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ARTICLE INFO ABSTRACT

Keywords: In metal additive manufacturing, the microstructures and associated mechanical properties of metal specimens

Laser powder bed fusion can be controlled over a wide range. Although process parameters are considered important in the fabrication of

II;Iehumh functional parts, the effect of atmospheric gas has not been comprehensively documented. In laser powder bed
tmosphere

fusion (LPBF), gas flow is used to eliminate fumes generated by laser irradiation. Simultaneously, the gas
removes heat from the laser-irradiated part, which is exposed to high temperature. In this study, we investigated
the capacity of helium as an alternative to argon, which is conventionally used as the LPBF atmosphere gas. He
has a higher thermal conductivity and lower gas density than Ar, which may result in enhanced heat removal
from the Ti-6Al-4V alloy during fabrication. Numerical simulations suggest a greater cooling rate under He flow.
Further, the material built under He flow contained finer o’ martensite grains and showed improved mechanical
properties compared to those fabricated under Ar flow, despite the identical laser irradiation conditions. Thus,
He gas is advantageous in LPBF for fabricating products with superior mechanical performance through
microstructural refinement, and this is a result of its capacity for cooling and fume generation inhibition.
Therefore, this study reveals the importance of the choice of atmospheric gas because of its effects on the
characteristics of metallic specimens fabricated using LPBF.

Cooling rate
Thermal conductivity

1. Introduction properties depending on the metal (alloy) species by controlling the

cooling rate.

Additive manufacturing (AM) is a relatively new metal processing
technology for the precise fabrication of arbitrarily shaped structures
[1-4]. In recent studies, laser powder bed fusion (LPBF), a common AM
technology, has emerged as a technique to control not only the shapes
but also the microstructures of many kinds of metallic materials.
Although LPBF and electron beam powder bed fusion (EBPBF) constitute
powder-bed fusion-type AM, the microstructures obtained using the two
methods differ significantly owing to the differences in the cooling rates;
for example, finer microstructures in Ti-6Al-4V are typically obtained
via LPBF [5-7] owing to the higher cooling rate. Therefore, AM (in
particular, LPBF) is a promising technique for tailoring material

By varying the process parameters, such as the laser power and laser
scanning speed, changes in the thermal gradient (G) and migration rate
of the solid/liquid interface (R) are achieved [8-10]. Thus, the cooling
rate represented by G-R changes. Another parameter that can be changed
is the atmospheric gas used in LPBF because the selection of the gas
affects the range of controllable cooling rates. In LPBF, gas flows onto
the building stage to remove the fumes generated during laser irradia-
tion. However, the introduction of gas inevitably has effects, in addition
to the removal of fumes; specifically, the gas removes heat from the
molten part of the metal via heat transfer.

Argon or nitrogen gas is generally used as the atmospheric gas for

* Corresponding author at: Division of Materials and Manufacturing Science, Graduate School of Engineering, Osaka University, 2-1, Yamadaoka, Suita, Osaka

565-0871, Japan.
E-mail address: nakano@mat.eng.osaka-u.ac.jp (T. Nakano).

https://doi.org/10.1016/j.addma.2021.102444

Received 11 June 2021; Received in revised form 23 September 2021; Accepted 26 October 2021

Available online 8 November 2021

2214-8604/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:nakano@mat.eng.osaka-u.ac.jp
www.sciencedirect.com/science/journal/22148604
https://www.elsevier.com/locate/addma
https://doi.org/10.1016/j.addma.2021.102444
https://doi.org/10.1016/j.addma.2021.102444
https://doi.org/10.1016/j.addma.2021.102444
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2021.102444&domain=pdf
http://creativecommons.org/licenses/by/4.0/

H. Amano et al.

LPBF. There are no significant differences in the thermal conductivities
or densities between Ar and N, gases; the selection of the gas depends on
the reactivity with the metal material used. However, the use of these
gases as coolants has rarely been considered. Compared to Ar and Ny,
gaseous He has approximately 1/10th of their densities and approxi-
mately ten times their thermal conductivities, enabling excellent cool-
ing. Studies on the use of He as a flow gas have reported its effects on the
penetration depth of the melt pool [11] and the building speed of metal
parts [12]. However, as mentioned, reports of the use of He gas as a
coolant in LPBF are scant.

