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a b s t r a c t 

This paper presents a coupled approach able to describe 𝛾 ′′ precipitation evolution and associated yield strength 
after various heat treatments in Inconel 718 alloy. The precipitation state is modeled via the implementation of 
classical nucleation and growth theories for plate-shaped particles. The precipitation model is validated through 
small-angle neutron scattering and transmission electron microscopy experiments. The precipitation size distri- 
bution serves as an input parameter to model the yield strength using a micromechanical model based on shear 
and bypass mechanisms accounting for the particular shapes of the precipitates. Results are in good agreement 
with measured yield stresses for various precipitation states. A complete simulated TTT diagram of the 𝛾 ′′ phase 
with the associated yield strength is proposed. The coupled model is finally applied to a series of non-isothermal 
treatments representative of welding (or additive manufacturing) from the peak aged state. 
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. Introduction 

Inconel 718 is a nickel base superalloy mainly used in the aerospace
ndustry to produce critical components for turbines, thanks to its ex-
ellent mechanical properties and corrosion resistance at high temper-
ture [1] . Moreover, its good weldability, relative to other superalloys,
akes it a very good candidate for assembly parts [2] . 

Welding or additive manufacturing processes are very complex pro-
esses during which the material is subjected to extreme thermomechan-
cal loading, which involves microstructural evolution as grain growth
nd precipitation (or dissolution) of hardening phases. To optimize the
nal material properties it is essential to follow the evolution of the mi-
rostructure and mechanical properties in the Heat Affected Zone (HAZ).

Its outstanding mechanical properties are due to the fine precipita-
ion of homogeneous hardening intermetallic phases in the nickel solid
olution 𝛾. These precipitates are the Ll 2 face-centered cubic (fcc) struc-
ure 𝛾 ′ (Ni 3 (Ti,Al)) and DO 22 body centered tetragonal (bct) structure
′′ (Ni 3 Nb). The latter has the following orientation relationships [3] : 

001) 𝛾′′ || {001} 𝛾 and [100] 𝛾′′ || ⟨100 ⟩𝛾 (1)
∗ Corresponding author. 
E-mail address: Michel.Perez@insa-lyon.fr (M. Perez). 

1 Now at EDF Lab, Les Renardiéres, MMC Deparment, F-77250 Moret sur Loing, Fr
2 Now at Framatome, 10 rue Juliette Récamier, 69456 Lyon Cedex 06, France. 

ttps://doi.org/10.1016/j.mtla.2021.101187 
eceived 30 May 2021; Accepted 3 August 2021 
vailable online 11 August 2021 
589-1529/© 2021 Acta Materialia Inc. Published by Elsevier B.V. All rights reserve
Oblak et al. [4] showed that 𝛾 ′ are coherent spherical precipitates
nd 𝛾 ′′ are coherent disc-shaped particles. This shape has been widely
bserved by numerous authors via TEM experiments; see [4–8] and
ore recently [9] . 

The characterisation of simultaneous 𝛾 ′ and 𝛾 ′′ precipitation is of-
en complicated, as noted by Tian et al. [10] . These authors succeed
n differentiating 𝛾 ′ and 𝛾 ′′ by using chemical contrast. They did not
oted significant 𝛾 ′ precipitation after direct laser additive manufac-
uring. Several authors have noticed a co-precipitation phenomenon
f 𝛾 ′ and 𝛾 ′′ particles. Kindrachuk et al. [11] , in Inconel 706, and
hilipps et al. [12] in Inconel 718 have shown that the elastic en-
rgy of 𝛾 ′∕ 𝛾 ′′ is lower than for each precipitate alone. The mechanisms
f co-precipitation of these precipitates have been studied recently by
hi et al. [13] using phase-field modelling trying to determine the condi-
ions under which the 𝛾 ′′ precipitation is favoured by preexisting 𝛾 ′ par-
icles. This mechanism is also observed by Detor et al. [14] who showed
 precipitation of 𝛾 ′′ following 𝛾 ′. More recently Theska et al. [15] have
tudied various sequences of 𝛾 ′∕ 𝛾 ′′ precipitation, especially in the early
tages of precipitation [16] and correlated it with the alloy’s proper-
ies [17] . 
ance. 
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Fig. 1. “Schematic ” TTT diagram of 718 alloy (data from [Eiselstein65]: [22] , 
[Xie05]: [23] , [Boesch69,Boesch68]: [24,25] , [Cozar73]: [5] , 
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Strengthening of Inconel 718 super alloys is mainly due to 𝛾 ′′ precip-
tates. They induce a considerable coherency strain (with a tetragonal
istortion 𝑐∕ 𝑎 = 2.04), which explains their ellipsoidal disc shape [4] .
oreover, the predominant hardening effect of the 𝛾 ′′ can be also ex-

lained by its higher volume fraction ( 𝑓 𝑣 ′′
𝛾
∕ 𝑓 𝑣 ′

𝛾
) ≈ 4 , which depends

reatly on the (Ti+Al)/Nb ratio in the composition of the considered
lloy [5] . 

It is therefore necessary to study the precipitation of the 𝛾 ′′ phase
o better understand and predict the microstructure and mechanical be-
avior of Inconel 718 alloy. Since 𝛾 ′′ are fine and metastable particles,
heir quantitative characterization is not straightforward. Particle size
istributions are relatively well documented thanks to extensive TEM
tudies [18–20] . However, particle density, volume fraction and/or sol-
bility limits are much more difficult to characterize and very few ex-
erimental data are available [7] . 

The quantitative experimental data on 𝛾 ′′ stability (solubility prod-
ct, surface energy) are rather scarce in the literature. Mons [21] has
roposed a tentative TTT diagram from various literature values, which
as been completed with more recent data and shown in Fig. 1 . How-
ver, to the author’s knowledge, no full precipitation time temperature
iagram, and associated mechanical properties, is available in the liter-
ture. As it can be seen in Fig. 1 , the precipitation C-curves for 𝛾 ′′ are
ather incomplete and very scattered. 

Devaux et al. studied the coarsening of 𝛾 ′′ precipitates [9] by exten-
ive TEM image analysis and provided interesting information on the
′′ stability although in a limited temperature range. In a more recent
ork, Fisk et al. [26,27] simulated the whole precipitation sequence of
′′ (nucleation, growth and coarsening) at 760 ◦C using a mean radius
recipitation model. They later used these data as entry parameters for
he prediction of yield strength and hardening. The precipitate size dis-
ribution was post-calculated with the Lifshitz-Slyozov-Wagner (LSW)
heory and accounted for by weighting the fraction of sheared and by-
assed precipitates. However, sheared and bypassed hardening ampli-
udes were estimated using a mean radius approach, which is known to
e a correct estimation for isothermal treatment but fails to accurately
escribe non-isothermal precipitate size distribution [28–30] . More re-
ently, Fisk et al. [31] completed their study and proposed a precipita-
ion model adapted for non-isothermal treatments ( i.e. welding), notably
mproving their model from a mean radius approach to an eulerian type
ull distribution description. Their results present a fair correlation with
xperimental results of the hardness in a welded joint. Furthermore,
heir precipitation model is only calibrated on mean radius literature
ata at a single temperature. A pure growth regime is observed up to
0 4 𝑠 which seems contradictory with experimental observations. 

Moore et al. [32,33] recently proposed a model based on the Kamp-
ann and Wagner numerical model (KWN) [34] for the precipitation of
′′ in nickel alloy 625 and 718. Their model allows to predict the shape
2 
actor of the precipitates and showed good results for the distribution of
recipitates over several hours. 

