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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 distribution 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.

Introduction

Inconel 718 is a nickel base superalloy mainly used in the aerospace industry to produce critical components for turbines, thanks to its excellent mechanical properties and corrosion resistance at high temperature [START_REF] Reed | The superalloys: fundamentals and applications[END_REF].

Moreover, its good weldability, relative to other superalloys, makes it a very good candidate for assembly parts [START_REF] Lingenfelter | Welding of inconel alloy 718: A historical[END_REF].

Welding or additive manufacturing processes are very complex processes during which the material is subjected to extreme thermomechanical loading, which involves microstructural evolution as grain growth and precipitation (or dissolution) of hardening phases. To optimize the final material properties it is essential to follow the evolution of the microstructure and mechanical properties in the Heat Affected Zone (HAZ).

al. [START_REF] Phillips | Nano γ /γ com-895 posite precipitates in Alloy 718[END_REF] in Inconel 718 have shown that the elastic energy of γ /γ is lower than for each precipitate alone.

The mechanisms of co-precipitation of these precipitates have been studied recently by Shi et al. [START_REF] Shi | Growth behavior of γ /γ coprecip-899 itates in Ni-Base superalloys[END_REF] using phase-field modelling trying to determine the conditions under which the γ precipitation is favoured by preexisting γ particles. This mechanism is also observed by Detor et al. [START_REF] Detor | En-903 abling Large Superalloy Parts Using Compact Coprecipitation 904 of γ and γ[END_REF] who showed a precipitation of γ following γ . More recently Theska et al. [START_REF] Theska | On conventional versus direct ageing of Alloy 718[END_REF] have studied various sequences of γ /γ precipitation, especially in the early stages of precipitation [START_REF] Theska | On the early stages of precipitation 911 during direct ageing of Alloy 718[END_REF] and correlated it with the alloy's properties [START_REF] Theska | Microstructure-property relationships in directly aged Alloy 915 718 turbine disks[END_REF].

Strengthening of Inconel 718 super alloys is mainly due to γ precipitates. They induce a considerable coherency strain (with a tetragonal distortion c/a=2.04), which explains their ellipsoidal disc shape [START_REF] Oblak | Coherency 866 strengthening in ni base alloys hardened by do 22 γ precipi-867 tates[END_REF]. Moreover, the predominant hardening effect of the γ can be also explained by its higher volume fraction ( f v γ / f v γ ) ≈ 4, which depends greatly on the (Ti+Al)/Nb ratio in the composition of the considered alloy [START_REF] Cozar | Morphology of y'and y" precipitates 869 and thermal stability of inconel 718 type alloys[END_REF].

It is therefore necessary to study the precipitation of the γ phase to better understand and predict the microstructure and mechanical behavior of Inconel 718 alloy. Since γ are fine and metastable particles, their quantitative characterization is not straightforward. Particle size distributions are relatively well documented thanks to extensive TEM studies [START_REF] Jianxin | Coarsening behavior 918 of γ precipitates in modified inconel 718 superalloy[END_REF][START_REF] Sundararaman | Some 921 aspects of the precipitation of metastable intermetallic phases in 922 inconel 718[END_REF][START_REF] Boyd | The coarsening behaviour of θ 925 and θ precipitates in two al-cu alloys[END_REF]. However, particle density, volume fraction and/or solubility limits are much more difficult to characterize and very few experimental data are available [START_REF] He | γ precipitate in inconel 875 718[END_REF].

The quantitative experimental data on γ stability (solubility product, surface energy) are rather scarce in the literature. Mons [START_REF] Mons | Traitements thermiques des superalliages. Techniques 928 de l'ingénieur Traitements thermiques des aciers, des alliages 929 et des fontes[END_REF] has proposed a tentative TTT diagram from various literature values, which has been completed with more recent data and shown in Fig. 1 .

However, to the author's knowledge, no full precipitation time temperature diagram, and associated mechanical properties, is available in the literature. As it can be seen in Fig. 1, the precipitation C-curves for γ are rather incomplete and very scattered.

Devaux et al. studied the coarsening of γ precipitates [START_REF] Devaux | Gamma double prime pre-883 cipitation kinetic in alloy 718[END_REF] by extensive TEM image analysis and provided interesting information on the γ stability although in a limited temperature range. In a more recent work, Fisk et al. [START_REF] Fisk | Pre-943 cipitate evolution in the early stages of ageing in Inconel 718 944 investigated using small-angle x-ray scattering[END_REF][START_REF] Fisk | Flow stress model 947 for in718 accounting for evolution of strengthening precipitates 948 during thermal treatment[END_REF] simulated the whole precipitation sequence of γ (nucleation, growth and coarsening) at 760°C using a mean radius precipitation model. They later used these data as entry parameters for the prediction of yield strength and hardening. The precipitate size distribution was post-calculated with the Lifshitz-Slyozov-Wagner (LSW) theory and accounted for by Temperature (°C) Time (s)

g'' [Cozar73] d [Xie05] g' [Eiselstein65] g' + g'' [Oradei91] d [Boesch69,Boesh68] g' + g'' [Xie05]
Figure 1: "Schematic" TTT diagram of 718 alloy (data from [Eiselstein65]: [START_REF] Eiselstein | Metallurgy of a columbium-hardened nickel-931 chromium-iron alloy[END_REF], [Xie05]: [START_REF] Xie | 934 Ttt diagram of a newly developed nickel-base superalloy-allvac 935 718plus[END_REF], [Boesch69,Boesch68]: [START_REF] Boesch | Precipitation reactions and stability 937 of ni3nb in inconel alloy 718[END_REF][START_REF] Boesch | Precipitation reactions and stability 940 of niscb in inconel 718 alloy[END_REF],

