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ARTICLE INFO ABSTRACT

Keywords: This study aims to comprehensively analyze the phase and microstructure evolution and related hardness var-
LPBF iations of the Ti-6Al-2Sn-4Zr-6Mo wt.% (Ti6246) alloy produced by laser powder bed fusion (LPBF) under
Ti6246

various laser conditions and to gain insight into the mechanisms of these changes using numerical thermal
analysis. Higher laser volumetric densities (VEDs) resulted in a finer o/’ microstructure and increased hardness,
exhibiting a positive correlation with the VED, except under extremely high conditions. This contrary trend,
reported for the first time, is attributed to the solid-phase transformation from the p phase to metastable o’
martensite during LPBF induced by rapid cooling. Despite the finer microstructure, the samples under very high
VED conditions showed lower hardness, deviating from the overall trend. The X-ray diffraction peaks in the high-
VED samples suggested a partial decomposition of a’ to « + p owing to laser-induced reheating of the underlying
layers, which is considered a contributing factor to the hardness reduction. The numerical analysis showed that
the underlying layer was exposed to high temperatures for a relatively long time under high-VED conditions. It
was revealed that the hardness of LPBF-fabricated Ti6246 was influenced by unique thermal processes: rapid
cooling and reheating of the pre-solidified part, leading to the formation of a metastable «’ phase and partial
decomposition into a + p. These findings provide insights for tailoring Ti6246 with desired physical properties

Polycrystalline microstructure
Metastable phase

Rapid cooling

Thermal history

via LPBF.

1. Introduction

The aerospace industry has recently attracted considerable interest
for maximizing the use of additive manufacturing (AM) in fabricating
the required functional parts of turbine engines [1,2]. Laser powder bed
fusion (LPBF) is a keenly researched AM technology [3]. Compared with
other AM technologies, LPBF produces parts with better surface quality
[1], uses materials efficiently, and offers microstructural and texture
control [4-6]. Additionally, the geometric freedom and dimensional
control provided by the LPBF process facilitates the fabrication of
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complex-shaped parts with precision [7], which is critical in the aero-
space industry.

Ti alloys exhibit allotropic behavior, presenting a challenge to the
LPBF process despite their low strength-to-weight ratio, excellent high-
temperature strength, and exceptional corrosion resistance. Ti exists as a
hexagonal close-packed (hcp) crystal structure o phase at room tem-
perature and transforms into a body-centered cubic (bcc) f phase at
elevated temperatures. The formation, stability, and morphology of o/p
phases depend on the Ti alloy composition, processing route, and
cooling rate [8,9]. Furthermore, depending on the o/f relative
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quantities, Ti alloys can be classified as a, near-a, a+p, near-p, meta-
stable B, or stable f alloys [8,9]. Studies on the LPBF processability
involving Ti alloys have primarily focused on stable single a and p alloys
[10-13]. The well-known Ti-6Al-4V wt. % alloy, which belongs to the
a-+p class, has also been studied [14-16]. However, the a+p phase re-
gion has other established alloys that are used in the aerospace industry.
One example is the Ti-6Al-2Sn-4Zr-6Mo wt.% (Ti6246) alloy, which is
used in the intermediate section of turbine engines for components such
as compressor blades, fan disks, seals, and airframe parts [17]. Ti6246,
although an a+p alloy, is technically considered a near-f alloy owing to
its proximity to the f§ phase boundary. Additionally, Ti6246 constitutes a
more stabilized p-phase fraction at room temperature than Ti-6A1-4V
alloy [18]. As a near-p alloy, Ti6246 usually forms a p-phase matrix with
stable primary a-phase grains [9]. When the alloy is aged, secondary
a-phase particles also evolve in the p-phase matrix. For industrial ap-
plications, Ti6246 is primarily processed via the forging route [19,20].

