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ABSTRACT
This thesis presents a proposed phenomenological, quasi-empirical model for the heat
transfer of select additive manufacturing techniques through the use of an analytical energy
balance, as well as results from related directed energy deposition experiments. Two sets of
experiments were designed to measure deposition track geometries and melt-pool temperatures
for Ti-6Al-4V and Inconel 625 alloys across a variety of processing conditions.
Parameter variation experiments were conducted to examine the deposition track
geometries associated with various combinations of several key user-established processing
parameters. Full-factorial design was utilized for the processing parameters of laser power,
velocity, and spot size in order to allow the study of the effect that each factor had on the
response variable of melt-pool penetration depth for both alloys.
A second set of experiments examined the thermal responses experienced in the
deposition melt pool and on the substrate surface during a laser deposition process. Both Ti-6Al4V and Inconel 625* samples demonstrated melt-pool temperatures above the liquidus
temperatures referenced in literature. These measured temperatures were recorded and used to
establish not only thermophysical property data for the model, but also as direct inputs into the
heat transfer equations inside the Energy Output term of the proposed energy balance model.
Thirdly, an analytical energy balance was developed to examine the response that select
key processing parameters have on a directed energy deposition track’s geometry. The melt-pool
penetration were plotted as a response variable against laser power and velocity. Finally, the
results of the model were compared with the experimental data to demonstrate the model’s
potential for predicting responses in penetration data trends.

*

Inconel 625 is a registered trademark of Special Metals Corporation.
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Chapter 1
Introduction

1.1 Problem Statement and Objectives
One of the major issues that Additive Manufacturing technologies face today is the lack
of industry-wide processing standards and widely accepted practices that guarantee consistent,
reliable, end products for consumers. Much work is being done to establish relationships between
processing parameters, material microstructures, and mechanical properties. Many of these
models are computationally intensive, and are based on numerical solutions—which can take an
extensive amount of time to run. Therefore, it is advantageous to develop a phenomenological,
analytical, and quasi-empirical model for quick analysis of AM processes. This model would be
used to determine starting points for parameter development, as well as to allow potential use for
process feedback and real-time control.
One technique often used to analytically model the AM process is an energy balance.
Most current energy balance models make several assumptions of processing conditions in order
to achieve a functional model. Two conditions that are most often approximated or assumed are
absorption of the laser energy by the material and maximum temperatures within the melt pool of
a deposition track.
Energy absorption is an important factor to consider when modeling AM processes, since
it dictates how much of the incident power is absorbed by the material—ie, energy input—and
how much of the incident energy is reflected from the surfaces. The energy input will directly
dictate the resulting material heat profiles, cooling cycles, and heat transfer processes;
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consequently, a firm understanding and modeling of energy input is vital to establishing a reliable
energy balance model for AM processes.
Another important factor of an energy balance model is the maximum temperature inside
the melt pool region of a deposition track. Currently, most models will assume or approximate a
maximum temperature at or slightly above the material’s known melting temperature. Similar to
energy input, accurate melt-pool temperatures are also imperative for modeling since they
directly dictate heat transfer and cooling processes for a build. Therefore, development of a
process to measure melt pool temperatures directly for a variety of materials would be highly
beneficial for modeling AM processes.

The objectives of this research are as follows:
1. design and test a first-attempt, phenomenological, analytical, and quasi-empirical energy
balance describing heat transfer for quick analyses of AM processes
2. design and perform full factorial experimentation to determine the melt pool depths and
deposition heights that result from various, key input processing parameters
3. design experiments and perform measurements to determine maximum temperatures in
the melt pool region and at the substrate surface of a laser directed energy deposition
track with both Ti-6Al-4V and Inconel 625

1.2 Literature Review

1.2.1 AM Background and Directed Energy Deposition Overview
Additive Manufacturing (AM), also known as 3-D printing, is a term that encompasses
several different, rapidly developing technologies for fabricating three-dimensional objects based
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on a Computer-Aided Design (CAD) file. Although polymer-based AM technologies have a
longer history in the prototyping and manufacturing realms, much of the current industry interest
resides in the Additive Manufacturing of metallic materials. Two main categories of metallic
material AM exist today: Directed Energy Deposition and Powder Bed Fusion technologies.
Directed Energy Deposition (DED) injects powder or wire metallic material into the
focus region of a high-power laser or electron beam. In this region, the narrow focus of the laser
or electron beam yields very high energy densities, driving temperatures up rapidly and melting
metallic material into a plasma-liquid state. As the heat source is scanned across a surface, the
melted material solidifies behind its path, and in many cases forms a semi-cylindrical deposition
track. This track’s characteristics and properties are a function of numerous variables, including,
but not limited to: laser scanning velocity, material feed rate, laser power, heat source spot size,
heat source profile, powder particle or wire size, and deposition patterns. As the heat source is
rastered across the part’s surface and more material is deposited, three-dimensional parts may be
constructed with intricate geometries. The key distinctions of DED technologies are that they
actively feed powder or wire material onto a substrate in a fashion that is very similar to the use
of a conventional “hot-glue gun” to place glue on a sheet of paper in many art and crafts projects.
(Beaman, Atwood and Bergman)
Conversely, Powder Bed Fusion (PBF) technologies build three-dimensional objects by
melting select regions of powdered metal that are placed uniformly onto a metallic substrate
beforehand. After the first layer of melted powder solidifies, a new layer of powder is placed on
top and the process is repeated until a three-dimensional object is formed.
Before the DED or PBF technology may be used to produce a part, a series of
manufacturing design steps occur in the AM process. First, a three-dimensional digital model is
produced on digital modeling software and saved as one of many types of CAD files. The most
commonly-used file type is a STereoLithography, or .STL, format which describes the surface
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geometry of three-dimensional objects using small triangles to discretize a given object’s surface.
Next, the CAD file is digitally sliced into a series of thin layers. The thickness of these layers is
determined by the deposition height for the given AM technology, since each layer will be
deposited iteratively to build the part. Software then converts each of these layers into a series of
tool paths that the deposition or fusion process will follow to create finite-width deposition or
fusion tracks. At this point, the physical construction process begins and is based on which AM
technology is being used to build the part. (Bourell, Leu and Rosen) The scope of the research
presented in this thesis is limited to samples constructed via the DED process.

1.2.2 Energy Balance Formulations
The paper by Picasso et al. (1994) A Simple but Realistic Model for Laser Cladding was
one of the most helpful pieces of literature reviewed. (Picasso, Marsden and Wagniere) Picasso
et al. proposed a phenomenological model that incorporated laser power, beam radius, powder jet
geometry, and clad height to determine laser-beam velocity and powder feed rate. Their model
utilized the interactions between powder particles, the laser beam, and the molten pool to
determine the energy balance of the system. Much like the model supported in this research,
Picasso et al.’s model was analytical, and was easily run on a personal computer in order to
provide quick and useful information for process engineers during parameter development stages.
The results of their model were claimed to be “in good agreement with experimental results.”
However, the shortcomings of the model resided with several of the assumptions made during its
development. Firstly, Picasso et al. used estimated values of the laser beam power in the model,
which is one of the most important factors in any energy balance. Secondly, their model assumed
that the estimated power re-melted the substrate with the clad having been pre-deposited, which is
not the case for most Directed Energy Deposition processes. Nevertheless, Picasso et al.’s novel
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approach to analyzing the laser cladding process was helpful in the development of this research,
since it confirmed that many of the important processing parameters were being considered, and
that using an ellipsoidal control volume geometry to model melt pools was a valid approach for
future energy balance development.
Similar to Picasso et al., Ahsan and Pinkerton (2011) touted the advantages of an analytic
energy balance model for DED processes in their publication, An Analytical-Numerical Model of
Laser Direct Metal Deposition Track and Microstructure Formation. (Ahsan and Pinkerton) As
the publication’s title suggests, Ahsan and Pinkerton made use of a fully coupled mass-energy
balance solution to model the powder stream, quasi-stationary substrate conduction, and powder
assimilation into the area of the substrate above the liquidus temperature in an attempt to
determine benchmark processing parameters and subsequent microstructures for DED processes.
In their partial computational model, an iterative feedback loop ensured mass and energy balances
were maintained at the melt pool. Furthermore, their model was validated using a single track
deposition of Ti-6Al-4V from a coaxial nozzle and with a diode laser.
Ahsan and Pinkerton examined an appreciable background of related attempts to model
the energy balance of DED processes, and detailed the shortcomings and advantages of each.
These advantages were then combined together for their all-encompassing model in order to
produce simulations that described DED processing from start to finish. Several important
assumptions were made for their model to approximate the AM process. Firsly, the model
assumed a constant laser travel velocity with respect to a semi-infinite substrate. Secondly, all
materials, both powder and substrate, were assumed to be homogeneous and isotropic. Thirdly,
thermophysical properties were assumed to be temperature independent, and in order to best
avoid errors associated with these assumptions, properties were determined at an intermediate
value between the ambient and melting temperatures of the materials. Fourthly, powder flows
were assumed to have a Gaussian spatial distribution across the stream and at a constant velocity.
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Furthermore, it was assumed that all powder impinging upon the melt pool was absorbed, while
the remaining powder impinging the substrate was considered to be lost. The final assumptions
made by Ahsan and Pinkerton were that heat loss due to radiation and convection may be
neglected.
The Ahsan and Pinkerton publication explained the importance of calculating the power
required to melt incoming powder, and subtracting this value from the absorbed power in order to
avoid over estimation of the melt pool size. A pyrometer was used in their experiments to
measure the substrate surface temperatures, but these measurements were taken away from of the
direct path of the clad to avoid shielding from the powder and phase change effects. This may be
considered a limitation in their model since it did not capture the exact temperature of the melt
pool directly. Ahsan and Pinkerton made use of response surfaces to demonstrate the effect that
processing parameters such as power and velocity have on resulting temperatures and track
geometries. (Ahsan & Pinkerton, 2011)

