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ABSTRACT

Additive manufacturing offers an exclusive way of anisotropic microstructure control with a high de-
gree of freedom regarding variation in process parameters. This study demonstrates a unique texture
formation in Inconel 718 (IN718) using a bidirectional laser scan in a laser powder bed fusion (LPBF)
process for tailoring the mechanical properties. We developed three distinctive textures in IN718 using
LPBF: a single-crystal-like microstructure (SCM) with a <110> orientation in the build direction (BD),
crystallographic lamellar microstructure (CLM) with a <110>-oriented main layer and <100>-oriented
sub-layer in the BD, and polycrystalline with a weak orientation. The microstructure observations and
finite element simulations showed that the texture evolution of the SCM and CLM was dominated by the
melt-pool shape and related heat-flow direction. The specimen with CLM exhibited a simultaneous im-
provement in strength and ductility owing to the stress-transfer coefficient between the <110>-oriented
main and <100>-oriented sub-grains, showing superior mechanical properties compared to cast-IN718.
This behavior is largely attributed to the presence of the boundary between the main and sub-layers
(crystallographic grain boundary) lying parallel to the BD uniquely formed under the LPBF process. Fur-
thermore, the strength-ductility balance of the part with the CLM can be controlled by changing the
stress-transfer coefficient and the Schmidt factor through an alteration of the loading axis. Control of
the crystallographic texture, including the CLM formation, is beneficial for tailoring and improving the
mechanical performance of the structural materials, which can be a promising methodology.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

favored [5]. It is commonly accepted that LPBF-build parts experi-
ence a layer-wise cyclic thermal history [6], which makes the mi-

In recent years, along with the development of additive man-
ufacturing (AM) technology, laser powder bed fusion (LPBF) has
become an important means of forming complex components ow-
ing to its high-performance entity-free formation process, allow-
ing the production of challenging pure metals and various alloys
[1-3]. Unlike a traditional casting method, the melt pool in LPBF
can be identified with a high thermal gradient and rapid cooling
rate (~106 K/s) up to ambient temperature [4]; thus, elemental seg-
regation is greatly suppressed while an increase in dislocations is
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crostructure of the material different from that obtained through
traditional processing methods.

Previous investigations have shown that the process parame-
ters of the LPBF, such as the scanning speed [7], hatch spacing [7],
laser energy density [8], build orientation [6], and scanning strat-
egy [9,10], affect the microstructure [11] and density of the parts
[12], and the magnitude and distribution of the residual stress [13],
eventually leading to different mechanical properties of the as-
built parts [14,15]. However, the strength anisotropy is more de-
pendent on the grain texture, particularly when a strong texture
coexists with the directional grain morphology [16].

Nickel-based superalloys have a broad range of applications in
the aerospace, automotive, and energy industries, and Inconel 718
(IN718) superalloys have been widely used in nuclear reactors, air-
craft engines, and other high-temperature applications owing to

1359-6454/© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY license
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their high strength, creep resistance, good corrosion resistance, and
long fatigue life at elevated temperatures [17,18]. IN718 has a face-
centered cubic (FCC) crystalline structure with an easy-growth di-
rection of <100>, which results in grains preferentially growing
with a <100> direction more closely aligned to the heat-flow di-
rection [19]. By changing the process parameters in LPBF, the heat-
flow direction as well as the balance between the thermal gradient
(G) and solidification rate (R) can be locally changed [20], resulting
in the evolution of various grain morphologies and crystallographic
textures from equiaxed to columnar microstructures [20,21]. In-
spired by the various crystallographic textures [14,15,22-27] and
grain morphologies achieved through different process parame-
ters in LPBF, microstructural control within the LPBF-build parts is
key to property enhancement. The heat-flow direction and thermal
gradient-solidification rate balance were determined by the energy
input into the material.

The energy input in AM can be quantified by the energy den-
sity [28], which is defined as a function of the laser power, scan
speed, layer thickness, and hatch spacing [29]. Several researchers
[25,26,30] have shown the impact of energy density on the mi-
crostructure, porosity, and mechanical properties of the AM com-
ponents because it determines the heating/cooling rate, thermal
dynamic behavior, and shape of the melt pool. A graded IN718 was
fabricated using LPBF with different energy densities [31], resulting
in a strongly textured microstructure with elongated <100> grains
with a high energy input. A study on high-silicon steel fabricated
using LPBF suggested that a <100> fiber texture can be altered
into a cubic texture when the shape of the melt pool is changed
from shallow into deep with an increased energy density by de-
creasing the scan speed [22]. It is assumed that the appearance
of deeper melt pools with a solidification front almost horizontal
at the melt pool centerlines induces two easy-growth directions
perpendicular to each other from the melt pool sides and center,
which form a <100> cubic texture.

In addition to the common <100> texture obtained through
LPBF, a few recent studies attained a <110> crystallographic tex-
ture along the build direction (BD) for an FCC crystal structure
[23-26]. McLouth et al. reported a transition of a <100> texture
to a <110> texture with a defocused laser beam, which altered the
melt pool shape and resulted in excellent high-temperature creep
properties [24]. Sun et al. investigated the difference in strengthen-
ing mechanism of <100> and <110> textured 316L stainless steel
fabricated using LPBF, in which the <100> textured microstructure
deformed through a dislocation slip mechanism while the <110>
oriented grains exhibited deformation twinning and a simultane-
ous strength and ductility improvement [23]. It has been well rec-
ognized that the primary strengthening mechanism operated in
cast-IN718 is the precipitation of a coherent ordered y” phase [32].
However, Sun et al. reported a unique lamellar crystallographic ori-
entation of 316L with excellent mechanical properties, which sur-
passed the mechanical properties of the <110> oriented single-
crystal like microstructure and as-cast 316L [25]. Ishimoto et al.
evaluated the formation of this unique lamellar microstructure in
316L alternately oriented as <110> main and <100> sub-texture
formations owing to the differences in melt pool shape induced
by the energy input [26]. To the best of our knowledge, there have
been no studies focusing on the <110> crystallographic orientation
of IN718 as a single-crystal-like microstructure or crystallographic
lamellar texture formation.

