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ABSTRACT

The effect of various solution heat treatment temperatures (i.e., 1120, 1160, 1200 and
1240 °C) on the microstructure, grain morphology and crystallographic texture of IN939
fabricated by powder bed fusion-laser beam (PBF-LB) was investigated. Microstructural
analyses showed that the high-temperature gradient and rapid solidification of the PBF-LB
processing caused different resulting microstructures compared to conventionally pro-
duced counterparts. The melt pool morphologies and laser scanning paths were examined
in the as-fabricated samples in the XZ- and XY-planes, respectively. After the application
of solution heat treatment at 1120 °C, the as-fabricated PBF-LB initial microstructure was
still apparent. For solution heat treatments of 1200 °C and above, the melt pool and
scanning path morphologies disappeared and converted into a mixture of columnar grains
in the XZ-plane and equiaxed grains in the XY-plane. On the other hand, large equiaxed
grains were observed when the samples were solutionized at 1240 °C. Additionally, v’
phase precipitated within the matrix after all solution heat treatment conditions, which led
to increase in the microhardness values. According to electron backscatter diffraction
(EBSD) analyses, both as-fabricated and solution heat-treated samples had intense texture
with {001} plane normal parallel to the building direction. The first recrystallized grains
began to appear when the samples were subjected to the solution heat treatment at 1160 °C
and the fraction of the recrystallized grains increased with increasing temperature, as
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supported by kernel average misorientation (KAM) and grain spread orientation (GOS)

analyses.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The production of aerospace components, which are mainly
made from nickel-based superalloys, is often challenged by
conventional manufacturing methods due to their intricate
geometries, e.g., cooling channels in the turbine blade. Some
undesired microstructural features including macro-
segregation of alloying elements and uncontrolled grain
growth may develop in the cast material due to the slow
coolingrate [1,2]. In recent years, an alternative method called
powder bed fusion-laser beam (PBF-LB), which is one of the
well-known metal additive manufacturing (AM) techniques,
has received significant attention in various industries to
produce components. The PBF-LB method utilizes a focused
laser beam to melt the powders layer-by-layer based on a 3D
computer-aided-design (CAD) model data [3]. This method
provides an improvement in product quality by enabling the
production of functional metallic components with complex
geometries in a single step that eliminates assembly opera-
tions [4]. In contrast to the conventional manufacturing
methods, it offers a wide range of advantages in terms of
design freedom, net-near-shaping capability, increasing
component life-time as well as reduction of material waste
and tooling cost [5,6]. However, the high-temperature gradient
and rapid solidification rate of the PBF-LB method may cause
some process-induced defects in the microstructure of pro-
duced components. These defects can be described as the
formation of topologically close-packed (TCP) phases, direc-
tional grain growth, segregation of elements, high residual
stresses, formation of porosities and lack of fusion (LOF) and
micro-cracks [7,8]. These micro-cracks can be divided into
liquation/solidification cracks due to the formation of low
melting phases on the grain boundaries and strain-age cracks
due to residual stress from the gamma-prime phase devel-
opment [9].

The effect of process parameters and post-processing heat
treatments on the mechanical performance of nickel-based
superalloys such as IN718 fabricated by the PBF-LB has
recently been investigated [10]. However, its applications are
limited to operating temperatures up to ~650 °C because of the
coarsening of the grains [1] and the transformation of the
strengthening y" (NisNb) phase into the stable and brittle
d phase at higher temperatures, as reported in detail in our
previous study [11]. On the other hand, Inconel 939 (IN939) is a
promising candidate used for producing gas turbine engine
components that require prolonged working periods at oper-
ating temperatures up to ~ 850 °C [1]. Nevertheless, there are
only a few studies in the literature on the microstructure and
mechanical properties of IN939 fabricated by additive
manufacturing methods. IN939 is a precipitation-hardenable
nickel-based superalloy, which is strengthened mainly by
the formation of L12-ordered vy’ (Ni3(Al,Ti)) precipitates in the y

matrix [1,12]. Nowadays, gas turbine blades/vanes, fuel noz-
zles, casing and other structural components are produced
using the cast form of this alloy due to its remarkable prop-
erties such as good creep resistance and high-temperature
strength combined with excellent oxidation and corrosion
resistance [2,13,14]. Kanagarajah et al. [14] investigated the
effect of the standard heat treatment (solutionizing at 1160 °C
for 4 h followed by aging at 850 °C for 16 h) on the micro-
structure and mechanical behavior of the IN939 produced by
the PBF-LB. They reported that the as-produced samples
showed higher tensile properties than the cast material owing
to its finer microstructure. However, the results obtained from
high-temperature mechanical tests revealed that the samples
exhibited lower tensile properties than the cast ones, sug-
gesting that solution heat treatment should be adapted for
materials produced by PBF-LB. Another study conducted by
Philpott et al. [15] mainly focused on the effect of various heat
treatments on the microstructure of the IN939 produced by
PBF-LB, particularly the precipitation of the strengthening v’
phase and carbides.

