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ABSTRACT 
 

This thesis presents the results from experimentation performed to determine several key 

input parameters for the future development of a proposed phenomenological, quasi-empirical 

model for the heat transfer of select Additive Manufacturing techniques through the use of an 

analytical energy balance.  Two sets of experiments were designed to directly measure or 

determine several model inputs, including maximum melt pool temperatures, surface 

temperatures, and energy absorption coefficients for a variety of materials and power settings.   

A calorimetry technique was developed and used to determine the energy absorption 

coefficient, β, for both Ti-6Al-4V and Inconel 625 using a series of substrate tubes and deposition 

processes.  The determined results demonstrate good agreement between each experiment, and 

display differences based on material type and input power settings.  

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.  The Ti-6Al-

4V samples demonstrated maximum temperatures below the melting point of the material, 

suggesting measurement errors associated with the experimental setup; while the Inconel 625 

sample exhibited a set of temperature measurements above the liquidus temperature of the 

material, suggesting that actual melt pool temperatures were recorded.   

Finally, these data sets were analyzed and presented as viable inputs for a future energy 

balance model for Directed Energy Deposition processes, and the future development of the 

model was discussed.   
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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 

energy absorption of the laser energy by the material and maximum temperatures within the melt 

pool of a deposition track.  

Energy absorption is a very important factor to consider when modeling AM processes, 

since it dictates how much of the incident power gets absorbed by the material and how much of 

the incident energy is reflected from the surfaces.  The amount of energy absorbed by the material 

will directly dictate the resulting heat profiles, cooling cycles, and heat transfer processes that 
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occur; therefore, experimentation to determine the Energy Absorption Coefficient for a variety of 

materials would be highly desired.  

Another important factor of an energy balance model is maximum temperatures 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 absorption, melt pool temperatures also 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. Explore the future design of a first-attempt, phenomenological, analytical, and quasi-

empirical Energy Balance Heat Transfer model for quick analysis of AM processes  

2. Design and perform experimentation to determine the Energy Absorption Coefficient for 

Ti-6Al-4V and Inconel 625 

3. Design and perform experimentation to determine maximum temperatures in the melt 

pool region and substrate surface of a laser deposition track with both Ti-6Al-4V and 

Inconel 625 materials  

1.2 Literature Review 

1.2.1 AM Background and Overview 

Additive Manufacturing (AM), also known as 3-D printing, is a term that encompasses 

several different, rapidly developing technologies that fabricate three-dimensional objects based 

on a Computer-Aided Design (CAD) file.  Although polymer-based AM technologies have a 
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longer history in manufacturing, 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 

electron beam yields very high energy densities and heat, which melts the metallic powder into a 

plasma-liquid state.  As the heat source is scanned across a surface, the melted material solidifies 

behind its path in the form of 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, powder layer thickness (for powder bed systems), powder flow rate (for nozzle 

systems), laser power, heat source spot size, heat source profile type, powder particle size, and 

deposition patterns. As the laser head is rastered across the part surface and more powder 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, et al., 2007)    

Conversely, Powder Bed Fusion (PBF) technologies build three-dimensional objects by 

melting select regions of powdered metal that are placed onto a metallic substrate beforehand.  

After the first layer of melted powder solidifies, a new layer is placed on top and the process is 

repeated until a three-dimensional object is formed.   

These physical three-dimensional objects, or parts, are constructed through a series of 

manufacturing steps.  First, a three-dimensional digital model is produced on digital modeling 

software and saved as one of many types of CAD files.  Next, the CAD file is digitally sliced into 

a series of thin layers. Software will then convert each layer of the three-dimensional object into a 

series of deposition lines, or tracks, with finite widths.  At this point, the physical construction 
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process begins based on which AM technology is being used to build the part.  (Bourell, et al., 

2009) 

1.2.2 Energy Balance Formulations 

 M. Picasso’s A Simple but Realistic Model for Laser Cladding was one of the most 

helpful pieces of literature reviewed.  Picasso 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.  Picasso’s 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 by work of this research, Picasso’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 Picasso’s 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.  First, Picasso used 

estimated values of the laser beam power in the model, which is one of the most important factors 

in any energy balance.  Secondly, Picasso’s model assumed that the estimated power was used to 

re-melt the substrate with the clad having been pre-deposited, which is not the case for most 

Directed Energy Deposition processes.  Nevertheless, Picasso’s novel 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 also confirmed the 

validity of using an ellipsoidal control volume geometry to model melt pools.  (Picasso, et al., 

1994) 
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 Similar to Picasso, Ahsan and Pinkerton toted 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.  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 partially 

computational model, an iterative feedback loop was used to ensure 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 diode laser.  (Ahsan & Pinkerton, 2011)  

 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.  First, the model 

assumed a constant laser travel velocity with respect to a semi-infinite substrate.  Secondly, all 

materials, 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.  Forthly, powder flows 

were assumed to be a Gaussian concentration distribution across the stream and at a constant 

velocity.  Furthermore, it was assumed that all powder impinging upon the melt pool was 

absorbed, while the remaining powder was considered to be lost.  The final assumptions made by 

Ahsan and Pinkerton were that radiation and convection heat losses may be neglected.   
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 The Ahsan and Pinkerton publication explained the importance of calculating the power 

required to melt incoming powder, and substracting this value from the absorbed power in order 

to avoid over estimation of the melt pool size.  A pyrometer was used in their experimentation to 

measure the substrate surface temperature along each track, but measurements were taken outside 

