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An in-depth and integral understanding of the microstructural evolution during

thermomechanical process (TMP) is of great significance to optimize the

manufactural process for high-quality components via additive

manufacturing. The solidified microstructure model of Inconel 718 alloy

fabricated via laser powder bed fusion (L-PBF) is established by multiphase

field model firstly. Furthermore, the microstructural evolution during

homogenization process is simulated and optimized in this study. Phase field

simulation results show that the concentration gradient of Nb along the radius

of the cellular substructure decreases from the initial 1.217 wt% to 0.001 wt%,

and 67% area fraction of the Laves phase dissolves at the homogenization time

of 0.5 h, which have achieved the homogenization purpose. The experimental

results show that the average grain size decreases from 9.4 μm to 5.9 μm at the

homogenization time from 1.5 h (the standard AMS 5383) to 0.5 h, which

resulted in the increase of yield strength and tensile strength of the aged

alloy by 14% and 6%, respectively. This research can provide guidance and

reference for the microstructural control as well as the TMP parameters design

of the additive manufactured alloys.
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1 Introduction

Inconel 718 alloy is a typical precipitation strengthened nickel-base superalloy with

excellent strength, high fatigue resistance, and desirable structural stability at higher

temperature. The alloy has been widely applied in gas turbine, ship, nuclear power plant,

and aerospace sectors tomake turbine disk, blade, support, pipeline, brake, seal, fastener (Reed,
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2006; De Bartolomeis et al., 2021). However, it is still a challenge to

machine and manufacture Inconel 718 alloy parts with complex

geometry due to higher cutting temperature and serious work

hardening (Paturi et al., 2021). Focusing on the above problem,

Laser Powder Bed Fusion (L-PBF), an attractive laser additive

manufacturing technology, has been applied successfully in

improving mechanical properties and broadening the application

of Inconel 718 components (Trosch et al., 2016; Hosseini and

Popovich, 2019). Nevertheless, there are some problems in as-

built Inconel 718 parts fabricated via L-PBF, such as large

residual stress, solute segregation, and the precipitation of Laves

phase ((Ni, Fe, Cr)2(Nb, Mo, Ti)). The formation of long-chain

Laves phase not only consumes the elements (Nb, Ti, Al) required

for the formation of γ′ (Ni3(Al, Ti, Nb)) and γ″ (Ni3Nb)

strengthening phases but also promotes initiation and

propagation of cracks (Sui et al., 2017; Yuan et al., 2018; Luu

et al., 2022). Another issue is that there is no special heat

treatment developed for AM-ed Inconel 718 alloy. So far, the

heat treatments applied to Inconel 718 alloy fabricated by L-PBF

are based on the standard heat treatments proposed for casting and

forging alloys (Rao et al., 2003; Blackwell, 2005; Zhao et al., 2008;

Zhang et al., 2015).

Microstructure modeling, an essential part of integrated

computational materials engineering (ICME) approach, has

proven to be useful in accelerating material design and heat

treatment process parameter optimization (Sahoo and Chou,

2014; Du et al., 2017; Nandy et al., 2019; Chen et al., 2022; Chen

and Zhao, 2022; Dai et al., 2022). Among various microstructure

simulation methods, phase field method (PFM) has become one

of the most commonly used computational modeling techniques

for studying microstructure evolution and an important

component in the ICME approach to materials design. PFM

has been coupled with temperature field (Sahoo and Chou, 2016;

Sahoo, 2022) and solute field to realize scale-crossing simulation

(Kumara et al., 2020; Nabavizadeh et al., 2020) and the

description of actual engineering process to guide material

design and processing parameters optimization (Hu et al.,

2019; Seiz and Nestler, 2021; Zeng et al., 2021). Some PFM

simulation studies have been carried out on L-PBF Inconel

718 alloy. For example, the finite element thermal model was

employed to calculate the cooling rate and temperature gradient

by Wang and Chou. (2018). The results were applied as input

parameters for the phase-field model to investigate the evolution

of microstructures. The simulated columnar dendrite arm

spacing is consistent with the experimental results. Xiao et al.

(2019) also combined the finite element model with the PFM to

establish a multi-scale model to analyze the solidification

behavior and dendrite growth during the direct energy

deposition process of Inconel 718 alloy. The predicted results

of columnar dendrite morphology and dendrite arm spacing

provided a good fit to experimental results. Kumara et al. (2019);

Kumara et al. (2020) proposed to simulate Laves phase and δ
phase of Inconel 718 alloy during laser direct energy deposition

and subsequent heat treatment via a phase-field model, but the

accurate prediction of secondary phases was not realized.