This study aims to overcome the trade-off between strength
and ductility in LPBF-built components through in situ tailoring
of specific crystallographic textures and grain orientations. The
unique texture formation in IN718 fabricated by LPBF with a bidi-
rectional scan strategy was investigated for the first time to gener-
ate a <110>//BD-oriented single-crystal-like microstructure (SCM),
a crystallographic lamellar microstructure (CLM) [25], which is
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composed of <110>//BD-oriented main grains and <100>//BD-
oriented sub-grains, and a polycrystalline microstructure (PCM) by
changing the laser power and scan speed. To discuss the mecha-
nism underlying the unique texture formation, the thermal gradi-
ent, solidification rate, and migration direction of the liquid-solid
interface were numerically analyzed based on a thermal diffusion
calculation. The unique CLM was considered for further improve-
ment of the mechanical performance with an approach in which
the fabrication direction and the resultant tensile loading axis were
tilted by 35° and 45° with respect to the BD, which was deter-
mined based on the combination of operative slip systems between
the main layer and sub-layer. Finally, the tensile strength was dis-
cussed with regard to the contribution of strengthening mecha-
nisms such as the stress-transfer coefficient, crystallographic tex-
ture, Hall-Petch relation, and direction of the grain elongation.

2. Experimental method
2.1. Fabrication of IN718 specimens

An Inconel718 spherical powder with size distribution of D10,
D50, and D90 were 18.6, 32.3, 57.9 pm, respectively, obtained
through gas atomization was used as the starting material. LPBF
fabrication of IN718 was conducted using an EOS M290 printer
equipped with a 400 W Yb-fiber laser. The building stage was pre-
heated to 80°C to avoid unexpected temperature changes owing to
the laser energy input during fabrication to maintain a constant
fabrication condition. The building chamber was filled with high-
purity argon gas to maintain an oxygen content of below 100 ppm.
A meander scan strategy with scan lines spanning the entire 10-
mm length (Supp. Fig. S1) was used to fabricate specimens with a
height of 15 mm for microstructure observations and a height of
30 mm for the tensile tests, and a bidirectional laser scanning in
the x-direction was applied between adjacent layers (Fig. 1(a)) to
promote the crystallographic texture formation with sufficient in-
tensity [10,26,28,33].

The process parameters for the fabrication of the IN718 spec-
imens included a fixed layer thickness (h) and hatch spacing (d)
of 0.040 mm and 0.080 mm, respectively. The laser power (P) and
scan speed (v) were varied within the range of 180-360 W and
600-1400 mm/s, respectively. The volumetric laser energy density
(E [J/mm?3]) of the fabrication conditions is defined by Eq. (1) [34]:

P
EzThd (1)

2.2. Microstructure characterization

The specimens were cut from the substrate using electrical dis-
charge machining to observe the y-z plane perpendicular to the
laser scanning direction. The specimens for microstructural obser-
vations were cut at a distance of 5 mm from the 316L substrate,
considering the influence of the substrate on the chemical compo-
sition of IN718 at the initial stage of fabrication. To observe the
microstructure of the specimen, the y-z plane was mechanically
polished using up to 4000-grade emery paper and then chemically
polished using colloidal silica for mirror-polished surfaces.

Electron backscatter diffraction (EBSD) measurements were
conducted using a field-emission scanning electron microscope
(FE-SEM; JEOL ]JIB-4610F, Japan) equipped with EBSD detector
(Aztec HKL, Oxford Instruments, UK) under an accelerating voltage
of 20 kV and a step interval of 2 pm. The data obtained were an-
alyzed using analysis software (HKL Channel5, Oxford Instruments,
UK) to obtain inverse pole figure (IPF) maps and the corresponding
pole figures.

To examine the melt pool shape, the mirror-polished surface
was further etched in a mixed solution of 31% HNOs, 6% HF, and
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Fig. 1. Schematic representation of the scan strategy for (a) non-tilted, (b) 35° tilted, and (c) 45° tilted fabrication conditions, (d) the corresponding final products, and (e)

configuration of tensile specimen.

63% H,0, soaked for 20 min, immediately washed with water fol-
lowed by ethanol, and sufficiently dried, and the shape of the melt
pool was then investigated using optical microscopy (OM; BX60,
Olympus, Japan) and an FE-SEM. For certain conditions, to quantify
the observed melt pool shape, the coordinates of the shape were
obtained using Image ] and then approximated using a cubic func-
tion to determine the melt pool shape to calculate the curvature at
the bottom of the melt pool.

2.3. Numerical simulation of thermal diffusion

To study the formation mechanism of microstructure under the
LPBF, a thermal diffusion analysis was conducted using the finite
element (FE) method, and the temperature distribution inside the
melt pool and the melt pool shape based on the thermal dis-
tribution were analyzed using the simulation software COMSOL
Multiphysics™ 5.5, The simulations were carried out under the
LPBF conditions for three distinctive textures, CLM (P = 360 W,
v = 1000 mm/s), SCM (P = 360 W, v = 1400 mm/s), and PCM
(P =180 W, v = 1400 mm/s).

The simulation model for the laser beam-matter interaction is
based on the heat-transfer module of COMSOL Multiphysics. The
heat-transfer equation of the fluid was defined through a domain
simulation using Eq. (2):

,()Cp(?tw +u.VT) - V.[k(T)VT]=Q (2)
where p [kg/m3], Gy [J/kg-K], and k [W/(m-K)] are the density, ef-
fective heat capacity, and thermal conductivity of the fluid, respec-
tively, describing the formation of the temperature field T [K] ow-
ing to the energy input by the laser.