1.2.3 Energy Input Expressions
The most important factor in any energy balance model is the energy input, since this
value governs the total possible amount of energy that the system can release or retain.
Furthermore, energy input is a measurable quantity. Calorimetry and other similar experiments
have been performed in the past to determine experimental laser absorption data for various
materials and wavelengths. With empirical data in hand, modelers have sought to establish
relationships between DED processing parameters and energy input phenomena.
Fuerschbach and Eisler (1999) performed work at Sandia National Laboratory to examine
the effects of high laser travel speeds on melting efficiency in laser beam welding processes.
(Fuerschbach and Eisler) Their work proposed the use of dimensionless correlation factors to
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relate melting efficiencies to conduction heat flow equations for two- and three-dimensional
geometries. The model they proposed was based on several material-specific properties, such as
melting temperature, thermal conductivity, and thermal diffusivity, as well as processing
parameters from their laser welding setup. Small initial increases in the melting efficiencies from
the experiments were found to be consistent with changes to the applicable dimensionless
parameters utilized in the model. They defined melting efficiency as the product of velocity,
cross-sectional fusion zone area, and the enthalpy change needed to bring one unit volume of
material from ambient temperature to liquidus temperature all divided by the net power absorbed
by the work piece. While their model was intended for laser welding, it demonstrates the
possibility of using processing parameters to define energy input for laser-material interactions,
and that attempts to model laser DED processes through incorporation of processing parameters
are feasible.
Tadamalle et al. (2013a, 2013b) also stressed the importance of correlating energy input
during the laser-welding processes of 304L stainless steel to key processing parameters—namely,
travel speed and laser power. (A. P. Tadamalle, Y. P. Reddy and E. E. Ramjee) (A. Tadamalle, Y.
Reddy and E. Ramjee) Demonstrating a semi-empirical approach, their model estimated
welding-pool volumes by fitting a second-order polynomial equation to experimental weld-bead
cross-section data. Melting efficiencies were then determined for various welding speeds and
compared with values in the literature. Although Tadamalle et al. focused on laser-beam welding
of stainless steel, several lessons learned were applicable to the development of a new DED
energy input expression. First, their research demonstrated the benefits of a semi-empirical
approach: incorporating experimental data into a model was a worthwhile venture since it helped
ground the model to actual measured values. Second, they demonstrated the importance of laser
power and velocity on the energy input expression. Third, similar to Fuerschbach and Eisler,
Tadamalle et al. utilized dimensionless parameters to predict melting efficiency, reinforcing the
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effectiveness of dimensionless parameter usage for energy balance modeling of laser-welding
processes.
Powder characteristics play an important role in determining energy input. Gusarov et al.
(2009) examined radiation and heat transfer at the laser-powder interaction zone for a PBF
process. (Gusarov, Yadroitsev and Bertrand) Although hallmark differences between PBF and
DED exist, there are areas where PBF research offers useful information for DED research, and
vice-versa. One of those areas is energy input, and is discussed from the PBF point-of-view by
Gusarov et al. Their research suggested the importance of volumetric power density in
determining thermal cycles and melt-pool characteristics in a powder bed. Gusarov et al. argued
that in theory, absorption of radiated energy in a loosely-packed or unpacked powder bed will
exceed absorption for a densely-packed powder bed or solid material because of the increased
amount of surface area that is exposed to the energy source. With this concept in mind, the
analogous DED-parameter to consider is mass flow rate of the powder material, and how much of
this material is exposed to the laser beam and captured by the deposit during processing. From
their experimentally validated PBF statements, it could be concluded that energy input is affected
by the powder flow and beam alignment for DED processes as well as the resulting powder
density distributions formed by a given powder flow setup.
One of the most relevant studies on energy input for DED-related processes was
performed by Suder and Williams. (Suder and Williams) They examined the influence of laser
power density, interaction time, and a parameter deemed “specific point energy” have on meltpool penetration depth for continuous-wave laser welding processes. Their research determined
that depth of penetration for laser welding is primarily a function of laser power density and
specific point energy, while interaction time served as the primary driver for weld width. Suder
and Williams defined their power density term two-dimensionally by dividing the laser power by
the laser spot-size area used in processing. The interaction time was defined using the beam’s
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effective diameter at the interaction region divided by the laser travel velocity. Specific point
energy was obtained by integrating the laser beam’s intensity function over both spot size area
and interaction time. Their research determined that as specific point energy or power density
increased, depth of penetration also increased. Furthermore, depth of focus was affected by laser
power, travel speed, and specific point energy. This research demonstrated that two-dimensional
power densities and interaction times are useful for modeling the energy input for a given lasermaterial interaction process.

1.2.4 Thermal Effects on Material During DED
Melt pool and related Directed Energy Deposition process temperatures are important to
modelers because a large majority of the thermophysical properties used in models are
temperature dependent. Therefore, in order to successfully model DED thermal cycles and
predict the resulting microstructural formations within the deposited materials, accurate and
reliable thermal response data are needed to generate the appropriate thermophysical properties
that drive models. (Ahsan and Pinkerton)
One approach to determining thermal fields is to model the melt pool regions of DED
processes through an inverse approach to a heat transfer problem. Cooper and Lambrakos (2011)
utilized this approach in their publication, Thermal Modeling of Direct Digital Melt-Deposition
Processes. (Cooper and Lambrakos) Their research constructed a numerical-algorithmic
framework for modeling the anisotropic diffusivity that would occur during DED within a
heterogeneous work piece. The framework utilized path-weighted integral formulations of heat
diffusion according to special variations within material compositions. This framework also used
heavy consideration of parameter sensitivity issues that commonly arise within DED processing.
Coupling this approach with material-specific properties, Cooper and Lambrakos generated two-
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dimensional temperature distributions of built structures for various materials at incremental time
steps. Limitations of their work were the assumptions adopted that modeling the temperature
distributions which gave temperature profiles with varying degrees of success in matching
experimental data. Such limitations are found with all models, and create a desire to attain more
accurate, experimental temperature values to validate models and determine thermophysical
properties for materials that experience the elevated temperatures of DED processing.

1.3 Design Needs
From the literature review in Section 1.2, it was determined that that, in order to properly
address the problems proposed in this research, a set of design needs must be established for each
branch of the research. These design needs will provide specific guidelines for developing the
experiments to support the energy model.

1.3.1 Energy Model
The design needs for the energy model are detailed below:
1. must be a phenomenological, quasi-empirical energy balance;
2. must be quickly run on any modern laptop computer (less than 5 minutes to compute);
and
3. must demonstrate effects that key processing parameters have on final deposition
dimensions.
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1.3.2 Parameter Variation Experiments
The design needs for the parameter variation experiments are detailed below:
1. must exhibit multivariant response information through a full-factorial design of
experiments for key processing parameters;
2. must include multiple, AM-relevant, metallic materials;
3. must be performed on substrates that represent the same geometry and material properties
typically used in DED processes; and
4. must capture relevant processing data for post-process analysis (powder flow profiles,
processing chamber setup, etc.).

1.3.3 Thermal Response Experiments
The design needs for the thermal response experiments are detailed below.
1. Thermocouples capable of withstanding temperatures well above the melting
temperatures of Inconel 625 (liquidus 1350oC) and Ti-6Al-4V (liquidus 1636oC) must be
used (Alloy Digest Inconel, 2002) (Alloy Digest Ti-6Al-4V, 2002),
2. thin-wired thermocouples capable of very fast response rates (>30Hz) and with single
bead balled heads are required to attain the rapid thermal arrests within the melt pool of a
deposition track,
3. substrates must represent the same geometry and material properties of materials
typically used in DED processes,
4. thermocouples must have intimate contact with the substrate at precisely controlled
positions relative to the deposition track to provide accurate and useful data for heat
transfer models, and
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5.

code capable of simultaneously monitoring, recording, and displaying temperature
values for multiple thermocouples is needed for data acquisition.

The development of the Energy Balance and the experimental program to collect data for input to
the model will now be presented in in Sections 2.1 and 2.2, respectively, of Chapter 2.
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Chapter 2
Methodology

2.1 Model Development
One approach to developing greater quantitative insight into Additive Manufacturing
processes is to consider an energy balance. With this approach, one must consider the energy
input, the energy output, and the net energy retained or consumed by a defined system. For this
research, control volume analysis was used, where the control volume was defined by an
ellipsoidal volume encompassing the melted portion of the substrate as well as the melted powder
deposit portion above the substrate. Equation 2.1 demonstrates the governing energy balance for
the control volume:
𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 = 𝐸𝑛𝑒𝑡

(Equation 2.1)

The variables are defined in Table 2-1.
Table 2-1. Variable Definitions.
Variable

Term

Units

Ein

Energy input into system

Joules

Eout

Energy released out of system

Joules

Enet

Net Energy retained by system

Joules

The next step of development was to expand each of these energy terms into their respective
process parameters and heat transfer terms.
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2.1.1 Energy Input
An energy input term, Ein, may be defined as:

𝐸𝑖𝑛 = 𝛽𝑃𝑡

(Equation 2.2)

where β is the unitless energy absorption coefficient, P is the power presented to the control
volume in Watts, and t is the time in seconds. Noting that time may also be defined within a heat
source velocity term. Equation 2.2 becomes:
𝐸𝑖𝑛 =

𝛽𝑃𝑑
𝑣

(Equation 2.3)

where d is the dimension of the control volume along the direction of velocity in meters, and v is
the travel velocity of the deposition in meters per second. Unit analysis demonstrates that both
sides of the input energy equation are in Joules.

2.1.2 Energy Output
The next term to expand in the equation is the energy output, Eout. To expand this term, one must
consider how the control volume loses energy. Energy losses from the control volume are due to
heat transfer processes across the system’s boundary layer. All three forms of heat transfer:
conduction, convection, and radiation, are applicable in the Directed Energy Deposition process.
Conduction of heat occurs through the lower region of the melt pool into the surrounding metallic
substrate. Convective and radiative heat transfer occurs through all surfaces of the control
volume that are exposed to the processing environment, which is typically composed of an inert
gas such as Argon or Nitrogen. Therefore, the Eout term may be expressed in terms of these heat
transfer mechanisms when multiplied by a time value, since heat transfer is defined as energy per
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unit time, as shown in Equation 2.4. An appropriate time value is defined by the quotient of the
length of the control volume in the direction of travel and travel velocity terms.

𝐸𝑜𝑢𝑡 = 𝑡[𝑄̇𝑐𝑜𝑛𝑑 + 𝑄̇𝑟𝑎𝑑 + 𝑄̇𝑐𝑜𝑛𝑣 ]

(Equation 2.4)

The respective heat transfer mechanisms are expanded to give,
𝑑𝑇
𝑑𝑧

4 )
𝐸𝑜𝑢𝑡 = 𝑡 [−𝑘𝐴𝑐𝑜𝑛𝑑 ( ) + 𝜀𝜎𝐴𝑟𝑎𝑑 (𝑇𝑠4 − 𝑇𝑠𝑢𝑟𝑟
+ ℎ𝐴𝑐𝑜𝑛𝑣 (𝑇𝑠 − 𝑇∞ )]

(Equation 2.5)

The terms in Equations 2.4 and 2.5 are detailed in Table 2-2.
Table 2-2. Eout Variable Definitions.
Variable
Q̇cond
Q̇rad
Q̇conv
t
k
Acond
dT/dz
ε
σ
Arad
Ts
Tsurr
h
Aconv
T∞

Term
conductive heat transfer
radiative heat transfer
convective heat transfer
time
thermal conductivity
conduction surface area
thermal gradient
emissivity
Stephan-Boltzmann constant
radiation surface area
molten deposition surface temperature
surrounding chamber temperature
convection coefficient
convection surface area
far field temperature

Units
J/s
J/s
J/s
s
W/m-K
m2
K/m
unitless
W/m2K4
m2
K
K
W/m2K
m2
K

2.1.3 Retained Energy
The final term in the energy balance, Enet, is the energy retained by the substrate and powder
through latent heats and specific heats. This energy may be expressed as the summation of these
values for both the substrate and the powder. Therefore,
𝐸𝑛𝑒𝑡 = 𝑚𝑝 𝑐𝑝𝑝 𝛥𝑇𝑝 + 𝑚𝐹 𝐿𝐹 + 𝑚𝑠𝑢𝑏 𝑐𝑠𝑢𝑏 𝛥𝑇𝑠𝑢𝑏

(Equation 2.6)
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Since the masses of the heated regions are not easily measured, the terms are more easily
expressed in terms of volumes and densities,
𝐸𝑛𝑒𝑡 = 𝜌𝑝 𝑉𝑝 𝑐𝑝𝑝 𝛥𝑇𝑝 + 𝜌𝑝 𝑉𝐹 𝐿𝐹 + 𝜌𝑠𝑢𝑏 𝑉𝑠𝑢𝑏 𝑐𝑝𝑠𝑢𝑏 𝛥𝑇𝑠𝑢𝑏

(Equation 2.7)

Table 2-3 defines each term of Equations 2.6 and 2.7
Table 2-3. Enet Variable Definitions.
Variable
mp
cpp
∆Tp
mf
LF
msub
cpsub
∆Tsub
ρp
Vp
VF
ρsub
Vsub

Term
mass of melted powder material
specific heat of powder material
change in temperature of melted powder
mass of fused material (of the captured powder
and melted substrate)
latent heat of fused material
mass of substrate
specific heat of substrate
change in temperature of substrate
density of powder material
volume of melted powder material
volume of fused material (Vp + Vsub)
density of melted substrate material
volume of melted substrate material

Units
kg
J/kg-K
K
kg
J/kg
kg
J/kg-K
K
kg/m3
m3
m3
kg/m3
m3

2.1.4 Model Assumptions and Inputs
Numerous assumptions were made about the physics of the energy balance’s control
volume analysis in order to make computation reasonable and efficient. The control volume was
assumed to be comprised of regions above and below the substrate surface that contain only
liquid metal material. To avoid the complexities of computing surface areas of complex shapes,
two semi-spheres were used to define the upper and lower regions of the control volume. Semispheres are a convenient shape to use in computations because their areas and volumes may be
expressed through the use of a single variable, which in this case, was defined as the penetration
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into the substrate for the lower semi-sphere and deposition height for the upper semi-sphere.
Semi-spheres also hold fair resemblance to select deposition tracks from DED processes, and
while not a perfect match, were determined sufficient for the first-attempt model. Figure 2-1
illustrates the control volume used by the energy balance model, with an example where the
deposition height (upper semi-spherical portion of the control volume) was determined
experimentally to be larger than the penetration depth (lower semi-spherical portion of the control
volume).