In summary, PFM has been well applied in the simulation of

microstructure in additive manufacturing. But it only focuses on

microstructure morphology of dendrite and secondary phases, and

does not simulate the evolution of microstructure characteristics in

the subsequent heat treatment (Wang and Chou, 2018; Kumara

et al., 2019; Kumara et al., 2020; Cao et al., 2021; Zhao et al., 2021).

The microstructure in solidification and subsequent heat treatment

jointly determines the performance of Inconel 718 samples

fabricated by the L-PBF. In this paper, the solidification and

subsequent heat treatment are connected to optimize the process

and explore the feasibility of the whole process organization

simulation. The solidified microstructure model of Inconel

718 alloy fabricated via L-PBF is established by multiphase field

model. Then, based on the solidifiedmicrostructuremodel andHSA

standard heat treatment (AMS 5383) proposed for casting Inconel

718, the microstructure evolution of Inconel 718 fabricated by the

L-PBF during homogenization is simulated by the multiphase-field

method coupled with CALPHAD data. Together with experimental

research, the effects of homogenization time on microstructure

evolution and mechanical properties of Inconel 718 samples with

HSA heat treatment are analyzed. It lays a foundation for the

formulation of a heat treatment recipe suitable for Inconel

718 alloy fabricated via L-PBF. The research strategy in this

paper is illustrated in Figure 1. This research can provide

guidance and reference for the microstructural control as well as

the TMP parameters design of the additive manufactured alloys.

2 Phase field modeling

2.1 Multiphase-field model

Phase field method is a microstructure-level simulation

technique often used in the ICME approach to materials

design. The multiphase-field model, as implemented in the

commercial phase field software MICRESS (Access e.V.

Aachen, Germany) (Steinbach et al., 1996; Eiken et al., 2006;

Steinbach, 2009), is adopted in this paper. The evolution of

multiphase field variables ϕα in time and space is described in

the multi-phase model. Within the interface thickness (η)
between phase α and another phase, the value of ϕα varies

from 0 to one continuously. A free energy model is applied as

an part of the density functional F, which is a function of phase

fields ϕα{ } and composition fields �cα{ } over the domain Ω and

divided into the interface energy density fintf and the chemical

free energy density fchem (Eiken et al., 2006), i.e.,

F ϕα{ }, �cα{ }( ) � ∫
Ω
fintf ϕα{ } + fchem ϕα{ }, �cα{ }( ) (1)

The bracket { } denotes all phases, �cα is the concentration field
variable. The specific formula of each parameter has been given
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in the literature (Eiken et al., 2006). According to the thin

interface theory (Karma, 2001), the interface width is smaller

than the scale of the microstructure, but larger than the distance

between atoms. Furthermore, the minimum interface thickness

should be set twice the cell size in the multiphase-field model.

In addition, molar Gibbs free energy densities are employed to

evaluate the chemical contribution combined with CALculation of

PHase Diagram (CALPHAD) databases. With the assumption of all

interface widths being the same, the multi-phase field equations are

derived for general multi-phase transformations according to the

principle of minimizing free energy (Eiken et al., 2006).

_ϕα � ∑
β�1

~v Mαβ

~v
∑
γ�1

~v

σβγ − σαγ( ) K + π2

8η
ΔGαβ

⎛⎝ ⎞⎠ (2)

Here, ~v is the number of phases.Mαβ is the interface mobility

of the α/β. σβγ and σαγ are the interface energy of the β/γ interface

and α/γ interface respectively. K is the generalized curvature

term. ΔGαβ is the thermodynamic driving force, which could be

obtained from CALPHAD database.

In the model, the interfacial energy σ0 and the mobilityM0 are

adjusted to be anisotropic as σ(θ),M(θ) respectively. θ is the angle

between the crystal orientation and the growth direction (Böttger

et al., 2006). For a simple 2D cubic symmetry, σ(θ) � σ0(1 −
cos(4θ)) and M(θ) � M0(1 − cos(4θ)). In addition, some

nucleation models have been employed in MICRESS (Steinbach,

2009), e.g., seed undercooling model and seed density model. Thus,

the secondary phases with different shapes or crystal symmetry could

be predicted by MICRESS software. For a multicomponent system,

the multi-component diffusion equations considered the constraint

of quasi-equilibrium, as shown in Eq. 3 (Eiken et al., 2006).

