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Abstract: This study demonstrates the effects of recrystallization on tensile properties and the
anisotropy of IN738LC, a typical y” precipitation-strengthened alloy, at both room and high tem-
peratures via the laser powder bed fusion process. The nonrecrystallized columnar microstructure,
subjected to standard IN738LC heat treatment up to 1120 °C, and the almost fully recrystallized
microstructure, heat-treated at 1204 °C, were compared. The tensile properties strongly depend on
whether recrystallization was completed as well as the tensile direction. This can be explained by
microstructure characterization, featuring the Taylor factor in the tensile direction, average grain
size estimated by ellipse approximation, and the relationship between the grain shape and tensile
direction. The shape of the recrystallized grains and the distribution of coarse MC carbides inside the
recrystallized grains were determined by the microstructure in an as-built state. In high-temperature
tensile tests conducted in the horizontal direction, the separation of the columnar grains caused a
brittle fracture. In contrast, dimples were observed at the fracture surface after recrystallization,
indicating scope for further improvement in ductility.

Keywords: laser powder bed fusion; IN738LC; heat treatment; recrystallization; MC carbide; anisotropy;
tensile property

1. Introduction

Additive manufacturing (AM) is a highly promising method that enables the produc-
tion of arbitrary three-dimensional shapes [1-3]. Many studies have been conducted on
a wide variety of materials, such as stainless steels [4—6], aluminum alloys [7], titanium
alloys [8,9], high-entropy alloys [10,11], and intermetallic compounds [12], for various
industrial applications. For Ni-based superalloys, the major applications are considered
to be gas turbine parts [13]. The laser powder bed fusion (LPBF) process, a typical metal
AM process, enables the precision manufacturing of fine complex structures and hollow
channels [2,14,15]. Since Ni-based superalloys have difficulty in machining, welding, and
forming, limited part shapes can be manufactured. The LPBF process is expected to over-
come these limitations, and certain demonstrations, including combustor burners and
turbine blades, have been reported to date [16,17].

The LPBF process is metallurgically characterized by fast cooling rates and large
temperature gradients [18]. Anisotropic microstructures evolve based on cell solidification
along the cooling direction within a melt pool [19,20]. The adoption of appropriate process
parameters (laser power, scanning speed, hatch distance, layer thickness, scanning strat-
egy, etc.) results in a variety of distinct microstructures, including single crystalline-like
microstructures, crystallographic lamellar microstructures, and polycrystalline microstruc-
tures [21-24]. These microstructures, uniquely obtained by the LPBF process, provide
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excellent oxidation resistance [25], enhance corrosion resistance [5,22], and enable control
of the mechanical properties [23,26,27].

Generally, Ni-based superalloys can be classified into three types of strengthening
mechanisms: solid solution-strengthened alloys (typically Hastelloy-X [28]), v (NizNb
phase) precipitation-strengthened alloys (typically IN718 [29]), and v’ (Ni3(Al, Ti) phase)
precipitation-strengthened alloys (IN939 [30], IN738LC [31], IN713LC [32], and CM247LC [33]).
Among these superalloys, the vy’ precipitation-strengthened alloys with the highest strength at
high temperatures were created by a combination of complex techniques such as precipitate
design, anisotropic crystallographic orientation control, and grain boundary strengthen-
ing [34]. To obtain the designed microstructure and mechanical properties, the chemical
composition and heat treatment conditions were defined, considering that the alloys are
castings. Therefore, for LPBF-processed v’ precipitation-strengthened alloys, it is necessary to
redesign the standard manufacturing route and evaluate the mechanical properties exhibited
by the microstructure.

Several studies on the heat treatment of LPBF-processed v’ precipitation-strengthened
alloys have been performed. Kunze et al. [35] reported that heat treatment at 1180 °C
did not cause recrystallization and that the microstructure evolved via the LPBF process
remained, whereas Mufioz-Moreno et al. [33] reported that heat treatment at 1230 °C
caused full recrystallization, resulting in isotropic Young’s modulus. Further studies on the
recrystallization process, such as the effect of carbide formation on recrystallization [36],
are required. Kanagarajah et al. [30] and Zhao et al. [32] examined the anisotropy of tensile
properties between the vertical (building direction) and horizontal directions. Although
low ductility was observed in horizontal tests, a detailed discussion on the relationship
between the anisotropy of the tensile properties, low ductility, microstructure evolution via
the LPBF process, and recrystallization during heat treatment has not been performed.

