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ARTICLE INFO ABSTRACT

Keywords: The effectiveness of a modified heat treatment on the microstructure and mechanical properties of Inconel 718
Inconel 718 (IN718) fabricated by the laser powder bed fusion (LPBF) technique was investigated in this work. A modified
Precipitation

solution heat treatment (MSHT) conducted at 1160 °C for 4 h was applied to both a specimen printed in the X-Y
orientation as well as another printed in the X-Z orientation. Following MSHT, the specimens were treated in two
stages at 720 °C for 8 h and then again at 620 °C for 8 h. Microstructural data such as grain morphology, size,
recrystallization, and texture were studied along with mechanical properties. The MSHT treatment was suc-
cessful in removing the Laves phase, cellular-dendritic structure, and segregations but the metal carbides (MC-
type carbides) remained around grain boundaries. Additionally, recrystallization and grain growth led to an
equiaxed microstructure for both specimen orientations. Precipitated y’ and y” phases were revealed within the
microstructure via transmission electron microscopy (TEM) following the two-stage aging process. Micro and
nanoindentation measurements were performed to validate mechanical property evolution. Hardness values
decreased following the MSHT treatment but greatly improved following the aging procedure which is attributed
to the dissolution of microstructural inhomogeneities during MSHT and subsequent precipitation of uniformly
distributed fine y’ and y” particles following the aging stages. The microstructure and mechanical properties of
additively manufactured IN718 can be significantly improved through use of proper solutionizing and aging
heat-treatments.

Heat Treatment
Laser Powder Bed Fusion
Microstructural Evolution

1. Introduction technique for producing nickel-based superalloy components due to its

advantages over traditional subtractive methods, including superior

IN718 is one of the most widely used nickel-based superalloys for
extreme environment applications related to aerospace, energy, and
marine industries. Its superior mechanical strength at temperatures up
to 650 °C along with its excellent corrosion and creep resistance have
proven extremely beneficial in high-temperature environments [1]. The
superior high-temperature mechanical properties of IN718 are a direct
result of precipitated y' (Niz(Al,Ti)) and y” (NizgNb) intermetallic phases
within the y matrix which inhibit the motion of dislocations. During
precipitation of these hardening phases other intermetallic phases such
as the orthorhombic & phase, carbides (MC, M23C6, M¢C), and the
hexagonal Laves phases (Ni,Cr,Fe)2(Nb,Mo,Ti) may also be formed [2,
31

Additive manufacturing (AM) has become an increasingly popular
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design flexibility and reduced material waste [4,5]. Powder bed fusion
technologies like LPBF have been widely recognized as a promising AM
technology for manufacturing IN718 parts [6,7]. Despite the promising
advantages of LPBF, a comprehensive study focused on optimizing the
microstructural properties of the material during fabrication must be
pursued in order to mitigate defects and produce high performance
products [6,8]. Columnar grains with a vertical crystal orientation are
attributed to the rapid solidification and high thermal gradients that
occur during fabrication of the component using LPBF. This results in an
undesirable anisotropy of mechanical behavior throughout the compo-
nent, especially when fabricating components with complex geometries
[9-11].

To mitigate the defects introduced during fabrication of the AM
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IN718, post-processing heat treatments are often used to try to produce a
more isotropic material with fewer microstructural defects [12]. The
addition of post processing heat treatments might lead to the formation
of carbides, Laves, 8, v/, and y” phases in AM IN718 which have a sig-
nificant effect on the mechanical properties of the material [6,13,14].
Zhou et al. investigated the microstructural and mechanical properties
of various heat treated LPBF IN718 specimens. It was observed that the
solution heat treatment at 980 °C was not capable of dissolving the Laves
phases and instead resulted in the formation of the 5-phase. At 1065 °C,
solution heat treatment completely removed the segregation. Addi-
tionally, the amount and distribution of y’ and y” precipitates were
investigated after two-stage aging of alloys [15]. The microstructure,
mechanical properties, and phase formations were characterized for
traditional homogenization, double-aging heat treatment, and a modi-
fied heat treatment, which included higher temperature homogeniza-
tion with a one-time lower temperature aging treatment of AM IN718 by
Li et al. [16]. Their observation was that the modified heat treatment
maintained the ultimate strength achieved by the traditional heat
treatment while also increasing the plasticity. The increased plasticity
was due to the recrystallized grains with annealing twins, while the
strength was maintained due to the fine y' and y” precipitates.