Therefore, the aim of this study was to clarify the effects of He gas
flow on the microstructure and mechanical properties of metal speci-
mens compared to those obtained under Ar gas flow. Moreover, nu-
merical simulations were conducted to estimate the cooling rate during
the solidification of a melt pool subjected to Ar and He flow. Finally, the
correlation between the physical properties of the gas, cooling rate in the
melt pool, and microstructure and associated mechanical properties of
the fabricated parts are discussed.

2. Experimental

2.1. LPBF fabrication using Ar and He gases and material
characterization

A Ti-6Al-4V ELI alloy plasma atomized powder (LPW Technology,
UK) was used. The particle sizes were measured using a SALD-7100
particle size analyzer (Shimadzu, Japan). The particle sizes were Djg
= 25.2 ym, D5y = 35.1 pm, and Dgg = 45.7 pm. Specimens with di-
mensions of 10 mm (depth) x 10 mm (length) x 10 mm (height) were
manufactured using an LPBF apparatus (EOS M 290, EOS, Germany).
The laser beam was focused in a circular shape and had a diameter of
100 um [13]. An XY scan strategy was used for the fabrication. The build
direction was defined as the z-direction, and the two laser scanning di-
rections were the x- and y-directions. The laser power, scanning speed,
layer thickness, and scan pitch were set to 350 W, 1200 mm/s, 40 pm,
and 100 pm, respectively. With these specimen dimensions and scanning
conditions, laser scanning for each layer was completed in 0.833 s. The
atmosphere in the interior of the chamber was replaced with Ar or He
gas. In both cases, the gases flowed through the flow path originally built
in the device, and fabrication was performed in an atmosphere having
an oxygen concentration of less than 0.1%, as monitored using an oxy-
gen analyzer in the LPBF apparatus. The gases flowed over the building
table at a blow-out pressure of 56 Pa during fabrication.

The results of the analyses presented in this paper were obtained for
as-built specimens, and no post-treatment was performed. The densities
of the specimens were measured using the Archimedes method. The
constituent phases and microstructures were investigated by field-
emission scanning electron microscopy (FE-SEM, JIB-4610F, JEOL,
Japan) and electron backscatter diffraction (EBSD; NordlysMax3, Oxford
Instruments, UK). To evaluate the mechanical properties, Vickers
hardness tests (HM-221, Mitutoyo, Japan) and tensile tests (AGX-
50kNV, Shimadzu, Japan) were performed. For the Vickers test, a test
force of 0.3 kgf and a holding time of 4 s were used. For the tensile tests,
a specimen with a gage length of 3.0 mm and cross-sectional dimensions
of 1.2 mm x 0.8 mm was used, and testing was performed at an initial
strain rate of 1.67 x 10~% s™! at room temperature in a vacuum. The
tests were conducted using three specimens. A tensile load was applied
along the build direction.

Quantitative results are expressed as the mean =+ standard error (SE).
Statistical significance was assessed using the Student’s t-test, and sig-
nificance was set at P < 0.05.

2.2. Numerical calculation of the cooling rate

To analyze the cooling rate, finite element analysis was performed to
simulate the heat transfer and temperature changes during LPBF.
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COMSOL Multiphysics® 5.5 (COMSOL Inc., USA) was used for the nu-
merical simulation. 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 mm x 10 mm xy plane to calculate the
temperature distribution inside (center) and near the edges of the model.
The scanning conditions described in Section 2.1 were used in the
simulation. Because the heat flux from the laser beam is generally
assumed to satisfy a Gaussian distribution [14-16], the
three-dimensional energy distribution is expressed as a function of
radius, r, and depth, z [10,17], as shown in Eq. (1).