Matcalc simulations on alloy 718 were also proposed by
rexler et al. [35] for the combined precipitation of 𝛾 ′ and 𝛾 ′′.
ield stress prediction were proposed based on the hardening model
eveloped by Ahmadi et al. [36] . They proposed a simulated Time
emperature Precipitate diagram (represented in Fig. 1 ) which is in
greement with the measured onset of strengthening over a wide
ange of temperatures. However, they surprisingly show simultaneous
recipitation of 𝛾 ′ and 𝛾 ′′ over all studied temperatures. 

Phase field simulations of the precipitation kinetics in alloy 718 have
lso been performed by Zhou et al. [37] . Although no correlation with
xperimental data was provided, the proposed model interestingly al-
ows to simulate the precipitation of both 𝛾 ′, 𝛾 ′′ and 𝛿 phases. Phase
eld simulations along with ab initio computations have also been pro-
osed [38,39] to describe interactions between the 𝛾 ′′ phase and dis-
ocations. They detail several complex mechanisms responsible for pre-
ipitation hardening of this alloy. 

Ahmadi et al. [40,41] have developed a model to predict the me-
hanical properties of precipitation hardening materials and applied it
o alloy 718Plus [42] . They notably distinguish the strengthening from
eak and strong shearable precipitates and were able to predict the yield

imit of the aforementioned alloy for various aging times after heat treat-
ent at 788 ◦C. 

In summary, many studies on the precipitation kinetics and the con-
ecutive hardening mechanisms have been proposed for the 𝛾 ′′ hardened
lloys. However, most of these studies focus on long heat treatments,
epresentative of the typical aging treatments and service life of the al-
oy for the most common aeronautical applications. Furthermore, the
inetics that would be observed during short term thermal transient,
epresentative of manufacturing processes, such as additive manufac-
uring or welding have been far less studied. 

In this paper, a multi-class precipitation KWN-type model is pro-
osed. Nucleation and growth equations are adapted to disc shaped pre-
ipitates. The precipitation model is implemented in a “Lagrangian-like ”
odel class management software (PreciSo) [28,29,43] , which provides
 distribution density of precipitates for non-isothermal heat treatments.

This model is then coupled with a yield strength model, based on
he work of Bardel et al. [43] , taking into account the whole precipi-
ate distribution, the particular shape of the 𝛾 ′′ phase, their spatial dis-
ribution and the competition of two mechanisms of interactions with
islocations: bypassing and shearing. In order to describe precipitation
urations more representative of manufacturing processes, experimen-
al results are collected for times ranging from a few minutes to a few
ours. 

The simplicity of the proposed models allows their integration in
acroscopic scale modelling, typically for processes simulation [44] .
he KWN precipitation model and the mechanical model remain yet
hysically based and the model parameters can be linked, although not
traightforwardly, to physical properties of the materials. Finally those
odels have proven their robustness and versatility to model various
recipitation and hardening phenomena ( e.g. fast non-isothermal treat-
ents). 

In Sections 2, 2.2 and 2.3 , the material, associated heat treatments
nd characterization techniques are presented. Several precipitation
tates, involving mainly the presence of the 𝛾 ′′ phase are characterized
sing the Transmission Electron Microscopy (TEM) and Small Angle
eutron Scattering (SANS) techniques. In Section 3 , the precipitation
odel, source and choice of material parameters are detailed. Numeri-

al results are confronted, for various heat treatments, with the exper-
mental ones and data from the literature. The mechanical model and
omparison with experimental results are presented in Section 4 . Fi-
ally, the model is discussed and simulation results for non isothermal
reatments are presented. 



A. Balan, M. Perez, T. Chaise et al. Materialia 20 (2021) 101187 

Table 1 

Chemical composition of the Inconel 718 studied alloy (as provided by Safran Aircraft Engines - material certificate). 

Ni Fe Cr Nb Mo Ti Al Co Si C Others 

wt% 53.72 18.22 17.84 5.42 2.91 0.93 0.46 0.16 0.11 0.02 0.21 
at% 53.16 18.95 9.93 3.39 1.76 1.13 0.99 0.16 0.23 0.10 0.22 
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Fig. 2. Right: schematic Selected Area Diffraction (SAD) patterns. [001] 𝛾 orien- 
tation. Left: experimental SAD patterns after 760 ◦C/2h precipitation treatment 
(see Table 2 ), zone axis: [001]. 

Fig. 3. Dark field image using the {1 1/2 0} superlattice reflection (see Fig. 2 ). 
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. Materials, heat treatments and methods 

.1. Materials 

The alloy 718 bench used in this study was supplied by Safran Air-
raft Engines. Its chemical composition is given in Table 1 . 

The base material shape is a hot forged cylinder of diameter 250 mm
nd height 214 mm. All samples were taken from this cylinder at con-
tant surface distance to ensure an homogeneous initial microstructure
nd grain size. The as-received material was previously annealed at
55 ◦C during 1 h and then air-cooled. 

.2. Heat treatments 

Heat treatments for each characterization technique have been cho-
en thanks to the approximate TTT diagram taken from the litera-
ure [21] ( Fig. 1 ). The purpose was to maximise the presence of the
′′ phase while limiting the presence of the 𝛿 and, to a lesser extent, 𝛾 ′

hase. 
The heat treatments were all conducted in a Nabertherm furnace, in

n Argon neutral atmosphere to avoid oxidation during treatment. All
erformed heat treatments and expected phases are listed in Table 2 . 

Due to the massive geometry of the as-received cylinder (250 mm
iameter), a Solution Treatment (ST) (1050 ◦C/1 h) followed by water
uench (WQ), was further performed on smaller samples (cylinders of
5 mm diameters for the microscopy observations and 0.5 mm thick
lates for SANS) to ensure a precipitation free state before any isother-
al precipitation treatment. 

This solution treatment was eventually followed by a precipita-
ion treatment performed at temperatures T during time t and water
uenched. In the following, all precipitation treatments are noted T/t,
s-received samples are noted AR and as-received followed by solution
reatment are noted AR+ST. 

.3. Characterization techniques 

In order to measure 𝛾 ′′ precipitates size distribution, two comple-
entary techniques were used. Small Angle Neutron Scattering (SANS)
easurements is based on the analysis of a large volume, providing sta-

istically accurate data on precipitation radius distribution. 

.3.1. Transmission Electron Microscopy (TEM) 

This technique was used to determine the 𝛾 ′′ phase size distribu-
ion and the shape factor 𝑞 = 2 𝑟 𝑝 ∕ 𝑇 𝑝 , where 𝑟 𝑝 is the radius and 𝑇 𝑝 is
he thickness of the precipitate platelets. These results will be used as
alidation data for the precipitation modeling (see Section 3 ). TEM char-
cterizations were conducted on a JEOL 2010F microscope operating at
00 kV at the Consortium Lyonnais de Microscopie (CLYM) located at
he University of Lyon (France). 

Samples were extracted from the heat treated samples, manually pol-
shed to reach a thickness of 0.15 mm, and punched to extract usual TEM
iscs with a 3 mm diameter. Discs were then electro-polished in a Struers
enupol using A2 Struers electrolyte at -15 ◦C, and 24.5 V. 

TEM allows a differentiation between the two hardening intermetal-
ic phases 𝛾 ′ and 𝛾 ′′, as the diffraction spots of the two phases can
learly be distinguished when the matrix is oriented in the [001] zone
xis [8,19,45,46] , see ( Fig. 2 ). 

