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Abstract: The efficiency of the fabrication and the cost of feedstock materials are important constrain-
ing factors for a wider application of the laser powder bed fusion (LPBF) process in the industry.
Therefore, it is necessary to investigate the feasibility of using different particle size distributions (PSD)
combined with higher layer thickness for achieving higher building efficiency and cost-effectiveness.
This paper focuses on the effect of PSD (0-53, 15-53, 15-75, and 15-105 pum) on the print quality and
mechanical properties of the LPBF-processed Ti-6Al-4V at a layer thickness of 60 um. The results
show that volumetric energy density (VED) range, which allows the coarse powder to reach full
density, becomes relatively narrower but is still capable of producing fully dense parts when the
parameters are properly adjusted. Among the fully dense specimens, the surface roughness varies
slightly with the increase of VED and PSD. In the case of proper parameter selection, specimens
made of coarse powder can still achieve low surface roughness. Only slight differences in mechanical
performance are found for specimens produced using different PSD powders as they have almost
identical microstructures. The issue of the anisotropic mechanical properties of the as-built specimens
is resolved after annealing treatment at 800 °C for 2 h. This study provides a guideline for producing
high-quality Ti-6Al-4V parts using a higher layer thickness and coarser powders.

Keywords: additive manufacturing; laser powder bed fusion; particle size distribution; surface
roughness; mechanical properties; titanium alloys

1. Introduction

Laser powder bed fusion (LPBF), as a powder-bed-based additive manufacturing
(AM) technology, allows for producing complicated-geometry components with high
dimensional accuracy, low surface roughness, and low material waste [1,2]. In LPBE, the
high-energy laser beam melts the metal alloy powder in the designed two-dimensional
cross-section which facilitates layer-by-layer printing from the bottom up [3-5]. Ti-6Al-4V
is the widest-used titanium alloy in LPBF technology, because of its high strength, low
density, and excellent corrosion resistance, which has made it an important raw material
for aerospace and other applications [6-9].

As LPBF uses alloy powders as raw material, the properties of the metal powder
are crucial for the final manufactured part. The powder properties, such as particle gran-
ulometry, particle morphology, and impurity content, have a significant impact on the
spreading performance, the packing ability, the effective powder thermal conductivity, the
laser interaction with the material, and thus the dynamics of the melt pool [10,11]. As
one of the basic characteristics of powders, particle size distribution (PSD) is generally
considered to be a key quality metric for many powder handling processes including the
LPBF process [12]. Generally, the powder with high sphericity and proper PSD facilitates
good packing density and flowability, thus enabling the fabrication of parts with high
density and good mechanical properties. The proper PSD here refers to the powder used
having a good particle size range without too many fine particles (<10 um) or coarse
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particles (>75 um) corresponding to the commonly used layer thickness of 30-50 um [13].
A powder size of 15-53 um is commonly used by the LPBF process, and it is not advisable
to pursue a very fine powder or coarse powder. If the PSD is not well selected (very fine or
coarse particles), the printability, part density, surface quality, as well as the mechanical
performance of the materials produced can be significantly affected [14-16]. Fine particles
can be easier to be molten in respect to the coarser particle, generally increasing powder
bed packing density and favoring part densification and surface quality [17,18]. On the
other hand, very fine powders present lower flowability, caused by their higher tendency
towards cohesion and agglomeration due to stronger inter-particle attractive forces, and
an increased oxidation content. As reported by Balbaa et al. [19], inferior densification
levels were achieved in the case of fine AlSi10Mg powder (0-20 um) compared to the
case of coarse powder due to its lower powder bed packing density and higher oxygen
content. Pleass and Jothi [20] characterized and processed three IN625 powders with
different PSDs and determined that the fine powder was not processable owing to poor
flowability. Meanwhile, the presence of large powder particles within the powders can
also present challenges to the LPBF process. A study by Soltani-Tehrani et al. [17] found
that the coarse powder led to more manufacturing defects (e.g., pores or lack of fusion)
due to an inferior packing density and a relatively lower laser absorption rate. Similar
observations were also reported in the LPBF-processed 316L by Giinther et al. [13]. In
addition, PSD affects the surface finish because powders with coarser particles result in a
rougher surface due to the adhered large particles to the surface [21]. The influences of PSD
on microstructure and mechanical properties were far less significant than part density,
surface roughness, and accuracy of printed parts [19,22-24]. Soltani-Tehrani et al. [17]
reported negligible variations in microstructure, UTS, and YS between specimens made
from fine and coarse Ti-6Al-4V powder batches. A different view has also been put forward
by Liu et al. [25], finding that 316L stainless steel powders with a narrower PSD provide
better flowability, producing parts with higher UTS and higher hardness. Based on the
above studies, PSD has a considerable influence on the LPBF process, while some of the
results are contradictory, and the direction relationship between the PSD and part density,
surface quality, and mechanical properties has not been established.