2
er,z):%e}cp(—%) X <l—§), where (0 <z <z) (¢}

Here, a is the heat absorptivity of the laser beam on the metal powder
bed and molten metal; P is the laser power; R is the radius of the beam,
which was set to 50 um [13,18]; and 2 is the penetration depth of the
laser. The powder bed was not modeled, but @ was set to 85% consid-
ering the high heat absorptivity of the powder bed [15]. 2o was deter-
mined so that the simulated melt pool shape approximately matched the
melt pool shape generally observed in Ti-alloy [19]. To analyze the ef-
fect of the difference in gas species, the heat source geometry (z) was set
to be the same for He and Ar. The temporal and spatial heat transfer is
governed by Eq. (2) [20,21].

6_T
ot

Here, p is the material density, C is the specific heat capacity, T is the
temperature, t is the time, q is the heat flux vector, and Q is the amount
of heat generated per unit volume. The latent heat was considered by
incorporating it into the temperature dependence of the specific heat
capacity [22,23]. The heat flux arising from heat conduction is repre-
sented according to Fourier’s law by Eq. (3).

pC—+Veqg=0Q )

qg= —kVT 3

Here, k is the thermal conductivity. The boundary conditions on the
outer surface of the model were set using Eq. (4).

—neg =qo =h(Tey = T) @

Here, n is the normal vector of the surface through which heat flows,
h is the heat transfer coefficient, and Tey; is the external temperature at
which the model contacts the environment. h for the lateral surfaces was
set to 10 W/(m2~K) [24]. The material density was set to 4430 kg/m3.
The values of thermal conductivity and specific heat capacity of
Ti-6Al-4 V were obtained from the study of Rai et al. [25].

In this study, Ar or He gas was used as the atmospheric and flow
gases. Therefore, the heat transfer coefficient, h, between the specimen
top surface (building front) and the gas phase flowing directly above it
changes. To analyze h, the flow velocity of each gas was measured using
an anemometer (testo 440 dP, Testo, Germany) at the center of the
fabrication platform under the conditions used for actual fabrication
(Section 2.1). The measurement was continued for 1 min after the flow
velocity stabilized. The measured velocities for Ar and He gases were
1.71 £+ 0.01 and 3.38 4 0.01 m/s, respectively. Based on the obtained
fluid velocities, h between the surface of the fabricated parts and the gas
phase was calculated using Eqs. (5)-(8) [26].

Re = pul/p ©)
Pr=yuC, /i (6)
Nu = 0.664Re'/*Pr'/? @
Nu = hi/A ®

Here, Re is the Reynolds number, p is the fluid density, u is the flow
velocity, [ is the length parallel to the direction of the fluid, y is the
absolute viscosity, Pr is the Prandtl number, 1 is the thermal
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Fluid inlet
z
Yy
)
Fluid outlet x

Laser irradiation area
(Fabrication platform)

Fig. 1. Model of the LPBF apparatus used in the simulations. The red frame
indicates the laser irradiation area, and the blue and green areas indicate the
sections where the gas flow was observed (Fig. 2).

conductivity, C, is the specific heat at constant pressure, and Nu is the
Nusselt number. The respective heat transfer coefficients were calcu-
lated to be 37.9 W/ (mz-K) for Ar and 145.5 W/ (mz-K) for He gas. Under
He flow, the heat transfer to the gas phase was 3.84-times greater than
that under Ar flow. These heat transfer coefficient values were used for
Eq. (4) for the simulation.
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2.3. Simulation of gas flow and velocity

To analyze and visualize the gas flow behavior in the LPBF apparatus
under the employed processing conditions, steady-state analyses based
on the actual flow velocities for Ar and He gases were performed. STAR-
CCM+ ® 15.02.009 R8 (Siemens, Germany) and FieldView 19 (Field-
View CFD, USA) were used for the numerical simulations. The model
used for the simulation is shown in Fig. 1. The simulation used the
measured average flow velocity as the reference value. The steady-state
analysis was solved by the finite volume method, with the continuity
equations and Navier-Stokes equations shown in Eqs. (9) and (10),
respectively [27].

op

E'ﬁ‘ V-(pu) =0 ()]
a(gt") L Ve(pu@u) = Voo +f, 10)

Here, p is the fluid density, t is the time variable, u is the flow ve-
locity, ® is the Kronecker product, f;, is the force per unit volume, and 6
is the stress tensor. This calculation enables the simulation of the sta-
bility of the gas flow at the fabrication stage, even with He, which is not
typically used. Through simulation, the region of the building stage
where a uniform and stable gas flow was achieved was determined for
fabrication.
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Fig. 3. (a) Schematic showing the measurement points in the yz plane. Distribution of Vickers hardness in the specimens fabricated under (b) Ar and (c) He flow.

