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Abstract

Laser based metal directed energy deposition (DED) is an additive manufacturing process
that is currently on the rise in the industry. However, there is still a knowledge gap in the
understanding of fundamental interactions between particles and the melt pool in the DED
process and how to change the parameters to alter microstructure. This work utilized
synchronized in-situ thermal and X-ray imaging to understand the anomalous behavior of
molybdenum powder binding onto a Ti-6Al-4V substrate as fundamental understanding for
layer-by-layer processing. Using these visual techniques, particle velocity, mass, surface energy,
kinetic energy, contact area, and temperature were observed and calculated. The correlation is
shown and recorded to understand the wettability of particles and why some will bounce off of
the substrate while others enter the melt pool. This work will allow for the manipulation of
particle-melt pool interactions in DED which will help reproduce and build better parts more

efficiently.

Keywords: additive manufacturing, directed energy deposition, Ti-6Al-4V, x-ray imaging,
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Introduction

Additive manufacturing (AM) is a process that adds material in a layer-by-layer fashion in the
3D space. The difference between regular machining and AM is the creation of complex and
intricate parts, material efficiency, and reduced manual interference. Most AM processes use a
powder and fuse it together with either a laser or other binding material. In directed energy

deposition (DED), powder is deposited onto a substrate along with an inert gas as a laser makes a
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scan and melts the two materials together. DED is great for being able to rapid prototype parts
and repair components that would otherwise be too complicated to fix with traditional

manufacturing [1, 2].

Metals can be used as both the substrate and as the powder, but other materials can be used
during deposition, such as ceramics, biomaterials, and polymers [3]. Ti-6Al-4V (Ti64) is a
widely used and studied alloy in AM due to its high melting point, light weight, strong
durability, and mechanical properties [4]. Molybdenum (Mo) however, is not a common material
used in AM but has promising characteristics for environments with harsh conditions such as a
high melting point and corrosion resistant properties. This study focuses on the thermodynamic

behavior of Mo particles binding onto a Ti64 substrate.

Many previous studies have been conducted on titanium based DED experiments. These studies
have focused on looking at the mechanical, thermodynamic, and microstructural properties [1, 2,
5, 6, 7, 8]. It is important to understand these concepts and how the process affects the final
product in order to alter the experiment parameters for the best possible outcome. One of the
phenomena that is crucial to part manufacturing is porosity formation and control. Porosity is
important because certain industries such as biomedical devices may need porosity to make parts
lighter, but other applications, such as aerospace, would characterize porosity as a defect and
would want to minimize porosity in order to make parts stronger [1, 7, 8, 9]. Another key
characteristic of titanium components fabricated with DED and additive manufacturing is the
anisotropy in properties. The studies done show how lack of melting, porosity, and uneven gas

flow are defects in the manufactured part [10, 11].

This present work hopes to understand how the aforementioned defects can be avoided by
looking at the binding properties of Mo and Ti64. Specifically, this work investigates if mass and
velocity can be altered in order to increase the surface energy and wettability properties. If these
two thermodynamic principles can be understood, then the dynamics of the melt pool, the surface
roughness, and particle temperature can be predicted and controlled [11, 12]. X-Ray imaging is
used to analyze the behavior of the Mo particles interacting with the Ti64 surface as well as to
capture any phenomenon in the substrate as well such as melt pool boundary, porosity, the

keyhole cavity, and un-melted particles.
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Materials and Methodology
Material and Setup

The material used for this experiment was Ti-6Al-4V (Ti64) and Molybdenum (Mo). Ti64 alloy
was used as the base of the experiment while Mo powder was deposited on top of the substrate.
The operating laser had a max output of 520 W, but was cut down to 60 and 40% for certain

experiments shown in Table 1.

Table 1. Experiment parameters in the lab

Experiment Gas Pulse Wheel Pulse Laser Power Scan Speed Gas Pressure
(ms) (ms) W) (m/s) (PSI)
1 1000 0.1 208 0.1 25
2 400 0.1 312 0.1 25
3 1000 0.1 312 0.1 25
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Figure 1. DED setup at Argonne National Laboratory [1]
Methodology

The three experiments presented in this work were conducted at Argonne National Laboratory.
At the lab, a custom built DED was designed to run experiments with a test chamber, argon
powered powder delivery control, and a laser. Specific details on the equipment and setup can be

found in past work by Wolffet al. [1, 2].

