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Modeling the precipitation processes and the formation of hierarchical microstructures in a single crystal high entropy superalloys

Although superior high temperature tensile yield strength of high entropy superalloys (HESAs) arises from their hierarchical microstructure, the precipitation processes driving its formation remains unclear. In the present study, we analyze the kinetics of '-and-precipitations by treating the concurrent nucleation, growth and coarsening using common computational thermodynamic and kinetic tools to simulate the microstructure genesis and evolution in HESA during thermal treatments.

The ability of the simulations to reproduce the experimentally observed microstructure parameters is evaluated. Temperature-time-transformation (TTT) diagrams are calculated to serve as guidelines for further optimization of the hierarchical microstructure of HESAs.

Ni-based superalloys have been the best answer so far to the demand for high-temperature structural materials in modern gas turbine engines used in the aerospace and energy industries. This demand-driven material requirement mainly raised from the economic advantages of increased efficiency at higher operative temperature. Nowadays, ecologic imperative on cutting down in CO 2 emissions of the aircraft sector and gas-fired power plants represents a further strong incentive for the research and development of new alloys with even better high-temperature capability than Nibased superalloys (i.e. enhanced resistances to high-temperature creep and high-temperature oxidation).

Excellent high-temperature mechanical properties of Ni-based superalloys result from their -′ microstructure, i.e. Ni 3 Al-based precipitates (′) with an L1 2 -ordered structure coherently embedded in a disordered  matrix phase with a face-centered cubic (FCC-A1) structure [START_REF] Reed | The Superalloys Fundamentals and Applications[END_REF]. Because of its great success in Ni-superalloys, the -′ (A1+L1 2 ) microstructure is regarded as a template for the development of two new classes of high-temperature alloys whose underlying concepts have been discussed in recent papers, i.e. high entropy superalloys (HESAs) [START_REF] Tsao | [END_REF][3][4] and refractory superalloys (RSAs) [5,6]. In brief, by shifting from the center of hyper-dimensional composition space, HESAs fill the compositional gap between equimolar high entropy alloys (HEAs) and Ni-based superalloys, and RSAs are BCC(A2)-based refractory complex concentrated alloys (RCCAs) with B2-ordered phase.

While the transformation pathways responsible for forming the A2+B2 microstructure are unknown and that available thermodynamic databases do not include or fail to correctly describe the B2 phase in refractory systems, the development of HESAs could benefit from well-established Ni-based thermodynamic and kinetics CALPHAD databases.

The general intention of this article is to assess the agreement between observations of the -′ microstructure in HESA with CALPHAD calculations of the precipitation process using common computational thermodynamic and available databases. For that, we will rely on the detailed information on the precipitation kinetics in one HESA recently published by Chen et al. [7]. Our interest in this HESA is spotted by the formation of a hierarchical microstructure comprising secondary  spherical particles formed inside primary ′ cuboid precipitates and its elevated temperature tensile yield strength which overcomes that of advanced superalloys such as the CMSX-4 benchmark. Hierarchical microstructures are not specific to HESA, they were also observed in several aged Ni-based superalloys such as IN-738 [8], Mar-M200, IN-100 [9], and CMSX-4 [10], as well as in model ' precipitation hardened ternary alloy such as Ni-Al-Ti [11,12], Ni-Si-Fe [13,14], Ni-Al-Fe [13], and Ni-Al-Si [15]. Their formation was first explained by H. F. Merrick [8] and Oblak [9] as the precipitation of  within ' particles during aging. In the following, we present the results of the investigation on the precipitation kinetics and the predicted temperature-time-transformation (TTT) diagram for the phase separation of the  matrix and of ' coherent precipitates causing the hierarchical /' two-phase microstructure in HESA.

In this work, the nucleation, growth and coarsening of precipitates during cooling and thermal treatments in HESA was treated using the Thermo-Calc Precipitation Module (TC-PRISMA) integrated into a programming workflow with TC-Python, the thermodynamic database TCNI9 and the kinetic database MOBNI5 from Thermo-Calc [16]. TCNI9 includes the assessed thermodynamic descriptions for all the ternary systems with Ni comprised in the present Ni-rich HESA. TC-PRISMA model is built on Langer-Schwartz theory [17] and the Kampmann-Wagner numerical approach [18]. The effects of interfaces on equilibrium solubilities of small particles are accounted for using the Gibbs-Thomson equation. The simulations of diffusion-controlled precipitation kinetics and temperature-timetransformation (TTT) diagrams for  and ' in HESA were performed through the TC-Python Software Development Kit (SDK) allowing to couple TC-PRISMA with other numerical packages for data visualization.

