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ARTICLE INFO ABSTRACT

Handling Editor: P Rios There has been a growing interest in additive manufacturing in recent years, with researchers actively working
on improving component quality through adjustments to printing parameters, lead time, and productivity. Rapid
L-PBF printing has emerged as an attractive approach to expedite component manufacturing. However,
employing a rapid building strategy may lead to additional internal flaws, which can be addressed during a Hot
Isostatic Pressing (HIP) cycle. In this study, Inconel 718 was L-PBF printed using two distinct strategies: one
involving the creation of a dense 1 mm shell with loosely packed powders in the core and the other utilizing
different sets of printing parameters for the shell and core, respectively. These strategies resulted in a 60% and
45% printing time reduction, respectively, compared with the time requirement for printing same-size cubic
samples with optimized parameters. Additionally, full densification and porosity elimination were achieved
through a HIP-quench approach, obviating the need for further heat treatment. The study presents the final
microstructures and retained flaws, along with assessing the degree of recrystallization via EBSD analysis and

evaluating mechanical properties using hardness measurements and compression tests.

1. Introduction

Additive Manufacturing (AM) is becoming increasingly frequent for
producing structural components in the automotive, medical, and
aerospace fields [1,2]. Laser powder bed fusion (L-PBF) is among the
most used AM techniques and is typically adopted when a component
with a complex design must be manufactured [3,4]. AM techniques
become extremely handy when standard components must be optimized
for weight reduction, such as after applying topological optimization
algorithms [5]. Furthermore, the considerable design freedom of AM
allows for limiting the number of joints and welds, obtaining a further
weight reduction [6].

The performance of an L-PBF component is strongly related to the
defect density left after the printing stage. Pores, lack of fusion, or cracks
can populate the sample even after an in-depth parameter optimization
[7]1. The nature and origin of these defects were thoroughly discussed in
the literature, as their adverse effects against quasi-static and cyclic
mechanical properties [8]. Apart from the defects, the microstructure of
AM components is another important topic. The continuous interaction
between the laser and the printed layers develops a microstructure

different from those obtained with traditional means such as casting or
wrought. The fast-cooling rate and the complex heat flux towards the
building platform generate a very fine microstructure with elongated
grains along the building direction [9]. The above-mentioned in-
homogeneity and anisotropy can be removed after tailoring the process
parameters and performing adequate heat treatments and
post-processing [10,11].

Despite all these operations, AM components can still be deficient
compared to traditional manufacturing methods, especially when fa-
tigue resistance is concerned. Unexpected flaws within the material
could act as crack initiators, undermining the overall behavior of the
samples. Hot isostatic pressing (HIP) can be introduced as a further post-
processing step, especially in all those critical fields where the zero-flaw
policy applies, such as in the aeronautical one [12-18]. Newly devel-
oped HIP facilities can close submerged defects by applying heat and
high pressures (above 100 MPa) through an inert gas (normally Argon)
and delivering full heat treatments with a controlled cooling rate. This
possibility is desirable because it enhances the material’s final me-
chanical properties by eliminating the flaws and getting the most suit-
able microstructure, with considerable time-saving. From a

* Corresponding author. DISAT — Department of Applied Science and Technology, Politecnico di Torino, Corso Duca Degli Abruzzi 24, 10129, Torino, Italy.

E-mail address: emilio.bassini@polito.it (E. Bassini).

https://doi.org/10.1016/j.jmrt.2024.05.128

Received 8 April 2024; Received in revised form 14 May 2024; Accepted 14 May 2024

Available online 15 May 2024

2238-7854/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:emilio.bassini@polito.it
www.sciencedirect.com/science/journal/22387854
https://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2024.05.128
https://doi.org/10.1016/j.jmrt.2024.05.128
https://doi.org/10.1016/j.jmrt.2024.05.128
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmrt.2024.05.128&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Lerda et al.

