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Abstract 

Metal directed energy deposition (DED) can create complex components and has a high 

deposition rate compared to other metal additive manufacturing (AM) processes. As a 

result, DED is of interest to die and mold, energy, and aerospace industries, among others. 

However, the design space of DED is limited: overhangs steeper than 20° and freestanding 

bridge geometries are typically difficult or impossible to manufacture without support 

structures. The difficulty of support deposition and removal in DED necessitates that DED 

manufacturing of large components is restricted to geometries that do not require supports. 

The use of a dissimilar material, such as a polymer, as a support would enable lower cost, 

easily removable supports. The suitability of polymers as substrates in DED has not been 

explored due to two key unknowns: (1) the effect of the metal DED process on a polymer 

substrate and (2) the effect of a polymer substrate on the deposited metal. This research 

investigates the viability of polymers as supports in laser blown-powder DED, providing 

guidelines for polymer selection and print strategy to avoid detrimental polymer 

degradation, unsafe combustion conditions, and negative impacts of using a dissimilar 

substrate on the deposited metal DED component. 

 

An understanding of combustion in the polymer/DED interaction due to laser interactions 

with the polymer was developed, and a tradeoff between polymer degradation and metal 

deposition quality was discovered. For successful DED deposition to occur, the polymer 

must have a high absorptivity: the polymers that facilitated deposition of 316L stainless 

steel in this research had absorbances greater than 2 absorbance units. Polymers with high 

temperature fillers, such as glass fibers or carbon fibers, were shown to be effective in 

mitigating the extreme thermal conditions experienced by the polymer during deposition. 

Degradation of polymers was measured in a series of single-bead experiments, and a series 

of thermal models was developed to show the influence of DED parameters and polymer 

material properties on the penetration of heat into the polymer substrate. Both the 

experimental measurements and thermal model predictions indicated degradation on the 

order of 1mm, an acceptable level of degradation. An understanding of the effect of a 

polymer substrate (CF ABS) on the hardness, microstructure, and porosity of a deposited 

metal (316L stainless steel) was established. Porosity of the metal was observed due the 

entrapment of gas from polymer degradation in the molten deposited metal. Carbon from 

the polymer migrated into the molten metal, causing carbide formation and increasing the 

hardness of the deposited metal by approximately 70% compared to the expected value. 

To mitigate these effects, specimens were fabricated with an interlayer cooling time, 
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lowering the overall temperature of the deposited component and decreasing the time spent 

by the component at higher temperatures. The mitigation strategy was proven to reduce 

hardness to the expected level for 316L stainless steel manufactured with DED. 

Additionally, the introduction of an interlayer cooling time prevented much of the gas due 

to polymer degradation from infiltrating the metal component, reducing porosity from gas 

entrapment and cutting overall porosity from 8% to 4%. 

 

The above findings were integrated to produce a bridge component using a polymer support 

structure. Overall, this research provided a methodology for selecting polymer materials, 

print parameters, and print strategies to enable the deposition of 316L stainless steel on CF 

ABS, laying the foundation for polymer support structures in metal DED. 

 

Thesis Supervisors: Anastasios John Hart and David Hardt 

Title: Professors of Mechanical Engineering 
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CHAPTER 1. INTRODUCTION 

1.1 Overview of directed energy deposition (DED) 

In recent decades, additive manufacturing (AM) use cases have included functional, 

complex, and customized end-use metal components. A variety of metals, including steel, 

titanium, and aluminum, can be manufactured using AM processes such as powder bed 

fusion, binder jetting, and both powder- and wire-based directed energy deposition (DED) 

[1]. Each of these processes is capable of printing parts ranging from ~10 µm to ~1mm in 

resolution and from <1 cm to >1 m in size, with increased part size requiring a sacrifice in 

resolution [2]. Binder jetting and powder bed fusion are generally used to print smaller 

parts at higher resolutions, while DED is used for larger parts at lower resolutions. Metal 

directed energy deposition (DED) is of interest to several industries, including aerospace 

and mold-making, because of its capacity for manufacturing end-use metal components at 

larger scales and at higher rates compared to other metal AM processes [2-4]. Metal DED 

components are large and functional while still taking advantage of the flexibility of AM. 