To the best of our knowledge, although the Ti6246 alloy is well
established, studies on the prospect of processing Ti6246 using LPBF
technology are limited [18,21-23]. Numerous studies have shown that
B-forged Ti6246 increases the retained f-phase fraction, leading to
impressive properties such as high low-cycle fatigue, fatigue crack
growth resistance, high fracture toughness, and an increase in service
temperature without decreasing thermal stability [20,24,25]. The LPBF
process involves higher cooling rates (~10% K/s) than that of the
B-forging of Ti6246 [26], which in theory suggests that more f phase
should freeze or be retained in the processing of Ti6246 than in the
forging process. Therefore, in this study, we investigated the LPBF
processability of Ti6246. This study exploits a wide LPBF process
parameter window to evaluate the correlation between the process pa-
rameters and Ti6246 microstructure evolution. Moreover, the hardness
properties of the microstructures generated from different process pa-
rameters were investigated. Single-scan laser irradiation experiments
and computational thermal fluid dynamics (CtFD) simulations of
selected processing conditions provided further insights into the melting
and solidification modes. Overall, this study aimed to further enrich the
available knowledge on LPBF processing of Ti alloys by filling the
knowledge gap involving p-stabilized a+p alloys, in particular, Ti6246.

2. Material and methods
2.1. LPBF processing of samples

Ti6246 alloy ingots were Ar gas-atomized to produce starting pow-
ders for the LPBF process. The powder particles showed almost spherical

morphologies (Fig. 1) with a particle size distribution of D19 = 24.7, Dsg
= 38.5, and Dgp = 61.5 pm, measured using a particle size analyzer

Fig. 1. SEM image of the gas-atomized Ti6246 starting powder.
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(Mastersizer 3000E, Malvern Panalytical, UK). Table 1 summarizes the
chemical composition of the Ti6246 powder.

Using the LPBF equipment (EOS M290, EOS GmbH, Germany), bulk
cylindrical samples with a diameter of 7 mm and height of 10 mm were
fabricated (Fig. 2). The building chamber was filled with high-purity Ar
gas to maintain the oxygen content below 100 ppm. The process pa-
rameters for the fabrication of the specimens included a fixed hatch
spacing d and layer thickness t of 100 and 60 pum, respectively. The laser
power P and laser scan speed v were varied within the ranges of
180-360 W and 600-1400 mm/s, respectively. The energy inputs
involved in the build were quantified as volumetric energy density
(VED), defined as

VED (J / mm’) =%.

(€3]

The production conditions are listed in Table 2. To better understand
the effects of the LPBF process parameters on the phase and micro-
structure evolution, the fabricated samples were grouped according to
their VEDs (Fig. 2(a)). A bidirectional scan strategy was used along the
X-axis with no rotations in the subsequent layers (Fig. 2(b)). The build
direction was defined as the Z direction, and the direction perpendicular
to the X- and Z-directions was defined as the Y direction. Under all
fabrication conditions, cylindrical samples without any apparent defects
were produced (Fig. 2(c)).

2.2. Phase identification by X-ray diffraction

X-ray diffraction (XRD) analysis was performed on the as-built
samples (SmartLab, Rigaku, Japan) using a Cu-Ka radiation source
operating at 40 kV and 30 mA. Scanning was performed from 10 to 90°
(260) at a scan rate of 2°/min.

2.3. Microstructural observation

To investigate the effects of the LPBF process parameters on the
microstructural evolution, the fabricated samples were sectioned and
mounted to observe the YZ plane (Fig. 2(b)). The samples were me-
chanically ground and polished to 3 pm using the appropriate diamond
suspensions and then chemically polished to a mirror finish using a
colloidal silica suspension. A scanning electron microscope (SEM; JSM-
7200F, JEOL, Japan) equipped with an electron backscatter diffrac-
tometer (EBSD) was used to characterize the microstructures. Obser-
vations were performed in a region 1-2 mm from the top edge of the
sample in the YZ plane (green region in Fig. 2(b)).

2.4. Hardness test

Microhardness tests were conducted using a Vickers microhardness
tester (HMV-G31; Shimadzu, Japan) with a load of 300 gf (~ 2.94 N) and
dwell time of 5 s. Twenty random indentations were made in the pre-
viously defined region of the YZ plane (green region in Fig. 2(b)) for
each sample. The average and standard deviation of the indentations are
noted.

2.5. CtFD simulations

CtFD simulations of laser beam irradiation were performed using a
commercial 3D thermo-fluid analysis software (Flow-3D® with Flow-3D
Weld module, Flow Science, USA) to investigate the solidification
behavior under LPBF processing depending on the manufacturing

Table 1
Chemical composition of Ti6246 powder.