microstructural perspective, as shown by Sadeghi et al. [19], controlling
the cooling rate after HIP is important to avoid excessive grain coars-
ening and the detrimental formation of the & phase at the grain
boundaries in the IN718. HIP positive effects are mostly known when
fatigue resistance is involved. The closure or the size reduction of pores,
cracks, and lack of fusion immediately leads to an increase in the fatigue
limit of HIPped materials and a reduction in the experimental data’s
scattering [20]. However, it is important to mention that only deep and
enclosed defects can be mitigated. All cracks, pores, or similar discon-
tinuities interconnected to the sample’s surface will be filled with Ar,
balancing the applied isostatic pressure. This fact impedes the closure of
superficial defects, which remain unaltered. Based on these consider-
ations, it becomes progressively more interesting to modify the printing
strategies to obtain a fully dense shell of material embedding a portion
where printing parameters could dramatically change. A possible
strategy is to print the inner part of the material with very fast scanning
speeds, increasing the overall number of internal defects but consider-
ably reducing the printing times. These defects could be healed during
post-processing with HIP. Changing the printing strategies between the
shell and the inner part is fundamental because interconnected defects
with the surface will make the HIP process useless, especially when
extensive defects are present [21]. Others, such as [22,23], have sug-
gested embedding loosened powders directly during the L-PBF process,
producing the shell with optimized printing parameters. This process
can effectively produce densified components but suffer significant
shrinkage during densification. This aspect is particularly intensified
due to the narrow PSD of the L-PBF powders. Thus, it must be balanced
during the design stage, optimizing the CAD model using models and
simulations [24]. Another possible problem with this procedure is the
formation of prior particle boundaries (PPBs) at the consolidated pow-
der surface. One of the main concerns with these particles is the severe
reduction in ductility they cause, especially when present in
high-volume fractions, such as in powders containing high oxygen levels
[25].

Many authors reported the PPBs problem in the literature for IN718.
Kuo et al. [26] reported lower ductility during high-temperature tensile
tests. Nevertheless, some studies were performed to mitigate this con-
dition. For instance, Chang et al. tailored the HIP temperature of IN718
to limit PPB presence by treating the sample in a super-solidus regime
(at 1275 °C) for a short time [27]. More specifically, the authors suggest
performing the HIP treatment at least at 1150 °C and with a pressure
higher than 150 MPa to reduce pores and defects in L-PBF samples
significantly.

The shelling method is a hybrid technique that combines the design
freedom of additive manufacturing with the densification capability of
the HIP. In particular, the primary benefit of using the HIP immediately
after AM consists of achieving the complete densification of the
component where one could deliberately increase the number of defects,
for example, increasing the printing speed, which is notoriously rela-
tively slow in conventional printing. The shelling method drastically
reduces the printing time by limiting the laser interaction with the
powders only at the outer shell without processing the entire component
volume. It was proved by several works in the literature that the tensile
properties of shelled components are close to those observed in tradi-
tional L-PBF components after HIP and heat treatment for materials
other than Ni alloys [22,28-33]. The current paper investigates how
samples printed with different strategies behave when subjected to
strong compression stress. Even if this type of solicitation is less
demanding than a tensile test, plastic deformation can be easily
observed, and any detachment of the grains during their sliding can be
detected. This work focuses mainly on the adverse effects of the (PPBs)
during plastic deformation and proposes a printing procedure to reduce
the lead time by limiting the negative effect of the presence of PPBs. At
the same time, the use of controlled cooling after HIP allowed further
time savings by eliminating the need for solution annealing. Further-
more, this paper evidence how the shelling and controlled porosity
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techniques coupled with Hot Isostatic Pressing could introduce time
reductions in two distinct point of the process: the first is at the printing
stage, here, printing time is reduced by 60 and 45% respectively,
compared with the time required to print a dense cubic sample with
optimized printing parameters. The second time saving comes from the
elimination of a dedicated annealing heat treatment in a low-pressure
furnace for the Ni-based alloy. This step is accomplished by means of
HIP quench where healing and heat treatment are performed at the same
time.

2. Materials and methods
2.1. Inconel 718 powders

All the samples produced in this work were obtained from IN718 gas-
atomized powders by EOS GmbH, whose chemical composition, ac-
cording to its datasheet, is reported in Table 1.

2.2. The laser powder bed fusion (L-PBF) process

The samples were printed in a Concept Laser Mlab R (Concept Laser
GmbH) equipped with an optical fiber laser with a power output of 100
W and a spot size of 50 pm. The building platform, a 90 mm square, was
made of AISI 316 L stainless steel. Apart from three reference cubes
obtained with standard printing parameters abbreviated as optimized
parameters (OP), the samples used in this work were produced with two
main printing strategies. The first consisted of printing 3 cubes using
optimized parameters just for the outer shell, leaving the remaining
powders inside unaltered and loosened, which are now referred to as
shelled samples (SS). In these samples, the shells were printed using the
parameter set 1 of Table 2. The second consisted of printing the samples
with two sets of parameters: the inner part was printed with a faster scan
speed, i.e., 2400 mm/s (parameter set 2 of Table 2), while the shells
were printed with the standard scanning speed of 800 mm/s (i.e.
parameter set 1 Table 2). This mixed printing condition allowed a
significative printing time reduction and samples with fully dense shells
and a core with a higher density of printing defects. These samples are
referred to as “controlled porosity” (CP). As mentioned above, Table 2
shows the main printing parameters for reference.

