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d Voestalpine Böhler Aerospace GmbH & Co KG, Kapfenberg, 8605, Austria   

A R T I C L E  I N F O   

Keywords: 
Creep 
Nickel-based superalloy 
Dislocation-based model 
Dynamic recrystallisation 
Mean-field model 

A B S T R A C T   

Inconel®718 is a nickel-based superalloy primarily used in applications at high temperatures and loads. Its main 
characteristic is the high creep resistance due to a combination of microstructural features, mainly the presence 
of coherent intermetallic phases. Although the design of this type of alloy relies on controlling the distribution, 
nature and stability of the intermetallic phases, dislocations may play a determinant role on the creep resistance 
of nickel-based superalloys. This work investigates the creep resistance of Inconel®718 after two different heat 
treatments between 590 and 650 ◦C at 550 and 830 MPa stresses. After analysing the microstructure, we observe 
that dynamic recrystallisation happens at high temperatures and stresses, softening the material considerably. 
Therefore, we further develop mean-field models that predict the strain and microstructure evolutions during 
creep considering the size and fraction of precipitates, the dislocation densities, grain sizes and recrystallisation 
grade. Finally, we simulate the creep behaviour at different testing conditions and the initial microstructures and 
explore the robustness of the model beyond the measurement capabilities. The main conclusion is that an initial 
large amount of dislocations accelerates the nucleation and recrystallisation rates, decreasing the creep resis-
tance of Inconel®718. In consequence, the material aged after forging presents lower creep resistance than the 
standard aged because of the larger initial dislocation density. On the contrary, the standard aged material 
undergo a strong reduction of the remaining dislocation density from forging during the solution treatment.   

1. Introduction 

Superalloys are the primary materials used in the hot zones of jet 
turbine engines, such as blades, vanes and combustion chambers, 
constituting over 50 % of the engine weight. Today, superalloys are used 
in other applications, such as rocket engines, steam turbine power 
plants, reciprocating engines, metal processing equipment, heat treating 
equipment, chemical and petrochemical plants, pollution control 
equipment, coal gasification and liquefaction systems, as well as medical 
applications [1–5]. 

Inconel®718 nickel-based superalloy is well-known for its high 
mechanical and creep resistances. It presents high fatigue resistance at 
high temperatures and is suitable for corrosive environments [6]. The 
most prominent feature that makes Inconel®718 attractive for its best 
mechanical properties is the presence of different precipitates [7]. The 
alloy has four distinct phases: the FCC matrix called γ and the pre-
cipitates γ′, γ’’ and δ. The γ′ phase is Ni3(Al,Ti) with a cubic (L12) crystal 

structure. The γʺ phase is Ni3Nb with bct (D022) crystal structure. The δ 
phase is Ni3Nb with an orthorhombic (D0a) crystal structure [8,9]. The 
first two precipitates are responsible for the hardening effect, while the δ 
phase can be used to control the grain size, thus improving the hardness 
and ductility [10]. Solutes and precipitates reduce the mobility of dis-
locations and boundaries. The most well-known temperature-time 
transformation (TTT) diagram of Inconel®718 [11] shows that pre-
cipitates form below 930 ◦C during soaking. This precipitation acceler-
ates during the annealing treatment after applying a plastic deformation 
[12]. Plastic deformation applied during the forging processes occurs 
above the solvus of the δ phase, meaning between 990 and 1020 ◦C [13]. 
Other works [14,15] concluded that the δ phase partially dissolves and 
breaks during deformation. 

Creep is the consequence of the cross-slip and climb of perfect dis-
locations within the matrix, requiring partial dislocations recombining 
into perfect dislocations [16]. At high temperatures (T > 0.5Tm) that 
correspond to most of the service temperatures of superalloys, bulk 
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self-diffusion is the dominant rate-controlling mechanism of the dislo-
cation climb [17–19]. For moderate and low stacking fault energy ma-
terials, such as Inconel®718, plastic deformation also produces stacking 
faults or micro-twins [17,20]. The value of the stacking fault energy 
affects the recombination of the stacking faults (partial dislocations) into 
perfect dislocations [21]. Inconel®718 is also characterized by its low 
stacking fault energy. Therefore, it undergoes discontinuous dynamic 
recrystallisation (dDRX) [1–3] because the dislocations tend more to 
dissociate in partial dislocations than to annihilate and rearrange by 
dynamic recovery [4]. Inconel®718 form twins type 

∑
3 during the 

recrystallisation [5,6]. Although the dynamic recrystallisation (DRX) 
reduces considerably the stored energy during forging [7,8], it may 
soften the material during creep. Some less literature on creep of 
Inconel®718 pay attention to the formation, movement, and annihila-
tion of dislocations [22], but there is no reference about recrystallisation 
during service in the creep regime. Mostly, the minimum creep rate is 
just correlated to stress and temperature using phenomenological ap-
proaches [20,23]. 

