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ABSTRACT

This study demonstrated that the gas flow direction in the laser beam powder bed fusion (PBF-LB)
significantly affects the crystallographic texture evolved in the products. The effect on texture is
attributed to the difference in the melt pool depth, which depends on gas flow direction. The
melt pool was shallower when the laser scanning and gas flow directions were parallel than
when they were perpendicular. This phenomenon should be of particular concern when
applying Scan Strategy_XY wherein the laser was scanned with a 90° rotation in each layer,
which is often used in PBF-LB. The asymmetry in the melt pool depth generated by laser
scanning in the x- and y-directions can lead to unintended variations in the crystallographic
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texture. The gas phase would interact with a part being manufactured immediately beneath the

gas and affect the crystallographic feature of the product.

GAS FLOW in PBF-LB drastically changes crystallographic texture even under same scan strategy
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1. Introduction

Additive manufacturing (AM) is the most notable metal-
processing technology specialising in the accurate fabri-
cation of arbitrarily shaped structures (Murr 2019;
Blakey-Milner et al. 2021; Wang et al. 2020). Recently,
the laser beam powder bed fusion (PBF-LB) method, a
type of AM technology, has attracted attention as a
process capable of controlling not only the shape of
metallic materials but also their crystallographic textures
(Gokcekaya et al. 2023; Liu et al. 2020; Ekubaru et al.
2022) and related mechanical and chemical functions

(Ishimoto et al. 2017; Ren et al. 2020; Gokcekaya et al.
2020). In the PBF-LB process, inert gases such as argon
(Ar) or nitrogen are generally used as flow gases to
remove byproducts such as spatters and fumes gener-
ated in the interaction region of the laser and metal
powders, which degrades the quality of the fabricated
products (Wen et al. 2018; Wen et al. 2019; Liu et al.
2022). Herein, we focused on the quality control of met-
allic products by actively utilising this gas, which is an
unavoidable part of this process, as a functional
element in PBF-LB. For example, it has been reported
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Figure 1. (a) Schematic of gas flow paths in the equipment and (b) schematic showing the direction of gas flow in relation to the laser

scanning directions for Scan Strategy_X and Scan Strategy_XY.

that helium, which has a low density and high thermal
conductivity, can improve mechanical properties
(Amano et al. 2021), melt pool depth (Bidare et al.
2018) and build speed (Pauzon et al. 2020), and suppress
byproducts (Amano et al. 2021). Factors that affect the
quality and properties of fabricated products include
the physical properties and flow direction of the gas.
Since the gas outlet is on the other side of the fabrication
table from the inlet, the gas flow in the PBF-LB apparatus
is generally unidirectional. In contrast, various laser scan-
ning strategies have been proposed and implemented
depending on the objectives, such as reducing residual
stress (Ali, Ghadbeigi, and Mumtaz 2018; Zhang et al.
2023), improving shape accuracy (Zhang, Zhang, and
Zhu 2021), and obtaining optimal microstructures (Mar-
attukalam et al. 2020).

As typical and simple scanning strategies, Scan Strate-
gy_X (or _Y) where the laser is bidirectionally scanned
only in the x- (or y-) direction (Figure 1(b)), Scan Strate-
gy_XY where the laser scan direction is rotated by 90°
between layers (Figure 1(b)), and Scan Strategy_Rot
where the laser scan direction is rotated by 67°
between layers, are frequently used. Under Scan Strate-
gy_X (or _Y), the laser scanning and gas flow directions
are always perpendicular (or parallel) to each other.
Under Scan Strategy_XY, the directional relationship
between the laser scan and gas flow is repeatedly
orthogonal and parallel for each layer. We hypothesised
that this change in the gas flow direction in relation to
the scanning direction, which depends on the scanning
strategy, may have unknown effects on the microstruc-
ture of the product, even when using the same gas
species. However, Scan Strategy_Rot was not used
because, in Scan Strategy_Rot, the direction of gas
flow in relation to the scanning direction changes

every layer, which complicates the analysis of the
effects of the gas flow direction on the texture.

The crystallographic texture of metallic materials is an
important factor that governs their mechanical properties.
Materials with preferential crystal orientation can impart
mechanical anisotropy to properties such as Young's
modulus (Lee et al. 2012; Cloots et al. 2016), yield stress
and elongation (Marattukalam et al. 2020; Gokcekaya
et al. 2021; Galindo-Fernandez et al. 2018), fatigue resist-
ance (Gabb, Gayda, and Miner 1986), and creep resistance
(Wang et al. 2020). Thus, if the above-mentioned hypoth-
esis is valid and the crystallographic texture changes, the
mechanical properties of the PBF-LB product change unin-
tentionally. In other words, it is possible to expand the
control range of the microstructure and mechanical prop-
erties of metallic products by utilising the gas flow direc-
tion in relation to the laser scanning direction.