All the samples were printed using a 5 mm stripes strategy and a laser
beam rotation of 67° among each layer, reducing the residual stress and
creating a less inhomogeneous microstructure [34].

Fig. 1 shows the CAD drawing used in this work to build the SS and
the CP samples. More specifically, the grey part represents the volume
printed with optimized parameters and a slow scan speed, i.e., the shell.
Conversely, the yellow volume can be printed using the high scan speed
or a portion filled with un-melted powders. The dome structure was
inspired by the work of Du Plessis et al. [33] and optimized to be
self-sustaining. The changes aim to avoid any delamination among the
layers without the need for printing any support. This condition was
accomplished by controlling the dome’s geometry, more specifically, its
vertical tangent was limited to a 30° angle with respect to the Z
direction.

The vertical wall thickness is 1 mm, while the portion in contact with
the building plate is 2 mm thick. Some overstock material helped during
the sample’s electro-discharge machining (EDM) cut, which was per-
formed exactly 1 mm above the platform, leading to a uniform shell
thickness. In the dome portion, the shell thickness is not constant and
ranges between 1.0 and 2.3 mm referred to in the z direction. Eventu-
ally, a different type of sample was built for compression testing con-
sisting of cylinders with a diameter of 10 mm and 16 mm of height. The
same building strategies described above were used to print two cylin-
ders families. At the same time, a third type of cylinder, built with
optimized L-PBF parameters, was built and used as a benchmark. The
first two-cylinder types were then machined down to a diameter of 8 mm
and height of 14 mm to eliminate the shell and test only the portion of
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Table 1
Chemical composition of used IN718 powders.
Element Ni Fe Cr Nb Mo Ti Al Co Cu Si Mn C
wt.% 52.5 Bal. 19 5.125 3.05 0.9 0.5 0.5 0.15 0.175 0.175 0.04
papers and polished with diamond pastes. The final surface finishing
;‘able 2 d during the L-PBF printi was obtained using a water-based colloidal silica solution. Each surface
arameters sets used during the L-PBE printing stage. was observed with a light optical microscope, taking 12 pictures at 50x
Parameter Laser Layer Scanning speed  Hatching magnification. The micrographs were then processed via the image
set Power thickness [mm/s] Distance [mm] recognition software ImagelJ.
wl [pm]
! 95.00 20.00 800.00 0.05 2.5. Sample shape reconstruction after HIP and deformation assessment
2 95.00 20.00 2400.00 0.05

material obtained with the faster strategies. Fig. 2 shows a schematic of
the cylinders used for the compression test. A flat side was machined and
mirror-polished to observe the deformed microstructure immediately
after the compression test, as suggested by Martelli et al. [35].

2.3. Hot Isostatic Pressing (HIP) and heat treatment

The Hot Isostatic Pressing treatment was performed in a Quintus QIH
15L (by Quintus Technologies AB) equipped with a molybdenum
furnace and the Uniform Rapid Cooling (URC) module, which can cool
the sample after HIP at a maximum rate of 294 °C/min. The system has a
maximum operating temperature of 1400 °C and a maximum pressure of
210 MPa using Argon as operating media. Using the URC module, HIP
was used to densify the samples and perform the solution annealing. The
HIP-Annealing (HIP-A) temperature was 1200 °C with a heating rate of
10 °C/min, the soaking time of 4 h, and the applied pressure 170 MPa.
After HIP-A, the fastest cooling rate achievable (294 °C/min measured
between 1200 and 400 °C with a thermocouple in closed contact with
the sample) was applied to suppress the formation of any brittle face
such as Topological Closed Packed (TCP) or Laves phases [36].