Most physical creep models developed for Ni-based superalloys 
derive from Dyson’s model [24]. Dyson’s model considers the micro-
structure formed by channels between precipitates where the disloca-
tion glides. The dislocations can glide and climb with a rate of 
production considering the interparticle distance and phase fraction of 
precipitates. Therefore, the climbing of dislocations dominates the creep 
strain rate. Since the dislocation climbs the precipitates, the model is 
referred to as the climb-glide bypass model [25]. Many groups further 
developed Dyson’s model, for example, for single-crystal superalloys 
[26] and several polycrystal alloys with medium to high precipitate 
fractions [27]. In this last, a simultaneous strengthening of dislocations, 
carbides and γ′ accounts for the interaction between dislocations and 
precipitates. 

Most models summarise the dislocation climb and Orowan mecha-
nism into a phenomenological precipitate backstress equation, such as 
the model developed by Coakley et al. [28]. A similar modelling 
approach developed for a C263 alloy [29] assumed the gliding dislo-
cation density rate was zero at the steady-state creep. The analytical 
model developed by Li et al. [30] describes the influence of the γ′ pre-
cipitates and carbides on the residual creep lifetime in a cast K417 
Ni-based superalloy. Similarly, Kim et al. [31] modified the Dyson’s 
approach to correlate the minimum creep rate to the precipitate size and 
fraction, channel width, grain size and stacking fault energy. 

In sum, Dyson’s models assume that the creep rate’s controlling 
factor is the climb of dislocations over the precipitates due to trapping. 
However, they do not consider dynamic and static recovery phenomena 
for annihilating these dislocations. This work aims to describe the 
interaction of dislocations with boundaries and precipitates to deter-
mine the creep strain in a unified approach. We use the concepts of 
dislocation density-based creep model based on Ghoniem et al. [32], 
Yadav et al. [33], and Riedlsperger et al. [34,35] to elucidate the role of 
the different dislocation-microstructure features interactions on the 
primary and secondary creep regimes. 

2. Materials and experimental methods 

2.1. Material 

The Inconel®718 studied in this work has the chemical composition 

shown in Table 1. The chemical composition was determined by spark 
spectroscopy. The material was provided in the forged condition and 
after 1) direct ageing (DA) and 2) standard ageing (SA). Table 2 shows 
the details of the heat treatments to obtain DA and SA conditions. The 
material in the DA condition represents one step less in the processing 
route, seeking for simplification of the process and less energy 
consumption. 

Fig. 1 shows the microstructures of the as-received material after a,b) 
direct ageing (DA) and c,d) standard ageing (SA). Carbides e) and 
δ-phase f) are present in both conditions. The density of geometric 
necessary dislocations (GND) obtained by electron backscattered 
diffraction (EBSD) measurements (g) is larger for DA conditions than for 
SA due to the lower temperature treatment after hot forging. For the 
local misorientations calculated in kernel average misorientation (KAM) 
maps, see section 2.2. 

2.2. Metallography 

The as-received and crept samples were hot embedded, ground using 
SiC paper, and polished using metallographic oxide polishing suspension 
(OP–S) for microstructural investigation. We obtained secondary and 
backscattered electron (SE and BSE) scanning electron microscope 
(SEM) images using a Tescan Mira3 SEM. We performed electron back 
scattered diffraction (EBSD) measurements on areas of (400 μm)2 and 
(80 μm)2 using a step size of 0.5 μm and 0.15 μm, respectively, and using 
an Hikari camera. We standardized the confidence index considering the 
a grain with a minimum size of 2 points and a tolerance angle of 15◦ and 
cleaned the data points with a confidence index lower than 0.3 with the 
OIM Analysis® 8.6 software. Finally, we obtained the grain orientation 
spread (GOS) maps and the fractions of low-angle grain boundaries 
(LAGB), coincidence site lattice (CSL) and high-angle grain boundaries 
(HAGB). The KAM calculated for the fifth neighbour served for the 
calculation of the geometrically necessary dislocation (GND) density for 
the slip system (111)<1 1 0> for a burger vector of 0.252 nm. 