In Eq. (2), Q refers to the total energy absorbed by the mate-
rial from the laser. The simplest form of the FEM simulation of the
LPBF process is the surface energy flux absorption model, in which
Gaussian heat flux is deposited on the top surface, eliminating the

consideration of the particle size, powder packing, and layer thick-
ness. It has been reported that the amount of heat absorbed in a
powder bed induced by laser irradiation in AM is approximately
60% owing to the influence of a multiple reflection [35]. It can
therefore be expressed mathematically using the following Gaus-
sian distribution determined through Eq. (3).

oP r? z
=g () < (1-5) e ®

where P is the laser power, R is the laser beam radius, d is the heat
penetration depth, and r is the instantaneous laser beam location.
o is powder absorption rate and set to 0.6. d was adjusted based
on the melt pool depth [36] using the laser conditions of P = 360
W and v = 1000 mmy/s, and this value was considered the same
for the other two conditions to compare the thermal behavior in a
melt pool. From the numerical results obtained, an in-depth anal-
ysis of the melt-pool profile, temperature distribution, and cool-
ing rate will be conducted. The cooling rate represented by |dT/dt|
[K/s] as a combined effect of the temperature gradient (G) and so-
lidification rate (R) is analyzed in the discussion section.

The physical properties of IN718, such as thermal conductivity
k [W/(m-K)] and heat capacity Cp [J/kgK], differ depending on the
temperature range [37]. Thus, the material data of IN718 built into
COMSOL were used, the physical properties of which were set to
change depending on the temperature.

2.4. Fabrication of tensile test pieces and tensile test

Rectangular shaped IN718 specimens (10 x 10 x 30 mm?3) were
fabricated vertically using LPBF with the process parameters form-
ing CLM, SCM, and PCM. For CLM with the lamellar microstructure,
in addition to the vertically fabricated specimen (Fig. 1(a)), 35° an-
gled tensile specimens (35° from the z axis in the x-z plane, as
shown in (Fig. 1(b)), 45° angled tensile specimens (45° from the z
axis in the x-z plane, as shown in (Fig. 1(c)) were fabricated. The
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Fig. 2. IPF maps showing the variation in crystallographic texture projected along the build direction (BD) for varied laser power (P [W]) and laser scan speed (v [mm/s]).

The laser energy density (E [J/mm?]) is also presented.

appearance of the specimens is shown in Fig. 1(d). The specimens
were separated from the base plate through electrical discharge
machining and machined into tensile testing specimens (Fig. 1(e)).
Tensile tests were conducted in a vacuum at room temperature
with an initial strain rate of 1.67 x 10~ s~1. The test was con-
ducted three times for each condition, and the results were aver-
aged. The fracture surfaces were examined using the FE-SEM.

3. Results
3.1. Variations in crystal orientation with process parameter control

Fig. 2 shows the IPF maps of IN718 fabricated with varied laser
power (P) and scanning speed (v). The analysis was performed on
the y-z plane which is perpendicular to the scan direction, and
crystallographic orientation in the BD (z-direction) was projected.
The IPF maps in which the orientation was projected in x- and y-
directions are shown in Supp. Figs. S2 and S3, respectively. The
corresponding {100} pole figures are represented in Fig. 3. In a
wide range of the laser conditions, lamellar-type microstructure
in which <110>//BD-oriented main layer and <100>//BD-oriented
sub-layer stacked in y-direction evolved, which is so-called CLM
[25]. The miner spots in the {100} pole figure (see yellow arrows
in Fig. 3 at P = 360 W, v = 1000 mm)/s) also indicated the evolu-
tion of aforementioned CLM. At the condition of P = 360 W and
v = 1400 mm/s, the minor pole weakened, indicating the forma-
tion of SCM. When fabricated with a lower laser power and higher
scan speed, the texture intensity decreased and a polycrystalline-
like microstructure (PCM) was obtained.

According to these observations, three characteristics of texture
formation can be mentioned, which exhibited a crystallographic
lamellar microstructure (CLM, representatively at P = 360 W,
v = 1000 mm/s), single-crystal-like microstructure (SCM, P = 360
W, v = 1400 mm/s), and polycrystalline-like microstructure (PCM,
representatively at P = 180 W, v = 1400 mmy/s). Further examina-

tion of the crystallographic texture formation, which was related
to the melt pool shape and thermal diffusion behavior of the melt
pools, focused on these characteristic textures.

3.2. Crystallographic texture formation mechanism

To understand the relationship between the microstructure in-
cluding crystallographic texture and melt pool shape, SEM micro-
graphs and IPF maps of the CLM, SCM, and PCM specimens were
recorded within the same region (Fig. 4). SEM micrographs repre-
sented that highly dense specimens without significant pores were
successfully fabricated. Throughout the cross-section, a cellular mi-
crostructure was observed (Fig. 5(a-c)). By comparing the SEM im-
ages (Fig. 5(a-c)) and the IPF maps (Fig. 5(a’-c’)), it can be seen
that the cell elongation direction almost agrees with the crystallo-
graphic <100> direction. The arrows in the SEM images indicate
the direction of cell elongation, as well as <100>. In the CLM and
SCM specimens, columnar grains that contain cellular microstruc-
ture with identical directionalities and thus crystallographic orien-
tation grew across the multiple melt pools, indicating the occur-
rence of epitaxial growth. The crystal orientation of the SCM spec-
imen followed the development of <100> oriented cells in each
half of the melt pool with +45° to the BD (green arrows), which
produced <110> a single-crystal-like cubic texture accompanied by
low-energy low-angle boundaries at the center of the melt pool
(Fig. 4(b)). A <110>//BD-oriented single-crystal-like texture forma-
tion with +£45° cell growth was previously reported for different
Ni-based alloys [33]. However, to the best of our knowledge, this is
the first report for IN718 with <110>//BD-oriented single-crystal-
like texture. Similarly, in the CLM specimen, the <100> oriented
cells angled +45° with respect to the BD grew from the sidewalls
of the melt pool, which formed the <110>//BD texture (Fig. 4(a)).
However, in addition to the <110>//BD orientation, <100>//BD-
oriented cells developed from the bottom of the melt pool (red
arrows), resulting in lamellar-like structure in which two types of
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Fig. 4. (a-c) SEM images and (a’-c’) IPF maps taken in the same area.

layers with different orientations were alternatively stacked. The
periodicity of the lamellar structure coincides with the laser hatch-
ing distance (0.080 mm), which can be formed using LPBF but not
by other processing techniques. For the PCM condition, the orien-
tation was observably randomized while maintaining the texture
to a certain extent, similar to SCM.