Figure 2-1. Illustration of Model Control Volume

The dz term in the thermal gradient was set equal to the penetration depth; therefore, it
should be noted that the conduction expression was a linear function. Since conduction only
occurs along the boundary of the lower semi-sphere of the control volume, the conduction area
was defined as the area of a semi-sphere with radius equal to the penetration depth, also defined
as dz. The convection and radiation area values utilized the surface area of the upper semisphere, defined by the dimension of the deposition height. Similarly, the volume of melted

18
powder, Vp, used the upper semi-sphere of the control volume while the volume of the melted
substrate used the lower region. VF, the volume of fused material, used the entire control volume
since all material was assumed to be molten within the control volume. Since the control
volume’s lower boundaries were assumed to coincide with the edges of the melt pool,
temperatures along the lower boundary were assumed to be equal to the solidus temperature of
each material. A uniform temperature was assumed for the upper semi-sphere of deposited
material, and set equal to the average of the melt pool maximum temperatures measured during
experimentation in the thermal response experiments. The temperature of the upper boundary of
the control volume was assumed to equal this maximum average temperature as well, since this
region would likely be warmest as it encounters the laser beam directly.
In order to reduce the number of unknowns in the equation, the model was augmented
with relevant experimental dimension data taken during the first experiment for each material.
This process utilized a deposition-height-to-penetration-depth ratio to express the upper semisphere radius in terms of the lower semi-sphere radius.
Another major assumption was made to determine a time value for the model. Time
served as a critical component in both the energy input and output terms, governing both the
amount of energy presented to the control volume from the laser and the amount of energy that
leaves the system through the various forms of heat transfer. Time was assumed to equal the
diameter of the upper semi-sphere in the travel direction divided by the velocity. In this case, the
travel-direction distance equates to double the deposition height, since the deposition height
defines the radius of the upper semi-sphere.
Energy absorption was set at a constant value for each material, as opposed to having a
dynamic value that changed with laser power as actual energy absorption values do.
Temperature-dependent properties were also assumed constant and based on the mid-point
between the average maximum melt-pool temperature and ambient temperatures of the
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processing chamber. Accurate thermophysical data was critical for model development, and the
majority of the variables in the energy balance model are temperature-dependent. The list of
model property values used as model input and their corresponding sources are displayed in Table
2-4 and 2-5 for the Ti-6Al-4V and Inconel 625 alloys, respectively.

Table 2-4. Ti64 Material and Thermophysical Property Model Inputs
Model input

Variable

Model
Value

Model
Units

Source

Energy absorption
coefficient

β

0.392

[unitless]

(Park)

Thermal conductivity

k

26.0712

W/m-K

(Welsch, Boyer and
Collings)

Tmax

2,228

K

Average of measured

Tambient

296

K

Measured

Solidus Temperature

Tsolidus

1,866

K

(Alloy Digest)

Conduction thermal
gradient

dT/dz

362/dz

K/m

Tmax -Tsolidus / dz

Emissivity

ε

0.49

[unitless]

Stefan-Boltzmann
constant
Deposition surface
temperature
Surrounding
temperature

σ

5.67*10-8

W/m2K4

Ts

2,228

K

Assumed equal to Tmax

Tsurr

296

K

Assumed equal to Tambient

Convection coefficient

h

66.2

W/m2K

(Gouge, Heigel and
Michaleris)

Far field temperature

T∞

296

K

Assumed equal to Tambient

Density of powder
material
Specific heat of powder
material
Change in temperature
of captured powder
material
Latent heat of fusion
(for both powder and
substrate materials)

ρp

4430

kg/m3

(Ahsan and Pinkerton)

cpp

1,066.369

J/kg-K

(Welsch, Boyer and
Collings)

∆Tp

1,932

K

Tmax -Tambient

LF

370,000

J/kg

(Ahsan and Pinkerton)

Maximum Melt Pool
Temperature
Ambient Chamber
Temperature

(Welsch, Boyer and
Collings)
(Blevin, Bortfeldt and
Kramer)
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Density of substrate
material
Specific heat of
substrate material
Change in temperature
of melted substrate
material

ρsub

4430

kg/m3

(Ahsan and Pinkerton)

cpsub

1,066.369

J/kg-K

(Welsch, Boyer and
Collings)

∆Tsub

1,932

K

Tmax -Tambient

Table 2-5. In625 Material and Thermophysical Properties Model Inputs
Model input

Variable

Model
Value

Model
Units

Source

Energy absorption
coefficient

β

0.371

[unitless]

(Park)

Thermal conductivity

k

21.19

W/m-K

(Gouge, Heigel and
Michaleris)

Tmax

1,813

K

Average of measured

Tambient

296

K

Measured

Solidus Temperature

Tsolidus

1,563

K

(Alloy Digest)

Conduction thermal
gradient

dT/dz

250/dz

K/m

Tmax -Tsolidus / dz

Emissivity

ε

0.43

[unitless]

(OMEGA)

Stefan-Boltzmann
constant
Deposition surface
temperature
Surrounding
temperature

σ

5.67*10-8

W/m2K4

(Blevin, Bortfeldt and
Kramer)

Ts

1,813

K

Assumed equal to Tmax

Tsurr

296

K

Assumed equal to Tambient

Convection coefficient

h

66.2

W/m2K

(Gouge, Heigel and
Michaleris)

Far field temperature

T∞

296

K

Assumed equal to Tambient

Density of powder
material
Specific heat of powder
material
Change in temperature
of captured powder
material
Latent heat of fusion
(for both powder and
substrate materials)

ρp

8,440

kg/m3

(Special Metals)

cpp

595.81

J/kg-K

(Special Metals)

∆Tp

1517

K

Tmax -Tambient

LF

332,000

J/kg

(Gouge, Heigel and
Michaleris)

Maximum Melt Pool
Temperature
Ambient Chamber
Temperature
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Density of substrate
material
Specific heat of
substrate material
Change in temperature
of melted substrate
material

ρsub

8,440

kg/m3

(Special Metals)

cpsub

595.81

J/kg-K

(Special Metals)

∆Tsub

1517

K

Tmax -Tambient

2.2 Experimentation

2.2.1 Design of Experiment
Two types of experiments were designed to determine empirical data for several of the
model process variables. Firstly, a parameter variation experiment was designed to determine
data for the relationship between key processing parameters and final deposition dimensions.
Secondly, thermal response experiments were designed to measure both the temperature of the
melt pool and the substrate’s surface at specific distances away from the deposition track.

2.2.2 Parameter Variation
The goal of the parameter variation experiments was to establish a relationship between
three key DED processing parameters and the resulting deposition characteristics for each
parameter set. A full-factorial experiment design was used to analyze the impact that laser
power, velocity, and spot size have on the resulting deposition track’s geometry, with a special
focus given to deposition height and melt-pool penetration depth. The full-factorial parameter
matrices for the parameter variation experiments are displayed in Tables 2-6 and 2-7.
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Table 2-6. Parameter Variation Experiment Parameter Matrix – Ti64.
Sample Power
No.
[W]
Ti9
Ti10
Ti11
Ti12
Ti13
Ti14
Ti15
Ti16
Ti17
Ti18
Ti19
Ti20
Ti21
Ti22
Ti23
Ti24
Ti25
Ti26
Ti27*
Ti28
Ti29
Ti30*
Ti31
Ti32
Ti33
Ti34
Ti35
Ti36
Ti37

1000

2000

3000

1000
3000

Velocity
[ipm]

Velocity
[mm/s]

10

4.23

25

10.58

40

16.93

10

4.23

25

10.58

40

16.93

10

4.23

25

10.58

40

16.93

12.5
37.5

5.29167
15.875

Spot Size
[mm]

Power
Density
[W/mm2]

1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
2.89
2.89

318.31
79.58
35.37
318.31
79.58
35.37
318.31
79.58
35.37
636.62
159.15
70.74
636.62
159.15
70.74
636.62
159.15
70.74
954.93
238.73
106.10
954.93
238.73
106.10
954.93
238.73
106.10
238.73
238.73

Run
time
[sec]

Energy
per mm
[W/mm]

34.116

236.22

13.6464

94.49

8.529

59.06

34.116

472.44

13.6464

188.98

8.529

118.11

34.116

708.66

13.6464

283.46

8.529

177.17

27.2928
9.0976

188.98
188.98
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Table 2-7. Parameter Variation Experiment Parameter Matrix – In625.
Sample Power
No.
[W]
In9
In10
In11
In12
In13
In14
In15
In16
In17
In18
In19
In20
In21
In22
In23
In24
In25
In26
In27
In28
In29
In30
In31
In32
In33
In34
In35
In36
In37

1000

2000

3000

1000
3000

Velocity
[ipm]

Velocity
[mm/s]

10

4.23

25

10.58

40

16.93

10

4.23

25

10.58

40

16.93

10

4.23

25

10.58

40

16.93

12.5
37.5

5.29167
15.875

Spot Size
[mm]

Power
Density
[W/mm2]

1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
1.89
2.89
3.89
2.89
2.89

318.31
79.58
35.37
318.31
79.58
35.37
318.31
79.58
35.37
636.62
159.15
70.74
636.62
159.15
70.74
636.62
159.15
70.74
954.93
238.73
106.10
954.93
238.73
106.10
954.93
238.73
106.10
238.73
238.73

Run
time
[sec]

Energy
per mm
[W/mm]

34.116

236.22

13.6464

94.49

8.529

59.06

34.116

472.44

13.6464

188.98

8.529

118.11

34.116

708.66

13.6464

283.46

8.529

177.17

27.2928
9.0976

188.98
188.98

These parameters were used to perform experiments for both the Ti-6Al-4V and Inconel 625
materials. Powder flow rates were determined assuming constant volumetric powder flow based
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on previously completed Ti-6Al-4V research. (Park) These flow rates were used in all
experiments and are displayed with the powder information in Table 2-8.
Table 2-8. Powder Details.
Powder Material

Brand

Mesh Size

Ti-6Al-4V
Inconel 625

Phelly Materials
ATI

-100/+325
-100/+325

Target Flow Rate
(g/min)
13.7
25.7

Corresponding
Substrate Material
Ti-6Al-4V
Inconel 625

The deposition substrates were prepared by machining plates to 10 mm (0.39 inch) thick by 152.4
mm (6.0 inch) long by 76.2 mm (3.0 inch) wide dimensions, and mechanically polishing the top
and bottom surfaces. These substrates slid into place on a mount table prior to each experimental
run as shown in Figure 2-2.