_�c � ∇∑
α�1

~v

ϕαDα∇ �cα (3)

Here Dα is the diffusion matrix, which can be obtained from

the CALPHAD database. For a given composition and phase

state, the compositions �cα can be calculated from the Gibbs

energies by the quasi-equilibrium. In addition, the model is

combined with the CALPHAD database, and some physical

parameters, such as ΔGαβ, Dα, �cα, Mαβ, and molar volume

fraction of phases, are calculated by CALPHAD method.

Therefore, the phase field and solute field of multi-phases and

multi-components could be calculated by coupling CALPHAD

database. The coupled method has been successfully employed to

investigate the microstructure evolution of multi-components

alloy in the sub-rapid solidification process, additive

manufacturing process, and heat treatment process (Boussinot

et al., 2019; Kumara et al., 2019; Park et al., 2020a; Park et al.,

2020b; Kumara et al., 2020; Rahul et al., 2020; Du et al., 2022).

2.2 Model parameters

The thermodynamic and kinetic data, such as ΔGαβ, Dα, �cα,

Mαβ, and molar volume fraction of phases, are obtained from

FIGURE 1
The research strategy of the L-PBF and subsequent homogenization heat treatment of Inconel 718 alloy, (A) phase-field modeling of the
microstructure of as-built samples, (B) phase-field modeling under different homogenization time, and parameters of subsequent solution and
double aging process, (C) mechanical properties.
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TCNI9 and MOBNI5 databases provided by Thermo-Calc

software. In the two-dimensional phase-field calculation

domain, the solidification conditions during laser powder bed

fusion are set as the temperature curve (Luo and Zhao, 2019)

shown in Figure 1A to obtain the microstructure characteristics

of Inconel 718 samples fabricated via L-PBF. The periodic

boundary condition is employed in all borders. The focus of

this model is to reproduce the evolution of Laves phase

distributed at cellular substructure. Therefore, the following

assumptions are adopted in phase field model. 1) In the

computational domain, a temperature curve under the L-PBF

solidification conditions is applied to control the evolution of

temperature. 2) The effect of temperature gradient, fluid flow and

material shrinkage on cellular structure is ignored. 3) The

evolutions of size of cellular structure and NbC phase are

ignored in the calculation.

According to the preliminary experimental results, the

secondary phases of the as-built samples are a large amount

of white Laves and a small amount of bright white NbC phase.

On the basis of the standard heat treatment of AMS5383 for

casting Inconel 718, the homogenized temperature is determined

as 1,080°C. Therefore, the NbC phase with a dissolution

temperature of 1,265°C will not be dissolved in the

homogenization process. In addition, the area fraction of the

NbC phase is lower. Therefore, we mainly take the Laves phase as

the research target phase and analyze its evolution during the

homogenization process. According to the element content and

the main constituent elements of the Laves phase, the chemical

composition of Inconel 718 is simplified for simulation, as shown

in Table 1.

In L-PBF process, the powders are melted through the laser

beam and then solidified into components. Taking the cellular

structure of the XY plane (perpendicular to the building direction

Z), as shown in Figure 1A, as the simulation domain, the

evolution of Laves phase and solute distribution during L-PBF

process of Inconel 718 alloy are simulated. Five SEM images

along the scanning track, are analyzed to obtain the cellular

substructure size and its number density. The average diameter of

the cellular substructure is 0.8 μm and the number density is

about 2.18/μm2. Therefore, nine nucleation seeds of γ phase are

placed in simulation domain with the size of 2 μm × 2 μm, and

the grid size is set to 0.01 μm. Laves phase nucleates in the

undercooling model at the interface of liquid/γ, which is set as an
anisotropic interface with the cubic crystal structure. All

boundaries are set as periodic boundary conditions. The

numerical parameters such as interface thickness, minimum

phase fraction, and average factor of driving force are adjusted

to correct the effect of non-equilibrium solute trapping. The

appropriate values are determined based on whether the

solidification is completed and the distribution law of the

discrete distribution of the laves phase along with the

substructure as the evaluation criteria. The calculated the

microstructure results of -Inconel 718 samples fabricated via

L-PBF are extracted as initial parameters for the simulation of

microstructure evolution in the homogenization process. The

parameters adopted in reference (Kumara et al., 2019) and the

final simulation parameters of this study are shown in Table 2.

