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Abstract: Inconel 718 is a precipitation strengthened, nickel-based super alloy of interest for the
Additive Manufacturing (AM) of low volume, complex parts to reduce production time and cost
compared to conventional subtractive processes. The AM process involves repeated rapid melting,
solidification and reheating, which exposes the material to non-equilibrium conditions that affect
elemental segregation and the subsequent formation of solidification phases, either beneficial or
detrimental. These variations are difficult to characterize due to the small length scale within
the micron sized melt pool. To understand how the non-equilibrium conditions affect the initial
solidification phases and their critical temperatures, a multi-length scale, multi modal approach has
been taken to evaluate various methods for identifying the initial phases formed in the as-built Inconel
718 produced by laser-powder bed fusion (L-PBF) additive manufacturing (AM). Using a range of
characterization tools from the bulk differential thermal analysis (DTA) and x-ray diffraction (XRD)
to spatially resolved images using a variety of electron microscopy tools, a better understanding
is obtained of how these minor phases can be properly identified regarding the amount and size,
morphology and distribution. Using the most promising characterization techniques for investigation
of the as-built specimens, those techniques were used to evaluate the specimens after various
heat treatments. During the sequence of heat treatments, the initial as-built dendritic structures
recrystallized into well-defined grains whose size was dependent on the temperature. Although the
resulting strength was similar in all heat treated specimens, the elongation increased as the grain size
was refined due to differences in the precipitated phase distribution and morphology.

Keywords: metal additive manufacturing; Inconel 718; heat treatment; grain boundary precipitates;
Laves phase; mechanical properties

1. Introduction

Nickel-based super alloys, such as Inconel 718, are used in aerospace applications
due to their ability to retain their strength and resistance to corrosion at temperatures
up to 650 ◦C [1–3]. Inconel 718 components can be produced by either casting, powder
metallurgy sintering, or the thermomechanical processing of either cast or sintered preforms
to form wrought materials. The slow kinetics of the phase transformations in Inconel
718 retards the formation of detrimental phases making it favorable for fusion welding of
complex assemblies [2,4] and suitable for additive manufacturing (AM).

Use of AM reduces the cost of fabricating Inconel 718 components with its ability
to directly build complex assemblies and eliminate subsequent joining operations. Since
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Inconel 718 components can be produced using powder metallurgy, powders are readily
available for use in AM processes. Table 1 provides a summary of the phases commonly
found in Inconel 718 and includes the solidification phases of γ, Laves and MC carbides,
which are typically niobium carbides (NbC). The precipitation phases include δ and the
strengthening precipitates γ’ and γ”. Depending on their size, morphology and distribution,
the solidification phases are reported to either be beneficial, as in the case of the MC type
carbides for controlling grain size and morphology [5–11], or detrimental in the case of
the Laves phase [12,13]. The role of the δ phase in resulting morphology has been less
studied [14]. As noted in Table 1, Nb is the dominant element in the solidification phases
as well as in the subsequent formation of δ, γ’ and γ”.

Table 1. Inconel 718 Phase Summary [6,15,16].

Phase Crystal Structure Chemical Formula Volume Fraction Nb Content wt.%

γ FCC Ni Bal

γ’ FCC (LI2) Ni3(Al,Ti,Nb) 4% <4%

γ” BCT (DO22) Ni3Nb 16% 4%

δ Orthorhombic (DOa) Ni3(Nb,Ti) 5% 6–8%

Carbide Cubic (Nb,Ti)C

Laves HCP (TCP) (Ni,Cr,Fe)2(Nb,Mo,Ti) 10–12%

With any solidification process, segregation of alloying elements occurs dependent on
the cooling rate [17,18]. Equilibrium solidification paths are noted to start with the forma-
tion of Nickel-Iron-Chromium (Ni-Fe-Cr) γ dendrites in the range of 1340 to 1360 ◦C [19–21].
This leaves the inter-dendritic regions Nb rich. Depending on the carbon content, MC
type carbides are favored to form in the range of 1280 to 1265 ◦C and Laves in the slightly
lower range of 1160 to 1175 ◦C [17,22,23]. Dissolution of the Laves phase in subsequent
heat treatments is noted to be difficult to achieve since extended heat treatments at lower
temperatures result in grain growth and increasing the temperature to its solubility range
of 1076 to 1160 ◦C can result in incipient melting at the grain boundaries [2,6,22,24].

The cooling rate during solidification also affects the amount of the Laves phase formed
as noted in casting practices where increasing the rate is used to minimize the Laves phase
formation [18]. Since the solidification rates in laser powder bed fusion (L-PBF) are in the
range of 103 to 106 ◦C/s, Laves formation is expected to be minimized in AM processing
as compared to castings or weldments [18,20,25]. However, the resulting distribution,
morphology and volume fraction of the Laves phase is often cited as a concern regarding
its effect on the mechanical properties [26–28]. The formation of discontinuous globular
Laves phase along grain boundaries has been reported to improve the quasi-static room
temperature strength in addition to elevated temperature stress rupture properties [29]. If
the particles significantly coarsen, the Laves phase is reported to have a detrimental effect
on the strength and fatigue properties [26]. Thus, the size and morphology of the Laves
phase is strongly correlated with its resulting effect on mechanical properties [16].

