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Abstract

Density optimization is the first critical step in building additively manufactured parts with high-
quality and good mechanical properties. In earlier work, we developed an approach that combines
simulations and experiments to identify processing parameters for high-density parts. Here we
present the results for Ti-6Al-4V using the laser powder-bed-fusion technique. We show how
simple, but approximate, simulations are used to design parameters for a limited set of single track
experiments. The resulting melt-pool characteristics are then used to identify processing
parameters for high-density pillars. From these experimental data, a processing diagram based on
the normalized energy density concept is constructed, illustrating an optimized processing window
for high- or low-density samples. Excellent mechanical properties are obtained for Ti-6Al-4V
samples built from the optimized window. We discuss the limitations and implications of the

processing diagram on the microstructure and mechanical properties.
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1. Introduction

Laser powder-bed-fusion (L-PBF) - one type of additive manufacturing (AM) techniques - is
a versatile and powerful approach to producing materials and parts directly from a computer-aided
design file (i.e., STereoLithography (STL) file)) (Herzog et al., 2016). To date, many common
engineering materials have been fabricated successfully via the L-PBF technique, including Ti-
6AIl-4V (Mazur et al., 2016; Beese and Carroll, 2016; Xu et al., 2015c; Kasperovich et al., 2016;
Zhao et al., 2016), steels (Ahmadi et al., 2016; Bertolia et al., 2017; Wang et al., 2016), Al-based
(Leary et al., 2016), Co-based (Murr et al., 2012), and Ni-based alloys (Carroll et al., 2016; Wang
et al., 2017). In almost all these materials, it is desirable and often necessary to achieve near fully
dense samples in order to create parts with good mechanical properties that are required for
practical applications. As such, density optimization plays a vital role during the L-PBF processes,
where a broad range of laser parameters and scan strategies can be chosen. It becomes even more
important when different L-PBF machines are used where different laser processing parameters
are not directly transferable. In practice, density optimization is the first and most important step
for selective laser melting (SLM) (Herzog et al., 2016) and electron-beam-melting (EBM)
techniques (Murr et al., 2012).

In our previous work (Kamath et al., 2014; Kamath, 2016), we described an approach for
determining the laser processing parameters that could result in high-density parts manufactured
via the L-PBF additive-manufacturing processes. Our approach, which combines simple computer
simulations and selective experiments, was demonstrated using 316L stainless steel and a Concept
Laser M2 machine. A unigque advantage of our approach is that it allows us to map out the entire
laser processing space for a given material and an SLM machine, avoiding trial-and-error and
excessive experiments that inevitably lead to incomplete laser parameters identification
(Kasperovich et al., 2016). In this work, we report the results of our approach for Ti-6Al-4V using
a Concept Laser M2 machine, which is one of the most commonly-used commercial L-PBF
systems. Ti-6Al-4V alloy, due to its high strength-to-weight ratio and excellent corrosion
resistance, has been used extensively to build porous or lattice structures for biomedical implants
(Van Bael et al., 2011) and light-weight impact absorber applications (Sallica-Leva et al., 2013).
Defects in thin and small struts (Hernandez-Nava et al., 2016) — the key building blocks of porous
and lattice structures — could lead to failure of these parts, making it crucial that the parameters

used be selected appropriately.
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Having identified the processing parameters that result in high-density parts, we constructed a
processing diagram that illustrates the window of samples with density better than 99.0%. Such a
diagram has been commonly used to depict the processing parameters for PBF techniques (laser
or electron-beam based) given the material properties and the machine specifications. Though we
have successfully applied our density-optimization method, which is based on simple simulations
and single-track experiments, to different materials and different L-PBF machines, we expect that
the processing diagram will provide additional insight into the selection of parameters for high-
density parts. Unlike 316L stainless steel, Ti-6Al-4V is a rather reactive material during the SLM
processes. Therefore, several practical issues arise in this material (in addition to the density
optimization). We discuss the relevance of materials property to the selection of laser parameters.
For the sake of completeness, we briefly examine and report the microstructure and mechanical
properties of as-built fully-dense Ti-6Al-4V parts. We show that our material properties are often

more superior than those reported in the literature.

