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Abstract
[bookmark: _heading=h.2et92p0]Inconel 718 fabricated using laser powder-bed fusion, contains precipitates in the as-built condition that can be coarsened by high-temperature heat treatments. In this study, two homogenization heat treatment regimens were applied to discern the impact of heat treatment conditions on the growth of complex M(C, N) carbonitrides. In the first heat treatment, the samples underwent heat treatment between 1050 ˚C and 1200 ˚C for 0.5 h. In the second heat treatment, the samples were held at a constant temperature of 1150 ˚C, with varied holding times from 0.5 h to 8 h.  Heat treatments dissolved the unstable laves phase, but the carbonitrides persisted in the structure regardless of temperature and duration. Changes in the compositions, lattice parameters, and sizes of M(C, N) carbonitrides were measured using transmission electron microscopy and high-energy synchrotron X-ray diffraction. The results show an Nb enrichment at carbonitrides while Nb loss at the matrix with increased homogenization temperature. The findings suggest the optimum heat treatment conditions to achieve a homogeneous structure and controlled carbonitride size are between 1000-1050 ˚C for up to 2 h.
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[bookmark: _heading=h.tyjcwt]
Introduction
Age-hardenable superalloys, known for their high-temperature strength and corrosion resistance, are used in a wide range of high-temperature applications where they experience extreme operating conditions including high temperatures, extreme mechanical stress, and corrosive environments [1–3]. The precipitation of hardening phases (γ′ Ni3(Al, Ti), γ′′-Ni3Nb) during aging heat treatments is essential to achieve the high-strength properties of Inconel 718 (IN718) by restricting dislocation motions [4,5]. IN718 is a Nb rich Ni-based superalloy and one of the widely studied alloy systems in additive manufacturing (AM) methods due to its high corrosion resistance and weldability properties which make it a prime candidate for high-temperature application in the aerospace and nuclear industries [1,6]. However, AM processing introduces segregations of  Nb, Ti, and Mo around interdendritic or intercellular regions and the formation of undesirable secondary phases such as Laves-C14 (Laves), Nb-rich M(C, N) carbides/carbonitrides which can negatively material properties and reduces the available Nb sources for the aging process [7–9]. The remedy for this is a homogenization heat treatment that can dissolve some secondary phases, reduce elemental segregation, and release the trapped Nb into the matrix [10,11]. 
When the size of the secondary phases, mainly carbides and carbonitrides, is controlled, they can improve the strength of the IN718 material by serving as pinning points to dislocations and grain growth, and by deflecting cracks during fracture [7,8,12]. However, as these phases coarsen, they can deplete alloying elements, such as Nb, from the matrix, and make the alloy more susceptible to corrosion [13]. In addition, these coarsened phases can also serve as crack initiation points due to their brittle nature [8,14]. The microstructures of the as-built IN718 parts, fabricated with AM methods such as laser powder bed fusion (L-PBF), often include submicron carbides and carbonitrides which can coarsen quickly after heat treatment and affect the part’s structural integrity [15,16].
Conventional heat treatments, including homogenization and solutionizing, are applied to eliminate such microstructural heterogeneities by dissolving detrimental phases (laves, δ) and facilitating the diffusion of segregated elements in the matrix phase [10,11,17,18]. Homogenization of wrought IN718 alloys is typically performed at (1093 ± 14) ˚C for roughly 1 h, while solutionizing is conducted at (954 ± 25 ˚C) which can lead to the formation of δ phase [10,11,17–22]. These heat treatments are usually followed by two-step aging,  performed at (718 ± 14) ˚C and (621 ± 8) ˚C for 8 h, respectively, to induce the nucleation and growth of strengthening phases (γ’, γ”) within the structure [16,19,21]. Although the high-temperature homogenization is designed to dissolve the majority of the detrimental phases such as Laves and δ, it is not sufficient to eliminate M (C, N) carbide/carbonitride phases (e.g., NbC, TiN) from the structure due to their high solvus temperatures (>1200 ˚C ) [4,6,10,11,23]. In addition, the elements diffusing away from segregation networks during heat treatment can promote the growth of carbonitrides. After homogenization, the size of carbonitrides can range from roughly 100 nm to 1 μm, with the smaller carbonitrides typically residing within the interior regions of the grains and the larger ones located along grain boundaries [21]. Essentially, this network of coarsened carbonitrides diminishes the effectiveness of the homogenization process[6,17,24,25]. 
[bookmark: _Hlk173709025][bookmark: _Hlk173619188]This study aimed to examine the dissolution and coarsening behavior of secondary phases during the homogenization process of L-PBF-processed IN718 to determine the optimum heat treatment conditions. Specimens of IN718 were homogenized at 1050 ˚C, 1100 ˚C, 1150 ˚C, and 1200 ˚C for 0.5 h and water quenched. The remaining samples were homogenized at different holding times, ranging from 0.5 h to 8 h, at 1150 ˚C. The heat-treated structures were characterized to quantify the size and composition of secondary phases as a function of homogenization time and temperature. The predominantly observed secondary phases were identified as (Nb, Ti)(C, N) carbonitrides. The study revealed two types of carbonitride sizes and their growth changed depending on the applied heat treatment method. A consistent Nb enrichment in the carbonitride-type secondary phases and its depletion in the matrix phases were observed with increased temperature. However, under extended holding time (>2 h) at 1150 ˚C some of the Nb from carbonitrides dissolved into the matrix and slightly enriched it.



[bookmark: _heading=h.3dy6vkm]Experimental Procedure[footnoteRef:5] [5:  Certain commercial equipment, instruments, software, or materials are identified in this paper to foster understanding. Such identification does not imply recommendation or endorsement by the Department of Commerce or the National Institute of Standards and Technology, nor does it imply that the materials or equipment identified are necessarily the best available for the purpose.] 