Since the powder layer thickness is directly dictated by the powder particle size, it is
vital to choose appropriate processing parameters including layer thickness to achieve high-
quality prints and improve manufacturing efficiency [26]. Increasing the layer thickness
is an efficient way to enhance the structuring speed without rising production costs [27].
However, the part porosity and surface quality can be affected. For instance, Pal et al. [28]
and Gordon et al. [29] investigated the relationship between VED and the porosity of
Ti-6Al-4V at layer thicknesses of 25 um and 30 pum. This showed that the VED reached full
densification in the range of 49-97 ]/ mm? at a layer thickness of 25 pm and 56-83 ]/ mm?3
at a layer thickness of 30 um. Panwisawas et al. [30] and Qiu et al. [31] reported an
increased porosity of Ti-6Al-4V specimens when using layer thicknesses higher than 40 pm
for a layer thickness range of 20-120 pm. A study by Nguyen et al. [32] found that the
surface roughness of the Inconel 718 specimens increased from 3.5 um to 12.3 pm as the
layer thickness increased from 20 pm to 50 um. Till now, the feasibility of combing a
large layer thickness (e.g., no less than 60 um) with large PSD is not well understood for
LPBF Ti-6Al-4V.

Hence, this work aims to explore the application possibility of a wider PSD powder
at a relatively higher layer thickness of 60 um so as to improve the building efficiency
and reduce the cost of powder feedstock. Besides, this work attempts to establish the
relationship between forming window, surface roughness, and mechanical properties of
Ti-6Al-4V parts using powders with different PSDs (0-53, 15-53, 15-75, and 15-105 pm).
The 15-53 um powder was employed as a reference group for this study as it is the most
widely used powder PSD. The 0-53 pm powder was used to study the impacts of fine
powder size, while the 15-75 um and 15-105 um powders were designed to explore
the potential for using coarser powders in industrial production. The porosity, surface
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quality, and microstructural changes were analyzed using optical microscope (OM), three-
dimensional profiler, and scanning electron microscope (SEM). The tensile properties of the

specimens made from these four different powders were evaluated in both the as-build
and annealed states.

2. Materials and Methods
2.1. Feedstock Powder

The Ti-6Al-4V powders used in this study were produced by a gas atomization process
and provided by FALCONTECH (Wuxi, China). Four types of gas-atomized Ti-6Al-4V
powders with different PSDs were selected as the feedstocks. The morphology of powders
was observed using a TESCAN S8000 GMH SEM (TESCAN, Brno, Czech). As shown
in Figure la—d, the powders are mostly spherical or spherical-like with some satellites
attached to the surface. The PSDs of these four groups of powders were measured by laser
diffraction technique using a CILAS 990 and the results are presented in Figure le. All of
these four powders (0-53, 15-53, 15-75 and 15-105 um) show a Gaussian distribution with
mean particle sizes of 33, 35, 45, and 59 um, respectively. In the following text, they are
termed as T1, T2, T3, and T4 powder, individually. The corresponding specimens made
from these four powders are named T1, T2, T3, and T4 specimens.
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>
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Figure 1. (a—d) SEM images showing the particle morphology of the Ti-6Al-4V powders: (a) T1

(0-53 pm); (b) T2 (15-53 pum); (c) T3 (15-75 pum); (d) T4 (15-105 um); (e) PSD of the Ti-6Al-4V powders
used in this study.

The flow behavior of powders was assessed using the Hall flowmeter method. In this
technique, powder flowability refers to the time required for 50 g powder to flow freely
through a standard funnel. Apparent density is the mass per unit volume of powder after
it has been subjected to free falling. Tapping density is defined as the mass per volume of

powder after vertical agitation until no significant settling occurs. Each value was measured
three times and then averaged.