2. Experimental details and theoretical analysis
2.1 A multi-step approach to identify parameters for high density

We use a multi-step approach to identify the processing parameters for high-density, Ti-6Al-
4V parts. This approach can be summarized as follows for a generic material and a PBF machine.
We start by using computationally inexpensive simulations to identify the region of design space
that results in melt pools with sufficient depth (that is, 2-3 times the set value of powder layer
thickness, L). This depth ensures that the deposited energy is sufficient high to melt through the
powder into the layers below, while accounting for the fact that the porosity of the powder leads
to a steady-state powder layer thickness that is larger than the amount by which the build platform
drops during each layer of the SLM process. Our simulation is based on the Eagar-Tsai model
(Eagar and Tsai, 1983) and takes as input, the values of four parameters - laser speed, laser power,
beam size, and absorptivity of the powder. The beam size is fixed for the machine and the
absorptivity is constant for a chosen material. However, we vary both in a narrow range to account
for any uncertainties in their measured values, as well as variation during the process of building
a part. In the simulations, we primarily varied laser power and scan speed; but also consider spot
size and absorptivity. Specifically, we varied the speed from 200 to 2000 mm/s, the power from
100 to 400 W, the spot size (D4c) from 50 to 68 pm, and the absorptivity from 0.3 to 0.6. TO



create the input to the Eagar-Tsai simulation, we generated 100 parameter combinations in this
four-dimensional input design space using the best candidate sampling (Kamath, 2016). Based on
the results of the simulations, we identify 28 power-speed combinations for single track
experiments (based on similar criteria used in our previous work, Kamath et al., 2014). In these
experiments, a single layer of powder with the particle size in the range of 10-45 pum is spread on
a plate and single tracks, at given power and speed values, are built on the plate. The plate is then
cut, cross-sectioned, and the melt-pool width, depth, and height are measured. Using the actual
depth of the melt-pool for a given set of power and speed values, we can determine possible
parameters for use in building small cubes, which we refer to as density pillars. These cubes are
cut from the plate and their density is measured using the Archimedes principle. Whenever
necessary, the parameters can be modified to improve the density, as we show below. By
combining simulations and experiments, our approach allows for quick arrival of processing
parameters that can result in high-density parts.

2.1.1 Simulations to design single-track experiments

In our work with Ti-6Al-4V using the Concept Laser M2 system, we generated 100 parameter
sets as input for the Eagar-Tsai simulation by varying the four input parameters within the power
(0-400 W) and speed ranges (200-2000 mm/s) of our Concept Laser M2 machine. Since our
Concept Laser M2 system had a beam size D4Sigma =54 pum, we varied its value between 50-68
pum and varied the absorptivity between 0.3 and 0.6 (Boivineau et al., 2006). Based on these results,
we identified 28 power-speed values for use in building single tracks with a 50 pum layer thickness.

2.1.2 Building pillars to evaluate density

The results from the single-track experiments gave us an estimate of the depth of melt-pools
as the laser power and speed were varied. This allowed us to select suitable parameters for building
small pillars, 1.0 cm on each side and 0.8 cm in height. We employed the island scan strategy,
commonly used in building commercial parts, with 5 mm x 5 mm islands, and a 90-degree rotation,
as well as a 1 mm shift in both x- and y-directions between layers. The track width variable for
Concept Laser M2 system was set to 100 um and the powder-layer thickness to 30 um. Note that
our single-track experiments were performed for 50 um layer thickness. We thus adjust the laser
parameters for the pillars based on the criterion that the melt pool depth is typically 2-3 times of
that of the layer thickness. For the first set of 24 density pillars, we used a fixed value of the
parameters O1 (=0.7), 02 (=0.15), and O3 (=0.15). These parameters determine the overlap



between adjacent tracks (O1) and the overlap across adjacent islands (O2 and O3). O2 is the
overlap of scan vectors between the islands at the start and end of the vectors, and O3 the overlap
of the scan vectors between the islands at the sides of the vectors (Kamath et al., 2014).
2.2 Microstructure and mechanical property characterizations