2.3. Precipitation state 

Table 2 summarizes the heat treatments (DA and SA) of the analysed 
Inconel®718. After these treatments, we obtained two different pre-
cipitation states, as discussed in another publication [36]. The main 
characteristic is that γ′ and γ’’ present in the DA and SA materials, have 
different coarsening kinetics (see Table A3 in Appendix). The size of 
precipitates in the DA condition is more thermally stable. We used the 
approach proposed in Ref. [36] to simulate the precipitation kinetics 
using MatCalc© with the commercial Nickel database. All the necessary 
parameters for the calculation, such as temperature, strain and strain 

Table 1 
Chemical composition of the studied Inconel®718.  

Condition Elemental composition (wt.%) 

Ni Cr Fe Mo Al Co Si Nb C Mn Ti 

SA Bal. 17.96 17.12 2.97 0.51 0.38 0.07 5.42 0.024 0.09 0.98 
DA Bal. 17.92 17.18 2.99 0.56 0.27 0.07 5.42 0.021 0.08 1.02  

Table 2 
Heat treatments of Inconel®718 after forging.  

Heat treatment Temperature/time 

Direct ageing 720 ◦C 8 h/free cooling 
Cooled up to 620 ◦C for 2 h 
620 ◦C 8 h/air cooling 

Standard ageing 980 ◦C 2 h/free cooling 
720 ◦C 8 h/free cooling 
Cooled up to 620 ◦C for 2 h 
620 ◦C 8 h/air cooling  
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rate as a function of time, were provided from FEM simulations of the 
thermomechanical process of the delivered parts. 

We simulated the precipitation kinetics of the alloy with an initial 
average grain size of ASTM 7.5 at forging at 980 ◦C, followed by water 
quenching and a two-step ageing DA or SA, according to Table 2. Finally, 
we determined the coarsening of the precipitates during the 600 h of 
creep. 

2.4. Creep testing 

The creep samples have DIN EN ISO 204 M16 standard dimensions 
with a total length of 90 mm, a gauge length of 32.5 mm and a diameter 
of 6.5 mm. We performed creep tests according to the ASTM E139 for 
600 h at three different temperatures, 593, 620 and 650 ◦C and three 
different loads, 552, 662 and 827 MPa. The creep testing machine Mayes 
model mark II TC worked at a constant force. Inside the creep furnace we 
heated each sample for 6 h to achieve a constant temperature along their 
whole length, meaning that the gauge and head are at the same tem-
perature. We loaded the sample in tension and measured their elonga-
tion using a couple of Linear Variable Differential Transformers (LVDT) 
for high temperatures. We obtained an average strain value out of the 
two displacement recordings. Three K–type thermocouples on the 
sample’s bottom, middle (control) and top parts measured the speci-
men’s actual temperature. The detected variation of temperature during 
the test was below 1 %. 

3. Mean-field model 

The concepts of dislocation density reactions proposed by Ghoniem 
et al. [32] and further developed by Yadav et al. [33] and Riedlsperger 
et al. [34,35] are the basis of the creep model developed here. Fig. 2 
shows the modelling approach schematically. The following sections 
describe the microstructure concept, constitutive equations, and rate 
equations. 

3.1. Microstructure and auxiliary variables 

The first step in the model’s development is the microstructure’s 
conception. The microstructural variables are the initial and recrystal-
lized grain sizes (Φ and ΦDRX, respectively), mobile (ρm) and immobile 
(ρi) dislocation densities, and the precipitates. The γ′ and γ” precipitates 
are within the grains, hindering the movement of dislocations, and the δ 
phase is located at the high-angle grain boundaries. Fig. 3 shows a 
schematical representation of the dislocations and precipitates for the 
DA and SA conditions. 