With a ⟨100 ⟩𝛾 orientation the three 𝛾 ′′ variants give three separate
pots corresponding to the superlattice reflections at {100}, {110} and
3 
1 1/2 0} positions [19] . To observe only the 𝛾 ′′ phase {1 1/2 0} su-
erlattice reflection is used, a dark field image reveals only one of the
hree variants. 𝛾 ′ particles are also observed although no evidence of
o-precipitation have been found. 

One example on centered {1 1/2 0} superlattice reflection dark field
or each studied heat treatment are available in Fig. 3 . Precipitates are
omogeneously distributed in the matrix. 

Dark field micrographs were used to determine the radius distribu-
ions for two temperatures at two different times. To plot theses distri-
utions, clearly visible particles on the dark field images were outlined
ith ImageJ software. A normalized statistical distribution is obtained,

t is then multiplied by the total number of particles given by the model
or each studied heat treatments. These experimental results will be rep-
esented further in Section 3 and compared with modelling outputs. 

.3.2. Small-Angle Neutron Scattering (SANS) 

SANS experiment were conducted at the Laboratoire Léon Brillouin
LLB) located in the Commissariat á l’Energie Atomique (CEA) Saclay.
he 7 meter long SANS spectrometer Paxy was used. The samples are
ectangular shaped (1 cm × 1 cm × 1 mm). 

The detector was placed in two different configurations (see Table 3 ).
The neutron scattering cross section 𝑑Σ

𝑑Ω ( 𝑞) is obtained from the total
ntegrated neutron intensity after background subtraction and normal-
zation by the sample transmission and thickness and by the solid angle.
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Table 2 

Heat treatments for each characterization technique. AR: as received. ST: Solid Solution Treatment (1050 ◦C/1h/WQ). 

Table 3 

SANS configurations. 

Configuration 1 Configuration 2 

Wavelength (nm) 0.6 0.96 
Sample-detector distance (m) 2 5 

Fig. 4. Disc-shaped 𝛾 ′′ precipitates 
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Fig. 5. SANS experimental results vs fitted data for various heat treatments (cir- 
cles) along with the corresponding fitted intensities (solid lines). 
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𝑑Ω ( 𝑞) was be assumed to be the sum of 3 contributions: 

𝑑Σ
𝑑Ω

( 𝑞) = 𝐼 Porod ( 𝑞) + 𝐼 𝛾′′ ( 𝑞) + 𝐼 incoherent (2) 

𝐼 Porod ( 𝑞) is a 1∕ 𝑞 𝑛 signal originating from large scale scattering length
uctuations (very large particles, grain structure, dislocations, segrega-
ions...). 𝐼 incoherent is a constant contribution to the signal, which origi-
ates both from the disorder in the solid solution (Laue scattering) and
rom the incoherent scattering of the atomic species. 

𝐼 𝛾′′ ( 𝑞) is modeled by the signal of an assembly of discs of radius
 𝑝 and thickness 𝑇 𝑝 ( Fig. 4 ) with a fixed aspect ratio and with a log-
ormal size distribution with a dispersion parameter of 20% [47,48] .
he aspect ratio 𝑞 = 2 𝑟 𝑝 ∕ 𝑇 𝑝 is assumed to follow the expression given by
q. (18) based on experimental results (more on this in Section 3 ). 

To account for the interaction between the particles, resulting in a
isible maximum of intensity in some of the SANS results, we introduce
 structure factor in the decoupling approximation [49] and assume that
 hard-sphere model can reasonably describe the interactions between
hese particles. While this may be a strong assumption, the validity of
he structure factor model is of low influence on the obtained particles
4 
izes if the fit is valid in the high q range where the structure factor is
lose to 1. 

Fig. 5 shows the SANS signal obtained on samples aged at 720 ◦C and
60 ◦C for various ageing times (circles), along with the corresponding
tted intensities (solid lines). 

.3.3. Tensile tests 

Cylindrical specimens of 6 mm diameter and 40 mm length were ma-
hined from the as-received cylinder. Samples were heat treated at vari-
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Fig. 6. aspect ratio vs precipitate diameter. TEM results compared with litera- 
ture data 
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us times and temperatures corresponding to the microstructure charac-
erization (see Table 2 ) with 6 samples at 720 ◦C and 4 at 760 ◦C. Tensile
ests were carried out on a Schenck Hydraulic 250 kN system with a con-
tant strain rate of 10 −4 s −1 . During the tensile test, the strain-rate were
ontrolled by an extensometer HZT071 for which the gauge length is
0 mm. The true strain is calculated by using the displacement mea-
ured by the extensometer. The experimental yield strengths at 0.2%
train ( 𝜎𝑦 ) are represented further in Section 4 and compared with mod-
lling outputs. 

. Precipitates modeling 

.1. KWN model with disc shaped precipitates 

Classical Nucleation and Growth Theories (CNGTs) have been widely
sed to model the evolution of precipitate size distribution. A numerical
odel, originally proposed by Wagner and Kampan [50] is generally

mplemented for spherical precipitates [51–53] . In the case of 𝛾 ′′ phase
n 718 alloy, this hypothesis is hardly acceptable as those precipitates
xhibit platelet shapes with shape factor as large as 5-8 (see Fig. 6 ). It is
herefore necessary to adapt the CNGT’s equations to accurately model
he precipitation of plate-shaped particles. The KWN model describes
he evolution of the precipitate size distribution, discretized in a set of
recipitates classes: at each time step, for each precipitate class 𝑖 , the
recipitate radius 𝑟 𝑝 𝑖 and the number 𝑁 𝑖 are calculated. 

This model is based on some important hypotheses: 

• only the 𝛾 ′′ Ni 3 Nb phase precipitates, whereas ( 𝛾 ′) and 𝛿 phases are
ignored. As no co-precipitation of 𝛾 ′∕ 𝛾 ′′ is observed for the current
alloy and under the studied conditions and although some studies
suggest a role of the 𝛾 ′ precipitation especially in the early stages of
𝛾 ′′, this effect is here neglected; 

• the nucleation of 𝛾 ′′ in the 𝛾 matrix is homogeneous; 
• 𝛾 ′′ precipitates are assumed to be discs ( Fig. 4 ); 
• the aspect ratio 𝑞 = 2 𝑟 𝑝 ∕ 𝑇 𝑝 depends linearly on the precipitate size; 
• only the niobium diffusion in the 𝛾 matrix is considered ( i.e. nickel

is massively present in the matrix and diffuses faster than niobium) 

Due to the non-spherical shape of the precipitates, the energy bal-
nce of the classical nucleation theory is modified as follows. 

