a similar mean-field creep model has been recently reported
for a 30CrMoNiV5–11 steel alloy by [92].

• The cavitation and precipitate coarsening damage formulations implemented in
the MF model allow simulated creep curves to exhibit a strain softening consis-
tent with the loss of load carrying capacity observed during experimental tests
conducted until rupture. Additionally, the damage threshold enables accurate
prediction of the final tertiary creep stage and fracture during standard creep
tests.
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