The phase and microstructure of some selected Ti-6Al-4V pillar samples were characterized
via X-ray diffractometry (XRD) and transmission electron microscopy (TEM). XRD analysis was
carried out in a vertical Phillip goniometer with Cu Ko radiation. The scan was recorded in the
range of 26 = 20-100° with 0.02° per step. Acquisition time per step is 4 seconds. The TEM was
conducted in a FEI 80-300 Titan microscope with a point-to-point resolution of <0.2 nm. The
compression tests were performed on as-built pillar samples, with the test directions parallel and
vertical to the build direction, respectively, using an Instron 4444 mechanical testing machine. The
sample dimension is @2.2 mm (diameter) x 2.4 mm (height). Since compression tests do not reveal
the intrinsic ductility of L-PBF samples, we further perform tensile tests on some selected samples.
Thin plates with a dimension of 30 mm x 30 mm x 1.1 mm were built using the same optimized
laser parameters that yield high-density pillars. Tensile dogbone samples, with a gauge geometry
of 6 mm (length) x 1 mm (thickness) x 2 mm (width), were subsequently machined out of these
plates. The tensile tests were performed in the same Instron desktop machine, equipped with a
laser extensometer with a spatial resolution of 1 um. All the mechanical tests were performed at a
quasi-static strain rate of 5x10* s and at room temperature.
2.3 Theoretical analysis - processing diagram construction

To construct the processing diagram for Ti-6Al-4V, we follow the earlier work of J.C. lon et
al. (lonetal., 1992) and M. Thomas et al. (Thomas et al., 2016) and define the normalized energy
density as,

Er=l % ____

v 2vlrppCp(Tm—To)

where E* is the dimensionless normalized volumetric energy density required to melt the powder.
In this analysis, the packing density of the powder bed is assumed to be ~60-70% (Thomas et al.,
2016). P*, v*, and [* are the dimensionless normalized laser power, laser speed, and layer
thickness, respectively. A is the surface absorptivity for Ti-6Al-4V (0.3) (Rai et al., 2007), p the

laser power (W), v the laser speed (m/s), [ the layer thickness (m), r;, the beam radius (m), p the



density of Ti-6Al-4V (4.43 glcc), C, the specific heat capacity (0.5263 Jg'K™)
http://asm.matweb.com/ (Access on Aug 15, 2017)., T,,, the melting temperature (1877 K), and T,

the initial (or powder bed) temperature, which is room temperature in our case.

The dimensionless beam power is defined as follows,

pt=—2 )

T k(T Ty)
where k, the thermal conductivity, is given by:
k = 14.307 + 0.0181T,,, — 6 X 107°T}2 . 3)

The dimensionless beam speed is obtained as

where D is the thermal diffusivity at melting (6.0x10® m?/s) (Boivineau et al., 2006).

The dimensionless layer thickness is calculated as

=2

rp ’
The dimensionless hatch spacing (k™) is calculated as

h==, ©)

where h is the hatch spacing. In the processing diagram, E” is plotted versus 1/h”, and the
isopleth line E; (the product of E” and 1/h™) is used to delineate different energy efficient

process.

3. Results
3.1 Single-track experimental results

Figure 1 shows the top view of the single track plate, along with the cross section of one of the
tracks. Note the powder particle stuck on top of the track in the cross section. This is a common
issue for Ti-6Al-4V, as shown in a top view of a track in Figure 2. Table 1 lists the laser power

and speed values for the 28 tracks, along with the melt-pool depth, width, and height. Note that



there are some inconsistencies. For example, at 400 W and 1400 mm/s, the depth is 122 um; but
when the power reduces to 350 W, the depth increases to 144 um. Similarly, at 400 W and 1200
mm/s, the melt-pool depth is 166 um. When the power reduces to 350 W, however, the depth
increases to 171 pum. These could be the result of several factors, such as variable powder layer
thickness at the location of the cut or a poor calibration of the laser power and speed of the machine.
3.2 Pillar density

Figure 4 shows the densities of the first set of pillars as a function of speed and power. The
best density from this set of pillars was 99.1%, assuming a full density of 4.43 g/cm? for Ti-6Al-
4V. In this set of pillars, we also found that an irregular top surface for some pillars would cause
the coater that was used for spreading the powder to get stuck. The processing for these pillars was
stopped before they were built completely. Due to the highly irregular top surface, the density
values of these pillars are less reliable. Since the density of this set of pillars was high, but not high
enough, we suspected that the small amount of porosity was the result of insufficient overlap
between adjacent tracks and across islands, rather than insufficient melt-pool depth. A simple
calculation with the values of the track width and the parameters O1, O2, and O3 that were used
for the machine, along with the actual track width from the single-track experiments, also
suggested that the parameters used would likely result in insufficient overlap. For the second set
of pillars, we changed the values of three parameters, which resulted in denser pillars, as shown in
Figure 5. Note that one of the pillars has a density of 4.45 g/cm®. We suspect that this may be the
result of lighter elements being removed during the high temperature of the build process. Or, the
potential contaminations of some heavy elements in the powder. Kirchner et al. (Kirchner et al.,
2015) have also observed this higher than standard density in Ti-6Al-4V parts.
3.3 A processing diagram for Ti-6Al-4V