In this study, we aim to clarify the effect of gas flow on
the crystallographic texture of a fabricated product. To
elucidate the effect of gas flow on the crystallographic
texture, we fabricated specimens using two scanning
strategies, Scan Strategy_X and Scan Strategy_XY, by
varying the powder bed thickness and comparing the
crystallographic textures. In this study, 316L stainless
steel (316L SS) was used because specific distinguishable
texture formations have been reported for Scan Strate-
gy_X and Scan Strategy_XY. Scan Strategy_XY results
in a single crystalline-like texture with <100> orientation
in the build and two scanning directions, while Scan
Strategy_X forms a crystallographic lamellar texture,
wherein two types of grains with <011> and <100>
orientations along the build direction are alternately
stacked (Sun et al. 2019). Numerical simulations were
performed to analyse the mechanism underlying
changes in texture.



2. Experimental procedures

2.1. PBF-LB fabrication with varied powder bed
thickness and scan strategy

Gas-atomized 316L SS powder was obtained from EOS
GmbH (Germany). The nominal composition was 18Cr-
14Ni-2.5M0-0.03C (wt.%), and the powder size was less
than 53 pm. Products of dimensions 10 mm (depth) x
10 mm (length) x 10 mm (height) were manufactured
using a PBF-LB apparatus (M 290, EOS, Germany).
During fabrication, the differential pressure turbine
control was set to 56 Pa (Hanemann et al. 2020) and Ar
gas flowed on the fabrication platform. The resulting Ar
gas flow velocity was measured, as described below.
The build direction was defined as the z-direction, and
the directions parallel and perpendicular to the Ar gas
flow in the fabrication stage were defined as the y- and
x-directions, respectively. The scan process parameters,
that is, the laser power, scanning speed, and hatch dis-
tance, were set to 250 W, 800 mm/s, and 80 um, respect-
ively. The powder bed thickness varied across 20, 30, 40,
50, 60, and 80 um. Preliminary tests confirmed that the
type of crystallographic texture formed under Scan Stra-
tegy_X (or _Y) changes little in this powder bed thickness
range, which is an essential condition setting for this
study to investigate the effects of the gas flow direction
in relation to the laser scanning direction. Two types of
laser scan strategies, Scan Strategy_X and Scan Strate-
gy_XY were used. The relationship between the laser
scanning directions in Scan Strategies_X and _XY and
the gas flow direction is illustrated in Figure 1. Two speci-
mens were prepared for each condition.

2.2. Measurement of gas flow velocity

Gas flow velocity is a crucial factor that influences
product quality (Liu et al. 2022); therefore, it should be
kept as uniform as possible. In the present study, fabrica-
tion was carried out within the area on the fabrication
table where the direction and velocity of gas flow can
be considered uniform, as determined in a previous
study (Amano et al. 2021).

The numerical calculation described in Section 2.4
requires the velocity of the Ar gas flow. Therefore, the
gas flow velocity was measured using a vane-type (¢16
mm) anemometer (testo 440 dP, Testo, Germany) at the
centre of the fabrication platform under the same con-
ditions as those used in the actual fabrication described
in Section 2.1. The measurement was continued for 1
min at intervals of 1 s (Amano et al. 2021) and then aver-
aged. Schematics of gas flow velocity measurement and
variation in velocity with time are provided in
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Supplementary Figure S1. The averaged gas flow velocity
obtained was 1.7 m/s (1.6-1.8 m/s), which agrees well
with the reported range in PBF-LB (Liu et al. 2022). A
gas flow velocity of 1.7 m/s was used in the simulation.

2.3. Characterisation of the specimens

The density of the specimens was measured using the
Archimedes method (LA310S, 147 Sartorius, Germany),
and the relative density was calculated based on the absol-
ute density of 316L SS, i.e. 7.98 g/cm3. The cross-section of
the specimen was mechanically polished using emery
papers up to #4000 and mirror-polished with colloidal
silica. Crystallographic texture analysis was conducted
using an electron backscatter diffraction (EBSD) system
(NordlysMax3, Oxford Instruments, UK) mounted on a
field-emission scanning electron microscope (FE-SEM;
JIB-4610F, JEOL, Japan). The specimens were etched in a
solution consisting of 21% HF, 29% HNOs, and 50% H,0O
at room temperature for 20 min to observe melt-pool
traces. Melt-pool traces were investigated using optical
microscopy (OM; BX60, Olympus, Japan).

To quantitatively analyse the intensity of the crystallo-
graphic texture evolution, the degree of crystal orien-
tation, P>, Was calculated based on the Euler angle
obtained by EBSD analysis. The maximum value of
Py is 1, and the closer it is to 1, the stronger is the
crystal orientation of <uvw>along the observation
direction. If the specimen is polycrystalline and exhibits
a completely random texture, the values of P_;q0> and
P_110- are 0.7008 and 0.8354, respectively, based on
crystallographic symmetry (Ishimoto et al. 2021).

Quantitative results were expressed as mean * stan-
dard deviation (SD). Statistical significance was assessed
using Student’s t-test. Statistical significance was set at P
<0.05.

2.4. Numerical analyses

Two types of simulations were performed in a pseudo-
tandem manner to analyse the effect of gas flow on
heat removal from the melt pool surface to the gas
phase during laser irradiation. The gas phase consists
of Ar gas flowing in the chamber and metal vapour evap-
orated by laser irradiation. The flux of metal vapour
depends on the surface temperature of the melt pool.
Therefore, a temperature simulation was performed to
calculate the melt pool temperature and metal vapour
flux, and a fluid flow simulation was performed to
analyse the flow behaviour of the generated metal
vapour under Ar gas flow.