3. Results
3.1. Simulation of fluid flow stability

Fig. 2 shows the fluid flow behavior and velocity distribution in the
chamber simulated using the finite difference method. The flow direc-
tion and velocity of the gases were uniform over the fabrication platform
(red solid squares). In this study, fabrication was performed in the
central part (red dotted square) where the gas flow was more uniform to
eliminate the effect of gas flow heterogeneity on the results. Movies
depicting the gas flow are provided in Supplementary Movies S1(a, b).

3.2. Mechanical properties

The absolute densities of the specimens were 4.416 + 0.001 g/cm®
for Ar flow and 4.418 + 0.001 g/cm® for He flow, and their relative
densities were 99.69% =+ 0.03% and 99.72 + 0.04%, respectively.
Figs. 3 and 4 show the Vickers hardness distributions analyzed in the
central cross-section of the specimens fabricated using He and Ar flow,
respectively. Under the flow of both gases, the hardness values at the
center of the specimens tended to be higher than those at the edges.
More notably, the hardness was significantly higher with He.

Fig. 5 shows the mechanical properties evaluated using tensile
testing. The specimen fabricated under He flow showed an increased
0.2% proof stress and ultimate tensile strength of 4.8% and 4.5%,
respectively, compared to those fabricated under Ar flow. The elonga-
tion did not change significantly.

@, ®) 40

3.3. Microstructure

Fig. 6 shows the inverse pole figure (IPF) maps and grain size (width)
distributions of the specimens fabricated under each atmosphere.
Almost all parts comprised acicular «’ martensite grains, which are
typically formed during LPBF [28], although a few p grains (less than
0.5%) were observed. The formation of the second phase is due to the
very high cooling rate during LPBF; a cooling rate higher than 410 K/s is
reported to induce o transformation from the p parent phase [29]. In the
center of the specimen, the median value of the grain width was smaller
under He flow than under Ar flow (Fig. 6(c, e, g)). The edges of the
specimens also showed a similar trend (Fig. 6(b, d, f)) to the center. The
center showed a finer microstructure than the edge in both cases (Fig. 6

(h, 1)).
4. Discussion

4.1. Effect of the thermal conductivity of gas on the thermal behavior in
the melt pool and microstructure

The mechanical properties differed significantly depending on the
gas used. The specimens fabricated under He flow exhibited superior
mechanical properties. Fig. 7 shows the relationship between the grain
size and Vickers hardness of each sample based on the data obtained
from the center and edge of each sample, as shown in Fig. 6(a). The
Vickers hardness followed the Hall-Petch relationship with R? =0.96
and P < 0.05 (Fig. 7). The slope and intercept of the Hall-Petch rela-
tionship showed values similar to those reported previously [30]. The
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Fig. 4. (a) Schematic showing the measurement points in the yz plane. (b) Distribution of Vickers hardness in the specimens fabricated under Ar and He flow. * :

P < 0.05 by Student’s t-test.
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refinement of the crystal grains achieved using He gas also resulted in
superior strength.

The change in the o’ martensite grain size may be due to differences
in the thermal history during solidification and phase transformation.
Therefore, the temperature changes under laser irradiation were calcu-
lated using numerical simulation. A heat source moving along the path
shown in Fig. 8(a), which corresponds to the actual fabrication condi-
tions, was introduced into the model, and the changes in the tempera-
ture and cooling rate induced by laser scanning were calculated. Fig. 8(b
and c) show the changes in temperature at the center and edge,
respectively, under Ar flow. The measurement position was set to the
area with the maximum depth of the melt pool, as shown in Fig. 8(a). As
shown in Fig. 8, the reciprocal scanning of the laser caused a periodic
temperature increase, even after the solidification of the molten metal.
However, the temperature increase was very brief, and the cyclic heat-
ing did not cause the temperature to reach the o/p transition tempera-
ture (975 °C) [31] or the martensite start (Ms) temperature of Ti-6Al1-4V
(800 °C) [32]. As shown in Fig. 8, the time taken for the entire solidi-
fication and cooling process at the edge of the fabricated specimen was