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 Absorption 

 Several sources exist that study energy absorption and related phenomena in laser 

welding processes.  One source considered in the development of this thesis, Influence of Welding 

Speed on Melting Efficiency of Laser Welding by Tadamalle et al., examined the effects that 

travel speed, power input, and several other parameters have on energy absorption and melting 

efficiencies within welding processes.  Tadamalle’s research team examined how the melting 

efficiencies of 304L austenitic stainless steel varied over a range of velocities, and provided 

insight into the absorption phenomena that occur in laser welding.  Although the research group 

focused on stainless steel interactions with a Nd:YAG pulsed laser, much of their research and 

theory may be applied to the continuous wave lasers used in this research.  The report by 

Tadamalle et al. showed that several key processing factors affect energy absorption: laser power, 

welding speed, and beam size.  (Tadamalle, et al., 2013) 

 Tadamalle et al. proposed the use of two dimensionless parameters derived from the 

Rosenthal heat flow solutions to determine the overall melting and energy absorption efficiencies 
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of a given laser welding process.  The report also detailed that a small percentage of total 

absorbed energy from a laser welding process was actually used to melt material, while a large 

majority of energy remained to exit from the part through heat transfer.  With these 

considerations in mind, Tadamalle et al.  ran several experiments over a range of selected welding 

velocities to examine the resulting dimensionless parameters and subsequent melting efficiencies.  

Weld pool volumes were estimated through best fitting polynomials to empirical data in the form 

of geometrical cross sections.  In their analysis, Tadamalle’s team used various values for energy 

absorption to determine their melting efficiency, rather than using the 37% or 48% values 

employed by many other researchers.  Similar to other related publications, no concrete value for 

energy absorption was determined or used in the research, which is a limitation to all modeling 

performed since input energy into the part is a key component that drives all subsequent 

thermophysical processes.  (Tadamalle, et al., 2013) 

1.2.4 Temperature During Laser Welding 

 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 & Pinkerton, 2011) 

 One approach to determining thermal fields is to model the melt pool regions of DED 

processes through an inverse heat transfer problem approach.  Cooper and Lambrakos utilized 

this approach in their publication, Thermal Modeling of Direct Digital Melt-Deposition 

Processes.  Their research constructed a numerical-algorithmic framework for modeling the 
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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-dimensional temperature 

distributions of built structures for various materials at incremental time steps.  The limitation to 

their work is the fact that, as with all modeling, the modeling of temperature distributions 

required several assumptions to be made and the resulting temperature profiles were nearly never 

100% accurate.  This limitation is found with all models, and creates desire to attain more 

accurate, experimental temperature values to validate models and the resulting thermophysical 

properties for materials.  (Cooper & Lambrakos, 2011) 

1.3 Design Needs 

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 detail specific 

guidelines that will be kept in mind while developing the experiments to support the thermal 

model. 

1.3.1 Energy Balance Model   

The design needs for the Energy Balance Model are detailed below: 

1. must be a phenomenological, quasi-empirical energy balance model 

2. may be quickly run on any modern laptop computer 

3. must demonstrate effects that key processing parameters have on final deposition  
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1.3.2 Energy Absorption Experiments   

The design needs for the energy absorption experiments are detailed below: 

1. substrates must mimic geometric and material properties of typical substrates in order to 

attain reflection and absorption values representative of traditional DED processing 

2. substrates must be well-insulated to prevent energy loss to the surroundings 

3. fluid flow through the substrate must be sufficiently fast to prevent excessive 

vaporization within the substrate  

4. temperatures must be measured when the fluid is below its vaporization point to correctly 

determine ∆T needed for specific heat calculations 

5.  fluid temperatures must be measured as close to the substrate as possible to best 

determine the actual ∆T of the substrate 

6. thermocouples with thin wires must be used to attain an acceptable rate of temperature 

data acquisition 

7. multiple thermocouples must be used at each point to ensure data validity against 

statistical variations  

8. beam calorimetry must be performed to determine the actual power delivered to the 

substrates from the laser beam  

1.3.3 Thermal Response Experiments   

The design needs for the thermal response experiments are detailed below: 
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1. thermocouples capable of withstanding temperatures well above the melting temperatures 

of Inconel 625(liquidus 1350
o
C)  and Ti-6Al-4V (liquidus 1636

o
C) 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 

5.  code capable of simultaneously monitoring, recording, and displaying temperature 

values for multiple thermocouples is needed for data acquisition  
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Chapter 2  
 

Methodology 

2.1 Theoretical Model Development 

 One approach to developing greater quantitative insight into Additive Manufacturing 

Process is to consider an energy balance.  With this approach, one must consider the energy input 

of a defined system, the energy leaving, and the net energy retained or absorbed by the system.  

For this model, a control volume analysis was used, where the control volume is 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: 

                 (Equation 2.1) 

The variables are defined in Table 1.  

Table 1 - Equation 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 is to expand each of these energy terms into their 

respective process parameters and heat transfer terms.  An input energy term, Ein, may be defined 

as: 

 
            (Equation 2.2) 
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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 as a distance 

divided by a velocity, Equation 2.2 becomes:  

    
   

 
    (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.  

 

 The next term to expand in the equation is the output energy, Eout. To expand this term, 

one must consider how the control volume loses energy.  The energy losses from the control 

volume are due to heat transfer processes across the 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 metallic 

substrate below.  Convective and radiative heat transfer occurs through all surfaces of the control 

volume that are exposed to the processing environment of the directed energy deposition, which 

is typically composed of inert gases 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 unit time.  One unit time is defined by the quotient of the input 

distance and travel velocity terms. 