[Cozar73]: [START_REF] Cozar | Morphology of y'and y" precipitates 869 and thermal stability of inconel 718 type alloys[END_REF],

weighting the fraction of sheared and bypassed precip-89 itates. However, sheared and bypassed hardening am-90 plitudes were estimated using a mean radius approach,
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which is known to be a correct estimation for isothermal Although no correlation with experimental data was provided, the proposed model interestingly allows to simulate the precipitation of both γ , γ and δ phases.

Phase field simulations along with ab initio computations have also been proposed [START_REF] Lv | Deformation 992 mechanisms of d0 22 ordered intermetallic phase in superalloys[END_REF][START_REF] Mcallister | Lower temperature deformation mechanisms in a γ"-996 strengthened ni-base superalloy[END_REF] to describe interactions between the γ phase and dislocations. They detail several complex mechanisms responsible for precipitation hardening of this alloy.

Ahmadi et al [START_REF] Ahmadi | Precipitate strengthening of non-1000 spherical precipitates extended in 100 or {100} direction in 1001 fcc crystals[END_REF][START_REF] Ahmadi | Yield strength 1005 prediction in ni-base alloy 718plus based on thermo-kinetic 1006 precipitation simulation[END_REF] have developed a model to predict the mechanical properties of precipitation hardening materials and applied it to alloy 718Plus [START_REF] Ahmadi | A model for precipitation strengthening 1010 in multi-particle systems[END_REF]. They notably distinguish the strengthening from weak and strong shearable precipitates and were able to predict the yield limit of the aforementioned alloy for various aging times after heat treatment at 788 °C.

In summary, many studies on the precipitation ki- The simplicity of the proposed models allows their integration in macroscopic scale modelling, typically for processes simulation [START_REF] Bardel | Integrated modelling of a 6061-t6 1019 weld joint: From microstructure to mechanical properties[END_REF]. [001] γ orientation. Left: experimental SAD patterns after 760°C/2h precipitation treatment (see Table 2), zone axis: [001].

Characterization techniques

In order to measure γ precipitates size distribution, two complementary techniques were used. Small Angle Neutron Scattering (SANS) measurements is based on the analysis of a large volume, providing statistically accurate data on precipitation radius distribution.

Transmission Electron Microscopy (TEM)

This technique was used to determine the γ phase size distribution and the shape factor q = 2r p /T p , where r p is the radius and T p is the thickness of the precipitate platelets. These results will be used as validation data for the precipitation modeling (see section 3). TEM TEM allows a differentiation between the two hardening intermetallic phases γ and γ , as the diffraction spots of the two phases can clearly be distinguished when the matrix is oriented in the [001] zone axis [START_REF] Gao | Preferential 878 coarsening ofγ precipitates in inconel 718 during creep[END_REF][START_REF] Sundararaman | Some 921 aspects of the precipitation of metastable intermetallic phases in 922 inconel 718[END_REF][START_REF] Gao | Grain boundary γ precipitation and nio-1022 bium segregation in inconel 718[END_REF][START_REF] Niang | Contribution à l'étude de la précipitation des phases 1025 intermétalliques dans l'alliage 718[END_REF], see (Fig. 2).

With a 100 γ orientation the three γ variants give three separate spots corresponding to the superlattice reflections at {100}, {110} and {1 1/2 0} positions [START_REF] Sundararaman | Some 921 aspects of the precipitation of metastable intermetallic phases in 922 inconel 718[END_REF].

To observe only the γ phase {1 1/2 0} superlattice reflection is used, a dark field image reveals only one of the three variants. γ particles are also observed although no evidence of co-precipitation have been found.

One example on centered {1 1/2 0} superlattice reflection dark field for each studied heat treatment are 
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The detector was placed in two different configura-278 tions (see Table 3).

279

The neutron scattering cross section dΣ dΩ (q) is obtained 283 was be assumed to be the sum of 3 contributions:

284 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 I γ (q) is modeled by the signal of an assembly of discs of radius r p and thickness T p (Fig. 4) with a fixed aspect ratio and with a log-normal size distribution with a dispersion parameter of 20% [START_REF] Porod | General Theory[END_REF][START_REF] Pedersen | Analysis of small-angle scattering data from col-1031 loids and polymer solutions: Modeling and least-squares fitting[END_REF]. The aspect ratio q = 2r p /T p is assumed to follow the expression given by eq. 18 based on experimental results (more on this in section 3).