DED systems can be categorized by both the type of feedstock utilized during the process 

and the method used to melt the feedstock prior to deposition. 

1.2 DED design limitations 

DED systems provide the flexibility of AM with the structural integrity of metals at larger 

scales than other metal AM processes, but there are still component design limitations. 

Because AM involves selective deposition of material, steep overhangs and bridges are 

impossible to manufacture [5]. The generally accepted overhang constraint for AM 

processes is 45° [6]. However, because the bead produced in the DED process are on the 

order of 1mm wide, compared to the 100 µm beads in selective laser melting (SLM), 

overhangs in DED components are more constrained. At its limits, the technology can 

achieve overhangs at an angle of up to 30° from the vertical, but it is generally understood 

that overhangs greater than 20° from the vertical will fail [7, 8]. In AM processes like fused 

filament fabrication (FFF), stereolithography (SLA), and selective laser melting (SLM), 

support structures are often used to enable overhangs and bridges that would otherwise be 

impossible to manufacture. These support structures are then removed after the component 

is completed. Most commonly, the supports in SLA and FFF are thin enough to be 
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mechanically removed from the main component after the print is completed. In dual-

nozzle FFF systems, it is possible to print support structures out of a polymer that can later 

be dissolved without harming the component. Removal of SLM supports can require 

machining for removal, but hand tools are also an option for SLM. Support structures in 

DED, however, are generally not utilized. The higher-volume bead produced by DED is 

more difficult to support than the lighter, smaller beads in other AM processes, and the 

larger beads are also more difficult to remove. 

1.3 Research aims and objectives 

The objective of this research was to explore the suitability of polymers as support 

structures in the DED process via two key aspects affecting support material success: (1) 

the effect of metal DED on a polymer, and (2) the effect of a polymer substrate on the 

deposited DED component. Because both aspects involve the interaction between the 

support structure material and either the DED process or the deposited metal, much of this 

research used polymer substrates as a substitute for polymer support structures. 

 

For a polymer to succeed as a support structure, the geometric integrity of the polymer 

must not be significantly affected during the polymer’s response to the DED process. 

Additionally, combustion of the polymer should remain under control during deposition to 

avoid safety concerns. The interaction between polymer substrates and the laser used in the 

DED process was explored first to determine which polymer characteristics affect laser 

energy absorption. A recommendation for polymer characteristics was then made based on 

the relationship between laser absorption and successful feedstock deposition. The 

potential for polymer combustion was investigated, and predictions about the level of 

combustion based on polymer absorptivity and molecular structure were validated with 

high-speed imaging. Degradation of the polymer exposed to the DED process through 

single-bead experiments was measured, and the degradation results were discussed through 

the lens of several thermal models, as well as an understanding of ablative processes and 

laser transmissivity. 

 

If the geometric integrity of the polymer is maintained well enough to support a full build, 

the composition and properties of the deposited metal must also not be significantly altered 
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by the support structure. To explore the interaction between the deposited metal and a 

polymer substrate was the porosity, hardness, and microstructure of 316L stainless steel 

deposited on carbon-fiber-reinforced ABS was characterized. Metallurgical explanations 

of these characterization results were developed, and these explanations were used to 

develop a mitigation strategy to prevent significant changes to the metal composition 

during deposition on a polymer substrate. The mitigation strategy was validated with 

further characterization. Finally, the use of a polymer support structure was demonstrated 

via manufacturing of a bridge geometry.  

 

By overcoming the challenges of polymer degradation due to DED exposure and metal 

composition alterations due to polymer exposure, the polymer support structure approach 

for DED components was validated. This validation resulted in a successful demonstration 

of a polymer support structure for a DED bridge component.  