2.2. LPBF Process

The LPBF process was carried out using a BLT 5210 machine (Bright Laser Tech-
nologies, Xi’an, China) equipped with an ytterbium fiber laser (IPG YLR-500, Karlsruhe,
Germany). A schematic illustration of the LPBF Ti-6Al-4V specimens and their geometries is
shown in Figure 2. To assess the processing window for these four types of powders, a range
of laser parameters was used to fabricate cubes with a dimension of 10 x 10 x 15 mm?
The key processing parameters are listed in Table 1. At the laser power of 280 W, the scan
speeds varied from 600 to 1800 mm/s. For a given scan speed of 1200 mm/s, the laser
power changed from 200 to 400 W. A constant layer thickness of 60 pum and hatch spacing of



Metals 2023, 13, 604

40f18

Porosity

0.1 mm were employed. The volumetric energy density (VED) defined as the laser energy
exposed to per unit volume was calculated by the following equation [33]:

E, = % (]/mm3)

where P is the laser power, V is the laser scanning velocity, & is the hatch spacing, and [ is
the layer thickness. The VED varied from 25.9-77.8 J/mm? in the current study.
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Figure 2. The sample scheme of the Ti-6Al-4V specimens for (a) porosity/tension and (b) surface
roughness measurements. (c¢) Geometrical size of the pyramid specimen for surface roughness
measurement and (d) geometrical size of the tensile specimen.

Table 1. Process parameters for producing cubes.

Manufacturing Parameters Values
Laser power/W 200-400 280
Scanning speed /mm-s ! 1200 600-1800
VED/J-mm—3 27.8-55.6 77.8-25.9

Based on the experimental results of porosity measurement, nine sets of laser pa-
rameters that allow the production of high-density parts were selected to assess their
impacts on the surface roughness. As demonstrated in Table 2, the laser power ranges
from 240 to 320 W, while the scan speed varies from 900 to 1500 mm/s. For the surface
roughness measurements, both cubic and pyramidal specimens were produced. The former
was used for testing the roughness of the top surface (X-Y plane), while the latter was
used for evaluating the roughness of side surface with different angles as displayed in
Figure 2b,c. Only the T2 and T4 powders were selected as the feedstocks to assess the PSD
on the roughness of side surface based on the pyramid model.
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Table 2. Process parameters for producing pyramid specimens.

Scanning Speed

Specimens Laser Power (W) ( 1 VED (J-mm~3)
mm-s—1)
1 320 900 59.3
2 320 1200 44.4
3 320 1500 35.6
4 280 900 51.9
5 280 1200 38.9
6 280 1500 311
7 240 900 444
8 240 1200 33.3
9 240 1500 26.7

To evaluate the effect of PSD on the mechanical properties of Ti-6Al-4V alloy, these
four types of powders were fabricated using the same optimized laser process parameters.
A laser power of 280 W and a scan speed of 1200 mm /s were selected to produce tensile
test samples. As illustrated in Figure 2a, the tensile specimens were oriented in parallel
and perpendicular to the build direction.

In order to minimize oxidation of the Ti-6Al-4V samples, the entire fabrication process
was carried out under a high-purity argon atmosphere with an oxygen content below
100 ppm. The specimens were printed on the Ti-6Al-4V plates. The LPBF laser scanning
direction was alternated by 67° between two adjacent layers to reduce residual stress and
interlayer defects.

The printed parts were removed from the substrate by electrical discharge wire-cutting.
The tensile test specimens were annealed at 800 °C for 2 h in a vacuum oven followed by
furnace cooling.

2.3. Material Characterization

The as-built and annealed Ti-6Al-4V specimens were sectioned parallel to the build
direction for microstructural evaluation by electrical discharge wire-cutting. A conven-
tional mechanical polishing method was used to grind and polish the sections along the
build direction. A mixture of H,O; solution and OPS (oxide polishing suspensions) (1:5
volume ratio) was used for the final polishing step. Optical micrographs (OM) were taken
by the Axio Observer 3 Materials. The porosity of the specimens was measured by ana-
lyzing at least of five OM images using Image-]J software (NIH, Bethesda, MD, USA). In
accordance with quantitative stereology, the relative density of a specimen is considered to
be equivalent to the percentage area of relative density in the measured section [34]. To
reveal the grain morphology, the polished specimens were etched in a solution of 2 mL HF,
6 mL HNOj; and 92 mL H,O for 20 s. Microstructure analysis was performed using SEM
(TESCAN S8000 GMH) in the backscattered electron (BSE) mode.