The purpose of this study is to better understand how post-processing
heat treatments affect the microstructure and mechanical properties of
LPBF fabricated IN718 samples. For this research, as-built LPBF IN718
specimens were subjected to a MSHT followed by a two-stage aging heat
treatment (AHT). The specimens were fabricated in the transverse (X-Y
plane) and parallel (X-Z plane) build directions. MSHT took place at
1160 °C for a duration of 4 h and was then followed by a two-stage AHT.
Optical microscopy, scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM) were used to analyze the micro-
structure in the as-built and heat-treated specimens, while nano and
microindentation tests were performed to evaluate the mechanical
properties.

2. Experimental procedures
2.1. Material

Powder Alloy Corporation (Loveland, Ohio, USA) provided the
IN718 powder. The elemental compositions of the powder are shown in
Supplementary Information (Table S1). The alloy was powderized into
spherical particles with diameters between 25 pm and 40 pm using gas
atomization. An M2 cusing Concept Laser (Lichtenfels, Germany) printer
equipped with a 400 W continuous-wave ytterbium fiber laser was used
to fabricate specimens. Argon gas was used to minimize oxidation dur-
ing specimen fabrication. The two different fabrication orientations of
the specimens in the X-Y and X-Z plane are shown in Supplementary
Information (Fig. S1).

2.2. Post-process heat treatments

The post processing heat treatment stages are shown in Table 1. The
modified solution heat treatment (MSHT) heats the specimen to 1160 °C
for 4 h. The MSHT is above the solvus temperature of the precipitates
and therefore secondary phases (5, y', and y") as well as Laves phases

Table 1
List of heat treatment conditions.

Designation ~ Heat treatment condition

AB As-built condition with no post-treatment

MSHT MSHT at 1160 °C for 4 h + WQ

AHT MSHT at 1160 °C for 4 h + WQ + double aged at 720 °C for 8 h
(furnace cooled to 620 °C), then held at 620 °C for 8 h (followed by air
cooling)

Note: “WQ” refer to water quenching.
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should completely dissolve into the y matrix. To prevent precipitation
during the cooling process, the specimens were water quenched imme-
diately after annealing. The MSHTed specimens were then treated with a
two-step aging heat treatment consisting of two thermal exposures at
720 °C for 8 h, furnace cooling to 620 °C for 8 h, and a final air-cooling
stage (AHT specimens). MSHT and AHT specimens were then compared
with the baseline as-built specimens from each orientation (AB
specimens).

2.3. Microstructural characterization methods

The three specimens (AB, MSHT, AHT) were mounted in conductive
resin, ground from 240 to 4000 grit, and then polished using diamonds
suspension of 3 pm, 1 pm, and 0.05 pm colloidal silica suspension to
achieve a good surface finish for microstructural analysis. After polish-
ing, the specimens were then etched using Kalling’s No. 2 etchant for a
few seconds. Optical microscopy was conducted using a Zeiss Axio Scope
Al microscope. Scanning electron microscopy (SEM, Thermo Scienti-
fic™ Apreo) along with energy dispersive spectroscopy (EDS) and
electron backscatter diffraction (EBSD) were used to microstructurally
and crystallographically characterize the specimens before and after
heat treatment. EBSD was conducted using a 10 kV voltage, at a working
distance of 16 mm using a 0.3 pm step size. Grain size and shape as well
as Kernel averaged misorientation (KAM) maps were extracted from the
EBSD and SEM images. EDS was performed to determine elemental
composition of precipitates and observe element segregation. Trans-
mission electron microscopy (TEM, FEI Tecnai F-20) foils approximately
10 pm in length and 5 pm in width were extracted from the surfaces of
the pre and post heat treatment X-Y specimens through focused ion
beam (FIB) milling. Dislocation density, microstructural evolution due
to heat treatment, and precipitate morphology were obtained from TEM
imaging.

2.4. Mechanical testing

Room-temperature nanoindentation and microindentation tests
were performed on the as-built and the heat-treated specimens. Nano-
indentation tests were performed using an Anton-Paar TTX-NHT®
nanoindentation tester equipped with a diamond pyramid Berkovich
indenter tip. Measurements including the elastic modulus (EIT) and
nanohardness (HIT) were obtained using nanoindentation. A force of
200 mN, a dwell time of 5 s, and Poisson’s ratio of 0.29 were chosen as
input parameters for IN718 nanoindentation tests. 27 indents were
performed on each specimen with a 200 pm separation to avoid any
interference between indents. Additionally, microhardness tests were
performed with a Vickers microhardness tester (Clemex Technologies
Inc., Canada). A 3 x 3 indent matrix with a separation of 300 pm, a force
of 300 gf (~3 N), and a dwell time of 10 s was performed on each
specimen.