Chemical element Ti Al Sn Zr Mo

Quantity (mass%) Balance 4.67 217 3.79 5.14
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Fig. 2. (a) Summary of laser conditions with respect to VED. (b) Shape and
geometry of the fabricated sample and laser scan strategy adopted in this study.
Microstructural observations and hardness tests were performed within the
green-hatched region. (c) Photograph of the fabricated samples.

Table 2
LPBF process parameters used in this study.

Sample Process parameters
name Laser Scan Hatch Layer VED (J/
power P speed v distance thickness t mm®)
w) (mm/s) d (pm) (pm)
X1 360 600 100 60 100.00
X2 800 75.00
X3 1000 60.00
X4 1200 50.00
X5 1400 42.86
X6 300 600 83.33
X7 800 62.50
X8 1000 50.00
X9 1200 41.67
X10 1400 35.71
X11 240 600 66.67
X12 800 50.00
X13 1000 40.00
X14 1200 33.33
X15 1400 28.57
X16 180 600 50.00
X17 800 37.50
X18 1000 30.00
X19 1200 25.00
X20 1400 21.43
parameters.

The laser heat sources were modeled using a Gaussian distribution,
in which the irradiation intensity distribution of the beam was regarded
as a symmetrical Gaussian distribution over the entire beam. The beam
intensity distribution ¢ is expressed as follows:
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2nP 272
g :iexp(fr—z), @)

2
Ty 0

where P is the beam power, ry is the effective beam radius, r is the actual
beam radius, and 7 is the beam absorption rate. To increase the accuracy
of the model, we calculated 5 by assuming multiple reflections using the
Fresnel equation:

3

1{1+(1—€c0s9)2

! &2 —2¢ecos O +2cos’ 0
1 1+ (14 &cos6)’ '

2 €2+ 2¢ cos 6 + 2 cos? 6

where ¢ is the Fresnel coefficient, and @ is the incident angle of the laser.
The fitting parameter ¢ was validated by optimizing this value to match
the experimentally obtained melt pool shape [27,28]. Local melting
causes material vaporization and leads to high vapor pressure. This
vapor pressure acts as recoil pressure on the surface, pushing the melt
pool down. The recoil pressure was reproduced using the following

model:
AHpy Ty
RTy (1 77)]’ )

where p is the atmospheric pressure, AHyy is the latent heat of vapor-
ization, R is the gas constant, Ty is the boiling point at the saturated
vapor pressure, and A is a ratio coefficient that is generally assumed to
be 0.54, indicating that the recoil pressure due to evaporation is 54% of
the vapor pressure at equilibrium on the liquid surface.

Table 3 lists the simulation parameters, most of which were evalu-
ated using alloy physical property calculation software (JMatPro v11,
Sente software, UK). Density, viscosity, specific heat, thermal conduc-
tivity, surface tension, and compressibility were used, and the temper-
ature dependences are shown in Supplementary Fig. 1S. The emissivity
and Stefan-Boltzmann constant values were obtained from the literature
[29], and the values for pure Ti [30] were used for the heat of vapor-
ization and the vaporization temperature. The dimensions of the
computational domain of the numerical model were 11.0 mm in the
beam scanning direction, 0.4 mm width, and 0.8 mm height. A uniform
mesh size of 10 pm is applied to the computational domain. The
boundary condition of continuity was applied to all the boundaries,
except for the top surface. The temperature was initially set to 300 K and
P and v were the same as those used in the experiments. The fitting
parameter ¢ was used to reproduce the experimentally obtained melt
pool shape. The solidification conditions at the solid-liquid interface,
that is, temperature gradient G, solidification rate R, and cooling rate T,
where T = G x R, were calculated from the obtained temperature dis-
tributions. The validity of the calculation was verified by comparing the
calculated melt-pool shape with that generated experimentally by laser
scanning. For this purpose, the laser was scanned on a bulk Ti6246
sample under the same conditions as those used for fabrication, and the

Precoil :APO exp |:

