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The combined thermo-mechanical technique for the post-processing of heat-resistant alloy parts fabricated
by a 3D laser powder bed fusion (L-PBF) process is applied. In this study, the turbine blade test parts were
printed using a nickel-based pre-alloyed INCONEL (IN) 718 powder. The hot isostatic pressing (HIP)
followed by homogenization and double aging post-printing heat treatments was conducted to form a
homogeneous structure of the L-PBF-built turbine blade parts, reducing the material porosity. The shot
peening (SP) technique was applied to eliminate surface defects and provide a new surface texture, refining
the grains in the subsurface layer. The effects of the post-heat treatments combined with mechanical surface
SP treatment on the microstructure, phase/chemical composition, grain refinement, subsurface porosity,
and microhardness distribution in the near-surface layers were studied in this work. The surface defects
and roughness are also addressed. Results indicate that the HIP treatment followed by both used heat
treatments provides the required uniformity of microstructure and distribution of the second phase pre-
cipitates in the L-PBF-built turbine blade parts, providing an increase in hardness by ~50%. Additionally,
the application of the SP treatment after heat treatments led to a further surface hardening and increases
the residual stress values. At the same time, the surface defects were successfully removed from the heat-

treated surfaces by severe plastic deformation.

Keywords aging, HIP, homogenization, Inconel 718 powder,

laser powder bed fusion, shot peening

1. Introduction

The oxidation- and corrosion-resistant superalloys are
widely applied for manufacturing the responsible parts, which
work in extreme environments subjected to high mechanical
loads. It is well-known that nickel-based alloys are difficult
metals to machine or shape using conventional manufacturing
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techniques (casting, forging, and powder metallurgy) because
of rapid strain hardening. Nowadays, additive manufacturing
(AM) or three-dimensional (3D) printing techniques contribute
to the expansion of the manufacturing facility, including
Inconel (IN) superalloys (Ref 1-3). The current results show
that the superalloy complexly shaped parts fabricated by 3D
powder bed fusion technologies contain a good strength and
high-temperature performance, making superalloys an attrac-
tive choice for high-temperature applications. As a result, the
3D-built superalloys are promising for the aerospace, automo-
tive, and nuclear industries (Ref 4).

Currently, the powder bed fusion (PBF) (Ref 1, 2, 5-7),
direct energy deposition (DED) (Ref 6, 7), binder jetting (BJ),
or material jetting (MJ) (Ref 8, 9) techniques are proposed to
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manufacture the 3D metal components that are difficult or
impossible to obtain using traditional production processes. It
should be noted that to fabricate the small-sized and complexly
shaped metal parts with a high density, the PBF method,
including the laser powder bed fusion (L-PBF) and electron
beam melting (EBM) processes, is one of the most effective
3D printing technologies, in which selectively melts metal
powder by a movable laser or electron beam (Ref 10-12). The
density of the PBF-manufactured IN 718 alloy is about 99.8%.
However, at the same time, the PBF-built superalloy parts
suffer from an inhomogeneous structure (Ref 13-15), signifi-
cant residual subsurface porosity (Ref 16), rough surface
(Ref 17), surface defects (Ref 18), and the presentence of
tensile residual stresses in the near-surface layers (Ref 19). At
the same time, the structure and surface roughness values
depend on build orientation.

To use the 3D-printed nickel-based alloys in extreme
environments, the post-processing issue is one of the main
challenges. As a consequence, the thermal and chemical or
mechanical post-treatments are mostly required to improve the
superalloy parts printed by the PBF techniques. The imple-
mentation of hot isostatic pressing (HIP) and post-heat
treatment (stress-relieving, solution, homogenization, and
aging) in the additive manufacturing routes could minimize
or eliminate bulk defects in the PBF-built superalloys (Ref 20-
23). In particular, the stress-relieving (SR) treatment (650-
870 °C) is used before removing a part from the build plate to
reduce residual stress (Ref 20). The HIP treatment (1120-
1240 °C, 100-165 MPa, 3-4 h) is usually applied to eliminate
porosity and increase the density for high-temperature applica-
tions (Ref 20, 24-26). The HIP treatment of superalloys
combined with other thermal techniques in different sequences
(applied prior or post them) was recently studied as well. For
instance, work by Kuo (Ref 27) shows that the HIP treatment
followed by the direct aging treatment was the most effective
technique among the heat treatments to improve the creep
behavior of IN 718 alloy.