For temperature simulation, a 3D transient melt pool
model was developed using the commercial software
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COMSOL Multiphysics® 5.5 (COMSOL) (Takase et al.
2021). The dimensions of the finite element model
were 10 mm (width) X 10 mm (depth) x 5 mm (height).
In the simulation, the laser scanned the entire 10 x 10
mm x-y plane to calculate the temperature distribution
inside the model. The scanning conditions described in
Section 2.1 were used in the simulation. Assuming that
the heat flux from the laser beam satisfies the Gaussian
distribution (Knapp et al. 2019; Willy et al. 2018; Liu et al.
2018), the three-dimensional energy distribution can be
expressed as a function of radius r and depth z:

2r? z

(M

Qo(r.2) = —7—

where a is the heat absorptivity of the laser beam on the
metal powder bed, P is the laser power, R is the radius of
the beam (set to 50 um) (Chen et al. 2019; EOS M 290 -
industrial 3D printed parts from metal materials 2022),
and z, is the penetration depth of the laser. This calcu-
lation does not include modelling of the powder bed;
however, to consider the high heat absorptivity of the
powder bed, a was set to 85% (Willy et al. 2018). z
was adjusted based on the melt-pool dimensions
(Pham et al. 2020; Foroozmehr et al. 2016). The temporal
and spatial heat transfers are governed by the following
equation (Carslaw and Jaeger 1986; Li and Gu 2014):

aT
pC t—i—Vq Q ()

ad
where p is the material density, C is the specific heat
capacity, T is the temperature, t is the time, q is the
heat flux, and Q is the amount of heat generated per
unit volume. Latent heat was considered by incorporat-
ing it into the temperature dependence of the specific
heat capacity (Wolff et al. 2017; Pashkis 1945). The
heat flux due to heat conduction is represented by the
following equation according to Fourier’s law:

where k is the thermal conductivity. The boundary con-
ditions on the outer surface of the model were set using
the following equation:

—n-q=qo="h(Tex—T) (4)

Table 1. Materials parameters of 316L SS used in the
temperature simulation (Pham et al. 2020).

Parameter Value
Density [kg/m?] 7966
Heat transfer coefficient [W/(m%K)] 10
Liquidus temperature [K] 1715
Solidus temperature [K] 1598

where n is the normal vector of the surface through
which the heat flows, h is the heat transfer coefficient,
and T is the external temperature, set to 353 K. The cal-
culation conditions listed in Table 1 were used in this
simulation.

A gas fluid flow simulation was performed using
STAR-CCM+®  15.02.009 R8 software (SIEMENS,
Germany). For the fluid flow simulation, a space of
30 mm x 30 mm x 160 mm was modelled, as shown in
Figure 2(a). The steady-state analysis was solved in the
turbulence model of SST k-w (Matthews et al. 2016)
which accurately calculates near the wall and can
predict the flow behaviour away from the wall (Menter
1994; Menter, Kuntz, and Langtry 2003). The following
continuity equation, Navier-Stokes equation, and
energy equation were used for the calculation:

V.-(pu) =0 (5)
V-(puu) =V -o+fy (6)
# pHu - da = —# q"- da+§# o - uda
A A A
—|—§ fy, - udv +<£ SedV (7)
v v
(a) Fluid inlet

L~ /

Fluid outlet

30 mm
x
()
8
B
%<

M,

(b) (©)

Laser scan Law)

Figure 2. Calculation model for fluid flow simulation.
Definition of model dimensions, coordinate axes, and gas ﬂow
direction. The bottom of the model is the upper surface of the
fabricating object. Laser irradiation raises the surface tempera-
ture of the object (see Figure 3), causing evaporation and
heating of the gas phase by heat transfer. The laser was
scanned in (b) the x- and (c) y-directions on the bottom side
of the model (object surface).
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Figure 3. Temperature distribution on the fabricating object
surface during laser irradiation calculated by a finite element
temperature simulation.

where p is the fluid density, u is the flow velocity, ® is the
Kronecker product, f,, is the force per unit volume, o is
the stress tensor, H is the total enthalpy, g" is the
heat flux vector, and Sg is the energy source. The metal
vapour was assumed to be generated from the liquid
metal (i.e. melt pool) surface, where the temperature
was above the liquidus temperature of 316L SS (1715K)
(Pham et al. 2020). The temperature distribution on the
surface during laser irradiation was derived from the
simulation of the aforementioned temperature
(Figure 3). The evaporation rate of metal vapour was cal-
culated using the following equation:

J = DMy L'C‘“‘P 8)
dis
PSat

Coat = — 9

sat = o 9

where J, D, My, Cat, and C,,p are the evaporation rate,
diffusion coefficient, molar mass, saturated molar con-
centration, and vapour molar concentration of the cells
adjacent to the wall, respectively; dis, Py, and R are
the distance, saturated vapour pressure, and gas con-
stant, respectively. The fluid gas velocity was set to 1.7
m/s as previously mentioned. The temperature of the
gas was set to 300 K. For the physical properties of the
metal vapours, the physical properties of iron (Fe)

Table 2. Physical properties of Ar gas and Fe vapour used in the
fluid flow simulation.
Physical properties

Ar gas

0.039948
Depending on T
Depending on T 4!

Fe vapour

0.055845
Depending on T
Depending on T °!

Molar mass [kg/mol]

Density [kg/m’]

Specific heat at constant
pressure [J/(kg-K)]

Viscosity [Pa-s]

Lennard-Jones representative
length [A]

Lennard-Jones energy [K]

[45] [45]

Depending on T !
4.300 ™!