2.4. Sample density assessment

Sample density was determined right after the L-PBF process and
after HIP-A. The apparent density of as-built samples was measured with
a gas pycnometer Ultrapyc 5000 by Anton Paar, using He with a 2 bar
pressure, calibrated with a steel sphere with known volume and density.
The number of measurements changes, aiming for a standard deviation
smaller than 0.05 % during the last three repetitions. After densification
with HIP, the density was measured with the pycnometer and via image
analysis to double-check the results. The analysis was performed by
cutting the samples in half; the surfaces were then ground with SiC

The deformation of the samples induced by the densification after
the HIP-A was assessed with a touch profilometer Mahr CD120 by

Fig. 2. 3D schematic of the cylinder used for compression test. The flat surface
was used to observe plastic deformation directly from the mechanical test.

Fig. 1. Graphic representation of printed samples’ cross sections in 2 d (a) and 3 d (b). The figure shows the most relevant dimensions of the samples.
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MarSurf after receiving a sandblast cycle to reduce the friction between
the surfaces and the profilometer tip. The measurement was performed
three times along the centerline, searching for the maximum displace-
ment from the original CAD model.

2.6. Sample preparation for microstructural assessment

The metallurgical preparation was similar to that used to determine
the residual porosity. More specifically, after polishing, the micro-
structural features were revealed using an electrolytic etching applying
3V for 5 s and a solution of 15 ml HCl and 5 ml HNOs. The resulting
microstructures were observed with an optical microscope, a Leica
MEF4, and a scanning electron microscope, Zeiss EVO 15, equipped with
an EDS probe Ultim-max by Oxford instruments. Electron backscattered
diffraction (EBSD) assessment was performed in a Tescan S900G FESEM
to appreciate better how the printing strategies alter the grain
morphology.

2.7. Micro-hardness test

The micro-hardness test was performed using a Leica VMHT with a
load of 200 g (HVO0.2) following the UNI-EN-ISO 6507-1. After a cali-
bration step, indentations were performed along the building direction
on the reference AB OP and the HIPed conditions to evaluate how
hardness changes across the shell-core interface layer.

2.8. Compression tests on cylinders

A compressive test was performed using a Zwick-Roell Z100 uni-
versal tensile machine equipped with a 100 kN loading cell to appreciate
the differences between the two printing strategies. The force was
applied with a constant rate up to the maximum applicable load on the
samples shown in Fig. 2. The material underwent a severe deformation
but never failed under the applied load. As described above, a flat face
parallel to the building direction was mirror polished and used to
observe grain deformation and sliding during the compression test.

3. Result and discussion
3.1. Powder

Powders were assessed in their cross-sections to observe their
microstructure and investigate the internal defects. The results are
shown in Fig. 3.

Fig. 3 a) shows the etched cross-section of an IN718 powder particle.
The internal microstructure consisted of a fine dendritic structure with
evident segregations during the rapid solidification in the gas atomiza-
tion process [37]. At the same time, Fig. 3 b) highlights some internal
spherical pores randomly distributed in the powder. The inert gas of the
atomization caused the formation of this defect, which was trapped in
the molten metal droplets during the process [38]. These spherical

Journal of Materials Research and Technology 30 (2024) 6983-6994

defects are likely to be overturned by the fast melting and solidification
of the L-PBF process. On the other hand, this defect could limit a sam-
ple’s overall density when densification is obtained via solid-state
diffusion. Nevertheless, HIP, thanks to the high pressure applied, is
known to broadly limit this effect, providing a nearly fully dense product
[39].

3.2. Densification

Fig. 4 a) summarizes the density levels achieved before and after the
HIP process.

The density values are plotted as a function of the samples and
conditions investigated. In addition, the residual porosity values were
evaluated by cross-section image analyses on AB OP, HIP OP, SS, and CP.
This analysis was performed to double-check the density values ob-
tained, primarily because pycnometer analyses likely neglect the
smallest defects.

AB OP density level of 8.23 g/cm® remained almost constant after the
HIP process. Meanwhile, the residual porosity was reduced from 0.04%
to 0.02%. The AB OP density value was already close to the theoretical
density for traditionally processed IN718, justifying the negligible
macroscopic density increment after HIP. Micrometrical and sub-

Fig. 4. a) Density results of OP, SS and CP samples before and after HIP
Shrinkage patterns of b) HIP OP, c¢) SS and d) CP samples.

Fig. 3. a) Powder microstructure cross-section b) Defects in powder cross-section.
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micrometrical spherical defects were healed or fully collapsed after HIP,
revealing the expected densification behavior [40].