Table 3

Physical parameters used in CtFD simulations.
Property Symbol Value
Density at 300 K p 4.645 g/cm® [']
Liquidus temperature Ty 1980 K []
Solidus temperature Ts 1938 K ["]
Viscosity at Ty, u 3.49 g/m/s [*]
Specific heat at 300 K Cp 0.519 J/g/K [*]
Thermal conductivity at 300 K A 6.00 W/m/K ["]
Surface tension at T, n 1.638 J/m? [?]
Compressibility at 300 K K 9.19 x 1072 1/GPa []
Emissivity E 0.27 [31]
Stefan-Boltzmann constant o 5.67 x 10~® W/m?/K* [29]
Heat of vaporization AHypy 425.8 kJ/mol [30]
Vaporization temperature Ty 3558.15 K [30]

# Calculated using JMatPro v11.
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melt-pool shape was observed.
3. Results
3.1. Phase identification

The XRD analysis revealed that the starting powder primarily con-
sisted of hcp and bee B phases, with an unidentified peak observed at
approximately 41° (Fig. 3). No peaks corresponding to the ® phase were
observed. For the Ti6246 samples produced by LPBF, the XRD patterns
match the characteristic peaks associated with the Ti6246 alloy [31,32].
Considering the high cooling rate during LPBF, it is generally reasonable
to assume that the hcp phase in the fabricated Ti6246 samples is the
martensitic o’ phase [32]. However, because the o and o’ phases have
the same hcp structure and are usually indistinguishable based on the
XRD peak positions, the peak attributed to this hep phase is described as
a/o’. Additionally, we observed an increase in the peak intensity of the f§
phase with an increase in VED, as indicated by the (200) peak.

3.2. Effect of LPBF process parameters on phase and microstructure
evolution

Fig. 4 depicts typical inverse pole figure (IPF) maps obtained in the
YZ plane. Ti6246 solidified with the bcc p phase and transformed into
the hcp a/a’ phase in accordance with the Burgers orientation rela-
tionship. The IPF maps in Fig. 4 represent the orientation distribution of
the bce phase, which was back-transformed from the hcp phase ac-
cording to the Burgers relationship. In other words, these IPF maps show
the p grain structure during solidification before the p — a/a’ phase
transformation occurs.

The samples fabricated under high VEDs with combinations of
relatively high P and low v (e.g., X1-X3, X6, X7, and X11) formed pro-
nounced columnar microstructures along the build direction. A
columnar microstructure along the build direction is a characteristic
feature of products fabricated using the scan strategy without the rota-
tion of the laser scan direction [5,33]. The columnar microstructure
results from epitaxial growth between the layers [5,33], and, as a cor-
ollary, the grain size along the build direction significantly exceeds the
layer thickness (60 pm). The samples fabricated with intermediate VEDs
exhibited columnar microstructures similar to those produced with high
VEDs, although they were relatively less distinct. In contrast, the sam-
ples fabricated under low VEDs with a relatively low laser power and
high scan speed (e.g., X15 and X18-X20) showed polycrystalline

T T T T T
ea-Ti of-Ti Aunkown
Powder §§ a = g &
(002);\/’\5\\ e L)
; XI?IOO)
K s VED = 25
2
7]
5K _/\ VED = 63
RS 200
X6 o VED = 83
o S\ VED=75
- /\J\/\; A~ A N__~VED=100
30 40 50 60 70 8 90
20 (%)

Fig. 3. XRD patterns of the starting powder and selected Ti6246 samples
produced by LPBF using various VEDs in the YZ plane.
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Fig. 4. IPF map of the f phase, taken in the YZ-plane, showing the p-solidifying
grain structure for (a) sample X6 fabricated under high VED (300 W, 600 mm/s)
with a columnar microstructure and (b) sample X19 fabricated under low VED
(180 W, 1200 mm/s) with a polycrystalline microstructure.

microstructures with smaller grains.

Fig. 5(a) shows the SEM microstructure of the specimens consisting
of the p and a/a’ phases observed in the YZ plane. The o/a’ phases
appear as black areas in the SEM micrographs (Fig. 5(a)). The high-VED
samples, X1-X3, X6, X7, and X11, exhibited extremely refined micro-
structural features with nanosized acicular o/a’ phases, as shown in
Fig. 5(b). In the low-VED samples (X15 and X18-X20), relatively coarse
microsized acicular a/a’ grains were formed over the entire sample
(Fig. 5(d)). For the intermediate-VED samples, the size of the acicular
o/o’ grains was intermediate between that of the high- and low-VED
samples (Fig. 5(c)). The higher the VED, the greater the tendency to
form a finer acicular microstructure.