3 Experiment

3.1 L-PBF process and homogenization

The spherical powders of Inconel 718 with the size range

of 15–53 μm are prepared by gas atomization technology as

shown in Figure 1A, and their chemical compositions are

listed in Table 3. The powders are dried at 100°C for 8 h and

then deposited on a 304 L stainless steel substrate with a size of

250 mm × 250 mm for L-PBF. As-built Inconel 718 samples

are fabricated on a BLT A300 equipped with a maximum

500 W fiber laser with a Gaussian intensity distribution and

spot size (1/e2) of 76 μm. The process is carried out under a

flow of ultra-high purity Ar gas (99.999%) to reduce the

oxygen content below 200 ppm. The parameters applied in

our work are the results of AM equipment manufacturer’s

recommendation and our own lab practices for Inconel

718 alloy. The zigzag scan is selected, the scanning path as

shown in Figure 1A. The other parameters are as follows, laser

power of 275 W, scanning speed of 960 mm/s, the powder

layer thickness of 40 μm, scanning spacing of 100 μm.

The heat treatment experiments are carried out with a muffle

furnace (KSL-1200X). According to the HSA standard heat

TABLE 1 Simplified composition of Inconel 718 alloy in multiphase-
field model.

Element Ni Cr Fe Mo Nb Ti Al

Content (wt%) 54.7 19.0 16.7 3.2 5.0 1.0 0.5

TABLE 2 Parameters in multiphase-field model.

Parameters Value

Grain size Δx (μm) 0.01

Interface width (μm) 3.5 Δx

Interfacial energy—liquid/γ (J/cm2) 1.2E-5

Interfacial energy—liquid/Laves (J/cm2) 6E-6

Interfacial energy—γ/Laves (J/cm2) 5E-6

Kinetic coefficient—liquid/γ (cm4/Js) 0.025

Kinetic coefficient—liquid/Laves (cm4/Js) 1.0

Kinetic coefficient—γ/Laves (cm4/Js) 2.5E-11

The average factor of the driving force 0.3

Minimum phase fraction 5E-5

Frontiers in Materials frontiersin.org04

Chen et al. 10.3389/fmats.2022.1043249

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1043249


treatment, i.e., homogenization treatment at 1,080°C for 1.5 h/

AC, solution treatment at 980°C for 1 h/AC and then double

aging at 720°C for 8 h/FC at 50°C/h to 620°C for 8 h, AC,

proposed for casting Inconel 718, the homogenization

temperature is set at 1,080°C. The microstructure evolution

with different holding times (0.5 h–4.0 h) is analyzed. The

subsequent heat treatments (Solution treatment at 980°C for

1 h/AC and then double Aging at 720°C for 8 h/FC at 50°C/h

to 620°C for 8 h, AC) of HSA heat treatment (AMS 5383) are

carried out to investigate the effect of homogenization time on

microstructure and mechanical properties of Inconel

718 samples fabricated via L-PBF.

3.2 Microstructural observation and
properties

To reveal the microstructure of XY planes, the polished

samples are etched for 20 s using Kalling’s reagent (HCl

(100 ml) +CuCl2 (5 g) + C2H5OH (100 ml)). A ZEISS Gemini

SEM 500 scanning electron microscope (SEM) and a Mira

3 LMH SEM equipped with electron backscatter diffraction

(EBSD) from Oxford Instrument are employed to examine the

microstructure. The area fractions of Laves phase and NbC phase

are measured by ImageJ according to the different grayscale

values of the phases from fifteen SEM - SE (secondary electron)

images. To resolve the secondary phase boundaries, SEM images

of etched samples are employed for area fraction measurement.

The contrast and brightness of all pictures are adjusted to ensure

that the gray values of the matrix phases in the pictures are

consistent. ImageJ software is used to get area fractions of Laves

phase and NbC phase from the different grayscale values of the

phases.

The grain morphology, size, orientation of the samples, and

polar diagrams are obtained by channel 5 software. Electron

Probe Micro Analysis (EPMA) (JXA-8230) is used to analyze the

solutes segregation in the cellular substructure of finely polished

samples. Three rectangular regions with a size of 4 × 8 points are

randomly selected in the cellular substructure of samples, and the

point spacing is set to about 0.1 μm. A Titan ETEM

G2 transmission electron microscope (TEM) is applied to

investigate the solute distribution and precipitation particles

distribution of deposited and HSA heat treatment samples,

prepared by double jet technology. TEM samples etched in

90% C2H5OH+10% HClO4 solution at −25°C and 20 V using

a dual jet system.

The size of tensile samples at room temperature is shown in

Figure 1C, with a thickness of 1.5 mm. According to the standard

of GB/T2281-2010, mechanical properties are measured by a

CTM2500 microcomputer controlled electronic universal testing

machine equipped with an extensometer.