Therefore, further investigation of recrystallization and its effect on mechanical prop-
erties is required for LPBF-processed v’ precipitation-strengthened alloys. In particular,
this study focuses on the effect of recrystallization on the tensile properties at room and
high temperatures through a detailed analysis of the microstructure characterized by the
Taylor factor, average grain size, and grain shape before and after recrystallization. In
addition, this study clarifies the factors that cause anisotropic tensile properties, including
low ductility in the horizontal direction. This study will lead to the elucidation of how the
mechanical properties of LPBF-processed v’ precipitation-strengthened alloys are deter-
mined and contribute to the determination of industrial manufacturing processes utilizing
the LPBF process, such as optimal heat treatment conditions.

2. Materials and Methods
2.1. Fabrication of IN738LC Samples via LPBF Process

Gas-atomized IN738LC powder (Oerlikon, Westbury, NY, USA) with the chemical com-
position listed in Table 1 was used in this study. Scanning electron microscopy (scanning
electron microscope; SEM, SU5000, Hitachi High-Tech, Tokyo, Japan) images of IN738LC
powder are shown in Figure 1a. The particle size distribution curves measured by the
laser scattering diffraction-type particle size distribution meter (MT3300EX II, Microtrac,
Montgomeryville, PA, USA) are as shown in Figure 1b, where Dy is 21.4 um, D5 is 33.0 um,
and Dg is 50.8 um.

The LPBF process was followed using LPBF equipment (EOS M290, EOS, Krailling,
Germany) equipped with a Yb fiber laser with a maximum output of 400 W. To avoid
unintentional temperature changes owing to the laser energy input, the base plate was
preheated to 80 °C. The oxygen concentration was maintained below 100 ppm by filling
the building chamber with high-purity Ar gas. Vertical samples (Figure 1c, called “Z-
sample(s)”) of 8 mm diameter and 60 mm height (z-direction) and horizontal samples
(Figure 1d, called “X-sample(s)”) with dimensions 60 mm (x-direction), 8 mm (y-direction),
and 8 mm (z-direction) were built directly on the base plate and then cut off in the vicinity
of the plate. To determine the effect of the microstructure itself on mechanical properties,
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the volumetric energy density E, [J/mm?] was set to 72.9 J/mm? [37], which has been
reported to produce dense products without lack-of-fusion and keyhole-type defects [26].
To handle the x—y plane isotropically, the rotation scanning strategy [38] was employed, in
which bidirectional laser scanning was rotated by 67° layer by layer. However, to avoid
laser scanning parallel to the Ar gas flow direction (—y-direction), when the scanning
direction was within a range of & 30° from the y-direction, the rotation angle was skipped
and additionally rotated by 67°. The exposure area in each layer was divided into stripes of
a width of 10 mm, and each stripe was exposed in order [38]. A schematic of these complex
laser scanning behaviors is shown in Figure 2.

Table 1. Chemical composition of IN738LC powder.

Element Ni Co Ctr Mo W Nb Ta Al Ti Fe C B Zr

Cor(rv‘ft";l?(’“ Bal. 86 162 18 27 09 18 34 35 38 013 0004 0.07
. /0
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Figure 1. (a) SEM image and (b) particle size distribution of IN738LC powder, and pictures of (c)
Z-sample and (d) X-sample along the z-direction and the x-direction, respectively.

N layer \67° Skip (67°)
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Figure 2. Schematic of 67° rotating scanning strategy with 10 mm width stripes.

2.2. Heat Treatments
IN738LC built samples were subjected to two heat treatment conditions. The first is the
standard condition for IN738LC casting [39]. The solution treatment (ST) was performed
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at 1120 °C for 2 h followed by Ar gas fan cooling, and then aging was subjected to 843 °C
for 24 h. Hereafter, this first condition will be referred to as “L-HT.” The second condition
consisted of stress relief (SR), hot isostatic pressing treatment (HIP), ST, and aging to
promote recrystallization. The SR condition was arbitrary as long as the SR temperature
was lower than the latter heat treatment temperature. The HIP treatment was performed
at 1204 °C for 4 h in a 104 MPa Ar atmosphere. The ST was subjected to 1204 °C for
2 h, followed by Ar gas fan cooling. The aging process was the same as that for L-HT.
This second condition is hereafter referred to as “H-HT.” The as-built state without heat
treatment is called “AB.” A summary of the heat treatment conditions is presented in
Table 2.

