
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=ymht20

Materials at High Temperatures

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/ymht20

Recent progress in the microstructurally based
creep modelling of Ni-based alloy 617

F. Riedlsperger, T. Wojcik, R. Buzolin, L. Witzmann, G. Zuderstorfer, B.
Krenmayr, C. Sommitsch & B. Sonderegger

To cite this article: F. Riedlsperger, T. Wojcik, R. Buzolin, L. Witzmann, G. Zuderstorfer,
B. Krenmayr, C. Sommitsch & B. Sonderegger (14 Nov 2023): Recent progress in the
microstructurally based creep modelling of Ni-based alloy 617, Materials at High
Temperatures, DOI: 10.1080/09603409.2023.2281123

To link to this article:  https://doi.org/10.1080/09603409.2023.2281123

© 2023 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 14 Nov 2023.

Submit your article to this journal 

Article views: 141

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=ymht20
https://www.tandfonline.com/loi/ymht20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/09603409.2023.2281123
https://doi.org/10.1080/09603409.2023.2281123
https://www.tandfonline.com/action/authorSubmission?journalCode=ymht20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ymht20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/09603409.2023.2281123
https://www.tandfonline.com/doi/mlt/10.1080/09603409.2023.2281123
http://crossmark.crossref.org/dialog/?doi=10.1080/09603409.2023.2281123&domain=pdf&date_stamp=14 Nov 2023
http://crossmark.crossref.org/dialog/?doi=10.1080/09603409.2023.2281123&domain=pdf&date_stamp=14 Nov 2023


Recent progress in the microstructurally based creep modelling of Ni-based 
alloy 617
F. Riedlsperger a, T. Wojcikb, R. Buzolinc, L. Witzmanna, G. Zuderstorfera, B. Krenmayra, C. Sommitschc 

and B. Sondereggera

aInstitute for Engineering Materials - Metals and Alloys, Johannes Kepler University (JKU) Linz, Linz, Austria; bInstitute for Materials Science 
and Technology, TU Wien, Wien, Austria; cInstitute of Materials Science, Joining and Forming (IMAT), Graz University of Technology, Graz, 
Austria

ABSTRACT
Solid solution strengthened (SSS) Ni-based superalloys, such as A617, show superior creep resis
tance at 700°C. Established for many years in land- and aero-based gas turbines, these materials are 
increasingly being considered for use in high-temperature thermal power plants. Apart from SSS, 
the creep strength in A617 stems from γ’ and carbide precipitates. In this work, a microstructurally 
based creep model for A617 is presented. Mobile dislocations in the model interact with fine grain- 
interior precipitates, and grain boundaries act as dislocation sources/sinks. The model is capable of 
simulating creep curves and time-to-rupture (TTR) diagrams based on the evolution of mobile 
dislocations. At lower stresses, the accuracy of modelled TTR can be improved by adding diffusion 
creep to dislocation creep. The simulated evolution of dislocation densities is realistic compared to 
the literature data. The reduction of area of ruptured samples was included in a damage factor, 
enabling the consideration of creep ductility.
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Introduction

The efficiency of thermal power plants and aircraft 
engines increases with higher operating temperatures 
and pressures, fostering activities in industry and 
science to develop new creep-resistant materials. 
Regarding fossil fuels that are burnt in power stations 
or aeroplanes, raised efficiency goes hand in hand with 
cost savings and lower CO2 emissions [1].

One of the material groups predestined for tem
peratures of 700°C and beyond are SSS Ni-based 
alloys, combining high creep strength with good form
ability and excellent oxidation resistance [2]. This 
work focuses on A617 or Inconel 617 or Ni-22Cr- 
12Co-9Mo [3] which contains approximately 22 wt.% 
of Cr, 12 wt.% of Co and 9 wt.% of Mo as well as 
considerable quantities of Al and Ti [4].