The pyramid specimens for surface roughness measurement consist of 48 individual
sections. The roughness of the sample was evaluated by tactile profilometry using the
DEKTAK XT 3D surface profiler (Bruker, Karlsruhe, Germany). With the test surface rotated
vertical to the probe, the Ra value was acquired for a given position within an evaluation
area of 2 x 2 mm?. Three repetitive measurements were performed on each test surface. The
surface morphologies of the cubes and pyramid specimens were observed by using SEM.

2.4. Tensile Test

Two groups of rectangular bodies horizontal and vertical to the build direction were
machined to the dimension size for the tensile test, as illustrated in Figure 2c. Tensile tests
were performed on an MTS C43.504 type machine (MTS, Eden Prairie, MN, USA) with a
crosshead speed of 1 mm/min. The fracture morphologies of the tensile specimens were
analyzed by SEM.
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3. Results and Discussion
3.1. Flowability

As can be seen from Table 3, all these four types of powders can flow freely in the
Hall flowmeter, and the time to drain 50 g of powder decreases as the average powder
size increases, indicating an improved flowability for the coarse powders. The superior
flowability of the coarse powders compared to the fine powders is mainly due to the
enhanced Van der Waals forces in the fine powders, electrostatic adsorption, and increased
capillary forces on the powder surface [35]. The Hausner ratio values also show the same
tendency as the data collected by the Hall flowmeter [36]. The flow properties of the four
powders do not vary greatly, all falling within the range of good flowability [37].

Table 3. The flowability of the powders with different PSDs.

Average Particle Fluidity Apparent Density Tap Density .
Types Diameter (um) (s/50g) (g/cm3) (g/cm3) Hausner Ratio
T1 33 36.72 2.30 2.86 1.243
T2 35 34.29 2.30 2.84 1.235
T3 45 29.94 2.32 2.84 1.224
T4 59 24.30 241 292 1211

3.2. Relative Density

Figure 3 shows the relative density of the as-built specimens as a function of VED.
As the VED increases from 26 to 78 J/mm?3, the densities of specimens produced from the
first three powders change similarly, all increasing from approximately 99.7% to near full
density (>99.9%) and then decreasing to approximately 96.5% when further increasing the
VED. It is interesting to note that the density variation of the T4 specimens is more sensitive
to the changes in VED compared to the other three powders, especially at low VEDs and
high VEDs. The results are likely due to the fact that the droplets and powder spatter
caused by high energy density will also have a negative impact on the density of the sample.
T4 powder has a high proportion of large particles, the spattering of these large particles
may cause more obvious defects compared to small particle size powder [38]. Here, the
process window is defined as the VED allowing for producing specimens with a density
higher than 99.9%. The T1, T2, and T3 powders exhibit similar process windows with the
VED ranging from 26 to 58 ]/mm?. In comparison, the T4 powder has a narrower process
window with the VED varying from 39 to 58 ]/mm?. Although the use of T4 powders
requires more critical processing parameters, it can be seen from Figure 3 that proper VED
range allows to produce a nearly full-density product, which can meet the requirements of
industrial manufacturing. Herein, the VED range for achieving full densities in this study
at a layer thickness of 60 um is significantly lower than those for the layer thicknesses of
25 um and 30 pm in previous studies [28,29].