   

          
       

      
              (Equation 2.4) 

The respective heat transfer mechanisms are expanded to give,  

            
  

  
          

       
                      (Equation 2.5) 

The terms in Equations 2.4 and 2.5 are detailed in Table 2. 
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Table 2 - Eout Variable Definitions 

Variable Term Units 

Qcond conductive heat transfer J/s 

Qrad radiative heat transfer J/s 

Qconv convective heat transfer J/s 

t time s 

k conduction W/m-K 

Acond conduction surface area m
2
 

dT/dz thermal gradient K/m 

ε emissivity unitless 

σ Stephan-Boltzmann constant W/m
2
K

4
 

Arad radiation surface area m
2
 

Ts surface temperature K 

Tsurr surrounding temperature K 

h convection coefficient W/m
2
K 

Aconv convection surface area m
2
 

T∞ far field temperature K 

 

The final term in the energy balance, Enet, is the energy absorbed 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,  

 

                                       
         (Equation 2.6) 

 

Since the mass of the heated regions is not easily measured, the term is more easily expressed in 

terms of volumes and densities, 

 

                                             
        (Equation 2.7) 

 

Table 3 defines each term of Equations 2.6 and 2.7 

 
Table 3 -  Enet Variable Definitions 

Variable Term Units 

mp mass of melted powder material kg 

cpp specific heat of powder material J/kg-K 

∆Tp change in temperature of melted powder K 

msub mass of substrate kg 

csub specific heat of substrate J/kg-K 

∆Tsub change in temperature of substrate K 
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ρp density of powder material kg/m
3
 

Vp volume of melted powder material m
3
 

VF volume of fused material m
3
 

Vv volume of vaporized material m
3
 

2.2 Design of Experiments 

Two types of experiments were designed to determine empirical data for several of the model 

process variables.  First, calorimetry was designed to determine a value for the energy absorption 

coefficient, β.  Second, thermal response experiments were designed to measure both the 

temperature of the melt pool using embedded high-temperature thermocouples, as well as the 

substrate’s surface at specific distances away from the deposition track.   

2.2.1 Calorimetry for Energy Absorption 

In order to determine the amount of energy that is absorbed into a work piece from the heat 

source, measurements were taken to determine both the actual power presented to the work piece 

and the amount of power that it absorbs.  The difference between these two values is the amount 

of power that is reflected into the surroundings through the optical reflection phenomenon.  

Therefore, the energy absorption coefficient β may be defined as a ratio between the power 

absorbed by the work piece, Pabs, and the power presented to the work piece, Pi, or  

 

  
    

  
      (Equation 2.8) 

Since power is defined as unit energy over unit time, β describes energy absorption into the 

substrate during a specified period of time—and therefore is labeled as the “energy absorption 

coefficient.”  This value may be determined through “calorimetry,” or heat measurement, 

experiments.  
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 The principles behind calorimetry lie within a fundamental topics studied in 

thermodynamics and heat transfer—namely heat capacity and heat conduction.  Heat capacity, or 

thermal capacity, is defined as the measurable physical quantity of heat energy required to change 

the temperature of a given material by a specific amount.  Heat conduction is the ability of heat to 

“flow” through a given medium through a series of microscopic diffusion and particle collision 

processes.  In a laser deposition environment, the portion of energy that is absorbed by a work 

piece from the energy source is converted from the source energy type to heat within the material.  

If this heat can be transferred quickly and efficiently to a known fluid flowing through the work 

piece substrate, and the increase in the fluid temperature may be measured, the total energy 

absorbed by the work piece may be calculated through the heat capacity equation, 

              (Equation 2.9) 

where m is the mass of the fluid that absorbed the heat, c is the specific heat of the fluid, and ∆T 

is the change in temperature of the fluid as measured from the inlet and outlet of the substrate.   

Taking the time derivative of this equation yields,  

                          (Equation 2.10) 

where Pabs is the power absorbed by the fluid, and ṁ is the mass flow rate of the fluid through the 

substrate, as measured in kg/sec.  Combining this knowledge with Equation 2.8 and a 

measurement of Pi, the energy absorption coefficient may be determined.  

 

 A method was developed to determine the amount of heat absorbed by the work piece of 

two different Laser Additive Manufacturing (LAM) examples.  Since the energy absorption 

coefficient is shown by other research to demonstrate some levels of material-dependence, two 

different materials were used in the experiments.   

Cylindrical pipes of two material types, Grade 2 Commercially Pure Titanium and 

Inconel 625, with an outer diameter of 12.7mm, wall thicknesses of 1mm, and length of 152.4mm 
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were chosen as substrates for the calorimetry experiments.  A 5” flattened region was created 

with a hydraulic press on the center of each tube, as detailed in Table 4 and shown in Figure 1.  