Table 2. Heat treatment conditions for IN738LC built samples.

Stress Relief Hot Isostatic Solution

Abbreviation (SR) Pressing (HIP) Treatment (ST) Aging
AB - - - -
L-HT . - 1120°C2h 843°C24h
H-HT Below 1204 °C 1204°C 4h 1204°C2h 843°C24h

Upto2h

2.3. Microstructure Characterization

As the initial preparation for microstructure observation, the X-sample was cut on
the y-z plane, embedded in resin, and polished with emery paper and then with colloidal
silica. The observation positions were all near the center of the built samples. An electron
backscatter diffraction (EBSD) detector, Pegasus Digiview 5 (EDAX, Pleasanton, CA, USA)
was equipped in the SEM and used. The magnification was 100 %, the acceleration voltage
was 15 kV, and the step size was 2 pym. Pole figures, inverse pole figure (IPF) maps,
kernel average misorientation (KAM) maps, Taylor factor, and average grain size (using
elliptical approximation) were obtained using OIM Data Collection and OIM Analysis ver.
8 (EDAX, Pleasanton, CA, USA). The composition of the precipitates was determined using
energy dispersive X-ray spectroscopy (EDX; Pegasus Octane Elect Plus, EDAX, Pleasanton,
CA, USA).

2.4. Tensile Tests

The X- and Z-samples, which had been subjected to aging treatment, were cut into
tensile specimens of 4 mm diameter and 20 mm gauge length. Instron 5982 (Instron,
Norwood, MA, USA) was used for the tensile tests at room temperatures of 23 °C (according
to ASTM E8M) and 760 °C (according to ASTM E21). The test atmosphere was atmospheric,
and three tests were conducted for each condition. After the tensile tests, the fracture
surfaces were observed using the EDX-SEM system.

3. Results
3.1. Microstructure Characterization before and after Heat Treatments

Due to the LPBF fabrication at optimum energy density, no obvious defects were
present, and the raw powder was completely melted and fused. The IPF maps, KAM maps,
and {001} pole figures are shown in Figure 3. Microstructural evolution via heat treatment
was observed. The AB- and L-HT-ed materials had columnar grains along the z-direction,
with no change in grain shape observed after L-HT. The columnar grains exhibited the first
orientation in the [001]/ /z-direction, and the second orientation was rotated randomly
in the x-direction. This is considered to be a result of the rotation scan strategy, which is
consistent with the report by Sun et al. [21] representing that the columnar grains evolved
by the rotation scan strategy. In the {001} pole figure of the AB material (Figure 3g), the
orientation in the y-direction//[010] was weak. This weakness was considered a result of
the skip of the laser scanning parallel to the y-direction. As indicated by the KAM map,
the AB- and L-HT-ed materials exhibited high residual strain. In contrast, H-HT resulted
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in a recrystallized microstructure, as shown in Figure 3c. Most recrystallized grains had
elliptical or rectangular shapes along the z-direction. Although there was little residual
strain in the H-HT-ed material, recrystallization did not occur in a few grains, as shown
in Figure 3j. The {001} pole figure after recrystallization (Figure 3i) shows a weak [001]
orientation in the z-direction.

10.000
6.310
3.981
2512
1585
1.000
0.631

Figure 3. (a—c,j) IPF maps, (d—f) KAM maps, and (g-i) {001} pole figures for (a,d,g) AB, (b,eh)
L-HT-ed, and (¢ ,f,i,j) H-HT-ed materials, obtained from the y-z plane. The IPF maps are projected
(a—c,j) from the z-direction and (a’-c¢’) from the x-direction.