The first step of the model is the determination of the free enthalpy
Gibbs energy) variation due to the apparition of a precipitate of volume
 𝑝 and surface 𝑆 𝑝 : 

𝐺 = 𝑉 𝑝 Δ𝑔 + 𝑆 𝑝 Γ = 

2 𝜋Δ𝑔 
𝑞 

𝑟 3 
𝑝 
+ 2 𝜋Γ𝑟 2 

𝑝 

( 

1 + 

2 
𝑞 

) 

(3)

Where Γ is the surface tension of 𝛾 ′′ precipitates, 𝑟 𝑝 and 𝑞 are the
adius and shape factor of platelets. Note that the assumption of thin-
isk shaped particles instead of oblate ellipsoids does not significantly
ffect the external surface of the precipitates, as well as their volume
5 
approximation within a few percents of error). The driving force Δ𝑔 is
alculated from the solubility product 𝐾 𝑆 of Ni 3 Nb : 

𝑔 = − 

𝑘 𝐵 𝑇 

4 𝑣 𝛾
′′

𝑎𝑡 

ln 
⎡ ⎢ ⎢ ⎣ 
𝑋 

𝛾

Ni 
3 
𝑋 

𝛾

Nb 
𝐾 𝑆 

⎤ ⎥ ⎥ ⎦ (4)

Where 𝑘 𝐵 is the Boltzmann’s constant, 𝑇 is the temperature, 𝑉 𝛾
′′

𝑎𝑡 
is

he atomic volume of 𝛾 ′′, 𝑋 

𝛾

Ni and 𝑋 

𝛾

Nb are the matrix atomic fraction of
i and Nb, respectively. The solubility product is usually given by: 

 𝑆 = 𝑋 

𝛾𝑒 

Ni 
3 
𝑋 

𝛾𝑒 

Nb = 10 − 
𝐴 

𝑇 
+ 𝐵 

(5)

𝑋 

𝛾𝑒 

Ni and 𝑋 

𝛾𝑒 

Nb are the equilibrium atomic fraction of Ni and Nb in the
atrix. Parameters 𝐴 and 𝐵 are constants and determined experimen-

ally. 
The critical radius 𝑟 ∗ 

𝑝 
above which precipitates are stable can be ex-

ressed as follow: 

 

∗ 
𝑝 
= − 

2Γ( 𝑞 + 2) 
3Δ𝑔 

(6)

The energy barrier for nucleation Δ𝐺 

∗ becomes: 

𝐺 

∗ = 

16 
3 
𝜋

Γ3 

Δ𝑔 2 
( 𝑞 + 2) 3 

18 𝑞 
(7)

Note that Eqs. (6) and (7) are slightly different from Eqs. (22) and
23) of Fisk et al. [27] , for which disk shape precipitates are supposed
pherical when 𝑞 = 1 . 

The nucleation rate is given by the CNGT: 

𝑑𝑁 

𝑑𝑡 
= 𝑁 0 𝛽

∗ 𝑍 exp 
[ 
− 

Δ𝐺 

∗ 

𝑘 𝐵 𝑇 

] [
1 − exp 

(
− 

𝑡 

𝜏

)]
(8)

here 𝑁 0 = 1∕ 𝑣 𝛾
𝑎𝑡 

is the nucleation site density, 𝑉 𝛾
𝑎𝑡 

is the matrix atomic
olume. The condensation rate 𝛽∗ , the incubation time 𝜏 and the Zel-
ovitch factor 𝑍 are given by: 

∗ = 

4 𝜋𝑟 2 
𝑝 

𝑎 4 

𝑋 

𝛾′′

Nb 

𝐷 Nb 𝑋 

𝛾

Nb 
(9) 

= 

2 
𝜋𝛽∗ 𝑍 

2 (10) 

 = 

𝑣 
𝛾′′

𝑎𝑡 

3 𝜋𝑟 2 
𝑝 

√ 

Γ𝑞( 𝑞 + 2) 
2 𝑘 𝐵 𝑇 

(11)

𝑎 is the 𝛾 lattice parameter, 𝐷 Nb is the diffusion coefficient of Nb in

he matrix, 𝑋 

𝛾′′

Nb = 0 . 25 is the Nb atomic fraction in the precipitate. 
The growth equation for disc shaped particles has been adapted from

he plate-shaped Zener-Hillert expression [54] : 

𝑑𝑟 𝑝 

𝑑𝑡 
= 

𝑞 

2 
𝐷 Nb 
𝑟 𝑝 

𝑋 

𝛾

Nb − 𝑋 

𝛾𝑒 

Nb ( 𝑟 𝑝 ) 

𝛼𝑋 

𝛾′′

Nb − 𝑋 

𝛾𝑒 

Nb ( 𝑟 𝑝 ) 
(12) 

here 𝛼 is the ratio of the matrix over the precipitate mean atomic vol-

me 𝛼 = 𝑣 
𝛾

𝑎𝑡 
∕ 𝑣 𝛾

′′

𝑎𝑡 
and 𝑋 

𝛾𝑒 

Nb ( 𝑟 𝑝 ) is the equilibrium Nb atomic fraction in 𝛾
t the precipitate/matrix interface for a given radius 𝑟 𝑝 . 

In the original Zener-Hillert equation, a multiplicative term of
 − 𝑟 ∗ 

𝑝 
∕ 𝑟 𝑝 is present to account for capillarity effects. This term is re-

oved here because the Gibbs-Thomson effect is explicitly accounted
or (see next paragraph). 

To determine the equilibrium solute fractions, the influence of inter-
aces on equilibrium has to be taken into account: i.e. Gibbs-Thomson
ffect. The Gibbs-Thomson formalism has been adapted for disc-shaped
recipitates with the method available in [51] : 

 

𝛾𝑒 

Ni 
3 ( 𝑟 𝑝 ) 𝑋 

𝛾𝑒 

Nb ( 𝑟 𝑝 ) = 𝐾 𝑆 exp 
[ 
𝑟 𝑝 0 
𝑟 𝑝 

] 
(13)

here 𝑟 𝑝 0 is the capillarity radius. It can be expressed as follows: 

 𝑝 0 = 

4 𝑣 𝛾
′

𝑎𝑡 
Γ

𝑘 𝑇 

2( 𝑞 + 2) 
3 

(14) 

𝐵 
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Table 4 

Precipitation model input parameter synthesis. 

Parameter Value Ref. 

𝑎 (m) 3 . 616 × 10 −10 [55] 
𝑣 
𝛾

𝑎𝑡 
(m 

3 ) 1 . 182 × 10 −29 [55] 
𝐷 

0 
Nb (m 

2 /s) 8 . 8 × 10 −5 [57] , [9] 
𝑄 (kJ/mol) 263 [9] , [60] , [59] 

𝑣 
𝛾 ′′

𝑎𝑡 
(m 

3 ) 1 . 157 × 10 −29 [50] 
Γ (mJ/m 

2 ) 100 [9] 
𝐴 (K) 3294 [31] , this work 
𝐵 0.3997 [9,31,35,62,63] , this work 
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At the end of each time step, after nucleation and growth calcula-
ions, remaining Nb in the matrix can be calculated via a mass balance:

 

𝛾

Nb = 

𝑋 

0 
Nb − 𝑋 

𝛾′′

Nb 𝛼𝑓 𝑣 

1 − 𝛼𝑓 𝑣 
(15)

𝑋 

0 
Nb is the total atomic fraction content of element Nb and 𝑓 𝑣 is the

olume fraction of 𝛾 ′′ precipitates. The volume fraction 𝑓 𝑣 is calculated
rom the precipitate distribution given by the numerical model ( 𝑟 𝑝 𝑖 and
 𝑖 ): 

 𝑣 = 2 𝜋
∑
𝑖 

𝑟 𝑝 
3 
𝑖 
𝑁 𝑖 

𝑞 𝑖 
(16)

here 𝑞 𝑖 is the aspect ratio for the precipitate class 𝑖 (of radius 𝑟 𝑝 𝑖 ). 
Implementation of nucleation and growth equations (eqs. 8 and 12 )

as been done using PreciSo software as described in [28,29] . 