 

1.4 Thesis organization 

This thesis is organized into eight chapters. After this introduction, the effect of the DED 

process on polymers is explored in Chapters 2 and 3. Chapter 2 examines the interactions 

between lasers and polymers, as the DED system in this research uses a laser as its energy 

source. Chapter 3 then experimentally determines the degradation of polymers exposed to 

the DED process. The effect of polymer substrates on the deposited metal component is 

explored in Chapters 4 and 5. Chapter 4 describes the metal characterization process, and 

Chapter 5 presents the mitigation strategy used to prevent metal composition changes due 

to polymer substrate use. Chapter 6 demonstrates the successful use of a polymer as a 

support structure for a bridge geometry. Chapter 7 presents the final conclusions of this 

body of research, and Chapter 8 recommends future work to build on the research described 

in this thesis. 
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CHAPTER 2. POLYMER INTERACTIONS WITH DIRECTED 

ENERGY DEPOSITION 

2.1 Introduction 

Understanding polymer interactions with lasers is key in understanding and predicting the 

initial response of the polymer to the directed energy deposition (DED) process. The DED 

system used in this research is laser-based, and the polymer will interact directly with the 

laser until metal has been deposited. This chapter presents background information on the 

DED process, polymer combustion, and lasers and their interactions with materials. The 

methodology for observing the polymer response to the DED process via single-bead 

experiments is then described, along with the methodology for predicting the degradation 

byproducts of the polymer. The results of the single-bead experiments are discussed, 

followed by the conclusions of the chapter. 

2.2 Background 

Three topics are required to understand the polymer interaction with the DED process: the 

DED process itself, lasers, and the process of polymer combustion. These three topics will 

be introduced, and prior work relevant to this research will be discussed.  

2.2.1 Directed energy deposition and hybrid manufacturing 

The system utilized for all printing experiments in this body of research was a hybrid 

system, consisting of a machining center retrofitted with polymer extrusion and metal 

directed energy deposition capabilities. Metal DED was the key process in this research, 

so an overview of this process is presented, followed by an exploration of the current 

limitations of DED technology and prior work seeking to overcome these limitations. 

2.2.1.1 Metal additive manufacturing 

The appeal of functional, complex, and customized end-use parts has resulted in the desire 

to manufacture metal components with additive manufacturing (AM). A variety of metals, 

including steel, titanium, and aluminum, can be manufactured using a variety of AM 

processes, including powder bed fusion, binder jetting, and both powder- and wire-based 

DED, diagrammed in Figure 1 [1]. Each of these processes can print a range of part sizes 

at a range of resolutions, as illustrated in Figure 2.  
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Figure 1: The (a) powder bed fusion, (b) binder jetting, (c) blown-powder directed energy 

deposition, and (d) wire-fed directed energy deposition metal additive manufacturing 

processes. 

 

 

Figure 2: The resolution versus part size for the four metal AM processes [2, 9]. 

Increasing part size generally results in decreased resolution. 

In the powder bed fusion process, a thermal source is used to selectively fuse powder 

particles together in a bed of feedstock powder [10]. Lasers are the most common thermal 
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source, but some technologies use electron beams instead, called electron beam melting 

(EBM) systems [10, 11]. Powder bed fusion components generally have characteristic 

dimensions less than 10 cm and resolutions of approximately 50 µm [2]. In the binder 

jetting process, powder particles are selectively glued together by jetting a binder over a 

bed of feedstock powder [9]. After binder jetting, sintering and several other post-

processing steps must be completed to convert a “green” component to an end-use 

component [9]. Binder jetted components generally have characteristic dimensions on the 

order of 10 cm and resolutions of approximately 30 µm [2, 9]. In the metal DED process, 

which is discussed further in 2.2.1.2, components are formed by melting feedstock material 

as it is being deposited [12]. Overall, metal additive manufacturing enables on-demand 

production of end-use components, although more process optimization is required to fully 

exploit the potential of metal AM processes [13]. 

2.2.1.2 Directed energy deposition process 

DED systems can be categorized by both the type of feedstock used in the system and the 

energy source used to melt the feedstock during deposition, as diagrammed in Figure 3.  

 

Figure 3: DED systems can be classified by both the type of feedstock material and the 

energy source used [14]. 