Figure 2-2. Parameter Variation Process Setup
During processing, experimental runs for selected parameter configurations were
cancelled due to excessive laser reflection experienced as a result of the extreme power densities
associated with slow processing velocities, small spot sizes (laser deposition head close to the
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substrate surface), and high laser powers. These configurations are denoted with asterisks by the
sample identification in Table 2-6. For the remaining samples, a single deposition track of 144.4
mm (5.69 inch) in length was deposited along the centerline of each substrate, according to the
parameters listed in Tables 2-6 and 2-7.
Beam profile measurements were taken using a PRIMES Focus Monitor to determine the
laser diameter at specific locations along the laser-beam path. To achieve different laser spot sizes
for processing, the deposition head’s stand-off distance was altered, changing the location of the
substrate surface with respect to the laser beam. To compensate for these changes and ensure
focus of the powder stream, the powder nozzle was shifted an equal but opposite distance after
each spot-size adjustment was made. The distances associated with the beam adjustments are
shown in Table 2-9, and a diagram illustrating the beam is shown in Figure 2-3.

Figure 2-3. Laser Beam Spot Size Diameter vs. Processing Stand-off Distance Diagram
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Table 2-9. Laser Beam Spot Size Diameter vs. Processing Stand-off Distance Settings
Spot Size Diameter [mm]
0.18
1.89
2.89
3.89

Stand-off Distance [mm]
focus
207
212
219

The laser used was an IPG YLR-12000-C delivering 1070 nm wavelength energy through
an IPG Photonics 200 µm fiber. The unit was mounted to a Precitec OT YW50 F200 processing
head and housed inside a custom-built glove box operated by the Laser Processing Division of the
Applied Research Laboratory at Penn State. Powder was coaxially fed into the system by the
Precitec head, and powder flow measurements were taken prior to the experimentats to ensure
target flow values were being met. The laser was operated at various power settings as shown in
Tables 2-6 and 2-7 for the experiments ranging from 1000 W to 3000 W. An Ophir power meter
was used to determine actual laser power outputs to the work piece, which are displayed in Table
2-10.
Table 2-10. Laser Power Measurements
Target Power [kW]
0.50
1.00
1.50
2.00
2.50
3.00
3.50

Power Meter Readout [kW]
0.52
0.984
1.46
1.94
2.5
2.95
3.5

Measured/Target
104%
98.4%
97.3%
97%
100%
98.3%
100%

Argon gas was used to purge the chamber before the experiments were conducted at 20
cfh for 10 minutes to reduce oxidation effects on the deposits. Prior to each experimental run,
samples were labeled and video recordings obtained to capture any potential processing
discrepancies experienced during the experiments. During the experiments, UHP Argon gas was
delivered coaxially at a rate of 20 cfh during the experiments.
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Images were taken of each completed deposit using a digital camera prior to cutting the
plates for cross sectional analysis. Figure 2-4 shows the location of the cross section cut made on
each sample. The left side of the line in Figure 2-4, where the “Cross section location” label
resides, is the side that was imaged under the microscope.

Figure 2-4. Location of Cross-Section Cuts for Parameter Variation Experiments

Cross sections were then mounted, polished, and imaged under a microscope to obtain the
geometries of each deposition track and melt pool.

2.2.3 Thermal Response
The thermal response experiments utilized much of the same setup as the parameter
variation experiments, but with a new goal of measuring and recording melt-pool temperatures
within the deposition track, plate surface temperatures below this track, and ambient temperatures
inside the processing chamber. Therefore, the processing details describing the laser, material,
and processing environment discussed previously applies. In order to obtain the temperature data,
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the substrates were modified to support the attachment of several thermocouples in various
regions. For the melt-pool region, these thermocouples had to be both capable of withstanding
very high temperatures (in excess of 1800oC) and also of capturing data with very rapid response
times (a sampling rate of 60 Hz) in order to record the thermal arrest phenomena experienced
between phase changes in the molten materials. Therefore, C-type single-balled TungstenRhenium thermocouples with a maximum service temperature of 2320oC were chosen from
Omega with wire diameters of 0.381 mm (0.015 inch) (Omega part number: EI1109128/T5R015-12). Ceramic insulators (Omega part number: TRX-02018-6) were cut to 19 mm (0.75 inch)
in length and used to not only prevent electrical shorts from occurring below the ball joint during
processing, but also to provide mechanical support to the thermocouples during and after the
seating process.
Prior to fitting the thermocouple, the deposition substrates were prepared by machining
stock plates to 10 mm (0.39 inch) thick by 152.4 mm (6.0 inch) long by 76.2 mm (3.0 inch) wide
dimensions, and mechanically polishing the top and bottom surfaces. For the placement of the Ctype thermocouples, three holes were drilled along the centerline of the plate. Holes with
diameters of 1.016 mm (0.040 inch) were drilled 1.016 mm (0.040 inch) into the top of the
substrate then expanded to a 3.302 mm (0.130 inch) diameter hole. The 1.016 mm diameter was
chosen to provide an intimate fit for each C-type thermocouple head, while the larger diameter
was designed to provide a tight fit for ceramic insulators used to secure the thermocouples in
place. A ceramic slurry consisting of alumina powder and distilled water was placed into the
drilled holes prior to thermocouple placement in order to insulate the thermocouple leads from the
flow of molten material during processing. Thermocouples were seated by inserting the leads
through the top 1.016 mm hole until the balled head was seated at surface level. Then, the leads
were inserted into the ceramic insulators, which were pushed up to compact the slurry and
mechanically support the thermocouple. Finally, shrink wrap sleeves were placed on each
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thermocouple lead to insulate the wires. Figure 2-5 is a schematic that illustrates the final setup
for the C-type thermocouples.

Figure 2-5. Imbedded C-type Thermocouple Schematic
Similar thin-wire K-type thermocouples from Omega (Omega part number: 5TC-GG-K-

30-36) were chosen for the substrate surface temperature measurements, and were welded in
place on the substrates using a Capacitor Discharge Welder. These thermocouples were attached
to the bottom side of the substrate for two reasons. Firstly, mounting to the bottom side of the
substrate shielded the thermocouples from exposure to reflected and scattered laser irradiation,
which would interfere with the temperature measurements. Secondly, having temperature
measurements on the bottom surface of the substrate provided additional data for validation of
other heat transfer and thermal cycle models. Aluminum tape was used to provide mechanical
support to the delicate thermocouples for the welding process. These auxiliary thermocouples
were not subjected to the extreme temperatures experienced by the C-type thermocouples inside
the melt pool; therefore, the K-type designation was sufficient for surface temperature
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measurements. Figure 2-6 is a schematic showing the locations and labels of all thermocouples
used in the thermal response experiments, while Figures 2-7 and 2-8 are pictures of a prepared
substrate’s lower and upper surfaces, respectively.

Figure 2-6. Thermal Response Thermocouple Layout Schematic

Figure 2-7. Thermal Response Plate Setup (bottom side).
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Figure 2-8. Thermal Response Plate Setup (deposition/top side).

Unlike the parameter variation substrates, the thermal response experiment substrates were
mounted at an elevated height to limit conduction from the substrate while also providing space
for the thermocouple leads. A National Instruments NI9213 DAQ module was used in
conjunction with a Dell Inspiron laptop running custom-written LabView code to record the
temperatures of each of the seven thermocouples. Thermocouples were labeled to correspond
with the temperature recordings as shown in Figure 2-6. The final setup is shown in Figure 2-9.
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Figure 2-9. Thermal Response Final Setup (Sample Ti6)

Additionally, UHP Argon gas was delivered coaxially at a rate of 20 cfh during the experiments.
Before each run, the laser was centered over the centerline path of the imbedded C-type
thermocouples to ensure alignment of the deposition track.
Data capture was started in Labview seconds prior to each experimental run and allowed
to continue data capture through the deposition process and afterwards until both the centerline
and surface temperatures converged to nearly uniform values. The data were saved and exported
to Excel for analysis.
Unlike the parameter variation experiments where each parameter set was used to deposit
a single track, selected parameter sets in the thermal response experiments were used to deposit
multiple layers of the same track to examine the thermal effects from multiple deposition passes.
Tables 2-11 and 2-12 show the processing parameters used for the Ti64 and In625 experiments,
respectively.
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Table 2-11. Thermal Response Experiment Parameter Matrix – Ti64.
Sample Power
No.
[W]
Ti1
Ti2
Ti3
Ti4
Ti5
Ti6
Ti7
Ti8

2000

Velocity
[ipm]

25

Velocity
[mm/s]

Spot Size
[mm]

10.58
2.89

1000

10
25
10

4.23
10.58
4.23

No. of
Layers

Power
Density
[W/mm2]

Run
time
[sec]

Energy
per mm
[W/mm]

1
2
3
4
5

159.15

13.6464

188.98

159.15

34.116
13.6464
34.116

472.44
94.49
236.22

1

79.58

Table 2-12. Thermal Response Experiment Parameter Matrix – In625.
Sample Power
No.
[W]
In1
In2
In3*
In4
In5
In6
In7
In8

2000

Velocity
[ipm]

25

Velocity
[mm/s]

Spot Size
[mm]

10.58
2.89

1000

10
25
10

4.23
10.58
4.23

No. of
Layers

Power
Density
[W/mm2]

Run
time
[sec]

Energy
per mm
[W/mm]

1
2
3
4
5

159.15

13.6464

188.98

159.15

34.116
13.6464
34.116

472.44
94.49
236.22

1

79.58

The asterisk marking In3 indicates that the experimental run for that sample was skipped because
of broken thermocouples.
After images were taken of each completed deposit, the plates were cut according to
Figure 2-10, and microstructural analysis was performed via polishing and etching the sample
cross sections from each build. The cross sections imaged were on the right side of the cut, where
the “Cross section location” label is found on Figure 2-10.
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Figure 2-10. Location of Cross-Section Cuts for Thermal Response Experiments

Cross sections were then mounted, polished, etched and imaged under a microscope to obtain the
microstructures and macroscopic geometries of each deposition track and melt pool.
The results from these experiments will now be demonstrated in Chapter 3.

Chapter 3
Results

3.1 Results of Modeling
The energy balance model input into Mathematica and solved symbolically to determine
penetration equations as a multivariable function of laser power and velocity. The model utilized
the dimension ratios from Ti1 and In1 for the Ti-6Al-4V and Inconel 625 equations, respectively.
Equation 3.1 shows the penetration equation for Ti-6Al-4V, while Equation 3.2 shows the
penetration equation for Inconel 625.