Apart from the SSS mechanism, the outstanding creep 
performance of A617 can be traced back to the nucleation 
of small chromium carbides (mostly M23C6 or M6C [5]) 
and of coherent γ’ precipitates of type Ni3(Al,Ti) [2] in 
the grain-interior. The grain boundaries in A617 are 
often observed to be decorated by coarse carbides [6] 
which may under certain circumstances transform into 
the undesired, brittle, topologically-close packed (TCP) 
µ-phase [7]. In contrast to other prominent Ni-based 
alloys (such as Inconel 718 e.g.), the total (volume) 
phase fraction of precipitates in A617 is observed to 
remain smaller than 10% [8,9].

During service, an increase in the dislocation density 
by around one order of magnitude from 1013 m−2 to 1014 

m−2 has been reported for 700°C and intermediate stres
ses [5,9]. Possible interaction mechanisms between mov
ing dislocations and grain-interior precipitates are climb, 
shear, and Orowan looping [10].

In the past, numerous attempts have been made to 
physically model the creep behaviour of Ni-based alloys 
by using constitutive rate equations. Significant contribu
tions stem from Dyson [11] for Nimonic 90 or 
Manonukul et al. [12] for C263, for instance. Both in 
[11] and [12], gliding dislocations are distinguished 
from climbing dislocations, and the pinning effect and 
the dislocation release rate of γ’ precipitates are numeri
cally modelled.

In this work, we derive rate-equations for a new A617 
creep model based on previous works in martensitic 
steels by [13–15], considering mobile and static disloca
tion populations as well as their interaction with grains 
and with a network of grain-interior (GI) precipitates.

Material and experimental details

Starting point for our simulation are A617 samples 
from the Austrian contribution to the European Creep 
Collaborative Committee (ECCC) program with a 
standard chemical composition according to Table 1. 
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The material was made by vacuum-induction melting 
and electro-slag re-melting, before being forged into 
rings with a 220 mm outer diameter, 110 mm inner 
diameter and 150 mm height.

Solution annealing at 1150°C for 1.5 h served as 
heat treatment. The ring elements were cut into two 
halves and re-united by electron-beam welding at 
company ENPAR. Samples were taken from the 
block by wire cutting, and four M16 samples without 
ridges were produced by turning.

Creep tests ran at 700°C with stresses of 165, 170, 
175 and 185 MPa. Microstructural analysis was car
ried out by scanning electron microscopy (SEM) 
assisted by electron back-scattered diffraction 
(EBSD), by energy-dispersive X-ray spectroscopy 
(EDS) and by transmission electron microscopy 
(TEM). An overview of used microscope types, 
modes, equipment and acceleration voltages, Ua, is 
given in Table 2.

The as-received condition and the 700°C/165 MPa 
ruptured creep sample were investigated after a test 
duration of 34,220 h. In this work, only insights into 
the microstructure of the crept specimen are provided. 
Further details on experimental results (including 
more qualitative and quantitative details) can be 
found in [16].

Simulation details

A stepped thermodynamic equilibrium of A617 was 
calculated by MatCalc version 6.03, using the free Ni- 
database ‘mc_ni_v2.034.tdb’. Creep simulations were 
carried out in MatLab version 2021b.

Creep model

In this work, we adapt a recently published mean-field 
dislocation creep model for Cr-steels [15] to the 
microstructural features observed in A617. We 
remove low-angle boundaries (subgrains) from the 
model, and only consider mobile - as well as static 
dislocations, with densities ρm and ρs, respectively. As 

a source of dislocation emission and potential absorp
tion barrier, we introduce high-angle grain boundaries 
(HAGB) with a radius Rgb. Furthermore, we imple
ment the effect of dislocation pinning and release 
[11,12] by a network of grain-interior γ’ and M23C6 

particles, using an interparticle spacing λ [17]. The 
following production, annihilation and interaction 
mechanisms are reflected in the rate equations, and 
are visualised in Figure 1:

(a) Frank-Read sources in the grain-interior
(b) Dislocation emission from high-angle grain 

boundaries
(c) Long dislocation segment release from particles 

by climbing
(d) Short dislocation segment release from parti

cles (proportional to their phase fraction) by 
climbing [11]

(e) Short dislocation segment release from parti
cles by gliding [12]

(f) Dislocation absorption at grain boundaries
(g) Dislocation pinning at grain-interior particles 