Blown powder systems, such as the one schematically shown in Figure 4a, utilize metal 

powder as the feedstock. These systems include laser metal deposition (LMD) and laser 

engineered net shaping (LENS). Wire-fed systems, or wire-arc additive manufacturing 

(WAAM), such as the one schematically shown in Figure 4b, utilize metal wire as the 
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feedstock. Blown powder systems utilize lasers to melt the powder, and wire-fed systems 

can utilize either lasers, electron beams, or electric arcs to melt the wire. Both blown 

powder and wire-arc DED systems can deposit metal an order of magnitude faster than 

powder bed fusion processes, on the order of kilograms per hour [15]. Wire-arc systems 

generally deposit material at slightly higher rates than blown powder systems, and wire-

arc systems result in less material waste, with almost 100% feedstock capture efficiency, 

compared to less than 80% in blown powder systems [12, 15-17]. DED is a promising 

technology for several industries, including the mold and die industry, as both a 

manufacturing method and a repair method [18]. 

 

 
Figure 4: Examples of a (a) blown powder DED system and (b) wire-fed DED system. 

DED processes involve multiple variables that must be optimized prior to printing, and 

significant research has been completed to develop methodologies to perform these 

optimizations. For example, Feldhausen observed the influence of the linear energy of 

deposition, determined by wire feed rate, traverse feed rate, hot-wire preheat, and laser 

power, on bead quality using a Mazak wire-arc system [19]. Figure 5 qualitatively 

demonstrates the influence these parameters have over bead quality. 



29 

 

 

Figure 5: The effect of varying linear energy of deposition in single-bead, single-layer 

wire-fed DED experiments [19]. 

Some DED research has also focused on developing a fundamental understanding of the 

effect of process variables on both the DED process and the final component. For example, 

Bontha et al. applied the 3D Rosenthal solution for a point heat source moving across an 

infinite substrate to determine a first-order approximation of the thermal conditions in 

laser-based DED, with the end goal of predicting grain size and morphology in DED 

components [20]. Beuth and Klingbeil developed a “process map” for laser-powder DED 

to predict melt pool size, thermal gradients, and maximum residual stress in thin-walled 

structures [21]. 

2.2.1.3 DED limitations 

Geometries in DED components are more constrained than in other AM processes because 

the beads produced in the DED process are on the order of 1mm wide, compared to the 100 
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µm beads in selective laser melting (SLM). As shown in Figure 6, steep overhangs and 

bridges are impossible to manufacture [5]. These geometries are more limited in DED than 

in other AM processes due to the large bead size and lack of a powder bed, a feature found 

in powder bed fusion technologies that provides some support for overhangs. Keicher et 

al. patented a DED technology with the capacity to print overhangs at or above 60° from 

the horizontal, while the Stratasys Direct Metal Laser Sintering (DMLS) powder bed fusion 

process is only capable of manufacturing overhangs at or above 35° from the horizontal 

[22, 23]. In AM processes like fused filament fabrication (FFF), stereolithography (SLA), 

and selective laser melting (SLM), support structures are often used to enable overhangs 

and bridges that would otherwise be impossible to manufacture. These support structures 

are then removed after the component is completed. Most commonly, the “break-away” 

supports in SLA and FFF are thin enough to be manually removed from main component, 

although in dual-nozzle FFF systems, it is possible to print support structures out of a 

polymer that can later be dissolved without harming the component. SLM supports can 

require machining for removal, but in some cases can be removed using hand tools. 

However, support structures in DED are generally not used because the higher volume 

bead produced by DED is more difficult to support than the lighter, smaller beads in other 

AM processes. The larger bead size also makes support removal more difficult than in other 

AM processes. 

 
Figure 6: DED is generally limited to (a) overhang angles of 20° or less, and (b) bridged 

structures and (c) steep overhangs are impossible without supports.   

Several strategies for mitigating the support structure issue in DED have been explored, 

primarily focusing on improving the design, slicing, and printing processes to avoid 

support requirements. [24]. Five-axis systems, or systems with rotary axes, can be used to 
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manufacture components with steep overhangs by re-orienting the components during the 

print, but these systems are costly [25]. Zhao et al. presented nonplanar slicing approaches 

to reduce the need for support structures, shown in Figure 7, but these strategies require 

five-axis systems to implement.   