The nominal composition of the HESA is listed in Table 1 [7]. Single crystal HESA samples were fabricated along [001] orientation by Bridgman method from Superalloys and High Temperature Materials Group in National Institute for Materials Science (NIMS), Japan. The as-cast samples were homogenized and solutioned at 1500 K for 20 h followed by air cooling to room temperature. After solution treatment, aging window (temperature and time space) for the formation of  particles inside the primary ' precipitates were examined at 723, 923, 1023, 1123 or 1223 K for 20 hours, or at 1023 K for 10, 20, 50, 100 or 200 hours followed by water quench. The presence of nano-sized  particles were characterized by Scanning Electron Microscope (SEM: JEOL 7200F) with the samples prepared by grinding and electro-etching in 20% H 3 PO 4 + 80% H 2 O solution at 2.5 Volts. Based on the SEM images, the average radius and number densities of  particles were determined by Nano-Measurer software. Additional structural information was revealed by Transmission Electron Microscope (TEM: JEOL JEM-F200, 200 kV) with the thin foils prepared by twinjet polishing in the solution containing 10% HClO 4 + 90% C 2 H 5 OH under 30 Volts / -30 o C. -b show the SEM image, the dark field TEM image and the corresponding electron diffraction pattern of single crystal HESA with the composition shown in Table 1, after homogenization and solutioning at 1500 K for 20 h followed by air cooling to room temperature according to the temperature profile shown in Figure 2a. The microstructure consists of ' precipitates, with a volume fraction of 0.68, embedded in the  matrix. Superlattice diffraction pattern observed on the [001] zone axis indicates that these precipitates possess a L1 2 structure. The ' precipitates exhibit two different morphologies, i.e. large primary cuboids and small secondary spherical particles. The size of cuboid precipitates was taken as the radius of a circle with equivalent area. The estimate from image analysis gives 72 nm of equivalent radius for the primary ' and 0.5 nm for the secondary '. The chemical composition of the primary and secondary ' precipitates formed after air cooling was investigated by atom probe tomography and listed in Table 1.

Figures 1a

Table 2 summarizes the subsequent isothermal aging treatments performed on the air cooled HESA.

Aging at 1023 K for 20 h followed by water quenching causes the precipitation of nano-sized  particles with spherical shape inside the ' cuboidal primary precipitates, resulting in the formation of the hierarchical microstructure (Figs. 1c-g). No  particle is visible inside ' for aging performed at 723, 923, 1123 or 1223 K. The precipitation of  inside ' is already visible after 10 h at 1023 K, while the  particles increase in size and decrease in number density during prolonged aging, to finally disappear after 200 h. To compare observations and simulations, we converted the apparent particle radius, , and number of particles per unit area, , from 2D sections into 3D spheres of radius [19], and number density per unit volume, [20] (Table 3).

Transformation upon continuous cooling -The regularity of the microstructure shown in Figure 1a illustrates the morphological adaptation of the ' precipitates inside the  matrix resulting from the interplay between coherency stresses (stress fields arising from coherency strains due to the lattice misfit between  and ') and interfacial energy. To capture the genesis and evolution of this Figure 2b shows the calculated particle size distribution and the cubic factor [24] of the '

precipitates formed during continuous cooling from the solvus temperature according to the temperature profile in Figure 2a. Upon cooling, while the primary ' precipitates are growing, they undergo successive changes in shape from a spherical shape, when interfacial energy is predominant, to a cuboid morphology, when coherency energy dominates. The calculated radius of the primary and secondary precipitates is in good agreement with the measurements (Fig. 2b), and the simulation captures well the bimodal distribution of the precipitate's sizes according to two different morphologies.

Further insights into the precipitation process are provided by the calculated TTT diagram in Figure 3.

In addition to the temperature-time combinations calculated for a volume fraction of 1% of ' (' start curve), the predicted temporal evolution of the radius, volume fraction, and morphology of '

precipitates are represented in the temperature-time space for both isothermal (aging) and nonisothermal (continuous cooling from the solvus temperature) treatments. According to calculations, the precipitation kinetic of ' occurs very rapidly in HESA, at a slightly shorter timescale compared to most of the Ni-based superalloys. For example, the air cooling process of the CM247LC Ni-based superalloy results in ' radius around 50 nm [START_REF] Chiou | Mater. Sci. Forum[END_REF] while it is 72 nm in HESA after air cooling (note that in [7] the reported value of 143 nm represents the diameter of primary ' while in the present paper we refer to the radius). The radius of ' in the FGH98 Ni-based superalloys is about 40 nm after cooling from the solvus temperature at a rate of 10.8 K/s [START_REF] Huang | [END_REF], while in HESA the radius of ' is twice larger (72 nm) for a cooling twice faster (about 20 K/s between the solvus temperature and 1000 K).