Figure 4 displays images obtained by backscattered electrons SEM (BSE-SEM). Mi-
crocracks, which are well known in the LPBF process of y’ precipitation strengthening
alloys [40], were not observed in all of the AB, L-HT-ed, and H-HT-ed materials. The
AB material (Figure 4a) had a submicron width cell-solidified microstructure along the



Crystals 2022, 12, 842

6 of 14

z-direction, and no precipitation of v’ phase was observed. Since the image contrast (chemi-
cal or misorientation) of the same submicron width was also observed in Figure 4b,b’, it can
be confirmed that the cell-solidified microstructure has not been changed after L-HT. The v’
phase after L-HT was inhomogeneous in size and coarser than H-HT-ed materials. In the
recrystallized H-HT-ed material, the cell-solidified microstructure disappeared, and the y*
phase was fine and uniform (Figure 4c¢’). The EDX measurement on the white precipitates,
indicated by an arrow in Figure 4c’, revealed the segregation of the MC carbide-forming
elements, Ta, Nb, and Ti, in IN738LC [34]. On the other hand, the segregation of Mo, the
MgC carbide-forming element, was not observed. Therefore, the white precipitates were
identified as the MC carbides. Messe et al. [36] reported no formation of MgC carbides
in the as-built condition and after heat treatment of LPBF-processed IN738LC, which is
consistent with the results. The MC carbides were aligned in the z-direction and were
distributed inside the recrystallized grains. The smaller white precipitates were observed
only at the cell boundaries in the AB material and at both the cell boundaries and the grain
boundaries in the L-HT-ed material. Here, the region with the same cell growth direction
was regarded as a single grain.

(B)AeMiow magniticationBil I(b)|UHiT lowimagnification ' k(c)IH - HTllow magnification’

boundaries : Precipitates

Grain <
P

Cell growth f
direction : 1

A

8 N

0.90

1.80

‘ S
EDX point 1 (d) ~ ®e '/'

5 ~ 1 : : #
/ Fine precipitates = o ‘ N EDX point;z (d)

Fine y’,phage

(d) H-HT, EDX point 1 (d’) H-HT, EDX point 2

Intensity (a.u.)

2.70 3.60 4.50 5.40 0.00 0.90 1.80 2.70 3.60 4.50 5.40

Energy (eV) Energy (eV)

Figure 4. SEM images of (a,a’) AB, (b,b”) L-HT-ed, and (c,c¢’) H-HT-ed materials with two magnifica-
tions. EDX spectra obtained from H-HT-ed material at (d) point 1 and (d’) point 2.

3.2. Tensile Properties Depending on Test Direction and Heat Treatment Conditions

The tensile properties depending on the heat treatment conditions, tensile direction,
and test temperature are shown in Figure 5. The average and standard deviations of 0.2%
proof stress, tensile strength, and elongation at break are summarized. Table 3 summarizes
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the Taylor factor and average grain size obtained from EBSD measurements. The angle of
the major axis was calculated using the —y-direction as 0° and the +z-direction as 90°. Since
the ellipse angles of the AB-, L-HT-ed, and H-HT-ed materials were similar (approximately
96°), the major and minor axes lengths were regarded as the average grain sizes in the z-
and x-direction, respectively.

1600 o 16 1400 14

1400 @ 14 1200 % 12
(o] ] m Lo m
£ 1290 —n y 125 & 1000 = v o 109
= 1000 =l — pE = < a
= S = 800 8 o
< 800 8 = £ o
© S © 600 6 S
S 600 I 6 2 S 2
2 400 |f 4 8 5 400 s 3

200 2 200 2

o HU HU B HL B o 0 )
X X Z Z X X z =2
Cast
L-HT H-HT L-HT H-HT C8St LT BT LT BT
0.2% proof stress I ‘ Ultimate tensile strength ‘ < Elongation

Figure 5. Summary of tensile properties. Heat treatment conditions, tensile direction, and test
temperature were varied. The typical values of IN738LC castings [39] are also shown.

Table 3. Taylor factor and average grain size before and after heat treatments.