To examine the shape of the melt pool without the influence
of intrinsic thermal cycles and remelting, and to discuss the cause
of such cell growth and the differences between CLM and SCM,
the top layers of the CLM and SCM specimens were observed.
Fig. 5 shows the IPF maps and corresponding SEM micrographs

with the cell orientations on the top layer. The aforementioned
characteristics of CLM and SCM with lamellar and single-crystal-
like microstructures were carried onto the top layer. The shape of
the melt pool differed; the melt pool of the CLM was deeper com-
pared to that of the SCM specimen. The heat-flow direction and
shape of the melt pool based on the temperature distribution in
the melt pool were analyzed from the thermal diffusion analysis
(see Supp. Fig. S4) using the laser conditions for the formation of
CLM and SCM, as shown in Fig. 5(c, g). The angle of the heat-flow
direction from the melt pool with respect to the BD is displayed
in the color regions, as shown using the color scale bar. According
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Fig. 5. (a, e) IPF maps and (b, f) the corresponding SEM micrographs of CLM and SCM specimens. The angle of simulated heat flow direction around the melt pool bottom
for (c) CLM and (g) SCM with (d, h) representative schematic illustrations of the melt pool formation.

to the simulation of the CLM, the temperature gradient at the bot-
tom of the melt pool was adequately aligned with the BD, which
indicates that the normal direction of the solid-liquid interface
and the heat-flow direction were approximately the same. For the
SCM, by contrast, the direction of the heat-flow at the melt pool
bottom tended to be unstable and fluctuating. Schematic illustra-
tions of the melt pools with the cell growth directions according
to the microscopic observations and numerical analysis are shown
in Fig. 5(d, h).

3.3. Tensile deformation behavior depending on crystallographic
texture

Fig. 6(a) shows the tensile true stress-true strain curves of the
CLM, SCM, and PCM specimens loaded along the BD. Fig. 6(b) com-
pares the yield stress, ultimate tensile strength (UTS), and elon-
gation. The yield stress was in order of 65248 MPa for the PCM,
57143 MPa for the CLM, and 557+7 MPa for the SCM (Table 1).
The UTS showed the similar tendency. For the elongation, the or-
der changed as CLM, SCM > PCM. The advantage of the CLM was
the preferable balance between relatively high strength and good
elongation; therefore, the CLM, unique structure created by the
LPBF process, can be proposed to overcome the trade-off between
strength and ductility, which has been a long-standing problem
in materials science. The LPBF-built specimen showed comparable
or superior mechanical properties to the cast material (post-heat
treated) [38] even without heat treatment.

Table 1

The average grain sizes of the CLM, SCM, and PCM, which var-
ied depending on the microstructure of the specimens, is shown
in Table 1. To further investigate the grain distribution and grain
alignment, the grain size distribution map of the CLM, SCM, and
PCM with the red lines corresponding to high-angle grain bound-
aries (HAGB) are presented in Fig. 7 according to the grain area
measurement. PCM grains with an average size of 16.4 pm were
found to contain more small grains and fewer large grains than
the other CLM and SCM specimens, which correlates with the re-
sults of the IPF orientation maps (Fig. 2). In contrast, the grains in
the CLM and SCM were large and elongated along the BD with av-
erage grain sizes of 24.2 and 21.2, respectively. The grain size dis-
tribution and elongation of the specimens with different crystal-
lographic orientations must be considered according to the Hall-
Petch equation. Although the Hall-Petch relation predicts that, as
the grain size decreases the yield strength increases, it was re-
cently reported that a strong texture formation can alter this re-
lation [39]. Although the grain size of the CLM increased com-
pared to that of the SCM, the yield strength of the CLM was higher
along the BD, which also corresponds to the alignment directions
of the grains. The PCM with a smaller grain size and increased
yield strength agreed with the Hall-Petch relation.

CLM specimens with larger grains exhibited the improved yield
stress and UTS compared to the SCM specimens, both of which
demonstrated a substantially similar grain alignment along the
BD (tensile direction). This result contradicted the Hall-Petch rela-
tion, requiring other considerations related to the difference in the

Mechanical properties and the related indices of LPBF-built specimens varying with crystallographic orientations.

Yield strength (MPa) UTS (MPa) Elongation (%) Theoretical S Measured SF  Taylor factor Average grain size (um) Stress transfer coefficient
CLM 571 + 3 be 1012 + 24 235+28¢ 0.408 0.448 3.41 242 0.819
SCM 557 + 7 ¢ 957 £ 16 ¢ 202 +£0.2¢ 0.408 0.457 3.23 21.1 1
PCM 652 + 8 ab 1032 £28° 116 + 1.1 2b 0.456 3.00 16.4 -
Cast [38]* 651 909 10.3 - - - - -

SF: Schmid factor.
a: P < 0.05 vs CLM, b: P < 0.05 vs SCM, c: P < 0.05 vs PCM.
* with (homogenization + solution + aging) heat treatments.
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Fig. 6. (a) Tensile true stress-true strain curves of CLM, SCM, and PCM specimens,
and (b) quantified yield stress, UTS, and plastic elongation of each condition.

microstructure and/or crystal orientation and its effect on the me-
chanical properties.