𝑑𝑧 =

3.79042009 × 10−7 (−

9.410641 × 1017 115.9396√6.5883176 × 1031 + 1.68899 × 1030 ∗ 𝑃 + 4.05164 × 1033 ∗ 𝑃 ∗ 𝑣
+
)
𝑣
𝑣
3.152315 × 1014
17
7.5619467 × 10 +
𝑣

(Equation 3.1)

𝑑𝑧 =

1.523178 × 10−7 (−

2.29377 × 1019 11223.8733√4.176535 × 1030 + 1.23234 × 1029 ∗ 𝑃 + 6.2527936 × 1032 ∗ 𝑃 ∗ 𝑣
+
)
𝑣
𝑣
15
3.082615
×
10
1.5640895 × 1019 +
𝑣

(Equation 3.2)
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3.2 Results of Experiments

3.2.1 Parameter Variation
The parameter variation experimental cross sections were analyzed using a combination
of GIMP photo editing and CAD software packages. To determine the dimensions, a ratio was
formed between linear image pixels and the provided scale bar in microns. This ratio was then
used to convert the linear pixel measurements into distance in microns for each sample.
For the Ti-6Al-4V samples, melt-pool penetration profiles were determined visually by
fitting ellipses to solidification zone boundary points located within each sample. Firstly, a black
line was inserted along each substrate’s surface to provide a reference location for measuring the
melt-pool depths and deposition heights of the samples. The distance between this black line and
the deepest point along each ellipse was listed as the penetration depth. This process was
necessary for the Ti64 melt pools due to the similarity in appearances of the deposited and
substrate materials. Green markers on the Ti64 samples illustrated the deposition width and
height values, while the red markers indicated the penetration width and fusion zone boundary
locations, as shown in the cross-section profiles of Table 3-1.
The wide range of processing parameters yielded several non-uniform, atypical
deposition profiles. These profiles were measured using best judgment of the overall shape. The
remaining cross-section images are located in Appendix E, and the final measurements are
displayed in Table 3-1.
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Table 3-1. – Cross Section Measurements from the Parameter Variation Experiments (Ti64)
Sample

Location

Dimensions
(µm)

Deposition Height

2108.1

Deposition Width

4005.4

Ti9
Melt-pool Depth

86.5

Melt-pool Width

2886.5

Deposition Height

1800.0

Deposition Width

4070.3

Ti10
Melt-pool Depth

75.7

Melt-pool Width

3308.1

Deposition Height

1935.1

Deposition Width

4302.7

Ti11
Melt-pool Depth

75.7

Melt-pool Width

2637.8

Deposition Height

437.8

Deposition Width

2637.8

Melt-pool Depth

102.7

Melt-pool Width

2508.1

Ti12

Cross-section Profile
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Deposition
Height

637.8

Deposition Width

2432.4

Melt-pool Depth

156.8

Melt-pool Width

2378.4

Ti13

Deposition
Height
Deposition Width

756.8
3005.4

Ti14
Melt-pool Depth

59.5

Melt-pool Width

2400.0

Deposition
Height

383.8

Deposition Width

2394.6

Melt-pool Depth

162.2

Melt-pool Width

2108.1

Ti15

Deposition
Height

616.2

Deposition Width

2237.8

Melt-pool Depth

178.4

Melt-pool Width

2059.5

Ti16

Deposition
Height
Deposition Width

475.7
1735.1

Ti17
Melt-pool Depth

59.5

Melt-pool Width

1524.3
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Deposition
Height

864.9

Deposition Width

5156.8

Melt-pool Depth

681.1

Melt-pool Width

5005.4

Deposition
Height

2064.9

Deposition Width

5070.3

Melt-pool Depth

140.5

Melt-pool Width

4994.6

Deposition
Height

2108.1

Deposition Width

5821.6

Ti18

Ti19

Ti20
Melt-pool Depth

97.3

Melt-pool Width

4816.2

Deposition
Height

1124.3

Deposition Width

4010.8

Melt-pool Depth

173.0

Melt-pool Width

3902.7

Deposition
Height

1135.1

Deposition Width

3956.8

Melt-pool Depth

291.9

Melt-pool Width

3875.7

Ti21

Ti22
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Deposition
Height

724.3

Deposition Width

4313.5

Melt-pool Depth

281.1

Melt-pool Width

3881.1

Ti23

Deposition
Height

702.7

Deposition Width

3491.9

Melt-pool Depth

389.2

Melt-pool Width

3232.4

Ti24

Deposition
Height

518.9

Deposition Width

3535.1

Melt-pool Depth

454.1

Melt-pool Width

3351.4

Ti25

Deposition
Height

540.5

Deposition Width

3340.5

Melt-pool Depth

324.3

Melt-pool Width

3145.9

Ti26

Deposition
Height

N/A

Deposition Width

N/A

Melt-pool Depth

N/A

Melt-pool Width

N/A

Ti27*

*Ti27 test not completed
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Deposition
Height

1102.7

Deposition Width

7670.3

Melt-pool Depth

1086.5

Melt-pool Width

7491.9

Deposition
Height

2189.2

Deposition Width

7313.5

Melt-pool Depth

648.6

Melt-pool Width

7021.6

Ti28

Ti29

Deposition
Height

N/A

Deposition Width

N/A

Ti30*

*Ti30 test not completed
Melt-pool Depth

N/A

Melt-pool Width

N/A

Deposition
Height

729.7

Deposition Width

5400.0

Melt-pool Depth

810.8

Melt-pool Width

5318.9

Ti31

Deposition
Height

729.7

Deposition Width

5173.0

Melt-pool Depth

729.7

Melt-pool Width

5124.3

Ti32
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Deposition
Height

162.2

Deposition Width

1962.2

Melt-pool Depth

1037.8

Melt-pool Width

4102.7

Ti33

Deposition
Height

518.9

Deposition Width

4129.7

Melt-pool Depth

767.6

Melt-pool Width

4270.3

Ti34

Deposition
Height

464.9

Deposition Width

3913.5

Melt-pool Depth

735.1

Melt-pool Width

4173.0

Ti35

Deposition
Height

951.4

Deposition Width

3297.3

Melt-pool Depth

432.4

Melt-pool Width

2951.4

Ti36

Deposition
Height

464.9

Deposition Width

4302.7

Melt-pool Depth

778.4

Melt-pool Width

4681.1

Ti37
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The Inconel 625 samples’ penetration depths and deposition heights were easily
identified by the contrast between the deposit and substrate materials. The deepest point on the
melt pool was considered as the penetration depth, and the highest point of the deposited material
was considered the deposition height. The measurements for the Inconel 625 experiments are
shown in Table 3-2.

Table 3-2. Cross Section Measurements from the Parameter Variation Experiments (In625)
Sample

In9

In10

In11

Location
Deposition
Height
Deposition
Width

Dimensions
(µm)
2443.2
3394.6

Melt-pool Depth

108.1

Melt-pool Width

1513.5

Deposition
Height
Deposition
Width

2378.4
3513.5

Melt-pool Depth

140.5

Melt-pool Width

1427.0

Deposition
Height
Deposition
Width

1675.7
3675.7

Melt-pool Depth

183.8

Melt-pool Width

1751.4

Cross-section Profile
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In12

In13

In14

In15

In16

Deposition
Height
Deposition
Width

1383.8
2594.6

Melt-pool Depth

75.7

Melt-pool Width

778.4

Deposition
Height
Deposition
Width

973.0
2594.6

Melt-pool Depth

162.2

Melt-pool Width

1891.9

Deposition
Height
Deposition
Width

854.1
2886.5

Melt-pool Depth

27.0

Melt-pool Width

475.7

Deposition
Height
Deposition
Width

800.0
2183.8

Melt-pool Depth

97.3

Melt-pool Width

1545.9

Deposition
Height
Deposition
Width

745.9
2162.2

Melt-pool Depth

108.1

Melt-pool Width

1394.6
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In17

In18

In19

In20

In21

Deposition
Height
Deposition
Width

216.2
1718.9

Melt-pool Depth

5.4

Melt-pool Width

5.4

Deposition
Height
Deposition
Width

2410.8
4670.3

Melt-pool Depth

432.4

Melt-pool Width

4400.0

Deposition
Height
Deposition
Width

2389.2
4994.6

Melt-pool Depth

389.2

Melt-pool Width

4616.2

Deposition
Height
Deposition
Width

1556.8
5816.2

Melt-pool Depth

745.9

Melt-pool Width

4248.6

Deposition
Height
Deposition
Width

1264.9
3556.8

Melt-pool Depth

389.2

Melt-pool Width

3405.4
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In22

In23

In24

In25

In26

Deposition
Height
Deposition
Width

1210.8
3708.1

Melt-pool Depth

378.4

Melt-pool Width

3448.6

Deposition
Height
Deposition
Width

745.9
4248.6

Melt-pool Depth

454.1

Melt-pool Width

3059.5

Deposition
Height
Deposition
Width

875.7
3059.5

Melt-pool Depth

356.8

Melt-pool Width

3091.9

Deposition
Height
Deposition
Width

886.5
2908.1

Melt-pool Depth

313.5

Melt-pool Width

2724.3

Deposition
Height
Deposition
Width

540.5
2843.2

Melt-pool Depth

291.9

Melt-pool Width

2443.2
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In27

In28

In29

In30

In31

Deposition
Height
Deposition
Width

1994.6
6162.2

Melt-pool Depth

697.3

Melt-pool Width

5870.3

Deposition
Height
Deposition
Width

2302.7
5935.1

Melt-pool Depth

702.7

Melt-pool Width

5740.5

Deposition
Height
Deposition
Width

1751.4
6470.3

Melt-pool Depth

940.5

Melt-pool Width

5659.5

Deposition
Height
Deposition
Width

897.3
4562.2

Melt-pool Depth

540.5

Melt-pool Width

4583.8

Deposition
Height
Deposition
Width

1145.9
4962.2

Melt-pool Depth

529.7

Melt-pool Width

4854.1
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In32

In33

In34

In35

In36

Deposition
Height
Deposition
Width

691.9
5027.0

Melt-pool Depth

529.7

Melt-pool Width

4432.4

Deposition
Height
Deposition
Width

551.4
3956.8

Melt-pool Depth

627.0

Melt-pool Width

4043.2

Deposition
Height
Deposition
Width

713.5
4151.4

Melt-pool Depth

432.4

Melt-pool Width

4129.7

Deposition
Height
Deposition
Width

464.9
4378.4

Melt-pool Depth

410.8

Melt-pool Width

3881.1

Deposition
Height
Deposition
Width

1859.5
3221.6

Melt-pool Depth

75.7

Melt-pool Width

2000.0
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In37

Deposition
Height
Deposition
Width

756.8
4389.2

Melt-pool Depth

529.7

Melt-pool Width

4464.9

Some of the samples demonstrate irregular melt-pool penetration geometries. The potential
causes for these non-symmetric profiles are discussed further in the Analysis portion of this
thesis.

3.2.2 Thermal Response
The thermal response experiment cross sections were analyzed using a combination of
GIMP photo editing and CAD software packages. Melt-pool penetration profiles were
determined by visually fitting curves to solidifications grain located within each sample. The
deepest portion of each curve was listed as the penetration depth. A similar tracing process was
used to determine deposition heights so that small irregularities would not be included in the
overall track height of each sample.
The images and results of the measurements from the thermal response experiments are
displayed in Tables 3-3 and 3-4 for Ti64 and In625, respectively.
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Table 3-3. Cross Section Measurements from the Thermal Response Experiments (Ti64)
Sample

Location

Dimensions
(µm)

Deposition Height

967.6

Deposition Width

4313.5

Melt-pool Depth

427.0

Melt-pool Width

4178.4

Deposition Height

1740.5

Deposition Width

4021.6

Melt-pool Depth

432.4

Melt-pool Width

3978.4

Deposition Height

2724.3

Deposition Width

4086.5

Melt-pool Depth

454.1

Melt-pool Width

3745.9

Deposition Height

3373.0

Deposition Width

3891.9

Melt-pool Depth

567.6

Melt-pool Width

3989.2

Ti1

Ti2

Ti3

Ti4

Cross-section Profile
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Deposition Height

4281.1

Deposition Width

3843.2

Melt-pool Depth

551.4

Melt-pool Width

3859.5

Deposition Height

2010.8

Deposition Width

5075.7

Melt-pool Depth

421.6

Melt-pool Width

4945.9

Deposition Height

1037.8

Deposition Width

2464.9

Melt-pool Depth

151.4

Melt-pool Width

2421.6

Deposition Height

1881.1

Deposition Width

4151.4

Melt-pool Depth

118.9

Melt-pool Width

3178.4

Ti5

Ti6

Ti7

Ti8
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Table 3-4. Cross Section Measurements from the Thermal Response Experiments (In625)
Sample

Location

Dimensions (µm)

Deposition Height

1178.4

Deposition Width

3610.8

Melt-pool Depth

464.9

Melt-pool Width

3459.5

Deposition Height

1902.7

Deposition Width

4173.0

Melt-pool Depth

410.8

Melt-pool Width

3427.0

Deposition Height

N/A

Deposition Width

N/A

Cross-section Profile

In1

In2

In3*

*In3 test not completed
Melt-pool Depth

N/A

Melt-pool Width

N/A

Deposition Height

3383.8

Deposition Width

3513.5

Melt-pool Depth

356.8

Melt-pool Width

3535.1

In4
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Deposition Height

4140.5

Deposition Width

3448.6

Melt-pool Depth

421.6

Melt-pool Width

3502.7

Deposition Height

2108.1

Deposition Width

4648.6

Melt-pool Depth

486.5

Melt-pool Width

4270.3

Deposition Height

897.3

Deposition Width

2345.9

Melt-pool Depth

237.8

Melt-pool Width

1718.9

Deposition Height

1902.7

Deposition Width

3881.1

Melt-pool Depth

194.6

Melt-pool Width

1567.6

In5

In6

In7

In8

Temperatures recorded during the thermal response experiments were plotted against
time to demonstrate the thermal cycles experienced by each substrate during and after processing.
Select thermal response data are displayed in Figures 3-1, 3-2, 3-3, and 3-4. The remaining plots
are located in Appendix B.
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Figure 3-1. Thermal Response Data for Titanium Alloy (Ti1).