Some auxiliary variables complementarily define the microstructure 
and they are: the average precipitate interspace (λss, Equation 13), 
equivalent precipitate radius (req, Equation 14), number density (neq, 
Equation 15) and fraction (feq, Equation 16), mean-free dislocation path 
(λρ, Equation 17), and average grain size (Φav, Equation 23). The 
auxiliary variables related to the dynamic recrystallisation model consist 
of the mean cell size (φcell, Equation 18), the stored energy for dynamic 
recrystallisation (EDRX, Equation 19), the velocity (vDRX, Equation 20) 
and mobility (MHAGB, Equation 21) of grain boundaries, as well as of the 
recrystallisation fraction (XDRX, Equation 22). The cell size computes a 
harmonic average of the grain size (Φ), a fraction of the mean-free 
dislocation path (λρ) and the precipitate inter-spacing (λss). The stored 
energy is calculated as the energy of the dislocation lines minus by the 
precipitate Zener pinning. 

3.2. Constitutive equations 

The sum of short and long-range stresses yields the total or applied 
stress (σ, Equation 1). The short-range stress (σsr) is related to the lattice 
resistance to dislocation movement due to interaction with the lattice 

Table 3 
Mean-field model modified from Ghoniem et al. [32], Yadav et al. [33] and 
Riedlsperger et al. [34,35]. ‘AR’ stands for the deformed matrix, and ‘DRX’ for 
the recrystallized material.  

Constitutive equations Source 

σ = σsrx + σlrx ; x : AR,DRX Equation 
1 

[32] 

σlrx = αMGb
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ρix + ρmx

√
; x : AR,DRX Equation 

2 
[42] 

Plastic strain rate 

ε̇ =
(1 − XDRX)bρmAR

vgAR

M
+

XDRXbρmDRX
vgDRX

M 
Equation 
3 

Orowan 
relationship 

Dislocation velocities 

vgx = ag exp
(

−
Qglide

kBT

)

exp
(

−
σlrx Vact

kBT

)

sinh
(

σVact

KBT

)

;

x : AR,DRX 

Equation 
4 

[34] 

vcx = vcdx
+ vcpx

; x : AR,DRX Equation 
5 

[32] 

vcdx =

ηDs
G

(1 − ν)Ω
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρix + ρmx

√

kBT
(

1 − η ln
(

(1 + ν)GΩ
6π(1 − ν)kBT

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρix + ρmx

√
));

x : AR,DRX 

Equation 
6 

[32] 

vcpx
=

2πDpσthx Ωb

kBT
(

aNi exp
(

Wjog

2kBT

))2; x : AR,DRX Equation 
7 

[32] 

Precipitate coarsening 

rp =

(

rp,0 + kp0 exp
(Qp

RT

)

• t
)1/3 Equation 

8 
[43] 

Dislocation rate equations 
dρmAR

dt
=

ρmAR
vgAR

λρAR

−
ρmAR

vgAR

ΦAR
−

8ρmAR
vcAR

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ρmAR

+ ρiAR

√
− δDRVρmAR

(ρmAR
+ ρiAR

)vgAR 

Equation 
9 

[32] 

dρiAR

dt
=

ρmAR
vgAR

ΦAR
− 8ρiAR

vcAR

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ρmAR
+ ρiAR

√
−

δDRVρmAR
ρiAR 

Equation 
10 

[32] 

The rate equation for dynamic recrystallisation 

dNDRX

dt
=

N0 exp
(

−
QDRX
RT

)

Φ 

Equation 
11 

Modified 
from [43] 

dΦDRX

dt
= vDRX +

dNDRX/dt
NDRX

(φcell − ΦDRX)
Equation 
12 

Modified 
from [44] 

Auxiliary variables related to the dislocation model 

λss =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ln(3)
πneq

+ (2req)
2

√

− 2req 

Equation 
13 

[45] 

req =

̅̅̅
2
3

√

•

∑

i
nv,i • r2

p,i
∑

i
nv,i • rp,i 

Equation 
14 

[45] 

neq =
∑

i
nv,i • 2ri Equation 

15 
[45] 

f eq =

4πr3
eq
∑

i
nv,i

3 

Equation 
16 

[45] 

λρ =
1

(
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ρm + ρi

√
+

f prec

λss
+

1
Φ

)
Equation 
17 

[43] 

Auxiliary variables related to the recrystallisation model 

φcell =
1

(

f cell1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ρm + ρi

√
+

f cell2
λss

+
1
Φ

)
Equation 
18 

This work 

EDRX =
Gb2(ρm + ρi)

2
− 2π

(
∑

i
r2

p,inv,i

)
Gb2Φ

3 
Equation 
19 

[43] 

vDRX = MHAGBEDRX Equation 
20 

[43] 