Figure 4 displays OM images of representative specimens produced using four dif-
ferent powders at different VEDs as shown in Table 1. A big difference in porosity level
is observed on the specimens produced from these four powders at the same VED of
26 J/mm?3. The porosity of the T4 specimen is approximately four times higher than the
other three groups and there is also a significant increase in pore size. The pores are irregu-
lar, indicating a lack of fusion defect (LOF) due to the low laser energy. A main reason for
this phenomenon is that the larger particles cannot be completely melted at lower VED as
they required a higher input of laser energy or time for laser-material interaction [29]. At
low VED, the laser is only able to vaporize surface spatters of the large particles. The recoil
pressure presses the powder clusters downwards into the melt pool, causing discontinuities
of laser tracks and preventing full dense solidification. Large spatters also contaminate
the orbital surroundings and form large agglomerates, which contributes to more LOF
defects [39]. These defects are commonly featured by their generous size and irregular
shape [40]. At the VED of 39 J/mm?, fully dense samples are obtained regardless of the
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PSD of the powder. At a higher VED of 78 ]/mm?, however, all the specimens produced
from these four powders exhibit keyhole defects with comparable porosity and defect size.
This defect formation is mainly due to the recoil pressure generated by laser evaporation of
the metal, which is large enough to open a deep, high aspect ratio vapour depression as the
VED increases [41].

—a—T1
100 |
S 99 -
2
0
c
[T
(]
Q -
> 98
-
o
Q
14
97
96 1 1 1 1 L 1 L 1 L 1 L 1
20 30 40 50 60 70 80

VED (J/mm?)

Figure 3. Relative densities of the LPBF specimens manufactured at various VEDs.

The above results show that using the VED in the range of 39-58 J/mm? is capable
of producing fully dense parts for all these four powders. Based on that, it is necessary
to investigate the influence of PSD on the surface roughness of the LPBF-processed parts
within the process window (39-58 J/mm?).

3.3. Surface Roughness

As the components are manufactured in a layer-by-layer manner in the LPBF process,
the top surface of each layer serves as the substrate for the deposition of the next powder
layer. The surface characteristics of the top layer, therefore, play a significant role in the
powder spreading process and affect the density of recoated powder bed [19]. Figure 5
shows the top surface morphology of the cubic specimens made using different powders
at different VEDs. A qualitative comparison of the surfaces shows that the top surface
quality gradually deteriorates as the VED decreases. In the case of high VED (78 J/mm?),
powder particles can be fully melted by the laser beam, resulting in a very smooth surface
with well-welded tracks. Only a small number of adhered particles are observed between
the tracks. In this case, little difference in top surface morphology can be found for the
specimens using different powders. When the VED decreases to 39 J/mm3 and 26 ] /mm?,
the top surface becomes rugged as a large number of unmelted powder particles adhered to
the surface, and the laser tracks seem to be not fully overlapped. The specimens fabricated
using coarser powder (T3 and T4) exhibit poorer surface quality compared to the T1 and
T2 powders as more unmelted large particles are attached to the surface. At lower energy
densities, most of the larger particles are difficult to melt completely and this LOF defect
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accumulates layer by layer and gradually deteriorates the surface quality. As a consequence,
a large number of voids are shown in Figure 5j. Faster laser scanning speeds at a fixed laser
power can reduce the presence of adhering particles, but excessively high scanning speeds
can lead to unstable melt pool formation and deteriorate surface finish. This is because
the elongated pools formed at high scanning speeds are more susceptible to the effects
of plateau-Rayleigh instability. The presence of large particles in the coarse powder also
further reduces the stability of the melt pool and deteriorates the surface finish [42,43].

() 26 J/mm? T1 (b) 39 J/mm® T1 0 78 I 11

99.850/0 ] 99-96%
(d) 26 I/mm3T2 | (€) 39 J/mm* T2
(€26 Jmm*T3  (h)39 J/mm3T3 ") 78 Ymie T3 -
99.71% . - 99.95% BT s, o B
() 26 JAmm* T4, ©* ¢ (k)39 J/mm® T4 (78 Fimimd T4 LT
T RN R
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Figure 4. OM images of the specimens produced from different types of powders and process parame-
ters: (a—c) T1, (d—f) T2, (g-i) T3, and (j-1) T4; (a,d,g,j) VED =26]/ mm? (Laser power = 280 W Scanning
speed = 1800 mm/s), (b,e,h, k) VED=39]/ mm? (Laser power =280 W Scanning speed = 1200 mm/s),
(¢,£i,1) VED =78 J/mm?3 (Laser power = 280 W Scanning speed = 600 mm /s).
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Figure 5. Top surface morphologies of LPBF specimens formed using different powders and
process parameters: (a—c) T1, (d—f) T2, (g-i) T3, and (j-1) T4. (a,d,gj) VED =26]/ mm?> (Laser
power =280 W Scanning speed = 1800 mm/s), (b,e,h,k) VED = 39 J/ mm? (Laser power =280 W
Scanning speed = 1200 mm/s), (cfil) VED = 78 ]/ mm? (Laser power = 280 W Scanning
speed = 600 mm/s). The arrows show the scanning direction.