The theoretical Schmid factor for CLM with <110>//BD and
<100>//BD orientations and SCM with <110>//BD orientation was
0.408. The measured average Schmid factor of the CLM was slightly
lower than that of the SCM (Table 1). The CRSS was calculated to
be 227 MPa from the SCM results. In addition to the Schmid factor,
the flow stress of polycrystalline metals is usually described using
the Taylor formula, where a Taylor factor indicates the resistance to
plastic deformation. The grains requiring large amounts of slip sys-
tems to consume large plastic deformations show large Taylor fac-
tors, which is a slight increase in the Taylor factor of the CLM com-
pared to that of the SCM, corresponding to the trend in the Schmid
factor for improving the mechanical strength. Although a differ-
ence in the experimental Schmid/Taylor factors between the CLM
and SCM was observed, the simultaneously enhanced strength and
ductility of the CLM, which has a lamellar microstructure, requires
further consideration regarding the difference in the microstruc-
ture characteristics compared to the SCM microstructure.

Crystallographic lamellar
microstructure (CLM)

Single-crystal-like
microstructure (SCM)

54
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Fig. 8. Tensile true stress-true strain curves of non-tilted (0°), 35¢ tilted, and 45°
tilted-CLM specimens.

3.4. Tensile deformation behavior of CLM depending on the loading
axis

To control mechanical properties by utilizing the interface
(crystallographic grain boundary) between the main layer and sub-
layer, tensile loading axis was varied as described in Fig. 1 to al-
ter the geometric relationship between slip systems in the main
and sub-grains and grain boundary, that is, a stress transfer co-
efficient. In the crystallographic relationship between the main
layer and sub-layer evolved in this study, tilt angles less than 35°
and between 35° and 45° do not change the stress transfer co-
efficient, whereas those between 45° and 90° represent identical
stress transfer coefficient changes from 45° to 0°; therefore, we se-
lected tilt angles of 0°, 35°, and 45¢° for the tensile tests. As a result
of tilt, loading axis and accordingly Schmid factor were changed
(Table 2). The resultant loading axes for the main layer were near
<111> for 35° tilt and <+/211> for 45° tilt. Those for the sub-
layer were <211> for 35° tilt and <+/211> for 45° tilt. To calculate
averaged Schmid factor across the CLM specimen, the proportion
of the main and sub-layers was analyzed using Image] software,
and was determined to be approximately 7:3. Therefore, the aver-
aged Schmid factor was calculated as 0.7 x (Schmid factor for main
layer) + 0.3 x (Schmid factor for sub-layer) (Table 2).

Fig. 8 shows the tensile true stress-true strain curves of the
CLM specimens fabricated with tilt by 0° (vertical), 35°, and 45°.
The yield stress, UTS, and elongation demonstrated dependence
on the tilt angle, representing an anisotropy in tensile properties.
Table 3 summarizes mechanical properties of the tilted CLM spec-
imens. The calculated yield stress was derived by dividing CRSS
obtained from SLM by theoretical Schmid factor, indicating an ex-
pected yield stress when the effect of interface between main and

Polycrystalline-like
microstructure (PCM)

Fig. 7. Grain size maps with HAGB in red color representing the frequency of elongated grains and grain boundaries parallel to the tensile direction.
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Table 2
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Theoretical and measured Schmid factors of the tilted-CLM specimens for {111}<110> slip system and corresponding Taylor factors, average grain sizes, and stress transmis-

sion coefficients.

Theoretical SF

Average grain size Stress transfer

Main layer Sub-layer (0.7SFmain + 0.3SFgyp) Experimental (pm) coefficient
Max SF Max SF Measured SF Taylor factor

0° 0.408 0.408 0.408 0.448 3.29 24.2 0.819

35° 0.275 0.410 0.316 0.377 3.40 325 0.652

45° 0.348 0.348 0.348 0.393 3.39 27.4 0.652

SF: Schmid factor.

Table 3
Mechanical properties in between tilted-CLM specimens and calculated yield stress.

Experimental yield stress
(MPa) UTS (MPa)

0° 571 + 3 be
35° 782 £ 53¢
45° 740 + 19 2b

Calculated yield
Elongation (%) stress (MPa)

1012 £ 24 5 235+ 2805 557
1287 £16* 103 £ 0.1 ¢ 719
1238 +222 119+ 0.6 653

a: P < 0.05 vs 0°, b: P < 0.05 vs 35°, c: P < 0.05 vs 45°.

(a)|¢ '

(b)

Fig. 9. (a) IPF maps showing the variation in crystallographic orientation parallel to
the tensile direction and (b) grain size maps with HAGB in red color representing
the frequency of elongated grains and the grain boundaries parallel to the tensile
direction.

sub-layers is not taken account. For all specimens, the measured
yield stress was higher than the calculated one. The 35¢ tilt speci-
men showed the highest yield stress and UTS, and the lowest elon-
gation. Interestingly, the same tendency of the grain size and the
mechanical property relationship of the CLM and SCM, where the
CLM with a higher grain size demonstrated an enhanced strength
and ductility compared to the SCM with a smaller grain size, which
is contradictory to the Hall-Petch relation, was observed in the
tilted specimens in which the crystallographic orientations were
altered. Therefore, these consistent results increased the impor-
tance of the possible effect of the crystallographic orientation on
the Hall-Petch relation. It is also worth considering the effect of
the HAGB alignment with respect to the tensile direction, in which
the tilted-CLM conditions exhibited an HAGB formation perpendic-
ular to the tensile load direction, as shown in Fig. 9.