 

Figure 7: Toolpaths generated by the decomposition-based curved slicing method, which 

reduces the need for support structures in DED but requires a 5-axis system [24].   

Lam et al. developed and implemented adaptive process control of a DED process to enable 

thin-walled components with overhangs up to 37.5°, shown in Figure 8 [26]. Although 

these overhangs are steeper than those possible without this adaptive process control, the 

overhang angle is still limited. 
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Figure 8: 3D scans of actual DED print (green) overlaid onto CAD model (red), with 

excess end segments trimmed off, for a component made (a) without adaptive process 

control and (b) with adaptive process control, demonstrating the success of this method in 

increasing possible overhang angle [26].   

All these strategies expand the design space of DED, but they do not fully eliminate the 

need for support structures in more complex components. Some research has explored the 

use of dissolvable metal support structures in both powder bed fusion and DED processes 

[27-30]. For example, Hildreth et al. demonstrated the use of dissolvable metal support 

structures in DED by fabricating supports for a stainless steel structure out of carbon steel 

and then dissolving the carbon steel via electrochemical etching, as shown in Figure 9 [31]. 

This technology is promising, but dissolvable metal support structures add cost and 

complexity to the build, due to both the feedstock material required and the addition of 

etching as a post processing step. 
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Figure 9: Digital images of the sample taken before, during, and after etching. (a) Before 

etching, the red square roughly outlines where the carbon steel support layer was printed. 

(b) After 10 hours of etching, 1.4mm of carbon steel was removed from each side. (c) 

After etching showing that the carbon steel was completely etched from the sample. (d) 

Images of sidewall and bottom with lines etched into a chromium-depleted layer of the 

component and stainless steel baseplate, where the carbon steel leeched the chromium 

during printing [31]. 

2.2.1.4 Hybrid manufacturing 

The term “hybrid manufacturing” can be generally construed as any combination of distinct 

manufacturing processes in a single machine tool. These combinations can include, for 

example, mechanical machining and electric discharge machining, laser heat treatment and 

sheet metal forming, and laser-assisted waterjet cutting [32-35]. However, the term 

commonly refers to the combination of laser-based AM and computer numerical controlled 

(CNC) machining [36]. Three examples of these hybrid systems are shown in Figure 10. 

Figure 10a shows a Mazak system that combines CNC machining with wire-arc DED, 

Figure 10b shows an Okuma system that combines CNC machining with blown-powder 

DED, and Figure 10c shows a Haas machine tool retrofitted with blown-powder and 

polymer extrusion additive capabilities by Hybrid Manufacturing Technologies to create a 

hybrid system [3, 15, 37]. 
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Figure 10: Two commercially available hybrid systems are (a) Mazak’s wire-arc DED 

and machining system and (b) Okuma’s blown-powder and machining system. It is also 

possible to retrofit machine tools with additive capabilities, as (c) HMT did with a Haas 

machine tool.  

Hybrid systems combine the benefits of AM, which include geometric flexibility and 

relatively fast turnaround times, with the benefits of machining, which include high 

precision and good surface quality. Figure 11 demonstrates the benefits of combining 

machining and DED: a complex shape was printed, and the rough and imprecise surface of 

the DED component was then machined away for a smooth and precise final component. 
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Figure 11: A hybrid-manufactured component that has been partially machined. DED 

was used for the initial shape, and machining was used to obtain a precision surface after 

printing.  

Current work in hybrid manufacturing ranges from machine design to process modeling 

and control to part quality control. Kerbrat et al. evaluated the manufacturing complexity 

of components during the design stage, taking into account both machining and layered 

manufacturing, to provide insight into the manufacturability of various designs [38]. Yang 

et al. characterized the density, microstructure, and mechanical properties of hybrid 

manufactured components and then determined the effect of heat treatment on these 

properties [39]. Krimpenis et al. developed a robotic arm for hybrid manufacturing to 

enable retrofitting of machine tools for lower-cost hybrid manufacturing systems [40]. 

