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1 Introduction

In our earlier work [5, 4], we described an approach for determining the process parameters that re-
sult in high-density parts manufactured using the additive-manufacturing process of selective laser
melting (SLM). Our approach, which combines simple simulations and experiments, was demon-
strated using 316L stainless steel. We have also used the approach successfully for several other
materials. This short note summarizes the results of our work in determining process parameters
for Ti-6Al-4V using a Concept Laser M2 system.

2 A multi-step approach to identify parameters for high density

We use a multi-step approach to find the process parameters for high-density parts. This approach,
described in detail in our previous work [5, 4], can be summarized as follows:

• We start by using simple, and computationally-inexpensive, simulations to identify the region
of design space that results in melt pools that are sufficiently deep (that is, 2-3 times the set
value of powder layer thickness). This depth ensures that the energy deposited is sufficient 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 [4].

Our simple simulation is based on the Eagar-Tsai model [3] 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 fixed for the 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 mainly vary the
laser speed and power within the range of values for the machine.



• Based on the results of the simulation, we next identify 28 power-speed combinations to use
in single track experiments. In these experiments, a single layer of powder is spread on a plate
and single tracks, at given power and speed values, are built on the plate. The plate is then
cut, its cross-section is polished, 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
then 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. If necessary, the parameters can be modified to improve the density,
as we show below.

By combining simple simulations and experiments, our approach allows us to quickly arrive at
process parameters that can result in high-density parts.

3 Single-track experiments

In our work with Ti-6Al-4V, we first generated 100 parameter sets as input for the Eagar-Tsai
simulation by varying the four input parameters within the range of our Concept Laser M2 machine.
Based on the results, we then identified 28 power-speed values for use in building single tracks with
a 50 micron layer thickness. Our original intent was to use 30 micron layer thickness as that is
what we planned on using to build parts. However, the experiment for the single tracks had been
setup for a powder layer thickness of 50 micron, so we decided to use it and adjust the results for
the build of density pillars using a lower layer thickness of 30 micron.

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
problem in 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 1400mm/s and 400W,
the depth is 122 micron, but when the power reduces to 350W, the depth increases to 144 micron.
Also, at 1200mm/s and 400W, the depth is 166 micron, but when the power reduces to 350W, the
depth increases to 171 micron. 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.

4 Density pillars

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, 1cm on each side. We used an island scan with 5mm x 5mm islands, with a 90 degree
rotation, as well as a 1mm shift in both x and y, between layers. The track width variable for
Concept Laser M2 system was set to 100 micron and the powder-layer thickness was set to 30
micron.

For the first set of 24 density pillars, we used a fixed value of the parameters A1 (=0.7), A2
(=0.15), and A3(=0.15). These parameters determine the overlap between adjacent tracks (A1)
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and the overlap across adjacent islands (A2 and A3) and are discussed in detail in our original
work [5, 4].

Figure 4 shows the densities of the first set of pillars as a function of speed and power. The
best density from this first set of pillars was 99.1%, assuming a full density of 4.43 g/cm3. 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. As a result of the highly irregular top surface, the density values
of these pillars are less reliable.

Since the density of this first 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 A1, A2, and A3 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. So, for the second set of pillars, we changed the values of
the three parameters, which resulted in more dense pillars, as shown in Figure 5. Note that one of
the pillars has a density of 4.45 g/cm3. We suspect that this may be the result of lighter elements
being removed during the high temperature of the build process, especially when the powder is
re-used several times. Kirchner et al. [6] have also observed this higher than standard density in
Ti-6Al-4V parts.

5 Challenges in additive manufacturing using Ti-6Al-4V

Our work with the single-track experiments and density pillars for Ti-6Al-4V highlighted two issues
with this material:

• The presence of extra powder on the tracks (Figure 2): We have rarely seen this
phenomenon with other materials, but it seems prevalent in all the single tracks for Ti-6Al-
4V. It has also been observed by others, for example, Mazur et al. [8] have commented on
powder adhesion on horizontal struts in Ti-6Al-4V lattices and Van Bael et al. [2](see Figure
4c) suggested that “a difference in heat transport between powder and solid material leads
to powder particles sticking to the surface.”