The δ phase can either precipitate during heat treatments or result from over aging
of the metastable γ” phase. Our understanding of the δ phase precipitation is based on
wrought material processing. In wrought material, the δ phase typically forms along grain
boundaries within the range of 870 to 1065 ◦C [5–11]. At temperatures below 1010 ◦C, an
acicular shape is favored, and at temperatures over 1040 ◦C, a global shape is favored. In
recent studies in L-PBF of Inconel 625 [14], the formation of the δ phase was noted to be in-
fluenced by the degree of homogenization. Both the δ phase and the MC carbide phases are
effective at pinning grain boundaries and influencing the resulting grain structure [7–9,29].
The effect on the resulting grain morphology and mechanical properties are reflected in
the heat treatment standards for Inconel 718. In wrought materials a solution treatment
below the δ solvus is recommended for applications requiring high tensile and fatigue
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strength [30] and above the δ solvus is recommended for applications requiring optimum
ductility and impact properties [31].

In fully homogenized materials, a solutionizing temperature is used prior to a two-step
aging treatment to precipitation the γ’ and γ” phases within the temperature range of 720
to 620 ◦C [32–34]. In Inconel 718, the γ” phase is reported to be the primary strengthener.
As noted in Table 1, these phases differ only as variations on the cubic closed-packed
structure, related to the ordering of the alloying atoms thus affecting the symmetry sites
and Kikuchi diffraction. Due to the similarity in crystallographic structure among the γ

matrix and γ’/γ” phases, it is difficult to individually identify these phases on the basis of
bulk diffraction alone. In addition, the nanometer sized strengthening precipitates require
use of high resolution transmission electron microscopy (TEM) imaging to resolve [32,35].
The effectiveness of aging heat treatment is thus indicated by tensile or hardness results.

Although many studies have investigated the as-built (AB) microstructure of Inconel
718 fabricated by laser-powder bed fusion (L-PBF), spatial phase identification is based
on the elemental composition and morphology in the Nb-rich inter-dendritic regions of
the AB cellular structure [23,26,36–42]. Among the possible phases, diffraction can be used
to distinguish the Laves and δ phases, if they are present in sufficient quantity and size.
The ability to distinguish between the γ matrix and γ’/γ” strengthening phase cannot be
resolved using bulk diffraction techniques due to similarity in the cubic closed-packed
structure and are too small to be observed without higher resolution TEM.

Thus, it is challenging to adequately describe the starting microstructure of an AM
build considering both bulk and spatial distributions. Optimization of heat treatments
for L-PBF Inconel 718 are developed based on control and manipulation of the starting
microstructure to achieve the desired performance. Proper identification of secondary
phases in complex microstructures such as Inconel 718 must consider both composition
and crystal structure especially considering the non-equilibrium conditions. By taking a
multi-length scale, multi-modal approach toward characterization of both the composition,
critical temperatures, and crystal structure of the AB L-PBF Inconel 718, secondary phases
in the AB microstructure can be accurately identified to guide selection of heat treatments.

Due to the rapid solidification nature of the AM process, development of post pro-
cessing methods for L-PBF AM Inconel 718, have questioned the use of heat treatments
developed for wrought alloys. These heat treatments range from direct aging in one step
vs. the standard two-step aging treatment developed for wrought materials [5,43,44]. Most
recently ASTM Standard F3055 has been published for processing of L-PBF Inconel 718 [45].
This standard builds on those previously developed for wrought Inconel 718 [30,31],
adding stress relief and hot isostatic press (HIP) and homogenization steps. The use
of HIP/homogenization parameters are related to those developed for cast Inconel 718
for control of the solidification phases and minimizing porosity. The time-temperature-
transformation (TTT) diagrams developed for wrought Inconel 718 show the tradeoffs
controlling the formation of δ vs. γ’/γ” and do not show Laves [46]. It is interesting to note
that the Laves phase is shown on the TTT diagrams for cast alloys, but not for wrought
materials [18,20,25,47]. As Nb is a prominent element in Inconel 718, careful control of
the heat treatment cycles is used to control the volume fractions of each of the phases
summarized in Table 1. Careful control of time and temperature is required to promote the
formation of the δ phase along with the metastable γ’ and γ” phases [4,46]. The precipita-
tion and growth of the δ phase has been widely studied in the development of wrought
processing whereas control of the Laves phase has been widely studied in the development
of cast processing. Optimization of post processing for L-PBF AM materials presents a
need for proper identification and quantification of the various phases formed under the
non-equilibrium processing. As noted in a recent study of L-PBF Inconel 625, the micro
segregations within the inter-dendritic regions can affect the precipitation sequence [14].
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2. Materials and Methods

Inconel 718 used in this study were argon atomized MicroMelt 718 AM powders
from Carpenter Powder Products. Starting elemental chemistry of the feedstock was
analyzed by WestmorelandMechanical Testing & Research, Inc. located in Youngstown,
PA, USA. Analysis of the heavier elements used Inductively Coupled Plasma (ICP) optical
emission spectroscopy (OES), in accordance with ASTM E1479-16 [48]. Analysis of the
lighter elements was made in accordance with ASTM E1019-18 with combustion for carbon
and inert gas fusion (IGF) for oxygen and nitrogen [49]. Both the powders and the resulting
AM material were analyzed for alloy element stability and introduction of contaminants
using 10 gm samples.