4 Results and discussion

4.1 Microstructure of as-built inconel
718 samples fabricated via L-PBF

Figures 2A, B shows EBSD images of the microstructure on

XZ plane, parallel to building direction Z, and XY plane,

perpendicular to building direction Z, of as-built Inconel

718 sample with columnar dendritic morphology. During the

laser scanning in L-PBF process, the partially remelting of the

solidified part of the lower layer leads to the epitaxial growth to

form columnar dendritic morphology. The microstructure shows

stronger texture on the (Zhang et al., 2019) crystallographic plane

than that on XY plane. Strip-shaped grains are arranged in

parallel across the width of the melt channel, and there are

some fine grains at the edge of the scanning track. In order to

analyze the distribution of solutes along the center to the edge of

substructures, the XY plane has be chosen to show the entire

surface of substructures. Along the substructure from center to

edge, the XY plane should be choice to display the whole surface

of the substructure. Therefore, the microstructure characteristics

and solute distribution behavior on XY plane of the Inconel

718 samples in the L-PBF process are analyzed in the

current work.

The high cooling rate and cyclic temperature profile are the

main reasons for the formation of columnar grains, which exhibit

as cellular substructures in the range of 0.5–1.5 μm on the XY

plane of Inconel 718 alloy fabricated by L-PBF, as shown in

Figure 2C. The main secondary phase of as-built Inconel 718 is

the fine white Laves phase and a little amount of bright NbC

phase, according to Figure 2D–F. The results indicate that the

dispersed Laves phase and NbC phase are mainly distributed on

cellular substructure boundaries. The area fractions of Laves

phase and NbC phase are 2.24% ± 0.25, and 0.23% ± 0.06,

respectively. During the L-PBF process, the molten metal is

solidified after laser scanning, and solutes at the solid/liquid

(S/L) interface are redistributed. With the movement of the S/L

interface, solutes (Nb, Mo, Ti, Al) are accumulated at the front of

the interface, and most of the solutes are partitioned to the

TABLE 3 Nominal chemical composition of the gas atomized Inconel 718 powder.

Element Ni Cr Fe Mo Nb Ti Al Co. Si Cu Mn C

Content (wt%) 54.66 18.98 Bal 3.15 5.0 0.98 0.48 0.12 0.07 0.034 0.027 0.024
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residual liquid phase. Due to insufficient back diffusion,

significant solute segregation was observed in the solid. The

solutes remaining in the residual liquid diffuse and enrich

between the dendrites. Therefore, NbC phase with higher

melting points and Laves phase with lower melting points are

precipitated from the residual liquid phase, which consumes a

large number of the Nb elements required by the formation of γ′
and γ″ strengthening phases. The amount of strengthening

phases precipitated in aging is reduced, which is unfavorable

to the mechanical properties. The microstructure evolution of

solute distribution and secondary phase (Laves) of Inconel

718 alloy during L-PBF process and homogenization are

analyzed.

4.2 Solidified microstructure model
established by phase field

The several cellular substructures of as-built Inconel

718 fabricated via the L-PBF are simulated to describe its

characteristics in the MICRESS software with the multiphase-

field model. The solute trapping and secondary phases in the

L-PBF solidification microstructure are analyzed. The simulation

results of cellular substructure and Laves phase distribution on

XY plane are shown in Table 4; Figure 3A. The white Laves

phases are distributed on the boundary of cellular substructure,

and its area fraction is about 2.19%, which is much coincided

with the experimental measurement results (area fraction of

2.24% ± 0.25). Figure 3B shows that, in the as-built Inconel

718 sample, the solutes with equilibrium partition coefficients

(obtain from Thermo-Calc) less than 1, such as Mo, Nb, Ti, and

Al, are segregated between cellular substructures, and the

segregation of Nb is the most significant. The solutes with

equilibrium partition coefficient greater than 1, such as Cr

and Fe, are segregated in cellular substructures. The SEM-EDS

maps of solute distribution are shown in Figure 4, which

qualitatively verifies the segregation of each element in the

simulated results. As shown in Figure 3C, the calculation

results (dashed lines) agree well with the overall trends of

EPMA measurement results (solid lines), which shows that

the multiphase-field model can effectively calculate the solute

distribution in the rapid solidification. Nb element is an

important component of γ′ and γ″ strengthening phases of

Inconel 718 alloy, and its concentration and distribution in

the matrix directly determine the strengthening effect.

Therefore, the evolution of the Nb element is used as one of

the important indicators for measuring the homogenization

effect in current work.