The solution annealing (930-1040 °C) or homogenization
(1040-1200 °C) treatments followed by a double aging/precip-
itation treatment are applied for the improvement of material
properties (Ref 20, 28, 29). The effects of the heat treatments
on microstructural features of the superalloys are studied in the
subsequent works (Ref 30-32). Raghavan, et al. (Ref 30)
reported the solution (1040-1200 °C) + double aging
(720 °C/8 h and 620 °C/8 h) treatment induced the needle-
shaped 0, carbides (MC and/or M,3Cs) within the grain
boundaries, and finely dispersed y”, 7" phases, improving the
tensile strength for all heat-processed L-PBF-built IN 718 alloy
specimens. Muiliz-Lerma et al. (Ref 31) confirmed that the
cuboidal primary 7" precipitates and secondary y” precipitates
were also observed in the L-PBF-printed IN 738 alloy after
annealing + aging. The effects of the post-heat treatments on
the microstructure and mechanical properties of the nickel-
based alloys are studied by Brenne et al. (Ref 33) and by Fayed
et al. (Ref 34). Moreover, work by Barros (Ref 35) showed that
the compressive residual stresses were identified in the
subsurface layer of the heat-processed IN 718 alloy samples.

On the other hand, to enhance surface properties in the metal
parts fabricated by the PBF technique, mechanical or chemical
surface post-treatments are frequently required after heat
treatments. The mechanical (machining, sanding, blasting,
peening, and tumbling) or chemical (pickling and descaling)
surface treatments can be selected based on the operational
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requirements, geometry complexity (presence of hidden sur-
faces/holes), size of components, and surface quality require-
ments. The surface finishing of the 3D-printed metal
components often demands enhanced/expensive solutions. For
instance, the electrochemical polishing (Ref 36), magnetic
polishing (Ref 37), vibratory finishing (Ref 38), barrel finish-
ing (Ref 17, 39), ultrasonic shot peening (Ref 18, 40), and shot
peening (Ref 18, 41-44) may be applied for surface treatment
of the small-sized and complexly shaped superalloy parts. To
finish the large-scale nickel-based alloy components, the
shot/cavitation peening, laser peening (Ref 45), ultrasonic
peening/finishing (Ref 17, 18, 46), and ball burnishing
(Ref 47) can be used in manufacturing processes.

A significant improvement in the surface roughness, as well
as the J and carbide phases instead of y phases on the untreated
surface specimens, were observed after electrochemical polish-
ing with a long duration (Ref 36). The vibratory and barrel
finishing resulted in a 10-15% surface hardness increment in
the L-PBF-printed IN 718 alloy parts (Ref 18, 38). Kim et al.
(Ref 40) confirmed the improvement of the mechanical and
tribological properties of the L-PBF-built Fe-Ni-Cr alloy
specimens subjected to HIP treatment followed by shot
peening. The shot peening led to the formation of high
compressive residual stresses in the L-PBF-built IN 718 alloy
parts subjected to prior solution annealing and double aging or
heat treatment followed by HIP treatment (Ref 44). At the same
time, the attempts to use the shot peening surface treatment
after prior HIP and heat treatments to improve the surface layer
properties of the L-PBF-built complexly shaped superalloy
components are virtually absent.

The purpose of this work is to analyze the effects of the
thermo-mechanical post-processing on the microstructure,
phase composition, bulk/superficial strengthening, subsurface
porosity, and surface roughness of the IN 718 alloy turbine
blade parts printed by the laser powder bed fusion technology.
In particular, the outcomes of excluding homogenization from
the standard thermal treatment route and application of shot
peening post-processing are under consideration.

2. Experimental Procedure

2.1 Laser Powder Bed Fusion Process Details

The turbine blade test parts (~85 mm (X) x ~32 mm (Y) x
~60 mm (Z)) were fabricated by the laser powder bed fusion
(L-PBF) process using an industrial Renishaw AM400 additive
manufacturing machine (Machineseeker, UK) and a nickel-
based pre-alloyed IN 718 powder with predominantly spherical
shaped particles (over 80% of the particles showed 100%
sphericity) and the particle size distribution in a range of 10-
55 um (Ref 18, 48, 49). The chemical composition of the used
powder is presented in Table 1, which meets the specific
chemical composition of IN 718 alloy.

The applied L-PBF additive manufacturing system (250 x
250 x 300 mm for the X, Y, and Z axis, respectively) was
equipped with a ytterbium fiber laser with a maximum power
of 400 W CW-M and a galvanometric 3D scanner for laser
beam movements (focal spot size of 70 um) with a maximum
scanning speed of 7000 mm/s. The parts were manufactured in
an argon atmosphere using a powder layer thickness of 60 um,
a scanning speed of 700 mm/s, and a laser power of 200 W

Journal of Materials Engineering and Performance



Table 1 Nominal chemical composition of IN 718 powder, in weight percent, wt.%

Ni Cr Nb Mo Ti Co Al Mn/Si Cu C P/S (0] Fe

50-55 17-21 4.7-5.5 2.8-33 0.65-1.15 <10 02-0.8 <035 <0.30 <0.08 <0.015 <0.03 Bal.
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Fig. 1 Schematic illustration of L-PBF process followed by thermo-mechanical post-processing
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Fig. 2 LOM micrographs of microstructure in the building direction of the LPBF-built (a-d) and HIP+H+A (e-h), HIP+A (i-1) post-processed