Taylor Factor Average Grain Size [um] (Ellipse Fit) Ellipse
Condition x- z- Minor Axis Major Axis Aspect Ratio Angle
Direction Direction (x-Direction) (z-Direction) (Minor Axis/Major Axis) (+2//90°)
AB 3.07 2.55 17.2 193.7 0.089 96.6°
L-HT 291 2.55 19.3 212.5 0.091 96.9°
H-HT 3.01 2.83 40.3 141.8 0.284 95.9°

First, we focused on the tensile properties at a room temperature of 23 °C. The tensile
properties of the LPBF-processed samples exceeded those of the IN738LC castings owing to
the Hall-Petch relationship regardless of the tensile direction and heat treatment conditions.
In the Z-samples, the 0.2% proof stress of the H-HT-ed materials was higher than that of
the L-HT-ed materials. This is consistent from three viewpoints: finer average grain size
(L-LT: 212.5 um, H-HT: 141.8 um), higher Taylor factor after recrystallization (L-LT: 2.55,
H-HT: 2.83), and finer v’ phase precipitation [41] of the H-HT-ed materials. Corresponding
to the increase in 0.2% proof stress, the H-HT-ed materials exhibited high tensile strength
and slightly decreased ductility. In contrast to the Z-samples, the 0.2% proof stress of
the X-samples was higher for the L-HT-ed materials than for the H-HT-ed materials. The
almost similar Taylor factor (L-LT: 2.91, H-HT: 3.01) could not explain the difference; then,
it was considered that the effect of improving the 0.2% proof stress of the smaller average
grain size (L-HT: 19.3 um, H-HT: 40.3 um) in the L-HTed materials was stronger than that
of the finer v’ phase precipitation in the H-HT-ed materials. The Z-samples were superior
to the X-samples in terms of both strength and ductility. Stress in the x-direction promotes
crack propagation through mode I opening in columnar grains [42], which is considered to
cause an early fracture. This phenomenon was observed in the comparison of the L-HT-ed
and H-HT-ed materials in the X-samples; that is, the recrystallized microstructure (aspect
ratio 0.284) in the H-HT-ed materials exhibited better tensile strength and elongation at
break than the fine columnar microstructure (aspect ratio 0.091) in the L-HT-ed materials.

Subsequently, the tensile properties at 760 °C were investigated. The tensile properties
of the Z-samples were nearly the same as those of the IN738LC castings. This is because the
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Hall-Petch relationship was lost at higher temperatures [43], and the contribution of the
Y’ phase to inhibiting dislocation migration increased [44]. In the Z-sample, the H-HT-ed
materials exhibited a slightly higher 0.2% proof stress and lower ductility than the L-HT-ed
materials, similar to the relationship at room temperature. In the X-samples, the decrease in
tensile strength and elongation was significant, and it was considerably lower than that of
the IN738LC castings. In particular, the elongation at break was as small as approximately
1%, indicating that the fracture occurred immediately after the start of plastic deformation.
In addition, fracture without work hardening also resulted in lower tensile strength.

3.3. Identification of Fracture Location in X-Samples

The fracture surfaces of the X-samples subjected to tensile tests at 760 °C are shown in
Figure 6. The L-HT-ed and H-HT-ed materials were observed at various magnifications,
and EDX measurements were performed on distinct particles inside the dimples observed
in the H-HT-ed material.

Atlow magnification (Figure 6a,b), concavo-convex shapes were observed on the entire
fracture surface of both the L-HT-ed and H-HT-ed materials. The origin of the fracture has
not been clearly identified. Observations at medium magnification (Figure 6a’,b") clarified
that the concavo-convex shapes roughly corresponded to the shape and size of the grains.
In particular, for the L-HT-ed material, columnar grains along the z-direction appeared on
the fracture surface, and no dimples were observed. Therefore, it was found that the brittle
fracture at the grain boundaries resulted in a very low elongation at a break of 0.4% on
average in the L-HT-ed materials.

In contrast, the H-HT-ed material had larger concavo-convex shapes than the L-HT-
ed material, suggesting the fracture at the grain boundaries of the coarse recrystallized
grains. The area indicated by white arrows in the medium-magnification image (Figure 6b")
was similar to the fracture morphology observed in the L-HT-ed material, indicating
that non-recrystallized grains, even after H-HT, displayed in Figure 3j, were involved in
the fracture. As shown in the high-magnification image, the dimpled area (Figure 6b”)
and planar area (Figure 6b””) co-existed. MC carbides, mainly composed of (Ta, Nb, Ti)
C, were present inside the dimples, as identified by the EDX spectra (Figure 6d). The
appearance of such particles inside the dimples is well known in the fracture of LPBF-
processed materials, including inclusions [45]. Therefore, it was considered that the MC
carbide (Figure 4c) distributed inside the recrystallized grains was exposed because of the
fracture. Consequently, it was clarified that ductile fracture also partially occurred in the
recrystallized grains, resulting in an average elongation of 1.0%.
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(d) EDX spectrum

Intensity (a.u.)