FIGURE 2
EBSD maps of as-built Inconel 718 samples, (A) IPF Z color mappings on XY plane, (B) IPF Z color mappings on XZ plane, SEM images on XY
plane, (C) lower magnification, (D) higher magnification, (E,F) electron diffractions of Laves phase and NbC phase.
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The solute trapping effect in the solute distribution process is

the main feature that distinguishes the L-PBF process from other

conventional casting processes. To confirm the solute trapping

effect in the calculated results by multiphase-field model, the

solutes partition behavior is compared with that calculated by

Scheil model and Pseudo Front Tracking (PFT) model (Du and

Jacot, 2005), as shown in Figure 3D. Scheil is a classic model of

non-equilibrium solidification, in where there is no diffusion in

solid phase and infinite diffusion in liquid phase. The PFT model

is a sharp interface model developed by (Jacot and Rappaz.

(2002); Du and Jacot. (2005); Du et al. (2007), which

considers the limited diffusion in solid and liquid phases. The

1-D PFT model is based on the assumption of local equilibrium

at S/L interface, which is suitable for microstructure simulation in

sub rapid solidification process without solute trapping. The

quasi-equilibrium is assumed at the interface on the

multiphase-field model, which make it possible to capture

solute trapping. The solute concentration in primary phase

gradually increases from the center to the edge of the cellular

substructure under the effect of local equilibrium at S/L interface

and back diffusion in the primary phase. Therefore, the solute

concentration in solid calculated by Scheil is higher than that in

TABLE 4 Experiment and simulation of microstructural characteristics.

Diameter of cellular substructure (μm) Area fraction of laves phase (%) Area fraction of NbC phase (%)

Experiment 0.79 ± 0.32 2.24 ± 0.25 0.23% ± 0.06

Simulation 0.76 ± 0.18 2.19% —

FIGURE 3
Simulation results of (A) cellular substructure and Laves phase distribution, (B) solute distribution curves from center to edge in cellular
substructure. Solutes distribution curves, (C) EPMAmeasurements andmultiphase-fieldmodel simulation results, (D)Nb distribution calculated by 1-
D PFT model, multiphase-field model, and Scheil model when fs = 0.5.
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FIGURE 4
SEM-EDS maps of solutes in cellular substructures of as-built Inconel 718 sample.

FIGURE 5
(A) Simulated concentration fields of Nb, (B) phase field, and (C) SEM images at the homogenization temperature of 1,080°C for 0–4.0 h.
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the 1-D PFT model due to the absence of diffusion in primary

phase. The S/L interface of the multiphase-field model is a

dispersion interface with a certain thickness, and no obvious

solid/liquid boundary in the calculation results of Nb solute

distribution showing an increasing trend as a whole. As

shown in Figure 3D that in the solidified matrix phase, the

Nb solute concentration calculated via the multiphase-field

model is higher than that calculated by PFT model. The

higher part is the difference of Nb concentration calculated by

PFT and multiphase-field models due to the solute trapping in

the rapid solidification, which proves that multiphase-field

simulation can effectively capture solute trapping. The phase

filed model provides the possibility for the accurate simulation of

solidification microstructure characteristics, which is an essential

foundation for optimizing the subsequent heat treatment

process.

4.3 Effect of homogenization time on
microstructure andmechanical properties

Based on the simulated results of as-built Inconel

718 samples, the evolution of microstructure in subsequent

homogenization process is carried out to analyze the effect of

homogenization time on its microstructure evolution and

mechanical properties. As shown in Figures 5A, B, the solute

fields of Nb and phase field in the cellular substructure are

simulated at the homogenization temperature of 1,080°C for

0.5–4.0 h by phase-field method. The results indicate that the

solute distribution gradually tends to be uniform, and the

fraction of Laves phase is significantly reduced during the

homogenization process. Under the same conditions, the

experimental results are also shown in Figure 5C, which also

indicate the reduction of Laves phase particles in size and number

density. Since the NbC phase will not dissolve in the

homogenization process, it is ignored in the phase field

calculation. Therefore, compared with the calculated results, it

seems that there are more second phases in the experimental

results. Some solutes, such as Nb, Ti, Al, required for

strengthening phase are contained in brittle Laves phase,

which would result in initiation and propagation of cracks.

Therefore, one of the purposes of homogenization is to

dissolve Laves phase particles as many as possible, so as to

release the solutes required for strengthening phases and

improve the effect of subsequent aging strengthening.