(γ’ and M23C6) [11]
(h) Retarding effect at dislocation networks
(i) Static recovery; annihilation by climbing [13]
(j) Dynamic recovery; (strain-rate proportional) 

annihilation by gliding [13]

A mathematical formulation of terms (a) to (j) is 
provided in eq. (2) and in eq. (3) of Table 3, describing 
the evolution of ρm and ρs over service time, respec
tively. The interparticle distance, λ, can be calculated 
from precipitate number density Nv and the mean 
radius rP [17], see eq. (4). For the case of precipitates 
being not present (or having not yet nucleated at the 
beginning of service), a mean obstacle distance of a 
dislocation network, ~h1, has been introduced, see eq. 
(5), following an idea from [12]. vg stands for the glide 
velocity, as given in eq. (6), and vc for the climb 
velocity, see eq. (7) [15]. Both vg and vc require an 
internal stress σi for which a Taylor law was applied, 
see eq. (8) [20].

Table 1. Chemical composition of A617 in wt.% (adopted from [4]).

Ni Cr Co Mo Fe Al Ti Cu Mn Si C P S B

bal 20–23 11–14 8.5–10 <2 0.7–1.4 0.2–0.6 <0.5 <0.2 <0.2 0.05–0.1 <0.01 <0.01 <0.006

Table 2. Microscope types and experimental techniques used for A617 investigation (see also [16]).

Microscope Type Mode Ua

TEM FEI Tecnai F20 Bright-/Dark-field 200 kV

SEM Tescan Mira3 Secondary electron (SE) 
Backscattered electron (BSE)

10 to 25 kV

SEM-EBSD Hikari EBSD Camera Electron backscattered diffraction (EBSD) 30 kV
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After solving the differential equation system, the 
strain rate from dislocation creep, _εdisl, is determined 
from a modified Orowan’s law, by multiplying mobile 
dislocation density ρm with the glide velocity vg and 
the Burgers vector b, see eq. (1) [14,15,18,19].

The cavitation damage factor, Dcav (and its evolu
tion over time), was adopted from [21], see eq. (9). The 
precipitate damage factor (as previously used in [15] 
and [16] based on a concept of [20]) was removed 
from the modified Orowan’s law in this work. The 

Figure 1. Microstructural interactions (a)-(j) inside a HAGB (with radius Rgb) in the new A617 model.

Table 3. Equations and terms in the new A617 creep model and their source.

Description of equations and terms Eq. Ref.

Creep strain rate (dislocation creep): [14] 
[15,18] 

[19]
dεdisl

dt ¼
b�ρm �vg

M� 1� Dcavð Þ
(1)

The evolution rate of mobile dislocation density:
dρm

dt
¼ ρm

ffiffiffiffiffiffi
ρm
p

þ
ffiffiffiffi
ρs
p

ð Þυg
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

að Þ

þ
βρsRgb

~h2
1

vg

|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
bð Þ

þ
ρs

λ
vc

|fflfflffl{zfflfflffl}
cð Þ

þ
ρsfv b

rp
|ffl{zffl}

dð Þ

vc þ
ρs

2rP
vg

|fflfflfflffl{zfflfflfflffl}
eð Þ

�
ρm

2Rgb
υg

|fflfflfflfflffl{zfflfflfflfflffl}
fð Þ

�
ρm

λ
υg

|fflfflfflffl{zfflfflfflffl}
gð Þ

�
ρm

~h1
υg

|fflfflfflffl{zfflfflfflffl}
hð Þ

� 8ρ3=2
m υ

|fflfflfflffl{zfflfflfflffl}
ið Þ

� δanh ρm þ ρsð Þρmυg
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

jð Þ

(2) new

The evolution rate of static dislocation density:

dρs
dt ¼

ρm

2Rgb
υg

|fflfflffl{zfflfflffl}
fð Þ

þ
ρm

λ
υg

|fflfflfflffl{zfflfflfflffl}
gð Þ

þ
ρm

~h1
υg

|fflfflfflffl{zfflfflfflffl}
hð Þ

�
ρsfv b

rP
vc

|fflfflfflfflffl{zfflfflfflfflffl}
bð Þ

�
ρs

λ
vc

|fflfflffl{zfflfflffl}
cð Þ

�
ρs

2rP
vg

|fflfflfflffl{zfflfflfflffl}
eð Þ

�
8υc

~h1|fflffl{zfflffl}
ið Þ

� δanh � ρs � ρm � υg
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

jð Þ

(3) new

Interparticle spacing of grain-interior precipitates (index “i” for M23C6 and γ’):

λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ln 3ð Þ
2π
P

i
Nv;i rP;ið Þ

þ 2rAð Þ
2

r

� 2rA 

rA ¼

ffiffi
2
3

q

�

P
i

Nv;i r2
P;ið ÞP

i
Nv;i rP;ið Þ

(4) [17]

Mean obstacle spacing of a dislocation network:
~h1 ¼

0:8ffiffiffiffiffiffiffiffiffiffi
ρmþρs
p (5) new

Glide velocity of dislocations

υg ¼ a1 � exp � Q
kB �T

n o
� exp � σi �Vr

kB �T

n o
� 2 � sinh σapp �Vr

kB �T

n o
(6) [15]

Climb velocity of dislocations:

υc ¼
2�π�ηv �Ds

1� ηv �ln Lα �
ffiffiffi
ρt
p

ð Þ½ ��b
þ

2�π�b�Dvp

L2
p

� �

� exp � σi �Ω
kB �T

n o
� 2 � sinh σapp�Ω

kB �T

n o (7) [15]

Internal stress:

σi ¼ α MGb �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρm þ csρs
p

(8) [20]

Cavitation damage rate:
_Dcav ¼ A|{z}

1=Z

�_ε (9) [21]

Creep strain rate (Coble creep/diffusion creep)
dεcoble

dt ¼ Ac
Dgb δgb σapp Ω

2Rgbð Þ
3

kB T
(10) [22]
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strain rate share from diffusion creep, _εcoble, is calcu
lated from a Coble creep law according to [22], taking 
into account the effect of grain boundary diffusion 
(with a coefficient Dgb), see eq. (10).

Model setup and input parameters

The chosen input parameters for our A617 dislocation 
creep model can be seen in Table 4. Most parameters 
come from literature or from the experimental evalua
tion of the precipitate and dislocation state in the as- 
received state and in the 700°C/165MPa crept condi
tion [16]. Important microstructural start values com
prise the mobile (ρm) and static dislocation density (ρs) 
as well as the grain radius (Rgb); please see the end of 
Table 4. A few parameters had to be optimised, see 
Table 5. It includes the pre-factor of the glide velocity 
a1, the activation volume Vr (literature data suggest 
some potential range, see Table 4), the dislocation 
interaction factor α and the pipe diffusion coefficient 
Dvp. The parameters required for assessing the diffu
sion creep share are provided in Table 6, including the 
pre-factor of the Coble creep law, Ac, the grain bound
ary diffusion coefficient Dgb and the grain boundary 
width, δgb.

Experimental results

The as-received state of A617 after normalising was 
almost free of precipitates (except for a low number of 
large, primary, Ti-rich MX particles) [16]. By contrast, 

in the 700°C/165MPa crept condition after 34,220 h, 
coherent γ’ precipitates with a size of 108 ± 45 nm, and 
M23C6 carbides with a diameter of 50 ± 20 nm were 
identified by TEM-EDX in the grain-interior [16], see 
Figure 2a. The number density of γ’ was evaluated 
with method 3 from [37], yielding 8.9·1019 m−3 [16]. 
The number density of M23C6 in the grain-interior 
was roughly estimated to be 1020 m−3 [16]. If these 
number densities are combined with the stated dia
meters, phase fractions of around 5.8% for γ’ and of 
approximately 1% for M23C6 can be calculated.

Dislocations were observed to either surmount γ’ 
particles by climbing or by forming Orowan loops 
around them, see Figure 2b. Dislocation density 
was found by TEM to rise from around 4·1013 

m−2 in the as-received state (not shown here) to 
approximately 2·1014 m−2 after 34,220 h at 700°C/ 
165 MPa, see Figure 2b [16].