It should be noted that the microstructure and the resulting
properties of the materials produced by the PBF-LB method are
quite different from their conventional counterparts. There-
fore, the standard heat treatment applied to conventionally
produced IN939 may not sufficiently improve the properties of
materials produced with the PBF-LB. The typical heat treatment
procedure for IN939 includes solution heat treatment followed
by aging. Solution heat treatment is usually carried out above
the v’ solvus temperature to obtain a homogeneous distribution
of alloying elements throughout the solid solution. In addition,
the dissolution of TCP phases is another issue that is significant
for the aging step, which is effective in improving the me-
chanical properties [12]. The above-mentioned findings from
the literature reveal that a detailed study of the microstructure,
grain morphology and crystallographic texture on the as-
fabricated and solution heat-treated parts is still missing.
Furthermore, there are limited studies on the recrystallization
phenomena and grain growth kinetics of the IN939 produced by
the PBF-LB method. This study aims at closing this gap by
studying the influence of solution heat treatment carried out at
four different temperatures (1120, 1160, 1200 and 1240 °C) on
the microstructure, recrystallization and texture of IN939
samples fabricated by the PBF-LB.

2. Experimental procedure
2.1. Starting material

Gas-atomized IN939 powder (Truform 939-N65, Praxair Sur-
face Technologies) was used as a starting material for the
fabrication of the samples by the PBF-LB method. The chem-
ical composition of the powder (as given in Table 1) delivered
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Table 1 — Elemental composition of the starting gas-
atomized IN939 powder.

Elements (wt.%)

Al Co Cr Nb Ta Ti
1.9 18.9 22.8 1.0 1.4 3.8
w B C o N Ni
2.0 0.004 0.16 0.014 0.009 Bal.

by the material supplier was also verified by the energy
dispersive spectroscopy (EDS) analysis, using scanning elec-
tron microscope (SEM) (ZEISS Merlin® FE-SEM, Germany).

As shown in Fig. 1(a and b), the powder is mostly spherical,
containing a few satellite particles which may form due to the
rapid solidification associated with the gas atomization pro-
cess or the recycling of the PBF-LB precursor powder [16]. A
Malvern Mastersizer 3000 with an Aero S dispersion unit was
used to measure the particle size distribution which was in
the range of 17.6 (D1o) to 52.4 (Dgo) pm with an average particle
size of 30.2 pm (Dsg). The cross-section of the powder particle
(Fig. 1(c)) revealed that the powder exhibited a dendritic
microstructure including some small pores around 1-2 pm,
especially near the surface of the particles. Additionally, the
average grain size of the random-texturized particles was
measured as 1.6 + 0.4 um, as can be seen in the inverse pole
figure (IPF) map (Fig. 1(d)). It should be noted that the
morphology and average particle size of the powder are
important parameters to enable good powder fluidity and

packing within the PBF-LB process, in order to obtain fully
dense components and related good mechanical properties.

2.2. Fabrication of IN939 with the PBF-LB method

IN939 cubic samples (10 x 10 x 10 mm?), as shown in Fig. 2,
were fabricated under a protective argon atmosphere using
Aconity MINI (GmbH) metal 3D printer equipped with a 200 W
fiber laser manufactured by IPG Photonics with a wavelength
of 1068 nm. Process parameters used for the fabrication of the
samples are given in Table 2. During the processing, a supply
factor of 3 was used to provide enough powder to build area
for each layer. In addition, the volumetric energy density, VED
(/mm?® was calculated as 104.2 J/mm?® by taking the laser
power, P (W), laser speed, v (mm/s), layer thickness, t (mm)
and hatch spacing, h (mm) into account using the following
equation.

P
VED=_— ]

2.3. Solution heat treatment procedure

To investigate the effect of the underlying microstructure on
the crystallographic texture, some of the as-fabricated sam-
ples were subjected to solution heat treatment at 1120, 1160,
1200 and 1240 °C for 4h, followed by air-cooling to room
temperature. Those samples are named as “SHT” followed by
the solutionizing temperature, e.g., SHT1120.

Fig. 1 — Gas-atomized IN939 powder utilized for the PBF-LB processing: (a, b) SEM images, (c) SEM-BSE image of a cross-
section of a particle showing a dendritic microstructure and (d) the IPF map of the cross-section of a particle.
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Fig. 2 — Picture of the PBF-LB built samples and schematics of the observation directions used for microstructural

examinations (BD: build direction).