(b) Ar (Edge) (c) Ar (Center) Fig. 6. (a) Schematic showing the measurement
"7 a ] N . points (edge and center). Crystallographic
(a) S orientation maps at (b, d) edges and (c, e) cen-
10 ters of the specimens fabricated under (b, c) Ar
and (d, e) He flow observed along the z-direc-
8 Edge Center tion. (f-i) Comparison of the distribution of the
€ o martensite grain sizes at the edge and center
g/ 6 % for specimens fabricated under Ar and He flow.
a 4l The arrows indicate the median value of the
i in si istribution. The P-value was deter-
i grain size distribu
2t mined by the Mann-Whitney U test.
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Fig. 7. Relationship between Vickers hardness and mean o’ martensite grain
size. Blue and red points indicate Ar and He, respectively.

approximately twice that at the center. Hence, the cooling rate during
solidification differed. The cooling rate reached approximately 7 x 108
K/s immediately after the laser passed over the surface (Fig. 9). At
temperatures around Ms, the cooling rate obtained by simulation was
found to be higher when using He gas than when using Ar gas. In
particular, the heat transfer coefficient between the specimen and gas
under He flow was 3.84 times higher than that under Ar flow, suggesting
that the heat dissipation from the surface of the fabricated specimens to
the gas phase was accelerated. This thermal history likely caused the
difference in the o’ martensite grain size.

Other possible factors affecting the size of o’ martensite grains are
the B grain size and density of the martensite nucleation sites [33].
Smaller p grains result in finer o’ martensite grains [34]. The numerical
simulation indicated a higher cooling rate under He flow, suggesting

Additive Manufacturing 48 (2021) 102444

smaller f grains in the specimens fabricated under He flow. However,
according to the crystallographic orientation map obtained over a
relatively broad region (Fig. 10), the initial § grain size was estimated to
be large in both cases. The pole figures for the residual body centered
cubic (bcc) B particle and hexagonal close packed (hcp) o’ phase indicate
that the initial p grain had a single crystalline-like strong crystallo-
graphic orientation, that is, <001> orientation in the x-, y-, and z-di-
rections. This crystal orientation is consistent with the texture formed in
LPBF p-Ti alloys using the XY scan strategy [19,35]. In such cases, the
grain size cannot be discussed because of epitaxial growth [35]. Spe-
cifically, the o’ phase that originates from the parent f grains pre-
cipitates according to the Burgers orientation relationship [36].
Therefore, the f grain size was sufficiently large in both cases and did
not result in any differences in the o’ grain size.

The density of o’ martensite nucleation sites increases with
increasing input laser energy density during LPBF, resulting in refined o’
martensite grains [33]. The laser intensity reaching the specimens is
significantly influenced by the spatter and fumes generated during
fabrication [37-39]; significant differences in intensity can be observed
even under identical laser conditions. In detail, these phenomena
attenuate the intensity of the laser irradiating the specimen [37-39] but
can be suppressed using He rather than Ar flow [40]; therefore, the use
of He flow ensures that the laser energy is effectively delivered to the
specimen being fabricated, resulting in finer o’ martensite grains [33,
41-43]. In this study, the differences in laser intensity attenuation
resulting from the amount of spatter and fumes generated in He and Ar
flow were not considered. However, in the future, the effects of different
gas species on the input and removal of heat energy into and from the
melt pool will be studied comprehensively by simulation.