The size and shape analysis of the starting powders was obtained from Horiba Instru-
ments, Inc. located in Irvine, CA, USA. A Horiba model LA-9, laser diffraction particle size
analyzer measured the dry powders using an air-jet dispersion method at 0.40 MPa for
5000 s. Approximately 100 particles were used in the analysis.

The specimens were printed on a Concept Laser model M2 machine with a 90◦ alter-
nating pattern for each layer. The energy density was 95.2 J/mm3 with a laser power of
180 W. The deposition parameters were 0.105 mm hatch spacing, 30% overlap, 600 mm/s
scan speed, and 0.035 mm layer thickness. Deposition parameters were determined from
previous studies for optimizing the resulting density.

After printing, subsets of three specimens each underwent the heat treatment cycles
listed in Table 2 in accordance with ASTM F3055 [45] and AMS 5663 [30]. One set of
samples remained in the AB condition. A second set of samples were directly aged (DA)
per the two-step process and allowed to air cool. A third set, denoted ST + Age, underwent
a solutionizing treatment (ST) followed by a rapid quench (Q) prior to a two-step aging.
The fourth set were subjected to a full heat treatment (FHT), in accordance with ASTM
Standard F3055 that consisted of a stress relief (SR) followed by slow cooling (SC) and then
HIPed followed by a SC [45]. The specimens were quenched (Q) after the homogenization
(Homo) cycle and ST cycles. A two-step age was applied and specimens air cooled. The ST
temperatures selected were within the specified range of 941 to 1010 ◦C [30].

Table 2. Heat treatment conditions: temperature (◦C) per time (h).

Heat Treat Condition ID SR/SC HIP/SC Homo/Q ST/Q Age 1 Age 2

As-built (554) AB – – – – – –

Direct 2 step age
(527) DA – – – – 720/8 620/10

Solutionize + 2 step age
per 5663

(522)
ST+Age – – – 1010/1 720/8 620/10

Full heat treatment per
ASTM F3301

(506)
FHT 1066/1.5 1163/3 1163/1 954/1 720/8 620/10

Representative samples were mounted and metallographically prepared using stan-
dard practices with a 0.5 µm Al2O3 final polish. Optical micrographs (OM) were prepared
for each specimen in the build plane (XY) and build direction (Z). A Zeiss XioVert.A1m
Inverted Microscope for Reflected Light Techniques was used to record images from the
as-polished samples in addition to those etched with waterless Kalling’s to reveal grain
boundaries.

Before etching, bright field images were taken of un-etched samples to record the
void size and morphology in two orientations. Sufficient images were recorded at 200×
magnification to obtain 100 voids rejecting indications of less than 6 pixels (or 2.7 µm)
as noise.
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After the OM, the specimens were re-polished to remove the etchant and initial images
recorded in a LEO 1530VP field emission gun (FEG) scanning electron microscope (SEM).
Backscattered electron (BSE) images were collected to highlight the distribution of Nb-rich
regions. Elements were verified using an Oxford energy dispersive spectrometer (EDS).

Detection of critical temperatures associated with phase changes utilized a differential
thermal analysis (DTA) with a SETARAM TAG 24 thermo-balance. Endothermic and
exothermic effects were monitored over the range of 600 ◦C to 1400 ◦C at a rate of 20 K/min
during heating and a rate of 10 K/min during cooling. Two heating and cooling cycles
were run with an estimated temperature accuracy of +5 ◦C. Sample mass varied from 32 to
46 mg.

Bulk sample phase identification used a Seifert 3000 PTS x-ray diffractometer (XRD)
with a 50 scan/channel semiconductor detector. The XRD was configured with a Co Kα

source and was operated at 40 kV and 40 mA over the 2-theta range of 35 to 95◦ with a step
scan of 0.02◦ for 1200 s.

To obtain spatially resolved information on phase distribution, initial specimens were
prepared for TEM. These TEM foils were extracted using a focused ion beam (FIB) in a FEI
Quanta 3D field emission gun (FEG) with platinum (Pt) as the protection coating. A JEOL
JEM-2200FS TEM equipped with an EX 24065 JGP detector was used for imaging and EDS
analysis. The JEOL TEM was operated at 200 kV and was configured with a field emission
electron gun (FEG).