 
Table 4 - Pipe Preparation Details 

Material Diameter Change 

(in) 

Applied Force (lbs) New Reduced 

Outer Diameter (in) 

CP-Ti-Grade 2 -0.150 3,500 0.375  

Inconel 625 -0.150 4,600 0.372  

 

 
Figure 1 - Pipe Preparation 

Figure 1 illustrates the sequence of tube flattening on the hydraulic press.  The two square blocks 

placed to ensure that both compression blocks were centered properly, and the clay putty was 

used to keep the pipes in place before being partially flattened.  Figure 2 shows a visual 

inspection of the edges of the flattened regions on the pipes, showing that no noticeable 

macroscopic surface cracks were created during the flattening process.  
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Figure 2 – Calorimetry Substrate Flattened Region Edges 

  

 Water was chosen as the calorimetry fluid, due to its well-known thermophysical 

properties and flow characteristics.  Rubber stoppers ½” in outer diameter with 1/8” through holes 

were inserted into the ends of each pipe substrate to provide a tight seal for the water flowing 

through the center.  These rubber stoppers were fitted with 1/8” nozzles and rubber tubing to 

complete the water circuit. A mounting bracket was required for fastening of the calorimetry 

pipes in the laser chamber while also minimizing pipe surface heat losses through conduction, 

convection, and radiation.  A bracket was designed in Solidworks, and sheet aluminum was 

machined into the finished bracket, as pictured in Figure 3.   
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Figure 3 – Calorimetry Solidworks Model Bracket (Left) and Actual Bracket with Substrate (Right) 

The mounting bracket was sized slightly larger than the pipe to avoid intimate metal-to-metal 

contact and a subsequent loss of heat via conduction between the pipe substrates and the 

aluminum bracket.  Accordingly, the bracket notches were cut to support the rubber stoppers at 

the tube ends.  To minimize heat loss, the entire bracket was filled with fiberglass insulation.  The 

rubber stoppers were held in the pipe by incorporating screw-adjustable end caps to maintain 

retention force on the stoppers despite the high levels of water pressure experienced during the 

experiments.  Figure 4 illustrates the bracket with a substrate attached.  

 

Figure 4 - Calorimetry Bracket with Substrate Attached 
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 In addition to the fiberglass insulation that was cut and fitted into the aluminum bracket 

to minimized heat loss from the top surface of the substrate, a fiberglass blanket was pulled over 

the deposition track as the build progressed to minimize surface heat losses via convection from 

the top portion of the freshly deposited material.  Figure 5 shows the full calorimetry 

experimental setup with the insulating blanket attached to the laser head and weighted with 

washers to maintain intimate contact with the fresh deposit.  

 

Figure 5 - Calorimety Setup with Insulating Blanket 

To record water temperatures, three Temperature Acquisition Modules (TAM) were designed and 

fabricated using polybutylene and brass push-to-connect tube fittings for ¼” OD tubing (Master 

Carr model number 5111K468), Omega K-type glass insulated thermocouples (Omega model 

number 5TC-GG-K-30-36), and West Systems 105:206 epoxy.  Three holes were drilled around 

the midsection of each tube fitting, and a thermocouple was fitted into each hole with the epoxy.  

After the epoxy cured, each TAM was tested with a pump, water, and ¼” tubing to observe for 

any leaks and compare thermocouple readings for each of the three imbedded thermocouples.  

Figure 6 shows a completed TAM installed on the water outlet of the calorimetry setup.   
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Figure 6 - Calorimetry Oulet TAM 

Originally, two TAM’s were installed on the calorimetry substrate—one placed directly before 

the substrate inlet for measuring water temperatures entering the substrate and one placed directly 

after the water outlet for measuring water temperatures exiting the substrate.  As practice deposits 

were performed, however, it was noticed via video feed of the transparent water hose that 

vaporization was occurring within the substrate and steam bubbles were passing through the 

outlet TAM.  This was problematic, since temperatures recorded here would not account for the 

latent heat associated with the phase transformation from water to steam.  Therefore, a third TAM 

was placed far downstream from the outlet where the steam had condensed back into water and 

mixed to form a more uniform temperature within the flow.  To inhibit any heat losses between 

the exit TAM and the downstream TAM, fiberglass insulation was wrapped around the water line 

using zip ties, as shown in Figure 7.  
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Figure 7 - Calorimetry Downstream Insulation 

Water flow rates were measured by hand before and after each run for recording the mass of 

water flowing through the setup during a 20 second interval.  A retrofitted pump from a Lytron 

MCS Modular Cooling System was used to pump tap water from an ice-bath reservoir through 

the calorimetry setup and out to an outlet reservoir for collection.  The laser was an Nd:YAG 

fiber IPG YLR-12000-C with a 1070nm wavelength and was housed in a custom designed glove 

box operated by Penn State ARL’s Laser Processing Division. The laser provided 2000W, 

1500W, and 1000W of power outputs during the experiments.  Beam calorimetry was also 

performed with an Ophir power meter to determine the actual power presented to the work piece, 

and the results are show in Table 5.  

Table 5 - IPG Laser Actual Presented Power 

Power Setting Measured Power at Part 
(actual power)  

Measured/Setting Percent  

2500 W 2230 W 89% 

2000 W 1780 W 89% 

1500 W 1360 W 91% 

1000 W 940 W 94% 

500 W 540 W 108% 
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The glove box processing environment was purged with Argon gas before each run to prevent 

oxidation effects on the deposits.  The powders chosen for the deposition are displayed in Table 

6.  

Table 6 - Calorimetry Powder Details 

Powder Material Corresponding 
Substrate Material 

Brand Mesh size 

Ti-6Al-4V-ELI CP Grade 2 Ti Phelly Materials -100/+325 

Inconel 625 Inconel 625 ATI -100/+325 

 

Custom-written LabView code was run on a Dell Inspiron laptop in conjunction with a National 

Instruments Ni9213 DAQ to collect and record the nine thermocouple temperatures at a rate of 60 

readings per second.  The results were then exported to Excel where they were averaged, 

formatted, and plotted using two custom macros. Values for energy absorption coefficient were 

determined through the following steps: 

1.  Average the three temperature values recorded by each TAM into a single value for 

each time step 

2.  Calculate the difference between the downstream average temperature values and the 

inlet average temperature values 

3.  Determine a start point for the data range based on when the temperature began to 

increase 

4. Determine an ending point for the data range based on when the downstream 

temperatures and inlet temperatures converge 

5.  Sum the differences between the downstream average and inlet average temperature 

values.  This represents ∆T in the specific heat calculation.  