High-angle grain boundaries act as strong sources 
of dislocation emission, as demonstrated in a map of 
geometrically necessary dislocations (GNDs) from 
SEM-EBSD of the 700°C/165MPa crept condition 
after 34,220 h [16], see Figure 3.

The grain boundaries themselves were sur
rounded by a sequence of large M23C6 particles 
and of TCP µ-phase in the range of 1–2 µm, see 
Figure 4 from SEM, including an EDX mapping of 
Cr and Mo [16]. In [16], we re-identified and 
confirmed the presence of µ-phase by selected 
area diffraction (SAD) in TEM, by MatCalc equili
brium simulations (see also in the next section), 

Table 4. Input parameters for A617 dislocation creep model with sources (table modified from [16], where a detailed description of 
all parameters is provided).

Input Value Material (Group) Source

Parameters from Literature
ag 3.59·10−10 m Ni- fcc [23]

β 0.0375 Model specific value [15]
b 2.54·10−10 m Ni- fcc [23]

cs 0.3 [16,20]
δanh 6·10−9 m Ni- fcc (750K) [24]
Ds 9.0·10−20 m2/s Ni- fcc (bulk diffusion 700°C) [25]

Epipe 4.03–5.52·10−19 J A617 (700°C) [26–28]

ηv 10−5 ηνcalculated for a stacking fault energy of 0.1 J/m2 in A617 [23] [13]
G 64 GPa A617 (700°C) [29]
kB 1.38065·10−23 J/K Fundamental constant [30]

M 3 Crystals (approximation) [20]
Q 5·10−19 to 7·10−19 J C263 [12]

6·10−20 to 2·10−19 J Ni- fcc [31]
Vr 250·b3 Coarse-grained Ni [32]

100·b3 Ni with a grain size of 500 µm [33]
ν 0.3 A617 [29]

Microstructural Input Parameters (Start Values)
Input Value Material (Group) Source
ρm;0 4·1013 m−2 A617 as-received condition TEM [16]

ρs;0 4·1012 m−2 A617 as-received condition 10% of ρm;0 [20]

Rgb 250 µm A617 as-received condition EBSD [16]
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and by finding characteristic stacking faults [38] 
visible inside the particles in TEM.

Results of thermodynamic precipitate 
simulation

Thermodynamic MatCalc simulations identified all 
equilibrium phases in our batch of A617 and estimated 
their phase fraction. Figure 5 shows the result of a 
stepped equilibrium calculation between 400 and 
1600°C. At the relevant temperature of 700°C, around 
5.2 mol.% of γ’ and 1.3 mol.% of M23C6 is predicted, 
see Figure 5. This agrees well with the experimentally 
found phase fractions of 5.8 mol.% γ’ and around 1  
mol.% for M23C6. The theoretically simulated equili
brium phase fraction of 3.8 mol.% for µ-phase has to 
be critically questioned, since µ-phase formation is 
believed to be a transient process, either transforming 
from M23C6 and/or nucleating adjacent to M23C6 

located at the grain boundaries [7]. A slow transfor
mation might occur, similar to the proposed transition 
of MX carbides into the Z-phase in Cr-steels [39]. 

Table 5. Optimized input parameters for the A617 dislocation 
creep model (table modified from [16]).

Parameter Value Unit Parameter Value Unit

a1 6·10−13 m/s α 0.03 -

Vr 145·Ω=103·b3 m3 Dvp 1.4·10−19 m2/s

Table 6. Parameters for calculation of the A617 diffusion creep 
share.

Parameter Value Unit Source

Ac 48 - [22,34]

Dgb 3.4·10−12 m2/s [35]
δgb 5·b m [36]

Figure 2. Microstructure of 700°C/165MPa crept condition after 34220h of creep (gauge section); a) γ’ and M23C6 precipitates; b) 
dislocation interaction with γ’ (climb and Orowan mechanism).