Depending on T !
3.542 ¥

93.3 41 3000 !
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(Cressault et al. 2013), which is the main component of
316L SS, were used because of the absence of the phys-
ical properties of 316L SS vapour. Table 2 lists the phys-
ical properties of the Ar and Fe vapours used. The
density, specific heat at constant pressure, and viscosity
of Ar and Fe vapours are temperature-dependent (Cres-
sault et al. 2013). The calculation model is shown in
Figure 3. The following equation was used for the
vapour pressure of Fe (Beutl, Pottlacher, and Jager 1994):

48769
|np=26.4317—T—1.3217|nT (10)

To analyse the effects of the gas flow direction with
respect to the laser scan direction, gas flow simulations
were performed for two cases in which the directional
relationship between the gas flow and laser scanning
direction was perpendicular (Figure 2(b)) and parallel
(Figure 2(c)).

3. Results

3.1. Variation in crystallographic texture as a
function of powder bed thickness and scan
strategy

Table 3 lists the relative densities of the specimens fab-
ricated with various powder bed thicknesses and scan
strategies. The relative density was greater than 99.9%
under all conditions.

Figure 4 shows the IPF maps taken in the y-z plane
and the corresponding {001} pole figures of the
samples fabricated using Scan Strategy_X and Scan Stra-
tegy_XY for each powder bed thickness. The character-
istics of each texture were quantified based on the
degree of orientation of <100> (P.;9p-) and <110>
(P.1105) along the build (z-) direction, as shown in
Figure 5. In Scan Strategy_X (Figure 4 (a)), a lamellar-
type crystallographic texture with a predominant orien-
tation, wherein <011>and <100> are preferentially
oriented in the z- and x-directions, respectively (herein,
this texture is referred to as {011},<100>,). This lamel-
lar-type texture contains thinner grains with a <100>//z
orientation, which is consistent with the crystallographic
lamellar microstructure (CLM) texture reported in (Sun
et al. 2019). Scan Strategy_Y formed the same crystallo-
graphic texture as Scan Strategy_X, as shown in Sup-
plementary Figure S2.

However, for Scan Strategy_XY (Figure 4 (b)), the crys-
tallographic texture varied as a function of the powder
bed thickness. A CLM-like texture was formed under fab-
rication with a thinner powder bed of 20-30 um. For the
quantitatively calculated orientations (Figure 5), the
differences in P_ig0> and P_qq0> disappeared between
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Table 3. Relative density of the specimens fabricated under Scan Strategy_X and Scan Strategy_ XY with varied powder bed

thicknesses of 20, 30, 40, 50, 60 and 80 pm.

Powder bed thickness (um)

20 30 40 50 60 80
SS_X 99.94 +0.03 99.94 +0.02 99.96 +0.01 99.95 +0.02 99.94 +0.05 99.91 +£0.01
SS_XY 99.99 +0.03 99.98 +0.07 99.94 +0.02 99.98 +0.06 99.97 £0.02 99.93 +£0.05

SS: Scan Strategy

—
®

{001} pole figure z-projection y-projection x-projection ~

—~
o
=

200_um

MUD
0NN |15

Figure 4. Crystallographic texture variations in the specimens.
Variations in IPF maps and the corresponding {001} pole
figures of the specimens fabricated under (a) Scan Strategy_X
and (b) Scan Strategy_XY as a function of powder bed thickness
(20, 30, 40, 50, 60 and 80 pm). Observation was performed on
the y-z plane.

{001} pole figure z-projection y-projection x-projection

Scan Strategy_X and _XY with a thinner powder bed. A
powder bed with a thickness greater than 60 pm
resulted in {001},<100>, texture evolution. Previous
reports have shown that the {001},<100>, texture is
‘common’ under the fabrication with Scan Strategy_XY
(Ishimoto et al. 2017), however, it only formed when
the powder bed was thick in this study. In contrast, the
{011},<100>, texture unique to Scan Strategy_X was
formed under Scan Strategy_XY when the powder bed
was thin.