To account for the interaction between the particles, resulting in a visible maximum of intensity in some of the SANS results, we introduce a structure factor in the decoupling approximation [START_REF] Kotlarchyk | Analysis of small angle neutron 1034 scattering spectra from polydisperse interacting colloids[END_REF] and assume that a hardsphere model can reasonably describe the interactions between these particles. While this may be a strong assumption, the validity of the structure factor model is of low influence on the obtained particles sizes if the fit is valid in the high q range where the structure factor is close to 1.

Figure 5 shows the SANS signal obtained on samples aged at 720 °C and 760 °C for various ageing times (circles), along with the corresponding fitted intensities (solid lines).

Tensile tests

Cylindrical specimens of 6 mm diameter and 40 mm length were machined from the as-received cylinder.

Samples were heat treated at various times and temperatures corresponding to the microstructure characterization (see Table 2) with 6 samples at 720 °C and 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 = 2r 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 balance of the classical nucleation theory is modified as follows.

The first step of the model is the determination of the 363 free enthalpy (Gibbs energy) variation due to the appari-364 tion of a precipitate of volume V p and surface S p :

365 ∆G = V p ∆g + S p Γ = 2π∆g q r 3 p + 2πΓr 2 p 1 + 2 q (3)
Where Γ is the surface tension of γ precipitates, r p 366 and q are the radius and shape factor of platelets. Note 

373 ∆g = - k B T 4v γ at ln         X γ Ni 3 X γ Nb K S         (4) 
Where k B is the Boltzmann's constant, T is the tem- tively. The solubility product is usually given by: 377 The critical radius r * p above which precipitates are 381 stable can be expressed as follow:

K S = X γe Ni 3 X γe Nb = 10 -A T +B (5) 
382 r * p = - 2Γ(q + 2) 3∆g (6) 
The energy barrier for nucleation ∆G * becomes:

383 ∆G * = 16 3 π Γ 3 ∆g 2 (q + 2) 3 18q (7) 
Note that eqs. 6 and 7 are slightly different from 384 eqs. ( 22) and ( 23) of Fisk et al. [START_REF] Fisk | Flow stress model 947 for in718 accounting for evolution of strengthening precipitates 948 during thermal treatment[END_REF], for which disk 385 shape precipitates are supposed spherical when q = 1.

386

The nucleation rate is given by the CNGT:

387 dN dt = N 0 β * Z exp - ∆G * k B T 1 -exp - t τ (8) 
where given by:

N 0 = 1/v γ
391 β * = 4πr 2 p a 4 X γ Nb D Nb X γ Nb (9) τ = 2 πβ * Z 2 (10) 
Z = v γ at 3πr 2 p Γq(q + 2) 2k B T (11) 
a is the γ lattice parameter, D Nb is the diffusion coefficient of Nb in the matrix, X γ Nb = 0.25 is the Nb atomic fraction in the precipitate.

394

The growth equation for disc shaped particles has been adapted from the plate-shaped Zener-Hillert expression [START_REF] Hillert | The role of interfacial energy during solid-state phase 1050 transformations[END_REF]:

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 
)
where α is the ratio of the matrix over the precipitate mean atomic volume α = v γ at /v γ at and X γe Nb (r p ) is the precipitates with the method available in [START_REF] Perez | Gibbs-thomson effects in phase transformations[END_REF]:

408 X γe Ni 3 (r p )X γe Nb (r p ) = K S exp r p 0 r p (13) 
where r p 0 is the capillarity radius. It can be expressed 409 as follows:

410 r p 0 = 4v γ at Γ k B T 2(q + 2) 3 ( 14 
)
At the end of each time step, after nucleation and 411 growth calculations, remaining Nb in the matrix can be 412 calculated via a mass balance:

413 X γ Nb = X 0 Nb -X γ Nb α f v 1 -α f v (15) 
X 0 Nb is the total atomic fraction content of element Nb and f v is the volume fraction of γ precipitates. The 415 volume fraction f v is calculated from the precipitate dis-416 tribution given by the numerical model (r p i and N i ):

417 f v = 2π i r p 3 i N i q i (16)
where q i is the aspect ratio for the precipitate class i (of 418 radius r p i ).

419

Implementation of nucleation and growth equations 420 (eqs. 8 and 12) has been done using PreciSo software as 421 described in [START_REF] Perez | Implementa-951 tion of classical nucleation and growth theories for precipitation[END_REF][START_REF] Perez | Corrigendum 954 to "implementation of classical nucleation and growth theories 955 for precipitation[END_REF]. implemented in the model:

466 q = 2 × 10 7 m -1 × 2r p + 2 (18) 
In this approach, the precipitate aspect ratio q is up-467 dated according to eq. 18 after each time step.