Materials and Fabrication
[bookmark: _heading=h.1t3h5sf][bookmark: _Ref133965865][bookmark: _Hlk149509916][bookmark: _heading=h.4d34og8]Argon-atomized, pre-alloyed Oerlikon Metco[footnoteRef:6] brand IN718 powder, was used as feedstock for the PBF builds. The average powder diameter was reported at 28 μm and ranged from 15 μm to 45 μm in its certificate. The L-PBF processing of powder was done using an EOS M280[footnoteRef:7] under a continuously flushed argon atmosphere to minimize oxidation. The system used a stainless-steel recoating blade to spread each layer of powder. The powder was melted with a Yb-fiber laser operating at a maximum 1100 nm wavelength and had maximum a beam diameter of 500 µm.  The applied average power was (278± 13) W and the scan speed was (958 ± 13) mm/s. The hatch spacing and layer thickness were chosen as 110 µm and 40 µm, respectively. The stripe strategy was defined as 10 mm width and 0.08 mm overlap and each subsequent layer was rotated for 67 ˚. As-built samples consisted of rectangular blocks with dimensions of (10 x 10 x 50) mm3. To capture some of the powder during the printing process, a (24 x 24 x 24) mm3 cube-shaped coffin was printed along with other parts, and then the trapped powder was used for chemical composition measurements. The trapped powder and as-built solid chemistries were measured at a certified testing laboratory using the inductively coupled plasma mass spectroscopy (ICP-MS) method for metallic elements. Oxygen and nitrogen were measured with inert gas fusion methods, while sulfur and carbon were measured with combustion methods[footnoteRef:8]. The measurement results of the powder and as-built samples are presented in Table 1 and conform to the AMS 5383 and UNS N07718 standards for a typical IN718 powder [19,26].  [6:  Oerlikon Metco Surface Solutions AG, Churerstrasse 120, 8808 Pfäffikon, Switzerland]  [7:  EOS GmbH - Electro Optical Systems Headquarters, Robert-Stirling-Ring 1 D-82152 Krailling, Germany]  [8:  Eltra GMBH, Verder Scientific, 42781 Haan, Germany] 

[bookmark: _Hlk173619077]As-built samples were sectioned with a diamond wafering saw. Samples were encapsulated in a quartz bulb which was backfilled with high-purity argon. Heat treatments were performed in a CM[footnoteRef:9] 1700 series rapid temperature laboratory furnace equipped with Kanthal[footnoteRef:10] super 1800 molydisilicide heating elements. Selected samples were heat-treated for 0.5 h, 1 h, 2 h, 4 h, and 8 h at 1150 ˚C, while others were homogenized at 1050 ˚C, 1100 ˚C, 1150 ˚C, and 1200 ˚C for 0.5 h. All the heat treatments were followed by water quenching. [9:  CM Furnaces Inc, 103 Dewey Street, Bloomfield, N.J. 0700, US]  [10:  Kanthal part of Sandvik Wire & Heating Technology Corp. 119 Wooster St, Bethel, CT 06801, US] 

Microstructural Characterization 
As-built and heat-treated samples were mounted in a thermosetting epoxy powder and ground with a series of abrasive silicon carbide papers. Specimens were then polished with a 1 µm diamond suspension followed by a 0.06 µm colloidal silica suspension on an Allied Tech MetPrep 3[footnoteRef:11]. The microstructural features of the samples were revealed by electrolytic etching between 2.5 V and 3.5 V for 10 s using Lucas’s reagent (150 ml HCL, 50 ml lactic acid, 3 g oxalic acid), which is a standard chemical etchant for Ni-based superalloys [48]. Polished samples were subjected to the Vickers microhardness using a Qness[footnoteRef:12] Q60 A+ Vickers hardness tester. A minimum of 25 indentations, spaced about 1 mm apart, on each specimen were recorded using a force of 1.96 N (0.2 kgf) and a 10 s dwell time.  [11:  Allied High Tech Products, Inc., 2376 East Pacifica Place, Rancho Dominguez, 90220, CA ]  [12:  QATM, Qness Golling, Austria] 

[bookmark: _Ref58249435][bookmark: _Ref58072244]The microstructures of the builds were evaluated using an Apreo Thermofisher Scientific[footnoteRef:13] Scanning Electron Microscope (SEM) equipped with a backscatter detector 10 at between 5 kV and 10 kV. Elemental composition mapping was accomplished with energy dispersive spectroscopy (EDS) using an X-MaxN detector11 between 15 kV and 20 kV. Data acquisition and analysis were performed using the Aztec 3.1 software from Oxford Instruments[footnoteRef:14]. The general post-processing of the acquired backscattered (BSE) images, performed with ImageJ[footnoteRef:15], included contrast enhancement, thresholding, and the removal of bright speckle-like outliers. This process was followed by particle size analysis of the secondary phases and a further explanation of the applied method is provided down below.  [13:  Thermo Fisher Scientific, 168 Third Avenue, Waltham, MA USA 02451]  [14:  Oxford Instruments NanoAnalysis & Asylum Research, High Wycombe, HP12 3SE, UK]  [15:  Imagej 1.53c, National Institute of Mental Health, Bethesda, Maryland, USA.] 

The microstructure of heat-treated samples reveals the two types of secondary phases, typically carbonitride, as depicted in Figure S1 in the supplementary file. The finer-sized carbonitrides are typically located within the intercellular regions or grain’s interiors, referred to as Intercellular Secondary Phases (ICS). The coarse carbonitrides are scattered along the grain boundaries and named Grain Boundary Secondary Phases (GBS) which are distinctly visible on etched images. Since these two types of carbonitrides have significant size differences depending on their location in the structure, the ICS and GBS are separated by applying a threshold for ICS, (0.15 ± 0.03) μm applied. The threshold was determined by measuring the average ICS of heat-treated samples at 1200 ˚C for 0.5 h and 1150 ˚C for 8 h, which yield the largest ICS secondary phases due to the applied high-temperature heat treatment. 
[bookmark: _Hlk114568283]The grain structure and textural properties of the builds were analyzed using electron backscatter diffraction (EBSD) using a Nordlys Max2 detector11. The data was collected at 20 kV with 4 x 4 camera binning mode and the step size was 1.5 μm. The post-processing of the collected data was performed with Mtex 5.1.1, a MATLAB toolbox [27], after filtering and smoothing to remove zero solutions. The misorientation cut-off angle was chosen as 2˚ and only the grains larger than 50 pixels were included in the measurement.
[bookmark: _heading=h.17dp8vu]Samples in the as-built condition and heat-treated at 1050 ˚C and 1200 ˚C were chosen for transmission electron microscopy (TEM) characterization to extract elemental composition and crystal structure information of the secondary phases. The TEM specimens were prepared using a FEI12 Scios 2 focused ion beam (FIB) system using standard FIB lift-out techniques [28,29]. Conventional 30 keV milling was followed with a final polishing using low-energy ions (2 to 5  keV) [28,30]. Characterization of the sample was performed with a Talos F200X TEM[footnoteRef:16] using a 200 kV accelerating voltage for both conventional TEM and high-angle annular dark-field scanning TEM (HAADF STEM). The instrument was equipped with an EDS detector (Super-XEDS system) for the elemental analysis of selected phases. The collected data were analyzed using the ESPRIT software[footnoteRef:17].  [16:  FEI Talos, Eindhoven, Netherlands]  [17:  Bruker Nano GmbH (Berlin, DE)] 