These efforts focus on the hybrid processes themselves, but a significant amount of 

research has also been completed on the applications of hybrid manufacturing. 

 

Because hybrid manufacturing enables both flexible geometries and precision components, 

it has proven useful in several fields. In some cases, hybrid manufacturing can be 

completed at a faster rate than other manufacturing processes. For example, Saleeby et al. 

demonstrated the design and manufacture of a mold for injection molding in under 72 
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hours, while these molds generally have a lead time on the order of months [4]. Hybrid 

manufacturing is valuable as a tool for repairing worn or damaged components, as material 

can simply be deposited over the worn or damaged areas and then machined to the desired 

geometry [41, 42]. Reddy and Kumar completed a stochastic linear model of hybrid 

manufacturing to determine situations in which “re-manufacturing,” or the recovery and 

repair of used products, can be perfectly substituted for regular manufacturing [43]. Not 

only is hybrid manufacturing useful for the mold and die industry for repair, but also for 

manufacturing complex mold geometries. As an example, cooling channels are often 

desirable in heat-based molding processes to reduce cooling times [44]. Hybrid 

manufacturing enables the inclusion of conformal and complex cooling channels designed 

to optimize mold cycle times by reducing cooling times [45, 46]. An example of the hybrid 

manufacturing of conformal cooling channels manufactured at Oak Ridge National 

Laboratory’s Manufacturing Demonstration Facility is shown in Figure 12. 
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Figure 12: A mold manufactured with conformal cooling channels on a hybrid system by 

(a) machining the lower half of the channels, (b) using DED to cover the channels, (c) 

using DED to print the rest of the mold, and (d) machining the mold to a surface finish 

acceptable for molding (image courtesy of ORNL). 

2.2.2 Lasers  

In 1959, Gould was the first to describe Light Amplification by the Stimulated Emission 

of Radiation (laser) [47]. In 1960, Theodore Maiman demonstrated the first functioning 

laser, which produced red laser light using a ruby crystal, and Schawlow and Townes 

received the first patent for their Microwave Amplification by Stimulated Emission of 

Radiation (maser), which later became the laser, in 1960 [48, 49]. Since then, research has 

produced a wide variety of lasers with a range of amplifying mediums, wavelength outputs, 

power outputs, and costs. 

2.2.2.1 Laser physics 

Light Amplification by the Stimulated Emission of Radiation (laser) is the result of light 

oscillating between two mirrors through an active mechanism capable of amplifying these 



38 

 

oscillations via simulated emission [50]. Einstein mathematically predicted the 

phenomenon of stimulated emission in 1917, and Ladenburg confirmed Einstein’s 

predictions in 1928 [51, 52]. Stimulated emission results from a photon interacting with an 

electron in an excited state, causing the electron to drop to a lower energy level and release 

energy [50]. 

 

The basic construction of a laser is shown in Figure 13. The essential elements of a typical 

laser include a laser medium, which provides atoms, molecules, ions, or a semiconducting 

crystal, a pumping process to excite the particles in the laser medium, and optical feedback 

elements to guide the beam of radiation [53]. The pumping process interacts with particles 

in the laser medium, and the atoms in the medium are excited to some higher quantum 

energy level. In 1996, Kogelnik and Li wrote one of the fundamental papers on cavity 

design, geometrically deriving stable mirror curvature ranges that would result in the 

oscillating beam converging into the cavity, rather than spreading out from the cavity [54]. 

 

 

Figure 13: Basic construction of a laser [50, 53].  

When enough atoms are excited to a higher energy level, electromagnetic radiation is 

passed through the excited medium, stimulating the release of photons from the excited 

atoms, as shown in Figure 14. The released photons then pass through other excited atoms, 

stimulating the release of more photons to continue the process, resulting in stimulated 

emission, amplifying the laser [53]. The wavelength of each emitted photon is described 

by Planck’s Law 

     𝜐12 =
𝐸1−𝐸2

ℎ
 (2.1) 
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Here, υ is the wavelength, E is the atomic energy level, and h is Planck’s constant, equal to 

6.626x10-34 J·s. In the example in Figure 14, The original photon and the released photon 

would each have energy 

     𝐸 = ℎ𝜐12 (2.2) 

 

Figure 14: The stimulated emission process. 