.2. Calibration of the precipitation model 

𝛾 matrix parameters . Sundararaman et al. [55] have measured the 𝛾
attice parameter in Inconel 718 with the XRD method. They obtained
 = 3 . 616 × 10 −10 m. The matrix mean atomic volume 𝑣 𝛾

𝑎𝑡 
can then be

etermined as: 𝑣 𝛾
𝑎𝑡 
= 𝑎 3 ∕4 = 1 . 182 × 10 −29 m 

3 . 
Niobium diffusion parameters . The evolution of niobium diffusion co-

fficient is classically described by an Arrhenius law: 

 Nb = 𝐷 

0 
Nb exp 

[ 
− 

𝑄 

𝑅𝑇 

] 
(17)

Pavil et al. [56] or Karunaratne et al. [57] have proposed diffusion
oefficients of niobium in pure nickel which are not necessarily valid for
ighly alloyed materials such as Inconel 718 [58] . Following the exam-
le of Devaux et al. [9] and Low et al. [59] the pre-exponential factor
 

0 
Nb has been fixed to 8 . 8 × 10 −5 m 

2 . s −1 . The activation energy 𝑄 has been

ound equal to 272 kJ . mol −1 by Devaux et al. [9] and 286 kJ . mol −1 by Han
t al. [60] for respective niobium weight fractions of 5 . 3% and 4 . 94% .
ere, and in a similar way to Low et al. [59] , 𝑄 was taken as 263 kJ −1 

or a niobium weight fraction of 5.42%. 
𝛾 ′′ precipitate parameters . The composition of 𝛾 ′′ precipitates has been

easured by Miller et al. [61] using Atom Probe Tomography: they
ound 74 at% Ni, 17 at% Nb among many other elements. For the sake
f simplicity, the stoichiometric binary Ni 3 Nb composition is used here.
he 𝛾 ′′ lattice parameters have been reported by Wagner and Hall [50] ,

he resulting mean atomic volume is 𝑣 𝛾
′′

𝑎𝑡 
= 1 . 157 × 10 −29 m 

−3 . 
Devaux et al. [9] calculated the 𝛾∕ 𝛾 ′′ interfacial energy as Γ =

95 ± 17) mJ∕m 

2 . Here, a value of 100 mJ∕m 

2 , consistent with Devaux’s
alculation was chosen. 

A comparison between the experimental aspect ratio versus mean
adius evolution obtained in this study and the literature data is pre-
ented in Fig. 6 . TEM measured aspect ratios are in agreement with the
iterature results. A large discrepancy of values is observed from the dif-
erent sources, certainly due to the large period of time over which data
ere collected (and associated progresses in measurement techniques).
or the sake of simplicity a simple linear fit describing the evolution of
he aspect ratio with the precipitate radius has been implemented in the
odel: 

 = 2 × 10 7 m 

−1 × 2 𝑟 𝑝 + 2 (18)

In this approach, the precipitate aspect ratio 𝑞 is updated according
o Eq. (18) after each time step. 

Various literature studies have proposed measurements of niobium
oncentration in Inconel 718 matrix at equilibrium [9,35,62,63] with
 rather large discrepancy. Fisk et al. [31] have proposed a tempera-
ure dependant relation for the equilibrium concentration of niobium
n their precipitation model. The solubility product of the 𝛾 ′′ phase
s therefore classically described as the following equation, consistent
6 
ith the literature data and the temperature dependency proposed by
isk et al. [31] . 

og 10 ( 𝐾𝑠 ) = − 

𝐴 

𝑇 
+ 𝐵 (19)

ith 𝐴 = 3294 K and 𝐵 = 0.3997. 
All precipitation model parameters are listed in Table 4 . 

.3. Precipitation simulation: results and discussion 

From an initial supersaturated solid solution, three isothermal pre-
ipitation treatments have been modeled at 660, 720 and 760 ◦C. Fig. 7
hows the comparison between predicted and experimental mean radii
volution with time. Predicted values of precipitate radius show the clas-
ical growth ( ∝ 𝑡 1∕2 ) and coarsening ( ∝ 𝑡 1∕3 ) regimes. It can be noticed
hat increasing temperature accelerates the precipitation kinetics as the
hree investigated temperatures range in the diffusion limited domain
lower part of the C-curve). 

For the three investigated temperatures, simulated radii are in good
greement with SANS and TEM measurements, as well as other experi-
ental data from the literature. The model predicts a growth to coarsen-

ng transition at approximately 100 s for the three studied temperatures
nd almost all experimental values fall in the coarsening regime, as in
he study of Fisk et al., for which a mean radius model [27] is used.
owever, in a more recent paper, Fisk et al. used a more elaborate pre-
ipitation model (KWN-type) [31] that is compared with data only in
he pure growth regime (below 2 × 10 4 s ) with another set of simulation
arameters at 750 ◦C only. 

The volume fraction and number density of precipitates as a func-
ion of time are given in Fig. 8 for the three investigated temperatures:
60, 720 and 760 ◦C. Note that the final precipitate volume fraction at
60 ◦C is approx. 9%, whereas Fisk et al. [27,31] find a value of 12%
t 760 ◦C and Drexler et al. [35] a value of ≈ 10% at 720 ◦C and 11%
t 620 ◦C. There is however a larger disagreement on the characteristic
recipitation time 𝑡 50 (time to precipitate 50% of the maximum volume
raction), for which we find 50 s and Fisk et al. find 1000s at 760 ◦C.
owever, Drexler et al. found a 𝑡 50 of about 700 s at 800 ◦C, which is

n good agreement with the 400 s from our model. Note that the pre-
ipitation time is extremely sensitive to temperature in the upper part
f the C-curve (above 750 ◦C), as shown in the TTT diagram presented
ater on. 

Experimental precipitate distributions were obtained from TEM.
hey are compared with modeled distributions in Fig. 9 , where a gen-
ral agreement can be observed. Experimental distributions exhibit a tail
or large precipitates that is not predicted by the precipitation model.
he model also predicts more small precipitates. The experimental size
istribution has a log-normal shape, whereas the simulation has a LSW
hape. These differences are classically observed and have rarely been
xplained (see ref. [64] ). Some possible causes of are: (i) small precipi-
ates are not seen by TEM; (ii) large precipitates seen by TEM may be the
esults of diffusion short-circuits not accounted for in the precipitation
odel; (iii) LSW shape is based on the non-impingement of diffusion
elds, which may not be the case at high precipitate volume fraction. 
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Fig. 7. Mean radius as a function of time for different treatment temperatures. Simulation versus experimental data (shaded colors represent simulation results at ± 
10 ◦C). 

Fig. 8. Simulated volume fraction and number of precipitates versus of time 
and treatment temperature. 
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. Yield strength estimation 

.1. Yield strength model: presentation and calibration 

In this section a model based on the interaction between disloca-
ions and defects is proposed in order to calculate the yield strength.
he influence of the 𝛾 ′ precipitates, not modelled in this study, on the
echanical properties is neglected as currently assumed in the litera-

ure. The classical formulation, originally proposed by Friedel [65] , and
mproved by Kocks et al. [66] and Deschamps et al. [67] is used to take
Fig. 9. Precipitate radius distribution: simul

7 
nto account the precipitation state: 

𝑦 = 𝜎0 + Δ𝜎𝑆𝑆 + Δ𝜎𝑝 (20)

here 𝜎0 is the yield strength of the base material. It includes Peierls-
abarro stress, the forest dislocation contribution, the Hall-Petch effect,
nd the solid solution strengthening of alloying elements, except Nb .
his contribution is supposed constant during all heat treatments since
he initial solution treatment anneals the dislocations and leads to a rela-
ively large grain size that therefore slightly changes during subsequent
reatments. Δ𝜎𝑆𝑆 and Δ𝜎𝑝 are the contributions of Nb in solid solution
nd 𝛾 ′′ precipitates, respectively. These two contributions are linearly
ummed up according to Kocks et al. [66] . 