High-energy X-ray diffractions
[bookmark: _heading=h.3rdcrjn][bookmark: _Hlk162712215][bookmark: _Hlk163429691]A synchrotron-based, high-energy X-ray diffraction (HEXRD) at beamline 11-1D-B of the Advanced Photon Source (APS), Argonne National Laboratory (Lemont, IL, USA) was used to resolve the bulk crystal structures of the phases presented in the IN718 samples. HEXRD probes a considerably larger sample volume (>100 times) compared to laboratory-scale X-ray diffractometers, and the high-flux and low-signal-to-noise synchrotron measurements facilitate precise quantification of the secondary phases. Samples with a 5 mm × 5 mm cross-sectional area were cut perpendicular to the build direction using a diamond wafering blade on a low-speed TechCut 4x saw[footnoteRef:18] and were further thinned to 1 mm thickness using SiC grinding paper. The monochromatic X-ray energy of 58.59 keV (wavelength, λ = 0.2113 Å) was used to obtain diffraction data between the 2θ diffraction angle of 3.8˚ to 12.5˚ using a Perkin Elmer XRD 1621 2D area detector. This 2θ range translates to a q range of 2.0022 Å-1 to 6.4977 Å-1, where q = 4π sin(θ)/λ is the magnitude of the reciprocal vector. The peak positions were found using scipy.optimize[31] and pymatgen.analysis.diffraction.xrd [32] python toolboxes while lattice parameters and volume fractions were computed using the Rietveld method that utilizes Pseudo-Voigt fitting in the GSAS II software [33]. The phases were identified by matching the peak positions with the powder diffraction files from the International Centre for Diffraction Data (ICDD)[footnoteRef:19], The Materials Project[footnoteRef:20], and the Crystallography Open Database[footnoteRef:21]. The lattice parameters and volume fractions of the phases were found using the result of fitting with the Rietveld method on GSAS II. [18:  Allied High-Tech Products, Inc, Rancho Dominguez, CA, USA]  [19:  ICDD International Centre for Diffraction Data: https://www.icdd.com/]  [20:  The Materials Project: https://materialsproject.org/]  [21:  Crystallography Open Database: http://www.crystallography.net/cod/] 