Figure 6 shows the Ra values measured on inclined surfaces of the pyramid specimens
with different manufacturing parameters. Due to the staircase effect during LPBF [44],
Ra values are generally lower for the up-skin surface compared to the down-skin sur-
face. Furthermore, the variation of Ra values with experimental numbering is similar for
different inclination angles of the up-skin and down-skin surfaces. Among these fully
dense specimens, the surface roughness varies between 8 and 12 pm. That is, with the
increase of VED and PSD, the increase of Ra is not obvious. Ra values measured from
the individual facets of the T4 specimen are plotted in Figure 7. The distance and angle
between the laser origin and the sample surface have little effect on the roughness as the
Ra values do not show a dependence on the sample position. This differs somewhat from
the results of Chen et al. [45]. This could be explained by the narrower forming area of the
equipment used in this study and the fact that the size of the model itself was reduced by
40% compared to the reference model [45]. The reduction in overall sample size may have
resulted in a reduced position dependence of Ra.
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Figure 6. Ra values measured on the inclined surfaces of the pyramid specimen using different PSDs

(b) 45° down-skin, (c) 60° up-skin, (d) 60° down-skin.
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Figure 7. Angular plot of Ra values measured from up-skin and down-skin surfaces of the cone-shaped
roof structure. Roughness was measured at 12 different angles relative to the powder re-coating direction.

The processing parameters used in (a—i) are for specimens (1-9) as shown in Table 2.
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Figure 8 shows surface morphologies of the up-skin and down-skin sides of the T4
specimen at different angles using a laser of 280 W and a scan speed of 1200 mm/s. It can
also be seen more clearly that the down-skin surface has more cavities and worse overall
roughness compared to the up-skin surface. For the lower skin surface, the fusion zone is
supported by the underlying powder bed, and local heat dissipation is significantly slower
due to the limited contact between the powder particle surfaces and the insulating air gaps
between the particles [46]. As a result, large melt pools are more likely to form and extend
into the powder bed under the influence of gravity and capillary forces. These larger melt
pools allow more semi-molten powder particles to adhere to the surface, creating a raised
edge [47,48]. The results of this pyramidal specimen roughness test show that a satisfying
surface quality can be achieved with a layer thickness of 60 pm. In addition, the roughness
can be further improved during manufacturing by using an outline scan strategy, especially
on the down-skin surface.

200pm,

2
QOOﬂm

Figure 8. Typical SEM images of the selected facets of the T4 specimen on (a) 45° up-skin surfaces;
(b) 45° down-skin surfaces; (c) 60° up-skin surfaces; (d) 60° down-skin surfaces.

3.4. Microstructural Characterization

Figure 9a—d show the OM images of the vertical section of the specimens made from
different powders. The elongated columnar grains with lengths of hundreds of micrometers
are presented along the build direction. The elongated grains are prior -phase grains due
to the epitaxial growth through multiple deposited layers as a result of the large temperature
gradient, as reported in the previous studies [49,50]. In addition, a large number of fine
acicular martensites form within the columnar prior 3 grains. There is bare difference in
the microstructure of the specimens fabricated from these four different powders, as the
average PSD of all these four powders is less than the layer thickness, and the consistency
of the powder flow made the spreading of the powders comparable. Therefore, these
four powders underwent a similar remelting /solidification process and thermal history
during the manufacturing process, and exhibit almost identical microstructures at the
optimum parameters.
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Build direction

200um ' 200um

Figure 9. OM images of the as-built specimens made from different powders: (a) T1; (b) T2; (c) T3;
(d) T4.