3. Results
3.1. Microstructure analysis

3.1.1. As-built IN718 alloy

Optical microscopy micrographs for the X-Y and X-Z planes of the
as-built specimens are shown in Fig. 1. In both orientations, the micro-
structure is uniform and has desirable metallurgical bonding between
adjacent layers and tracks. This indicates that sufficient thermal energy
was applied by the laser to fully melt the IN718 powder (melting tem-
perature of 1340-1364 °C [17]) and the previously solidified layers
[18]. The X-Y specimen shows a columnar pattern whereas the X-Z
specimen exhibits a “fish scale” pattern which are both characteristic of
the LPBF AM process [14,15]. The direction of the columnar pattern in
the X-Y orientation corresponds to the scan rotation between adjacent
layers during printing (Fig. 1(a)) [15]. The patterns shown in Fig. 1(b) is
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Fig. 1. Optical micrographs of the as-built IN718 alloy from the (a) X-Y and (b) X-Z specimens.

a result of the Gaussian energy distribution in the X-Z plane of the laser
[19].

Analysis of the grain morphology and crystallographic orientation
was conducted using Electron Back Scatter Diffraction (EBSD) in a
scanning electron microscope (SEM, Thermo Scientific™ Apreo) shown
in Fig. 2. In the as-built X-Y specimen, fine and coarse grain zones are
distributed throughout the build plane and the shape of the grains is
irregular equiaxed. The grains along the X-Z plane (Fig. 2(d)) show a
strong columnar texture along the <001> direction (red grains) and a
less prominent texture in the <101> direction (green grains). The cu-
mulative probability plot of grain size distribution is shown in Fig. 3. An
average grain size of 27.2 ym and 45.8 pm was recorded for the X-Y and
X-Z specimens, respectively.

By comparing the size of the columnar grain size in Fig. 2(d) and the
“fish scale” melt pools in Fig. 1(b), it can be seen that some grains cross
over melt pool boundaries. This microstructure is a result of epitaxial,

dendritic grain growth determined by the directional heat flux during
LBPF of FCC structure, which crystallographically favors the <001>
orientation [20,21]. Heat primarily dissipates downwards through the
substrate or pre-deposited layers during the LPBF process. Therefore, the
heat flow during the solidification process is directed roughly perpen-
dicular to the substrate or pre-deposited layers which results in prefer-
ential orientation columnar grains [21,22]. Some fine grains, orientated
mostly in the <111> direction, are dispersed throughout the columnar
as-built microstructure with a density much less than the grains oriented
with <100> parallel to the build direction [2,23]. Due to layer or track
overlapping during the LPBF process, the overlapped material is
re-melted and re-solidifies, meanwhile the surrounding coarse grains are
melted and recrystallized. This explains the presence of fine grains
around the coarse grains in the as-built sample [22,24].

SEM micrographs of the as-built IN718 microstructure are shown in
Fig. 4. A few micro-pores are evident in both orientations (Figs. 4(a) and

oo
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Fig. 2. IPF maps of X-Y orientation specimens: (a) the as-built, (b) MSHT, (c) AHT and X-Z orientation specimens: (d) the as-built, (¢) MSHT, (f) AHT.
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Fig. 3. Cumulative area fractions for the grain size distribution related to
before and after post heat treatments of MSHT (Modified solution heat treat-
ment) and AHT (MSHT + Double aging).

4(b)). During the LPBF process, the rapid molten dynamics of the melted
metal cause gas bubbles to be trapped leading to micro-pore formation.
No notable size difference was observed in the pores, which were less
than 20 pm, between sample orientations. These pores can act as stress

T

v
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concentration zones which can be deleterious to the fatigue properties
by causing surface discontinuities or acting as sites for fatigue initiation
[25-27]. Optimizing fabrication parameters such as layer thickness,
laser power, scan speed, and including post-processing heat treatments
can effectively minimize component porosity [25,28].