Various literature studies have proposed measurements of niobium concentration in Inconel 718 matrix at equilibrium [START_REF] Devaux | Gamma double prime pre-883 cipitation kinetic in alloy 718[END_REF][START_REF] Drexler | Exper-978 imental and numerical investigations of the γ" and γ' precipita-979 tion kinetics in Alloy 718[END_REF][START_REF] Fayman | Microstructural characterization and elemental partitioning in a direct-aged superalloy (DA 718)[END_REF][START_REF] Burke | Precipitation in Alloy 718: A combined AEM and APFIM Investigation[END_REF] with a rather large discrepancy. Fisk et al. [START_REF] Fisk | Simulation 962 of microstructural evolution during repair welding of an in718 963 plate[END_REF] have proposed a temperature dependant relation for the equilibrium concentration of niobium in their precipitation model. The solubility product of the γ phase is therefore classically described as the following equation, consistent with the literature data and the temperature dependency proposed by Fisk et al. [START_REF] Fisk | Simulation 962 of microstructural evolution during repair welding of an in718 963 plate[END_REF]. 

log 10 (K s) = - A T + B (19) 
∆σ Nb S S = A Nb X γ Nb ( 21 
)
where X γ Nb is the Nb atomic concentration (in at%) and A Nb =1.17 × 10 9 Pa•at% -0.5 is a constant.

Constant contribution σ 0

To determine the yield strength of the base material, the annealed sample yield strength (treatment AR+ST, see 2) is used. In this precipitate free sample, σ y = σ 0 + ∆σ Nb S S =352 MPa. From the Nb content of the alloy and using eq. 21, the constant contribution σ 0 is estimated at 137 MPa.

Precipitation hardening ∆σ p

The precipitate hardening can be written as follows [START_REF] Kocks | Thermodynamics and kinetics of slip[END_REF][START_REF] Deschamps | Influence of predeformation and ageing of an al-zn-mg alloy-ii. modeling of precipitation kinetics and yield stress[END_REF]:

∆σ p = M F b L = M b L i N i (r pi )F i (r pi ) i N i (r pi ) ( 22 
)
where F is the mean obstacle strength and L is the mean particle spacing. To take into account the whole γ radius distribution, the summation of each precipitate class i contribution is performed using N i (r pi ), the number density of precipitates of radius r pi and F(r pi ) the force acting on precipitates of radius r pi .

Depending on their radius, precipitates can be either sheared (small precipitates) or bypassed (large ones). 576

F bp i (r pi ) = 2βGb 2 ( 23 
)
where β is a constant parameter usually assumed to be 577 equal to 0.5 ([67, 69]). However, according to Brown et 578 al. [START_REF] Brown | The work-hardening of coppersilica[END_REF], β = 0.25 is a more realistic value, which will 579 be used here.

580

The mean particle spacing is a key parameter. It 587

L bp = L p - D p 2 - √ 3 2 T p (24) 
where D p and T p are the mean bypassed precipitate di- 

T 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) 
where r pi , N i and q i are the radius, the number and 593 aspect ratio of precipitate class i, and i c is the critical 594 precipitate class at which the dislocation changes from 595 shear to bypass mechanism.

596

The average intersect diameter of a plate of diame-597 ter D p intersecting a given plane is πD p /4. The mean 598 diameter D p is then given by: 599

D 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 cen- 604

N a = √ 3 2L 2 p (27)
Then, N a can be estimated considering the number of 605 particles intersecting a plane of unit surface. The cen-606 tre of these particles is located within a parallelepiped 607 of thickness D p sin θ (see Fig. 11). The number of pre-608 cipitates per unit area is then related to the number of 609 precipitates per unit volume N v via: [START_REF] Perez | Implementa-951 tion of classical nucleation and growth theories for precipitation[END_REF] with N v the number of precipitates per unit volume.

610 N a = N v D p sin θ = N v D p 2 3 = 8 3 i>i c N i r pi

611

The distance L p can then be expressed as:

612 L p = 3 4 √ 2 i>i c N i r pi (29) 
Finally, using eqs. 24, 25, 26 and 29, L bp can be ex-

613

pressed with the precipitation model outputs:

614 L 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,

615

Friedel's approach [START_REF] Friedel | Dislocations[END_REF] is modified to account for 616 non-spherical precipitates. The intersection surface 617 between precipitates and the slip plane is assumed to 618 be a rectangle of surface D p T p (see Fig. 10). A disc of 619 radius r eq p and equivalent surface is considered, leading 620 to:

621 r eq p = D p T p π = 3 2 1 4 r p √ q (31) 
The force acting on the sheared precipitates of mean 622 intercept radius r is given by: 623

F sh i = kGbr (32) 
The constant term k that drives the shear force is monly used in the literature [START_REF] Fisk | Pre-943 cipitate evolution in the early stages of ageing in Inconel 718 944 investigated using small-angle x-ray scattering[END_REF][START_REF] Fisk | Simulation 962 of microstructural evolution during repair welding of an in718 963 plate[END_REF]. It is also consistent 630 with the TEM observation (Fig. 3). This would lead to the average force acting on the dislocation is then:

642 F 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 643 obstacles that interact with the dislocation line depends 644 on the radius of curvature of the dislocation, which de-645 pends itself on the applied stress. The argument of

646

Friedel [START_REF] Friedel | Dislocations[END_REF] is that, on average the area A swept by the 647 dislocation after breaking free of an obstacle contains 648 exactly one obstacle, so AN a = 1. The area A can be es-

The average force acting on the dislocation is then:

653 L sh = 4Γ l √ 3 F sh -0.5 L p = F sh -0.5 Γ l √ 3 √ 2         i<i c N i r pi         -0.5 (34) 
with Γ l the line tension Γ l = βGb 2 .