.1.1. Solute niobium content contribution Δ𝜎𝑁𝑏 
𝑆𝑆 

Mishima et al. [68] studied the effect of various solute elements in
ickel alloys on yield strength. They proposed the following relation: 

𝜎𝑁𝑏 
𝑆𝑆 

= 𝐴 𝑁𝑏 

√ 

𝑋 

𝛾

𝑁𝑏 
(21)

here 𝑋 

𝛾

𝑁𝑏 
is the Nb atomic concentration (in at%) and 𝐴 𝑁𝑏 = 1 . 17 × 10 9 

a. at% 

−0 . 5 is a constant. 

.1.2. Constant contribution 𝜎0 
To determine the yield strength of the base material, the annealed

ample yield strength (treatment AR+ST, see 2 ) is used. In this precip-
tate free sample, 𝜎𝑦 = 𝜎0 + Δ𝜎𝑁𝑏 

𝑆𝑆 
= 352 MPa. From the 𝑁𝑏 content of

he alloy and using Eq. (21) , the constant contribution 𝜎0 is estimated
t 137 MPa. 

.1.3. Precipitation hardening Δ𝜎𝑝 
The precipitate hardening can be written as follows [66,67] : 

𝜎𝑝 = 

𝑀 𝐹 

𝑏 ̄𝐿 

= 

𝑀 

𝑏 ̄𝐿 

∑
𝑖 𝑁 𝑖 ( 𝑟 𝑝𝑖 ) 𝐹 𝑖 ( 𝑟 𝑝𝑖 ) ∑

𝑖 𝑁 𝑖 ( 𝑟 𝑝𝑖 ) 
(22)
ation vs experimental data from TEM. 
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Fig. 10. Disposition of plate precipitates in the slip plane. 
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Fig. 11. Intersection of the slip plane with plates of diameter 𝐷 𝑝 in the paral- 
lelepiped of thickness 𝐻. 
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here 𝐹 is the mean obstacle strength and �̄� is the mean particle spac-
ng. To take into account the whole 𝛾 ′′ radius distribution, the summa-
ion of each precipitate class 𝑖 contribution is performed using 𝑁 𝑖 ( 𝑟 𝑝𝑖 ) ,
he number density of precipitates of radius 𝑟 𝑝𝑖 and 𝐹 ( 𝑟 𝑝𝑖 ) the force act-
ng on precipitates of radius 𝑟 𝑝𝑖 . 

Depending on their radius, precipitates can be either sheared (small
recipitates) or bypassed (large ones). 

Bypassed precipitates . For bypassed precipitate class 𝑖 , the force acting
n the dislocation is: 

 

𝑏𝑝 

𝑖 
( 𝑟 𝑝𝑖 ) = 2 𝛽𝐺𝑏 2 (23)

here 𝛽 is a constant parameter usually assumed to be equal to 0.5
 [67,69] ). However, according to Brown et al. [70] , 𝛽 = 0 . 25 is a more
ealistic value, which will be used here. 

The mean particle spacing is a key parameter. It strongly depends
n the precipitate density, orientation and shape. For precipitate plates
riented in the {100} 𝛾 and {111} 𝛾 slip planes, Nie et al. [71] proposed a
elation between the distance between particle centres 𝐿 𝑝 and the space
eft for the dislocation to bypass precipitates 𝐿 𝑏𝑝 (see Fig. 10 ): 

 𝑏𝑝 = 𝐿 𝑝 − 

𝐷 

′
𝑝 

2 
− 

√
3 
2 

𝑇 ′
𝑝 

(24)

here 𝐷 

′
𝑝 

and 𝑇 ′
𝑝 

are the mean bypassed precipitate diameter and thick-
ess as seen by the dislocation moving in the slip plane (see Fig. 10 ).
hickness 𝑇 ′

𝑝 
is related to the precipitate thickness through the angle 𝜃

etween {100} 𝛾 and {111} 𝛾′ ( cos 𝜃 = 1∕ 
√
3 ) ): 

 

′
𝑝 
= 

𝑇 𝑝 

sin 𝜃
= 𝑇 𝑝 

√ 

3 
2 
= 

3 √
2 

∑
𝑖>𝑖 𝑐 

𝑁 𝑖 

𝑟 𝑝𝑖 

𝑞 𝑖 ∑
𝑖>𝑖 𝑐 

𝑁 𝑖 

(25)

here 𝑟 𝑝𝑖 , 𝑁 𝑖 and 𝑞 𝑖 are the radius, the number and aspect ratio of precip-
tate class 𝑖 , and 𝑖 𝑐 is the critical precipitate class at which the dislocation
hanges from shear to bypass mechanism. 

The average intersect diameter of a plate of diameter 𝐷 𝑝 intersecting
 given plane is 𝜋𝐷 𝑝 ∕4 . The mean diameter 𝐷 

′
𝑝 

is then given by: 

 

′
𝑝 
= 

𝜋𝐷 𝑝 

4 
= 

𝜋

2 

∑
𝑖>𝑖 𝑐 

𝑁 𝑖 𝑟 𝑝𝑖 ∑
𝑖>𝑖 𝑐 

𝑁 𝑖 

(26)

To determine the distance 𝐿 𝑝 between particles centres, the number
f precipitates per unit area in the slip plane 𝑁 𝑎 is determined in two
ifferent ways. First, Fig. 10 shows that 3∕2 precipitates are lying in the

quilateral triangle of surface 𝐿 

2 
𝑝 

√
3 , leading to: 

 𝑎 = 

√
3 

2 𝐿 

2 
𝑝 

(27)

Then, 𝑁 𝑎 can be estimated considering the number of particles in-
ersecting a plane of unit surface. The centre of these particles is located
ithin a parallelepiped of thickness 𝐷 𝑝 sin 𝜃 (see Fig. 11 ). The number
f precipitates per unit area is then related to the number of precipitates
er unit volume 𝑁 𝑣 via: 

 𝑎 = 𝑁 𝑣 𝐷 𝑝 sin 𝜃 = 𝑁 𝑣 𝐷 𝑝 

√ 

2 
3 
= 

√ 

8 
3 
∑
𝑖>𝑖 𝑐 

𝑁 𝑖 𝑟 𝑝𝑖 (28)
8 
ith 𝑁 𝑣 the number of precipitates per unit volume. 
The distance 𝐿 𝑝 can then be expressed as: 

 𝑝 = 

√ √ √ √ 

3 
4 
√
2 
∑

𝑖>𝑖 𝑐 
𝑁 𝑖 𝑟 𝑝𝑖 

(29)

Finally, using Eqs. (24) –(26) and (29) , 𝐿 𝑏𝑝 can be expressed with the
recipitation model outputs: 