2.4. Microstructural characterization

Microstructural observations of the samples were carried out
using both an optical microscope (Nikon Eclipse LV150) and
SEM operated at 20 kV accelerating voltage. For the metallo-
graphic examination, IN939 cubic samples were sectioned by a
precision abrasive cutter (Buehler IsoMet 5000) to investigate
both observation directions, i.e., parallel to the building di-
rection and perpendicular to the building direction, attributed
to XZ-plane and XY-plane, respectively. Before the analyses,
the surfaces of the samples were prepared using standard
metallographic methods (i.e., ground with SiC emery papers
up to 2500 grit size and polished with progressively finer dia-
mond suspensions (first 6 pm and then 1 pm)), then cleaned
with deionized water and ethanol, and subsequently etched
using Glyceregia reagent (15 ml HCI, 10 ml glycerol and 5 ml
HNO:s) for 50—60 s. In addition, at least five EDS analyses were
performed to obtain the average atomic and/or weight per-
centages of the elements for accurately compositional
analyses.

Electron backscatter diffraction (EBSD) technique was
carried out to examine the microstructural details including
grain structure, misorientation and crystallographic texture of
both as-fabricated and solution heat-treated samples. Unlike
the previous preparation methods, samples were polished
with a colloidal silica suspension using the oxide polishing
suspension (OP—S) (Struers Inc., Denmark) after grinding and
polishing steps. For analyses, Zeiss Merlin field emission gun
(FEG) scanning electron microscope (SEM) equipped with
EDAX/TSL EBSD system and a Hikari EBSD camera were uti-
lized with the accelerating voltage of 15 kV, beam current of

Table 2 — PBF-LB process parameters utilized in the
present study.

Laser Laser scan Layer Hatch Hatch
power speed thickness spacing rotation
200 W 800 mm/s 0.04 mm 0.06 mm 67°

6.0 nA and the working distance of 14 mm; the mapping areas
of 500 x 500 pm were indexed on a hexagonal grid with a step
size of 1 pym. Raw EBSD data was processed using TSL-OIM
Analysis v7.3.1 software. Additionally, texture analyses were
performed using the generalized spherical harmonic series
expansion method of Bunge [17]. The harmonic series were
expanded to a rank (L) of 34, and a Gaussian smoothing with a
half-width of 5° was used.

2.5. Microhardness tests

Vickers microhardness tests were performed on the polished
surfaces of the as-fabricated and solution heat-treated sam-
ples using a Zwick/Roell Zhu microhardness tester 2.5 with a
load of 1 kg (denoted as HV1) and loading time of 20 s. The
microhardness measurements were taken from at least 10
different points on each observation plane (i.e., XZ- and XY-
planes) to obtain the average values of each sample.

3. Results

3.1.  Microstructural analyses of the as-fabricated and
solution heat-treated IN939 samples

The relative density of the as-fabricated sample was
measured to be ca. 99.4% by Archimedes’ method using an
analytical balance (Sartorius Entris II Essential BCE1241—1S)
having accuracy and repeatability of +0.1 mg according to
ASTM B962-13 [18]. Fig. 3 exhibits gas pores and some LOF
regions (seen as black colored defects) in the PBF-LB as-
fabricated and solution heat-treated samples. These defects
generally form in nickel-based superalloys during the PBF-LB
processing due to some reasons that will be further
explained in the discussion section. Additionally, the relative
density after solution heat-treatment as measured to the
same level as in the as-fabricated material condition.

Fig. 4 shows optical microscope and SEM images of the as-
fabricated IN939 sample for both observation directions. An
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Fig. 3 — As-polished micrographs of the as-fabricated and solution heat-treated IN939 samples in the XZ-plane: (a) as-
fabricated (ASF), (b) SHT1120, (c) SHT1160, (d) SHT1200 and (e) SHT1240 (the arrow represents the building direction).

arc-shaped melt pool morphology was observed in the XZ-
plane (Fig. 4(a, c)) which was formed due to the Gaussian en-
ergy distribution of the laser beam which is applied during the
PBF-LB process [19]. Whereas the laser beam scanning paths
were observed in the XY-plane (Fig. 4(b, d)). Similar mor-
phologies have been reported as typical characteristic micro-
structures found in additively manufactured parts in many
studies [1,20]. It should be noted that the physical and me-
chanical properties of as-fabricated parts are highly depen-
dent on the geometry of the melt pool morphology (i.e., shape,
width and depth) influenced by the thermal history of the PBF-
LB method. High magnification SEM image (Fig. 4(e)) showed
that some cellular structures with sizes of ~0.5 um and
columnar dendrites with an average dendrite arm spacing of
~0.7 pm occurred within the structure.

Fig. 5 shows the optical images of the solution heat-treated
samples in both observation directions. It can be seen in
Fig. 5(a and b), the melt pool and scanning paths observed in
the as-fabricated sample were still presented for the SHT1120
sample which means the solution temperature was insuffi-
cient to dissolve the initial microstructure. With increasing
solution heat treatment temperature up to 1200 °C, the melt
pool and scanning path morphologies disappeared and con-
verted into a mixture of columnar grains in the XZ-plane and
equiaxed grains in the XY-plane. On the other hand, large
equiaxed grains were observed in the SHT1240 sample for
both observation directions which indicates most of the grains
started to grow after recrystallization. A more detailed ex-
amination of the microstructure results is given in the texture
analysis section.