3.2. Size and shape of the melt pool and their
effects on texture evolution

When the powder bed was thin, the texture character-
istics that are normally seen in Scan Strategy_X were
observed in Scan Strategy_XY. This suggests that the
actual melting behaviour may have been similar to
that occurring under Scan Strategy_X, even though the
laser was scanned in Scan Strategy_XY. After etching
the cross-section of the specimens fabricated using
Scan Strategy_XY, we observed the melt pool shape in
the cross-section (Figure 6). To uniformly observe the
melt pools generated by the laser scan along the x-
and y-directions, a cross-section parallel to the z-direc-
tion at 45° with respect to the x- and y-directions was
prepared (Figure 6(c)). Figure 6(a) shows the stacking
of the melt pools in the cross-section. Because the direc-
tion (x- or y-direction) of the last laser scan (topmost

@ 1.0 ®) 1.0
g g I + e o
B = o
209 ° o 209 | o
g . || & | sk }
= * = gty ] 0 ¢
508 } a =08 Random orientation ¢ J i
o T 2o o
B ® oo 2 + .
en 0.7 o 507
g Random orientation g
G + =
£06 - + 206 | )
7 O Scan Strategy X 7 < Scan Strategy X
= ® Scan Strategy XY A # Scan Strategy XY
0.5 L 1 1 L L L L 0.5 1 1 L 1 1 1 1
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90

Powder bed thickness (um)

Powder bed thickness (um)

Figure 5. Variation in the degree of orientation of (a) P.199> and (b) P.11¢> along the build (2)-direction. The dashed lines indicate

random orientation for each crystallographic direction. *: P < 0.05.
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layer of the specimen) was preset for each specimen, we
determined the scan direction of a certain layer by
counting the number of layers from the topmost layer
of the specimen. When the powder bed thickness was
large, melt pool traces generated by the laser scan in
both the x- and y-directions were observed. However,
with a small powder bed thickness of less than 30 um,
the melt pool trace by the laser scan in the y-direction
(indicated by the blue line) is almost diminished. In
other words, most of the melt pool traces that can be
observed were formed by laser scanning in the x-direc-
tion (indicated by the red line) (Figure 6(a)). The
change in thickness of the melt pool trace (fabricated
layer thickness) formed by laser scanning in the x- and
y-directions is shown in Figure 6(b). The thickness of
the fabricated layer is shown in Figure 6(c). The layer
thickness was always larger for the layer fabricated by
laser scanning in the x-direction. The sum of the layer
thicknesses generated by laser scanning in the x- and
y-directions closely corresponded to twice the powder
bed thickness, and the difference between them was
approximately 30-40 um (Figure 6(b)). In cases where
the powder bed thickness was 20 or 30 um, the layer
formed by the laser scan in the y-direction was mostly
lost because it was overwritten by the laser scan in the
x-direction immediately afterwards. Thus, when the
powder bed thickness is sufficiently small, only the
effect of the laser scan in the x-direction remains in
the specimen, even though the laser was scanned in
the x- and y-directions alternately between layers
under the Scan Strategy_XY.

Figure 7(a) and (b) show the OM images of the topmost
part of the specimens, wherein the entire melt pool cross-
section can be observed. To observe the melt pool shape
generated by the laser scan in the x-direction, a yz-cross-
section of the specimen with the last topmost layer
melted by the laser scan in the x-direction was used,
and vice versa. The depth of the melt pools generated
by the laser scan in the x-direction was significantly
larger by approximately 30-40 pm than that in the y-
direction (Figure 7(c)), which is in good agreement with
the differences shown in Figure 6(b).

3.3. Effect of gas flow and scan strategy on fluid
simulation

Despite using identical laser parameters, the melt pool
depth differed depending on the laser scan direction,
that is parallel or perpendicular to the Ar flow direction.
This asymmetry can be attributed to the direction of
the gas flow. To determine the reason for the decrease
in depth of the melt pool when the laser was scanned
in the y-direction (parallel to the gas flow), we simulated
the difference in the behaviour of the gas fluid on the
melt pool during laser scanning in the x- and y-directions.
Metal vapour was generated from the molten metal.
Figure 8(a1) and (b1) show the temperature distribution
at the build surface for the laser scan in the x- and y-direc-
tions, respectively, with respect to the direction of the Ar
flow. Figure 8(a2) and (b2) show the isosurfaces of the Fe
vapour (concentration of 100 ppm) generated based on
the temperature distribution at the surface shown in
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Figure 8(al, b1). The Fe vapour was blown vertically (in
the z-direction) from the region above the melting
point of the metal (dotted line). The generated Fe
vapour flowed downstream by the Ar flow, and a part
of the vapour was distributed just above the surface of
the build. The Ar gas flow determined the distribution
of Fe vapour, and the distribution of Fe vapour
between the laser scan directions was remarkably
different. From the shape of the Fe vapour isosurface,
we found that the Fe vapour distribution under the
laser scan was more spread out in the y-direction than
in the x-direction, and the Fe vapour was distributed
along the path of the laser under the laser scan in the y-
direction. Figure 8(a3) and (b3) show the mass fraction
of Fe vapour in the A-A’ cross-section along the laser
path. Figure 8(a4, b4) and 8(a5, b5) show the distributions
of temperature and thermal conductivity, respectively, at
the same cross-section, as Figure 8(a3) and (b3). The
temperature and thermal conductivity were high
immediately above and behind the melt pool, respect-
ively. The region with high temperature and high
thermal conductivity distributed vertically upward at
the melt pool tip is consistent with the distribution of
the Fe vapour. However, the Fe vapour concentration,