3.3. Variation in hardness

The hardness of the Ti6246 samples fabricated via LPBF ranged from
513 + 23 HV (sample X6) to 329 + 13 HV (sample X20). Most of the
samples demonstrated higher hardness than the p-forged Ti6246 refer-
ence sample (384 + 26 HV). The hardness of the samples at each laser
power decreased with increasing scanning speed, and at each laser scan
speed, the hardness decreased with decreasing laser power (Fig. 6(a)).
From another perspective, the hardness increases as the VED increases
(Fig. 6(b)). The positive correlation between hardness and VED is
attributed to microstructural refinement because the size of the o/a’
phase was significantly larger at low VED, as shown in Fig. 5. However,
on the high-VED side, the effect of the VED gradually decreases (the
slope of the graph decreases, as indicated by the blue enclosure), and
sample X1 completely deviated from this trend.

3.4. CtFD simulation results

Fig. 7(a) shows an example snapshot of the CtFD simulation under
the laser conditions of P = 300 W and v = 600 mm/s (X6). A melt pool
with an elongated teardrop shape was formed. CtFD simulations were
performed with various Fresnel coefficients, which correlated to the
beam absorption efficiency, and the Fresnel coefficient was determined
to reproduce the experimentally obtained melt pool shape [27,28].
Fig. 7(b) and (c) compare the size of the melt pool generated via
single-scan track experiments and CtFD simulations to validate the
simulation outcomes. In the simulation results, the red area represents
the region that has fully melted once during laser scanning, and the blue
area represents the region that has not even partially melted. The size
and shape of the melt pool observed in the simulations were in good
agreement with the respective single-scan track experiments for both
high- and low-VED fabrication conditions.

CtFD simulations with various P and v conditions corresponding to
the LPBF fabrication were performed to estimate the temperature
gradient G and solidification rate R at the liquid-solid interfaces. The G
and R values at the moment of solidification of each site in the melt pool
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Fig. 5. (a) SEM micrographs of Ti6246 samples fabricated via LPBF under different processing conditions with various VEDs and magnified SEM images of samples
fabricated with (b) high VED (X6), (c) intermediate VED (X17), and (d) low VED (X19).

under all fabrication conditions are shown on the solidification (G-R)
map (Fig. 8). To output the temperature conditions at the solid-liquid
interface in the melt pool, only the data for each mesh with a solid-
phase fraction of approximately 0.5 in the CtFD simulation was evalu-
ated. There was a clear tendency for the solidification behavior to
transition toward a high G and high R as the VED decreased. Multiple
regression analysis revealed that the laser power P had a negative effect
on G and R, and thus on the cooling rate T, whereas the scanning speed v
had a positive effect (Table 4). Thus, T, defined as G x R, becomes larger
with smaller P and larger v. According to the standard partial regression
coefficients g and p-values, P had a relatively large effect on R and v on
G. Although it has been reported in studies under constant P conditions
that T increases with increasing v [34], this is the first study to clarify the
comprehensive effects of P and v on G, R, and T over a wide range of P
and v conditions.

Fig. 9 shows the simulated temperature change in the pre-solidified
part immediately beneath the melt pool as a result of laser irradiation
(scanning). The temperature changes at the melt pool bottom (0 pm) and
at 30 and 60 pm below the bottom under high-VED conditions (300 W
and 600 mm/s, consistent with X6 conditions) and, for comparison,
under low-VED conditions (180 W and 1200 mm/s, consistent with X19
conditions) are shown in the figure. The depth of 60 pm corresponds to
the layer thickness. Near the melt pool bottom, the maximum temper-
ature reached was higher, and steep heating and cooling occurred.

Below the melt pool bottom, the temperature change slowed and the
maximum temperature decreased.

4. Discussion

The hardness of Ti6246 fabricated via LPBF with various fabrication
parameters depended on the size of the a/a’ phase, with a finer a/o’
phase showing higher strength owing to the interphase strengthening
effect (except for the X1 sample fabricated with the highest VED).
Furthermore, the size of the o/’ phase became finer with a higher VED.