Further investigations revealed that many undissolved
white particles with an average size of ~0.5 ym were observed
in the grains, particularly along the grain boundaries, as given
in Fig. 6(a—h). The low diffusion rate of the large elements
makes the dissolution of this type of particles difficult as also
stated by Komarasamy et al. [5]. Moreover, a large number of
spherical-like nano-sized precipitates corresponding to v/
phase homogeneously distributed in the matrix was observed,
as can be seen in higher magnification SEM micrographs in
Fig. 6(al, c1, el, gl). This observation is also in agreement with
the study conducted by Shaikh AS [9]. According to the results
obtained from Image ] analyses, the size of y' phase was
measured as 35 + 12 nm, 56 + 11 nm, 49 + 9 nm and 40 + 7 nm
for the SHT1120, SHT1160, SHT1200 and SHT1240 samples,
respectively. Additionally, plate-like phases were not
observed during the SEM analyses. For this reason, it can be
said that no significant n-phase was presented in the

microstructures as also reported in this study [9]. According to
EDS analyses given in Fig. 7 and Table 3, some irregular-
shaped MC type (rich in Ti, Nb and Ta) carbides were
observed at the grain boundaries and also grain interior (Spot
1and 2). Note that the accuracy of W detection in EDS analyses
is limited due to the overlapping of W and Ta peaks and the
minor alloying of this element in IN939.

3.2.  Texture analysis of the as-fabricated and solution
heat-treated IN939 samples

From PBF-LB processing, the grain structure and crystallo-
graphic texture vary along building and scanning directions,
resulting in microstructure anisotropy. Detailed EBSD ana-
lyses were performed on the IN939 samples to investigate
microstructure and texture. The grain structure of the sam-
ples can be clearly seen in the inverse pole figure (IPF) and
image quality & grain boundaries (IQ & GBs) maps for both XZ-
and XY-planes, as given in Figs. 8 and 9The as-fabricated
sample showed a microstructure composed of columnar
elongated grains along the build direction (in the XZ-plane). In
contrast, equiaxed grains were present in the XY-plane.
Additionally, the area-weighted average grain size of the as-
fabricated sample was measured as 10.8 um in the XZ-plane
and 21.3 ym in the XY-plane. It has been reported that the
rapid solidification of the melt pools during the PBF-LB pro-
cessing causes the formation of finer microstructures
compared to conventional manufacturing methods along
with the improvement of mechanical performance of the al-
loys [21]. For the SHT1120, SHT1160 and SHT1200 samples, the
elongated columnar grains in the XZ-plane and equiaxed
grains in the XY-plane were still observed, similar to the as-
fabricated one. Unlike the other samples, large equiaxed
grains were observed in the SHT1240 sample for both obser-
vation directions. Thus, it can be revealed that the columnar
grain structure was almost completely replaced by equiaxed
grains when the sample was solutionized at 1240 °C.
Furthermore, the average grain size of the samples increased
with increasing solution heat treatment temperature, as can
be seen in Fig. 11 and Table 4.

Pole figures (PFs) of the samples were obtained from the
corresponding EBSD data to estimate the crystallographic
orientations, as given in Fig. 10. Note that only the corre-
sponding {001} PF and IPF with respect to building direction
were represented for the texture analyses. As can be seen, the
{001)//BD texture component was dominant, for both as-
fabricated and solution heat-treated samples. The maximum
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Fig. 4 — Optical microscope and SEM images of the as-fabricated IN939 sample: (a, c) the melt pool morphology in the XZ-
plane, (b, d) the laser beam scanning paths in the XY-plane (XZ- and XY- planes are shown with an arrow and a dot,
respectively) and (e) the high magnification image showing the cellular and columnar structures developed within the

matrix.

intensity values of the as-fabricated sample were determined
as 2.875 for IPFs and 2.989 for PFs. When we compare the so-
lution heat-treated samples among themselves, the
maximum intensity values of IPFs and PFs increased with
increasing solution heat treatment temperature.

The kernel average misorientation (KAM) and grain orien-
tation spread (GOS) maps of the as-fabricated and solution

heat-treated samples were displayed in Fig. 12(a—e) and
Fig. 12(f—j), respectively. KAM is examined to estimate the
local misorientations, which is also related to dislocation
density. In other words, a large KAM value represents a higher
defect (e.g., dislocation) density. As can be seen in Fig. 12(a),
the rapid solidification rate of the PBF-LB processing causes
local strain inhomogeneity, accordingly formation of high
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Fig. 5 — Optical microscope images of the solution heat-treated samples: (a, b) SHT1120, (c, d) SHT1160, (e, f) SHT1200 and
(g, h) SHT1240 in the XZ- and XY-planes, respectively.

dislocation density in the as-fabricated sample. In the the similar microstructure present in the samples. However,
SHT1120 sample (Fig. 12(b)), there was no significant differ- the dislocation density was decreased with increasing solu-
ence when compared to the as-fabricated one, possibly due to tion heat treatment temperature, as expected (Fig. 12(c—e)).