MHAGB =
btHAGB

kBT
exp
(

−
QHAGB

RT

)
Equation 
21 

[43] 

XDRX = 1 − exp

(

−
4πNDRX(ΦDRX)

3

3

)
Equation 
22 

Adapted 
from JMAK 
approach 

Auxiliary variables without a role in rate equations 

Φav =
ΦDRXΦ

XDRXΦ + (1 − XDRX)ΦDRX  

Equation 
23 

[46]  
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structure, such as phonons, substitutional and interstitial atoms. The 
long-range stress (σlr, Equation 2) is attributed to the strain field caused 
by dislocations. Equation 3 describes the plastic strain rate due to Oro-
wan’s relation for the material portion in the initial state (‘AR’) that 
underwent recrystallisation (‘DRX’). 

3.3. Rate equations 

The dislocation glide occurs with a glide velocity (vg) given by 
Equation 4. The mean dislocation climb velocity (vc, Equation 5) is the 
sum of climb velocity due to the annihilation of dipoles (vcd , Equation 6) 
with the dislocation climb velocity due to pipe diffusion (vcp , Equation 
7). The high precipitate fraction in Nickel superalloys is associated with 
the high creep resistance due to the pinning of dislocations by the pre-

cipitates. For the dislocation climb controlling the creep rate [29,37–41] 
we used a similar glide velocity as proposed by Dyson’s model [25], and 
for the dislocation glide we fitted the activation volume and energy. 
Therefore, our model proposes that the climb and glide of dislocations is 
responsible for the plastic deformation during creep. 

The rate equations for dislocation densities are ordinary differential 
equations that describe the dislocation movement and dynamic recrys-
tallisation. The dislocation reactions for the mobile and immobile 
dislocation densities are Equation 9 and Equation 10, respectively. The 
first term in Equation 9 describes the production rate of mobile dislo-
cation due to the Frank-Read source. The second, third and fourth terms 
represent the consumption of mobile dislocations due to immobilization 
at grain boundaries, static recovery via climb, and dynamic recovery, 
respectively. Equation 10 gives the production of immobile dislocation 

Fig. 1. As received condition of Inconel®718. Local misorientations are shown in KAM maps of a,b) direct aged condition and c,d) standard aged condition. Carbides 
e) and delta f) are present in both conditions. The GND density measured by EBSD (g) is larger for DA conditions than for SA. The grain size in both conditions is 
similar (h). 
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due to the immobilization of mobile dislocations at grain boundaries 
(first term) and the consumption of immobile dislocation due to static 
recovery (second term), and due to dynamic recovery (third term). 

The dynamic recrystallisation model considered that the stored en-
ergy due to dislocations drives nucleation and growth of new grains 
during creep. We modelled the dynamic recrystallisation using nucle-
ation (Equation 11) and growth laws (Equation 12). The nucleation law 
considers the effects of temperature and grain size, and the growth rate 
considers the velocity of the growing grains (first term in Equation 12) 

and the effect of the newly nucleated grains (second term in Equation 
12). Finally, we obtained the total mobile and immobile dislocation 
densities (ρm and ρi) as weighted sums of the dislocations in the matrix 
(given by ρmAR 

and ρiAR
) and the dislocation density of the recrystallized 

material. The weighting factor is the recrystallisation grade. For the 
precipitate coarsening, we used a simple Ostwald-ripening law, Equa-
tion 8.(see. Table. 3) 

Fig. 2. Schematic structure of the mean-field model developed in this work.  

Fig. 3. Microstructure representation of the Inconel®718 after SA and DA heat treatments.  
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4. Results 

In this chapter, we present the modelled creep strain and the 
microstructure evolutions and validate the results with experimental 
data. 

4.1. Creep strain curves 

Fig. 4 shows the simulated (S) and measured (M) creep strain curves 
for the DA and SA samples. The simulations cover only primary and 
secondary creep stages. In general, we observed typical strain de-
pendency on temperature and stresses: the higher the temperature and 
the higher the stresses, the larger the creep strains are. We compared the 
creep strain at 650 ◦C and 662 MPa obtained in this work with 
Inconel®718 [47–49] and found that we obtained a lower creep strain 
than reported by Kuo et al. [47] and a higher strain than that measured 
by Yeh et al. [49] and Zhang et al. [48] at slightly higher stresses. 
Finally, we observed that the creep strain in the secondary stage is 
slightly higher for the DA than for the SA condition, see Fig. 4. Although 
the coarsening kinetics of precipitates in DA is slower (see kinetic 

coefficients in Table A3 in Appendix) than in the SA condition, the 
experimental curves show faster softening in the DA condition. There-
fore, the softening cannot be a consequence of the solely particle 
coarsening, and other microstructural feature must govern the creep 
resistance of Inconel®718 in the tested range of temperature and 
stresses. 