IN 718 alloy specimens

(Fig. 1). A multidirectional stripe scanning strategy with lines
spacing of 80 um and stripes spacing of 5 mm was applied
when the biaxial laser scanning patterns were rotated by 67°
between each powder layer (Ref 41). The QuantAM software
was used to program the stripe trajectory parameters. The
turbine blade parts were separated from the build platform and
further cut/prepared using electric discharge machining. Then
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the specimens were subjected to the thermo-mechanical post-
processing as shown in Fig. 1.
2.2 Post-processing

2.2.1 Hot Isostatic Pressing. To eliminate the internal
porosity and increase the material density, all studied L-PBF-
built parts were subjected to the hot isostatic pressing (HIP)
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Fig. 3 LOM micrographs of microstructure in the scanning direction of the LPBF-built (a-d) and HIP+H+A (e-h), HIP+A (i-1) post-processed

IN 718 specimens

process per ASTM F3055 using a modern hot isostatic press
QIH 09 x 1.5-2070-1400 MURC (QUINTUS, Sweden)
(Ref 42). The HIP treatment consisted of a heating temperature
of 1160 °C and an argon pressure of 160 MPa for 3 h (Fig. 1).
To increase the cooling rate in the HIP furnace, the forced-
convection high-speed cooling of the highly pressurized argon
gas was applied inside the pressure vessel during the cooling of
the L-PBF-built parts.

2.2.2 Heat Post-processing. The HIP-processed speci-
mens were subjected to a homogenization (H) heat treatment
followed by double aging (A) heat treatment (marked as HA or
H+A) and single/direct double aging heat treatment (marked as

Journal of Materials Engineering and Performance

A). In particular, the homogenization heat treatment of the HIP-
processed specimens was carried out at the heating temperature
of 1180 °C for 1 hour using an IPSEN T2T vacuum furnace
(Fig. 1). The specimens were cooled in the furnace, conducting
argon gas streaming. The double aging was carried out using an
SNV 80 vacuum furnace at 720 °C for 8 h followed by furnace
cooling to 620 °C and holding for 9 h (Fig. 1). The cooling was
performed in the furnace to 80 °C in a protective gas (argon).

2.2.3 Mechanical Surface Post-processing. Finally, after
HIP followed by various heat treatments, the specimens were
deformed by an air blast shot peening (SP) to improve the
surface roughness parameters, eliminate the defects on the

Volume 31(8) August 2022—6287
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surface, and provide a new surface texture/microrelief, which is
known to be beneficial in the enhancement of the surface-
related properties. The SP treatment was carried out using a
commercial shot peening system (Ref 41). The turbine blade
specimens were processed by SP at a peening pressure of
0.55 MPa, a stand-off distance of 15-30 mm, and feed rate of a
nozzle of ~10 mm/s using steel balls of 0.5 mm diameter
(average hardness was 48 HRC), conducting 4-6 passes for a
full surface coverage (Fig. 1).

2.3 Specimen Characterization

2.3.1 Microstructural Observation. The turbine blade
parts were mechanically cut into vertical (section perpendicular
to the fused layers) and horizontal (section parallel to the fused
layers) cross-sections and prepared according to a standard
metallographic procedure. The specimens were electrolytically
etched at the voltage of 2.5 V and current of 0.2 A by a Lucas’
reagent consisting of the lactic acid (50 ml), hydrochloric acid
(150 ml), and oxalic acid (3 g) for 5-10 s. The bulk and surface
microstructures were observed by a LEICA Reichert Polyvar 2
light optical microscope (LOM). The microstructure at high
magnification and elemental chemical composition was studied

Journal of Materials Engineering and Performance
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IN 718 specimens

using an XL 30 ESEM scanning electron microscope (SEM)
equipped with an energy-dispersive x-ray spectroscopy (EDS)
detector.

The x-ray diffraction (XRD) analysis of the L-PBF-built and
post-processed specimens was conducted using a Rigaku
Ultima IV diffractometer in a CuKa-radiation at the voltage
of 30 kV, current of 30 mA, and scanning speed of 2 °/min.
The peak deconvolution software, OriginPro 9.0 for Windows,
was used to complete the XRD peak analysis by applying
Gaussian fitting (Ref 41). The residual macrostresses in the
subsurface layers were estimated based on a shift in the
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diffraction maximum (220) of the SP, HIP, HIP+H+A, HIP+A,
HIP+H+A+SP, HIP+A+SP-processed specimens from their
positions registered for the LPBF-printed specimen

2.3.2 Hardness and Roughness Measurements. The
microhardness depth profiles in the sample cross-sections were
obtained in the building direction using a tester Leica VMHT
with a Vickers indenter loaded by 0.025 kg (HV( 25) and the
dwell time of 15 s. The scatter of the experimental data did not
exceed by 5%.