• The irregularities that occur on the top surface of a part being built (Figure 3):
This can cause the coater to “crash”, preventing the spreading of powder, and requiring the
part to be “removed” from further processing. In their study of Ti-6Al-4V parts built using
electron beam melting, Al-Bermani et al. [1] state that “Higher temperatures can result in
part swelling, whereby thermal expansion and melt pool percussive forming results in compo-
nents standing proud of the surface, causing problems with powder delivery and component
distortion.” Similar swelling has also been observed by Kok et al. [7] with electron beam
melting at sharp corners. This would suggest the use of lower powers (with correspondingly
lower speeds) for building Ti-6Al-4V parts, especially parts that are thin, where the laser
stays within a narrow region, thus concentrating the energy.
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6 Conclusions

In this short report, I described the process used to generate parameters for building high-density,
Ti-6Al-4V parts using selective laser melting on a Concept Laser M2 system. I presented the results
for the single track experiments and the density pillars. While I found that working with Ti-6Al-
4V was similar to other materials, there are challenges related to adhesion of powder particles and
swelling of the material in regions of high energy that could result in problems with the coater.
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(a)

(b)

Figure 1: (a) Single track plate with 28 tracks labeled 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 micro-
structure 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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Track ID Power Speed Depth Height Width

(Watts) (mm/s) (micron) (micron) (micron)

A1 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

A10 200 600 115 64 151

A11 200 700 95 60 151

A12 200 800 70 49 125

A13 100 400 57 49 122

A14 100 500 39 36 105

B1 350 800 222 97 148

B2 350 1000 173 103 130

B3 350 1200 171 58 128

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

B11 150 500 79 51 138

B12 150 600 47 62 116

B13 100 200 54 52 133

B14 100 300 59 54 128

Table 1: Single track experiments: melt-pool depth, height, and width as a function of laser power and speed
for 28 tracks with a powder layer thickness of 50 micron.
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Figure 3: The first set of Ti-6Al-4V density pillars. Note the incomplete pillars in rows E and F.
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Figure 4: Density of the first set of Ti-6Al-4V pillars.
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Figure 5: Density of the second set of Ti-6Al-4V pillars.

9



PillarID Power Speed Set track width A1 A2 Density

(Watts) (mm/s) (micron) (gm/cc)

1A1 150 500 100 0.7 0.15 4.17

1A2 150 600 100 0.7 0.15 4.23

1A3 150 700 100 0.7 0.15 4.31

1A4 150 800 100 0.7 0.15 4.37

1B1 200 700 100 0.7 0.15 4.30

1B2 200 800 100 0.7 0.15 4.35

1B3 200 900 100 0.7 0.15 4.37

1B4 200 1000 100 0.7 0.15 4.39

1C1 250 1100 100 0.7 0.15 4.38

1C2 250 1200 100 0.7 0.15 4.39

1C3 250 1400 100 0.7 0.15 4.38

1C4 250 1500 100 0.7 0.15 4.39

1D1 300 1200 100 0.7 0.15 4.38

1D2 300 1400 100 0.7 0.15 4.38

1D3 300 1600 100 0.7 0.15 4.38

1D4 300 1800 100 0.7 0.15 4.38

1E1 350 1500 100 0.7 0.15 4.37

1E2 350 1700 100 0.7 0.15 4.38

1E3 350 1900 100 0.7 0.15 4.34

1E4 350 2100 100 0.7 0.15 4.32

1F1 400 1600 100 0.7 0.15 4.36

1F2 400 1800 100 0.7 0.15 4.33

1F3 400 2000 100 0.7 0.15 4.35

1F4 400 2200 100 0.7 0.15 4.37

Table 2: Parameters used for the first set of density pillars. A2 = A3.
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PillarID Power Speed Set track width A1 A2 Density

(Watts) (mm/s) (micron) (gm/cc)

2A1 150 900 100 0.7 0.25 4.43

2A2 150 1000 100 0.7 0.25 4.39

2A3 150 1100 100 0.7 0.25 4.40

2A4 150 1300 100 0.7 0.25 4.40

2B1 200 1100 100 0.7 0.25 4.39

2B2 200 1200 100 0.7 0.25 4.41

2B3 200 1300 100 0.7 0.25 4.43

2B4 200 1500 100 0.7 0.25 4.45

2C1 250 1300 100 0.7 0.25 4.42

2C2 250 1500 100 0.7 0.25 4.39

2C3 250 1600 100 0.7 0.25 4.42

2C4 250 1700 100 0.7 0.25 4.40

2D1 300 1500 100 0.7 0.25 4.37

2D2 300 1700 100 0.7 0.25 4.39

2D3 300 1900 100 0.7 0.25 4.40

2D4 300 2100 100 0.7 0.25 4.39

2E1 350 1800 120 0.7 0.20 4.39

2E2 350 2000 120 0.7 0.20 4.40

2E3 350 2100 120 0.7 0.20 4.40

2E4 350 2300 120 0.7 0.20 4.40

2F1 400 2000 130 0.7 0.20 4.39

2F2 400 2100 130 0.7 0.20 4.41

2F3 400 2300 130 0.7 0.20 4.43

2F4 400 2500 130 0.7 0.20 4.42

Table 3: Parameters used for the second set of density pillars. A2 = A3.
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