Figure 6 shows the normalized energy diagram, built from the 48 sets of pillar samples we
fabricated for Ti-6Al-4V. The diagram covers the entire range of laser power (100-400 W) and
speed (500-2500 mm/s) available for the Concept Laser M2 machine. Different symbols and
colours in the figure represent different density samples. Contours of constant normalized
equivalent energy density, E;, calculated by the product of 1/h” and E”, are shown as dashed
isopleth lines. E; represents dimensionless volumetric energy input per scan line to the
dimensionless hatch spacing. Therefore, higher E; values would indicate a combination of

processing parameters that lead to excessive energy input into the powder bed, which could lead
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to keyhole phenomenon and void formation. On the other hand, lower E; would signify
insufficient energy input that could cause lack-of-fusion defects and poor layer welding. As
illustrated in Figure 6, the normalized energy diagram helps to identify a processing region where
high-density samples can be produced. We notice that our highest density samples (>99.0%) are
chiefly produced in the region of 1<E;<2. Low-density samples were obtained when E;>2. The
farther deviation of the processing conditions to the right of the E;=2 isopleth line, the more pore
structures are observed.

3.4 Microstructure and mechanical properties

As summarized in Figure 7, most of our as-built Ti-6Al-4V pillars have a single o’ phase, with
nanometre scale lath thickness. p phase was not detected using conventional XRD. This is
consistent with what has been reported in the literature on this material by SLM method (Beese
and Carroll, 2016; Carroll et al., 2015; Thijs et al., 2010). The o dominant microstructure has been
widely considered to be caused by the much faster cooling rates associated with SLM processes
(Xu et al., 2015b), compared to that of the EBM processes (Zhao et al., 2016). However, it has
been suggested by the solidification community that the thermal gradient of melt pool and
solidification front velocity may have played more important roles (than the cooling rate) in the
final microstructures of SLM builds. The dynamics of melt pool could also play a role on the
microstructure, as suggested by some recent experiments and modelling (Khairallah et al., 2016;
Roehling et al., 2017).

The typical compressive engineering stress-strain curves of a pillar (200 W, 1300 mm/s) are
shown in Figure 8a. As the compression tests were performed along two different directions
(parallel and vertical to the build directions, respectively), an anisotropic behaviour is observed.
The yield strength is notably higher when tested along the build direction, the mechanisms of
which remain to be investigated. Interestingly, both directions show little strain hardening; i.e., the
materials show near perfectly elastoplastic behaviour after yielding, suggestive of few defect
accumulations during the deformation. To further test and demonstrate the success of our density
optimization process, we selected several sets of laser parameters identified in Figure 6, and built
a series of rectangular plates where tensile dogbone samples were machined out. A systematic
study of tensile properties of these samples will be reported in a follow-up manuscript. Here a
representative tensile engineering stress-strain curve of an as-built sample (200 W, 1300 mm/s) is

shown in Figure 8b. Note that the build parameters of the tensile sample are exactly the same as
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those of the pillars. Under tension, the material shows a high yielding strength of 1206 MPa, an
ultimate tensile strength of 1296 MPa, and a total elongation-to-failure of ~8%. The yield strength
from the tensile tests falls within the range of the data (1180-1280 MPa) obtained from the
compression tests. In general, the strength and ductility observed in our work are slightly better
than what has been reported so far in the literature (Xu et al., 2015c; Beese and Carroll, 2016;
Shunmugavel et al., 2017; Han et al., 2017; Facchini et al., 2010; Brown et al., 2016). Note that
the as-built material exhibits little work hardening and very small uniform elongation (<3%). This
lack of work hardening in L-PBF Ti-6Al-4V is one of the main reasons to cause cracking during
L-PBF build of Ti-6Al-4V —a common issue that has plagued SLM scientific community (Wang
etal., 2018).