SS sample density increased from 6.25 g/cm?® in the AB condition to
8.22 g/cm® in the HIPed one with a residual porosity of 0.03%. The HIP
SS density value was close to the HIP OP reference value of 8.23 g/cm®
reported in the previous paragraph. Together with the density tests, the
apparent density of loosened powder inside the shelled samples was
calculated and evaluated at 52.36% for the AB SS condition. According
to the literature [41], this value fits with the theoretical 50 % powder
bed density given by Additive Manufacturing techniques. Indeed, the
apparent density of 52.36% is lower than the desired tap density values
requested for the HIP process (63%-65%) [42]. This condition origi-
nated from the narrow PSD of L-PBF powders, which drastically reduced
the initial tap density of the sample. Anyhow, the residual porosity of the
HIP SS sample suggested a positive response to the HIP process.

AB CP density after the HIP process raised from 7.92 g/cm® (AB CP)
to 8.21 g/cm® (HIP CP) with a residual porosity of the HIPed sample of
0.01%. In other words, the achieved density fell between the AB OP and
SS conditions. The final HIPed CP sample density was comparable with
the reference HIPed OP and the HIPed SS. Moreover, residual porosity
indicates a good densification behavior of the highly porous core.

Fig. 4 b), ¢), and d) summarize the HIPed OP, SS, and CP sample
shrinkage patterns. More specifically, HIPed OP did not undergo
shrinkage compared to the AB, in accordance with the macroscopical 0%
densification after HIP. Furthermore, HIPed SS exhibited the most sig-
nificant shrinkage compared to the other conditions, resulting in a
maximum mean deformation of 1.32 mm in the xy plane. This behavior
is directly related to the PSD of the loosened powder used during the
printing phase. HIPed CP sample represented the best compromise. The
shrinkage pattern underlined a negligible shrinkage along the x-axis,
and the mean maximum deformation of the y-axis direction was 0.20
mm. The CP strategy combined with the HIP process allowed the
achievement of a final dense product with negligible shrinkage, signif-
icantly reducing the overall building time compared with the OP sample.
The different shrinkage behaviors can be summarized in Fig. 5, which
shows a reconstruction of the entire sample cross-section and allows to
observe the deformation achieved in the samples after HIP.

Fig. 5 a) and b) report the OM cross-sectional images of CP and HIP
SS, respectively. In the HIP SS sample, the difference between the shell
and the core is evident due to the difference in grain size between the
two areas. Specifically, the external part shows coarser grains, while
finer ones were observed in the core section, showing features more
similar to that of a sintered products [17,18].

Journal of Materials Research and Technology 30 (2024) 6983-6994

3.3. Microstructural evolution

This section contains an in-depth description of the microstructural
evolution of the samples after HIP post-processing. The analysis of the
as-built L-PBF samples has the primary role of building a reference
condition and finding any similarity across all the other microstructures
described in the following sections.

Fig. 6 shows the microstructural evolution of the OP sample observed
in AB and HIPed conditions. In particular, Fig. 6 a) and b) show an
example of low and high-magnification images of AB OP sample. In
contrast, Fig. 6 c¢) and d) represent the low and high magnification
microstructure of HIP OP one.

AB OP sample shows a microstructure consisting of melt pools and
columnar grains parallel to the building direction. Moreover, grains
extend through several melt pools, thus confirming the epitaxial growth
given by the partial remelting of previously built layers during the
process. These microstructural features were consistent with other
literature on the microstructural characterization of L-PBFed products
[43,44]. Higher magnification, as shown in Fig. 6 b), confirmed the
presence of melt pools and columnar grains and revealed a fine dendritic
structure inside the grains. This feature was ascribed to the high cooling
rates reached during the L-PBF process [45,46].

A consistent grain coarsening was observed in the HIPed OP, caused
by the high temperature soaking at 1200 °C during the HIP treatment.
However, the grains still show a preferential orientation that coincides
with the building’s direction, according to the evidence reported by
Rezaei et al. [47]. SEM investigations of the HIP OP sample demonstrate
the total dissolution of the dendritic structure inside grains and the
formation of twinned boundaries. This microstructural evolution is
strongly related to the HIP treatment performed above the traditional
solution annealing for IN718 (1095 °C), which, however, promoted a
general microstructural homogenization and limited the negative effect
of PPBs [48]. These evidences were found in line with the literature; for
instance, Cortes et al. [49] detected an increase in twin boundary for-
mation during the HIP process above 1170 °C.