Due to the surface sensitivity of Transmission Kikuchi Diffraction (TKD) analysis,
conventional TEM preparation was used for a second set of TEM foils to eliminate potential
FIB-induced artifacts. Slices of the specimens were mechanically thinned to approximately
100 to 150 µm and 3 mm diameter foils were removed using a punch. The foils were thinned
to electron transparency using a Tenupol-3 electropolisher set at 25 V and 18 mA using an
electrolyte of ethanol (950 mL) + butanol (100 mL) + perchloric acid (50 mL) maintained at
−40 ◦C. Subsequent imaging of the conventional TEM foils used a FEI Versa 3D FEG SEM
operated at 30 keV for TKD analysis. The TEM foil was mounted in an electron backscatter
detector (EBSD) holder at the standard 70◦ tilt. Once in the SEM, the holder was tilted
to put the thin foil at a −20◦ angle to the primary electron beam. An EDAX TSL EBSD
was used to obtain the crystallographic information with an EDS detector to verify the
elements present.

Round sub-sized specimens were machined for tensile testing from the AB as well
as the various heat treatments. A total of 3 specimens were machined for each of the
heat treatment steps outlined in Table 2. The specimens had a nominal 0.64 cm diameter
and a 7.6 cm nominal gage length and were tested with the tensile axis aligned with
the build direction (Z). All tensile tests were conducted on a screw-driven mechanical
actuator which used a linear variable differential transformer for displacement feedback.
Stress measurements were based on loads obtained from an 89 kN load cell and specimen
dimension measurements. Strain measurements were obtained from a 2.5 cm extensometer
calibrated to 50% strain. All tests were run in displacement control at a constant crosshead
velocity of 0.13 cm/min per ASTM standard E8 [50].

3. Results
3.1. Powder and Elemental Analysis

A Gaussian distribution from 10 to 70 µm of the starting powder was obtained from
the powder size analysis. The median size was 27.2 µm and the mean size was 28.4 µm
with an aspect ratio of 0.98. Table 3 lists the elemental analysis for the powder and the
L-PBF specimens as compared to ASTM Standard B637-18 for wrought Inconel 718 [51].
Although the values are within the standard specification limits, there are slight variations
noted between the initial powder and the deposited L-PBF specimens which are attributed
to non-homogeneities in the powder in addition to the deposited material.
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Table 3. Elemental composition (wt%) with Fe as the remainder.

Ni Cr Nb+Ta Mo Ti Co Al Mn Si Cu C O

ASTM Standard
B637 [51]

Min
Max

50.0
55.0

17.0
21.0

4.75
5.50

2.80
3.30

0.65
1.15 1.00 0.20

0.80 0.35 0.35 0.30 0.08

Powder 50.7 18.2 5.08 3.15 0.84 0.07 0.47 0.02 0.04 0.01 0.04 0.02

AM specimen 51.67 16.60 5.86 3.75 1.06 0.11 0.68 0.02 0.07 0.01 0.05 0.02

3.2. Optical Microscopy Images

The results of the void analysis from the un-etched samples are presented in Table 4.
The similar size in the build plane and build direction indicate spherical voids, indicative
of trapped gases [52,53]. The average void size is noted to increase slightly after initial
heat treatment consistent with expansion of trapped gases. Following the HIP process
in the FHT, the voids are noted to be slightly reduced in size with a decrease in area
fraction [54,55]. With the void fraction less than 1%, no detrimental effect on the tensile
results is expected [54–56].

Table 4. Summary of void analysis.

Sample ID Area Fraction Average Void Size
(%) (µm)

AB (XY) 0.29 12.3 ± 13.9

AB (Z) 0.17 11.7 ± 12.5

ST+Age (XY) 0.30 14.0 ± 16.1

ST+Age (Z) 0.21 14.6 ± 14.7

FHT (XY) 0.15 5.3 ± 4.5

FHT (Z) 0.15 5.4 ± 5.4

Optical microscopic images in Figure 1 of the AB microstructure show a basket-weave
pattern in the build plane due to the overlapping of alternating 90◦ layers. Distortion of melt
pools along the build direction is due to the melting, solidifying and re-melting of layers.
SEM BSE image of the corresponding AB microstructure shown in Figure 2a–d, reveals
an inhomogeneous microstructure, common for L-PBF processing where the initial basket
weave pattern is retained. Within the higher magnification images in Figure 2c,d, a mixture
of cellular and elongated structures is revealed with the bright regions corresponding to
the Nb-enriched inter-dendritic regions.
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Figure 2. SEM BSE imaging of the XY build plane microstructure of the as-build specimen at
increasing magnifications in a through d. Images in (a,b) display orientation contrasts due to electron
channeling. The bright regions in the higher resolved images in (c,d) correspond to Nb enrichment,
as indicated by periodic number contrast.