 𝑏𝑝 = 

√ √ √ √ 

3 
4 
√
2 
∑

𝑖>𝑖 𝑐 
𝑁 𝑖 𝑟 𝑝𝑖 

− 

𝜋

4 

∑
𝑖>𝑖 𝑐 

𝑁 𝑖 𝑟 𝑝𝑖 ∑
𝑖>𝑖 𝑐 

𝑁 𝑖 

− 

3 √
2 

∑
𝑖>𝑖 𝑐 

𝑁 𝑖 

𝑟 𝑝𝑖 

𝑞 𝑖 ∑
𝑖>𝑖 𝑐 

𝑁 𝑖 

(30) 

Sheared precipitates . For sheared precipitates, Friedel’s ap-
roach [65] is modified to account for non-spherical precipitates.
he intersection surface between precipitates and the slip plane is
ssumed to be a rectangle of surface 𝐷 

′
𝑝 
𝑇 ′
𝑝 

(see Fig. 10 ). A disc of radius

 

𝑒𝑞 
𝑝 and equivalent surface is considered, leading to: 

 

𝑒𝑞 
𝑝 

= 

√ 

𝐷 

′
𝑝 
𝑇 ′
𝑝 

𝜋
= 

( 3 
2 

) 1 
4 𝑟 𝑝 √

𝑞 
(31)

The force acting on the sheared precipitates of mean intercept radius
̄ is given by: 

 

𝑠ℎ 
𝑖 

= 𝑘𝐺𝑏 ̄𝑟 (32)

The constant term 𝑘 that drives the shear force is commonly derived
rom the critical radius 𝑟 𝑐 , assuming that for a precipitate of equivalent
adius 𝑟 𝑐 , shearing and bypassing forces acting on the precipitate are
qual. Chaturvedi et al. determined this transition radius as 𝑟 𝑐 = 12 nm
hrough creep tests [6] and this value is commonly used in the literature
26,31] . It is also consistent with the TEM observation ( Fig. 3 ). This
ould lead to a value of 𝑘 close to 0.015. The constant term 𝑘 could also
een determined from refs. [4] . In this study, the antiphase boundary
nergy Γ𝛾′′ = 𝑘𝐺𝑏 ∕2 = 296 mJ/m 

2 was measured, leading to 𝑘 = 0 . 029 .
y adjustment with the yield stress experimental results and consistently
ith the literature, the value of 𝑘 was finally chosen equal to 0.02. 

Accounting for the averaged sheared surface of plates, for the orien-
ation of the shear plane and assuming that the force only depends on
he sheared surface, the average force acting on the dislocation is then:

 

𝑠ℎ = 

∑
𝑖<𝑖 𝑐 

𝑁 𝑖 𝐹 
𝑠ℎ 
𝑖 ∑

𝑖<𝑖 𝑐 
𝑁 𝑖 

= 𝑘𝐺𝑏 

(3 
2 

) 1 
4 
∑

𝑖<𝑖 𝑐 
𝑁 𝑖 𝑟 𝑝𝑖 𝑞 

−0 . 5 
𝑖 ∑

𝑖<𝑖 𝑐 
𝑁 𝑖 

(33)

If precipitates are sheared, the distance 𝐿 𝑠ℎ between obstacles that
nteract with the dislocation line depends on the radius of curvature of
he dislocation, which depends itself on the applied stress. The argu-
ent of Friedel [65] is that, on average the area 𝐴 swept by the disloca-

ion after breaking free of an obstacle contains exactly one obstacle, so
𝑁 𝑎 = 1 . The area 𝐴 can be estimated from geometrical considerations

see ref. [72] for calculation detail). The former consideration leads to
n estimation of the spacing of precipitates centres. 

The average force acting on the dislocation is then: 

 𝑠ℎ = 

√ 

4Γ𝑙 √
3 
𝐹 𝑠ℎ 

−0 . 5 
𝐿 𝑝 = 𝐹 𝑠ℎ 

−0 . 5 

√ √ √ √ 

Γ𝑙 

√
3 √
2 

( ∑
𝑖<𝑖 𝑐 

𝑁 𝑖 𝑟 𝑝𝑖 

) −0 . 5 

(34) 
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Fig. 12. Yield strength in function of holding time: simulation versus experimental data. 

Table 5 

Yield strength model input parameters. 

Parameter Value Source 

𝜎0 (MPa) 137 This study 
𝑀 3.06 [67,73–75] 
𝐺 (GPa) 80 [76] 
𝑏 (m) 2 . 54 × 10 −10 [4] 
𝐴 𝑁𝑏 (MPa.at% 

−0 . 5 ) 1170 [68] 
𝛽 0.25 [70] 
𝑟 𝑐 (nm) 12 [6] 
𝑘 0.02 [4,6] 
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ith Γ𝑙 the line tension Γ𝑙 = 𝛽𝐺𝑏 2 . 
Summary . For bypassed precipitates: 

𝜎𝑏𝑝 
𝑝 

= 2 𝑀𝛽𝐺𝑏 

⎡ ⎢ ⎢ ⎣ 
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√
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For sheared precipitates: 

𝜎𝑠ℎ 
𝑝 

= 𝑀 ( 𝑘𝐺 ) 
3 
2 
(3 
2 

) 1 
8 
√ 

𝑏 

Γ𝑙 

( ∑
𝑖<𝑖 𝑐 

𝑁 𝑖 𝑟 𝑝𝑖 

) −0 . 5 

×

[ ∑
𝑖<𝑖 𝑐 

𝑁 𝑖 𝑟 𝑝𝑖 𝑞 
−0 . 5 
𝑖 ∑

𝑖<𝑖 𝑐 
𝑁 𝑖 

] 

3 
2 

(36) 

The precipitate shearing and bypassing contributions are added ac-
ording to a quadratic summation law as in refs. [66,67] , although other
uthors (see e.g. [31] ) use a linear summation. The result is then put into
q. (20) to obtain the overall yield strength. 

The input parameters for the yield strength model are summarized
n Table 5 . 

.2. Yield strength estimation results and discussion 

The comparison between experimental and simulated yield strength
s shown in Fig. 12 for precipitation treatments performed at 660, 720
nd 760 ◦C. The point at 0 s holding time corresponds to the AR+ST
reatment (solid solution). 

The experimental yield strength was determined from tensile tests
nd error bars corresponds to twice the standard deviation. The pre-
icted values of tensile strength are in very good agreement with the
xperimental data for 720 ◦C and 760 ◦C. 

Fig. 12 shows all contributions of hardening Eq. (20) . The contribu-
ion of niobium solute atoms decreases from 215 MPa to 120 MPa for
20 ◦C and to 146 MPa for 760 ◦C as precipitation occurs (see Fig. 8 ). 

The precipitate hardening contributions Δ𝜎𝑏𝑝 
𝑝 and Δ𝜎𝑠ℎ 

𝑝 
depend on

recipitate size distributions. The bypassed precipitates contribution re-
ains zero until the largest precipitate class reaches the critical radius

 𝑐 . At this moment Δ𝜎𝑠ℎ 
𝑝 

reaches its maximum value and decreases until
9 
ost precipitate size classes exceed 𝑟 𝑐 , leading to a negligible contri-
ution of sheared precipitates Δ𝜎𝑠ℎ 

𝑝 
. The maximum total yield strength

ccurs when the mean radius reaches 𝑟 𝑐 , as usually observed for struc-
ural hardening alloy with sheared and bypassed precipitates. 

This coupled approach between a multi-class precipitation model
nd a hardening model provides a remarkable agreement in the final
ield strength prediction. Note that the precipitation model output (pre-
ipitate size distribution) has been checked and validated independently
y TEM and SANS observations. 