Thermodynamic calculations
[bookmark: _Hlk173708216]The equilibrium and non-equilibrium phases in the IN718 build were predicted with the Nickel superalloy database (TCNI8) of the Thermo-Calc Software 2020b using the powder feedstock composition as input. The rapid solidification conditions in AM processes can lead to the formation of non-equilibrium phases. Thus, the classical Scheil-Gulliver method was used to approximate the maximum extent of microsegregation and obtain candidate non-equilibrium phases. This method assumes infinitely fast diffusion in the liquid phase, no diffusion in the solid phase, and local equilibrium at the liquid-solid interface. All elements in the initial alloy composition were used as input except for oxygen. The simulation was terminated when the total mole fraction of solid phases reached 97 %, beyond which the method tends to deviate substantially from experimental observations [34]. The computed small fraction phases, specifically (Nb, Ti)(C, N) carbonitrides are also called secondary phases across the paper to indicate their significantly low volume fractions (<2%, in as-deposited conditions). Thus, it does not indicate their formation sequence but rather emphasizes their volume fractions in the structure.
[bookmark: _heading=h.26in1rg]Results and Discussion
Microstructural characterizations of As-built and heat-treated conditions
AM processing conditions can yield microstructures, including phases, that differ significantly from those found in conventionally cast or forged materials. For IN718, the phases were predicted under both equilibrium and rapid cooling conditions, as illustrated in Figure 1 and
 Table 2. According to the equilibrium predictions, during solidification from liquid to solid, the initial forming secondary phase is a Ti- and Nb-rich MN phase which is followed by niobium and carbon-rich MC phase when temperatures cool down to 1300 °C. However, the Scheil method, in Figure 1b,  predicted a single MC phase whose composition drastically changes from titanium and nitrogen-rich to a niobium and carbon-rich composition when the temperature is lowered to under 1225 °C. Regardless of the difference observed between the predictions, both methods suggest the formation of the M(C, N) phase, specifically (Nb, Ti)(C, N), under 0.7 % volume fraction. When the temperature reaches the liquid termination temperature (1160 °C), the Scheil method approximates the formation of Laves, δ, and σ. Laves are a predominantly Nb-rich metastable phase and are commonly found in the eutectic segregation regions due to the abundance of rejected heavy elements from the solute within these areas [6]. The δ-phase is Ni- and Nb-rich with a needle-like shape, and is usually formed along grain boundaries and transforms to the strengthening γ’’ phase during aging [4,35,36]. The other secondary phases such as α-Cr, γ’, and M23C6, are only predicted with the equilibrium method which indicates that their formation is not favorable under cooling conditions relevant to AM.
The microstructural investigation of as-built and heat-treated samples was conducted using both EBSD and SEM backscattered images as shown in Figure 2(a), which shows that the transverse and longitudinal faces of the as-built sample have distinctively different grain morphologies and crystallographic textures. The grains on the transverse face of the builds are coarser and columnar. In contrast, the grains in the longitudinal face are smaller in size and have an equiaxed appearance. The average grain size and aspect ratio on the transverse face average were measured at (19 ± 14) μm and (4.0 ± 2.7), respectively. The grains on the longitudinal side have a size of (15 ± 10) μm and an aspect ratio of (2.6 ± 1.6). There is also a distinct crystallographic texture difference between the two sides, where the transverse face has a [001] dominated orientation and the longitudinal face was primarily characterized with a [011] orientation, as shown in Figure S2. This difference in grain morphology and texture is attributed to a directional heat flow that propagates along the build direction, resulting in the columnar growth of grains during the build process [55–57].
The detailed microstructure of the as-built IN718, exhibiting clear cellular and dendritic structures, is shown in the SEM backscattered images in Figure 2 (a) In this case, the mass fractions of Nb, Mo, and Ti at the outer edges of the cells were measured as 11.1 %, 2.6 %, and 1.26 %, respectively, while the mass fractions of these elements decreased and measured as 4.56 %, 2.7 %, and 0.67 % when the measurements were taken from inside the cells. The trend in which the mass fractions of Nb, Mo, and Ti are higher at the cell boundaries compared to the interior is commonly observed in as-deposited AM IN718 samples due to elemental segregation during solidification caused by the low solubility of heavier alloying elements such as Nb, Mo, and Ti in the primary solidifying phase [37,38].  Such microsegregation in the intercellular or interdendritic regions, in turn, facilitates the formation of secondary phases that require these heavy elements [6,39,40]. 
Figure 2 (b-e) illustrates the changes in grain size, texture, and microstructure after different heat treatments. The grain size expansion and more random crystallographic texture are evident when the heat treatment temperature is increased from 1050 ˚C to 1200 ˚C. The elevated temperature also significantly coarsened GBS secondary phases that are typically located around the grain boundaries. Meanwhile, the smaller ICS phases were also observed within the grain and dispersed uniformly around cellular structures. It should be noted that these terminologies mainly cover the small fraction of Nb-rich secondary phases (M(C, N) carbonitride and δ) which were identified in backscattered electron images due to their light contrast because of their high atomic numbers. Therefore, these definitions exclude relatively light phases such as oxides and nitrides. 
 The impact of extending heat treatment time from 1 h to 8 h at 1150 ˚C is shown in Figure 3. The EBSD images reveal enlarged grains and more random crystallographic texture as the holding time increases, as shown in Figure 3 (a-d). The microstructures of heat-treated builds were decorated with secondary phases which were visibly coarsened with prolonged holding time. The most likely underlying mechanism behind the coarsening of the carbonitrides is Ostwald ripening which coarsens the larger particles to reduce the total surface area by dissolving the smaller particles [41,42]. 
Compositional Changes in Secondary Phases with Post-Processing
[bookmark: _Hlk149510702]The microstructural characterizations of secondary phases involved quantifying the size and population changes in the as-built and heat-treated samples. The size changes in secondary phases, as shown in Figure 4 (a) and (b), indicate that the as-built samples had a large population of ICS with a size of approximately 0.1 μm and roughly more than 50% population of ICS decreased with increasing temperature. The heat treatment has the opposite effect on GBSs, as the volume fraction increases with increasing temperature. The average size of the ICS increased slightly from 0.1 μm to 0.13 µm. However, this increase is within the uncertainty of the measurement which is between (3 to 30) nm/pixel. In contrast, the average size of GBS significantly enlarged, from (0.2 ± 0.3) μm in as-built material to (0.55 ± 0.4) μm after a homogenization heat treatment at 1200 °C for 0.5 h. The large standard deviation of measured sizes in as-deposited samples is caused by their highly skewed non-normal distribution. The compositional analysis measured with the scanning electron microscopy EDS method in Figure 4(c) indicated a substantial increase of the Nb mass fraction from approximately 10 % in the as-built state to  67 % in the secondary phases after a 1200 °C for 0.5 h homogenization heat treatment. Correspondingly, the Nb mass fraction decreased from 5.2 % to 4.3 % in the matrix. The mass fraction of 4.3 % after a 1200 °C heat treatment is lower than the lower-bound Nb composition range for IN718 (4.75 % to 5.50 %). This indicates a depleted Nb resource of the matrix after heat treatment due to carbonitride phase coarsening. These samples showed semi-melted cellular-type walls that indicate incipient melting of the structure due to the dissolution of laves type phases [43,44]. The first liquid formation of this structure is predicted as 1161 ˚C with the Scheil-Gulliver method, as shown in Figure 1b, and the heating of the sample from 1161 ˚C to 1200 ˚C is predicted to melt 13 % of the solid during heat treatment. This complies with the measured area of the semi-melted zone which is measured as (12.4 ± 4.6) %, and the reader is referred to Figure S4 for detailed information. The formation of these semi-melted walls,  due to the dissolution of the metastable Laves phase which completely melts at 1184˚C as shown in Figure 1, are products of a eutectic reaction that occurs at the last solidification stage. Previous reports have commonly correlated the premature melting of grain boundaries to the low melting temperature of the Laves phase, which resides along grain boundaries and lowers the local melting point of these regions [43,44].  
The same measurements were repeated for the samples heat treated at 1150 °C for varying the heat treatment holding time. As shown in Figure 5 (a), the population of ICS is significantly lowered while the number of GBS increased with increased holding time. This observation complies with the previously mentioned Ostwald ripening mechanism which reduces the number of smaller particles in order to enhance the larger ones [45]. The nominal size of the ICS remained constant at about (0.15 ± 0.05) μm, while GBS’s size increased from (0.45 ± 0.1) µm to (0.7 ± 0.2) μm with increasing holding time, as given in Figure 5 (b). The changes in the Nb content within the secondary phases and the matrix with respect to the holding time are depicted in Figure 5 (c). According to that, the Nb mass fraction of carbonitride-type secondary phases, which mainly includes GBS, decreased slightly from roughly 67 % to 61 %. Meanwhile, the Nb mass fraction within the matrix increased from about 4.3 % to 4.7 %, suggesting that the smaller NbC might be partially dissolved during a prolonged homogenization at 1150 °C. This most likely allowed some Nb to return to the matrix. These findings are consistent with previous reports which showed the coarsening of carbide phases in IN718 [9,46]. 