The higher precipitation kinetics in HESA can be attributed to faster chemical diffusion due to less refractory contents than in conventional Ni-based superalloys. As shown in Figure 3, even quenching 100 times faster than air cooling cannot avoid crossing the ' start curve; it takes only few seconds for ' to precipitate and grow in HESA. This is also observed for conventional Ni-based superalloys such as CM247LC, for which fast quenching process, such as forced argon cooling, cannot avoid nucleation of ' precipitates and result in a refinement of the precipitation structure (higher number density and smaller size of ' particles) [START_REF] Chiou | Mater. Sci. Forum[END_REF].

Hierarchical precipitation during aging -We find that ' precipitates formed during air cooling are supersaturated in Co, Cr and Fe (Table 1), therefore driving the formation of  particles inside ' during aging at 1023 K (Table 2, Figures 1c-g). Figure 4 shows the calculated TTT diagram for the precipitation of  from ' with composition measured by APT (Table 1), which was reported in previous work [7]. The  start and the 50% completion curves indicate that the precipitation of  inside ' occurs at lower temperatures and with lower rates than for ' from . The isothermal aging treatments applied to HESA after cooling (Table 2) are represented at the corresponding temperature-time coordinates. When the coordinate lies inside the  start curve, the experimental point is denoted by a circle whose radius is proportional to the calculated average radius of the  precipitates and the color indicates their number density, . In contrast, when the aging falls outside the  start curve (i.e. in the supersaturated ' region of the temperature-time space), it is shown as black diamond.

The assessment of the validity of the predictions presented in Figure 4 is done by comparing three features from the observations: (1) the occurrence or not of the phase separation (i.e. formation of the hierarchical microstructure), (2) the average size, and (3) the number density of the  particles inside ' precipitates as a function of the temperature and time of the thermal treatments. Firstly, the calculated TTT diagram (Figure 4) reveals that the 723K/20h and 1223K/20h temperature-time coordinates remain in the metastable supersaturated ' region which explains that phase separation is not experimentally observed. Even though ' could eventually serves as a matrix for  precipitates for both these temperatures, at 1223 K there is not enough driving force while at 723 K there is a lack of atomic mobility for the precipitation to occur. By contrast, thermal treatments performed at 1023 K are located inside the  start curve where the kinetics are at the highest, which is consistent with the observations. At 923K/20h and 1123K/20h, the results of the calculations give new insights about the absence of hierarchical structure for these temperature-time coordinates: at 923K/20h  precipitates are two small (less than 1 nm) for SEM resolution, and at 1123K/20h  precipitates are too few (about 1  particle every 100  precipitates) to be caught during observation. Secondly, there is an overall good agreement between measured and calculated values for the radius of the  particles formed inside ' precipitates after aging at 1023 K. The deviation between observed and calculated values of the radius is less than 20%. Thirdly, measured and predicted values of the number density of the  particles are of the same order of magnitude and follow the same decreasing trend with the duration of the thermal treatment, from about 10 23 after 10 h for both, to 10 20 m -3 and 10 22 m -3 after 200 h, respectively, for the experimental observation and the prediction. This assessment suggests that the present model based on TC-PRISMA, and operating the thermodynamic database TCNI9 and the kinetic database MOBNI5 from Thermo-Calc Software, captures reasonably well the processing pathway inducing the formation and evolution of the hierarchical microstructure, including the kinetics of ' precipitation from  matrix and  precipitation from ' precipitates acting as a matrix. To verify the predictive accuracy of the model, we have simulated unseen data used as a testing set. Figure 5 shows the model's performance for the radius and the volume fraction of '

precipitates formed during aging treatments at 800, 950, and 1050°C for 500 h. The main discrepancy related to the calculated ' volume fraction, which is underestimated by 20% at the highest temperature, suggests that the equilibrium tie-lines are not perfectly estimated from the TCNI9 thermodynamic database. Despite this, the overall fair agreement between experiments and predictions encourages confidence in the model. These results make it possible to consider further guidance of the design of future advanced high-temperature HESAs using computational tools. For example, according to Chen et al. [7] the maximum strengthening contribution arising from the hierarchical microstructure is obtained with  particles of 3.6 nm in radius associated to the equilibrium volume fraction of about 8%. According to the predictions, ' precipitates should undergo phase separation between 950-1000 K for 300 h to achieve these optimal values for peak strength.