The surface roughness parameters of each specimen were
evaluated based on the 2D surface parameters (Ra, Rp, Rv, and

Volume 31(8) August 2022—6289



Table 2 Chemical composition of the IN 718 alloy features, in wt.%
State Spectrum markings Feature C (0] Al Ti Ni Cr Fe Nb Mo
Fig. 6b  L-PBF-built #1 y-phase 4.21 0.39 0.43 1.05 51.91 16.5 16.4 5.81 3.2
#2 pore 9.70 16.1 18.29 529 2223 10.41 11.51 2.26 1.16
Fig. 6d  HIP+H+A #3 NbC 7.2 0.3 0.33 0.93 24.99 14.24 12.70  36.28  3.05
#4 y-phase 3.86 0.3 0.47 0.65 5332 1679 15.40 593 328
#5 NbC, TiC  8.83 0.11 0.35 12.38 16.28 7.84 740 43.19 2.63
#6 y”-phase  5.40 0.33 0.42 1.16 4737 9.99 1072 2344 317
Fig. 6f  HIP+A #7 NbC, TiC  8.24 0.32 1.34 591 14.05 15.23 15.74  39.21 0.14
#3 y-phase 3.21 0.2 0.43 0.96 53.14 1696 16.69 519 322
#9 NbC 7.05 0.19 0.37 1.21 11.75 16.06 16.39 4385 3.12

Rz) of the profiles obtained using a 3D Taylor Hobson Form
Talysurf 120 surface contact profilometer. For each specimen,
eight measurements were taken at different locations along the
X and Y axes using a roughness filter cut off 0.8 mm. The
scatter of the experimental data did not exceed by 5%.

3. Results and Discussion

3.1 Microstructure

3.1.1 LOM Observations. The evolutions of the
microstructure in the building (longitudinal-section) and scan-
ning (cross-section) directions of the L-PBF-built IN 718 alloy
turbine blade caused by the HIP treatment followed by heat
treatments are presented in Fig. 2 and 3, respectively. The
macrostructure of the L-PBF-built alloy is characterized by the
overlapped semi-circular melt pool boundaries/patterns in the
building direction (Fig. 2a-c), while the boundaries of laser
passes are observed in the scanning direction (Fig. 3a-c). The
melt pool width is ranged from 60 to 120 um. Figure 3a shows
the used laser scanning strategy, which includes a +67° hatch
rotation between built layers. It is well-known that the fine
columnar-shaped randomly oriented grain (dendritic)
microstructure with randomly oriented grains and cuboidal
interdendritic precipitates are formed when a layer-by-layer
building with rapid cooling of the melt pool is used (Ref 14, 34,
41). In the longitudinal section, the dendritic microstructure of
the L-PBF-built IN 718 alloy specimen mainly consists of
elongated colonies of cells across multiple layers, which grow
epitaxially from the substrate into the direction determined by
the heat flow direction (Fig. 2c, d). The transversely cut
dendritic cells can be observed in Fig. 3(d). The spherical or
shrinkage pores are indicated by yellow arrows in Fig. 2(a-d),
3(a, ¢).

Application of the HIP treatment combined with heat
treatments lead to the formation of homogeneous/equiaxed
grain microstructure with precipitations of secondary phases
appearing along the grain boundaries instead of the dendritic
cellular microstructure (Fig. 2e-1, 3e-1). The final microstructure
of the HIP+H+A-processed specimen (Fig. 2e-h, 3e-h) is
almost similar to that of the HIP+A-processed specimen
(Fig. 2i-1, 3i-1). As the temperature used at HIP and homog-
enization treatments was high enough (1160-1180 °C), the
interdendritic areas mainly consisted of Nb-rich Laves and o
phases were almost dissolved after HIP or HIP+H processes
(Ref 29, 34, 50, 51). Only some portion of niobium/titanium
carbides left on the formed grain boundaries (indicated by blue
arrows in Fig. 21, 31) after the dissolution of the interdendritic
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areas observed in the L-PBF-built microstructure. Notice, that
the grain size of y-matrix appears slightly larger after additional
homogenization (HIP+H) as compared to that after a single HIP
process. It seems that the longer the high-temperature holding,
the lower the quantity of the NbC carbides, and thus, the lower
obstacles left to the grain growth in the case of the HIP+H+A-
processed sample. Also, TiC carbides (indicated by pink arrows
in Fig. 2h, 3g, h, 1) and annealing twins (indicated by green
arrows in Fig. 2g, h, k, 3g, k, 1) were appeared in the y-phase
matrix. Double aging heat treatment of both the HIP+H and
single HIP-processed specimens results in precipitation of fine
7" and y” strengthening particles into the y-phase matrix.
Contrary to some literature data (Ref 52), neither needle-like &
phase nor Laves precipitates were found due to high enough
HIP and homogenization temperatures, which are higher than
the reported dissolution temperatures for these phases (Ref. 29,
50, 51, 53). It was recently revealed that the combination of
HIP treatment with direct double aging led to a remarkable
improvement of the creep behavior of the studied alloy (Ref 25,
37). Moreover, the equiaxed grain structures contribute to better
corrosion resistance (Ref 43).