Fig. 6 — SEM images of the solution heat-treated samples: (a, b) SHT1120, (c, d) SHT1160, (e, f) SHT1200 and (g, h) SHT1240 in
the XZ- and XY-planes, respectively, and (a1, c1, el, g1) magnified images of the solution heat-treated samples, showing y’
phases along with MC-type carbides.
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Fig. 7 — SEM image of the SHT1160-treated sample
showing the MC type carbides.

Grain orientation spread (GOS) maps shown in Fig. 12(f—j)
represent grain based local misorientations. For GOS calcula-
tions first the average orientation of a grain is calculated. Then
the misorientation between this average and the orientation
of each individual measurement point within the grain is
calculated. Lastly, the average of these misorientations is
calculated and assigned to each point within the grain. Fully
recrystallized grains have very low GOS values, whereas high
defect density and deformation increases GOS. As shown in
Fig. 12(h), the first recrystallized grains were observed when
the samples were solution heat treated at 1160 °C. Also,
increasing the solution heat treatment temperature caused an
increase in the recrystallization fraction.

For better quantification, the distributions of KAM and GOS
maps in the as-fabricated and solution heat-treated samples
are also given in Fig. 13. The KAM distributions of both as-
fabricated and solution heat-treated samples exhibited a
single peak (Fig. 13(a)). The as-fabricated and SHT1120 sam-
ples had a close peak value of around 0.64 and 0.68°, respec-
tively. Whereas the other solution heat-treated samples had
lower peak values of around 0.52 for the SHT1160 and SHT1200
samples and 0.41 for the SHT1240 sample. The decrease in
dislocation density after solution heat treatments caused a
decrease in KAM values. It is known that the GOS distributions
are highly affected by the changes in the grain structure and
the characteristics of the phases formed in the structure. In
our cases, the smaller grains’ orientation spread is lower than
those of larger grains, especially for the SHT1240 sample (as
given in Fig. 13(b)). Similar to the KAM values, the GOS values
of the as-fabricated and SHT1120 samples were also close to
each other and were determined as 1.98 and 1.92, respectively.

However, with increasing solution heat treatment tempera-
ture, the value decreased to 1.74 for SHT1160, 1.56 for SHT1200
and 0.44 for SHT1240 due to the recrystallization of the grains.

The dislocation density in metallic materials includes
geometrically necessary dislocations (GND) and statistically
stored dislocations. It is reported that GNDs account for most
dislocations in FCC cubic metals [22], thus GND density
(Fig. 14(a)) obtained from the EBSD analyses can be used to
estimate the effect of the production with PBF-LB as well as
the effect of solution heat treatment on the dislocation den-
sity. The average GND density of the as-fabricated sample was
determined as 36.4-10"> m/m? which was close to the SHT1120
samples with an average of 35.3-102 m/m®. With increasing
solution heat treatment temperature, the value decreased to
28.7-10" m/m? for SHT1160, 25.9-10"” m/m? for SHT1200, and
10.9-10" m/m? for SHT1240 samples, probably due to the
recrystallization of the grains. Furthermore, the misorienta-
tion angle distributions are given in Fig. 14(b). The light green
line represents the Mackenzie distribution for completely
random oriented cubic crystals. As expected, the misorienta-
tion distribution of the as-fabricated sample exhibited the
predominance of low-angle grain boundaries (<10°), implying
that the grains were composed of substructure and disloca-
tions, as also observed in the high-magnification SEM images
(Fig. 4(e)). When the samples subjected to the solution heat
treatment, the misorientation distribution within the grains
exceeded 15° and even approached the Mackenzie distribu-
tion for the SHT1240 sample. This indicates randomization of
the crystallographic texture during the heat treatment.

3.3.  Microhardness measurements of the as-fabricated
and solution heat-treated IN939 samples

The average Vickers microhardness values of the samples in
as-fabricated and solution heat-treated conditions are tabu-
lated in Table 5. The hardness measurements were conducted
on both observation planes. As can be seen in Table 5, the
hardness value of the as-fabricated sample increased with the
application of solution heat treatment. As mentioned previ-
ously (Fig. 6), spherical-like v’ phase was observed for all of the
solution heat treatment temperatures. The peak hardness
values were observed as 531 + 17 HV and 503 + 14 HV for XZ-
and XY-planes, respectively, when the samples were sub-
jected to solution heat treatment at 1120 °C. On the other
hand, the hardness values decreased with increasing solution
heat treatment temperatures, which can be attributed to the
increase in the average grain size (Fig. 11 and Table 4) and
decrease in the GND density values (Fig. 14(a)). The reduction
of GND density can be attributed to recrystallization phe-
nomena, as clearly shown in the GOS maps (Fig. 12(f—j)), and

Table 3 — EDS analyses of the MC-type carbides formed in the IN939 matrix.