Fig. 7 compares the microstructure of the shelled samples in a central
position. Depending on the adopted building strategy, grain size and
morphology were significantly impacted.

More specifically, Fig. 7 a) shows the CP sample grain structure,
characterized by equiaxed grains which were able to grow through PPBs
particles with only a few exceptions, as depicted in the inset, showing
sub-micrometric carbides and oxides at the interface between two
adjoining grains. Conversely, Fig. 7 b) shows severe particle precipita-
tion with many spherical particles, indicating that the grains could not
grow beyond the powder boundaries, forming an almost continuous
network of PPBs.

Fig. 5. Etched CP a) and SS b) cross-section.

6987



S. Lerda et al.

Journal of Materials Research and Technology 30 (2024) 6983-6994

Fig. 6. OM a) and SEM b) images of AB OP and HIP OP c) and d).

Fig. 7. Microstructure of the CP sample core a) and from the HIP OP b) the grain size and morphology are different, and a significant amount of PPBs can

be observed.

Fig. 8 shows the chemical assessment of the particles described
above. Fig. 8 a) and b) represent the CP and SS samples, respectively.

The eds spectra were taken on the matrix (solid colour) and the
particles (red line). Regardless of the building technique adopted, the
particles have a chemistry compatible with mixed carbides. This
assumption can be concluded by observing the spectra showing higher
peaks for the carbide former elements: Ti, Cr, Mo and Nb. These features
comply with the theory that oxides formed on the top of powders act as
preferential sites for the nucleation of carbides in later stages of the
manufacturing process. The most evident difference between the two
scenarios is that the CP sample shows the newly formed carbides
randomly distributed throughout the matrix. Conversely, the SS sample
has almost a continuous network of PPBs particles, which strongly
hindered the grain growth within the sample core.

Fig. 9 focuses on the interface between the shell and the core of the
samples. Again, the most noticeable difference between the two strate-
gies is the total amount of particles formed in this specific portion of the
samples. The SS sample shows almost a continuous film of carbides and
oxides, which separates the shell from the core material. The CP sample,
however, shows similar particles in this location, but their presence is
significantly smaller, and they do not form a continuous layer. This
difference can be explained by considering that the walls of the shell and
the powders only had a limited interaction during the printing stage. At
the same time, a strong solid-state diffusion took place during HIP,
which could have helped this intense particle precipitation.

6988

Conversely, in the CP sample, the shell and the core were intimately
bonded during the printing due to the laser’s repeated melting and so-
lidification phases. At the same time, a higher fraction of voids between
the shell and the powders should be expected before HIP takes place in
the SS sample. These material regions are filled by the entrapped at-
mosphere of the L-PBF machine, which is likely to contain a higher
oxygen content.

The insets in Fig. 9 a) and c) show a high-magnification SEM image of
HIP SS and CP, highlighting the shell, core, and the interface between
them, while Fig. 9 b) and d) report the corresponding EDS maps. The
EDS analyses on large spherical particles revealed an increase in Nb
content, suggesting the formation of MC carbides, as indicated by
Donachie [50]. Conversely, the continuous layer surrounding the PPBs
was enriched in Ti, Al and oxygen. Other literature work already high-
lighted the presence of MC carbides and oxides at the PPBs in the HIPed
microstructure of Ni-based superalloys [47,51-53]. In particular, Qu
et al. [52] reported that PPB decoration increases with a decrease in
powder particle sizes. This information become particularly relevant
since the present work required the usage of powders with a PSD
sensibly smaller than that generally used for Near Net Shape HIP pur-
poses. Moreover, Fox et al. [54] found that the presence of oxides along
the grain boundaries can promote the nucleation of carbides from
segregated areas in the alloy.

The HIP SS and CP shells developed similar microstructures with
large grains coupled with twinned ones. Moreover, the images
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Fig. 8. EDS analysis showing the chemical nature of the precipitates located at grain a) or particle b) boundaries.

Fig. 9. High magnification SEM images and EDS analyses of HIP SS a) and b) and HIP CP c) and d).

highlighted a total dissolution of the original dendritic microstructure of 3.4. Texture e EBSD
the powders. This microstructure is similar to the HIP OP sample and
consistent with previous literature works [48,55]. Fig. 10 a) and b) show the Inverse Pole Figure (IPF) XO maps of HIP
LP and SS.
A pronounced texture in either shells or cores was not observed in
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Fig. 10. EBSD map of HIP SS a) and CP b).