Figure 3. GND map from EBSD data of the 700°C/165MPa crept condition after 34220h of creep (gauge section); modified from [16].
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Results of precipitate evolution fit

The precipitate radius evolution of γ’ and grain-inter
ior (GI) M23C6 (rP,i) between the start of service and 
the measured sizes after 34,420 h of creep was fitted by 

a cubic Ostwald ripening law [40], see Figure 6a. An 
Avrami-type equation [41] served to model the 
nucleation and growth stage for the rise of precipitate 
phase fractions (fV,i), until reaching the coarsening 

Figure 4. Sequences of M23C6 and of µ-phase decorating the grain boundaries of A617 after 34220h of creep at 700°C/165MPa 
visible in SEM; with a mo- and Cr-mapping below (modified from [16], where also further proof for existence of µ-phase is 
provided).

Figure 5. Stepped equilibrium calculation of A617 in MatCalc 6.03 for phase fractions in a temperature range of 400 to 1600°C.
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stage, i.e. the constant level of equilibrium phase frac
tions indicated before. The number density evolution 
of γ’ and grain-interior (GI) M23C6 (Nv,i) was then 
calculated from fV,i divided by the precipitate volume 
(spheres with a radius rP,i), see Figure 6b. The evolu
tion of the total interparticle distance λ was evaluated 
by eq. (4). It is not explicitly shown here, but can be 
found in [16]. Please note that the modelling of grain- 
boundary (GB) precipitate evolution, i.e. of M23C6 and 
of µ-phase, is not directly addressed in this work. 
However, we have proposed a simple concept of con
sidering GB particles within a precipitate damage con
cept in a modified Orowan’s law elsewhere [16]. 

Results of creep simulation

After setting up the A617 creep model and fitting the 
GI precipitate data of γ’ as well as M23C6, creep curves 
at 700°C and for applied stresses between 165 and 215 
MPa were calculated. One time, the strain rate was 
calculated only by the modified Orowan’s law for 

dislocation creep (eq. 1; simulation 1), and secondly- 
as a comparison- diffusion creep was added (eq. 10), i. 
e. the strain rate contributions from dislocation creep 
and diffusion creep were summed up (simulation 2). 
Selected creep curves for 170 MPa, 185 MPa and 200 
MPa from simulation 1 (dislocation creep) and simu
lation 2 (combined dislocation- and diffusion creep) 
are plotted in Figure 7. The lower the applied stress 
was chosen, the more pronounced was the difference 
in creep life, when considering diffusion creep (addi
tional to dislocation creep) compared to excluding it.

After reaching 100% of cavitation damage, see eq. 
(9), all simulations ended at a strain, respectively, an 
elongation of 4% which is believed to be close to the 
reality of the four samples (although exact values were 
not measured). Possible reasons for the low ductility of 
the tested A617 material are the electron beam weld
ing procedure and the occurrence of TCP µ-phase at 
grain boundaries.

Figure 8 demonstrates the predicted rupture times 
for the two A617 simulations at 700°C between 165 
and 215 MPa. The virtual TTR diagram was con
structed from the rupture times of all modelled creep 
curves in the corresponding stress range. It turns out 

Figure 6. Fitted evolution of a) the radius rP,i of γ’ and of grain-interior (GI) M23C6 and of b) the number density NV,i of γ’ and of 
M23C6(GI); both for service at 700°C; figure mod. From [16].
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that the slope of simulation 2 shows a better agreement 
with ECCC reference data [42] than simulation 1. 
Simulation 2 also seems well positioned between the 
experimental points of A617 from the Austrian ECCC 
programme, slightly underestimating TTR at 165 and 
175 MPa, overestimating TTR for 170 and 185 MPa, 
but overall representing a good compromise. The large 
scatter of the four experimental points is believed to be 
a consequence of the electron beam welding process.