654

Summary. For bypassed precipitates:

655 ∆σ bp p = 2MβGb         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         -1 (35) 
For sheared precipitates:

656 ∆σ sh p = M (kG) 3 2 3 2 1 8 b Γ l         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 657 are added according to a quadratic summation law as 658 in refs. [START_REF] Deschamps | Influence of predeformation and ageing of an al-zn-mg alloy-ii. modeling of precipitation kinetics and yield stress[END_REF] and [START_REF] Kocks | Thermodynamics and kinetics of slip[END_REF], although other authors (see e.g.

659 [START_REF] Fisk | Simulation 962 of microstructural evolution during repair welding of an in718 963 plate[END_REF]) use a linear summation. The result is then put into 660 eq. ( 20) to obtain the overall yield strength.

661

The input parameters for the yield strength model are 662 summarized in Table 5. shear strength for four dislocations was found smaller than for the crossing of one single dislocation. In this study a "classical" single dislocation model was considered with an antiphase boundary energy of the γ phase equal to the value measured by [START_REF] Oblak | An estimate of the 1126 strengthening arising from coherent, tetragonally-distorted par-1127 ticles[END_REF] and used by [START_REF] Sundararaman | Deformation behaviour of γ" strengthened inconel 718[END_REF] and [START_REF] Sundararaman | Estima-1129 tion of order strengthening in inconel 718 type alloys containing 1130 all [gamma][double prime] precipitate variants[END_REF]. More sophisticated approaches have been recently proposed by Ahmadi et al. [START_REF] Ahmadi | Modeling of precipitation strengthening in Inconel 718 includ-984 ing non-spherical γ" precipitates[END_REF][START_REF] Ahmadi | Precipitate strengthening of non-1000 spherical precipitates extended in 100 or {100} direction in 1001 fcc crystals[END_REF][START_REF] Ahmadi | Yield strength 1005 prediction in ni-base alloy 718plus based on thermo-kinetic 1006 precipitation simulation[END_REF][START_REF] Ahmadi | A model for precipitation strengthening 1010 in multi-particle systems[END_REF]. However, they lead to similar results, justifying thus the use of our simpler approach.

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

From this TTT diagram, we can see a much faster precipitation compared to previous TTT diagrams (see figure 1). However, considering the yield strength val- shown in refs [START_REF] Perez | Corrigendum 954 to "implementation of classical nucleation and growth theories 955 for precipitation[END_REF][START_REF] Perez | Corrigendum 954 to "implementation of classical nucleation and growth theories 955 for precipitation[END_REF][START_REF] Deschamps | Mesoscopic modelling of pre-958 cipitation: A tool for extracting physical parameters of phase 959 transformations in metallic alloys[END_REF]. In this section, the coupled 
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  treatment but fails to accurately describe non-isothermal 93 precipitate size distribution[START_REF] Perez | Implementa-951 tion of classical nucleation and growth theories for precipitation[END_REF][START_REF] Perez | Corrigendum 954 to "implementation of classical nucleation and growth theories 955 for precipitation[END_REF][START_REF] Deschamps | Mesoscopic modelling of pre-958 cipitation: A tool for extracting physical parameters of phase 959 transformations in metallic alloys[END_REF]. More recently, 94 Fisk et al. [31] completed their study and proposed a 95 precipitation model adapted for non-isothermal treat-96 ments (i.e. welding), notably improving their model 97 from a mean radius approach to an eulerian type full 98 distribution description. Their results present a fair cor-99 relation with experimental results of the hardness in a 100 welded joint. Furthermore, their precipitation model is 101 only calibrated on mean radius literature data at a single 102 temperature. A pure growth regime is observed up to 103 10 4 s which seems contradictory with experimental ob-104 servations. 105 Moore al. [32, 33] recently proposed a model 106 based on the Kampmann and Wagner numerical model 107 (KWN) [34] for the precipitation of γ in nickel alloy 108 625 and 718. Their model allows to predict the shape 109 factor of the precipitates and showed good results for 110 the distribution of precipitates over several hours. 111 Matcalc simulations on alloy 718 were also proposed 112 by Drexler al. [35] for the combined precipitation of γ 113 and γ . Yield stress prediction were proposed based on 114 the hardening model developed by Ahmadi et al [36]. 115 They proposed a simulated Time Temperature Precipi-116 tate diagram (represented in Fig. 1) which is in agree-117 ment with the measured onset of strengthening over a 118 wide range of temperatures. However, they surprisingly 119 show simultaneous precipitation of γ and γ over all 120 studied temperatures. 121 Phase field simulations of the precipitation kinetics in 122 2 alloy 718 have also been performed by Zhou et al [37].