Figure 10 shows the BSE images taken from the T4 specimen in the as-built state and af-
ter annealing heat treatment. The as-built specimen is featured by the acicular o/ martensite
in columnar prior B grains due to the rapid cooling in the melt pool (10°~10° K/s) and high-
temperature gradients (10*~10° K/cm) [51,52]. Another study by Soltani-Tehrani et al. [17]
also demonstrated that the differences in phase composition and microstructure between
specimens of different PSDs were minimal. The presence of a non-equilibrium structure
in the as-built state can be modified via annealing treatment. As shown in Figure 10b,
the morphology and structure of the «” phase change from the original acicular shape to
lamellas and a portion of « phase has transformed into 3 phase after two-hour annealing
treatment at 800 °C. Hence, the 3-phase content and martensitic lath width of the annealed
specimens showed a significant increase, as depicted in Figure 10b.

3.5. Mechanical Properties

The tensile properties of the as-built and annealed Ti-6Al-4V specimens fabricated
using different powders are shown in Figure 11 and the YS, UTS and fracture elongation
values are presented in Table 4. It should be noted that the tensile test specimens were
machined to exclude the influence of surface roughness on the tensile properties, therefore
only the effect of microstructure was considered. The tensile properties of these four
types of specimens show almost the same performance in both the as-built and annealed
states. This is mainly due to the virtually identical microstructure they share. The as-
built specimens exhibit considerable anisotropy in tensile property between the horizontal
and vertical directions. The average YS and UTS are 1200 MPa and 1064 MPa along the
horizontal direction, which are approximately 30 MPa and 100 MPa higher than their
vertical counterparts, respectively. Conversely, the fracture elongation of the horizontal
specimens is 18% lower than that of the vertical specimens. This anisotropy in tensile
properties is improved by annealing treatment at 800 °C for 2h. After annealing treatment,
the YS and UTS decrease from 1197 MPa and 1064 MPa to 1022 MPa and 948 MPa in the
horizontal direction and decline from 1115 MPa and 1055 MPa to 1027 MPa and 964 MPa
in the vertical direction, while the fracture elongation increased from 9.8% to 14.6% in the
horizontal direction and from 12.0 to 14.9% in the vertical direction.



13 0f 18

Metals 2023, 13, 604
™ acieular o
: ST
'/‘*1&£cﬂidu \\;\' N
4 .\ % _'..\\\" "
AR
> w 7 ol
1
Figure 10. BSE images showing the microstructure of the T4 specimen: (a) as-built, (b) 800 °C-2h
annealing treatment. (a1) and (bq) show the magnified images as marked in (a) and (b), respectively.
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Figure 11. Tensile properties of the as-built and annealed Ti-6Al-4V specimens using different
powders: (a) as-built state in horizontal direction; (b) as-built state in vertical direction; (c) annealed
state in horizontal direction; (d) annealed state in vertical direction.
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Table 4. Tensile properties of the as-built and annealed Ti-6Al-4V specimens using different powders.

Sample UTS (MPa) YS (MPa) Elongation (%)

T1 1201 1072 9.5
. . T2 1206 1077 10.8
As-built Horizontal T3 1193 1060 97
T4 1189 1048 9.1
T1 1122 1062 12.3

. . T2 1106 1047 12.1
As-built Vertical T3 1106 1047 11.2
T4 1124 1064 12.3

T1 1026 953 14.1
. . T2 1029 956 14.3
Annealing Horizontal T3 1019 945 15.0
T4 1014 938 15.1
T1 1028 963 15.2
. . T2 1041 978 16.2
Annealing Vertical T3 1023 961 13.9
T4 1017 954 14.1

The anisotropy in tensile property could originate from the microstructure anisotropy
(columnar prior-p grains along the as-built direction) and the difference in residual stress
and texture. Firstly, influenced by the temperature gradient, the 3-columnar crystals grow
oriented in the building direction during LPBE. When the specimen is tensioned in the X-Y
direction, the force direction of the specimen is almost perpendicular to the direction of the
prior -columnar grain boundaries. This makes it easier for dislocations to accumulate at
the grain boundaries under stress conditions in the specimen, greatly hindering dislocation
slip and thus achieving a higher tensile strength [53]. Secondly, residual stresses are also
an influential factor in the anisotropy of the tensile strength. Provided that the effect of
phase transformation on residual stresses is excluded, the fact that each deposited layer
introduces a certain number of residual stresses makes the level of residual stresses and the
potential susceptibility to cracking increase the higher the number of layers of prepared
specimens [54]. The result is that the vertical specimens show a worse tensile strength
relative to the horizontal specimens. Thirdly, the texture may affect the activation of the slip
system by altering the Schmid factor (SF), leading to variations between the tensile strengths
of specimens in different orientations [55]. Ren et al. [56] experimental results show that the
percentage of XSF (0.4 to 0.5) is higher in vertical specimens than in horizontal specimens,
which also matches the lower yield strength. On the other hand, the anisotropy of specimen
plasticity is mainly caused by impurity elements and defects that often accumulate at grain
boundaries, which makes horizontal specimen plastic deformation more resistant [49].