To compare the fracture mechanisms for CLM, SCM, and PCM
specimens and CLM specimens tested at different tilt angles, the
fracture surface was observed using SEM (Supp. Fig. S5). The final
failure can be assumed to have occurred in a ductile manner, as
evidenced by a dimpled pattern, which is similar to the previous
report of LPBF-fabricated IN718 [31]. In the CLM-0° and SCM spec-
imens, the dimple size is relatively large, unlike CLM-35°, CLM-45°,
and PCM specimens that show smaller dimple sizes. It has been re-
ported that the dimple size decreases with a decrease in the elon-

gation [40], which explains the variation in the dimple size ob-
served.

4. Discussion
4.1. Origin of variation in crystal orientation

LPBF-fabricated IN718 specimens showed unique lamellar
type crystallographic texture with <110>//BD-oriented main and
<100>//BD-oriented sub-layers under a bidirectional scanning
strategy only along x direction. By changing the laser power and
laser scan speed, the texture could be changed to the single-
crystal-like or poly-crystal-like microstructures. This report on
changes in crystallographic texture under a wide range of fabri-
cation conditions is valuable.

This transition of the microstructure might be related to the
solid-liquid interface, which is mainly affected by constitutional
supercooling, which is determined by the ratio of the thermal gra-
dient (G) and the migration velocity of the solid-liquid interface
(R) [41]. With the decrease in G/R, planar, cellular, columnar den-
dritic, and equiaxed dendritic structures are expected to form in
sequence. It has been reported that R increases with an increase
in the scanning speed or a decrease in the laser power [42,43],
and the thermal diffusion simulations in this study correlate with
this statement (Table 4). It can be seen that the simulated R values
drastically decreased with an increase in laser power, whereas G
increased, which indicates an increase in G/R. Thus, strong CLM or
SCM formed under the fabrication with higher power. The numer-
ical simulations confirmed that the PCM formed under the con-
dition with lower G/R, forming a mix of columnar and equiaxed
grains (Supp. Fig. S6).

A further increase in the laser energy input owing to a decrease
in the laser scan speed promoted the transition of the SCM to the
CLM (Fig. 4). In the case of the CLM formation, G increased and R
decreased, increasing the G/R, which suggested a stronger colum-
nar structure formation than the SCM. Moreover, the melt pool
shape of the CLM is altered owing to the high G/R, which resem-
bles a shallow-type key-hole melt pool contributing to the growth
of <100> cells parallel to the BD from the bottom of the melt pool.
Although the key-hole melt pool shape is mostly avoided owing to
the formation of a gas porosity, in this study, the shallow key-hole
type melt pool shape promoted the unique CLM. There has been
a debate on the shape of the melt pool controlling the crystallo-

Table 4
Thermal gradient (G) and solidification rate (R) at solid-liquid interface of the bot-
tom of the melt pool obtained by thermal diffusion simulation.

Laser power P (W) Scan speed v (mm/s)

600 1000 1400
360 G (K/m) 7.24 x 108 4.79 x 108 3.72 x 108
R (m/s) 2.75 x 1073 1.02 x 107! 6.11 x 10!
300 G (K/m) 6.31 x 106 3.72 x 106 2.40 x 106
R (m/s) 2.86 x 1072 132 x 107! 1.38
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graphic orientation of cell growth in the melt pool [41,44]. Utiliz-
ing the numerical approach, the melt pool shape reflected the tem-
perature distribution affecting the direction of the thermal gradient
and the solid-liquid interface migration (Fig. 5(c, g)). The curvature
(r) at the bottom of the melt pool was calculated using Eq. (4) by
approximating the melt pool shapes of the CLM and SCM, as ob-
served using an optical microscope with a cubic function.

/ 2 %
|f"(@)]

The curvatures of the melt pool bottom in the CLM and SCM
were 39.5 4+ 3.2 pym and 31.0 &+ 3.3 pym (P < 0.05), respectively.
This indicates that the melt pool bottom was horizontal and the
thermal gradient direction could be aligned in the BD in the CLM.
According to the simulations, the thermal gradient at the melt pool
bottom was more stable in the case of CLM (Fig. 5(c)) compared to
that in the case of SCM (Fig. 5(g)).

4.2. Strengthening mechanisms

The variation in the solidification conditions influence the grain
formation mechanism and result in a crystallographic texture; fur-
thermore, the mechanical properties, yield stress, UTS, and elon-
gation varies. The results of the present study revealed that the
strength and ductility of IN718 can be altered through the LPBF
process by tailoring unique crystallographic textures, such as CLM
and SCM, depending on the variation in the BD related crys-
tallographic orientation. In particular, the lamellar microstructure
exhibited a simultaneous enhancement in strength and ductility
compared to the single-crystal microstructure.

The variation in the mechanical properties depending on the
crystallographic texture and the difference in crystallographic ori-
entation through the BD was due to the accumulation of various
strengthening mechanisms. The yield stress (oys) of a polycrys-
talline alloy without deformation and precipitation is expected to
be the contributions of the individual strengthening mechanisms,
i.e., solid solution strengthening (oss), grain boundary strength-
ening (o¢g), precipitation shear effect (o gpe,.), and friction stress
(o), which can be formulated as shown in Eq. (5) [45]:

Oys = Oss + OGB + Oshear + Oj (5)

Considering these strengthening mechanisms, the solid solution
strengthening and friction stress can be excluded when compar-
ing the difference in the strengthening of IN718 in this study ow-
ing to the compositional similarity. In addition, precipitation shear
stress-related strengthening can be neglected because there was no
detectable precipitation in as-built specimen owing to the rapid
cooling rate (~10% K/s) of the LPBF process, which is consistent
with a previous report [4]. The lack of precipitation strengthen-
ing for LPBF-built components has been reported for other pre-
cipitation strengthening superalloys [46,47]. Thus, grain boundary
strengthening should be considered in conjunction with the signif-
icant crystallographic texture effect. The effect of grain boundaries
on the material strength can be discussed based on the Hall-Petch
relationship (Eq. (6)):