which is just above the melt pool tail is not high, but
the temperature and thermal conductivity are high
because of the heat transfer from the top surface of the
object heated by the laser scan. In particular, a higher
temperature and thermal conductivity distribution was
observed when the laser was scanned in the y-direction
(parallel to the gas flow) (Figure 8(b4)). This is because
the gas heated over the melt pool tail moved along the
melt pool and was heated further. In this temperature
range, the temperature and thermal conductivity
showed a positive relationship in Ar (Cressault et al. 2013).
Even when the laser was scanned in the opposite
direction of gas flow (referred to as y'-direction), the
flow behaviour of the heated Ar gas and Fe vapour
was similar to that of laser scanning in the y-direction
(Figure 8(c)). This is because the gas flow velocity
(1700 mm/s) is higher than the laser scanning speed
(800 mm/s). As a result, the thermal conductivity of the
gas phase just above the melt pool was calculated to
be almost the same for laser scanning in the y- and y'-
directions, and higher for both than for laser scanning
in the x-direction as shown in Supplementary Fig. S3.
The high thermal conductivity of the gas phase rep-
resented in the case where the laser is scanned in the
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pool tip at which the laser is irradiated.

y-direction may contribute to shallow melt pool gener-
ated by the laser scan in the y-direction.

4. Discussion
4.1. Ar gas flow velocity and its uniformity

To estimate the isolated effects of gas flow direction on
the crystallographic texture of the products, attention
was paid to the location- and time-dependent uniform-
ity of the Ar gas flow. Gas flow velocity is a crucial factor

influencing product quality; therefore, it should be main-
tained as uniformly as possible. According to literature,
the appropriate gas flow velocity range for 316L SS is
1.3-2.0 m/s (Liu et al. 2022). In the present study, fabrica-
tion was carried out within the area on the fabrication
table where the direction and velocity of gas flow can
be considered uniform, as determined in a previous
study (Amano et al. 2021). Moreover, the gas flow vel-
ocity measured at the centre of the aforementioned
area was stable with time (1 min which is long enough
to complete laser irradiation in one layer); 1.6-1.8 m/s
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which locates in the middle of the appropriate range.
Thus, there were few location- and time-dependent vari-
ations in gas flow velocity during fabrication.

4.2. Variation in crystallographic texture depending
on the scan strategy and powder bed thickness

In this study, we clarified the significant dependence of
the melting and solidification behaviours of metals
under laser scanning on the relationship between the
directions of Ar gas flow and laser scan through the
change in the crystallographic texture, which is specific
depending on the laser scan strategy in PBF-LB. The
melt pool depth differed based on the relationship
between the directions of the laser scan and gas flow
(parallel and perpendicular were compared as extreme
cases in this study); furthermore, the melt pool became
shallower when the directions of the laser scan and
gas flow were parallel to each other. Consequently, the
crystallographic texture became similar to that fabri-
cated with Scan Strategy_X when the powder bed thick-
ness was small, although it was fabricated with Scan
Strategy_XY.

To understand the reason for this phenomenon, the
microstructures of the specimens fabricated using Scan
Strategy_XY with small (20 pm) and large (60 um)
powder bed thicknesses were analysed using FE-SEM
and EBSD. The SEM micrographs and IPF maps of
these specimens were recorded within the same
region on the y-z cross-section (Figure 9). A cellular
microstructure was observed throughout the cross-
section (Figure 9(a, b)). A comparison between the
SEM images (Figure 9(a, b)) and IPF maps (Figure 9(c,
d)), shows that the cell elongation direction (red

20 pm

60 um

101

10 pm

Figure 9. (a, b) FE-SEM images and (c, d) IPF maps along the z-
direction of the y-z cross-sections of the specimens fabricated in
the Scan Strategy_XY. The solid line shows the melt pool traces.
The powder bed thickness was (a, ¢) 20 um and (b, d) 60 pm. Red
arrows indicate the direction of cell elongation and * indicates
compartment formed by laser scan in the y-direction.

arrows) almost agrees with the crystallographic <100>
direction. For the specimen with a 20-um thick powder
layer, the <100>-oriented cells angled +45° with
respect to the build (z-) direction grew from the side-
walls of the melt pool, and the cells developed from
the bottom of the melt pool, resulting in a lamellar-like
structure, wherein two types of layers with different
orientations were alternately stacked. A comparable
microstructure has been reported for products fabri-
cated using Scan Strategy_X (Gokcekaya et al. 2021; Ishi-
moto et al. 2020), even though the specimen in Figure 9
(a, €) was fabricated using Scan Strategy_XY. In contrast,
for the specimen with a 60 pum-thick powder layer, verti-
cally and horizontally elongated cells developed, which
is the microstructure commonly reported under Scan
Strategy_XY. In this case, the horizontal cell growth
(right-headed red arrows in Figure 9(b)) from the side
of the melt pool is based on the crystallographic
epitaxy from the neighbouring and pre-solidified melt
pool. The overlap of neighbouring melt pools is con-
sidered important for enabling epitaxial growth to
develop a single crystalline-like {001},<100>, texture,
which is the characteristic of Scan Strategy_XY. There-
fore, the melt pool continuity was calculated using the
cross-section described in Figure 6(a). As shown in
Figure 10, we analysed 50 melt pool boundaries in the
layer created by the laser scan in the y-direction and cal-
culated the proportion of the overlapped points.