The whole precipitate size distribution contributes to the structural
ardening because the average distance between precipitates directly
epends on precipitates number density, which itself is not satisfactory
escribed by a mean radius precipitation model (see [28,29] ). 

The yield strength model presented in this section is a simplification
f the true physical phenomenon acting in the alloy 718. Indeed, Oblak
t al. [4,77] observed that shearing of 𝛾 ′′ precipitates was possible only
onsidering doublets or quadruplets of dislocations. They proposed a
odel, based on the mechanical equilibrium of two (or four) interacting
islocations shearing 𝛾 ′′ precipitates. Unfortunately, this model leads to
 lower hardening with a quadruplet than with one single dislocation,
hich is not satisfactory to explain the very good resistance of 𝛾 ′′ precip-

tates. Later, Sundararaman et al. [78] completed this model but again
he shear strength for four dislocations was found smaller than for the
rossing of one single dislocation. In this study a “classical ” single dis-
ocation model was considered with an antiphase boundary energy of
he 𝛾 ′′ phase equal to the value measured by [77] and used by [55,78] .
ore sophisticated approaches have been recently proposed by Ahmadi

t al. [36,40–42] . However, they lead to similar results, justifying thus
he use of our simpler approach. 

The precipitation and yield strength models used to plot the TTT
iagram for 𝛾 ′′ precipitation reaction, superimposed with the evolution
f yield stress. This diagram is presented in Fig. 13 . 

From this TTT diagram, we can see a much faster precipitation com-
ared to previous TTT diagrams (see Fig. 1 ). However, considering the
ield strength values represented at every point of this diagram, it can be
bserved that the maximal yield strength is reached much later than the
recipitation equilibrium volume fraction, apart from temperatures near
80 ◦C, for which the 𝛿 phase is expected to replace 𝛾″ . For most temper-
tures, the yield strength reaches its maximal value for isothermal treat-
ents between 3 h and 3000 h. The apparent contradiction with previ-

us literature data on precipitation kinetics can now be explained. The
umerous small precipitates appearing quickly are very weak obstacles
o the dislocations displacement, which explains the weak hardening de-
pite the important precipitation. Precipitates growth (by coarsening) is
hen necessary to reach the maximum hardening. Moreover, recent ex-
eriments and simulations performed by Drexeler et al. [35] confirm
his relatively fast (and weak) precipitation. 

The yield strength prediction on this diagram is in good agreement
ith experimental observations of relatively slow hardening for this al-
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Fig. 13. TTT diagram coupled with yield strength model. The model shows 
that although precipitation is rather fast, the hardening peak is obtained after 
relatively long treatment. 

Fig. 14. Non-isothermal treatments tested: heating rate of 50 ◦C up to variable 
maximum temperature 𝑇 𝑀𝑎𝑥 , followed by (i) 20 ◦C (full line) and, (ii) instanta- 
neous cooling (dashed line). 
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oy. The 718 alloy is indeed known to be an alloy with a slow hardening
ehavior compared to others nickel based superalloys hardened by the
′ phase [2] . 

Industrial hardening treatments typically involve a 8 to 10 h hold-
ng between 720 and 760 ◦C from a super saturated solid solution
tate, which is in agreement with the TTT diagram. Moreover, Ahmadi
t al. [36] reach a maximum yield stress after 25 h at 718 ◦C, which ex-
ctly corresponds to the hardening peak at this temperature in Fig. 13 . 

. Non-isothermal prediction of precipitation and yield strength 

The knowledge of the precipitate size distribution is also needed to
ccount for non-isothermal treatments as shown in refs [29,29,30] . In
Fig. 15. Microstructural and yield strength pr

10 
his section, the coupled microstructural and yield strength predictions
re tested on non-isothermal treatments, which are representative of
elding or additive manufacturing processes at various points of the
eat affected zone. 

From a super saturated solid solution, a precipitation treatment at
60 ◦C during 6 h 20 min is performed followed by a quick cooling
water quench) ( i.e. corresponding to the hardness peak). After that,
arious non-isothermal thermal transients are tested. First a constant
eating rate of 50 ◦C ⋅ s −1 is applied up to variable maximum tempera-
ure 𝑇 𝑀𝑎𝑥 . Two different cooling rates are then applied: 20 ◦C ⋅ s −1 and
nstantaneous cooling to freeze the microstructure (that would corre-
pond to a water quench). Maximal reached temperatures 𝑇 𝑀𝑎𝑥 lie be-
ween 700 and 1100 ◦C. The studied heat treatments are presented in
ig. 14 . 

At the initial state of peak hardness, the precipitate volume frac-
ion is maximum and equal to 11% with a mean radius close to 14 nm.
or heat treatments up to 800 ◦C this state remains unchanged as the
ime and temperature are too low to induce any change. Above this
emperature, volume fraction and precipitate radius drop as the pre-
ipitates start to dissolve. From a maximum temperature of roughly
000 ◦C all precipitates have been dissolved at 𝑇 𝑀𝑎𝑥 . After water
uench, no precipitate remains. After cooling at 20 ◦C ⋅ s −1 , nucleation
f small precipitates occurs during cooling, leading to a volume fraction
f 2%. 

Concerning mechanical properties, the initial state represents the
ardening peak, essentially due to precipitate strengthening by bypass
echanism. As for the microstructure, nothing occurs until a maximal

emperature of 800 ◦C. Then, a drop of mechanical properties, associ-
ted to precipitates shrinkage, is observed. For 𝑇 𝑀𝑎𝑥 ranging between
00 ◦C and 1000 ◦C, followed by a water quench, the shearing contri-
ution increases as precipitates shrink. Above a reached temperature of
000 ◦C only the solid solution hardening remains as precipitates are
ully dissolved. When the heating is followed by a slow cooling, the ma-
erial remains at high temperature for a longer time and therefore pre-
ipitates continue to shrink for a while, leading to a lower precipitate
ontribution to the overall yield limit. This phenomenon is in competi-
ion with the nucleation that occurs during cooling at lower tempera-
ures. However the effect of this secondary precipitation is quite limited
around 100 MPa). 

From the non affected zone to the most affected zone (for 𝑇 𝑀𝑎𝑥 

emperatures larger than 1000 ◦C), the yield stress drops from
300 MPa to approx. 450 MPa (200 MPa for the solid solution Δ𝜎𝑁𝑏 

𝑆𝑆 

nd 150 MPa for the small secondary sheared precipitates contributions
espectively). 
ediction for non-isothermal treatments. 
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. Conclusion 

A coupled precipitation and yield strength model was developed to
escribe the microstructural and strengthening evolution occurring dur-
ng any heat treatment of a 718 Ni based alloy. 

A recently developed precipitation model was improved to account
or plate-shaped particles. This model gives the particle size distribu-
ion, later used as input data for the prediction of the yield strength.
he precipitation model was calibrated by SANS and TEM analyses on

sothermally treated samples. 
All parameters of the coupled models were taken from the litera-

ure or experimentally determined. An excellent estimation of the yield
trength was obtained by the coupled approach for isothermal treat-
ents. The TTT diagram, coupled with the yield strength model, illus-

rates the slow structural hardening of the 718 alloy despite the fast
recipitation of the 𝛾 ′′ phase. 

Non-isothermal treatments, representative of different positions
round a weld joint or for any point of part built by additive manufac-
uring, have been simulated. It has been observed that the yield strength
trongly depends on the competition between the dissolution of the pre-
ipitates presents before the welding and the nucleation of new precip-
tates during the cooling. 
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