@6\_ ______ L Center line
Q e A A
A .
W54 Cénter line
10mn | i
s p CE‘jme[/,,Centerline Ed;ge - Center line
': i | ;
| | Efige }’y - 7 = | Center line 7 g 2001
Centeri- X ; l : /
; Melt pool ; Melt pool
Edge | Center line ; z : z
[ ——— 14.200um /' '; j_’ / ; ’J_.
Measure:ment pginf ” Y Measure:mentpci = y
S ] Center line | |
z
I
x
(®) 1800 (¢) 1800
~1500 | ~1500 [
OL) o
3 1200 | 7 1200
5 — c _. ./ transition temperature | T I A W /B transition temperature |
s 900 90 F o IN ]
o o Ms
E* 600 g‘ 600 r
o (]
= 300 = 300 N
0 1 1 1 1 O 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0 0.01 0.02 0.03 0.04 0.05
Time (s) Time (s)

Fig. 8. (a) Schematic showing the measurement points (center and edge). Temperature changes at the (b) center and (c) edge in an Ar atmosphere. The measurement

position was set to the area with the maximum depth of the melt pool.
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4.2. Future prospects for using gas in LPBF

The results of our study indicate that, in comparison to Ar, He gas is
more effective for fabricating Ti-alloy products having superior
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mechanical performance via LPBF through microstructural refinement
because of the enhanced cooling and suppression of spatter and fume
generation. Moreover, the extremely high cooling rate achieved during
LPBF significantly affects the performance of metallic materials, for
example, improving the corrosion resistance by suppressing the forma-
tion and growth of inclusions in 316L stainless steel [44,45], enhancing
the mechanical strength by forming a supersaturated solid solution in
high-entropy alloys [46], and enabling phase transformation to a
non-equilibrium phase in Hastelloy X [47]. In contrast, the high cooling
rate inhibits the precipitation of the strengthening phase, leading to a
reduction in precipitation strengthening in tungsten [48]. We expect
that these changes in the properties of metallic materials resulting from
the high cooling rate of LPBF will be improved and optimized further by
careful selection of the atmospheric gas species. In summary, the se-
lection of the atmospheric gas is an important parameter for the control
of microstructures and the related mechanical and chemical properties
of metallic products using LPBF.

Furthermore, our findings suggest that changes in the gas flow pa-
rameters during fabrication, including non-uniformity in the direction
and velocity of gas flow, have a significant effect on the microstructure
and functionality of the products. In this study, the fabrication was
performed within an area where the gas flow was uniform, according to
the numerical simulation (Fig. 2). However, because the non-uniformity
in the flow behavior, such as the variation in the flow velocity (u), be-
comes large near the edge of the fabrication platform, the heat transfer
coefficient (h) (and therefore the cooling rate) and the resulting
microstructure of the products may be dependent on the location of the
part being fabricated on the platform.

Therefore, the atmospheric gas can have a significant impact on the
LPBF process, which has rarely been discussed previously, and has the
potential to improve product quality by careful selection. However, He
gas is a non-renewable gas extracted from natural gas and is a scarce
resource. Consequently, the reuse of He is essential for its application in
LPBF. In addition, the use of He poses the problem of gas contamination
during atmospheric circulation during LPBF fabrication [49] and gas
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Fig. 10. IPF maps and pole figures at the center (Fig. 6(a)) of the specimens fabricated under (a) Ar and (b) He flow observed along the z-direction.
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leakage from the LPBF apparatus. However, the development of He
purification and recycling technologies is underway [50,51]; thus, the
application of He in LPBF could be realized in the future by applying
these technologies, as well as by improving LPBF equipment (e.g.,
improving the airtightness).

5. Conclusions

LPBEF fabrication of Ti-6Al-4V under He flow, as well as conventional
Ar flow, was conducted to clarify the effects of the fabrication atmo-
sphere on the microstructures and mechanical properties of the fabri-
cated products. Numerical simulations were performed to discuss the
different effects of gas from the viewpoint of the cooling capacity of the
gases used. The conclusions are as follows:

(1) Using finite volume method simulations, it was found that the gas
flow over the fabrication table was unidirectional and homoge-
neous, and a faster velocity was observed in He than in Ar.

(2) When using He gas, the microstructure of the metal was mainly
composed of o’ martensite and was more refined compared to
that obtained using Ar gas, resulting in significantly improved
mechanical properties such as Vickers hardness, 0.2% proof
stress, and ultimate tensile strength.

(3) The use of He resulted in a higher cooling rate, which led to the
formation of fine o’ martensite particles.

(4) The atmospheric gas used in the LPBF is an important factor
affecting the microstructures and mechanical properties of
metallic products.
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