The developed mean-field physical-based model can simulate the 
microstructure and creep strain at given conditions of temperature, 
applied stress and initial condition of the material. Fig. 4 shows that the 
higher the temperature, the higher the creep strain for a given time due 
to a) higher glide velocity (Equation 3) and b) faster recrystallisation. 
The faster recrystallisation leads to higher glide velocities. The applied 
stress also increases the creep rate because a) the glide velocity increases 
with the applied stress (Equation 4), and b) higher stresses lead to more 
mobile dislocations. Following the Orowan relationship (Equation 3), 
the creep strain rate increases due to the increment of the gliding ve-
locity and the mobile dislocation density. 

Fig. 4. Measured (M) and simulated (S) creep curves for the direct ageing (DA) and standard ageing (SA) samples. The simulations cover only primary and secondary 
creep stages. 
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Fig. 5. Kernel average maps of non-deformed (head) and deformed (gauge) parts of the creep samples exposed to different creep temperatures and stresses.  

Fig. 6. Distributions obtained from the EBSD measurements of materials before and after creep in the a,b) SA and c,d) DA conditions of a,c) dislocation densities, and 
b,d) grain sizes. 
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4.2. Microstructure after creep 

Fig. 5 shows the microstructures of crept samples in both DA and SA 
conditions. The head of the sample represents the materials exposed to 
the test temperature and negligible stresses. Here we observe that. 

- The lower the temperature of the test, the higher the local misori-
entation, meaning the higher the dislocation density.  

- Recrystallisation occurs during the creep test. The material in the DA 
condition also recrystallized statically at the head of the sample.  

- The recrystallized grains have annealing twins. 

Fig. 6 shows the distributions of the dislocation densities and grain 
sizes measured in samples before and after the exposure to temperature 
solely (head) and temperature and load (gauge). The GND density in the 

SA samples shows similar values before and after creep. In contrast, the 
grain size decreases after creep. Compared with the SA condition, we 
observed a higher dislocation density in the as-received sample in the 
DA condition. The bimodal distribution represents the deformed region 
from forging with a relatively high dislocation density and the recrys-
tallized fraction with a low dislocation density. The gauge of DA samples 
shows higher intensity for lower dislocation density and refined grains 
than the head because of dynamic recrystallisation in the presence of 
stresses. The slight differences in the secondary creep regimes between 
the standard and direct aged materials are related to the extent of the 
recrystallisation that occurs faster for the DA material. 

Figs. 7 and 8 show the results of TEM dark and bright field images 
after creep tests at 620 ◦C and 662 MPa for 600 h at the locations of the 
head and the gauge of SA and DA samples. The SA sample head and 
gauge (Fig. 7) present a polyhedral grain morphology and annealing 

Fig. 7. TEM (bright field) micrographs showing phases and boundaries in the SA material after creep at 620 ◦C and 662 MPa for 600 h at the head and the gauge.  

Fig. 8. TEM (bright field) micrographs showing the phases and boundaries in the DA material after creep at the head and the gauge.  
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Fig. 9. Creep strain evolutions: a,b,c) with and without consideration of dynamic recrystallisation for a) 593 ◦C, b) 620 ◦C and c) 650 ◦C. Evolutions of the d) total 
(ρtotal), e) mobile (ρm) and f) immobile (ρi) dislocation densities. 

Fig. 10. Influence of the initial material’s condition on the creep performance for a stress of 622 MPa. a) strain, b) strain rate, c) glide velocity and d) climb velocity.  
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twins. The samples in the DA condition show similar features to those in 
the SA condition (Fig. 8). Additionally, DA samples presented disloca-
tion tangles and micro twins in the gauge and head from the forging 
process. In agreement with the EBSD measurements, we can conclude 
that the dislocations produced during hot forging could not annihilate 
after the age-hardening treatment and remained even after creep testing. 