  netics and the consecutive hardening mechanisms have been proposed for the γ hardened alloys. However, most of these studies focus on long heat treatments, representative of the typical aging treatments and service life of the alloy for the most common aeronautical applications. Furthermore, the kinetics that would be observed during short term thermal transient, representative of manufacturing processes, such as additive manufacturing or welding have been far less studied.In this paper, a multi-class precipitation KWN-type model is proposed. Nucleation and growth equations are adapted to disc shaped precipitates. The precipitation model is implemented in a "Lagrangian-like" model class management software (PreciSo)[START_REF] Perez | Implementa-951 tion of classical nucleation and growth theories for precipitation[END_REF][START_REF] Perez | Corrigendum 954 to "implementation of classical nucleation and growth theories 955 for precipitation[END_REF][START_REF] Bardel | Coupled precipitation and yield strength modelling for non-1015 isothermal treatments of a 6061 aluminium alloy[END_REF], which provides a distribution density of precipitates for non-isothermal heat treatments. This model is then coupled with a yield strength model, based on the work of Bardel et al.[START_REF] Bardel | Coupled precipitation and yield strength modelling for non-1015 isothermal treatments of a 6061 aluminium alloy[END_REF], taking into account the whole precipitate distribution, the particular shape of the γ phase, their spatial distribution and the competition of two mechanisms of interactions with dislocations: bypassing and shearing. In order to describe precipitation durations more representative of manufacturing processes, experimental results are collected for times ranging from a few minutes to a few hours.
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 22 Le schéma d'un cliché de diffraction classique obtenu, ainsi qu'un exemple obtenu lors de cette étude, sont présentés sur la Figure 1.27. De cette manière, les trois variants de la phase 𝛾 ′′ peuvent être observés indépendamment en faisant une image en champ sombre à partir des taches 110 (variant 1 : une ellipse avec un rapport 𝑔𝑟𝑎𝑛𝑑 𝑎𝑥𝑒 𝑝𝑒𝑡𝑖𝑡 𝑎𝑥𝑒 ≈ 1 correspondant au-dessus des « disques » de 𝛾'' devrait être observé, cependant les précipités 𝛾 ′′ ne sont pas des disques parfaits mais plutôt des ellipsoïdes), 1 1 (variant 2 : le disque sera vue de côté, une ellipse avec un rapport 𝑔𝑟𝑎𝑛𝑑 𝑎𝑥𝑒 𝑝𝑒𝑡𝑖𝑡 𝑎𝑥𝑒 > 1 sera donc observé) et la tache 1 (variant 3 ayant sensiblement la même forme que le variant 2).

Figure 1 . 27 -Figure 2 :

 1272 Figure 1.27 -(gauche) Schéma d'un cliché de diffraction pour un échantillon orienté en [𝟎𝟎𝟏] 𝜸 . (droite) Cliché de diffraction expérimental (après un traitement thermique de 760°C/2h)

  characterizations were conducted on a JEOL 2010F microscope operating at 200 kV at the Consortium Lyonnais de Microscopie (CLYM) located at the University of Lyon (France). Samples were extracted from the heat treated samples, manually polished to reach a thickness of 0.15 mm, and punched to extract usual TEM discs with a 3 mm diameter. Discs were then electro-polished in a Struers Tenupol using A2 Struers electrolyte at -15 °C, and 24.5 V.
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 32 Figure 3: Dark field image using the {1 1/2 0} superlattice reflection (see Fig.2)
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  from the total integrated neutron intensity after back-281 ground subtraction and normalization by the sample 282 transmission and thickness and by the solid angle. dΣ dΩ (q)
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Figure 4 :

 4 Figure 4: Disc-shaped γ precipitates

Figure 5 :

 5 Figure 5: SANS experimental results vs fitted data for various heat treatments (circles) along with the corresponding fitted intensities (solid lines).

367

  that the assumption of thin-disk shaped particles instead 368 of oblate ellipsoids does not significantly affect the ex-369 ternal surface of the precipitates, as well as their volume 370 (approximation within a few percents of error). The 371 driving force ∆g is calculated from the solubility prod-372 uct K S of Ni 3 Nb:

  374 perature, V γ at is the atomic volume of γ , X γ Ni and X γ Nb 375 are the matrix atomic fraction of Ni and Nb, respec-376

  X γeNi and X γe Nb are the equilibrium atomic fraction of Ni 378 and Nb in the matrix. Parameters A and B are constants 379 and determined experimentally.

  380

396equilibrium

  Nb atomic fraction in γ at the precipitate/-397 matrix interface for a given radius r p . 398 In the original Zener-Hillert equation, a multiplica-399 tive term of 1r * p /r p is present to account for capil-400 larity effects. This term is removed here because the 401 Gibbs-Thomson effect is explicitly accounted for (see 402 next paragraph). 403 To determine the equilibrium solute fractions, the in-404 fluence of interfaces on equilibrium has to be taken 405 into account: i.e. Gibbs-Thomson effect. The Gibbs-406 Thomson formalism has been adapted for disc-shaped 407
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 32 Calibration of the precipitation model 423 γ matrix parameters. Sundararaman et al. [55] have 424 measured the γ lattice parameter in Inconel 718 with the 425 XRD method. They obtained a = 3.616 × 10 -10 m. The 426 matrix mean atomic volume v γ at can then be determined 427 as: v γ at = a 3 /4 = 1.182 × 10 -29 m 3 . 428 Niobium diffusion parameters. The evolution of nio-429 bium diffusion coefficient is classically described by an 430 Pavil et al. [56] or Karunaratne et al. [57] have pro-432 posed diffusion coefficients of niobium in pure nickel 433 which are not necessarily valid for highly alloyed mate-434 rials such as Inconel 718 [58]. Following the example of 435 Devaux et al. [9] and Low et al. [59] the pre-exponential 436 factor D 0 Nb has been fixed to 8.8 × 10 -5 m 2 •s -1