 6.  Calculate the energy absorbed by the fluid through the use of  Equation 2.10 

 7.  Divide the value obtained in Step 6 by the power delivered to the part  
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2.2.2 Thermal Response 

The thermal response experiments required temperature measurements from several key areas on 

a substrate.  The goal was to measure and record temperatures within the melt pool of the laser 

deposition track, and also at specific offset distances from this track as well.  In order to measure 

the temperatures within the melt pool of a deposition track, high-temperature thermocouples were 

needed.  Furthermore, these thermocouples had to be capable of very rapid response times in 

order to record the thermal arrest phenomena experienced between phase changes in the molten 

materials.  Therefore, C-type single-balled Tungsten-Rhenium thermocouples with a maximum 

service temperature of 2320
o
C were chosen from Omega with wire diameters of 0.015” (Omega 

part number: EI1109128/T5R-015-12), and ceramic insulators (Omega part number: TRX-02018-

6) were cut and fitted to these thermocouples to prevent electrical shorts from occurring below 

the head during processing.  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 auxiliary 

thermocouples would not face the extreme temperatures experienced by the C-type 

thermocouples inside the melt pool; therefore, the K-type designation was sufficient for surface 

temperature measurements.  The experiments used two materials, Ti-6Al-4V and Inconel 625, for 

both the powder and substrates.  Prior to thermocouple fitting, the deposition substrates were 

prepared by machining plates to ½” thick by 6” long by 3” wide dimensions, and mechanically 

polishing the top and bottom surfaces.  For the placement of the C-type thermocouples, three 

holes were cut via a wire-EDM process along the centerline of the plate.  A top diameter of 

0.040” was drilled through all to provide an intimate fit for the C-type thermocouple head, and 

the bottom portion of the hole was expanded to a diameter of 0.125” to provide snug fit of the 
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ceramic insulators.  The thermocouples were fitted and attached to the substrate as shown in 

Figure 8 at the dimensions specified in Figure 9.  

 

Figure 8 - Thermal Response Substrate Setup 
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Figure 9 - Thermal Response Substrate Layout 

Shrink tube insulation was placed along the exposed leads of the C-type thermocouples after 

mounting and securing the ceramic insulators in place with aluminum tape.  A National 

Instruments NI9213 DAQ 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 9. 

The laser used was an IPG YLR-12000-C mounted inside a custom-built glove box operated by 

the Penn State Applied Research Lab’s Laser Processing Division.  The laser was operated at a 

2000W power setting for the experiments, and the same Ophir measurements taken for the 

Calorimetry Experiments applied.  Argon gas was used to purge the chamber before the 

experiments were run to reduce oxidation effects on the deposits.  The final setup is shown in 

Figure 10.  
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Figure 10 - Thermal Response Final Setup 

Experiments were run with the processing parameters displayed in Table 7.  

Table 7 - Thermal Response Processing Parameters 

Run Material Power Setting (W) Travel Speed 

(in/min) 

Powder Flow 

Rate (g/min) 

1 Ti-6Al-4V 2000 25 13 

2 Inconel 625 2000 25 7.5 

3 Ti-6Al-4V 2000 25 13 

 

Additionally, UHP Argon gas was delivered coaxially at a rate of 20 cfh during the experiments.  

The laser spot size was estimated to be 4mm with a standoff of 212mm for focus.  Before each 

run, the laser was centered over the centerline path of the imbedded C-type thermocouples to 

ensure alignment of the deposition track.  The results were saved and exported to Excel for 

analysis.  
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Chapter 3  
 

Results 

3.1 Data 

3.1.1 Calorimetry 

Equation 2.10 was used with the data to produce the calorimetry experimental results in 

Table 8.  Specific heat of water was assumed to be 4.204 J/g-K at a temperature of 5
o
C since the 

water used was in an ice bath.  The energy presented, Ei, to the substrate was determined by 

multiplying the laser power measurements displayed in Table 5 with the experiment time 

determined in each set of data.  

Table 8 - Calorimetry Experiment Results 

Run 
Name 

Material Power 
Setting 

[W] 

ṁavg 
[g/sec] 

∆T*t 
[K-sec] 

Eabs 

[J] 
Ei 

[J] 
β 

E12 In625 1000 35.893 21.572 3255.127 8898.980 36.6% 

E13 In625 1000 36.083 21.577 3273.083 9008.020 36.3% 

E14 In625 1000 35.035 23.509 3462.573 9039.040 38.3% 

E19 Ti CP2 1000 53.385 16.363 3672.312 8854.800 41.5% 

E20 Ti CP2 1000 54.765 16.378 3770.831 8820.960 42.7% 

E21 Ti CP2 1000 52.183 16.445 3607.593 8773.960 41.1% 

E8 Ti CP2 1500 24.303 46.589 4759.989 13306.240 35.8% 

E9 Ti CP2 1500 24.863 47.620 4977.415 13281.760 37.5% 

E10 Ti CP2 1500 25.090 48.077 5071.125 13372.880 37.9% 

E16 Ti CP2 1500 62.805 17.906 4727.761 13371.520 35.4% 

E22 Ti CP2 2000 56.278 29.025 6867.023 16970.520 40.5% 

E23 Ti CP2 2000 55.508 28.428 6633.814 17089.780 38.8% 

E24 Ti CP2 2000 53.623 28.694 6468.487 16938.480 38.2% 
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One temperature plot is shown for each power level and material combination in Figures 11 

through 14.  The plots show all three averaged TAM readouts, but only Tdownstream and Tin were 

used to determine ∆T, due to the vaporization issues discussed previously.  