The reduction of area (Z) after failure was measured to 
lie between 3% and 7% for the tested A617 samples, see 
the black arrows connected to the experimental red 
points in Figure 9. Between the pre-factor of the cavita
tion damage law (A) and the reduction of area (Z), we 
propose an inversely proportional relation, see eq. (9). 
This implies that Z = 8% e.g. corresponds to A = 12.5, 

whereas Z = 2% would result in A = 50. Subsequently, it 
is possible to vary virtually the ductility level of samples in 
the simulation, as shown in Figure 9. By that means, 
agreement between our four experimental data points 
and the creep simulation (simulation 2 in this case) can 
be significantly improved.

A strategy to verify the microstructural correctness 
of our creep model is to track the evolution of mobile 
dislocation density (ρm) and to compare modelled 
values (after rupture) to literature data on A617. 
Figure 10 shows the modelled, time-dependent evolu
tion of ρm for 165, 175 and 200 MPa at 700°C. ρm in 
the frame of creep seems to increase one to two orders 
of magnitude, starting from 5·1013 m−2 and reaching a 
plateau (obviously a kind of equilibrium density) of 
1014 to 1015 m−2. The higher the applied stress, the 

Figure 7. Modelled creep curves of A617 for simulation 1 (dislocation creep) and simulation 2 (dislocation + diffusion creep) at 
700°C and 170, 185 and 200 MPa.

Figure 8. Modelled TTR diagram for A617 at 700°C for simulation 1 (dislocation creep) and for simulation 2 (dislocation + diffusion 
creep); with a comparison to experimental data points in red and to A617 reference data from ECCC [42]; figure mod. From [16].
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higher is the increase and the more mobile disloca
tions are emitted according to our simulation. A simi
lar level of ρm after failure is reported in the literature 
[5,9,43], from where respective data points were 
included in the diagram. However, the trend in litera
ture is not entirely consistent, i.e. ρm after creep rup
ture at 200 MPa [9] is below ρm after creep rupture at 
175 MPa [43]. This may be related to the fact that 
dislocation densities (especially with TEM) are chal
lenging to quantify, the scatter is often large, inhomo
geneities may occur and the result also depends 
strongly on the measurement method [44]. 

Conclusion and outlook

This work presented recent progress in the physically- 
based creep modelling of Ni-based alloy 617. Various 
interactions between dislocations and precipitates (γ’ 

and M23C6) were considered within a mean-field rate 
equation approach capable of calculating creep curves 
and TTR diagrams based on the evolution of mobile 
dislocation density. Microstructural input data as start 
values were adopted from measurements (TEM and 
EBSD) and from literature. Equilibrium phase frac
tions of precipitates were simulated by MatCalc, 
enabling- together with TEM size data- a fitting pro
cedure for the evolution of the particle radius, number 
density and interparticle distance over time. Both 
simulated TTR and the predicted level of dislocation 
density after rupture fit well to available reference data 
on A617. Furthermore, an inversely proportional rela
tionship between the reduction of area (Z) and the 
cavitation damage factor (Dcav) was found, making it 
possible to vary ductility in the model. By this means, 
the accuracy of our simulation compared to four 
experimental TTR points with differing Z values was 

Figure 9. Variation of ductility for simulation 2 (disl.+ diff. creep): test of cases Z=2% (more brittle) and Z=8% (more ductile) 
compared to the reference case Z=4% shown before; measured Z values are provided below black arrows connected to 
experimental data points in red; figure mod. From [16].

Figure 10. Evolution of mobile dislocation density in simulation at 165, 175 and 200 MPa vs. data points from Speicher et al. [5] 
(164 MPa), Schmidt [43] (175 MPa) and Krishna et al. [9] (200 MPa); figure mod. From [16].
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significantly improved. A remaining open point is the 
treatment of grain boundary precipitates and their 
correct implementation into either the rate equations 
or the damage concept. It first requires a better under
standing of how and when µ-phase nucleates or trans
forms from M23C6. Another critical issue is the 
evaluation of potential grain growth - which due to a 
lack of experimental data was not possible, making us 
assume the grain size to remain constant in the current 
approach. Application of the new A617 model to dif
ferent temperatures is planned, to create a multi- 
stress/multi-temperature framework on a physical 
basis, such as demonstrated for martensitic Cr-steel 
P92 in [45]. We also aim at implementing the model 
into the software CreeSo [46].
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