Oys = 0; + I<de‘flf/2 (6)
where k is a constant and d. is the effective slip distance for
an edge dislocation [45]. According to the Hall-Petch relationship,
smaller grains exhibit a higher yield strength owing to the differ-
ence in the driving force of the dislocation pile-up through the
grain boundaries. In the case of PCM with a lower grain size than
the CLM and SCM, the strengthening of the grain boundaries was
active and resulted in a higher yield stress and UTS, eventually
showing a decrease in elongation (Table 1). However, the simul-
taneously enhanced strength and ductility of the CLM compared
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to that of the SCM indicated the necessity of elaborating on the
strengthening mechanism of the lamellar microstructure. The im-
provement in the mechanical properties of the CLM is thought to
be related to the strengthening mechanism of (a) the crystallo-
graphic orientation and (b) the elongated direction of the grains,
(c) the effect of texture on the Hall-Petch relation, and (d) the
stress-transfer coefficient at the interface (crystallographic grain
boundary) of main and sub-layers.

(a) The anisotropy in the tensile strength and work harden-
ing can be described in terms of the resolved stresses. Because
the critical resolve shear stress is calculated with the orientation
factor, which is called the Schmid factor, the yield stress of the
CLM can be related to the Schmid factor. Although the calculated
Schmid factors of the CLM and SCM were 0.408, the measured av-
erage Schmid factor of the CLM was slightly lower than that of
the SCM. However, in the case of polycrystalline metals, the Tay-
lor factor (M), which is called forest dislocation strengthening, is
considered. The Taylor factor of the polycrystalline FCC structure
is equal to 3.06. The measured average values of the Taylor fac-
tor for the CLM, SCM, and PCM are shown in Table 1. The PCM
with a Taylor factor of 3.00 experimentally proved the consider-
ation of the polycrystalline microstructure in this study. Further-
more, the higher Taylor factor of the CLM compared to that of the
SCM explained the enhancement of the yield stress of the lamel-
lar microstructure. The Taylor factor maps and the distribution are
given in the supplementary information (Supp. Fig. S7). The rela-
tion between the <110> texture formation and the increased Tay-
lor factor is discussed in [23]. The advantage of the increase in the
Taylor factor is considered to be the twinning-induced enhance-
ment of the strength and ductility of the LBF-fabricated 316L stain-
less steel with <110> crystal orientation. It has been reported that
deformation-induced twinning hardly appears when M < 2.6, and
the majority of twinned grains are aligned near the <111> orienta-
tion [23]. It is accepted that the activation of multiple slip systems
and the presence of dislocation pile-ups are necessary to induce
twinning during deformation, thus requiring grains with a higher
Taylor factor (<111> and <110> oriented grains), resulting in si-
multaneous improvements in the strength and ductility. Although
the FCC has a crystal structure with low stacking fault energy, a
dislocation pile-up might be enhanced owing to the residual stress
induced by the cyclic heating of the LPBF process. Thus, deforma-
tion twinning requires more detailed observations.

(b) The anisotropy of the ductility can be attributed to the dif-
ference in grain boundary elongation resulting in different cracking
mechanisms [16,44,48]. As shown in Fig. 7, both the CLM and SCM
consisted of columnar grains along the tensile direction, although
an irregular grain size formation between the columnar grains was
observed in the SCM. This indicates a tensile load perpendicular to
the grain boundaries, complying with Mode I opening tension [16];
therefore, cracks can propagate [48], leading to the lower ductil-
ity of the SCM. By contrast, columnar grains parallel to the tensile
load will act to deflect the crack tip openings, indicating an im-
provement in ductility, in which the CLM showed the advantage of
a lamellar structure with an increase in the elongated grain bound-
ary along the tensile direction.

(c) The contradiction between the grain size and strength phe-
nomenon, considering the Hall-Petch relation, can be addressed to
the effect of texture on Hall-Petch consideration. Because the ef-
fect of texture on the Hall-Petch parameters has rarely been re-
ported in the literature, a recent study focusing on strengthening
from the grain boundary reported that even a slight texture affects
the strength of the material [45]; thus, the Hall-Petch equation is
modified, as shown in Eq. (7), including the Taylor factor as the
texture effect.

o k
Oys = Ml + M deflf/z (7)
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Thus, the strong texture demonstrates the decrease in the influ-
ence of the Hall-Petch relation on the yield stress.

(d) The unique lamellar microstructure (CLM) compared to a
SCM requires a consideration of the difference in slip transfer
between the <110>//BD and <100>//BD grains. Livingston and
Chalmers [49] introduced the stress-transfer coefficient, indicating
the difficulty of a crystal deformation when transmitted to the ad-
jacent crystal through the grain boundary (Supp. Fig. S8). When a
plastic deformation occurs without cracking or a grain boundary
slip, the continuity at the grain boundary of the adjacent grains
must be maintained with equal shear stress values of crystal A (Pl."‘)
and crystal B (PJB) [50]. Thus, the stress-transfer coefficient (N;;)
was proposed, as shown in Eq. (8).

PP =Pt Ny =P [(ef - eD) (g - &) + (e - g (e? - g)]

A value of Nj; closer to 1 indicates that the shear stress can
easily be transferred to the slip system of the adjacent crystal.
Therefore, the smaller Nj; is, the more resistant the slip transmits
through the interface, thereby increasing the strength. The N;; of
a single-crystal is considered to be equal to 1. The N;; of the CLM
was calculated as 0.819. This indicates the strengthening mecha-
nism of the stress transfer between the <110>//BD and <100>//BD
grains, which resulted in improved mechanical properties of the
CLM compared to that of the SCM.

To tune the mechanical performances of the CLM products, con-
trolling the volume ratio of main layer and sub-layers and the pe-
riodicity of the lamellar structure are promising. The volume ratio
could be changed by changing the curvature of the melt pool bot-
tom, as described in Eq. (4), through the laser conditions to change
the average Schmid factor. The periodicity of lamellar structure
could be changed by changing the scan pitch, leading to a change
in the density of the main layer and sub-layer interface, which acts
as a disturbance of stress transfer. The introduction of CLM is ex-
pected to extend the tunability of the control of the mechanical
properties.