The surface severe plastic deformation exerts a two-fold
influence on the HIP+H+A and HIP+A specimens of IN 718
alloy. Firstly, it eliminates all surface defects, such as signs of
the laser passes, spattering powder particles, needle-like tips,
and deep pits (Fig. 4). Secondly, it results in the grains’
reshaping in the subsurface layers: the thickness of the near-
surface grains gets smaller as the grains become elongated
along the shot-peened surface. Despite some deformation-
induced temperature increase (Ref 54), the phase compositions
of the HIP+H-+A+SP and HIP+A+SP post-processed specimens
appear to be similar to those of the heat-processed specimens
and will be considered in detail below using SEM and XRD
data.

The microhardness depth distribution in the near-surface
layers (longitudinal-section) before and after post-processing is
shown in Fig. 5. After the application of the HIP+H+A and
HIP+A heat post-processing, the microhardness of the L-PBF-
built specimen was increased by about 50%. This is because the
HIP followed by double annealing treatments induced the
nucleation and growth of 7" and )" phases, providing the
precipitation hardening effect. Compared to the surface micro-
hardness (HV) of the HIP+H+A and HIP+A post-processed
specimens, the SP-produced surface hardness was further
increased by ~25%, forming the hardening depth of 120-
140 um. The reason for this strain-induced hardening of the
surface naturally relates to the increased dislocation density,
their rearrangement, and subgrain formation (Ref 41, 43, 44).
However, the combined HIP+A+SP regime produces a slightly
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higher increment in the microhardness (~760 HV(,5) as
compared to that of the combined HIP+H+A+SP regime (~700
HVo.025) (Fig. 5). This can be attributed to the different grain
sizes of the y-phase matrix and different volume fractions and
sizes of the precipitated phases HIP+H+A (Fig. 4a) and HIP+A
(Fig. 4c) post-processed specimens. As a result, these differ-
ences may affect the hardening rate at the severe SP treatment.

3.1.2 SEM Observations. The corresponding weight
percentage of the chemical composition of the specific particles
in the building direction for the L-PBF-built (indicated in

~_ building direction ;

D —

Fig. 6b) and HIP+H+A (indicated in Fig. 6d)/HIP+A (indicated
in Fig. 6f) heat post-processed IN 718 alloy specimens
obtained by the EDS technique is given in Table 2. Spectrum
#1 represents the y-phase matrix of the L-PBF-built alloy. It can
be seen that a pore in the L-PBF-built specimen contains oxide
fragments (spectrum #2). In the heat post-processed specimens,
the particles of niobium carbide (spectrums #3 and #9) contain
a similar weight percentage of constituent elements with about
7-8% C, 36-39% Nb, and other elements contributing from the
surrounding matrix. Additionally, the MC-carbide particles

4

.r

~_ building direction

Fig. 7 SEM micrographs of microstructure of the near-surface layer in the building direction of the HIP+H+A (a), and HIP+A (b),
HIP+H+A+SP (c, e), and HIP+A+SP (d, f) post-processed IN 718 specimens
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(spectrums #5 and #7) are characterized by a higher amount of
both Nb and Ti elements indicating their composite structure
(NbC/TiC) like that reported in (Ref 55-59).

Additionally, the SEM observations of the subsurface
micrographs in the longitudinal-section (building direction)
shown in Fig. 7(c-f) also confirm significant surface plastic
deformation of the subsurface layer regardless of the prior heat
treatment used. The grains are seen to become inclined to the
specimen surface (Fig. 7e) as compared to the heat post-
processed specimen microstructure (Fig. 7a). Work by Ardi
(Ref 44) confirmed that average grain size in the H+HIP heat-
processed specimens was reduced by SP due to severe plastic
deformation.