Elements (wt.%)

EDS spot Ni Co Cr Ti Nb W Ta Al C
1 32.86 12.96 17.61 11.46 4.01 1.27 8.49 1.24 10.01
2 15.06 5.78 8.78 20.54 10.06 1.58 18.96 1.11 17.57
3 48.25 18.6 22.63 3.88 0.34 1.18 0.48 1.47 3.18
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Fig. 8 — (a—e) IPF and (f—j) IQ-GBs maps of the as-fabricated and solution heat-treated IN939 samples in the XZ-plane.

this is also another reason for the reduction in the hardness
values.

4, Discussion

4.1.  Microstructural evolution of the as-fabricated and
solution heat-treated IN939 samples

The analyzes did not reveal any significant differences in the
relative densities of the IN939 samples. For both as-fabricated
and solution heat-treated samples, only some lack of fusion
regions and gas pores were detected; other than that, no

cracks were found in the structure, as given in Fig. 3. Such
defects can occur because some of the powders that are
greater than the layer thickness may lead to insufficient
melting during the PBF-LB processing and result in lack-of-
fusion regions in the structure. In this work, the layer thick-
ness was set at 0.04 mm and the range of powder particle size
was 17.6—52.6 pm. On the other hand, gas pores may form due
to the trapping of gases dissolved in the molten metal or
released from the starting powder in the molten pools [23]. It is
known that the process parameters (i.e., scanning strategy,
laser power and speed, hatch distance and layer thickness and
etc.) of the PBF-LB method strongly influence the physical
properties of the produced components [24]. Since other

1 Min  Max

15° §5°
2 5
5 45

N
11

Fig. 9 — (a—e) IPF and (f—j) IQ-GBs maps of the as-fabricated and solution heat-treated IN939 samples in the XY-plane.
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Table 4 — Average grain size diameter of the as-fabricated and solution heat-treated IN939 samples.

Observation direction

The area-weighted average grain size diameter (pm)

ASF SHT1120 SHT1160 SHT1200 SHT1240
XZ-plane 108 + 1.1 16.6 + 1.2 177 a2 2.3 235+ 3.8 31.1+5.3
XY-plane 213 +4.6 244 +33 259+3.1 28.7 £ 3.5 33.8+4.8

precipitation-hardenable nickel-based superalloys such as
IN718 have been studied for a long time, there are many
studies in the literature on process parameter optimization,
heat treatment and even alloying addition for these materials.
Despite the few studies on IN939, there are many shortcom-
ings that need to be worked on. The process parameters used
in our study can contribute to the studies on production
optimization since micro or macro cracks were not observed
in the materials. Note that the hot isostatic pressing (HIP)
process is one of the effective methods used to eliminate
process-induced defects in the nickel-based superalloys.
Rezaei et al. [25] studied the effect of the HIP process on the as-
produced and standard heat-treated IN718 alloy in terms of
relative density, microstructure, and room- and high-
temperature mechanical behaviors. They reported that the
relative density of the as-produced sample was increased
from 99.50% to 99.96% due to the elimination of the intrinsic
porosities and large contour defects observed near the sur-
faces. They also found that the anisotropy in mechanical
properties and microstructure were highly enhanced after HIP
process.

The grain morphology (i.e., planar, cellular structure and
columnar dendrites) of the samples fabricated with additive
manufacturing methods is mainly dependent on the ratio of
the thermal gradient (G) to the solidification rate (R) which is
described as the G/R ratio [26,27]. It can be said that the G/R
ratio for the PBF-LB processing is relatively low due to the
rapid solidification rate ((10°-10® K/s) [28]. Therefore, such
columnar and cellular structures formed in the melt pool
morphology and laser scanning paths detected in the XZ and
XY-planes, respectively, can be developed in produced parts,
as shown in Fig. 4. Further investigation revealed that the size
of the columnar grains was larger than the melt pools (Fig. 8(a)
and (f)), and some overlapping regions were observed,
particularly in the XZ-plane (Fig. 4(a)). The occurrence of this
type of morphology can be attributed to the remelting of
previously solidified layers due to the thermal gradient, which

provides a strong bonding between successively deposited
layers and results in better mechanical properties [29]. After
the solution heat treatments, the microstructure composed of
columnar elongated grains in the XZ-plane and equiaxed
grains in the XY-plane were observed for the SHT1120,
SHT1160 and SHT1200 samples (Figs. 8 and 9). The main dif-
ference between solution heat-treated samples is that the
average grain size of the samples increased with increasing
solution heat treatment temperature. On the other hand,
equiaxed grains with an average size of 32 pm were observed
in the SHT1240 sample for both observation directions. This
grain morphology contributes to microstructural anisotropy,
which is then reduced significantly when the solution heat
treatment was applied at 1240 °C (Fig. 11 and Table 4).