HIP SS and CP samples. The distribution of equiaxed grains proved to be
random without a preferential orientation direction. This microstructure
complies with the prolonged exposure at high temperatures during the
HIP process, which acted against the texturization given by the L-PBF
process. This evidence aligns with other literature [55-57] investigating
the AM IN718 texture evolution after HIP. Moreover, the IPF maps make
the grain morphology more readable, confirming what was previously
described using LOM and SEM images in paragraph 3.3.2. In particular,
by analyzing the grain size measurements, a bimodal distribution was
observed in HIP SS and CP, which was consistent with the previous
observation.

3.5. Mechanical characterization

Microhardness and compression tests were performed to charac-
terize the three sample families.

Hardness was investigated along the building direction for HIP SS
and CP to understand grain size’s influence in core-shell transition,
specifically. The same test was carried out on the AB OP sample as a
comparison reference value. Fig. 11 summarizes the results obtained.

The orange and yellow lines refer to the L-PBF sample in the as-built
and post-HIP conditions. Since the samples were considered homoge-
neous, only 4 points were investigated. Conversely, the grey and blue

Fig. 11. Microhardness evolution of AB OP, HIP SS and CP.
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lines deal with HIP CP and SS conditions, respectively, and hardness was
measured with a fixed distance among imprints of 1 mm. AB OP sample
showed a nearly constant HV0.2 value of 385. This high hardness value
complies with the L-PBF process, where the high residual stresses and
narrow dendrite structures significantly increase hardness values.
Moreover, the absence of a platform preheating during the L-PBF pro-
cess avoided a microstructural and property gradient along the building
direction, justifying the constant values of AB OP sample. Nevertheless,
the severe grain coarsening provoked by HIP treatment significantly
lowered the hardness level to ca. 210 HVO0.2.

HIP SS shell showed a hardness value of 210 HV0.2, which increased
towards the core, where densification was achieved through sintering.
The hardness span between the shell and the core was ca. 30 Hv0.2.
Likewise, HIP CP shows some differences between shell and core hard-
ness, but this time, the span between the two is limited to ca. 10 HV0.2.
The larger hardness span observed in the SS sample can be explained by
considering the Hall-Petch equation and the profound difference in grain
size in the shell and core regions. The HV0.2 value is inversely related to
the grain size, explaining the reduction observed at the shell area. The
printed region with optimized parameters was utterly free of PPBs; here,
the grains could freely coarse. On the other hand, inner regions were
significantly populated by PPBs, which severely hindered the movement
of grains. On the other hand, the CP samples only had a few PPBs and
particles that could actively block the grain coarsening, thus generating
an intermediate condition where grains could not grow as much as a
standard L-PBF sample exposed to the same heat treatment.

Fig. 12 summarizes the results of compression tests performed on HIP
OP (used as reference), HIP SS, and CP samples.

In all conditions, after a small elastic portion, a sharp increase in load
is observed until the yield strength value (oy) is reached. Above this
value, stress and strain linearly increase with a constant rate until the
machine’s maximum load (100 kN) is reached. Samples underwent a
severe deformation corresponding to a 53% strain. This result pointed
out a good global ductility of the samples, which is typical of HIPped
samples [49]. Noteworthy, the HIP OP and CP curves almost overlap,
confirming the excellent densification effect of HIP in shelled CP sam-
ples. The HIP OP showed the lowest oy value (361 MPa) among the
conditions analyzed. HIP SS and CP samples showed oy values slightly
higher than HIP OP, i.e., 389 MPa and 404 MPa, respectively. These
results fit with the different grain sizes corresponding to the three
metallurgical conditions. HIP OP showed the coarsest microstructure,
which gave the lowest yield stress in accordance with the Hall-Petch
equation.
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Conversely, the finer microstructure responsible for the higher yield
values observed characterized the other two samples. The different grain
size is responsible for altering the capability of dislocation to glide
throughout the material, affecting the yield stress. The finer grain size in
HIP SS and CP samples increased yield stress slightly. More specifically,
HIP SS had a slightly lower yield value than the CP sample, which can be
explained considering the dense presence of oxides and carbides at PPB,
which are likely to limit the material ductility, especially if tensile tested
[53,56].

Fig. 13 shows how the grains deformed under this severe compres-
sion test, focusing on the effect of plastic deformation in the proximity of
the PPBs. This study was mainly performed to understand if the presence
of such hard particles embedded in a very ductile austenitic matrix could
lead to cavity formations or cracks between the two. Such behavior
would indicate a low ductility attitude once the sample is under tensile
load.