Analyzing surface tension of a particle-substrate interaction requires velocity, mass, contact area,
kinetic energy, temperature, and potential energy. The first observation in the experiment is the
particle’s velocity and how it is affected throughout its time in the sequence. In order to track

particle velocity accurately and precise, an ImageJ plugin, TrackMate, was used. TrackMate
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allows for the tracking of particles in the form of spots and links, which tells the user the distance
from each spot placement [13]. Spots were tracked from the center of each particle from one
frame to the next frame of the x-ray image sequence. After the specific particle was tracked, the

data was exported to an excel sheet.

The particle displacement (um) was then converted from micrometers to micrometers per second
by multiplying by the framerate of the high-speed camera that collected X-ray images, which
was 30,000 fps. This number was then converted into m/s as shown in Table 2. The frame
number represents the frame from the X-ray images where the particle of interest was tracked.
This means from frame 68 to frame 69, the particle of interest traveled 38.228 um. The goal of
this data is to show how much the velocity changes before and after a particle impacts the
substrate. In frame 80, the particle impacts the substrate which then allows for the observation of

the before and after velocity change for that specific moment.

Table 2. Example of velocity conversion from experiment 1, particle 1

Frame Displacement (um) Velocity (um/s) Velocity (m/s)
68 38.845 1165350 1.16535
69 38.228 1146840 1.14684
70 39.795 1193850 1.19385
71 37.537 1126110 1.12611
72 37.926 1137780 1.13778
73 39.308 1179240 1.17924
74 38.617 1158510 1.15851
75 38.465 1153950 1.15395
76 39.999 1199970 1.19997
77 37.019 1110570 1.11057
78 40.304 1209120 1.20912
79 36.325 1089750 1.08975

80 (impact) 27.76 832800 0.8328
81 30.187 905610 0.90561
82 30.749 922470 0.92247
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The angle at which the particle contacted the substrate was also measured. This was done using
the built-in angle measurement tool in Imagel. Figure 2 shows the measurement of a particle at
the contact point with the substrate. The angle measured is known as the equilibrium angle, 65,
and it used to help find the surface energy and temperature at the localized substrate surface area
at particle impact. The yellow ‘v’ shaped lines represent the trajectory using TrackMate to help
show the path and angle of the particle as it bounced off of the Ti64 substrate.
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Figure 2. Measurement of the equilibrium angle of the particle deposited onto the substrate. This
image was taken in the software, ImageJ, with the pixel to distance scale of 1:1.97 um

Results and Discussion

In order to understand what properties and variables to look at, Zhou, K et. al. [4], found that the
measured surface tension for Ti-6Al-4V follows a linear path represented as a trendline in Figure

3. which is shown to be 3.13x107.
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Figure 3. A) Graph of surface energy for Ti-6Al-4V to respective temperature [4], b) Graphical
representation of the different variables for the calculations and how to tell which values from
the table to use. g; represents the surface tension of Ti64, V; and V, represent the particle
velocity before and after, respectively, 85 is the equilibrium angle, r is the distance from impact
to laser, ¢ and d are the diameters of the impact area and the particle, respectively

Particle Angle

The equilibrium angle for each particle in the respective experiment can be found in Table 4. The

theory of wettability is the measurement of a how well a liquid interacts with either another
liquid or a solid [5]. Equilibrium angles play a key role in wettability because depending on how
large or how small the angle is, the droplet will interact differently with the surface. In the
experiments performed, solid Mo particles were deposited onto a solid or liquid substrate, where
usually wettability is measured for liquids or droplets deposited onto hard surfaces. Since it is
harder to deposit single droplets of liquid Mo to measure, some of the equations and applications
had to change slightly due to the different circumstances to account for the two solids. For these
experiment purposes, if the particle entered the liquid melt pool, the equations would use an
equilibrium angle less than 90° and if the particle bounced off the solid substrate surface, the

angle would be greater than 90°.
Particle Velocity

With the data recorded in Table 3 and graphically represented in Figure 4, it is shown that as the
particle mass increases, the velocity decreases. This decrease is represented from the trendline
shown on the graph, which gives a rough estimate for the claim of slower velocity due to larger
particle mass. More data points would help justify the theory and to fill the graph for more
representation. This graph however is specifically the V;,, which means that it only shows how
fast the particles were moving before they contacted the substrate. This was done to show
correlation between velocity and mass, since different factors such as the laser, molten liquid,
and hitting other particles can affect a particle after contact. Figure 5 shows the velocity before
and after surface contact for the four particles recorded in experiment 1. This graph helps
visualize the change in velocity of the two particles that entered the melt pool and the two that

bounced off.
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Velocity vs. Mass
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Figure 4. Graph of V;,, for all particles and experiments with the included trendline. This was

made using Excel’s graph function
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Figure 5. Graph of velocity and time for only experiment 1. The frames for the x-axis are just for
reference and not specific to the actual frame/time from the x-ray sequence that the particle was
captured in. This is to reference how long each frame lasts, which is about 0.041 seconds per
frame.