4. Discussion
4.1 Some issues during the L-PBF of Ti-6Al-4V

Our work with the single-track experiments and density pillars for Ti-6Al-4V highlighted two
issues with this material. The first is the presence of extra powder on the tracks (see Figure 2). We
have rarely seen this phenomenon with 316L stainless steels; but it seems prevalent in all the single
tracks for Ti-6Al-4V. This behaviour has also been observed by others, for example, Mazur et al.
(Mazur et al., 2016) have commented on powder adhesion on horizontal struts in Ti-6Al-4V
lattices and Van Bael et al. (Van Bael et al., 2011) suggested that a difference in heat transport
between powder and solid material leads to powder particles sticking to the surface. These parasitic
particles not only increase the weight of the as-built lattices but also create potential environmental
and human hazards, and are thus undesirable.

The second issue is the irregularities that occur on the top surface of a part being built (see
Figure 3) can cause the machine coater to crash, preventing the spread of powder and requiring
the part to be removed from further processing. This is particularly true when the laser speed is
high. In their study of Ti-6Al-4V parts built using EBM, Al-Bermani et al. (Al-Bermani et al.,
2010) suggested that higher temperatures could result in part swelling. Similar swelling has also
been observed by Kok et al. (Kok et al., 2015) with EBM at sharp corners. This would suggest the
use of lower powers (with correspondingly lower speeds) for building Ti-6Al-4V parts, especially
when the parts are thin, where the laser stays within a narrow region, thus concentrating the energy.

In addition, perhaps the most significant challenge of all is the sample cracking issue typically



associated with SLM Ti-6Al-4V. This can be understood from its intrinsic low tensile ductility.
Strategies are under development to overcome this critical issue (Xu et al., 2015a; Vrancken et al.,
2014).

4.2 Correlation of laser parameters to the melt-pool depth and width and its implication
to the sample density

The first step of our density optimization is to obtain experimentally accurate melt-pool depth
and width information and their correlations to the laser parameters. Table 1 documents the melt-
pool depth and width data for 28 sets of laser parameters. To build fully dense materials, there are
several competing mechanisms that one must consider. For a given speed, as we reduce the laser
power, insufficient welding or insufficient melt pool overlapping could occur, leading to the lack-
of-fusion type of defects. The same problem occurs if we keep the power fixed and increase the
speed. In addition, for a given power and speed, if the overlap between adjacent tracks, or adjacent
islands, is not sufficient, it would result in porosity. However, increasing the energy input by either
increasing power or reducing speed must be done carefully to avoid excessive energy and ensure
the process does not go into keyhole mode. In essence, a balanced choice of laser power, speed,
hatch spacing, and island overlap are needed in order to build high-density samples.

It has been observed from our previous work that the laser power and speed are the primary
variables impacting the melt-pool geometries (depth and width) (Kamath, 2016; Kamath et al.,
2014), which is the primary reason why we focus on changing these two variables in determining
the parameters for high density. In Figure 9, we plot the melt-pool depth (Fig. 9a) and width (Fig.
9b) from the single-track experiments as a function of linear input energy from our experiments.
In contrast to common belief, our experimental data are relatively scattered. It is difficult to discern
a pattern in either plot. This could be caused by several “real world”” uncertainties. The first set of
problems is related to powder properties and packing density issues. The powder size distribution,
shape, and surface conditions could affect the packing density, layer thickness uniformity (i.e., not
exactly 50 pm thick at the location of the cut made in the single-track plate), and
reflectivity/absorptivity. This could lead to the variation of melt-pool width along the single track
line (see Figure 2). The second set of issues is related to machine parameters. The laser power,
speed, and beam size and its distribution are not always calibrated, leading to inaccuracies of these
parameters. Despite these uncertainties, we observe a general increasing trend for both melt-pool

width and depth when the linear input energy increases. In the range of energy values we studied
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(0.2-0.5 J/mm), the melt-pool depth increases nearly by a factor of 5 (from 47 pm to 222 pm),
whereas the melt-width only increases by ~70% (from 101 um to 167 um). This indicates that the
laser linear input energy has much stronger impact on the melt-pool depth than the width. For this
reason, using higher power to compensate for the loss of melt-pool width might not be an ideal
solution for making high-density samples (Thomas et al., 2016).