Fig. 13 a) shows the HIP OP sample and reveals a massive presence of
deformed grains with slipping bands inside tilted by 35/40° from the
load application axes. These defects occurred in low stacking fault en-
ergy material during plastic deformation [57,58] thus justifying the
compression test results discussed above. Fig. 13 b) and c) reports,
respectively HIP CP and SS micrographs. Compared with HIP OP, slip-
ping bands were rarely detected in both conditions thanks to the smaller
grain sizes inside cores. Globally, oxi-carbides at PPBs did not affect the
grain boundary behavior during the compression test. However, Fig. 13
d) showed some interface detachment between the sintered powder of
cores in HIP SS where the oxi-carbide concentration was higher. The
oxide and carbide particles could act as a preferential starting point for
detachments, worsening the compression behavior [53]. This outcome
was totally in agreement with the evidence extrapolated by compression
stress-strain curves.

4. Results discussion

Fig. 14 reports a global final comparison of the samples characterized
and discussed in this work. Thanks to the geometries developed, and the
scanning strategies applied, AB CP and LP underlined a valuable gain in
the building time reduction compared with the bulk AB OP. This goal fits
with the industrial scale-up advisable for LPBF processes.

The combination of temperature, time, and pressure during the HIP
process fulfilled the expectation also under non-optimized conditions of
loosened powder density (AB SS). In all the conditions investigated, a
maximum of 0.04% residual porosity was detected with densification up

Fig. 12. HIP OP, SS, and CP stress-strain compression curves.
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Fig. 13. HIP OP a), CP b), and SS ¢) microstructure after compression test. d) Focus on sintered particle surface detachments after the compression test.

Fig. 14. Global comparison between L-PBF and HIP OP, SS, and CP samples.

to 30% (HIP SS). Despite the high densification of the HIP SS sample, a
severe shrinkage was observed, an issue which could be solved only at
the design stage, providing the correct geometrical tolerances.
Conversely, HIP CP underwent a considerably lower shrinkage (3%),
representing the most balanced condition investigated in this work.

Microstructural evolution and mechanical properties showed by the
HIP CP sample were considered more promising due to its more ho-
mogeneous microstructure and hardness range between core and shell
compared to the HIP SS. Moreover, this sample family behaved similarly
to the reference HIP OP during the compression test, mainly because
grain boundary detachment due to PPBs was not observed.

5. Conclusions

In this work, a hybrid process exploiting tailored L-PBF scanning
strategy and HIP successfully obtained IN718 samples with considerable
time savings. Samples produced with different strategies were investi-
gated, and the most relevant results can be summarized as follows:
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e The HIP process guaranteed high densification effects with a mean

residual porosity value below 0.04% in all the conditions analyzed.

The core fast melting occurred with the CP scanning strategy allowed

to minimize the shrinkage effect compared to the SS scanning

strategy, where the narrow powder PSD resulted in poor shape
accuracy.

HIPed shelled samples showed different microstructural evolution

compared to the reference HIPed OP sample. The shelled one

externally developed a coarse recrystallized microstructure similar
to the reference one, while the core revealed a finer one due to high

density of PPBs. The CP scanning strategy led to the formation of a

more homogeneous structure with a negligible amount of PPBs. As a

direct consequence of this, the difference between the core and the

external surface was less evident.

e The hardness measurements were in good agreement with the
microstructural observations, and in accordance with the Hall-Petch
equation, all the portions where severe grain coarsening occurred
showed lower hardness values. This condition is particularly evident
in the HIP SS sample.
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e The compression test revealed a global ductile behavior of all the
HIPed samples. Nevertheless, the outcomes show potential benefits
when using the controlled porosity scanning strategy instead of the
loosened powder one. In particular, the negligible presence of PPBs
allowed the minimization of grain boundary detachments that
occurred in the SS condition.

This work demonstrated that full dense samples could be achieved by
combining fast LPBF techniques and HIP; nevertheless, the limited
powder size distribution of AM powder and the formation of PPBs were
the most limiting factors from a geometrical and microstructural
perspective when using the shelling technique. Conversely, using a
faster printing strategy limited to the inner part of the sample looks
promising since total deformation and precipitation of brittle phases are
both extremely limited. Finally, the use of fast cooling after HIP was key
towards a further post-processing time reduction.
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