Figure 3-2. Thermal Response Data for Titanium Alloy (Ti5).
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Figure 3-3. Thermal Response Data for Inconel Alloy (In1).

Figure 3-4. Thermal Response Data for Inconel Alloy (In5).
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The maximum melt pool temperatures experienced for each thermal response experiment run are
displayed in Tables 3-5 and 3-6 for Ti-6Al-4V and Inconel 625, respectively, and are discussed
further in Chapter 4.
Table 3-5. Maximum Thermal Response Experiment Melt-pool Temperatures (Ti64)
Experiment Run
Ti1

Ti2

Ti3

Ti4

Ti5

Ti6

Ti7

Ti8

Thermocouple
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3

Max Temp [oC]
1822.55
N/A
1895.09
2259.83
1930.85
2001.4
2142.51
N/A
N/A
2066.23
1923.92
1783.23
2054.5
1776.73
1804.19
1738.075
1365.029
1186.36
986.28
1516.12
1785.55
850.05
1763.53
1717.31

Experiment Time [sec]
12.46
N/A
17.28
12.03
14.56
16.83
14.86
N/A
N/A
12.4
14.83
17.21
12.73
15.13
17.51
15.91
22.06
28.178
11.31
13.66
16
24.31
30.2
36.23

57
Table 3-6. Maximum Thermal Response Experiment Melt-pool Temperatures (In625)
Experiment Run
In1

In2

In3*

In4

In5

In6

In7

In8

Thermocouple
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3
TC1
TC2
TC3

Max Temp [oC]
1425.85
1387.12
1636.89
1692.29
1698.83
N/A

Experiment Time [sec]
13.68
16
18.4
11.9
14.33
N/A

*Test not completed
1525.7
1450.37
1492.44
1510.58
N/A
1583.51
1495.2
1344.84
1542.53
1473.27
1430.39
1432.95
N/A
1460.82
1480.93

These results will now be analyzed and discussed in Chapter 4.

14.63
17.03
19.479
10.21
N/A
15.05
18.71
24.78
30.8
10.74
13.26
15.58
N/A
27.51
33.8

Chapter 4
Analysis and Interpretation

4.1 Analysis & Discussion

4.1.1 Parameter Variation Experimental Data
The data captured in the parameter variation experiments performed in this research offer
a large number of analysis opportunities. These different analyses not only provide insight into
DED processes from a broad processing parameter perspective, but also facilitate analyses for
lower-level material-specific responses and relationships for both Ti-6Al-4V and Inconel 625
alloys. Two key outcomes of the parameter variation experiments were melt-pool penetration
depths and deposition heights, and how these values are influenced by the changes in the key
process parameters of laser power, velocity, and spot size.
Penetration depths for each velocity were plotted as a function of laser power for a given
laser spot size, and Mathematica’s “NonlinearModelFit” command was used to fit power
functions of the form f(x) = xa to the data for noticeable trends. This function was chosen because
prior observations had indicated that the relationship of penetration and power may follow a
power law. These plots are displayed in Figures 4-1, and 4-2 for Ti-6Al-4V and Inconel 625,
respectively. It should be noted that Ti18 was excluded from the relevant data series for all of the
analyses, and will be discussed further in following sections. The curve-fit information and Rsquared values are found in Tables 4-1 and 4-2, for Ti-6Al-4V and Inconel 625, respectively.
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Figure 4-1. Ti64 Penetration Depth (in µm, vertical axes) vs. Power (in W, horizontal axes) at
Various Velocities
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Figure 4-2. In625 Penetration Depth (in µm, vertical axes) vs. Power (in W, horizontal axes) at
Various Velocities
Table 4-1. Ti64 Penetration Depth vs. Power (Various Velocities) Curve-fit Information and RSquared Values
Spot Size
1.89 mm
2.89 mm
3.89 mm

Velocity = 4.23 mm/s
N/A (one point)
N/A
2
R = 0.74
a = 0.82828
R2 = 0.76
a = 0.76408

Velocity = 10.58 mm/s
N/A (two points)
a = 0.67861
R2 = 0.91
a = 0.81148
R2 = 0.88
a = 0.79544

Velocity = 16.93 mm/s
R2 = 0.91
a = 0.84333
R2 = 0.98
a = 0.82017
R2 = 0.90
a = 0.80017
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Table 4-2. In625 Penetration Depth vs. Power (Various Velocities) Curve-fit Information and RSquared Values
Spot Size
1.89 mm
2.89 mm
3.89 mm

Velocity = 4.23 mm/s
R2 = 0.96
a = 0.80702
R2 = 0.97
a = 0.80599
R2 = 0.97
a = 0.85669

Velocity = 10.58 mm/s
R2 = 0.95
a = 0.77933
R2 = 0.99
a = 0.78908
R2 = 0.91
a = 0.78175

Velocity = 16.93 mm/s
R2 = 0.95
a = 0.79013
R2 = 0.98
a = 0.75405
R2 = 0.89
a = 0.73896

Overall, the curve fits in Figures 4-1 and 4-2 demonstrated reasonable agreement with the
data, and the trend of increased penetration with power was noticed. In all cases for the Inconel
625 samples, the slowest velocity produced the highest penetration values. This relationship did
not hold true for the Ti64 samples, where the fastest velocity setting produced the greatest
penetration in two out of the three spot size configurations. These differences may be attributed
to a number of potential reasons. Firstly, material properties such as energy absorption are
known to change with changes in laser power and other processing conditions; therefore, the
expectation that the slowest velocities would yield the deepest penetrations may be overshadowed
by other laser-material interaction phenomena that begin to occur as different processing
conditions are encountered during experimentation. Some examples of these phenomena include
changes in optical absorption and fluid motion within the pool that occur when laser energy
interacts with the liquid metal. Second, the geometry and dimension measurements taken in these
experiments assume that the measurement region was in a quasi-steady-state equilibrium. Since
the measurements were recovered from cross sections taken near the middle of the deposition
track, these assumptions should hold true; however, the measurements are still subject to the
general premise of processing and human errors.

Penetration depths were also plotted as a function of velocity for the three laser power
levels for each given laser spot size, and Mathematica’s “NonlinearModelFit” command was used
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to fit power functions of the generic form f(x) = a*xb to the data for noticeable trends. These
plots are displayed in Figures 4-3, and 4-3 for Ti-6Al-4V and Inconel 625, respectively. It should
be noted that the Ti18 sample was omitted from the curve-fit process due to signs of inconsistent
powder feeding noticed after processing. This specific sample is discussed in further detail in
Section 4.2.1.

Figure 4-3. Ti64 Penetration Depth (in µm, vertical axes) vs. Velocity (in mm/s, vertical axes) at
Various Powers
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Figure 4-4. In625 Penetration Depth (in µm, vertical axes) vs. Velocity (in mm/s, vertical axes)
at Various Powers

The curve-fit information and R-squared values are found in Tables 4-3 and 4-4, for Ti6Al-4V and Inconel 625, respectively.
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Table 4-3. Ti64 Penetration Depth vs. Velocity at Various Laser Powers Curve-fit Information
and R-Squared Values
Spot Size
1.89 mm

2.89 mm

3.89 mm

Power = 1000 W
R2 = 0.99
b = 63.2816
c = 0.054315
R2 = 0.98
b = 73.8792
c = 0.054885
R2 = 0.99
b = 80.1415
c = -0.020546

Power = 2000 W
N/A (two points)
b = 44.7912
c = 0.127706
R2 = 0.99
b = 111.429
c = 0.083794
R2 = 0.97
b = 107.014
c = 0.068880

Power = 3000 W
N/A (single point)
N/A
N/A
R2 = 0.99
b = 1119.92
c = -0.029573
R2 = 0.99
b = 636.406
c = 0.009496

Table 4-4. In625 Penetration Depth vs. Velocity at Various Laser Powers Curve-fit Information
and R-Squared Values
Spot Size
1.89 mm

2.89 mm

3.89 mm

Power = 1000 W
R2 = 0.98
b = 104.054
c = -0.010053
R2 = 0.98
b = 163.462
c = -0.017071
R2 = 0.99
b = 652.519
c = -0.299584

Power = 2000 W
R2 = 0.99
b = 460.077
c = -0.015240
R2 = 0.99
b = 425.969
c = -0.016131
R2 = 0.99
b = 1022.35
c = -0.075226

Power = 3000 W
R2 = 0.99
b = 686.624
c = -0.009523
R2 = 0.99
b = 823.281
c = -0.039251
R2 = 0.99
b = 1254.44
c = -0.072375

The plots in Figures 4-3 and 4-4 demonstrate a mixed set of response trends when
comparing melt-pool penetration to laser velocity, as well as material-specific trends noticed
when comparing the data from the two material types.
Firstly, all Inconel 625 samples exhibited some degree of a decrease in penetration as
velocity was increased. The Ti-6Al-4V samples did not exhibit this relationship, as several of the
data sets exhibited trends that suggest an increase in penetration with increasing velocities.
Secondly, another noticed trend in the penetration vs. velocity data was that the penetration
values for the 1000 W samples remained fairly constant in five of the data sets. This trend
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suggests that, while a lower laser powers, melt-pool penetration into the substrate material
remains constant or decreases very slowly with increased velocity. These trends are discussed
further in the Interpretation section of this chapter.
To examine the multivariant response of penetration depth as a function of both laser
power and velocity, penetration depths from the relevant experimental data were plotted in threedimensional space against these two processing parameters for each spot size. Surfaces were then
generated to produce a series of penetration response profiles for each spot size. These plots are
display in Figures 4-5, and 4-6 for the Ti-6Al-4V and Inconel 625 penetration data, respectively.

Figure 4-5. Ti64 3-D Plot of Penetration vs. Laser Power and Velocity (for Each Spot Size)
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Figure 4-6. In625 3-D Plot of Penetration vs. Laser Power and Velocity (for Each Spot Size)

For samples with multiple penetration values per given set of laser power and velocity settings,
the largest penetration value was used for the surface map generation. The general trends noticed
in the surfaces correspond to the same trends discussed for the two-dimensional plots previously.
The surface plot for Ti-6Al-4V processing with the 1.89 mm spot size is not fully present because
of the omission of the Ti18 data and non-existence of the Ti27 and Ti30 experiments.
The Ti18 penetration data were removed from the analysis, as it was considered an
outlier. The cross section for Ti18, found in Table 3-1, is an irregular shape and illustrates one of
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the shallow regions noticed along the deposition track after the processing of this sample. Figure
4-7 shows the image from the entire Ti18 sample.

Figure 4-7. Ti18 Sample Deposition
Although the irregular, non-uniform deposition-track geometry of sample Ti18 excludes
it from the penetration analyses, the sample may offer some other insight into DED processing
conditions, and is discussed further in the Interpretation section.