3.1.3 XRD Analysis. Figure 8 shows the fragments of x-
ray diffraction (XRD) patterns of the studied specimens of IN
718 alloy in the L-PBF-built and HIP-processed states and after
various thermal treatments (Fig. 8a, b) and shot peening
(Fig. 8c, d). It is seen that in comparison with L-PBF-built
specimen containing mainly 7y (fcc solid solution), 7" (Nis(Ti,
Al)), and Laves phases. Following HIP at 1160 °C and
compressive load results in the dissolution of Laves and other
Nb-rich phases and appearance of (Nb,Ti)C carbides (which
dissolution temperatures are higher (Ref. 51)), and additional
XRD peaks related to them appear (Fig. 8a). These observa-
tions correlate well both to our SEM data (Fig. 6) and to the
literature data (Ref 29, 41, 55, 56, 60, 61). It is well-known that
as compared to the conventional casting methods, the LPBF
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process provides relatively quick solidification and some cyclic
reheating of the sequentially added layers, and the built material
usually contains cellular structure (dendritic/interdendritic
areas) with residual defects (pores, dislocations, twins) and
residual stresses (Ref 29, 51, 62). Thus, the observed XRD
peak of the LPBF-built sample is rather broaden (Fig. 9a).

The HIP process used for the dissolution of the Laves
facilitates supersaturation of the fcc solid solution with the Nb
element. Therefore, the XRD peak of the y phase becomes
shifted to a lower diffraction angle (Fig. 9b). Additionally, the
widths of the XRD peak and deconvoluted sub-peaks are much
lower than those of the LPBF sample due to thermal stress-
relieving. At the same time, the intensity of the sub-peaks
related to y”/y”” phases is increased after HIP, indicating the
increase in the volume fractions of these phases (Fig. 9b). This
observation correlates to the literature data regarding the phase
composition changes in the HIP-processed IN718 alloy
obtained by neutron diffraction (Ref 63). Notice also the
increased intensity of the peaks related to the carbides (Fig. 8a,
9, 10).

Following homogenization (H) and aging (A) processes
lead to a substantial increase in the volume fraction of y" / y”
phases, which manifests itself by the increased integral
intensity of appropriate sub-peaks of this phase (Fig. 9c, d).
Comparison of the angular positions of the (220) cumulative
peaks for the L-PBF-built and heat-treated specimens (Fig. 8b),
which are composed by the sub-peaks related to three
phases—y, ’, 7", allows assessing the changes in the lattice
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Fig. 9 Deconvolution of (220) XRD peak of the LPBF-built (a), and HIP (b), HIP+H+A (c), and HIP+A (d) post-processed IN 718 specimens

parameters of the appropriate phases. As seen, the (220) peak
registered for L-PBF-built specimen is asymmetrical due to the
dendritic microstructure with varying lattice parameters of the y
phase variants situated in the dendrites and interdendritic areas.
The HIP process shifts the (220) peak to the lower diffraction
angles indicating the increased Nb content in the y solid
solution caused by the enhanced dissolution of dendrites
(Laves) formed during L-PBF manufacturing. Further homog-
enization and aging lead the (220)y sub-peak to be shifted to
higher diffraction angles again that can be provoked by the
aging-promoted precipitation of the Nb containing phases ()’
(Ni3(Al,Ti)), y” (Ni3sNb) and (Nb,Ti)C carbides) accompanied
with the Nb depletion of the y solid solution (the decrease in the
y lattice). Additionally, the higher the Nb content and the more
uniform Nb distribution, the higher the volume fractions and
the smaller the size of the y”” and )" precipitates can be formed
(Ref 51, 57, 62). Our experimental data also confirm this
statement: considering the broader sub-peaks of the y”” and 7’
phases, they are expected to be of smaller size in the case of the
HIP+H+A regime. The volume fractions of the NbC/TiC
carbides are also seen to be increased after annealing, and this
increase is higher for the case of the HIP+H+A regime (Fig. 9¢)
as compared to the HIP+A regime (Fig. 9d).

Application of the SP process to the specimens that
underwent various thermal treatments results in a significant
broadening of diffraction peaks owing to the SP-induced severe
plastic deformation of the subsurface layers (Fig. 8d). The
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(220) peaks are shifted to the lower diffraction angles.
However, another reason for this shift should be considered
in this case—the SP-induced severe plastic deformation is clear
to result in the formation of compressive residual stresses,
which can manifest themselves by such a shift of the diffraction
peaks. It is seen that the previously heat-treated specimens,
which are characterized by higher hardness, demonstrated a
lower shift of the (220) peak owing to the fact that these
samples, which were precipitation strengthened during two-step
aging, are less prone to straining, and thus, residual stresses of a
lower magnitude can be formed.