The normalized hatch spacing (h*) is another important variable that affects the sample
density. For a machine with a given value of beam radius (rn), an unnecessarily large hatching
spacing would lead to insufficient melt pool overlap and voids resulting from unmelted powder.
On the other hand, too small of a hatching spacing could lead to excessive energy input per line
scan and key holes. For this reason, we typically use a hatch spacing that is 70% of the track width,
ensuring a 30% overlap between adjacent tracks; i.e., our studies here used 1/h* values in the range
of 0.3-0.4, which is similar to what was reported in reference (Vrancken et al., 2012).

4.3 Implications of the processing diagram on microstructure and mechanical properties

In the SLM processes, the volumetric energy density is acommonly used parameter to compare
different processing conditions in the literature. This variable has limitations as it does not take
into account the materials physical properties, and thus is a poor indicator for materials synthesis
purpose (Bertolia et al., 2017; Prashanth et al., 2017). In contrast, the normalized energy density
diagram shown in Figure 6 considers the thermophysical properties of target materials, including
surface absorptivity, thermal diffusivity, and thermal conductivity. As such, the diagram can be
used to identify processing windows for different materials, and offer a better comparison on
various laser parameters from different SLM machines. It is important to note, however, that the
processing diagram does not account for the scan strategy effect (e.g., island scan, continuous scan,
layer rotation angle, etc.), especially the overlapping between islands, which could lead to porosity.
We find that in addition to the input energy, the scan strategy plays a role on the densification
behaviour of Ti-6Al-4V. In our case, the choice of O2 and O3 variables affects the sample density.
That is likely the primary reason why we observe a region where different density samples were
produced even though the same E” value was used. In addition, no powder-related properties are
considered in the processing diagram; for example, the pre-existing voids inside powder particles
(Cunningham et al., 2017), powder recycle, and the packing density of powder bed (assumed a
fixed value in our calculations). These variables are expected to impact the density of materials

even under the same laser conditions.

11



The relevance of the processing diagram to the microstructure and mechanical properties of
Ti-6Al-4V made by EBM method was discussed previously by Thomas et al. (Thomas et al.,
2016). In general, the same E; value in the diagram simply implies an equally energy efficient
process. It does not warrant the same sample density or the same microstructure in the as-built
materials, as these samples could have different thermal history. However, it is important to notice
that SLM technique has much different processing conditions than EBM, resulting in drastically
different microstructures (Zhao et al., 2016). It is known that SLM Ti-6Al-4V typically contains a
single o’ phase (see Figure 7a), whereas EBM samples have a substantial fraction of B mixture
(Shunmugavel et al., 2017). In SLM Ti-6Al-4V, the strength is primarily dictated by the o’ lathe
thickness (Xu et al., 2015c). Within the narrow processing window for high-density samples
(>99.0%, red solid symbols in Figure 6), we observe relatively small strength variations,
suggesting that the microstructure change is fairly small. However, poor mechanical properties,
especially poor tensile ductility, are observed for low-density samples. This signifies the critical

importance of density optimization.

5. Conclusion
We applied a density optimization approach, based on simple computer simulations, single

track, and pillar experiments, to determine processing parameters that resulted in high density for

Ti-6Al-4V. A normalized energy density diagram was constructed, with various processing

windows identified for different densities. The main conclusion of this work is summarized as

follows.

1. Our analysis of the melt-pool characteristics for 28 combinations of laser power and laser speed
indicated that the laser linear input energy has a much stronger effect on the melt-pool depth
than the melt-pool width. In addition to laser parameter influences, some special issues were
found for SLM Ti-6Al-4V, including the sticking of powder particle and swelling. The latter
can result in an irregular top surface of a part, causing the coater used to spread the powder to
stop. It is suspected that the irregular surface results at higher energy input, suggesting the use
of lower powers for this material.

2. A processing diagram based on normalized energy density and normalized hatch spacing was
constructed, qualitatively indicating that high-density samples are produced in a region when
1< E§<2. The onset of void formation and low density samples occur as E; moves beyond a
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value of 2. The scan strategy and powder layer characteristics are not considered in such a
processing diagram.