The prolonged holding time on carbonitride coarsening and Nb composition had a milder effect when compared with an increased homogenization temperature.  As illustrated in Figure 5 (c), the growth and Nb enrichment of GBS-type carbonitrides became stagnant and showed little change after 2 h at 1150 °C. These differences between the two heat treatment conditions are most likely caused by a difference between growth rates which is in section 3.6 using a parabolic expression of coarsening rate [47–49]. In this context, the growth rate of carbonitrides becomes more prominent with increased temperature due to the increased diffusivity of Nb. Whereas, with extended holding time under constant temperature, the growth rate of the carbonitrides exponentially lowered and almost became constant, beyond 2 h of heat treatment. In the early stages of heat treatment, it is most likely that carbonitrides consume the excess Nb from environments until the matrix reaches an equilibrium. However after surpassing the equilibrium threshold, the growth rate stalls and lowers to the rate of Ostwald ripening [50].
Effect of Homogenization Regimes on Hardness
The Vickers hardness of as-built samples was measured as (340 ± 10) HV. For the series of heat treatments with a constant 0.5 h duration, the hardness lowered to (286 ± 8) HV between 1050 ˚C to 1150 ˚C. However, when the homogenization temperature was increased to 1200 °C, the hardness suddenly dropped to (234 ± 11) HV. This could be attributed to the dissolved secondary phases, such as Laves and δ, which lead to the formation of semi-melted cell walls, as highlighted in Figure 6(a). A more detailed explanation of this phenomenon is discussed in Supplementary Section Figure S4. Other contributing factors are grain growth and reduced dislocation density essentially reducing Hall-Petch strength and Taylor hardening of the structure[51]. Another contributing factor is lowered total carbonitride surface area from (1.64 ± 0.43) % to (0.81 + 0.55) % within the indented area which was increased from (1302 ± 572) µm2 to (1592 ± 604) µm2 when temperature was increased from 1050 ºC to 1200 ºC. The reported Vickers hardness of NbC carbide is  24.1 GPa or 2457 HV [52]. Therefore, reduced carbonitride count with the increased temperature also diminishes hardness due to the low number of carbonitrides within per indent area. The reader should bear in mind that the total number of carbide and their area within the indented region was indirectly estimated by using the collected backscattered images.  
Hardness tests are also conducted on samples that underwent heat treatment at 1150 °C for different durations, as shown in Figure 6(b). These results, summarized in Figure 6(b), indicate a monotonic decrease in the hardness from (280 ± 14) HV to (227 ± 6) HV as the heat treatment duration varied from 0.5 h to 8 h. The increased average indentation area from (1332 ± 552) µm2 to (1606 ± 760) µm2 and reduced total carbonitride surface area from (0.96 ± 0.52) % to (0.85 ± 0.82) % during increased homogenization time are main contributing factors. It is also notable that hardness measurements acquired in both longitudinal and transverse directions are consistent, suggesting that these homogenization heat treatments can effectively alleviate the anisotropy of as-builts after heat treatment and improve the homogeneity of the structure. 
High-energy X-ray diffraction 
[bookmark: _heading=h.lnxbz9]Detailed HEXRD analysis results of the as-built and heat-treated IN718 samples are presented in Figure 7 and Table 3. For a thorough evaluation of the phase changes, an additional sample that was heat-treated at 1000 °C for 0.5 h was also included in the measurements. This renders the effective temperature range from 1000 °C to 1200 °C, with heat treatment time held constant at 0.5 h. 
The primary phase observed in both the as-deposited (AD) and heat-treated samples was identified as the γ-matrix, with a lattice parameter of 3.5938 Å. Following a heat treatment at 1200 °C, the lattice parameter of the γ phase slightly increased to 3.5961 Å. The second prominent phase, constituting a 3 % volume fraction in the as-deposited state, was identified as the MC phase, with a lattice parameter of 4.3979 Å. Its volume fraction decreased to 0.87 % with a corresponding increase in lattice parameter to 4.4034 Å at a homogenization temperature of 1200°C. Additionally, a Laves phase was present only in the as-built sample, constituting 0.8 % of the volume fraction, with lattice parameters a=4.7620 Å and c=7.7298 Å, which completely dissolved at 1000 °C. The peaks associated with the MC and MN phases persisted even after heat treatment at 1200 °C. The lattice parameters of the γ and MC phases exhibited different behaviors depending on the applied temperature. Between 1000 °C and 1150 °C, the lattice parameter of the γ phase slightly decreased from 3.5938 Å to 3.5893 Å, while at 1200 °C, it increased to 3.5961 Å. In contrast, the lattice parameter of the MC carbide displayed opposite trends; between 1000 °C and 1150 °C, it increased from 4.3979 Å to 4.4059 Å, whereas at 1200°C, it decreased to 4.4034 Å. This suggests that between 1000 °C and 1150 °C, solutes diffused toward the MC carbide, thereby enhancing its lattice parameter, whereas at 1200 °C, the diffusion dynamics shifted, leading to solutes diffusing toward the matrix. The last phase, MN, exhibited very small diffraction peaks, preventing accurate Rietveld fitting. Nevertheless, the lattice parameter was determined from the peak locations and found to be 4.2528 Å.
In a previous study by Fayed et al. [53], a (1 h) homogenization and solutionizing investigation on L-PBF processed IN718 reported a slight expansion of the lattice parameter from 3.5999 to 3.6031 Å, attributed to the back diffusion of segregated Nb, Ti, and Mo elements into the matrix [53]. However, the authors observed a reduction in the lattice parameter of the γ phase from 3.5965 to 3.5931 Å with longer (4 h) homogenization exposures at 1080 °C and reported prominent MC carbide peaks. This reduction was attributed to the depletion of Nb and Ti solutes in the matrix, which diffused towards the MC carbides. These results align with the findings of Mostafa et al., who investigated the lattice parameters of IN718 processed via L-PBF, after post-processing with hot isostatic pressing (HIP). The author reported the lattice parameters of the gamma (γ) phase as 3.6 Å, while the lattice parameters of the MC-type carbide were reported as 4.46 Å, slightly larger than those observed in our study  [6]. Another direct HIP study of IN718 also reported the lattice parameter of MC carbide as 4.4437 Å [54]. These observations support that high-temperature heat treatment accompanied by applied pressure, facilitates the diffusion of heavy elements such as Nb and Ti towards grain boundaries, leading to the growth of GBS carbonitrides.
[bookmark: _Hlk173708649]Growth of Carbonitrides and Oxides
The goals for a homogenization heat treatment for AM IN718 include dissolving secondary phases and reducing the microsegregation driven by rapid solidification. The results demonstrated that, because of the high melting temperatures of MC and MN (> 2000 °C), a homogenization heat treatment within the experimental temperature and duration ranges cannot remove these secondary phases from the structure. Instead, the carbonitrides tend to coarsen with increasing temperature and holding time. Also, oxides inevitably form during the powder atomization and printing processes because of atmospheric contamination [55–57]. TEM analyses were used to interrogate the response of carbonitrides to the heat treatments. A selected set of results was acquired using these aspects by analyzing the as-built, 1050 °C/0.5 h, and 1200 °C/0.5 h samples as shown in Figure 8. 
Within the as-built sample, the oxides appeared polycrystalline, rich in Al and O, and enveloped within a thin layer of Nb, Ti, and N, as shown in Figure 8. Analysis of the fast Fourier transforms (FFTs) revealed the oxide had a trigonal crystal structure, while the nitride had a cubic crystal structure. Given the qualitative compositions and structures, it was determined the oxide was Al2O3 and the nitride was MN. Similar core-shell type structures were previously reported in nickel and steel alloys, where the core was formed by Al2O3 and the shell section comprised of TiN and NbC phases, supporting the current observations [58–62].
These core-shell structures appeared to persist after heat treatment; however, variations in nitride size and morphologies were observed. As shown in Figure 9 (a), the oxide in the as-built sample was enveloped with a thin layer of Nb, Ti, and N. However, a close examination of similar oxides for samples homogenized at 1050 ˚C and 1200 ˚C suggests that the Nb and Ti-rich M(C, N) type carbonitride layer surrounding the oxides appeared to increase in size with increased temperature, as given in Figure 8 (b) and (c). In addition to increasing size, morphological changes in the nitrides were also observed. After heat treatment, the nitrides appeared to have a more faceted structure compared to their as-deposited counterpart. The given EDS results demonstrate that the thick layers of carbonitrides in the 1050 ˚C and 1200 ˚C samples were comparatively richer in C, Nb, and Ti than the thin layer surrounding the oxide in the as-built sample. These results indicate the core-shell structure (oxide core-carbonitride layer) of carbonitrides can be commonly observed in the AM structures due to their different solidification sequences, having an order of oxides, MN and MN phases, respectively
[bookmark: _Hlk173708812]Coarsening mechanism of Carbonitride phases
The previously examined heat treatment effect on carbide/carbonitride growth on Inconel 718 shows that these phases are particularly susceptible to temperature and holding time changes which can change their and matrix compositions significantly. The previous results of ICS and GBS coarsening in Figure 4b and Figure 5b showed that ICS dimeters are almost stable (<0.2µm) across the different temperature and holding time heat treatment due to the low bulk diffusion rates within the grains and cell structures, while GBS carbonitrides which showed significant coarsening, up to 0.7 µm, due to the high diffusion rate at grain boundaries [63–65]. The growth of GBS-type carbonitrides is significant from AD to 1200˚C for 0.5h heat-treated samples coarsened from on average, 0.2 to 0.5 µm, respectively with 150% growth in diameter. The growth of carbonitrides is slightly lower when the temperature is kept constant at 1150˚C extending the holding time from 0.5 to 8h resulting in GBS-type carbonitrides growth from 0.42 to 0.7 µm which is equivalent to 66% growth in diameter.  Therefore, this shows the different effects of increased temperature versus extended holding time on the carbonitrides growth.
The continuous growth of carbonitrides indicates an ongoing diffusion of Nb and Ti from the matrix to the secondary phase phases along the grain boundaries. The main constituent of these carbonitrides was detected as Nb which has a larger atomic size and lower diffusion rates when compared to Ni, therefore it should control the overall growth rate of the carbonitrides [66,67]. To analyze the coarsening behavior of carbonitrides during the applied homogenization process, a parabolic expression of coarsening phenomena, Eq. (3), was used to estimate the holding time (t) and grain growth rate (K)[47–49].