4.1. Reasons for a/a’ grain refinement as VED increases

Possible factors affecting the size of the a/a’ phase are the primary
grain size and density of the o’ martensite nucleation sites [35]. Smaller
p grains result in finer o’ martensite grains [36]. However, in the present
study, coarse o/’ grains appeared when the j grain size was small,
indicating that the primary { grain size was not a determinant of the o/’
phase size.

The microstructure of the primary f-grains tended to change signif-
icantly depending on the VED (Fig. 4). Columnar microstructures along
the build direction evolved under high VED conditions, whereas poly-
crystalline microstructures with smaller grain sizes were obtained under
low VED conditions. Under a high VED, the length of the p grains was
considerably longer than the layer thickness (60 pm), suggesting that
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epitaxial growth was dominant. The characteristic alternating stacking
of thick and thin layers is shown (Fig. 4(a)). This thin layer occurs at the
central bottom of the melt pool and is formed by the preferential growth
of the <100>, the easy growth direction of the cubic crystal, along the
build direction owing to the downward heat flow [5], which is the first
report of such an occurrence in bec alloys. Thijs et al. [37] elucidated
that the bidirectional X-scan strategy with no rotations in layers assists
columnar microstructure formation because the laser trajectories
remain the same in each layer. Consequently, the thermal flux was ho-
mogenous for every layer, thereby facilitating epitaxial growth. This is
true when fabricating under high VED conditions but does not hold
outside a certain VED range, as shown in this study.

The size of the primary p phase decreased with increasing cooling
rate T, that is, with decreasing VED. This is consistent with the trend
observed in Ni-based [38] and B-Ti alloys [39], which do not undergo
solid-solid phase transformations during fabrication. In rapid solidifi-
cation, the following relationship between grain size D and T has been
reported [40]:

D=qeT ", %)

where a and n are material-specific constants.
The increase in T sometimes causes a transition in the solidification

Temperature (K)
300 I 3000
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behavior (G-R) from a region of planar growth (high G/R) to that of
dendritic growth (low G/R), located on the opposite side of the
columnar-to-equiaxed transition (CET) line. The value of G/R represents
constitutional supercooling and correlates with crystalline formation
[41]. A lower G/R ratio indicates that compositional undercooling is
more likely to result in a possible loss of the smooth solid-liquid inter-
face. Consequently, nucleation may result in the formation of equiaxed
grains and unstable dendrites [42], producing a more random texture.
However, the solidification behavior revealed in the present study is that
as VED decreases, T increases from 7.7 x 10° to 4.9 x 10° while G/R
remains almost constant. This suggests that the polycrystal formation is
not due to compositional undercooling. Therefore, the reduction of
B-grain size would be responsible for the deviation of the melt pool shape
and the related heat flow directionality from the ideal situation for
epitaxial crystal growth over multiple melt pools [6].
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Table 4
Multiple regression analysis representing the effects of P and v on G and R.
R? P v
p p-value B p-value
G 0.96 -0.19 7.0 x 107* 0.96 1.7 x 10713
R 0.88 -0.77 2.8x10°8 0.54 32x10°°

(c) Specimen X19

>

(b) Specimen X6

100 pm

Volume fraction of Melt region
_ I

Fig. 7. (a) Snapshot of the CtFD simulation of laser-beam irradiation on the Ti alloy. Comparison between melt pool size after single-scan track experiment and CtFD
simulation to validate the simulation outcome. (b) Specimen X6 (300 W, 600 mm/s) and (c) specimen X19 (180 W, 1200 mm/s).



P.V. Cobbinah et al.

(a (®
——2 — 2100 TL=1980K ' 1 1T T T T T 1"
1900 [7s=1938K Process condition
- — X6 o
Melt pool 1700 L — X19 4
g 15001 Distance N
o I — Opm 1
El 1300? -—=30um ]
Oume 8 ool [\ AN 60 pm
30 um @ & 1100 = —
60 um @ S 900 B 5% .
700 e RS
500 - P T —— "
300_‘|.s<".|‘|:1|.|‘|.x.'|‘

=1

2.0 4.0 6.0 8.0 10.0
Simulation time (ms)

Fig. 9. (a) Locations where the temperature change was analyzed and (b)
temperature change during laser scanning under X6 (300 W, 600 mm/s) and
X19 (180 W, 1200 mm/s) conditions.