Figure 7 :

 7 Figure 7: Mean radius as a function of time for different treatment temperatures. Simulation versus experimental data (shaded colors represent simulation results at ± 10 °C).
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 38 Figure 8: Simulated volume fraction and number of precipitates versus of time and treatment temperature.
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 49 Figure 9: Precipitate radius distribution: simulation vs experimental data from TEM.
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 10 Figure 10: Disposition of plate precipitates in the slip plane

581

  strongly depends on the precipitate density, orientation 582 and shape. For precipitate plates oriented in the {100} γ 583 and {111} γ slip planes, Nie et al. [71] proposed a rela-584 tion between the distance between particle centres L p 585 and the space left for the dislocation to bypass precipi-586 tates L bp (see Fig. 10):

588Figure 11 :

 11 Figure 11: Intersection of the slip plane with plates of diameter D p in the parallelepiped of thickness H

Fig. 10 √ 3 ,

 103 Fig. 10 shows that 3/2 precipitates are lying in the equi-603
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  commonly derived from the critical radius r c , assuming 625 that for a precipitate of equivalent radius r c , shearing 626 and bypassing forces acting on the precipitate are equal. 627 Chaturvedi et al. determined this transition radius as 628 r c =12 nm through creep tests [6] and this value is com-629

631a

  value of k close to 0.015. The constant term k could 632 also been determined from refs. [4]. In this study, the 633 antiphase boundary energy Γ γ = kGb/2 = 296 mJ/m 2 634 was measured, leading to k = 0.029. By adjustment 635 with the yield stress experimental results and consis-636 tently with the literature, the value of k was finally cho-637 sen equal to 0.02. 638 Accounting for the averaged sheared surface of 639 plates, for the orientation of the shear plane and assum-640 ing that the force only depends on the sheared surface, 641
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 42 Yield strength estimation results and discussion 664 The comparison between experimental and simulated 665 yield strength is shown in Fig. 12 for precipitation treat-666 ments performed at 660, 720 and 760 °C. The point at 667 0 s holding time corresponds to the AR+ST treatment 668 (solid solution). 669 The experimental yield strength was determined from 670 tensile tests and error bars corresponds to twice the stan-671 dard deviation. The predicted values of tensile strength 672 are in very good agreement with the experimental data 673 for 720 °C and 760 °C.

Figure 12 :Figure 13 :

 1213 Figure 12: Yield strength in function of holding time: simulation versus experimental data

  ues represented at every point of this diagram, it can 730 be observed that the maximal yield strength is reached 731 much later than the precipitation equilibrium volume 732 fraction, apart from temperatures near 780 °C, for which 733 the δ phase is expected to replace γ". For most temper-734 atures, the yield strength reaches its maximal value for 735 isothermal treatments between 3 h and 3000 h. The ap-736 parent contradiction with previous literature data on pre-737 cipitation kinetics can now be explained. The numerous 738 small precipitates appearing quickly are very weak ob-739 stacles to the dislocations displacement, which explains 740 the weak hardening despite the important precipitation.

741Industrial hardening treatments typically involve a 8 752 5 .Figure 14 :

 8514 Figure 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) instantaneous cooling (dashed line).

763

  microstructural and yield strength predictions are tested 764 on non-isothermal treatments, which are representative At the initial state of peak hardness, the precipitate 780 volume fraction is maximum and equal to 11% with 781 a mean radius close to 14 nm. For heat treatments up 782 to 800 °C this state remains unchanged as the time and 783 temperature are too low to induce any change. Above 784 this temperature, volume fraction and precipitate radius 785 drop as the precipitates start to dissolve. From a max-786 imum temperature of roughly 1000 °C all precipitates 787 have been dissolved at T Max . After water quench, no 788 precipitate remains. After cooling at 20 °C•s -1 , nucle-789 ation of small precipitates occurs during cooling, lead-790 ing to a volume fraction of 2%. 791 Concerning mechanical properties, the initial state 792 represents the hardening peak, essentially due to pre-793 cipitate strengthening by bypass mechanism. As for the 794 microstructure, nothing occurs until a maximal temper-795 ature of 800 °C. Then, a drop of mechanical properties, as precipitates shrink. Above a reached temperature 800 of 1000 °C only the solid solution hardening remains 801 as precipitates are fully dissolved. When the heating 802 is followed by a slow cooling, the material remains at 803 high temperature for a longer time and therefore precip-804 itates continue to shrink for a while, leading to a lower 805 precipitate contribution to the overall yield limit. This 806 phenomenon is in competition with the nucleation that 807 occurs during cooling at lower temperatures. However 808 the effect of this secondary precipitation is quite limited 809 (around 100 MPa). 810 From the non affected zone to the most affected 811 zone (for T Max temperatures larger than 1000 °C), the 812 yield stress drops from 1300 MPa to approx. 450 MPa 813 (200 MPa for the solid solution ∆σ Nb S S and 150 MPa for 814 the small secondary sheared precipitates contributions 815 respectively).