Surface Tension
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After discovering the velocity of the observed particles, the surface tension of the substrate can
be found along with the temperature of the area of impact near the particle. The first step is
finding the mass of the tracked Molybdenum particle. Mass is calculated with Eq. 1, which is the
density of Ti64 multiplied by the volume of the particle and 2.3. This is the base equation for
mass that includes volume and density. The 2.3 multiplier is because Mo is 2.3 times denser than

Ti64.

mass (m) = 2314 x (diameter)® x 2.3 (1)

50 um

Figure 6. Image showing the measurement of a Molybdenum particle using ImageJ’s line tool, with the

pixel to distance scale of 1:1.97 um

As shown in Table 3, the particles each had similar masses of around 107° and 10719 kg, which
indicates that there were no outliers or drastic changes in particle diameter. The next variable to
calculate was ¢4, the contact area the particle had with the surface of the substrate. Using Eq.
2, the contact area could be calculated using ¢, which was the diameter in meters of the portion
of particle that was in contact with the substrate in Fig 7. A list of different contact areas can be
found in Table 3. One of the important reasons for understanding contact area is that it plays a
key role in particle wetting. When the particle has an increased contact area with the surface, the

probability of it entering the melt pool increases.

Cc

2
Carea =T (E) (2)
An issue with recording the contact area through x-ray images is that the point of reference
depends on the framerate of the camera. This means that if the particle could not be captured at

the exact moment of contact, it is assumed that ¢ is very small, or 10~® m, which makes the
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Careq SMall as well. Contact area measurement is critical in the calculations as it dictates how

large or small the T value is.
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Figure 7. Image showing the measurement of the diameter of the particle that is in contact with
the surface of the substrate. This is using ImageJ’s line tool for accuracy and measurement with

the pixel to distance scale of 1:1.97 um
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Figure 8. Graph showing the relationship of contact area and mass

The kinetic energy of the particle can be found using the two equations, Eq. 3 and Eq. 4. The

variables V;,, and V,,,; are only used when the particle bounces off of the substrate. This
constraint also applies to Eq. 5 and Eq 6. The average kinetic energy was found to be
1.118 x 107°J, 1.052 x 107? J, 1.328 x 107 J for experiments 1, 2, and 3, respectively.
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KE = ~mv? 3)

1
KE = Em(vizn - vgut) (4)

Surface tension requires a localized temperature at that point to be known. In order to calculate

this number, Eq. 5 and Eq. 6 are used. These equations account for the particle bouncing off of
the substrate and the particle entering the melt pool, respectively. If the particle bounces off of
the substrate, T should theoretically be less than ~1600°C. If the particle enters the melt pool,
then the value should be somewhere between 1600 — 3000°C, which is the melting point range
of Ti64. Anything higher than ~3000°C should be the boiling point of Ti64. The final calculation
needed is Eq. 7, which is the surface energy of the Ti64 alloy. This equation uses the localized T
value calculated previously in order to find the surface tension at the particular point. The theory
of wettability says that if the kinetic energy is greater than the surface tension, then the particle
will enter the melt pool. A list of T and a;, values can be found in Table 3 for each particle
tracked in the experiments. Surface tension varies with differing surface properties such as

viscosity, rigidity, or surface finish [4].

— _ m(vizn_vgut)
T = 3195 x (1.38 S o eE») +1933 ()
. mv?
T = 3195 x (1.38 - 2Cma(Hcosww) +1933 (6)
0L = Carea X (1.38 — 0.000313(T — 1933)) x (1 + cos(6g)) (7)
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Figure 9. Image of Experiment 3 mid process that captures the different occurrences such as the

key-hole, powder deposition, porosity, melt pool, and molten substrate. Analyzed in ImagelJ and

annotated in Microsoft Visio.