In the AM processes, a common approach is to alter the BD to
elevate certain material properties, such as the crystallographic ori-
entation and grain alignment [27,48,51]. In this study, the layer-by-
layer fabrication was tilted to allow the formation of different crys-
tallographic orientations keeping the loading axis parallel to the
lamellar direction. This is because we aim to investigate the effect
of stress transfer through the main layer and sub-layer interface to
evaluate the contribution of the presence of the interface to the
mechanical strength. Therefore, significant mechanical anisotropy
was observed (Table 3). The superior yield stress and UTS of the
35° specimen can be attributed to the low Schmid factor with the
corresponding Taylor factor and the effect of the stress-transfer co-
efficient. A similar tendency regarding the grain size, which con-
tradicts the Hall-Petch relation, was observed for the tilted spec-
imens, although the strong texture formation reduces the effect
of the Hall-Petch relation in this study. By contrast, vertical grain
boundaries along the columnar grains with respect to the build
and tensile directions were detected from the tilted-CLM speci-
mens (Fig. 9(b)), which occurred owing to the tilted fabrication
conditions. The vertical HAGB in the tensile direction caused a de-
crease in elongation for the 35° and 45° specimens (Fig. 8). How-
ever, the mechanical properties of the CLM with different BD offer
an adjustable range of mechanical properties that can be proposed
for various industrial applications.

The results obtained in the present study suggest that the LPBF
can develop unique microstructures that are not obtained by other
processes, and thus have significant potential for developing struc-
tural applications for as-built IN718. One challenge regarding the
CLM, the characteristic microstructure uniquely obtained by LPBF,
is the amelioration of heterogeneity of the lamellar structure along

(8)
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the BD, in order to reduce variability of the mechanical properties
and further improve the mechanical reliability.

IN718 is a superalloy used at a high temperature of up to
~650°C after solution and aging heat treatment. In this study, we
did not investigate the effects of heat treatment on the specific
microstructures and mechanical properties obtained in the as-built
condition. Along a standard scheme of heat treatment of IN718, the
solution heat treatment at 1080°C for 1 h did not cause significant
grain coarsening and recrystallization [52,53]. The CLM was possi-
bly retained after solution heat treatment. In addition, subsequent
heat treatments for precipitation strengthening, around 950°C for
the §-phase and 600-750°C for the y’[y” phases, can be added
to further improve the mechanical properties. Properly controlled
precipitation of these strengthening phases significantly enhances
the yield strength [54,55], UTS [54,55], creep strength [54], and fa-
tigue strength [56] at high temperatures, at the expense of elon-
gation to some extent. Future studies are needed to elucidate the
effects of the unique microstructures obtained in this study on the
high-temperature mechanical behaviors.

To the best of the authors’ knowledge, this study is the first
to report the enhanced strength and ductility with a lamellar mi-
crostructure in IN718. Considering the strengthening mechanisms,
the effect of the crystallographic orientation on the mechanical
properties was significant. By utilizing the texture control through
an altered grain formation mechanism by the LPBF process param-
eters, the CLM specimens suppressed the mechanical requirements
of the cast IN718.

5. Conclusion

In this study, the variation of the LPBF process parameters, that
is, the laser speed and laser power, was used to manipulate the
microstructure, crystallographic orientation, and mechanical prop-
erties of IN718. The combination of experimental observations and
numerical simulations facilitated a better fundamental understand-
ing of the correlation between the process, structure, and property
relationships. The following conclusions can be drawn:

(1) The variation in the laser condition (laser speed and laser
power) exhibited the transition of different characteristic
textures, SCM, CLM, and PCM. The laser condition would af-
fect the thermal gradient (G) and solidification rate (R). The
PCM evolved under the laser condition with lower G/R.

(2) The formation of the SCM with <110>//BD orientation was
first reported in IN718, whereas previous studies focused on
the <100> cubic texture. Moreover, to the best of the au-
thors’ knowledge, a unique CLM with <110>//BD-oriented
main layer and <100>//BD-oriented sub-layer was obtained
for the first time in IN718.

(3) The formation of SCM or CLM could be explained by the flat-

ness (radius of curvature) of the melt pool bottom. The flat-

ter melt pool bottom shape provided a more stable heat flow
and solid-liquid interface migration along BD at the bottom
of the melt pool, producing <100>//BD-oriented grains at

the center of the melt pool, resulting in the lamellar mi-

crostructure (CLM).

Different strengthening mechanisms contributed to the yield

stress of the specimens. The mechanical properties of the

PCM followed the Hall-Petch relation; however, the Hall-

Petch relation was ineffective in explaining the SCM and

CLM with strong textures.

(5) The strong crystallographic orientation in the CLM and SCM
activated a texture-related strengthening mechanism; in ad-
dition, the Schmid factor, Taylor factor, and stress-transfer
coefficient were revealed as the strongest contributors to the
strengthening, followed by the grain boundary orientation.

=
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Especially in CLM, the introduction of the crystallographic
interface moderately lowered the stress-transfer coefficient
and thus increased the resistance to slip transmission, re-
sulting in the increased yield stress.

The findings of the present study will be of significance in ad-
ditively manufacturing other types of metallic materials into high-
performance parts without a secondary heat treatment process.
This study highlights the importance of certain crystallographic
texture formations and its effect on the mechanical properties,
showing that the mechanical properties of IN718 can be improved
with texture control. Engineering of the crystallographic textures in
a microstructure using the rapid solidification characteristics of the
LPBF process is a promising method to overcome the long-lasting
strength-ductility dilemma in metallic materials. Therefore, this is
a promising approach to producing metallic components with en-
hanced strength and ductility for future industrial use.
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