816 6 .Figure 15 :

 615 Figure 15: Microstructural and yield strength prediction for non-isothermal treatments

Table 1 :

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

	The KWN precipitation
	model and the mechanical model remain yet physically
	based and the model parameters can be linked, although
	not straightforwardly, to physical properties of the mate-

rials. Finally those models have proven their robustness and versatility to model various precipitation and hardening phenomena (e.g. fast non-isothermal treatments).

Table 2 :

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

	41

  4 at 760 °C. Tensile tests were carried out on a Schenck Hydraulic 250 kN system with a constant strain rate of 10 -4 s -1 . During the tensile test, the strain-rate were

	controlled by an extensometer HZT071 for which the
	gauge length is 10 mm. The true strain is calculated
	by using the displacement measured by the extensome-
	ter. The experimental yield strengths at 0.2% strain (σ y )
	are represented further in section 4 and compared with
	modelling outputs.
	3. Precipitates modeling
	3.1. KWN model with disc shaped precipitates
	Classical Nucleation and Growth Theories (CNGTs)

have been widely used to model the evolution of precipitate size distribution. A numerical model, originally proposed by Wagner and Kampan

[START_REF] Wagner | Physical metallurgy of al-1037 loy 718[END_REF] 

is generally implemented for spherical precipitates

[START_REF] Perez | Gibbs-thomson effects in phase transformations[END_REF][START_REF] Myhr | Modelling of the 1043 age hardening behaviour of al-mg-si alloys[END_REF][START_REF] Myhr | Mod-1046 elling of the microstructure and strength evolution in al-mg-si 1047 alloys during multistage thermal processing[END_REF]

. In the case of γ phase in 718 alloy, this hypothesis is hardly acceptable as those precipitates exhibit platelet shapes with shape factor as large as 5-8 (see Fig.

6

). It is therefore necessary to adapt the CNGT's equations to accurately model the precipitation of plate-shaped particles.

The KWN model describes the evolution of the precipitate size distribution, discretized in a set of precipitates classes: at each time step, for each precipitate class i, the precipitate radius r p i and the number N i are calculated.

  at is the nucleation site density, V γ at is

388 the matrix atomic volume. The condensation rate β * , 389 the incubation time τ and the Zeldovitch factor Z are 390

Table 5 :

 5 Yield strength model input parameters

	675	Figure 12 shows all contributions of hardening
	676	(eq. (20)). The contribution of niobium solute atoms
	677	decreases from 215 MPa to 120 MPa for 720 °C and to
	678	146 MPa for 760 °C as precipitation occurs (see Fig. 8).
	679	The precipitate hardening contributions ∆σ bp p and
	680	∆σ sh p depend on precipitate size distributions. The by-
	681	passed precipitates contribution remains zero until the
	682	largest precipitate class reaches the critical radius r c .
	683	At this moment ∆σ sh p reaches its maximum value and
	684	decreases until most precipitate size classes exceed r c ,
	685	leading to a negligible contribution of sheared precip-
	686	itates ∆σ sh p . The maximum total yield strength oc-
	687	curs when the mean radius reaches r c , as usually ob-
	688	served for structural hardening alloy with sheared and
	689	bypassed precipitates.
	690	This coupled approach between a multi-class precip-
	691	itation model and a hardening model provides a re-
	692	markable agreement in the final yield strength predic-
	693	tion. Note that the precipitation model output (precip-
	694	itate size distribution) has been checked and validated
	695	independently by TEM and SANS observations.
	696	The whole precipitate size distribution contributes
	697	to the structural hardening because the average dis-
	698	tance between precipitates directly depends on precip-
	699	itates number density, which itself is not satisfactory
	700	described by a mean radius precipitation model (see
	701	[28, 29]).
	702	The yield strength model presented in this section is
	703	a simplification of the true physical phenomenon acting
	704	in the alloy 718. Indeed, Oblak et al. [4, 77] observed
	705	that shearing of γ precipitates was possible only con-
	706	sidering doublets or quadruplets of dislocations. They
	707	proposed a model, based on the mechanical equilibrium
	708	of two (or four) interacting dislocations shearing γ pre-
	709	cipitates. Unfortunately, this model leads to a lower
	710	hardening with a quadruplet than with one single dis-
		location, which is not satisfactory to explain the very
	713	
	13	

711

good resistance of γ precipitates. Later, Sundarara-712 man et al.

[START_REF] Sundararaman | Estima-1129 tion of order strengthening in inconel 718 type alloys containing 1130 all [gamma][double prime] precipitate variants[END_REF] 

completed this model but again the

timated from geometrical considerations (see ref. [START_REF] Esmaeili | A yield strength model for the al-mg-si-cu alloy aa6111[END_REF] 650 for calculation detail). The former consideration leads 651 to an estimation of the spacing of precipitates centres. of welding or additive manufacturing processes at vari-766 ous points of the heat affected zone.