The two-hour annealing treatment at 800 °C is accompanied by the weakening and
reduction of grain boundaries and the gradual melting of columnar crystals. The gradual
homogenization of the specimens after annealing weakens the effect of microstructure and
texture on the anisotropy of the specimen in terms of tensile strength and elongation. At
the same time, the residual stresses in the specimens are released after the heat treatment,
which further reduces the anisotropy of the tensile strength.

The fracture characteristics of the horizontal specimen shown in Figure 12a indicate
that the edges of the fracture are dominated by ductile fracture, while in the middle of the
fracture there are a large number of cleavage steps, which are dominated by brittle fracture.
The fracture form is along the crystal fracture with low plasticity. In contrast, the central
part of the fracture of the vertical specimen shown in Figure 12¢ consists of an equiaxed
toughness nest and a destructive step, which is consistent with the characteristics of the
so-called quasi-destructive fracture mode in a similar report [57]. Due to the preferential
nucleation of the crack at the prior  grain boundary and the large amount of plastic
flow during crack extension, the dimples are elongated in the tensile direction [58]. As a
consequence of this, vertical specimens built parallel to the prior 3 grain boundary tend to
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generate more dimples fracture features during crack extension. After the annealing heat
treatment, the prior 3 grain boundaries are gradually reduced, and the microstructure of
the specimens is more homogeneous than in the as-built state. Therefore, the anisotropy of
the mechanical properties of the specimens gradually decreases and they all show a large
number of dimples at the fracture.

‘ (ap) P ' & ) G ‘ ('/’1'

quasi-cleavage fracture

1mm 100pm ‘ : 1 00;11';1

Figure 12. SEM images showing the tensile fracture surfaces of the as-built and annealed Ti-6Al-4V
specimens produced using T3 powder: (a) as-built state in horizontal direction; (b) as-built state in
vertical direction; (c) annealed state in horizontal direction; (d) annealed state in vertical direction.
(a1—d1) are the magnified SEM images corresponding to (a—d).

4. Conclusions

In this study, the main purpose of this study is to explore the application possibility of
wider PSD powder under higher layer thickness. The effect of PSD on the print quality and
mechanical properties of LPBF Ti-6Al-4V with a layer thickness of 60 um was investigated
by evaluating the porosity, surface roughness, microstructure, and mechanical properties
of the specimens. The following conclusions can be drawn from this study:

(1) The process window (VED range) that allows for the successful fabrication of fully
dense parts using the coarse powders (T4 powder: 15-105 um) is relatively narrower
compared to the other three powders due to the higher laser energy required for
completely melting the large particles. Nevertheless, a high density of over 99.9% was
still achieved in the VED range of 39-58 J/mm? at the layer thickness of 60 ym. This
suggests that coarser powders can still be used for fabricating dense specimens when
the parameters are properly regulated.

(2) Among these fully dense specimens, the surface roughness varies slightly with the
variation of VED and PSD. In the case of proper parameter selection, specimens made
of coarse powder can still achieve a low surface roughness, which is comparable to
the case at layer thickness of 30 pum. The down-skin surface and the lesser formation
angle decrease the forming quality due to the step effect.

(3) The fully dense specimens fabricated using four different powders demonstrated
comparable tensile properties. The anisotropy in tensile properties of the as-built
Ti-6Al-4V can be fully improved by annealing treatment at 800 °C for 2 h. The tensile
properties, with UTS > 1000 MPa, YS > 900 MPa, and elongation > 10% in the annealed
state, meet the application criteria for industrial production.
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