A non-uniform, dense, cellular, and columnar dendritic microstruc-
ture, several tens of microns in length, is shown in Figs. 4(c) and 4(d) for
the X-Y and X-Z orientations, respectively. In the X-Y orientation, Fig. 4
(c), the columnar dendrites are observed to grow in multiple directions
within a single melt pool. However, due to preferential cooling during
scanning, the direction of dendrite growth in the X-Z orientation, Fig. 4
(d), is mostly parallel to the direction of deposition. Micro-segregation of
heavier elements to the interdendritic region creates a sharp contrast
between the darker dendritic core in Figs. 4(c) and 4(d). Rapid solidi-
fication during the LPBF entirely prevents macro-segregation, however,
it does not prevent micro-segregation [6], as seen in Figs. 4(c) and 4(d).

The details of columnar/cellular microstructure of the LPBF IN718
specimens are shown in Figs. 4(e) and 4(f). Columnar/cellular sub-
structures are contained within each grain for both specimens. The
cross-sectional size of most cells or dendrites is less than 2 pm. High
resolution SEM micrographs of a grain in the X-Y specimen are shown in
Fig. 5(a). White discontinuous stripes inside grains and along grain
boundaries indicate that solidification segregation occurs not only along
grain boundaries, but also inside the grains. The TEM bright field image
in Fig. 5(b) displays a magnified view within a grain. As can be seen, fine

Fig. 4. SEM micrographs from the as-built IN718 specimens: (a, ¢, ) X-Y and (b, d, f) X-Z orientations.
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Fig. 5. (a) High magnification SEM micrographs from the as-built X-Y specimen, (b) TEM bright field image showing cellular subgrain microstructure, (¢) TEM
bright field image showing high dislocation density microstructure, and (d) TEM bright field image showing Laves phases and carbide particles in the as-built IN718

specimen (X-Y orientation).

cellular sub-structures (sub-grain structure) exist in the microstructure
of as-built IN718 specimen. Multiple colors shown within a single grain,
Figs. 2(a) and 2(d) could be a result of sub-grains, as each sub-grain can
have a slightly different crystallographic orientation [29]. As shown in
Fig. 5(c), the high density of dislocation structure was preferentially
located at the cellular boundary, indicative of residual stress in IN718
specimen fabricated by LPBF. It was reported that this dislocation
sub-grain structure can positively affect both the ductility and strength
simultaneously. Moreover, as depicted in Fig. 5(d), the irregular
block-shaped precipitates, mostly located at the substructure’s bound-
aries, and globular particles are visible and can be identified as Laves
phases and carbide particles, respectively. Aside from Laves phases and
carbides, almost no other precipitates such as 8, y and y” phases can be
observed. The complex physical metallurgy in the molten pool caused by
the high-energy laser beam during the LPBF process and the rapid
cooling rate (105-107 K/s) during the solidification may result in

numerous sub-grain structures inhibiting the precipitation of these
phases (5, y' and y") [22,28].

Energy dispersive spectroscopy (EDS) was conducted on the white
regions observed in Figs. 4 and 5 and the compositional results are
shown in Fig. 6 (Additional information in SI). The varying thermal
histories which are inherent to the AM process can lead to significant
differences in the phase composition and microstructure of LPBF IN718
components. Elements such as Nb, Mo, Ti and C are highly susceptible to
segregation in the IN718 alloy and the distribution of Nb is particularly
important with regard to its lowest value of partition coefficient (<0.5)
[6]. The EDS maps in Fig. 6 shows that Ni, Fe, and Cr, which comprise
the primary y phase, are uniformly distributed (dark gray regions)
whereas micro-segregation of Nb, Mo, Ti, and C can be seen in the white
regions. This micro-segregation of these elements can result in the for-
mation of the Laves phase (Ni,Cr,Fe)2(Nb,Mo,Ti) and carbides particles
(Ti, Nb)C (globular particle in Fig. (6)) in the as-built IN718 specimen.