The initial (S0) and the instantaneous carbonitrides size (S) were characterized using carbonitrides growth exponent (m), which can range from 2 to 4.  When m is less than 3, it indicates a uniform diffusion in the system which does not contribute to precipitate growth. If m is equal to 3, carbonitrides growth occurs within the grains, while when m is greater than 3, the carbonitrides coarsening takes place along grain boundaries [48,68,69]. To determine the exponential term of m, the slope of   growth rate in Eq (4) is used. The results indicated that, m was calculated as 4 which suggests that the growth of carbonitrides was facilitated by grain boundary diffusion along grain boundaries, consistent with the previously shown back scattered images. The possible activation mechanism for the precipitation coarsening is Ostwald ripening, in which larger precipitates grow by incorporation of smaller precipitates with sizes below than the critical radius [70,71]. When the m exponent is incorporated  into the Eq(5), the carbonitrides growth rate (K) can be estimated from the following relationship [47,67,72,73]

where CNb is a mass fraction of Nb in M (C, N) carbonitrides in the as-deposited structure,  Gm is the precipitate-matrix interfacial energy, 140 mJ/mol [74–76],  Vm is the molar volume, 9.27+9.28 ×10-4T, (10-6m3/mol) [77], R is the universal gas constant 8.314 J/mol‧K, T is applied temperature in K, D is the diffusion coefficient of Nb in Ni which is calculated as 2.41x10-14 m2/s  at 1150 ˚C. The pre-exponential diffusivity constant, D0, of Nb in Ni is taken as 1.04x10-4 m2/s [78]. The activation energy, Q, of Nb was calculated as 262 kJ/mol by using the Arrhenius relationship.
The results of the carbonitride coarsening predictions, based on heat treatment temperature and holding time, are presented in Figure 10, and according to that the carbonitrides growth rate is significantly high (4x10-4 μm/s) under 0.5 h heat treatment across all temperatures. When the holding time is kept constant at 1 h, the growth rate is increased from 1.2x10-4 μm/s to 2.9x10-4 μm/s with increasing the temperatures from 900 ˚C to 1200 ˚C, respectively. The rapid growth of carbonitrides takes place when the temperature is above 1050 ˚C, and their sizes can reach 0.6 μm thickness within 0.5h heat treatment. Therefore, suppressing the temperature to control the GBS carbonitrides size is crucial to prevent Nb depletion from the matrix during heat treatment. However, The extended holding time at constant temperature has the opposite effect on carbonitrides growth rate and lowers it from 3.5x10-4  to 0.3x10-4 μm/s, between 0.5 to 8 h at 1050 ˚C. When heat treatment temperature is kept constant, the growth rate of GBS carbonitrides significantly lowers, and size can grow from 0.6 to 0.7 and 0.9 μm within 0.5, 2, and 8 h, respectively, of heat treatment periods. 
These results suggest that higher temperatures have a greater impact on the growth rate of carbonitrides than extended holding time. Under the scope of this information, the ideal homogenization conditions involve a heat treatment temperature at 1000-1050 ˚C for up to 2 h to achieve both homogenization conditions by dissolving the detrimental laves phases (see the disappeared laves phase peak after even at 1000 ˚C-0.5 h heat treatment, as given in Figure 7) and controlling the GBS carbonitride growth to diminish its Nb depletion from the matrix. Exceeding these conditions can result in a significant increase in the size of GBS carbonitrides, which can act as fracture points under loading conditions [79]. 