Figure 11 shows the melt pool continuity accompany-
ing the degree of crystal orientations P_qgp> and P.q10>
along the build direction for the specimens fabricated
with Scan Strategy_XY. When the powder bed was
thick (60 and 80 pm), the melt pool continuity was
approximately 100%. The melt pool continuity
dropped drastically as the powder bed thickness
decreased and finally reached 0% for a powder bed
thickness of 20 um. This change in melt pool continuity
corresponds well with the transition in the crystallo-
graphic texture. Thus, it is understood that the crystallo-
graphic texture developed is highly dependent on the
continuity of the melt pool and that this melt pool con-
tinuity is greatly affected by the depth of the melt pool,
which depends on the combination of the directions of
the gas flow and laser scan when a product is fabricated
using multiple laser scanning directions.

4.3. Effect of relative gas flow direction on the
thermal properties of gas phase

The thermal conductivity of the gas phase, which
directly affects the cooling of the build surface, was
higher for the laser scan in the y-direction than that in
the x-direction behind the melt pool (Figure 8(a5, b5)).



1 layer

0000000009

VIRTUAL AND PHYSICAL PROTOTYPING .

Melt pool overlap points

Observation point

2 layer !
00006000 ¢
Laser scan
” “ "0
4 layer Laser scan
in y-direction
z
5 layer

Laser scan
in x-direction

Laser scan
in y-direction

. Laser scan
> in x-direction

- Laser scan
\. in y-direction

1 2 3

Figure 10. Calculation of melt pool continuity. The melt pools generated by laser scan in the y-direction are indicated with light blue
colour. Red points between the melt pools represent overlapped points.

Behind the melt pool, the thermal conductivity changed
in the laser scan direction despite the absence of Fe
vapour distribution. This was attributed to the Ar gas
behind the melt pool. The thermal conductivity of Ar
gas increases with increasing temperature (Cressault
et al. 2013). As shown by the temperature distributions
in Figure 8(a4) and (b4), the temperature behind the
melt pool was higher for the laser scan in the y-direction
than that in the x-direction. Therefore, the thermal con-
ductivity increased owing to the presence of Ar gas at
high temperatures on the build surface. This difference
in thermal conductivity may lead to an increase in the
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Figure 11. Variation in the melt pool continuity as well as P_1q9>
and P_q,0> along the build direction as a function of powder bed
thickness analysed for the specimens fabricated with the Scan
Strategy_XY.

heat dissipation from the build surface for the laser
scan in the y-direction and a decrease in the melt pool
depth generated by the laser scan in the y-direction.
Bidare et al. (Bidare et al. 2018) reported that in the
PBF-LB process, as the pressure of the gas phase is
increased, the melt pool depth becomes shallower in a
pressure-dependent manner. The effect of an increase
in thermal conductivity owing to an increase in the
pressure of the gas phase has been suggested (Bidare
et al. 2018). The rate of temperature change via heat
transfer in molten salt droplets placed in various gases
is higher when the surrounding gas has a higher
thermal conductivity (Ghandehariun et al. 2017). Thus,
depending on the thermal conductivity of the gas
phase, the heat transfer from the melt to the gas
phase changes, affecting the temperature change of
the melt and possibly the melt pool size. The extent to
which the difference in thermal conductivity of the gas
phase estimated in the simulation in this study affects
the melt pool depth remains to be clarified; however,
the difference in thermal conductivity of the gas phase
itself has the potential to affect heat dissipation and
melt pool depth.

In contrast, during laser irradiation, spatters and fumes
are generated, and their presence in the path of laser
irradiation physically attenuates the laser energy input
to the fabricated product (Wen et al. 2018; Wen et al.
2019; Liu et al. 2022). In addition, metal vapour plumes
have been reported to attenuate lasers (Shcheglov et al.
2011; Zou et al. 2016). The distribution of such byproducts
as shields for the laser, depending on the gas flow direc-
tion, can cause differences in laser attenuation. Physical
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attenuation of the laser implies a reduction in the laser
power reaching the powder bed and should be a direct
cause of the reduction in the melt pool depth. The
reductioninirradiated laser power suppresses Marangoni
convection by reducing the dynamic viscosity and
surface tension of the molten metal (Wang et al. 2016; Rei-
jonen et al. 2020), leading to a decrease in melt pool
depth (Wang et al. 2016).

Although the physical attenuation of laser energy is
the definitive factor affecting the melt pool depth, our
simulation results proposed that the fluid gas may also
be a factor.