The area fractions of Laves phase and homogenization time

in the simulation and experimental results show a nonlinear

relationship as shown in Figure 6A. The distribution trend of the

calculated results agrees with the experimental results, which

proves the reliability of the calculated results. Although the

measurement method has been standardized as much as

possible, it will inevitably lead to measurement error and

hinder its validation of the simulation results. However, it

does not affect the analysis of the microstructure evolution

during the homogenization process. During the short-time

homogenization process (less than 1.0 h), the area fraction of

Laves decreases rapidly with the increase of homogenization

time. However, with the increase of the homogenization time, the

Laves area fraction decreases slightly during a longer

homogenization time (above 1.0 h). According to Figure 6B,

the solute diffusion is promoted by high concentration

gradient of as-built Inconel 718 samples at the beginning of

homogenization, and the dissolution rate of the secondary phase

(Laves phase) is higher. The solutes in the substructure have been

evenly distributed at the homogenization time of 0.5 h. With the

increase of homogenization time (more than 0.5 h), the solute

FIGURE 6
At the homogenization temperature of 1,080°C for 0.5–4.0 h, (A) area fractions of Laves phase in simulation and experimental results, (B)
distribution curves of Nb element along the radius of cellular substructure simulated by phase-field.
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concentration distribution in the substructure becomes uniform,

so that solutes diffusion rate decreases, and dissolution rate of the

secondary phase decreases.

The grain orientation evolution under conditions with

different homogenization times (0.5 h–4.0 h) at 1,080°C was

analyzed by EBSD maps, as shown in Figures 7A–D, and twin

grain boundaries are marked by black lines. With the increase of

the homogenization time, the morphology of the strip-shaped

grains on the XY plane no longer exhibit the regularity of parallel

arrangement gradually. The grains are merged and keep growing,

and the average grain radius increase from 4.9 μm of the as-built

sample to 13.5 μm of the homogenized sample at 1,080°C for

4.0 h, as shown in Figure 8A. There are about 67% area fraction of

the Laves phase generated during L-PBF process are dissolved at

homogenization time of 0.5 h. After a longer time (more than

1.0 h) of homogenization, the twins grow significantly. The area

fractions of twins under the homogenization conditions of 1.5 h,

2.0 h, and 4.0 h are 22.43%, 27.78%, and 46.41%, respectively.

The subsequent solid solution (S: 980 °C/1 h) and double aging

(A: 720°C/8 h + 620°C/8 h) treatments are carried out for the

samples homogenized with different time to analyze the effect of

homogenization time on the final mechanical properties of

Inconel 718 samples fabricated via L-PBF. The evolution of

the microstructure during homogenization process will also

affect the microstructure characteristics and mechanical

properties of the final aged samples.

Figures 8B, C shows stress-strain curves, ultimate tensile

strength and yield strength of the aging-heat-treated Inconel

718 samples. The results indicates that with the increase of

homogenization time, the strength also increases initially and

then decreases, reaching the maximum at homogenization time

of 0.5 h. The ultimate tensile strength is 1,465 ± 9 MPa, which is

about 6% higher than that of 1,378 ± 5 MPa at the

homogenization time of 1.5 h. The yield strength is 1,334 ±

12 MPa, which is 14% higher than that of 1,165 ± 7 MPa when

the homogenization time is 1.5 h. However, the elongation of the

final aging-heat-treated Inconel 718 samples under the condition

of homogenization time of 0.5 h decreased from 23.6 ± 0.8% to

17.9 ± 0.5% in reference to the condition of homogenization time

of 0.5 h. Although the ductility at the homogenization time of

0.5 h is significantly reduced, it is still higher than the minimum

value of 12% specified in the AMS5663 M (for Inconel

718 components, ultimate tensile strength and the yield

strength are 1,276 MPa and 1,034 MPa respectively).

FIGURE 7
EBSD IPF images of Inconel 718 samples fabricated via the L-PBF at homogenization temperature of 1,080°C for different times (A) 0.5 h, (B)
1.5 h, (C) 2.0 h, and (D) 4.0 h.
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The distribution and electron diffraction patterns of

strengthening phases (γ′, γ″) along the [011] and [1 10] zone

axes of HSA heated samples at the homogenization time of 0.5 h

and 1.5 h are shown in Figures 9A, B. The superlattice reflections

(100) and (010) of γ′ precipitates, and (110) arose both from γ′
and γ″ phases. The reflections of (1 1/2 0) and (1/2 1 0) belong

only to γ″ precipitates. Figure 9B indicate that more and finer

strengthening phases particles precipitate from matrix phase

with longer homogenization time. The average length of γ″
phase particles decreases from 22.6 nm to 14.6 nm as the

homogenization time increase from 0.5 h to 1.5 h, and its

number density increases from 1.36 × 103/μm2 to 2.54 × 103/

μm2. The results show that long-time homogenization is

beneficial to improve the effect of aging strengthening. Figures

9C, D shows the fracture morphologies of tensile specimens of

the final aging-heat-treated at different homogenization times.