Fig. 6. EDS analysis of the white interdendritic region from as-built specimens (X-Z orientation).
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3.1.2. MSHT IN718 alloy

The EBSD maps in Figs. 2(b) and 2(e) show that after the MSHT, the
grains in both specimens are more equiaxed in nature and presented a
more random texture than the as-built material. Additionally, the
columnar/cellular structures in the as-built material recrystallized and a
homogenized microstructure is observed. It should be noted that
annealing twins, which could lead to decreased fatigue performance
[21], were present after MSHT. Grain morphology in each specimen
following the MSHT is pictured in Fig. 7. Elemental segregation and melt
pool patterns disappeared and grains grew up to 274 pm in size after
exposure to 1160 °C for 4 h (Fig. 3). The selected temperature is above
the solvus temperature of the & phase in Inconel 718. The solvus tem-
perature lays between 1005 and 1015 °C for Nb contents of 5.06 and
5.41 wt%, respectively. Also, at this temperature, the Laves phase be-
comes dissolved completely. Grain boundary migration driven by the
diffusion of atoms with a high segregation rate, such as Nb, is the likely
mechanism behind grain growth. This is known as diffusion induced
grain boundary migration [21] and has been shown in both theoretical
and experimental [30,31] works to be driven by one or more combi-
nations of energy sources such as coherency strain energy, capillary
energy, chemical energy, and stored energy. IN718 contains several el-
ements and a number of secondary phases which all contribute to
driving the diffusion induced grain boundary migration effect [29].

White particles along the grain boundaries in Fig. 7 were examined
by EDS (Fig. 8) and found to be rich in Ti, Nb, Mo, and C which indicates
that the particles are likely carbides that have survived the MSHT pro-
cess rather than Laves phases. It is evident that exposure at 1160 °C was
sufficient for the dissolution of Laves phases as well as the coarsening of
carbides. Carbides are very stable at high temperatures with a melting
point of 3600 °C for NbC [32] as compared to 1364 °C for IN718 [33].
The high temperature of MSHT, while not enough to melt carbides, is
enough to increase the diffusion rate and promote carbide coarsening
[17], as well as the segregation of carbide-forming elements such as C
and Nb which encourages carbide precipitation [19,34]. Carbides
similar to those seen in this work were also observed in Refs. [6,29]
where LPBF IN718 was solutionized at 1100 °C and 1250 °C for both 1 h
and 7 h. Grain-boundary carbides such as these have been shown to
increase stress rupture life by pinning grain boundaries and preventing
migration [12,25]. Achieving near-homogeneous microstructures in the
X-Y and X-Z orientations that were not produced in the previous studies
with lower solution temperatures and time is an outstanding outcome of
this research [6,13,14,35].

3.1.3. AHT IN718 alloy

As shown in Figs. 2(c) and 2(f), no discernible change in grain shape
is observed due to the aging heat treatment process, however the
average grain size does increase (Fig. 3). The AHT specimens were
examined using SEM in both the X-Y and X-Z orientations, Figs. 9(a)
and 9(b), respectively. Carbides are observed along grain boundaries as
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well as within the grains. Further investigation using TEM (Fig. 10)
identifies nanoscale y' and y" strengthening phases formed in the y ma-
trix during the aging heat treatment. The y' precipitates, Ni3(AlTi), are
identifiable by their spherical morphology compared to the disc shaped
morphology of the y" precipitates (NigNb) [36,37]. The y' precipitates
have an average diameter of approximately 13 nm whereas the y" pre-
cipitates are more varied with a length between 7-35 nm and thickness
of approximately 5 nm. Analysis of y" precipitate length distribution in
Fig. 10(c) shows that the mean length is 14 nm. A comparison of the
sizes for the y' and y" precipitates formed during different heat treat-
ments is shown in Table 2. Slightly finer precipitates were formed during
the AHT process compared to the conventional processes. However, this
slight difference in average length might be due to different calculating
methods in different works. Ultrafine y" typically have good coherency
strengthening effects since the y" precipitates lose coherency with the
y-matrix when precipitates are greater than 35-40 nm [38]. The uniform
distribution of y' and y" strengthening phases seen in the double aging
heat treatment resulted from the homogenized microstructure and
uniform distribution of Nb and Ti elements following the MSHT at
1160 °C/4 h. This proves that the temperature and holding time of the
MSHT was sufficient to dissolve the Laves phases, allowing Nb and Ti to
diffuse uniformly and completely into the y matrix which allows the
uniform and coherent precipitation of the y'/y" strengthening phases
during the AHT [25,39].