Another possibility is the density of o’ martensite nucleation sites. It
has been documented that the density of o’ martensite nucleation sites
increases with increasing input laser energy density during LPBF,
resulting in refined o’ martensite grains [43]. Dislocations are consid-
ered to be the preferred nucleation sites for martensite. Products man-
ufactured by LPBF contain large amounts of dislocations [44], indicating
abundant nucleation sites. The available nucleation site density Ny can
be estimated as a function of the irradiated laser intensity as follows
[45].

1
No =5 (1,T)'", ©®

where pgjs is the dislocation density, I is the laser intensity, and T is the
temperature. A higher laser intensity activated the nucleation sites,
leading to the formation of finer o’-grains.

4.2. Reason for the decreasing trend of hardness at higher VED

At ahigher VED, a decreasing trend in hardness was observed despite
the finer a/a’ phase size. To discuss this unusual trend, the thermal ef-
fect of laser irradiation on the pre-solidified part just beneath the melt
pool must be considered rather than the solidification behavior in the
melt pool.

From the XRD peak profiles, the higher the VED, the sharper the hcp
peaks and the higher the bec peak intensity, which implies the decom-
position of o’ martensite into o and  phases. The a phase and o’
martensite both have hep structures; therefore, they exhibit very similar
XRD peak patterns. However, o’ martensite can be distinguished from
the o phase because its peak width is broader [46] owing to its higher
level of dislocations, and thus, lattice distortion caused by rapid cooling
[47]. Sharpening of the peak at a high VED suggests that the dislocation
density decreased and the o’ structure approached the «a structure. This
leads to a decrease in strength [48].

The simulated temperature changes in the pre-solidified part beneath
the melt pool shown in Fig. 9 indicate the possibility of heat-treatment-
like thermal effects on the pre-solidified layer underneath. Under high-
VED conditions, the retention time at elevated temperatures was
significantly longer. The decomposition of martensite has been reported
to occur at retention temperatures of 550-650 °C (823-923 K) [32,49].
Martensite formed in LPBF decomposes in much less than 1 min for heat
treatment at 650 °C [22]. The samples fabricated under relatively
high-VED conditions would be more strongly affected by thermal effects
owing to the longer exposure to high temperatures. The effect of such
steep heating and cooling on the phase transformation, as can occur in
the LPBF process, has not yet been well demonstrated and should be
examined in the future.
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4.3. Variations in solidification and reheating behavior and resultant
hardness despite equal VED

In this study, we used the VED to explain the major trends (e.g.,
Vickers hardness in Fig. 6). VED is the standard index of manufacturing
conditions used to control the properties and quality of products man-
ufactured using the PBF method [50]. The VED is composed of a com-
bination of the laser power, laser scan speed, hatch spacing, and layer
thickness; it does not reflect the balance of each of these condition el-
ements. In this study, the VED of samples X4, X8, X12, and X16 were
equal to 50 J/mm°. Nevertheless, with respect to hardness, X16 (shown
in red), which was fabricated with the lowest laser power and slowest
scanning speed, exhibited a lower hardness than the others (see dashed
ellipses in Fig. 6). The differences in fabrication conditions affected the
solidification behavior in the melt pool (Fig. 8) and the reheating con-
ditions beneath the melt pool (Fig. 10). In particular, the fabrication
condition for sample X16 (lowest hardness) tended to induce a smaller
thermal gradient during solidification and a longer retention time at
high temperatures during reheating than the other three conditions.
That is, among the four conditions with VED = 50 J/mm?, the X16
condition exhibited solidification behavior and hardness closer to that of
the high-VED condition described in Section 4.2.

This suggests that in LPBF, VED broadly reflects but is not necessarily
a univocal indicator of product characteristics, and that product prop-
erties can vary with the balance of condition elements composing the
VED. This finding provides important insight into the need to consider
not only the VED but also various conditions individually for more
precise control of product properties.