All of them are dominated by ductile fractures. The results

indicated that at the homogenization time of 1.5 h, there are

many finer and uniform dimples. However, at the

homogenization time of 0.5 h, the fracture presents dimples

with uneven depth and size, and a small amount of quasi-

cleavage fracture morphology appears locally. The above

fracture patterns are consistent with the change of elongation

after fracture under corresponding conditions.

The simulation and experimental results show that a large

number of Laves phase particles at cellular substructure and grain

boundaries are dissolved. When the homogenization time

increases to 0.5 h, the solutes, such as Mo and Nb, Ti, are

greatly increased and evenly distributed gradually. The

increase and uniform distribution of solutes in the matrix

phase are beneficial to achieve high yield strength. Therefore,

strength increase as the homogenization time increases when the

homogenized time is less than 0.5 h, as shown in Figure 8C.

However, when the homogenized time is greater than 1.0 h, the

strength of the aged Inconel 718 samples decreases with the

increase of homogenization time. One reason is that many

annealing twins are generated and growth. The other reason is

that the grains grow significantly as the homogenization time

increases, which also adversely affects the strength. According to

the simulated results in the homogenization, a large number of

Laves phase particles have been dissolved and the solutes have

been distributed evenly at the homogenization time of 0.5 h. In

addition, when the homogenization time is 0.5 h, there is no

obvious grain evolution according to experimental results.

FIGURE 8
(A) Average grain size, area fraction of twins, simulated concentration gradient of Nb, and area fraction of laves phase at homogenization
temperature of 1,080°C for different times, (B,C) ultimate tensile strength and yield strength of HSA heated Inconel 718 samples at different
homogenization time.

Frontiers in Materials frontiersin.org11

Chen et al. 10.3389/fmats.2022.1043249

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2022.1043249


Therefore, under the combined effects of solute concentration

evolution, secondary phase dissolution, annealing twin evolution,

and grain growth, the strength shows non-monotonic trends.

They increase initially and then decrease with the increase of

homogenization time, reaching the maximum at the

homogenization time of 0.5 h.

Based on the homogenization simulation results, δ phase

(Ni3(Nb, Ti)) and strengthening phases (γ″, γ′) precipitated in

solution and double aging heat treatments with different process

parameters will be modeled in our future study. The δ phase

precipitated at the grain boundaries during the solid solution can

strengthen grain boundaries, but it also consumes the solutes

required for strengthening phases. Microstructure simulation

method are useful to study the precipitation and evolution of

δ phase under different solution parameters to balance the effects

of grain boundary strengthening and aging strengthening.

According to the precipitation strengthening mechanism and

mechanical property test results, the effects of size and volume

fraction of precipitate phases on mechanical properties are

valuable for obtaining the most suitable heat treatment

parameters.

5 Conclusion

In this paper, based on the solidified microstructure model

established by multiphase field simulation, the effects of

homogenization time on microstructural evolution and

mechanical properties are analyzed and optimized. The

following conclusions are obtained:

1) Considering the solute trapping in the solidified

microstructure model, the simulated results are consistent

with the experimental results, such as solute distribution and

area fraction of the secondary phase (Laves). The advantages

of the multiphase-field model in calculating solutes

distribution in L-PBF printed Inconel 718 are demonstrated.

2) Combining phase field simulations and experimental studies,

it is found that when the homogenization time is 0.5 h, 67%

area fraction of the laves phase are dissolved and the

concentration gradient of Nb along the radius of the

cellular substructure decreases from the initial 1.217 wt%

to 0.001 wt%, which have achieved the homogenization

purpose.

FIGURE 9
(A,B) Bright-field TEMmicrographs and electron diffraction patterns of strengthening phases (γ′, γ″) along the [001] and [1 10] zone axes, (C,D)
fracture surfaces of HSA heated Inconel 718 samples at homogenization time of 0.5 h and 1.5 h.
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3) Under the condition of homogenization time of 0.5 h optimized

by phase filed simulation, the yield strength (YS) is 1,334 ±

12MPa, and the ultimate tensile strength (UTS) is 1,465 ±

9MPa. Compared with that at the homogenization time of 1.5 h,

i.e., standard HSA heat treatment (AMS 5383), the YS and UTS

are increased by 14% and 6%, respectively.
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