0.00 0.90 1. 4.50 5.40
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Energy (eV)

Figure 6. Fracture surface of (a—a”) L-HT-ed and (b-b"’,c) H-HT-ed materials with various magnifi-
cations. (d) EDX spectrum measured at the point indicated in (c).
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4. Discussion
4.1. Microstructure Evolution during Heat Treatment

We discuss the evolution of the microstructure under the two heat treatment conditions.
Figure 7 schematically illustrates how the crystal orientation, grain shape, grain size, and
MC carbide distributions are determined.

(@) (©)

Coarse

MC carbides
inside the
RX-grains

MC carbides growth Fracture propagation location;
on grain boundaries RXGB: on the recrystallized (RX) grain boundaries

CGB: along columnar grains boundaries
MC: inside the recrystallized grains with dimple including MC carbides

Figure 7. Schematics of microstructure evolution during heat treatment. (a) As-built; (b) Heat-treated
under the recrystallized Temperature (L-HT); (c) After recrystallization (H-HT).

In the as-built state, the cell-solidified microstructure along the z-direction via the
LPBF process is shown in Figure 7a. Since Nb and Ta, which are MC carbide-forming
elements, segregate on the cell boundaries and dendrite boundaries [46,47], the fine white
particles at the cell boundaries in the AB materials observed in the BSE image of Figure 3a’
are suggested to be fine MC carbides. These fine MC carbides frequently precipitated
throughout the cell boundaries.

Next, as shown in Figure 7b, the cell-solidified microstructure and crystal orientation
did not change even after heat treatment below the recrystallization temperature (i.e., L-HT).
This is confirmed by the fact that the IPF maps and grain sizes (both major axis length and
minor axis length) of the AB- and L-HT-ed materials are almost the same. However, the MC
carbides, which were finely precipitated in the AB material, aggregated and grew during
the heat treatment while being aligned in the z-direction. This evolution of the MC carbides
is supported by the presence of both fine MC carbides at the cell boundaries (Figure 3b’)
and slightly coarse MC carbides at the grain boundaries (Figure 3b) in the SEM images of
the L-HT-ed materials. This is presumably because misorientation between the different
cell growth directions results in higher interfacial energies, and, thus, the driving force for
MC carbide growth is stronger at the grain boundaries than at the cell boundaries.

Finally, heat treatment at higher temperatures caused the homogenization of segrega-
tion and recrystallization (Figure 7c). The randomization of the crystal orientation, grain
coarsening, shape change of grains, disappearance of fine MC carbides remaining at the cell
boundaries, and growth of coarser MC carbides within the recrystallized grains occur. The
coarser MC carbides are arranged in the z-direction at intervals of approximately 10-30 um,
which is consistent with the distribution of the MC carbides at the old grain boundaries in
the L-HT-ed materials. Therefore, it can be deduced that the distribution of the coarser MC
carbides inside the recrystallized grains is derived from the grain boundaries originally
formed during the LPBF process. As previously shown in Table 3, the recrystallized grains
are not fine columnar in shape but slightly elongated in the z-direction with an aspect ratio
of 0.284 (minor axis length/major axis length). This indicates that the grain growth in the
x-direction may have been inhibited by these MC carbides.
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In the discussion, the importance of controlling the cell growth directions and the
grain boundary distribution within the as-built materials is drawn to obtain the desired re-
crystallized microstructure, including grain shape, grain size, and MC carbide distribution.

4.2. Future Prospects for Improvement of High-Temperature Strength

We examined how the recrystallization of LPBF-processed IN738LC affects its mechan-
ical properties and anisotropy. To the best of our knowledge, this is the first report on the
effect of recrystallization, especially on the anisotropic tensile properties at both room and
high temperatures. Thus, the issue of inferior tensile properties in the x-direction at high
temperatures becomes particularly clear. The fracture location is shown schematically in
Figure 7, which corresponds to the microstructural evolution during the heat treatment.