3.3. X-ray Diffraction Results

XRD results for the AB specimen are shown in Figure 3 which index to the solidification
phases of Laves (ICDD PDF 04-004-7304) and NbC (ICDD PDF 00-038-1364), in addition to
the γ matrix (ICDD PDF 01-004-0850). The low intensities of Laves and NbC are consistent
with minor volume fractions.

3.4. Differential Thermal Analysis

DTA results for the AB Inconel 718 are shown Figure 4a for two heating cycles to
investigate peak reversibility, indicative of equilibrium solidification phases. The top
curve is the first heating cycle and the bottom curve the second. In the first heating cycle,
endothermic peak maximum values are observed at 1175 ◦C and 1298 ◦C, associated with
the Laves and NbC phases, respectively [20,22,57–60]. The endothermic peak at 1355 ◦C is
associated with the γ to liquid transformation of the austenitic matrix. Upon the second
heating cycle, similar peaks are observed showing the reversibility of the liquation and
solidification of the equilibrium solidification phases of Laves and NbC.

Results from both DTA heating scans were utilized to qualify the Laves phase content
in the AB specimens. Since there was no overlap for the Laves phase, its phase fraction
was obtained by integrating the area under the curve and multiplying by its density. Laves
phase fraction from the DTA data was 0.6%.
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3.5. Transmission Electron Microscopy Imaging

To further explore the Nb enriched regions observed in Figure 2, a FIB sample was
removed from the location shown in green in Figure 5a for TEM imaging. The TEM BFI is
shown in Figure 5b where the dark regions highlight the Nb-rich regions at triple points and
grain boundaries of the cellular structure. Using the STEM mode, EDS scans were made
across triple points and cellular boundaries as indicated by the red lines on the TEM BFI
shown in Figure 5b. The corresponding qualitative elemental data is presented in Figure 6.
EDS line scans 1 and 3, taken across the triple point, showed an increased concentration
of Nb in comparison to the line scan 2 taken across a cellular boundary. No diffraction
data could be obtained to verify the crystal structure due to the small 40 to 60 nm size of
these regions. Corresponding to the increased Nb content in the inter-dendritic regions,
depletion is noted for Cr, Ni, and Fe in the corresponding dendritic core.
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3.6. Transmission Kikuchi Diffraction Analysis

Further efforts to obtain diffraction patterns for phase identification of the Nb en-
riched regions utilized TKD analysis. Due to the surface sensitivity of this technique,
additional TEM foils were prepared using conventional techniques to minimize surface
damage. The STEM HAADF image of the conventionally prepared TEM foil shows an
overview in Figure 7 with Nb-rich cellular dendritic structures observed. To visualize the
reliability of the feature recognition used for indexing, image quality (IQ) maps are shown
in Figures 8a and 9a. Here, the contrast in the IQ maps arises from different phases shown
as dark particles at triple points of the cellular structures. EDS analysis confirmed these re-
gions to be enriched in Nb with a slight depletion of Fe and Ti in some of the larger particles,
consistent with Figure 6. Only two phases were identified and indexed using simulations of
the Kikuchi patterns from various crystal structure information. Figures 8a and 9b display
the phases present showing only the γ matrix and the C14 Laves phase. The γ, shown in
red, was indexed to ICDD PDF 01-004-0850, and the Laves, shown in green, was indexed to
ICDD PDF 04-004-7304. Other darker regions noted in the IQ maps were indistinguishable
from the γ matrix with no orientation variations that would correspond to grain boundaries.
Thus, they may be simply supersaturated regions of Nb or particles that are below the
spatial resolution for TKD analysis. Using image analysis, the discontinuous distribution of
the detected Laves phase comprises 0.6 to 0.8% of the total area with particle sizes ranging
from 8 to 100 nm. The volume fraction determined from image analysis is similar to the
fraction calculated from the bulk TGA and XRD analysis.
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3.7. Analysis of Heat Treated Samples

To evaluate the response of the AB Inconel 718 to various heat treatments, the XRD and
DTA analysis were repeated. XRD results for the specimens after various heat treatments
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are shown in Figure 10. After the FHT, the initial solidification phases of Laves and NbC
are no longer resolved and are assumed to have been reduced below the limit of XRD
resolution. Although very low in intensity, there is a slight indication around 53.3◦ that
corresponds to the δ phase (ICDD PDF 00-015-0101). This becomes less pronounced in the
FHT specimen, which indicates either a finer size or reduced volume fraction.
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Figure 11 shows the two DSC heating cycles for the DA specimen. The temperature
for the endothermic peak corresponding to the γ phase is slightly reduced to 1345 ◦C which
indicates more solutionizing of the matrix. The NbC phase shows a similar endothermic
peak of 1298 ◦C on first heating and 1301 ◦C on the second heating. The slight Laves peak
earlier observed in Figure 4 is no longer detectable, indicating it has been reduced to below
the limits of detection.
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Figure 12 shows the DSC results for the ST + Age specimen which combined a so-
lutionizing cycle prior to the two-step aging. Now, an exothermic peak is observed, at
1034 ◦C, which does not reform upon a second heating cycle. This corresponds to the
upper temperature range for formation of δ phase with a globular morphology. As the ST
temperature was below that of the δ solvus, it is possible that existing δ phase particles
coarsen during the solutioning cycle. A slight endothermic peak is noted for the NbC phase
and γ matrix, similar to the results in Figure 11. The reduced intensity of the NbC phase,
which is not observed during the second heating, suggests the amount present is close to
the limit detectable by DSC.
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Figure 12. DTA heating cycles for ST + Age Inconel 718.