To assess the phase compositions of the L-PBF-built and
thermo-mechanically post-processed specimens, the deconvo-
lution procedure was applied to the cumulative diffraction
peaks (220). The peak deconvolution software, OriginPro 9.0
for Windows, was used to complete the XRD peak analysis by
applying Gaussian fitting (Ref 41, 61, 64). Figure 9 shows the
(220) peaks registered for the L-PBF-built and the HIP,
HIP+H+A and HIP+A post-processed specimens after their
deconvolution to three/four peaks related to (220) vy, (220) 7/,
(220) y”, and (222) NbC phases. Such detailed analysis of the
diffraction maximums allows to evaluate the evolution of the
considered phases during HIP and further thermal treatments. It
is seen that HIP causes significant thinning of the diffraction
sub-peaks related to y and )" phases, while the y”’-phase-related
sub-peak remains broadened. This situation can be explained
by the dissolution of the dendrites (Laves) supplemented by the
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Fig. 10 Deconvolution of (220) XRD peak of the HIP (a), SP (b), HIP+H+A+SP (c), and HIP+A+SP (d) post-processed IN 718 specimens

redistribution of Nb between the y solid solution and 7" phases
retaining on the grain boundaries formed instead of the
dissolved the interdendritic areas. During HIP, the newly
formed y” phase nanoprecipitates have different orientations,
which produce a broadened diffraction sub-peak (Ref 53, 59,
61, 65-67). Following homogenization and aging (the ‘HI-
P+H+A’ sample) result in a further broadening of the y and y”
phase sub-peaks and in the increase in the intensity of NbC/TiC
peaks (Fig. 9¢). In the case of the aging process carried out just
after HIP (without intermediate homogenization), the FWHM
values of the y and )" sub-peaks are observed to be slightly
lower (Fig. 9d) in comparison with the previous case (Fig. 9c).
The phase formation registered in this study well correlates to
the reported ‘continuous-cooling-transformation’ diagram and
‘time—temperature—transformation” diagram of IN 718 alloy in
the homogenized (1180 °C) and/or solution-annealed
(1149 °C)/water-quenched conditions (Ref 56-59).

Similar deconvolution of the (220) XRD peaks was
performed to analyze the changes in microstructure and phase
compositions of the surface layers of the heat-treated specimens
after shot peening (Fig. 10). It is seen that in comparison with
the HIP-processed sample (Fig. 10a) the SP treated sample still
contains the same phases, but the registered peaks are
significantly broadened (Fig. 10b), and the highest broadening
(6 times) is registered for the y-phase sub-peak. The same but
less pronounced trend is observed for the heat-treated and SP-
processed samples (Fig. 10c, d). The 5.2 and 4.5 times increase
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in FWHM is, respectively registered for the HIP+H+A and
HIP+A-processed samples. It is of interest that the volume
fraction of the NbC/TiC carbides remains almost unchanged for
both the HIP+H+A and HIP+A post-processed samples
(Fig. 10c, d). The observation of NbC/TiC carbides correlates
to the phase composition of the forged Inconel 718 alloy (Ref
68). It is of importance that the deconvoluted diffraction sub-
peaks related to all phases are significantly broadened. It is
especially related to the sub-peak of the y phase. Such
broadening is naturally induced by the deformation-induced
formation of sub-grains and/or lattice micro-strain increase.

3.2 Bulk Defects

The bulk defects (cracks, incomplete fusion holes, and
microporosity) of the L-PBF-printed IN 718 specimens were
evaluated in both the longitudinal-section (building direction)
and cross-section (scanning direction) using a Leica MEF4A
light optical microscope. The average residual porosity in the
near-surface layer at a depth of ~50 um was statistically
estimated using Image J152 software.

The L-PBF-built turbine blade parts are characterized by a
high area fraction of the pores, especially in the near-surface
layers (Fig. 11) that determine the relative density of
~99.848% (Fig. 12). These observations correlate well with
the literature data (Ref 23, 50). Application of prior HIP
treatment eliminated almost all micropores in the L-PBF-
printed IN 718 turbine blade parts, providing a high density of
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Fig. 12 Relative density in the building (BD) and scanning (SD)
directions of the LPBF-built and HIP+H+A, HIP+H+A+SP, HIP+A,
HIP+A+SP post-processed IN 718 specimens

the alloy (~99.986%) (Ref 69). It should also be noted that the
HIP process cannot eliminate all bulk defects due to trapped
argon gas from the L-PBF process (Ref 26). For the sake of
example, several small pores observed in the combined thermo-
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mechanical post-processed specimen are presented in Fig. 11b.
It should also be noted that the SP process slightly increased the
material density (~99.992%) in the near-surface layers as
compared to the HIP+H+A and HIP+A post-processed sam-
ples.

3.3 Surface Roughness

The surface roughness and waviness profiles of the side
surfaces of the L-PBF-printed and post-processed turbine blade
specimens are presented in Fig. 13. It is well-known that the
surface microrelief/texture of the L-PBF-printed parts contains
various manufacturing defects, such as signs of the laser passes,
balling formation, partially melted powder particles or spatter-
ing powder particles, and even open pores (Ref 18, 70). As a
result, the L-PBF-printed and heat-processed specimens are
rough and have average surface roughness from ~3.5 to
~5 um.