As mentioned earlier, segregation of certain elements is
one of the limitations of the PBF-LB processing which results
in the formation of various brittle TCP phases such as the n
(eta) phase as well as some MC and M,3Cg type (i.e., Ti-, Ta-,
Nb- and/or Cr-, W-rich, respectively) carbides. It is mostly
reported that these phases negatively influence the mechan-
ical properties of the alloys because they act as nucleation
sites for crack formation [30]. However, it also should be noted
that the effect of carbides on tensile properties is strongly
dependent on the characteristics, including morphology, size,
amount and distribution of them [31]. As given in Fig. 7 and
Table 3, some irregular-shaped MC type carbides enriched
with Ti, Nb and Ta elements were found at the grain bound-
aries and inside the grains for all conditions. The average size
of the carbides was measured to be ~0.7 um, which is smaller
than that found in conventionally manufactured counter-
parts. The slow cooling rate of conventional manufacturing
methods results in the formation of larger block-shaped car-
bides in the structure [27]. Moreover, the EDS results obtained
from EDS spot 1 (see Fig. 7 and Table 3) indicated the con-
centrations of C, Ta, Ti and Nb elements in that MC carbide
were considerably lower than for the MC carbide at EDS spot 2.
Conversely, Ni, Cr and Co concentrations increased. In the
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Fig. 10 — IPF and PF maps of the as-fabricated and solution heat-treated IN939 samples in the XZ-plane.
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Fig. 11 — Grain size distributions of the as-fabricated and solution heat-treated IN939 samples for both observation

directions: (a) in the XZ-plane, and (b) in the XY-plane.

literature, it is mentioned that there are two different trans-
formations related to this, as given below. The first is attrib-
uted to the precipitation of the brittle n phase (Nis(Ti, Ta, Nb,
Al)) and the second to the precipitation of the strengthening v’
phase, along with formation of the M,5C¢ type carbide which
are formed by the following reactions, respectively [32];

MC+y — M»GCs+n (2)

MC+7y — MyGCe + Y/ (3)

Jahangiri [33] reported that the n phase with platelet
morphology is enriched with Cr, Co, Ta, Nb and Al elements.
The concentration distribution of the elements is different
from our studies and, no platelet-like phases were observed
during the microstructural observations.

As mentioned in Section 3.3, the hardness of the as-
fabricated sample increased after solution heat treatments.
It is known that most of the contribution to the mechanical
properties of the IN939 alloy arises from the formation of v/
phase. As shown in the high magnification SEM images in
Fig. 6(al, c1, el, gl), solution heat treatment led to the pre-
cipitation of spherical-like nano-sized y' phase within the

matrix, which is consistent with the obtained hardness
results.

4.2.  Texture evolution of the as-fabricated and solution
heat-treated IN939 samples

The EBSD analyses were performed to address a comprehen-
sive investigation of the effect of various solution heat treat-
ments on the crystallographic texture, grain morphology, and
recrystallization phenomena. As given in the corresponding
IPFs and PFs (Fig. 10), the <001>//BD texture was dominant for
all samples. The solution heat treatments did not cause a
significant change in the texture of the samples produced, but
still affected their maximum intensity values. These values
were highest for SHT1240 samples (i.e., 3.981 for IPF and 8.982
for PF) most likely due to recrystallization and subsequent
grain growth mechanism. IQ & GBs maps of the samples
showed that the as-fabricated and SHT1120 samples con-
tained high amounts of low-angle grain boundaries (LAGBS),
indicated by the red and blue lines. As seen in the figures of
SHT1160 and SHT1200 samples, LAGB density decreased with
increasing solution heat treatment temperature. The

Min  Max

ERo 519835

Fig. 12 — (a—e) KAM and (f—j) GOS maps of the as-fabricated and solution heat-treated IN939 samples in the XY-plane.
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Fig. 13 — (a) KAM and (b) GOS distributions of the as-fabricated and solution heat-treated IN939 samples in the XY-plane.

misorientation distribution of the samples also indicated that
most of the grain boundaries are LAGBs, as given in Fig. 14(b).
On the other hand, these boundaries changed into high-
angle grain boundaries (HAGBs) and approached the
Mackenzie distribution for the SHT1240 sample, which is
attributed to the randomization of texture due to recrystalli-
zation phenomenon.

It is well known that the high-temperature gradient and
rapid solidification rate of the PBF-LB processing cause high
defect density along with the high residual stress in the
fabricated parts. According to the results obtained from KAM
(Fig. 12(a—e)) and GND (Fig. 14(a)) analyses, it was observed
that the as-fabricated sample had high dislocation densities,
especially along grain boundaries rather than grain interiors.
The dislocation density of the SHT1120 sample was close to its
as-fabricated counterpart. The GND value decreased by 18.7%,
26.8% and 69.1% for the SHT1160, SHT1200 and SHT1240
samples, respectively. Moreover, the reduction in the KAM
values (Fig. 13(a)) was calculated as approximately 23.4% for
the SHT1160 and SHT1200 samples and 49.2% for the SHT1240
sample. It can be revealed that a significant decrease in both
dislocation density and residual stress were observed with
increasing solution heat treatment temperature.