4.4. Limitations

This study has limitations related to the incompleteness of
the numerical simulations, the limited scanning strategy
examined, and the lack of product performance analysis.
First, numerical simulations do not reflect some
aspects of the real situation, although establishing simu-
lation models and high-performance solvers to perform
the coupled calculations are needed to implement this
(Bouabbou and Vaudreuil 2022). In this study, single-
track calculations were performed and the effect of
overlap and heat accumulation due to round-trip scan-
ning (Huang et al. 2021) cannot be discussed. Further-
more, although this study calculated the injection of
Fe vapour into the gas phase, it focused on gas flow-
based migration of Fe vapour after injection into the
gas phase and does not address the effect of how it is
ejected from the melts (Zheng et al. 2018; Zheng et al.
2021). It also needs to be clarified how the different
thermal conductivities of the gas phases can remove
heat from the melt pool and cause the melt pool to
shrink. This will allow us to determine which has a
greater relative effect on the melt pool depth, the
attenuation effect of the laser energy due to the fume
and spattering, or the thermal conductivity of the gas
phase, and thus the magnitude of the effect on crystal-
lographic texture. Future work is needed to advance
the sophistication of the simulations and to deepen
the knowledge based on the findings of this study.
Second, this study used substantially only two types
of scan strategies. The objective of this study was to
investigate the effect of gas flow direction in relation
to the laser scan direction on crystallographic textures
formed in the products. For this purpose, satisfying the
two situations (1) characteristic and distinctive crystallo-
graphic textures, and (2) simple relative relationship
between gas flow and laser scanning directions, were
considered to be effective. Scan Strategy_X and _XY
were best suited for these situations. In fact, it was
easy to capture changes in texture, as seen in Figure 4

(b) and Figure 5. However, various scan strategies have
been proposed and implemented thus far, such as strat-
egies involving laser rotation, island laser scan, and spiral
laser scan (Kim and Hart 2022; Jia et al. 2021), and it is
necessary to expand the scope of this study to these
strategies in the future.

Finally, mechanical properties should be evaluated in
the future to establish process-(micro)structure-perform-
ance relationship in terms of gas flow direction.

4.5. Prospects in powder bed thickness

Recent studies have attempted to improve the quality of
the fabricated product using the powder bed thickness as
a parameter to increase the density, dimensional accu-
racy, mechanical properties (Nguyen et al. 2018; De
Souza et al. 2019), build speed (Schleifenbaum et al.
2011), and oxygen removal rate of the molten metal (Dad-
bakhsh and Hao 2014). However, this attempt did not
consider the effect of the gas flow. According to the
findings obtained in this study, the gas flow direction in
relation to the laser scanning direction leads to unin-
tended effects on the crystallographic texture.

The effective utilisation of this phenomenon makes it
possible to control the crystallographic texture and the
related mechanical and chemical properties of the fabri-
cated products by changing the powder bed thickness.
Although it has been shown that the crystallographic
texture can be controlled by parameters such as the
scan strategy, laser power, and scan speed (Ishimoto
et al. 2017; Ishimoto et al. 2021; Hagihara and Nakano
2022), it has also been clarified that the powder bed
thickness can be applied as a new control factor for
the crystallographic texture. In other words, it expands
the control range of the texture of PBF-LB products. Ulti-
mately, a deeper understanding of the relationship
between the effect of the PBF-LB atmosphere gas
(species, direction, resulting thermal conductivity, and
resulting melt pool shape) and the powder bed thick-
ness is a challenge to further expand the variation of
the controllable crystallographic texture. The accumu-
lation of various data during fabrication and the use of
machine learning (Sing et al. 2021) will enable the selec-
tion of better scanning strategies to obtain the desired
product quality, including crystallographic texture.

5. Conclusions

This study examined the effect of gas flow in PBF-LB on
the crystallographic texture evolution by comparing the
products fabricated under Scan Strategy_X and _XY with
varying powder bed thicknesses. The conclusions are as
follows:



(1) Scan Strategy_X forms a crystallographic lamellar
microstructure that is almost independent of the
powder bed thickness. In contrast, Scan Strategy_XY
developed various textures depending on the
powder bed thickness. Notably, Scan Strategy_XY,
with a smaller powder bed thickness, resulted in a
crystallographic lamellar microstructure, which is
the characteristic texture for Scan Strategy_X.

(2) The melt-pool depth generated by the laser scan in
the y-direction was significantly smaller than that
generated by the laser scan in the x-direction.

(3) Numerical simulations indicated that the thermal
conductivity of the gas phase just over the melt
pool differed depending on the gas flow direction
(parallel or perpendicular) relative to the laser scan-
ning direction. When the gas flow was parallel to the
laser scanning direction, the distribution of the
metal vapour generated from the melt pool and
the efficient heating of Ar gas from the hot melt
pool increased the thermal conductivity of the gas
phase, resulting in efficient heat removal from the
melt pool. This is one reason for the shallow melt
pool generated by the laser scan in the y-direction,
which resulted in a varied crystallographic texture
in the products fabricated under Scan Strategy_XY
depending on the powder bed thickness.

This study elucidated that the combination of powder
bed thickness and gas flow direction in relation to the
laser scanning direction can be a new parameter to
control the texture evolution behaviour in PBF-LB,
which widens the scope of texture control, enabling
further improvement of material properties.
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