Figure 13 shows the results after a FHT which combined the 1163 ◦C temperature
HIP/Homo cycles in addition to the solutionizing prior to the two-step age. Similar
endothermic peaks are observed corresponding to the critical temperatures for liquation of
the γ matrix, Laves and NbC phases. After the FHT at the higher temperatures, a broader
exothermic peak with a maximum at 1004 ◦C is observed. This is at the lower end of the
reported range for precipitation of the δ phase that favors formation of a finer, acicular
morphology.
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Table 5 summarizes the mechanical properties of the AB specimen compared to the
heat treated specimens. The lowest strength and highest elongation to fracture corresponds
to the AB sample. After DA, the strength is noted to dramatically increase due to the
expected precipitation strengthening from the γ’/γ” phases. Although the strengths are
similar following aging heat treatments, the largest variation is in the increasing elongation
to fracture as the number of heat treatment steps increases from DA to the FHT.

Table 5. Mechanical properties of heat treated samples as compared to the AB.

Specimen ID UTS (MPa) YS (MPa) %Elongation to Fracture

554 AB 995.2 ± 12.8 698.2 ± 15.2 33.21 ± 1.10

527 DA 1439.5 ± 17.7 1268.5 ± 27.0 15.44 ± 2.00

522 ST+Age 1379.3 ± 10.4 1237.8 ± 13.4 19.49 ± 0.54

506 FHT 1395.7 ± 4.2 1110.9 ± 7.4 23.61 ± 0.36

SEM SEI of the AB microstructure is shown in Figure 14a and compared with the heat
treated samples in Figure 14b–d. The DA specimen in Figure 14b retains the cellular den-
dritic structure without clear definition of grain boundaries. After including a solutionizing
treatment for ST + Age specimen, grain boundaries can be observed in Figure 14c which
are decorated with coarse acicular and globular Nb-rich phases. The morphology of the
acicular phase is in agreement with the δ phase, and the globular phase is in agreement
with the NbC phase. The microstructure after the FHT in Figure 14d for the FHT specimen,
which included the 1163 ◦C HIP/homo treatment prior to the solutionizing and two-step
aging, shows a mixture of fine grains and coarser grains. At this magnification, the grain
boundary phases are not resolved.
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Higher magnification SEM SEI of the STA + Age and FHT specimens shown Figure 14c,d
are shown in Figure 15a,b to resolve the grain boundary phases. Both heat treatments
promoted the formation of acicular and globular phases. However, the acicular phases in
Figure 15b appear to increase in number with a finer size.
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4. Discussion

This study used a multi-length scale, multi modal approach to evaluate the initial
phases in the AB L-PBF Inconel 718 AM samples and after the series of heat treatments
summarized in Table 2. Although an ASTM standard has been accepted for heat treatment
of L-PBF specimens [45], other published studies have suggested that reducing the heat
treatment steps may further reduce costs and offer benefit to AM materials [41,61–64]. These
studies mirror the development of direct aging for the wrought alloy Inconel 718 [5,43,44].
Reported mechanical properties in this study and others, show similar quasi-static strengths
can be obtained with reduced heat treatment cycles in L-PBF AM. This may be due to
retention of supersaturated regions resulting from the rapid solidification affecting the
solidification phases and precipitation sequences. The primary difference in all reported
studies is the resulting grain morphology and its correlation with the elongation to fracture.

The lowest strength and highest elongation in this study was observed in the AB
specimen. This is attributed to the lack of strengthening mechanisms, allowing unimpeded
dislocation motion. Figure 14a and b showed electron microscopy images of the AB
and DA specimens that displayed a cellular dendritic structure. After incorporation of a
solutionizing heat treatment, the grain structure becomes apparent in the ST + Age and FHT
specimens in Figure 14c and d. Table 5 shows that even without defined grain boundaries,
all specimens subjected to the aging treatment increased in strength with minor changes in
elongation. This was independent of the solutionizing heat treatment, which suggests the
strengthening precipitates were able to form in the as deposited, supersaturated regions.

Baseline XRD bulk analysis was able to identify the minor amounts of the solidification
phases of Laves and NbC in the AB specimens. Although very slow XRD scans were
conducted, the minor amounts of these phases determined were close to the detection
level, which is also affected by the size of the particle. Conventional XRD detection limit
of nanoparticles is reported to be in the range of 2–2.5 nm [65–67]. In terms of volume
fractions, particles that have a concentration less than 1–4 wt% have also been reported to
be difficult to detect during scans [68,69]. After the heat treatments, the initial solidification
phases were no longer detectable in the bulk scans possibly due to some dissolution which
would have reduced their size below the limit of detection.