4.1.2 Thermal Response Experimental Data
In addition to supplementing the parameter response data with additional dimension
measurements, the data captured in the thermal response experiments performed in this research
provide temperatures and material-specific thermal response data that are critical for accurate
modeling of DED processes. The maximum melt-pool temperatures from Tables 3-5 and 3-6 that
surpassed the solidus temperatures of each material were averaged to produce maximum
temperature values for each set of processing conditions from the thermal response experiments.
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Thermocouples that recorded maximum temperatures below the solidus temperature were
excluded from the calculations because these measurements did not represent molten metal. The
averaged values, as well as standard deviations from the thermocouple measurements are
displayed in Tables 4-5 and 4-6 for Ti-6Al-4V and Inconel 625, respectively. It should be noted
that for the experiment samples with multiple layers of the deposition track, only temperature
data taken from the first layer was used to determine the averaged maximum temperature values.

Table 4-5. Average Measured Melt-pool Temperatures for Ti64 Samples
Samples Averaged

Average Maximum
Temperature [oC]

Standard
Deviation [oC]

Ti1, Ti2, Ti3, Ti4, Ti5

1955.1

147.0

1738.1

N/A

1785.6

N/A

1740.4

23.1

Ti6
(TC2, TC3 excluded)
Ti7
(TC1, TC2 excluded)
Ti8
(TC1 excluded)

Power Setting
Velocity
2000 W
10.58 mm/s
2000 W
4.23 mm/s
1000 W
10.58 mm/s
1000 W
4.23 mm/s

Table 4-6. Average Measured Melt-pool Temperatures for In625 Samples
Samples Averaged

Average Maximum
Temperature [oC]

Standard
Deviation [oC]

In1, In2, In3, In4, In5

1540.4

103.7

In6

1460.9

84.3

In7

1445.5

19.6

In8

1470.9

10.1

Power Setting
Velocity
2000 W
10.58 mm/s
2000 W
4.23 mm/s
1000 W
10.58 mm/s
1000 W
4.23 mm/s

These temperature values are discussed further in the Interpretation section of this thesis.
The substrate surface and ambient temperature measurements were not analyzed during
the scope of this thesis; therefore, their results are not displayed. These measurements were
intended to be used as validation data for future modeling work.
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4.1.3 Energy Balance Plots
The energy balance representing penetration was utilized to plot important variables in a
variety of ways in Mathematica for the Ti-6Al-4V material. First, melt-pool penetration was
plotted as a function of laser power for three distinct velocity values used in the
experimentation— 4.23 mm/s, 10.58 mm/s, and 16.93 mm/s. The resulting curves are displayed
in Figure 4-8.

Figure 4-8. Model Penetration vs. Laser Power for Various Velocities (Ti64)

The resulting curves suggest that penetration tends to increase via a fractional-power relationship
with laser power, and that lower velocities will yield deeper penetration for a given power setting.
Melt-pool penetration was also plotted as a function of velocity for the three power
settings used in the experimentation— 1000 W, 2000 W, and 3000 W. The model used the power
setting values, not actual power values from the experiments, to calculate the resulting curves.
These curves are displayed in Figure 4-9.
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Figure 4-9. Model Penetration vs. Velocity for Various Laser Powers (Ti64)

The resulting curves demonstrate an exponential-decay relationship between penetration and
velocity. Another noticeable feature of the plots is how the penetration values plateau rapidly,
becoming nearly constant with respect to velocity after 0.010m/s.

Lastly, melt-pool penetration was plotted as a multivariable surface function of both laser
power and velocity. This surface is displayed from multiple perspectives in Figure 4-10.
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Figure 4-10. 3-D Model of Penetration vs. Laser Power and Velocity (Ti64)
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The surface combines the trends noticed in the two-dimensional plots into a continuous,
multivariant response surface for examining the impacts that laser power and velocity have on
melt-pool penetration into the substrate material during DED processing. As power increases, the
penetration values are driven to higher values along a fraction-power or logarithmic fashion.
Conversely, as velocity increases, an exponential decrease in penetration is noted. These
observations are further discussed in the Interpretation section. Qualitatively, the surface appears
consistent with what would be expected in practice as well: as power increases, we would expect
an increase in penetration since the total energy input would increase as well. The reverse of this
process, where decreasing power would decrease energy input and decrease penetration, would
also generally be expected to hold true. Generally, penetration would also be expected to
decrease with increased velocity, since less energy is presented to the material as the interaction
time with the laser decreases. (Suder and Williams)

In order to demonstrate the model’s ability to perform analysis on various materials,
given that the appropriate thermophysical and material properties are available, the three model
plots were repeated for Inconel 625, and the corresponding plots are displayed below in Figures
4-11, 4-12, 4-13.
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Figure 4-11. Model Penetration vs. Laser Power for Various Velocities (In625)

Figure 4-12. Model Penetration vs. Velocity for Various Laser Powers (In625)
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Figure 4-13. 3-D Model of Penetration vs. Laser Power and Velocity (In625)
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The model results for Inconel 625 showed similar trends to the Ti-6Al-4V model results,
with the slight differences likely stemming from model inputs such as maximum temperatures,
thermophysical and material properties, and deposition to height ratios from the experimental
data.

4.2 Interpretation

4.2.1 Trends in Parameter Variation Experimental Data
Most of the trends noticed in the penetration plots were expected from an energy-input
perspective. Increasing power will provide more energy to the process, driving penetration
values higher as more energy is available to melt material. Similarly, slower velocities provide
longer laser-material interaction times, which increase the amount of energy incident to the
material, as shown by Suder and Williams. (Suder and Williams)
For the Ti-6Al-4V samples that had the unexpected penetration vs. velocity results, the
penetration values could be the result of laser-material interaction phenomena occurring that were
not experienced by the Inconel 625 samples. Nevertheless, these unexpected trends may also be
attributed to the previously mentioned potential sources of error in the experiments.
A potential cause for the near constant curves noticed for the 1000 W samples in Figures
4-3 and 4-4 may be related to light energy absorption. As explained by select literature, higher
power densities give way to an increased number of free electrons present in the melt-pool as
matter is changed into plasmas and molten material. These increased numbers of free electrons
provide additional interaction with the incident light energy, and overall absorption of the light
energy increases. (Steen and Mazumder) The absorption phenomena might help explain why the
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penetration values for select data sets increase with increased velocity. If increasing the
processing velocities caused the powder profile to change with respect to the laser beam, the
beam’s interaction with the substrate would also change. If the focus of the powdered metal
being sprayed into the processing region began to fall behind the laser beam as processing
velocities were increased, the laser beam would have increased interaction directly with the
substrate’s surface. As this process occurs, more the incident energy is used to melt into the
substrate, as opposed to melting the powdered metal being injected from the nozzles.
Furthermore, previous research has shown that energy absorption values are higher for bare
substrates than they are for DED processes with powder flow. (Lia, Park and Martukanitz) The
combination of these understandings helps to potentially explain why select Ti-6Al-4V
penetration values increased instead of decreasing at higher velocities.

The near sinusoidal appearance of the Ti18 sample’s deposition track suggests that the
powder-flow was varied throughout the deposition process. With the small spot size of 1.89 mm,
the deposition head was closer to the substrate than in other cases, as noted in Figure 2-2 that
shows stand-off distances. It is believed that the combination of a slow processing velocity, small
spot size, and relatively high power caused an excessive amount of reflection from the melt pool.
Since the deposition head was closer to the deposition track than in normal processing conditions,
it is likely that much of the laser energy reflected from the top of the deposition track was
absorbed by the powder nozzle, causing intermittent clogging of the powder flow. As the flow
became restricted, the deposition track became smaller, increasing the distance between the lasermaterial interaction region and the deposition head, and reducing the amount of reflected energy
incident upon the powder nozzle. As less powder was present to absorb the laser energy, more
energy was incident upon the substrate alone, causing deeper penetration into the substrate was
achieved—explaining the abnormally high penetration value for Ti18. Furthermore, it is likely
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that as the nozzle cooled, powder was blown free from the powder nozzle, causing the rapid
buildup of deposition track and repeating the entire process. This theory is supported by other
literature that demonstrates the impact of mass flow rate of powder on deposition height in DED
processing. (Suder and Williams) The higher-power Ti27 and Ti30 tests at the same small spot
size were cancelled in order to avoid damaging the Precitec deposition head during the
experiments.
Several of the cross section images demonstrate penetration profiles that appear to have
two separate penetration regions. An example of one of these profiles may be viewed in Figure
4-14.

Figure 4-14. Sample of Irregular Penetration Profile
The irregular, non-symmetric, non-ellipse penetration profiles visible in many of the Inconel 625
samples may have occurred for a number of reasons. Research completed in the DED-related
field of laser-beam welding suggests that fluid flow of the molten material plays an important role
in melt-pool geometries and heat flow processes. (Zacharia, David and Vitek) Different material
properties, such as fluidity and conduction, drive material flow within the melt pool. Different
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flow patterns result in different penetration profiles, and likely are partially if not completely
responsible for the irregular melt-pool penetration geometries of the respective samples.

4.2.2 Trends in Thermal Response Experimental Data
The thermal response data are best interpreted by comparing them with known properties
of each material. Ti-6Al-4V Grade 5 alloy begins to melt at the solidus point temperature of
1593oC, and is completely melted at 1660oC. (Alloy Digest) Similarly, Inconel 625 alloy has a
solidus temperature of 1290oC and a liquidus temperature of 1350oC. (Alloy Digest) Although
most of the thermocouple measurements taken by the C-type thermocouples surpassed these
thresholds for each material, select measurements did not. For these measurements, it is believed
that molten material flowed into the thermocouple cavity and shunted or shorted the
thermocouples at points lower than the balled region. This process would have enabled
temperature data to be recorded for a region well below the melt pool, which also explains why
the thermal cycles matched the expected heating and cooling profiles, but did not peak above
actual melting temperature thresholds.
The temperature profiles for samples Ti2 through Ti5 and In2 through In5 demonstrate
the impact that each additional layer of material has on the temperature profile within the build.
This trend may be examined by comparing each set of C-type thermocouple peak groups to the
previous groups in the temperature versus time plots. As the distance between the imbedded
thermocouples and the processing location increases with each additional deposited track, the
maximum temperatures measured decrease.
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4.2.3 Qualitative Comparison of Energy Balance and Experimental Data Trends
Select trends are noticed in both the model results as well as the experimental findings
when the two data sets are compared qualitatively. Figure 4-15 demonstrates the visible
comparisons between the model and experimental data for the Ti-6Al-4V alloy for the mid-range
2.89 mm spot size. This spot size was compared since the model was augmented with data taken
from the Ti1 and In1 experiments, which used this spot size setting for processing. The twodimensional plots are serve as the best comparison method, since these graphs are the most
suitable to illustrate model trends without the use of computer for three-dimensional surface
manipulation.