3.1.4. Kernel averaged misorientation map

Further microstructural characterization was conducted using Kernel
averaged misorientation (KAM) maps which were taken on both samples
to evaluate the residual stress state and dislocation density (Fig. 11).
KAM maps qualitatively display microscopic plastic strains indicated by
a change in color between pixels and is closely associated with dislo-
cation density [22]. The as-built specimens contain a large degree of
plastic strain (dislocations) (Figs. 11(a) and 11(d)). High KAM values are
largely located in areas containing sub-grains as well as near grain
boundaries containing Laves phases (high-Nb content). Average KAM
values for the as-built X-Z and X-Y oriented specimens are 0.59 and
0.61, respectively. The repeated rapid heating and cooling cycles
inherent to the LPBF process create plastic strain and thus residual
stresses in the structure. These two induce the formation of dislocation
networks. Therefore, it can be concluded that areas with larger KAM
values in the as-built specimen contain a high dislocation density which
can be attributed to the plastic deformation and associated residual
stresses that the material experiences during the melt-solidification
process [14,16,29]. These results agree well with TEM findings which
also show a high dislocation density in the as-built specimens (Fig. 5(c)).

In contrast, KAM maps taken of the MSHT specimens show a clear
decrease in dislocation density. Average KAM values for the X-Y and
X-Z oriented specimens were 0.41 and 0.39, respectively, which can be
attributed to MSHT reliving the internal strains within the as-built

Fig. 7. SEM images of MSHT specimens in the (a) X-Y and (b) X-Z cross-sections. Visual examination of the images demonstrates segregated particles along/adjacent
grain boundaries and particles in the grain interior. These particles are identified as carbides.
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Fig. 10. TEM images of AHT specimen in the X-Y orientation (a) Low magnification, (b) High magnification and (c) y" precipitate length size distribution.
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Table 2
Sizes of y’ and y” formed during conventional Direct Aging and Solution +
Double Aging.

Homogenization and Aging Size of ¥’ Size of v’

Solution (Length) (Diameter)

None 720 °C/8 h + More than - [40]
620 °C/8 h 40 nm

980°C/1h 760 °C/10 h +  60-140 nm 40 nm [35]
650 °C/8 h

980 °C/1h 720 °C/8 h + 30 nm - [40]
620 °C/8h

1065 °C/1.5h 760°C/10h +  100-400 nm - [16]
650 °C/10 h

1065 °C/1.5h 760 °C/10h +  100-200 nm 50 nm [35]
650 °C/8 h

1065 °C/1 h 720 °C/8 h + 17 nm 19 nm [15]
620 °C/8 h (average)

1100 °C/1.5h + 720°C/8 h + 30 nm - [40]

980 °C/1h 620 °C/8h

material (Figs. 11(b) and 11(e)). In fact, solutionized material exposed
to 1160 °C has sufficient energy to begin the process of grain growth
associated with releasing the stored strain energy through dislocation
annihilation [41]. Therefore, the 4 h MSHT treatment was sufficient to
develop a nearly strain-free microstructure and relieve a large fraction of
residual stress imparted by the AM process. Figs. 11(c) and 11(f) show
little change is seen in KAM values taken before and after the aging
process.

3.2. Nanomechanical properties

Nanoindentation tests were performed using an Anton-Paar TTX-
NHT? nanoindenter to evaluate the nanomechanical properties of the as-
built and heat-treated specimens in both the (X-Y) and (X-Z) orienta-
tions. The results depicted in Fig. 12 show the hardness and elastic
modulus of the specimens in both the X-Y and X-Z orientations. In
Fig. 12(a), it can be observed that the hardness values of X-Y and X-Z
specimens are 3.18 and 3.32 GPa, respectively. Differences in the X-Y
and X-Z orientations is likely attributed to the differences in grain ge-
ometry and texture and is consistent with previous research [2,15,42].
The hardness of as-built specimens can be affected by the amount and
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distribution of the precipitates such as the Laves phase,
micro-segregation of alloying elements, and the fine cellular and
columnar dendritic microstructure which can increase the hardness of
the material [25,42]. The existence of phases such as Laves, limits the
precipitation of strengthening phases such as y” by consuming the
available Nb. The hardness of the X-Y and X-Z specimens after MSHT
are 2.79 and 2.88 GPa, respectively. Decreases in hardness values of
12-13% after MSHT could be attributed to the elevated temperature of
1160 °C where the Laves phases can completely dissolve and an equi-
axed microstructure can be obtained through recrystallization. Addi-
tionally, strain in the microstructure can also lead to increased hardness
values. As depicted in Fig. 11, strain can be significantly lowered using a
post process stress relief step, such as MSHT. At elevated temperatures,
the rate of atomic diffusion increases and allows atoms to move from
high to low stress regions. This causes the grains to coarsen and the
internal strain energy to be released. The grain size and hardness in
metals are known to have an inverse relationship. A greater amount of
strain is associated with smaller grains such that when smaller grains
impede the propagation of dislocations within the material, the material
experiences greater strengthening than experienced when larger grains
impede the propagation of dislocations [29].