[bookmark: _heading=h.1ksv4uv]Conclusions
The present study investigated the effects of homogenization heat treatment on IN718 specimens fabricated via the L-PBF process. The samples were subjected to two distinct heat treatment protocols, constant temperature treatments lasting for 0.5 h to 8 h, and constant holding time with a progressively increased temperature from 1050 ˚C to 1200 ˚C. Multiple characterization techniques were utilized to analyze the evolution of secondary phases and carbonitrides. The study revealed two distinct sizes of secondary phases, ICS and GBS. The growth of these phases varied depending on the applied heat treatment method. In both heat treatment conditions, involving increased temperature and extended holding time, a reduction of more than 50% in ICS was observed. Conversely, GBS carbonitrides exhibited significant growth when the heat treatment temperature increased from 1050 to 1200 °C for 0.5 h. This indicates higher coarsening of GBS carbonitrides with increasing temperature increases the consumption of the Nb from the matrix and lowers its Nb level from (5.02±0.84) to (4.3±0.15) wt. %. The growth rate of GBS carbonitrides is low when the temperature remains stable at 1150°C between 0.5-8 h holding time, while still coarsening them significantly. The matrix exhibited a maximum Nb enrichment of (4.67±0.19) wt.% at 1150°C between 2-8 h heat treatments. This indicates that the coarsening and dissolution rates of GBS carbonitrides compete with increasing holding time and the dissolution of ICS carbonitrides at 2 h reaches its peak and contributes to the Nb enrichment of the matrix.  The other key findings of the study are summarized below. 
The composition of (Ti, Nb) (C, N) carbonitrides phases significantly changed with applied heat treatment.  In as-built builds Nb, and C mass fractions of these phases measured as (28.3 ± 12.3) % and (1.3 ± 2.1) %, while their mass fractions increased to (83.8 ± 8.9) % and (6.0 ± 0.2) % with increasing the homogenization temperature to 1200 ˚C.
[bookmark: _Hlk123572708]The Nb mass fraction of the matrix phase decreased from 5.2 % to 4.4 % when the temperature increased from 1050 ˚C to 1200 ˚C, while the composition was constant at roughly 4.5 % with extended holding time at 1150 ˚C. 
[bookmark: _Hlk123573246]The size of the grain boundary secondary phases (GBS) consistently increased from 0.3 µm to 0.5 µm with increasing temperature from 1050 ˚C to 1200 ˚C for 0.5 h. The phases further coarsened from 0.5 µm to 0.7 µm at 1150 ˚C when the holding time was extended from 0.5 h to 8 h. The size of ICS was usually stable around the 0.1 µm range and their number of fractions tends to lower with increased temperature and elongated holding time. 
The increased homogenization temperatures reduced the hardness of the samples by 35 % by dropping it from 340 HV to 220 HV, while extended holding time at 1150 ˚C reduced the hardness by only 7 % by lowering it from 280 HV to 260 HV.
[bookmark: _Hlk123573791]The computed coarsening rate of GBS carbonitrides showed that, when the holding time is kept constant at 1 h, the growth rate is increased from 1.2x10-4 μm/s to 2.9x10-4 μm/s with increasing the temperatures from 900 ˚C to 1200 ˚C, respectively. However, The extended holding time at constant temperature has the opposite effect on carbonitrides growth rate and lowers it from 3.5x10-4  to 0.3x10-4 μm/s, between 0.5 to 8 h at 1050 ˚C. Therefore, the ideal homogenization temperature is between 1000-1050 ˚C for up to 2 h to achieve both matrix uniformity and controlled carbonitride size. 
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Tables
	[bookmark: _Hlk79513655][bookmark: _Ref57754321][bookmark: _Hlk61885701]
	Ni
	Cr
	Fe
	Mo
	Nb+Ta
	Ti
	Al
	C
	S
	O
	N

	AMS 5383
	50 to 55
	17 to 21
	Bal.
	2.8 to 3.3
	4.75 to 5.5
	0.65 to 1.15
	0.2 to 0.8
	0.080
	-
	-
	-

	Powder
	53.4
	18.79
	17.8
	3.04
	5.07
	0.89
	0.46
	0.050
	<0.01
	0.02
	0.03

	As-built
	50.7
	19.1
	20.3
	3.2
	5.2
	0.93
	0.46
	0.0498
	0.0035
	0.0169
	0.0267


 Table 1. Chemical composition in mass fractions (%) of IN718 powders and as-built build structures presented along with standard specification. The standard deviations of C, S, O, and N were measured as 15 ppm, 4 ppm, 10 ppm, and 17 ppm respectively.
[bookmark: _Ref114657365][bookmark: _Ref73544942]
 Table 2. Chemical compositions of computed phases were given at their lowest stable temperatures which are 500 ˚C for Equilibrium (Eq.) and 1161˚C for Scheil methods. The phases predicted with only the Equilibrium method were indicated with *, while the double asterisk phase Al2O3  was not present in the Scheil-Gulliver prediction due to excluded Oxygen from calculation.
	