Figure 4-15. Comparison of Model and Experimental Results for Ti64

Figure 4-16 shows the same illustration for the Inconel 625 alloy.
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Figure 4-16. Comparison of Model and Experimental Results for In625

When comparing the model trends with the experimental data trends, select
considerations must be kept in mind. First, the energy balance model operates in base units to
avoid complications from unit conversions during the computation process; therefore, the model
plots are in standard units of meters per second and meters for velocity and penetration values,
respectively, while the data from the experiments were plotted in terms of microns for penetration
and millimeters per second for velocity. This comes into play as the plots are interpreted, since
the dimensional aspect ratios are different between both sets of plots. Second, the primary goal
for the model was to predict the impact that changes in key processing parameters, velocity and
laser power, have on melt-pool penetration depths during processing. With this in mind, the
model predicts the similar trends for penetration depth as a function of power for both materials,
showing a steady, non-linear increase in penetration depth as power levels are increased. The
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penetration versus velocity results for Inconel also demonstrated fair agreement in overall trends,
with a decrease in penetration as velocity increased. The Ti-6Al-4V penetration versus velocity
data does not share the same trend with the model. This may be due to a number of factors,
including the previously mentioned unforeseen phenomena from the laser-material interaction
that this first-attempt model does not account for, or due to error associated with the experimental
data. While examining the penetration versus velocity data, it should be noted that the model
curves for lower laser powers demonstrate a faster decay rate than the higher laser power curves.
This relationship means that the low-power curves may be approximated as linear relationships
sooner than the high-power curves as velocity increases. Similarly, it is noted in both the Ti-6Al4V and Inconel 625 experimental data that the lowest-laser-power curves demonstrate the closest
resemblance to straight lines out of the three laser power settings. While the actual penetration
values are over-predicted by the energy balance model, the overall trends demonstrate and
appreciable amount of similarity with the experimental data trends.
Surface plots comparing penetration and key processing parameters hold high
significance for processing parameter optimization, especially for the directed energy deposition
of new materials. The model developed in this research focused on penetration depth as the key
dependent variable; however, other equation variables could also be solved for, given the
appropriate knowledge of material, optical, and thermophysical properties are known. Maximum
temperatures, energy absorption coefficients, deposition heights, and deposition widths are all
examples of potential dependent variables that could be modeled via the developed energy
balance equation. Modeling of these other parameters, especially when augmented with select
empirical data and improvements to model accuracy, could lead to future control algorithms for
DED processing, pre-processing parameter selection development, and help define design
guidelines for drafters as they create new digital parts for future builds.

Chapter 5
Conclusions

5.1 Summary
The proposed relational, phenomenological, and semi-empirical energy balance was used
to produce penetration response curves that demonstrate theoretical relationships between laser
power, velocity, and spot size for related directed energy deposition processes. The multivariable
model solved for penetration as a function of laser power and velocity, establishing equations that
were then plotted to demonstrate the effect that power and velocity have on melt-pool
penetration. These plots demonstrated that penetration converged to a near-constant value as
power and velocity were increased. As velocity increased, melt-pool penetration depths decayed
via a power function before stabilizing to relatively constant values for all examined laser powers
after velocities of 0.010 m/s for both Ti-6Al-4V and Inconel 625 materials. For the impact that
laser power had on melt-pool penetration, the model demonstrated that penetration increased
rapidly from zero to 500 W power levels, then followed a more gradual, near-linear increase as
power levels were increased further for both materials. This relationship may be due to a
phenomenological, upper boundary for power absorption into the substrate, which would suggest
that eventually, as power is increased, the additional amount of penetration that may be achieved
diminishes. A combination of the energy balance plot results suggest that deeper melt-pool
penetration values may be more easily obtained by decreasing velocity for a given power rather
than increasing power for a given velocity.
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The model was augmented with data obtained through several sets of carefully designed
experiments to establish an empirical foundation. Based upon these results, additional
experimentation to verify the model should focus on regions of lower velocity (under the tested
4.23 mm/s) and lower laser power levels (under the tested 1000 W), since the model suggests that
these regions will yield increasing high penetration depths.
A new technique for measurement of temperatures within melt pools under the laser
beam was established through the use of embedded high-temperature C-type Tungsten-Rhenium
thermocouples. These thin-wired, single-balled thermocouples were insulated with alumina
slurry to prevent shunting of the leads below the melt-pool region, and were largely successful at
capturing temperatures above the liquidus temperatures of both the Ti-6Al-4V and Inconel 625
alloys. High sampling rates of 60Hz provided a close look at the thermal profiles for each
deposition—and even indicated periods of thermal arrest associated with latent heat and phase
changes during the cooling process for each alloy. These results were plotted over time to
demonstrate each material’s response to various processing conditions, in conjunction with
additional temperature measurements taken by K-type thermocouples attached to the substrates’
surfaces. Maximum temperatures were averaged and used to determine thermophysical
properties for the model via interpolation from known sources. These averaged temperatures also
served as inputs for the heat transfer functions within the energy balance. Ti-6Al-4V alloy
demonstrated average maximum melt-pool temperatures between 1738oC and 1955oC based on
the processing conditions, while the Inconel 625 average maximum melt-pool temperatures
ranged from 1446oC to 1540oC. This technique has also been proven useful for accurate
measurements for sensor and numerical model validation.
A full factorial experiment design was used to establish a set of parameter variation
experiments with the intention of examining the interactions between laser power, velocity, and
spot size factors with the response variable of deposition and melt pool geometries. Depth of
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penetration was focused on as the key response variable for the analysis of this thesis, and several
empirical relationships were established for the select range of processing conditions. Three
power settings, three velocities, and three spot sizes were chosen, and twenty-seven experiments
were performed for each of the two studied alloys. Cross-section images demonstrated a wide
variety of resulting deposition-track and melt-pool profiles, and measurements were made in an
attempt to correlate the model response plots to trends noticed in the experiments. The
penetration experimental results were plotted to provide validation and verification data for the
trends noticed in the energy balance model, and proved difficult to accurately fit with consistent
curves in select cases—mostly for the Ti-6Al-4V alloy. It is noted that each curve was generated
using only three experimental data points, so the experimental scatter in the penetration values
provided a large impact on the resulting experimental trends. A high degree of correlation
between the energy balance plots and the experimental data plots were not obtained; nevertheless,
the experimental curves contrasting penetration versus laser power and penetration versus
velocity demonstrated fair agreement with the model’s overall trends. Trends of the experimental
data for Inconel 625 demonstrated that penetration increased with increased power and/or
decreased velocity. The Ti-6Al-4V experimental data demonstrated increased penetration with
increased laser power, but non-consistent trends were noticed for penetration as a function of
velocity. Titanium’s fluidity and surface tension properties may be partially responsible for the
inconsistent trends noticed in the data; therefore, more work is suggested to analyze the data from
this perspective as well.
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5.2 Suggestions for Future Work

5.2.1 Model Suggestions
For future model development, there are several actions that may be taken to improve
model accuracy. First, establishing shape functions based on empirical data for control volume
definitions would enhance the model’s capability of predicting volumes, surface areas, and
dimensions tremendously. The current model’s use of spherical geometries to define the
deposition track and penetration profile was not often corroborated in the experimental data.
Second, incorporating temperature-dependent profiles for the thermo-physical properties, rather
than using the average value between the ambient and maximum temperatures, may help reduce
errors in the heat transfer and specific heat calculations. Similarly, a third enhancement would
incorporate a dynamic value for energy absorption, since research has shown that bulk energy
absorption values change with changes in laser power, powder flow rate, and types of materials.
The current model assumes static values for each material’s energy absorption coefficient. Along
these lines, an expanded energy input term may offer additional insight into modeling the energy
absorption process, where the energy absorption coefficient could be expressed as a function of
powder flow rate, powder size, laser-beam spot size, and material type. A fifth enhancement to
the model would be the incorporation of beam spot size into the equations. One potential
technique would be to link the effective spot size diameter to deposition track widths found
through experimentation. Incorporating spot size into the energy balance would allow for the
analysis of various response variables in terms of power densities, which are often used in energy
input discussions.
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5.2.2 Experiment Suggestions
First, several additional sets of experiments would offer beneficial validation points for
future development of an advanced energy-balance model. Calorimetry and parameter variation
experiments for different powder feed rates would help determine the impact that powder flow
rate has on the bulk energy absorption coefficients and deposition geometries for various
materials. If completed for the same alloys studied in this research, this data would offer valuable
insight into the DED processing of Ti-6Al-4V and Inconel 625 when combined with the
experiments performed in this research—adding a forth factor to the parameter variation
experiments.
Second, additional analysis could be performed using the extensive amount of data
collected in the experiments from this research. Deposition shapes, heights, widths, fusion
profiles, porosities, and melt-pool profiles could all be analyzed with respect to different
combinations of processing conditions. These data could also be analyze between the two
different alloys from a material, optical, or thermophysical property standpoint to establish
relevant trends relating to material-specific conditions. The thermal response data offer
numerous opportunities for future analyses. Future thermal and microstructural modeling efforts
would also benefit from the use of the temperature data for model validation efforts.

Appendix A

Tools
The following tools were used in the research contained within this thesis:
1. NI Labview software
2. Mathematica software
3. Microsoft Office software
4. Matlab software
5. IPG YLR-12000C Nd:YAG 1070nm laser
6. National Instruments NI9213 DAQ
7. Omega K-type Glass Insulated Thermocouples (5TC-GG-K-30-36)
8. Omega C-type Thermocouples (EI1109128/T5R-015-12)
9. Dell Inspiron Laptop with a 2.2Ghz Intel dual core processor, 4GB RAM
10. Ophir power meter
11. PRIMES Beam Monitor

Appendix B

Remaining Thermal Response Results
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Appendix C

Broader Impacts
Economic / Manufacturability / Technology Transfer
Heat transfer plays a huge role in Additive Manufacturing (AM) and similar technologies
through key processing parameters that affect build temperature gradients and subsequent part
microstructures and mechanical properties. Through a close examination of these parameters and
empirical incorporation of relevant data, a relational heat transfer model may be further
developed and tested to explain how processing parameters affect the build properties of highpower laser and electron beam AM systems for various materials. In order to develop this model,
however, several processing inputs must be determined beforehand—including the temperature
profiles, material-specific responses, and energy absorption values of the DED processes.
With these key values and a further developed model, users will be able to determine
optimal processing parameters for new materials based off of a straight forward, simple
calculation. The model will namely provide an appropriate starting point for process parameter
development, and will incorporate known and tabulated data and properties, as well as several
user-defined process parameters. With this new tool, researchers will save time, money, and
stress while developing processing parameters for new materials in AM.

Environmental/ Sustainability
Additive Manufacturing is a revolutionary technology and promises revolutionary
changes to manufacturing and design industries. Some of these changes include financially
beneficial processing of small scale parts (no need to invest in specialize molds for fabrication),
new design freedoms for nearly all machines and components (through the ability to incorporate
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previously impossible geometries in components), and new graded materials and alloy blends.
Before all of these promising possibilities can be fully harnessed, AM must be accepted in
manufacturing industries and the government. In order for these organizations to adopt AM as a
main-stream manufacturing process, standards, process knowledge, and models must first be
created, tested, and verified. Therefore, a relational energy balance for AM poses many benefits
for AM research and related industries.

Ethical
Ethics are important for all areas of research. One ethical concern unique to Additive
Manufacturing is the ability to copy and reproduce proprietary designs for parts and objects easily
through the use of 3D scanners and/or CAD software. Aside from this activity, traditional ethical
practices are also important and applicable to AM research, and include proper citing of sources
and references, not copying other research, and safeguarding the integrity of experimental data
and results.

Health and Safety
Several health and safety concerns exist when working in the Additive Manufacturing
field. Heat sources pose significant risks to users, and must be used properly with caution.
Lasers emit potentially harmful radiation that can blind, burn, or cut users if used without careful
guidance. In order to mitigate these risks, protective goggle lenses must be worn while working
with exposed laser beams, and gloves must be worn when touching heated substrates or parts.
Electron beams also pose similar risks to users; therefore, they must also be used in the same
cautionary fashion.
In addition to lasers and electron beams, fine metal powders pose harmful risks to users
as well. These metal powders can be ignited with static electricity and are extremely combustible
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when in a “powder cloud” form. Furthermore, these fine powders pose detrimental health risks
when inhaled, swallowed, or allowed into the blood stream through a cut or opening in the body.
When working with these fine powders, masks, goggles, disposable gloves and other personal
protective equipment (PPE) must be worn.

Social / Political / Global
Additive Manufacturing has already affected the political and societal realms on a global
scale. Its rising popularity has led to several states passing laws and guidelines dictating the use
of additive manufacturing on personal machines. Most of these laws deal with the production of
copyrighted or firearm-related parts.
My research will not have a direct impact on the social and political worlds directly;
nevertheless, it will impact the research communities and subsequently will support efforts to
further the acceptance and integration of AM in industrial and government applications.
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