DTA analysis of the AB specimen detected reversible endothermic reactions that
correlated with the reported liquation temperature for the solidification phases of Laves,
NbC and the γ matrix [20,22,57–60]. The low intensity of the peaks in the XRD and DTA
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are consistent with small amounts (<1%) of the solidification phases. The NbC phase is
beneficial as it is reported to control grain size and morphology [5–11]. Although the
presence of Laves phase is considered detrimental, most studies conclude that mechanical
properties are only affected by either coarsened Laves particles or if the amount exceeds
1–2% [16,26–28,42]. There is some evidence that the presence of small amounts of the Laves
phase is actually beneficial to the mechanical properties [16,36].

Electron microscopy imaging in Figures 14 and 15 were used to obtain spatial data
on the size and distribution of the Nb-rich regions. In lower magnification imaging,
boundaries can be observed in the AB and DA between neighboring regions of the cellular
dendritic structure. This orientation variation is assumed to correlate with individual
grain orientation as influenced by the heat flow during metal solidification. If these
misorientations are assumed to be grain boundaries, the Nb enriched regions are only
within the intragranular cellular dendritic structure.

Since it is possible that the δ phase could also form within the Nb-rich regions [14],
further investigation of the Nb-rich regions observed in the AB specimen utilized TEM
imaging. A TEM foil was prepared using FIB from the intragranular cellular structure
as shown in the STEM HAADF image in Figure 5b. Due to the small size of the Nb-rich
particles, it was not possible to obtain diffraction data for identification. Thus, the use
of TDK to index these regions was evaluated. Due to the surface sensitivity of the TKD
technique, conventional TEM foils were prepared to minimize damage. The structures
observed in Figure 7 are orientation dependent and consistent with Figures 2d and 5.
Indexing of various regions highlighted in the IQ maps in Figure 8, showed no orientation
variations that would correspond to grain boundaries. This is in agreement with Figure 2
in which the Nb-rich regions were intragranular.

Within the intragranular region of the TEM foil of the AB specimen, only two phases
were indexed using TDK, corresponding to the γ matrix and the Laves phase as shown in
Figures 8b and 9b. Although the TKD sample was thinned to within a range of approx-
imately 100 to 80 nm, the visible TKD signal comes from a thinner layer approximated
to be 10–20 nm. Laves particles indexed were approximately 7 nm in diameter. No other
phases could be indexed in other Nb-rich regions suggesting either supersaturated regions
or phases below the limits of detection. Using image analysis, the area fraction of the Laves
phase in the AB specimen was 1–2%. Neither the δ nor the NbC phases were observed to
form within these Nb-rich regions.

Within the literature, there are mixed reports of the presence of Laves in studies
on L-PBF of Inconel 718, including some where Laves is not detected [70]. As noted,
many of these studies identify the Laves phase on the basis of EDS analysis only and
do not confirm the crystallographic structure [23,26,37–42]. Of the studies that include
crystallographic characterization in TEM diffraction studies, the Laves phase is indexed as
C14, similar to this study [71,72]. Laves is reported to form in inter-dendritic regions where
the Nb concentration exceeds 20% and is enhanced by the presence of Mo and Si [6,18,22].
In [18], DTA was used in addition to microprobe analysis and noted that the critical Nb
concentration for formation of Laves was not always obtained depending on the cooling
rate. Since the Nb concentration varies as a function of the cooling rate, it is not surprising
that there are variations in report of Laves phase present in L-PBF components as build
parameters and geometry affect the localized cooling rate.

Using the XRD and DTA bulk detection methods from the AB specimen, the heat
treated specimens were analyzed. In wrought materials, effective strengthening from
the γ’/γ” phases results from a solutionizing heat treatment followed by a rapid quench.
Since the rapid, non-equilibrium L-PBF process results in regions of super-saturated Nb,
directly subjecting the AB samples to a DA was evaluated. This improved the strength
but with reduced elongation as noted in Table 5. The SEM SEI in Figure 14b shows the
Nb segregation was still apparent in the DA sample with little recrystallization observed.
Thus, the lower ductility after DA is attributed to lack of a recrystallized microstructure.
The increase in strength after the aging heat treatment was attributed to the formation of
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γ’/γ” phases. DTA results in Figure 11 showed little change in the critical temperatures
of the NbC and γ matrix from the AB, although the Laves phase was no longer detected,
assumed due to its low concentration.