Since the MSHT is conducted at temperatures above the solvus
temperature of the & phase, a reduction in the hardness can also be
attributed to its absence [43]. While the role of this phase is still being
studied, previous research indicates its formation during the conven-
tional solutionizing process [14,44] as well as the main role it plays in
the mechanical properties of IN718. Its precipitation leads to grain
boundary pinning. Also, within the grain, this phase contributes to the
hardness by obstructing the movement of dislocations. It should be
noted that as the volume fraction of the § phase increases, Nb atoms are
rapidly consumed, and this phenomena can negatively affect the desir-
able mechanical properties of IN718 since it leads to a decrease in the
volume fraction of the y” phase [45-48]. Therefore, the formation of this
phase needs to be precisely controlled.

After AHT, the hardness for both X-Y and X-Z specimens increases
significantly to 6.14 and 6.02 GPa respectively, which is likely due to the
formation of y” and y' precipitates. The different lattice parameters of
the y” and y' phases results in a stress field that restricts dislocation
movement. Precipitation hardening effects might to some extent make
up for the loss [49] in strength caused by the coarse recrystallized grains

Fig. 11. KAM maps of X-Y orientation specimens: (a) the as-built, (b) MSHT, (c) AHT and X-Z orientation specimens: (d) the as-built, (¢) MSHT, (f) AHT.
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Fig. 12. Variation of (a) nanohardness and (b) Elastic modulus of as-built,
MSHT and AHT specimens for X-Y and X-Z orientations.

in the AHT specimen. These ultrafine y' and y” phases greatly enhance
the hardness of LPBF IN718 when they are uniformly dispersed in the
matrix, making this an ideal prospect for use in high-temperature ap-
plications [35].

The average values for hardness from microindentation measure-
ments are listed in Table 3. The as-built specimen presented micro-
hardness values of 284 HV in the X-Y orientation and 299 HV in the X-Z
orientation, while the MSHT specimens experienced a decrease in
microhardness, similar to the nanohardness, of 206 HV in the X-Y
orientation and 216 HV in the X-Z orientation. These results agree with
previous research [2,29,42] on the microhardness of LPBF IN718.
Microhardness values of the AHT specimen presented a significant in-
crease compared to the as-built and MSHT specimens in both the X-Y
and X-Z orientation of 483 HV and 489 HV, respectively. The large in-
crease in hardness that resulted in the AHT specimen is likely attributed
to the fine y" precipitates with an average length of 14 nm that can be
seen in Fig. 10(c). These fine, uniformly distributed y' and y" precipitates
that resulted from the extra aging processes following MSHT exhibit
greater coherency strength as opposed to precipitates with a diameter
greater than 35-40 nm [38].

The elastic modulus values obtained from the nanoindentation
technique are depicted in Fig. 12(b) for the as-built and heat-treated
specimens. The average values of elastic modulus for the as-built spec-
imens in the X-Y and X-Z specimens were 146 GPa and 170 GPa, while
for the MSHT specimens in the X-Y and X-Z specimens they were 148.5

Table 3
Variation of microhardness of as-built, MSHT and AHT specimens for X-Y and
X-Z orientations.

Heat treatment Mean values of micro hardness (HV)

Orientation

None MSHT AHT
X-Y 284 206 483
X-Z 299 216 489
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GPa and 159 GPa, respectively. These values are in agreement with what
has been reported previously for AM IN718. Even though the alteration
among the Young’s modulus of the samples was considerable, no rela-
tion was found with the processing parameters including annealing
time, scan strategy, or orientation [2,9,15,40]. The AHT specimens
presented the highest elastic modulus compared to the as-built and
MSHT specimens at 211 GPa in the X-Y orientation and 230 GPa in the
X-Z orientation, indicating that the AHT treatment enhances the me-
chanical properties of the LPBF IN718 due to the formation of y” and y’
precipitates [2,15]. The Young’s modulus of the aged specimens was
previously measured at the macroscale level and values in the range of
209-213 GPa were recorded [9]. While small differences between the
Young’s modulus obtained from the nanoindentation technique and
macroscale tensile tests are expected, the results here agree well.