This result suggests that tuning HESA composition to favor a higher proportion of  particles at the optimal size should be preferably explored as a better alternative to very long thermal aging for further improvement of the high-temperature yield strength.

Common computational thermodynamic and kinetic tools have been used to successfully rationalize the genesis and evolution of the hierarchical -' microstructure in a high entropy superalloy. The nucleation, growth, and coarsening of (i) ' precipitates from supersaturated  during continuous cooling, and (ii) the formation of  particles inside supersaturated ' cuboid precipitates acting as a supersaturated matrix during subsequent isothermal aging, were modeled separately, and the corresponding temperature-time-transformation (TTT) were simulated.

Several specific outcomes can be highlighted:

 The precipitation kinetics, the size, the morphology, the volume fraction and the number density of the  and ' precipitates formed under isothermal and non-isothermal treatments in HESA can be predicted with a good agreement with experimental observations, which validates the use of thermodynamic and kinetic databases initially developed for Ni-based alloys.

 The simulations for the ' precipitation in HESA show a shorter timescale in comparison to conventional Ni-based superalloys.

 The simulations for the  precipitation from ' show isothermal aging performed at 1023 K promotes the formation of the hierarchical microstructure with features close to the peak strength. Gaining better high temperature tensile yield strength in this HESA might be achieved by lowering the aging temperature but with an increase of the aging time.

 While the development of HESAs, and more generally of HEAs, still relies mainly on the study of phase equilibria, the present work suggests that available computational thermodynamic and kinetic tools can be considered for detailed analysis and predictions of the precipitation processes. This is important to better control and optimize the microstructures and the resulting mechanical properties throughout appropriated thermal treatments and composition tuning. for spherical shape to for cubic shape [24]. Red dashed lines show the uncertainty interval for the measured radius of the primary and secondary ' precipitate. Circles and rounded squares lying on dashed lines are calculated for non-isothermal treatments, i.e.

Tables

AC stands for air cooling and Q for quenching at a rate 100 times AC. 

  microstructure it is necessary to consider the elastic anisotropy of the  matrix, being known that the <100> directions are less rigid than the <110> and <111> directions. Values of elastic constants C 11 = 250 GPa, C 12 = 160 GPa and C 44 = 130 GPa were taken from Wen et al.[21] who investigated one Nibased superalloy with a composition close to that of the present HESA composition. Interfacial energy between ' and  was tuned by matching precipitate sizes measured by image analysis. The obtained value of 0.08 J/m 2 is similar with typical values found in Ni-based superalloys such as TMW-4M3 and NIMONIC exhibiting high volume fraction of' phase (above 50%)[22]. On the other hand, lower values of interfacial energy, about 0.02 J/m 2 , is generally observed in Ni-based superalloys with a low volume fraction of ' precipitates such as in the Alloy 617 (about 6.4%)[23]. This observation suggests a positive correlation between the '/ interfacial energy and the volume fraction of' precipitation in Ni-based superalloys.
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 3 Figure 3. TTT diagram for the precipitation of ' from the  matrix. The supersaturated  matrix
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 4 Figure 4. TTT diagram for the precipitation of  from ' primary precipitates. The supersaturated '
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 5 Figure 5. Observed vs predicted radius of ' precipitates from  after thermal treatments at 800, 950,

Table 1 .

 1 Chemical compositions of HESA and different phases analyzed by APT (at.%)[7] 

		Al	Ti	Nb	Ni	Co	Cr	Fe	Mo	W
	Nominal	10.2	5.8	1.2	48.3	16.9	7.4	8.9	0.9	0.4
	After air cooling from the solvus temperature					
	Primary '	13.1	8.3	1.3	56.6	13.2	2.3	4.5	0.5	0.2
	Secondary ' 14.5	8.6	0.7	60.6	12.1	0.8	1.7	0.8	0.2
	Calculated equilibrium composition of ' at 1023 K					
	Eq. '	14.1	8.5	1.5	60.2	12.4	0.7	2.4	0.2	<0.01

Table 2 .

 2 Observed precipitation of  inside ' after isothermal aging of air cooled HESA. N stands for no precipitation, Y stands for precipitation.

		Time				
	Temperature	10 h	20 h	50 h	100 h 200 h
	1223 K		N			
	1123 K		N			
	1023 K	Y	Y	Y	Y	Y
	923 K		N			
	723 K		N			

Table 3 .

 3 Quantities measured by SEM for  particles inside ' cuboid precipitates and their conversion into 3D equivalents. and are the apparent and 3D radius,

	and	are the