4.4. Limitations

This study has several limitations. The volume fraction of the § phase
and the dislocation density, which affect the hardness, have not been
quantified. The volume fraction of the phase can be quantified by EBSD
and XRD; however, in this study, the very fine microstructure (Fig. 5
(b-d)) and the fabrication condition-dependent development of
different crystallographic textures in LPBF [51], respectively, were ob-
stacles to reliable quantification. Dislocation density is analyzed using
XRD, TEM, and EBSD, however, the absence of elastic modulus in each
crystallographic direction of this alloy, the very localized field of view in
TEM for possible heterogeneities described below, and the very fine
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Fig. 10. Temperature change during laser scanning under X4, X8, X12, and
X16 conditions with VED = 50 J/mm?®.
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microstructure, respectively, hindered quantification. In addition, the
large variation in hardness in sample X1 (Fig. 6), produced under the
highest VED conditions, suggested heterogeneities in the microstructure
and hardness; however, no analysis was performed assuming heteroge-
neity in this study.

4.5. Future prospective

In powder bed fusion (PBF) methods, the anisotropy of physical and/
or chemical properties due to anisotropic grain morphology and crys-
tallographic textures is sometimes a problem. A fixed manufacturing
direction is responsible for this challenge. Because the temperature
gradient G is extremely large in LPBF, it is extremely difficult to obtain
an equiaxed microstructure by achieving compositional undercooling by
adjusting the solidification conditions (G, R, T, and G/R) [52].

Equiaxed polycrystallisation can be achieved using inclusions or
particle inoculants as heterogeneous nucleation sites in the liquid phase
[53,54]. Another promising strategy is the use of solid-phase trans-
formations. In particular, an isotropic microstructure can be obtained
when there are a number of equivalent variant relationships, such as the
Burgers orientation relationship seen in the transformation from the bcc
to the hep phase in Ti alloys. Furthermore, as shown in this study, the
a/a’ phase size after the phase transformation could be largely varied
independently of the microstructural feature size of the primary phase to
obtain the desired mechanical properties.

However, if metastable phases such as martensite are formed by
rapid cooling, thermal effects in the pre-solidified part just beneath the
melt pool must be considered. For example, the transformation from the
o’ phase to the o phase reduces strength. In another example, thermal
effects can precipitate a [55] and ® [56] phases in the metastable f
phase, which is obtained by rapid cooling, and deteriorate the perfor-
mance of the biomaterial by increasing Young’s modulus.

The successful use of the thermal effects could enable precipitation of
the strengthening phases in situ. Thus, in the LPBF process, the func-
tionality of the alloys can be controlled through thermal effects on the
solidified part below the melt pool, depending on the alloy type.
Furthermore, as shown in Figs. 9 and 10, the degree of reheating de-
pends on the distance from the bottom of the melt pool. In other words,
by introducing heterogeneity in the microstructure and mechanical
properties, that is, hard and soft domains, hetero-deformation-induced
hardening may lead to the acquisition of materials with superior me-
chanical properties [57]. This study demonstrates this possibility.

5. Conclusions

In this study, we fabricated a Ti6246 alloy under a wide range of
manufacturing conditions using LPBF and comprehensively analyzed
variations in phase, microstructure, and hardness and their causes using
numerical analysis. The following conclusions were drawn:

e Hardness showed a significant positive correlation with the VED of
the laser in the range of VED <70 J/mm?; a decreasing trend in
hardness was observed for fabrication conditions with VED >70 J/
mm®.

The microstructure of the primary f§ phase is highly oriented under
high-VED conditions and polycrystalline under low-VED conditions,
which is consistent with previously reported trends. In contrast, the
o/o’ microstructure after the phase transformation shows an oppo-
site trend to the p microstructure with respect to the VED, becoming
extremely fine under high-VED conditions.

The thermal effects on the pre-solidified parts (reheating effect) were
more pronounced under high VED conditions. Numerical calcula-
tions show that the duration of exposure of the pre-solidified parts to
high temperatures is prolonged under high VED conditions.
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e As a result of the reheating effect, ® martensite with a high dislo-
cation density partially decomposed into o and p§ phases under high-
VED conditions, which is detectable by XRD profiles. Owing to the
phase transformation, samples manufactured under high-VED con-
ditions show a degradation of hardness.

In conclusion, a combination of duplicate LPBF-specific thermal
histories, rapid cooling, and reheating of the pre-solidified part de-
termines the final mechanical properties via metastable o’ phase evo-
lution and partial phase decomposition into o + {3 phases.
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