0,35
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0,254 ——SHTI1240
2 0204
5
E
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GND density (*1 0" m/m")

1000

GOS is also used to distinguish recrystallized grains from
others. Grains with a GOS value less than 1.5 represent
recrystallized ones [34]. As seen in the GOS maps and distri-
butions (and Fig. 12(f—j) and Fig. 13(b)), the GOS values of the
as-fabricated and SHT1120 sample were higher and GOS
values decreased with increasing temperature of the solution
heat treatment. Fig. 15 shows the recrystallization fractions of
the as-fabricated and solution heat-treated samples. Here, a
threshold GOS value of 1.8° was selected to distinguish
recrystallized grains. The first recrystallized grains, as indi-
cated in Fig. 12(h), began to appear when the samples were
subjected to the solution heat treatment at 1160 °C and the
GOS value decreased by 10.3%. The fraction of the recrystal-
lized grains increased from 0.55 (this value was calculated for
the as-fabricated sample) to 0.56 for SHT1120, 0.66 for
SHT1160 and 0.68 for SHT1200 samples as the solution heat
treatment temperature increased with decreasing the GOS
value. Moreover, most of the grains were recrystallized for the
SHT1240 sample, as its recrystallization fraction was calcu-
lated 0.97. The recrystallization starts from high defect den-
sity regions, such as overlapping melt pools and cross-over
points of laser-beam scanning paths (hatch pattern). Those
regions exhibit higher local misorientations and higher GND
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Fig. 14 — (a) GND and (b) misorientation angle distributions of the as-fabricated and solution heat-treated IN939 samples in

the XY-plane.


https://doi.org/10.1016/j.jmrt.2023.05.152
https://doi.org/10.1016/j.jmrt.2023.05.152

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:8909-8923

8921

Table 5 — Average Vickers microhardness values of the as-fabricated and solution heat-treated IN939 samples.

Observation direction

Hardness (HV1)

ASF SHT1120 SHT1160 SHT1200 SHT1240
XZ-plane 358 + 12 531 +17 446 + 19 463 + 43 448 + 45
XY-plane 380 + 10 503 + 14 435 + 24 466 + 27 445 + 21

density than the rest of the sample. The local misorientations
and GND density decrease with increasing solution heat
treatment temperature. Those findings are in agreement with
our previous study on recrystallization kinetics and grain
growth in PBF-LB produced IN718 [35]. IN718 involved
twinning-assisted recrystallization mechanism and exhibited
significant grain growth over 1150 °C. For IN939 the distribu-
tion of defects (i.e., dislocations) coming from the as-
fabricated structure, and the size and distribution of TCP
phases and MC type carbides determine the recrystallization
kinetics of IN939. It was also found that the carbides and
precipitates limited the grain growth of IN939, compared to
IN718.

5. Conclusions

The effect of solution heat treatment on the microstructure,
grain morphology and crystallographic texture of the IN939
fabricated by the PBF-LB method were systematically inves-
tigated. Based on the results of this study, the main findings
can be summarized as follows.

1 For solution heat treatment of 1200 °C, the arc-shaped
morphologies seen in the as-fabricated samples dis-
appeared and turned into a mixture of columnar and
equiaxed grains in the XZ and XY-planes, respectively.
When the samples were solution heat-treated at 1240 °C,
microstructural anisotropy was eliminated by forming
equiaxed grains with an average size of 32 pm.

2 Texture analyses showed that both as-fabricated and so-
lution heat-treated samples had a preferential <001>//BD
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e
S
3]

=4

0,64

T T T T
SHT1120 SHT1160 SHT1200 SHT1240

Fig. 15 — Recrystallization fractions of the as-fabricated and
solution heat-treated samples.

texture. The intensity values increased with increasing
solution heat treatment temperature.

3 The high amount of LAGBs and GNDs density formed in the
as-fabricated sample due to the high-temperature gradient
and rapid solidification rate of the PBF-LB processing
decreased after solution heat treatment. Moreover, their
fractions decreased as the solution heat treatment tem-
perature increased.

4 As shown in the KAM and GOS maps and distributions, the
first recrystallized grains began to appear when the sam-
ples were subjected to the solution heat treatment at
1160 °C and the fraction of the recrystallized grains
increased with increasing solution heat treatment tem-
perature. Here the size and distribution of TCP phases and
MC type carbides determine the recrystallization kinetics,
and they also limit the grain growth.

5 High magnification SEM images showed that a large
amount of spherical-like nano-sized the y’ phase formed
within the matrix after all solution heat treatment condi-
tions, which caused to increase in the hardness values.
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