 

Figure 11 - Calorimetry Temperatures - Inconel 625 - 1000W 
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Figure 12 - Calorimetry Temperatures - Titanium - 1000W 

 

 

Figure 13 - Calorimetry Temperatures - Titanium - 1500W 
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Figure 14 - Calorimetry Temperatures - Titanium - 2000W 

The remaining calorimetry plot results may be found in Appendix C.  

Images of the deposits are pictured in Figures 15 through 19.  

 

Figure 15 - Calorimetry Deposits - Inconel 625 - 1000W 
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Figure 16 - Calorimetry Deposits - Titanium - 1000W 

 

 

Figure 17 - Calorimetry Deposits - Titanium - 1500W 
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Figure 18 - Calorimetry Deposits - Titanium - 2000W   

3.1.2 Thermal Response 

The results from the thermal response experiment are displayed in the following figures.  

Figures 19 and 20 show the first Ti-6Al-4V substrate after five deposition passes were made. 

Figure 21 shows the Inconel 625 substrate after five deposition passes were made, and Figure 22 

shows the second Ti-6Al-4V substrate after five deposition passes were made.  

 

Figure 19 - Thermal Response Deposit – First Ti-6Al-4V - View A 



33 

 

 

Figure 20 - Thermal Response Deposit – First Ti-6Al-4V - View B 

  

 

Figure 21 - Thermal Response Deposit - Inconel 625 
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Figure 22 - Thermal Response Deposit - Second Ti-6Al-4V 

For all of the thermal response temperature plots, the C-type thermocouples correspond to 

numbers 1, 2, and 3 in the Thermal Response Substrate Layout in Figure 9.  Similarly, the K-type 

thermocouple temperatures correspond to locations A, B, C, and D of the same figure.  

 The temperature plots with the liquidus and solidus temperatures from the first Ti-6Al-4V 

sample are shown in Figures 23 and 24 (Alloy Digest Ti-6Al-4V, 2002) .  Thermocouple 1 and 

Thermocouple B were damaged during the setup process for the substrate, so no data are 

available from those regions.  Figure 23 shows the C-type thermocouple temperatures, while 

Figure 24 shows the K-type thermocouple measurements.  
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Figure 23 - Thermal Response Run 1 Melt Pool Temperatures 
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Figure 24 - Thermal Response Run 1 Surface Temperatures 

 The temperature plots with liquidus and solidus lines marked from the Inconel 625 

sample are shown in Figures 25 and 26 (Alloy Digest Inconel, 2002).  Figure 25 shows the C-

type thermocouple temperatures, while Figure 26 shows the K-type thermocouple measurements.  
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Figure 25 - Thermal Response Run 2 Melt Pool Temperatures 

 

 

Figure 26 - Thermal Response Run 2 Surface Temperatures 
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 The temperature plots with liquidus and solidus lines marked from the second Ti-6Al-4V 

sample are shown in Figures 27 and 28 (Alloy Digest Ti-6Al-4V, 2002).  Thermocouples 3, A, 

and C were not mounted in this setup.  Figure 27 shows the C-type thermocouple temperatures, 

while Figure 28 shows the K-type thermocouple measurements.  

 

Figure 27 - Thermal Response Run 3 Melt Pool Temperatures 
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Figure 28 - Thermal Response Run 3 Surface Temperatures 

 

Cross sections of the substrates were cut and polished for metallographic inspection.  These 

images are shown in Figures 29 and 30. 
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Figure 29 - Thermal Response Cross Section Ti-6Al-4V 

 

 

Figure 30 - Thermal Response Cross Section Inconel 625 
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Chapter 4  
 

Analysis and Discussion 

4.1 Analysis 

4.1.1 Calorimetry  

The energy absorption values from the experiments were plotted in comparison to the 

power setting for both materials, as shown in Figure 31.  

 

Figure 31 - Energy Absorption vs. Power Setting 

 The scatter shown in the data may be due to several sources of error.  First, the hand 
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Table 9 lists the averages of each set of energy absorption values and the standard deviations 

from the experiments.  

Table 9 - Calorimetry Averages 

Material Power Setting [W] βavg Std. Dev. 

Inconel 625 1000 37.1% 0.88% 

Ti-6Al-4V 1000 41.8% 0.68% 

Ti-6Al-4V 1500 36.6% 1.07% 

Ti-6Al-4V 2000 39.2% 0.97% 

 

 The higher values of absorption for the 2000W power setting are an interesting data 

point, since a linear relationship between energy absorption and power was expected.  One 

potential explanation of the increased absorption values at 2000W may be the effects of increased 

absorption due to increased power vaporization at the higher processing power.  As more powder 

particles are vaporized, more free electrons are present on the surface of the substrate, which may 

result in increased laser beam energy absorption due to the interactions between the incident 

photons and the local electrons.  