The L-HT-ed materials, which did not recrystallize, exhibited fractures where colum-
nar grains were separated, as shown in Figure 7b. The crystallographic texture unique to
the LPBF process was achieved by intentionally controlling the cell growth direction [6,19],
and the texture exhibited distinct mechanical properties [23]. However, as the cell growth
direction coincided, the high-temperature strength in the unintended load direction deteri-
orated. Therefore, if LPBF-processed materials in a nonrecrystallized state are adopted in
the industry, it is necessary to understand the requirements, such as service temperature,
load direction, and stress amplitude.

In contrast, recrystallized H-HT-ed materials are easier to handle than L-HT-ed materi-
als. As shown in Figure 7c, the following three aspects can be considered for an improve-
ment in tensile strength and ductility: (1) nonrecrystallized region, (2) recrystallized grain
boundaries, and (3) fracture involving MC carbides.

(1) Itis clear that the nonrecrystallized region is undesirable, considering the results for
the L-HT-ed materials. In general, the progress of recrystallization can be controlled by
both temperature and holding time [48]. Therefore, by optimizing the heat treatment
conditions, the nonrecrystallized region (as shown in Figure 3j) can be eliminated.

(2) Fractures at the recrystallized grain boundaries may cause ductility degradation;
thus, the addition of grain boundary strengthening elements, including B and Zr,
among others, can be effective. In particular, the IN738LC powder used in this study
had a B-value of 0.004 wt.%, much smaller than that of general IN738LC castings
(0.010 wt.%) [34]. To optimize the value of B, it is necessary to consider the promotion
of microcracks in the LPBF process owing to the segregation of B [49].

(3) The MC carbides appeared in almost all the dimples, suggesting that they acted
as “inclusions” to inhibit dislocation migration, although these dimples may have
contributed to the slight ductility. Here, the word “inclusion(s)” is used because
the size of the MC carbide was determined to be several hundred nanometers too
large against the Burgers vector and, hence, would not lead to increased strength. In
general, oxide dispersion-strengthened alloys have very fine oxide particles, 5-50 nm
in size [50]. The amount of MC carbides can be controlled by the content of MC carbide
former elements, such as Ta, Nb, and Ti [34]. In addition, there is a research example of
an AM process in which metal powder is mixed with TiC particles for strengthening by
MC carbides [51]. Therefore, by optimizing the heat treatment conditions, segregation
at the cell grain boundaries, or the content of MC carbide former elements, the fine
MC carbides are positively dispersed inside the recrystallized grains, which may lead
to control of the mechanical properties.

When these optimizations improve the ductility in the x-direction, the plastic defor-
mation behavior and its anisotropy will be an interesting challenge to be investigated.
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5. Conclusions

In this study, we examined the effects of recrystallization on the tensile properties
and anisotropy of the LPBF-processed v’ precipitation-strengthened alloy IN738LC. The
following conclusions were drawn:

(1) A columnar grain microstructure with the first orientation in the [001]/ /z-direction
and the second orientation rotated randomly in the x-y plane was obtained by the
rotation scan strategy. It did not recrystallize after ST at 1120 °C but recrystallized by
HIP and ST at 1204 °C.

(2) The tensile properties strongly depend on whether recrystallization occurred as well
as on the tensile direction. This can be explained by microstructure characterization,
featuring the Taylor factor in the tensile direction, average grain size estimated by
ellipse approximation, and the relationship between the grain shape and tensile
direction.

(38) The shape of the recrystallized grains and the distribution of coarse MC carbides
inside the recrystallized grains were determined by the microstructure in the as-built
state. This suggests the importance of controlling the cell solidification direction and
grain boundary distribution before recrystallization.

(4) In the high-temperature tensile tests in the x-direction, a brittle fracture caused by
the separation of the columnar grains occurred. In contrast, dimples were observed
at the fracture surface after recrystallization, indicating the possibility of further
improvement in ductility.

This is the first report elucidating the effect of recrystallization on the anisotropic
tensile properties in the tensile direction at both room and high temperatures and how the
mechanical properties of LPBF-processed v’ precipitation-strengthened alloys are explained
by microstructural characterization. To improve high-temperature tensile properties in
the x-direction, further study on the promotion of full recrystallization, optimization of
grain boundary strengthening, and MC carbide distribution control is required before
widespread industrial utilization.
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