We identified particles with a needle or irregular shape as δ-phase 
(Ni3Nb), carbides M23C6 and small quasi-globular particles as γ”-phase 
(Ni3Nb) in all the samples. Smaller needle particles, sparely observed 
along the grain boundaries, were identified as MC carbide. Slightly 
larger γ”-phase particles were observed in the gauge compared to the 
head, indicating that deformation accelerated coarsening. We carried 
out indexation of the diffraction patterns to identify the phases. 

5. Discussion 

Dynamic (in the gauge) and static (in the head) recrystallisation 
occurs during testing due to the high temperatures and the remaining 
stored energy after forging. We modelled the dynamic recrystallisation 
using a simple nucleation and growth approach, Equation 11 and 
Equation 12 to account for this phenomenon. Table A1 gives the 
assumed values of initial dislocation density. Additionally, we assumed 
that the mobile and immobile dislocation density for the recrystallized 
grains is 9.1011 m-2. A lower dislocation density means a higher glide 
velocity than in the deformed matrix. Since the increase in glide velocity 
predominates, the recrystallized material deforms during creep faster 

than the heat-treated matrix. 
Fig. 9(a–c) shows the effect of recrystallisation on the predicted 

strain evolution for the three investigated temperatures. The calculated 
secondary creep rate is higher (solid lines in Fig. 9(a–c)) when consid-
ering dynamic recrystallisation. At lower temperatures, the kinetics of 
recrystallisation is slower. Thus, at lower temperatures, the predicted 
strain values in the secondary regime are similar for both models. 

Fig. 9d, e, and f show the evolutions of the total, mobile and 
immobile dislocation densities for the hypothetical condition of no dy-
namic recrystallisation (dashed lines) and considering dynamic recrys-
tallisation (solid lines). In agreement with the high KAM values in the 
crept and non-recrystallized areas in Fig. 5, both approaches predict 
hardening at the primary creep. The dislocation density decreases in the 
secondary creep stage only when considering recrystallisation. The 
dislocation density values decrease to 9•1011 m− 2 when 100 % of the 
microstructure recrystallises. 

The initial microstructure of the material affects the creep strain rate. 
Therefore, the precipitation state, initial dislocation density, and grain 
size may accelerate or retard the creep rate. In this work, we analysed 
two materials with different initial dislocation densities and precipita-
tion conditions; the initial grain size is for both materials the same. With 
the help of Fig. 10, we analyse the effect of the initial microstructure and 
temperature on the creep performance when loading at 662 MPa. The 
DA with higher dislocation density than SA creeps faster than SA 
(Fig. 10a and b). Analysing the velocity of dislocations, we could 
establish that the dislocations mostly climb since the glide velocity is 

Fig. 11. Influence of the initial material’s condition and the temperature on the microstructure for a stress of 622 MPa. a) recrystallisation grade, b) total dislocation 
density, c) average grain size d) recrystallized grain size. 
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orders of magnitude smaller than the climb velocity. Furthermore, the 
dislocations will climb faster the higher the temperature due to the 
nature of the diffusional process. For the climb velocity, the initial 
microstructure plays a marginal role. 

Therefore, asking what microstructural modification affects the creep 
rate is valid. Analysing the experimental results, we observe that the DA 
condition recrystallises faster than the SA condition, in agreement with 
Fig. 11a for all the creep temperatures at a load of 662 MPa. In the DA 
condition, the higher dislocation density must increase both the nucle-
ation and the growth rates. The nucleation rate is higher mainly because 
the fitted pre-exponent N0 is higher for DA than for SA. The growth rate is 
also faster in DA due to a higher stored energy in dislocations before creep 
(the first stage in Fig. 11b). The recrystallisation is then responsible for an 
abrupt decrease in the total dislocation density during creep, Fig. 11b, 
and the refining of the grains, Fig. 11c. Finally, the model allows calcu-
lating the recrystallized grain size as a function of the temperature and 
strain rate, as shown in Fig. 11d. We note here that the recrystallized grain 
size is larger with decreasing the temperature due to the lower strain rate. 

6. Conclusions 

We investigated the creep resistance of INCONEL® 718 for two 
different initial precipitate conditions: standard ageing and direct 
ageing. We developed a model to predict the strain and microstructure 
evolutions during primary and secondary creep that considers the pre-
cipitates (nature, size and amount), dislocation densities, and grain size. 
The obtained measurement and simulation results allow the following 
conclusions.  