3. The as-built SLM Ti-6Al-4V shows high compressive and tensile yield strength due to the
existence of a single o’ phase with nanometre-sized lathe thickness. A low work hardening
behaviour is observed in all as-built samples. Tensile tests show that the high-density Ti-6Al-
4V could have ~8% tensile elongation to failure, which is among the best mechanical

properties reported so far for SLM materials without 3 mixture.
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Table 1. Experimental data on the melt-pool depth, height, and width as a function of laser power
and speed for 28 single tracks, with a powder layer thickness of 50 um. See Figure 1 for the
experimental details.

Track ID Power (W) Speed Depth (um) | Height (um) | Width (um)
(mm/s)
Al 400 1000 201 82 110
A2 400 1200 166 64 114
A3 400 1400 122 37 101
A4 400 1600 126 69 113
A5 300 700 209 63 111
A6 300 900 147 88 132
A7 300 1100 110 74 118
A8 300 1300 128 52 117
A9 200 500 199 81 162
Al10 200 600 115 64 151
All 200 700 95 60 151
Al2 200 800 70 49 125
Al3 100 400 57 49 122
Al4 100 500 39 36 105
Bl 350 800 222 97 148
B2 350 1000 173 103 130
B3 350 1200 171 58 125
B4 350 1400 144 68 125
B5 250 600 218 68 137
B6 250 800 129 66 157
B7 250 1000 107 48 142
B8 250 1200 84 42 144
B9 150 300 115 65 167
B10 150 400 80 59 143
B1l 150 500 79 51 138
B12 150 600 47 62 116
B13 100 200 54 52 133
B14 100 300 59 54 128
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Figure 1. (a) Single track plate with 28 tracks labelled A1-A14 and B1-B14. The laser power and
speed, as well as the melt-pool characteristics for each track, are listed in Table 1. (b) The cross-
section of track A-8 illustrating the measurements of the melt-pool depth, width, and height. Note
i) the change in microstructure between the melt pool and the plate and ii) the unmelted powder
particle stuck at the top of the track. See also Figure 2.
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Figure 2. Top view of track A-13 that shows the unmelted particles stuck on top of the track. Note
also the slight variation in the width of the track.
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Figure 3. An optical image of the first set of density pillars. Note the incomplete pillars in rows E
and F.
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Density Set 1 Ti-6Al-4V; 150-400W
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Figure 4. The measured sample density for the first set of Ti-6Al-4V materials. The track width
was set to 100 um for all the laser power, and O1 and O2 were set to 0.7 and 0.15, respectively.
The theoretical sample density (dashed dark line) is taken as 4.43 g/cc. The dashed orange line
represents 99% density samples.
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Density Set 2 Ti-6A1-4V; 150-400W.
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Figure 5. The measured sample density for the second set of Ti-6AIl-4V materials. The track
widths were set to 100 um, 120 pum, and 130 pm for the laser power of 100-300 W, 350 W, and
400 W, respectively. O1 was set to a constant value of 0.7. O2 values were set to 0.25 and 0.20
when the laser power are 150-300 W and 350-400 W, respectively. The theoretical sample density
(dashed dark line) is taken as 4.43 g/cc. The dashed orange line represents 99% density samples.
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Figure 6. The normalized energy diagram, indicating the processing window for Ti-6Al-4V. The
isopleth line (Ej) is calculated by the product of 1/h™ and E”. The details of various parameter

calculations are described in the main text.
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Figure 7. Phase and microstructure of as-built Ti-6Al-4V. a. X-ray diffraction, and b. transmission

electron micrograph. A single a’ phase is observed in as-built materials, with the lath thickness

below 100 nm.
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Figure 8. Mechanical properties of as-built Ti-6Al-4V samples. a. Compressive stress-strain

curves of pillar samples along two directions: vertical and horizontal directions, referring

directions parallel and vertical to the build directions, respectively. b. Tensile engineering stress-

strain curve of an as-built Ti-6Al-4V. The laser power and speed were 200 W, 1300 mm/s,

respectively, for both types of samples. The sample density is better than 99.9%.
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Figure 9. Single track experiments for Ti-6Al-4V. The melt-pool depth (a) and width (b) as a
function of linear input energy. The melt-pool width varies substantially less than the depth in the

same linear input energy we studied.
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