 The scatter in data visible in the temperature plots may be a result of various causes.  

First, the Tout measurements were recorded directly after the water exited the substrates, and 

packets of vaporized water, or steam, were noticed in this region during video playback.  

Therefore, the temperature measurements taken in this region were subject to data scatter, since 

the steam does not transfer heat to the thermocouple as efficiently as water.  Similarly, it is 

noticed that the Tdownstream measurements averaged slightly higher than the Tout temperatures—

which is a result of the steam condensing back into a liquid before reaching the downstream 

module.   
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4.1.2 Thermal Response  

The thermal response experiments produced data that is helpful in understanding the 

thermal processes provoked in the laser deposition process, but also demonstrate the need for 

further testing in the future as well.  Run 1 demonstrated maximum temperature values below the 

1636
o
C melting point of Ti-6Al-4V, as displayed in Figure 32 (Alloy Digest Ti-6Al-4V, 2002). 

 

Figure 32 - Run 1 Melt Pool Peak Temperatures 
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data to be recorded for a region well below the melt pool—explaining why the thermal cycles 

match the expected heating and cooling cycles, but are not high enough to reach melting 

temperatures.  The temperatures recorded by Thermocouple 2 are lower than those recorded by 3, 

which may be indicative of a short in the circuit deeper into the substrate than the short 

potentially experienced by 3.   

The maximum substrate surface temperatures for Run 1 are plotted in Figure 33.  

 

Figure 33 - Run 1 Substrate Surface Peak Temperatures 
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After the five deposition passes were completed, considerable material buildup was noted 

on the substrate.  The measured cross section in Figure 34 illustrates the buildup.  

 

Figure 34 - Measured Thermal Response Ti64 Cross Section 

The Inconel 625 samples did produce melt pool temperature data that transcended the 

1350
o
C melting point of Inconel 625, which indicates that the temperatures measured are within 

the melt pool of the deposit (Alloy Digest Inconel, 2002).  The maximum melt pool temperatures 

are shown in the plot in Figure 35.  It should be noted that the erroneous single outlier observed 

in the data for Thermcouple 1 in Run 2 near the first peak was disregarded.   
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Figure 35 - Run 2 Melt Pool Temperatures 

The surface temperatures measured by the K-type thermocouples in Run 2 are displayed 

in Table 10 and plotted in Figure 36. 

Table 10 - Run 2 Peak Substrate Surface Temperatures 

Peak 
A 

Temperature 
(oC) 

B 
Temperature 

(oC) 

C 
Temperature 

(oC) 

D 
Temperature 

(oC) 

1 85.9 94.5 45.1 32 

2 109.6 108.9 50.7 46.8 

3 143 164.3 64.2 60 

4 282.3 366.2 93.8 77 

5 286.2 724.3 166.4 101.6 
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Figure 36 - Run 2 Substrate Surface Peak Temperatures 

 

For Inconel 625 the deposition track did not demonstrate the same amount of buildup as 

exhibited by the Ti-6Al-4V samples.  This may be attributed to less than adequate processing 
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Figure 37 - Measured Thermal Response In625 Cross Section 
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 Run 3 results may be compared closely with the results from Run 1, since both 

experiments utilized the same material and processing parameters, and in both cases, the 

maximum temperatures measured by the C-type thermocouples exceeded 1000
o
C but do not 

reach the liquidus level of Ti-6Al-4V material.  For surface temperatures, it is noted that Run 3 

data mimics Run 1 data in specific regions, but no perfect match is visible. Figures 38 and 39 

show the Run 3 plotted peak temperatures.  

 

Figure 38 - Run 3 Melt Pool Peak Temperatures 

483 

294.9 301.4 286.9 291.9 

1046.1 

444.5 
386.1 345.3 361.2 

0 

200 

400 

600 

800 

1000 

1200 

0 1 2 3 4 5 6 

M
ax

im
u

m
 T

e
m

p
e

ra
tu

re
 (

o
C

) 

Peak 

Run 3 - Melt Pool Peak Temperatures 

Thermocouple 2 

Thermocouple 3 



49 

 

Figure 39 - Run 3 Substrate Surface Peak Temperatures 
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materials studied in this research were different than those studied in this thesis, the source still 

suggests that the energy absorption values obtained in this thesis are within general agreement 

with other known values.   

4.2.2 Thermal Response  

The thermal response data is best interpreted by comparing it with known thermophysical 

properties of both materials.  First, the Ti-6Al-4V samples tested demonstrated maximum 

temperatures below the melting point of Grade 5 alloy Ti-6Al-4V.  This indicates that actual melt 

pool temperatures were not measured, and that the C-type thermocouple readings for these two 

samples were compromised.  The surface temperatures measured in Run 1 and Run 3 demonstrate 

some level of agreement with each other, but an exact match was not observed.  Some surface 

temperatures readings appear to be higher than expected during certain deposition passes, and 

likely are a result of the impingement of scattered radiation from the laser beam.  