After incorporating a solutionizing heat treatment in the ST-Age specimen, the strength
in Table 5 is noted to be slightly reduced with a corresponding increase in ductility from
the DA specimen. The SEM image in Figure 14c shows well defined grains with Figure 15a
showing lath and globular Nb-rich phases along the grain boundaries. The lath morphology
corresponds to the δ phase and the globular particles to the NbC phase [10,11,39,70,71,73].
Evidence of the solidification dendritic structures are no longer visible in the SEM images.
During the first DTA heat cycle in Figure 12 for the ST-Age sample, an exothermic peak is
observed that correlates with the upper range of the crystallization temperature for the δ

phase [5–11]. As the δ phase formation is only observed during the first DTA heating and is
not reversible on the second heating, this suggests dissolution of the δ phase. The observed
exothermic peak could indicate further coarsening of the existing δ precipitates due to
overaging of the γ’/γ” strengthening precipitates during the DTA analysis. Although
no segregation was detected in the SEM images, it is possible that some inhomogeneity
remained within the microstructure that may have affected the δ co-formation with the
γ’/γ” phases [14] resulting in the coarser δ precipitates.

Heat treatment of the FHT specimen followed ASTM Standard F3055 and included a
stress relief, higher temperature HIP/Homo cycles prior to the solutionizing and two-step
aging. Figure 14d shows a mixed grain morphology. The higher magnification image
in Figure 15b shows an increased distribution of finer lath particles along with smaller
globular particles. The finer grain structure is attributed to the distribution of finer lath
δ phase along the grain boundaries. Table 5 shows the yield strength decreases slightly
as the elongation to fracture increases. Endothermic peaks in Figure 13 are still present
for the NbC and γ matrix, with a slight indication of the Laves in the second heating. Its
absence during the first heating is attributed to minor concentration close to the detection
limit. The primary difference in the response of the DTA analysis of the FHT specimen is a
non-reversible, wide exothermic peak observed at 1004 ◦C during the first heating cycle.
This temperature corresponds to the lower range of crystallization of the δ phase where
acicular morphology is favored. During the FHT, times at the higher temperature of 1163 ◦C
are expected to have completely homogenized the γ matrix. Increased homogenization
would be expected to alter the co-precipitation of the δ and γ’/γ” phases, resulting in a
finer formation and distribution of the δ phase. The lower aging temperature and reduced
time used in this study, per AMS 5663 [30], is reported to favor lower strength as compared
to AMS 5664 [31].

Many of the studies in the literature for wrought Inconel 718 have focused on the
solutionizing and aging temperatures for the δ phase precipitation and distribution and
its correlation with grain size and mechanical properties [10,11,15,16,33,40,63,64,74–80].
Complete homogenization of wrought material has historically been less of a concern
due to the thermomechanical working prior to heat treatments to develop strength and
microstructure. L-PBF processing lacks the thermomechanical working to assist in the
microstructure development, thus it must rely on alternative mechanisms. Studies address-
ing the recrystallization of L-PBF Inconel 718, have concluded that exceeding a critical
temperature, in excess of 1030 ◦C, correlates with the degree of recrystallization [64,77–81].
Although [81] attributed the recrystallization to residual stresses in the build, [77] has
questioned that mechanism. In other studies (e.g., [76]), complete homogenization of L-PBF
samples was found to require temperatures in excess of 1100 ◦C. Our findings correlate
recrystallization with the resulting δ phase morphology, resulting in larger grains in the ST
+ Age specimen and finer grains in the FHT specimen. Thus, similarly to the development
of wrought Inconel 718, the size, morphology and distribution of the δ phase is critical to
recrystallization and subsequent grain size [5,7–11]. As higher temperatures correlated
to formation of a finer grain structure, it is theorized that the degree of homogenization
obtained in L-PBF specimens greatly affected the co-precipitation of the δ, γ’ and γ” phases
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and their resulting morphology. This finding agrees with previous studies on the influence
of the δ phase size and morphology on the resulting grain structure in Inconel 718.

5. Conclusions

Understanding the make-up of any starting material is necessary to optimize post-
build treatments to obtain the desired mechanical properties. As studies in wrought Inconel
718 have linked mechanical properties with grain morphology, changes to heat treatments
have been pursued to tailor the resulting microstructure. This study identified minor
amounts of Laves and NbC phases present in the AB microstructure. Spatially resolved
images showed the Laves formed in some Nb-rich inter-dendritic regions, dependent on a
critical concentration of Nb. Grain boundaries were not apparent until after incorporation
of heat treatments > 1010 ◦C consistent with the precipitation of the δ phase.

Incorporating a 1163 ◦C heat treatment in FHT sample had an effect on the degree of
homogenization obtained and thus the competition between the co-precipitation of the δ,
γ’ and γ” phases. Differences were noted in the critical temperature of the crystallization
of the δ phase in the DTA analysis. Thus, while the δ phase is thermodynamically stable,
its resulting morphology is dependent on the degree of homogenization obtained related
to the temperatures selected during heat treatment. The recrystallized microstructures in
L-PBF specimens are dependent on a distribution of refined, acicular precipitated δ phase
along grain boundaries. This is achieved with complete homogenization in accordance with
the HIP/Homo process outlined in the standard for Inconel 718 produced by L-PBF [45].
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