• Dynamic recrystallisation occurs during creep, especially at high 
temperatures and high stresses. The experimental evidence shows 
that the particles do not pin the boundaries.  

• The developed mean-field model describes the intricate and complex 
interactions between dislocation reactions, glide and climb veloc-
ities, and long and short-range stresses. The model predicts the creep 
behaviour for differen initial microstructures.  

• The differences in the creep regimes between the standard and direct 
ageing conditions are related to the extent of the recrystallisation, 
which occurs faster for the direct ageing material. The large dislo-
cation density in the DA condition increases the rate of 
recrystallisation.  

• At the tested conditions, the recrystallisation results in grain 
refinement. The grains are finer for higher creep temperatures. 
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Appendix 

Fig. A.1 shows the details of the creep sample.

Fig. A.1. Detail of the creep sample.    
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The mobile and immobile dislocation densities, together with the grain size, describe microstructure before creep, and the values are given in 
Table A.1.  

Table A.1 
Initial microstructure parameters for the developed model.  

Symbol Meaning Value Unit 

Direct ageing Standard ageing 

ρmAR0 
Initial mobile dislocation density (fitted) 1⋅1013 6⋅1012 m− 2 

ρiM0 
Initial immobile dislocation density (fitted) 3⋅1012 2⋅1012 m− 2 

Φ Grain size (experimental) 8 8 μm 

The parameters of the developed mean-field model are given in Table A.2.  

Table A.2 
Fitting parameters used for the mean-field model developed in this work.  

Symbol Meaning Value Unit 

α Taylor constant 0.15 – 
ag Parameter for glide velocity 6.50 • 10− 6 m/s 
aNi Cell parameter Nickel 3.50 • 10− 10 m 
b Burgers vector 2.54 • 10− 10 m 
Ds Self-diffusion 

9.2 • 10− 5 exp
(

−
Qsd

RT

)
J/mol 

Dp Pipe-diffusion 
9.2 • 10− 4 exp

(

−
Qpd

RT

)
J/mol 

δDRV Characteristic annihilation length for DRV 20 • b m 
G Shear modulus 7.6 • 1011 Pa 
M Taylor coefficient 3.1 – 
η Coefficient for transfer of defects into jogs 1 • 10− 5 – 
QDRX Activation energy for nucleation during DRX Qsd J/mol 
Qglide Activation energy for dislocation glide 0.52 • Qsd J/mol 
Qsd Activation energy for self-diffusion 2.78 • 105 J/mol 
Vact Activation energy for gliding 18 •Ω m3 

ν Poisson ratio 0.31 – 
Ω Atomic volume of Nickel 7.99 • 10− 30 m3 

Wjog Activation energy for jog formation in pipe diffusion 0.52 • Qsd J/mol 

The nucleation coefficient values adopted for the direct ageing and standard ageing condition are given in Table A.3.  

Table A.3 
Fitting parameters used for the mean-field model developed in this work related to the nucleation rate.  

Nucleation coefficient Direct ageing Standard ageing Unit 

N0 1 • 1021 8 • 1019 m/s 

The parameters related to the precipitate state and its coarsening are given in Table A.4.  

Table A.4 
Fitting parameters used for the mean-field model developed in this work.  

Symbol Meaning Value Unit 

Direct ageing Standard ageing 

kp0,γ′ Ostwald ripening parameter for coarsening of γ′ 1.16 • 10− 14 1.02 • 10− 15 m3/s 
kp0,γ″ Ostwald ripening parameter for coarsening of γ″ 1.80 • 10− 7 6.44 • 10− 13 m3/s 
nv0,γ′ Initial mean volumetric number density of γ′ 4.76 • 1022 9.5 • 1022 m− 3 

nv0,γ″ Initial mean volumetric number density of γ″ 3.98 • 1022 6.03 • 1022 m− 3 

Qp,γ′ Activation energy for Ostwald ripening coarsening of γ′ 2.56 • 106 2.37 • 106 J/mol 
Qp,γ″ Activation energy for Ostwald ripening coarsening of γ″ 3.76 • 106 2.8 • 106 J/mol 
r0,γ′ Initial radius of γ′ 6.93 • 10− 9 5.81 • 10− 9 m 
r0,γ″ Initial radius of γ″ 8.98 • 10− 9 7.45 • 10− 9 m  
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