Second, two out of three of the Inconel 625 sample’s C-type thermocouples recorded 

maximum temperatures above the 1350
o
C melting point of the material (Alloy Digest Inconel, 

2002).  With Thermocouple 1 measuring a peak temperature of 1419.3
o
C and Thermocouple 3 

measuring 1396.6
o
C, these temperatures represent molten Inconel 625.  In light of these 

measurements, it is believed that the Run 2 results demonstrate actual melt pool temperatures 

experienced during processing.   
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Chapter 5  
 

Conclusions 

5.1 Summary 

 Through the use of a custom designed calorimetry experiment with pipe substrates, 

measured water flow rate and temperatures, and a specific heat calculation, energy absorption 

coefficients were determined for Inconel 625 and Ti-6Al-4V when used in a laser directed energy 

deposition process.  The final energy absorption values demonstrated good agreement with each 

other, and a non-linear trend was observed when the values were plotted against their respective 

laser power settings.  Energy absorption coefficients were necessary for modeling the AM 

processes, since they play a vital role in determining the actual energy input into the substrate 

during the deposition process.  Furthermore, they offer insight into laser-material interactions that 

are valuable for other modeling efforts.  

Thermal response experiments utilizing embedded high temperature C-type Tungsten 

Rhenium thermocouples were performed to measure the temperature response of laser deposition 

melt pools.  The experiments also measured surface temperatures experienced on the top of 

Inconel 625 and Ti-6Al-4V substrates through the use of K-type thermocouples attached through 

capacitor discharge welding.  The two Ti-6Al-4V samples demonstrated maximum temperatures 

below the melting temperature of the material; therefore, it is believed that these C-type 

thermocouples were shunted by the molten Ti-6Al-4V material as it flowed into the region below 

the thermocouple junction.  As a result, temperatures recorded for the Ti-6Al-4V samples are 

believed to have been measurements of temperatures well below the melt pool region.  The 

Inconel 625 sample demonstrated maximum temperatures above the melting temperature of 
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Inconel 625; therefore, it is believed that these measurements reflect actual melt pool 

temperatures for the sample.  Surface temperature measurements for each of the materials 

demonstrated similar trends, with a steady increase in the substrate overall temperature with time.   

An initial energy balance was formulated and the observations obtained by this exercise 

suggest that a symbolic mathematical program, such as Mathematica, may be useful for future 

model development.  The use of this type of program would be helpful since the energy balance 

equation could be entered as an equation and rearranged to solve for any of the terms within that 

are of interest.  Furthermore, an approach of this nature would enable control surfaces, or 3-D 

response surfaces, to be plotted in order to demonstrate the effects that key independent variables 

have on select dependent variables in the equation.  For a more accurate model, additional studies 

should be performed to obtain more relevant empirical data.   

5.2 Suggestions for Future Work 

 Future work for measurements of energy absorption should focus on studying the 

absorption levels of Inconel 625 at higher powers.  In order to perform these experiments 

successfully, the use of thicker substrates may be required to prevent the laser from completely 

melting the substrate wall.  Additional work should also be done to establish an analytical model 

for determining β based on material properties and data currently available.  

 The thermal response experiments could be improved by redesigning the technique used 

to embed the C-type thermocouples into the substrate.  An improved design would allow for the 

leads to be insulated with a ceramic material up to the base of the tungsten bead in order to 

prevent any shunting from occurring as the molten material flows down the hole.  Furthermore, it 

would be beneficial to perform the analysis on various power levels to observe any impact that 

power may play on the process temperatures.   
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For future developments of the energy balance model, the first step would be to 

incorporate the model into a symbolic mathematic program allowing for the rapid solution of the 

equation in terms of single variables.  The model in current development uses an ellipsoidal 

control volume geometry defined by the melt pool region of a single deposit.  Therefore, 

incorporating multiple layers into the model would involve a potential change to the control 

volume’s shape and overall dimensions, since previous layers may melt deeper into the substrate 

due to a preheating effect from previous passes.  Along these lines, it would be beneficial to 

include a scaling factor for the various modes of heat transfer based on the substrate geometry, 

since convection processes become increasingly more important as tall, thin features are built.  

With this development in the model, it would be helpful to define the control volume based on an 

adjustable shape that more closely models the true melt region geometry that may also be 

influenced by powers and other processing conditions.  Many of the potential caveats of the 

model stem from the assumptions and approximations made for several of the input parameters 

that are not yet fully known.  Some of the key values to focus on in future developments are the 

convection coefficient for processing a specific geometry and material inside an argon gas 

environment, maximum temperatures for Ti-6Al-4V samples, temperature-dependent 

thermophysical properties, and the control volume shape definitions’ dependence on material 

parameters such as fluidity and melting points.   
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Appendix A 

 

Tools 

The following tools were used in the research contained within this thesis: 

1.  NI Labview software 

2.  Mathematica software 

3.  Microsoft Excel 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 
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Appendix B 

 

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 developed and 

tested to explain how processing parameters affect the build properties of high power 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 and 

energy absorption values of the DED processes.  

With these key values and a future 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 heat transfer model 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.   

 

Heath 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 social worlds 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 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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Appendix C 

 

Remaining Calorimetry Results 

 

Figure 40 - Calorimetry Temperatures - Titanium - 1500W (E9) 
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Figure 41 - Calorimetry Temperatures - Titanium - 1500W (E10) 

 

 

Figure 42 - Calorimetry Temperatures - Inconel 625 - 1000W (E13) 
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Figure 43 - Calorimetry Temperatures - Inconel 625 - 1000W (E14) 

 

 

Figure 44 - Calorimetry Temperatures - Titanium - 1500W (E16) 
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Figure 45 - Calorimetry Temperatures - Titanium - 1000W (E20) 

 

 

Figure 46 - Calorimetry Temperatures - Titanium - 1000W (E21) 
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Figure 47 - Calorimetry Temperatures - Titanium - 2000W (E23) 

 

 

Figure 48 - Calorimetry Temperatures - Titanium - 2000W (E24) 
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