In general, it can be seen that the surface roughness/
waviness profiles did not change after the combined HIP+H+A
and HIP+A heat-treatments conducted under vacuum (Fig. 13b,
c). It is of interest that the magnitudes of the surface roughness
profile peaks height (Rp parameter) are much higher than the
magnitudes of the surface roughness profile valleys/pits depth
(Rv parameter) (Fig. 14). The maximum height of the rough-
ness profile (Rz parameter) is about 25 um. As a result, the high
surface roughness magnitudes coupled with surface defects
(especially open pores and partially melted powder particles)
are often undesirable for critical applications of the L-PBF-built
nickel-based alloy components widely used in the aerospace
industry because such rough surfaces may facilitate the early
nucleation of fatigue cracks.

Application of the SP treatment allows smoothing surface
profiles of the heat-processed specimens, providing the same
roughness profile peak height and roughness profile valley
depth (Fig. 13). At the same time, irregular surface microrelief
is formed on the peened surfaces owing to the overlapping
dimples/pits introduced through collisions of the hard shot
media and the workpiece surface (Ref 41, 44). The average
surface roughness was registered to be 1.9 um for HI-
P+H+A+SP-processed specimen and 1.84 um for HIP+A+SP-
processed specimen (Fig. 14). Compared to the L-PBF-printed
specimens, the Rz roughness parameter was diminished from
~25 to ~13 um after combined thermo-mechanical post-
processing. The reduction of the valley depth values of surface
roughness profile by shot peening may also enhance the
corrosion resistance of the heat post-processed IN 718 alloy
turbine blade (Ref 41).

Currently, the SP treatment is a highly effective technique
that is mainly used to improve the surface finishing and
increase the strength of the complexly shaped external surface
of the 3D-printed metal parts in the acrospace industry. The SP
post-processing results in similar or even better surface quality
in comparison with the laser shock peening or submerged laser
peening, cavitation peening, barrel finishing, etc. (Ref 18).

4, Conclusions

The turbine blade test IN 718 alloy parts were printed by the
3D laser powder bed fusion technology. To improve both the
structure and surface quality in the L-PBF-built heat-resistant
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Fig. 14 Surface roughness parameters of the LPBF-built and the
LPBF-built and HIP+H+A, HIP+A, HIP+H+A+SP, HIP+A+SP post-
processed IN 718 specimens

alloy parts, post-printing thermal-mechanical treatments were
applied. The obtained results allow drawing the following
conclusions:

(1) The L-PBF-built IN 718 alloy was observed to be con-
sisted of a dendritic microstructure with Nb, Mo and Ti
segregated in Laves phase and carbides along the cellu-
lar boundary and interdendritic region, while the volume
fractions of y” or y”” precipitates were small.
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HIP at 1160 °C for 3 h followed by 1 hr homogeniza-
tion (1180 °C) resulted in the partial dissolution of den-
drites and Laves phase, the formation of NbC/TiC
carbides as well as the subsequent formation of the 7’
and y” precipitates during two-step aging (720 C for
8 h followed by 620 C for 8 h). The hardness of the
L-PBF-built IN 718 alloy was significantly increased
after the two-step aging achieving the highest value
of ~600 HV after both ‘HIP+H+ A’ and ‘HIP+ A’
processes due to the complete dissolution of Nb fol-
lowed by the precipitation strengthening caused by
the formation of a greater amount of finer y”/y” pre-
cipitates with more uniform distribution.

SP leads to the deformation hardening of the subsurface
layer caused by both the dislocation activity: (i) sequen-
tial redistribution of dislocations, formation of the dislo-
cation cells, and increase in the cells’ misorientations
(subgrains formation) cause the work-hardening; (ii) mu-
tual interaction between the moving dislocations and
fine second phase (), y”, and NbC/TiC) particles is
responsible for the Orowan’s strengthening. The sur-
face microhardness of the L-PBF-built specimen was
similarly increased by 25% after shot peening for the
specimens that underwent both combined thermo-
mechanical HIP+H+ A+ SP (overall hardening by
78.9% as compared to the L-PBF state), and HI-
P+ A+ SP (by 95.3%) post-processing, providing the
hardening depth of 120-140 um.

The overall reduction in Ra roughness parameter was
about 50% after the combined thermo-mechanical HI-
P+H+A+SP and HIP+A+SP post-processing. In each
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case, the final Ra roughness parameter was less
than 2 pum.

(5) Considering very similar phase compositions and hard-
ness magnitudes for the HIP+H+A and HIP+A-pro-
cessed samples, on the one hand, and the possibility to
decrease the overall processing consumables in the case
of the HIP+A-processed sample, on the other hand, the
HIP+A process can be suggested as a trade-off treatment
for the IN 718 alloy supporting high enough strength
and relatively low time/energy consumables.
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