Table 3. Data from three experiments and their respective particle numbers

Experiment | Particle Number | Mass (kg) | Carea(m?) | KE (m/s?) T (°0) o Vin Vout
Particle 1 8.77E-10 | 1.28E-09 | 2.8154244E-10 | 1,411.97 | 2.8154348E-10 | 1.20912 | 0.90561
Particle 2 1.16E-09 | 1.18E-09 | 8.3188002E-10 |1,910.15| 8.3188017E-10 | 1.64208 | 1.12566
Experiment 1
Particle 3 1.24E-09 | 2.40E-09 | 2.8297277E-09 |4,197.04 | 2.8296232E-09 2.13498
Particle 4 7.64E-10 | 1.66E-09 | 5.3199920E-10 | 5,747.59 | 5.3187972E-10 1.17978
Particle 1 1.01E-09 | 1.10E-09 1.39E-11 5,374.98 2.05E-10 0.74052 1 0.37842
Particle 2 1.12E-09 | 1.26E-09 | 1.9377969E-09 |3,534.98 | 1.9377582E-09 1.86258
Experiment 2
Particle 3 2.67E-09 | 3.96E-09 | 3.9639170E-10 |6,142.01 | 3.9609987E-10 0.54489
Particle 4 2.51E-09 | 2.55E-09 | 1.2022050E-09 |1,923.38 | 1.2022051E-09 | 1.37844 | 0.97011
Particle 1 1.19E-09 | 1.28E-09 | 5.9275445E-10 | 1,663.53 | 5.9275565E-10 | 1.71453 | 1.39485
Particle 2 1.39E-09 | 7.80E-10 | 6.0586086E-11 |1,788.73 | 6.0586153E-11 | 1.1319 | 1.0926
Experiment 3
Particle 3 1.50E-09 | 1.33E-09 | 2.6621482E-09 |2,460.04 | 2.6621355E-09 1.88679
Particle 4 8.81E-10 | 2.33E-09 | 9.5607459E-10 |5,520.30 | 9.5592852E-10 1.47312

Table 4: Data from the twelve particles and their respective equilibrium angles

Data Table Particle Number Angle In Angle Out
Particle 1 51.34 149.04
. Particle 2 60.02 119.49
sExperiment 1 -
Particle 3 41.10
Particle 4 43.73
Particle 1 62.06 112.76
) Particle 2 48.12
Experiment 2 -
Particle 3 53.13
Particle 4 36.09 131.25
Particle 1 49.28 133.15
) Particle 2 42.52 161.00
Experiment 3 -
Particle 3 50.01
Particle 4 53.27
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Conclusions

In this study, thermodynamic principles were analyzed and calculated for molybdenum powder
deposited onto a Ti64 substrate using the DED additive manufacturing process. Although the
results produced are not abundant, the process and theory prove promising and will allow for
others to understand why these principles are occurring in DED experiments. It was found that
the angle of particle 1 in Figure 2 increased by 190% as it bounced off. This helps understand
how the equilibrium angle is altered when a particle bounces off of the substrate rather than
entering the melt pool. From Figure 4, it is shown that as the particle’s mass increases, the
velocity decreases. This leads to an increase in odds that the particle will enter the melt pool
instead of bouncing off at slower speeds. Table 3 shows that with the twelve particles measured,
there was no correlation between entering the melt pool and the particle’s velocity. The Vin
values ranged from 0.5 to 2.1 meters per second which shows that the velocity can vary over a
long span and does not have to follow a specific trend. Particle deposition angles can be altered
to increase the chance of powder absorbing into the melt pool, as shown from the measured

angles in Table 4.

From these experiments, it can be concluded that increasing the particle mass will increase the
contact area which will increase the chance of particle wetting. The trend shown in Figure 8
proves how changing these parameters can affect wettability. Of the six particles that entered the
melt pool, the calculated localized temperature at the melt pool surface ranged from 2100 to
6100°C. From the six that bounced off of the melt pool, the temperatures ranged from 1400 to
1900°C, with the occasional temp that was outside of that range. These values follow the melting
point of Ti64 and prove that powder has a higher chance of injecting into melt pool when the
localized temperature is greater than the melting point. Powder deposition can be controlled to
release powder at the optimal time after the laser has developed the melt pool in order to increase

the binding of powder and substrate as well.

More work is needed to be done in order to understand particle interactions with the melt pool.
This study does not account for un-melted particles, porosity, keyholes, and other melt pool
characteristics that can affect the wettability of deposited powder. Studies can be done of the

other phenomena occurring in the melt pool.
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