	Phases
	Structure
	Mass fraction (%)
	Mole %
	

	
	
	
	Ni
	Cr
	Fe
	Mo
	Nb
	Ti
	Al
	O
	N
	C
	Equilibrium
	Scheil

	Scheil and Equilibrium
	γ
	FCC
	52.55
	19.81
	22.59
	2.29
	1.92
	0.36
	0.44
	--
	--
	0.004
	Bal.
	Bal.

	
	γ' 
	FCC
	74.97
	0.2
	0.58
	0.007
	13.32
	7.61
	3.27
	--
	--
	--
	4.4
	--

	
	δ, (Ni3Nb)
	Orthogonal
	63.52
	1.5
	2.93
	0.95
	27.18
	3.87
	0.03
	--
	--
	--
	5.02
	1.42

	
	σ
	Tetragonal
	18.75
	36.65
	16.8
	27.44
	0.33
	--
	0.001
	--
	--
	--
	14.1
	        0.64

	
	MC
	FCC
	0.003
	0.07
	0.012
	0.25
	78.52
	9.69
	--
	--
	0.39
	11.04
	9.6
	0.56

	
	MN
	FCC
	--
	0.44
	--
	0.005
	2.69
	74.7
	0.001
	0.003
	21.74
	0.4
	0.28
	--

	
	Laves, (Ni2Nb)
	HCP
	23.27
	15.99
	18.63
	1.25
	40.23
	0.46
	0.13
	--
	--
	--
	--
	1.64

	
	Liquid
	--
	45.10
	15.23
	11.63
	8.82
	16.14
	2.68
	0.34
	--
	--
	0.027
	-- 
	--

	Eq.
	α-Cr *
	BCC
	0.09
	95.25
	4.55
	0.099
	--
	--
	--
	--
	--
	--
	5.02
	--

	
	M23C6 *
	FCC
	1.05
	74.21
	2.47
	17.02
	--
	--
	--
	--
	--
	5.22
	0.9
	--

	
	Al2O3 **
	Trigonal
	--
	--
	--
	--
	--
	--
	52.92
	47.07
	--
	--
	0.1
	--




[bookmark: _Ref69555959][bookmark: _Ref114657160]

[bookmark: _Ref139749578]Table 3. Lattice parameters of phases and some of their volume fraction in as-built conditions and heat-treated conditions were found using HEXRD profiles.  
	
	
	Lattice parameters (Å) (for cubic, a, c for laves)
	Vol (%)

	Phases
	Space Group, number
	AD
	1000C
	1050C
	1100C
	1150C
	1200C
	AD
	1200C

	MC
	Fm-3m 225
	a = 4.3979
	4.3981
	4.4022
	4.4023
	4.4059
	4.4034
	3.09
	0.87

	MN
	P6_3/mmc 194
	a = 4.2528
	
	
	
	
	
	--
	--

	Laves
	Fm-3m 225
	a=4.7620, c=7.7298
	-
	-
	-
	-
	-
	0.8
	--

	γ
	Fm-3m 225
	3.5938
	3.5913
	3.5911
	3.5916
	3.5893
	3.5961
	Bal.
	Bal.





[bookmark: _Hlk141204548]Figures
[bookmark: _heading=h.1ci93xb]

a)
b)

[bookmark: _Ref163678022]Figure 1. Computational thermodynamic predictions of IN718 powder feedstock composition were carried out using a) Equilibrium and b) Scheil-Gulliver methods. The homogenization heat treatment, between 1000 °C to 1200 °C, was shaded in both figures. 
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e)                         

[bookmark: _Ref163678090]Figure 2. EBSD and etched backscattered images of a) as-deposited and heat-treated samples at b) 1050 ˚C c) 1100 ˚C b) 1150 C, and b) 1200 ˚C  for 0.5 h an hour. The images in the same column are presented in the same magnifications, increasing from left to right. Build direction (BD), transverse (trans.), and longitudinal (long.) are indicated with arrows, while the grain boundaries are outlined with red dotted lines. 
a) 
 
 
 
b)
 
 
 
c)
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[bookmark: _Ref163678104]Figure 3. EBSD and back scattered images of a) as-deposited and heat-treated samples at 1150 ˚C for b) 1 h c) 2 h b) 4 h b) 8 h. The images in the same column are presented in the same magnifications, increasing from left to right. Build direction (BD), transverse (trans.), and longitudinal (long.) are indicated with arrows, while the grain boundaries are outlined with red dotted lines.


[bookmark: _Ref141356367]Figure 4. GBS and ICS a) population histogram, b) size and c) Nb changes in secondary and matrix phases of IN718 builds, homogenized between 1050 ˚C and 1200 ˚C for 0.5 h.



[bookmark: _Ref163678475]Figure 5. GBS and ICS a) population histogram, b) size and c) Nb changes in secondary and matrix phases of IN718 builds, homogenized at 1150 ˚C between 0.5 to 8h




[bookmark: _Ref159186718]Figure 6. Hardness measurement at a) constant time of 0.5h with increased temperature and b) constant temperature 1150 ˚C with increased holding time




a)
b)

[bookmark: _Ref163678550]Figure 7. High-resolution X-ray diffraction patterns of a) as-deposited and heat-treated samples between 1050 ˚C to 1200 ˚C, shown with their b) matched phases cards. Note that, the phase lines were normalized within their peaks and see the supplementary figures for detailed peak index information. 


[bookmark: _Ref152076399]Figure 8. (a) TEM image of oxide and carbonitride phase in as-deposited IN718 with corresponding STEM-EDS elemental maps. (c) A high-resolution TEM image of the polycrystalline oxide and FFTs of (d) oxide (e) nitride phase.







[bookmark: _Ref163678666]Figure 9. HAADF-STEM images of oxide/carbonitride phases present in a) as-deposited and heat-treated samples at b) 1050 ˚C and c) 1200 ˚C, note that the 30 nm scale is smaller than previous images due to carbonitride growth. The samples’ STEM-EDS elemental maps are given below. 


[bookmark: _Ref173699327]Figure 10. Predicted GBS type carbonitride size and its growth rate in IN718 sample with respect to applied heat treatment time and temperature.
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