4. Discussion

Due to the significant differences that exists between the micro-
structure of additively and traditionally manufactured Inconel 718 that
are attributed to the rapid solidification process and the existing thermal
gradients in the AM parts, commonly used heat treatment processes that
have been developed for TM materials are not applicable, or at least are
not the best choice for AM materials. The majority of the currently
adopted heat treatment processes for TM specimens are conducted at
temperatures less than <1100 °C which are simply not high enough to
completely dissolve undesirable Laves as well as microsegregated phases
that are formed during the fabrication process in the AM parts. The
aforementioned results indicate that the MSHT process has the potential
to achieve a homogenous microstructure with dissolved segregated
precipitates, even though the carbides still remain in the matrix. In
particular, the MSHT dissolved the brittle intermetallic Laves phases
that are known to degrade the mechanical properties of IN718. It should
be noted that this heat treatment process relaxes the residual stresses
and also coarsens the grains that both affect the mechanical properties of
the part after the solutionizing process.

The microscopy results clearly show the fine cellular and columnar
structure of the as-built IN718. The formation of the columnar micro-
structure is attributed to the thermal gradient during the additive
manufacturing process. The high cooling rate also encourages the for-
mation of the dendritic microstructure [50,51]. The EBSD imaging
showed that grains are elongated parallel to the print direction and the
dominant orientation of the grains was along <001> direction. The
microscopy results also illustrated that the MSHT above the solvus
temperature of 8-phase and Laves phases that was conducted at 1160 °C
for 4 h resulted in a more uniform microstructure, even though this
treatment resulted in a slightly bigger carbide particles. This increase in
carbide size was previously attributed to an increase in the diffusion rate
[17]. Recrystallization that takes place during the MSHT leads to grain
coarsening. After AHT, a more homogenous distribution of the y” was
observed. This is expected since the precipitation of the y” precipitates
has a direct relationship with the Nb concentration in the matrix and the
MSHT process leads to solutionizing the Nb that was segregated in the
alloy before heat treatment [15]. Nb is highly susceptible to segregation
and often happens in the solidification sequence of IN718 during cool-
ing. It participates in the formation of precipitates such as NbC, -NizNb,
and the Laves phases that can affect the mechanical properties of the
part including tensile ductility, fatigue, and creep rupture properties
[29].

Due to the sequential heating and cooling phenomena during the
printing process, and induced stresses as a result of those, a high density
of dislocations in the intergranular boundaries as well as in the matrix
form. After the MSHT, the annihilation of the dislocations and the
reduction in their densities as well as the dissolution of the secondary
phases that formed during the printing process led to a drop in the
hardness of the specimens. Also, the increase of the grain size and the
release of the residual stresses from the manufacturing process might
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contribute to the hardness reduction. These stresses are associated with
the defects in the microstructure, including intergranular boundaries
and dislocations that become mitigated by atomic diffusion at high
temperatures [29]. The effect of the grain size on the mechanical
properties has been comprehensively studied in literature and the well
known Hall-Petch theory perfectly explains this relationship [52]. After
aging, the strengthening precipitates, y' and y”, form and contribute to
the hardness increase. The precipitation strengthening is primarily
associated with the coherency strengthening that is attributed to the
coherency strain between the matrix and the precipitate [53].

5. Conclusion

In the present study, the effectiveness of heat treatments consisting
of a modified solutionization treatment and a two-stage aging treatment
were evaluated for use in IN718 fabricated by LPBF. The primary find-
ings are:

1. The rapid heating/cooling rate associated with LPBF led to columnar
or cellular dendritic microstructure. Laves phases and carbides were
formed along the cellular boundaries and interdendritic regions due
to the segregation of Nb, Mo, and Ti in those areas. §, y”, and ¥
precipitates were not observed in the as-built condition.

2. The solution heat treatment (1160 °C/4 h) entirely dissolved the
Laves phases and produced a near-homogeneous microstructure with
coarsened grains and carbides.

3. The heat treatment procedure discussed in this study resulted in a
uniform distribution of y” and y’ precipitates which were slightly
finer than those created with conventional heat treatments that were
reported previously for AM-IN718.

4. Hardness values were observed to decrease following MSHT but
increased substantially following the AHT process. Increased hard-
ness is attributed to the precipitation of strengthening y” and vy
phases which were uniformly distributed within the y matrix caused
by the full dissolution of Laves phases and segregations after MSHT.
It can be concluded that post-build heat treatments are able to
enhance the microstructural and mechanical properties of LPBF-
manufactured IN718.
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