Because the wavelength of the produced photons is dependent on the energy states of the 

atoms used to generate the photons, the material used in the laser medium determines the 

output wavelength of the laser. Therefore, lasers are often classified by their medium, 

including solid-state lasers, gas lasers, liquid lasers, and semiconductor lasers. A list of 

commonly used laser mediums and the wavelength produced by those mediums is provided 

in Table 1. 

Table 1. Common laser mediums and wavelengths [55]. 

Laser gain medium and type Wavelength(s) (µm) 

Carbon dioxide (gas) 10.6 

Ruby (solid-state) 0.69 

Nd:YAG (neodymium-doped yttrium aluminum garnet) 

(solid-state) 

1.06 

Ytterbium-doped fiber laser (solid-state) 1 

Rhodamine dye laser (liquid) 0.540-0.680 

AlGaInP (aluminum gallium indium phosphide) 

(semiconductor) 

0.63-0.9 
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2.2.2.2 Laser-polymer interactions 

Lasers are used in several polymer-based applications, including polymer welding and 

laser cutting of polymers. These two processes have different laser requirements. In 

polymer welding, the polymers being joined must reach a temperature high enough at the 

joint to promote diffusion of polymer macromolecules across the joint but not exceed the 

degradation temperature of the polymer [56]. Polymer welding has been studied from a 

thermal perspective because of its relevance to fused filament fabrication (FFF), in which 

thermoplastic feedstock is melted and selectively extruded in layers that are joined by 

polymer welds [57-60]. Laser polymer welding must also consider the optical properties 

of the polymer being welded. Laser light passing through a material will either be reflected 

by the material or penetrate through the material [61]. Laser light that penetrates the 

material will then be either absorbed or transmitted [50]. The reflectivity and absorptivity 

of a material is dependent on material properties and the wavelength of the laser light [50, 

62]. For example, 0.5mm-thick polycarbonate is approximately 90% transmissive at a 

wavelength of 1000 nm and 1% transmissive at a wavelength of 10000 nm, as shown in 

Figure 15 [63]. Generally, polymers tend to be more absorptive at lower wavelengths, 

although the absorptivity of polymers can be tailored by changing the color of the polymers 

or adding fillers [64]. Chen et al. developed a model to describe the effect of carbon black 

on several polymers and found that increasing carbon black content resulted in increased 

laser absorption [65]. 
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Figure 15: Transmissivity of 0.5mm-thick polycarbonate, indicating that the 

transmissivity is higher at lower wavelengths [63]. 

 

In through-transmission laser welding of polymers, an optically transparent polymer is 

placed on an absorbing polymer, and the deposition of laser energy occurs at the interface, 

as shown in Figure 16 [66]. Generally, the power in laser polymer welding is on the order 

of 5-25 W, with higher powers corresponding to faster scan speeds to keep overall energy 

density consistent [67]. To avoid absorption of laser energy in the transmitting polymer, 

diode or fiber lasers are often used, as their lower wavelengths tend to be transmitted 

through polymers [68, 69]. 

 

Figure 16: Laser welding of an optically transparent polymer to an optically absorptive 

polymer. 
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There are several methods of laser cutting, including vaporization, melt and blow, and 

thermal stress cracking, and each of these methods has a different temperature requirement 

[50]. Vaporization, for example, requires that the degradation temperature of the polymer 

be reached and maintained for long enough to vaporize all the polymer in the region being 

cut, while minimizing the amount of thermal damage to the region adjacent to the laser 

path. Laser cutting tends to use lasers at higher wavelengths so that more of the laser energy 

is absorbed by the polymer. For example, CO2 lasers, which have a wavelength of 10600 

nm, are frequently used in polymer laser cutting [70, 71]. 

2.2.2.3 Laser-metal interactions 

The lasers used in DED tend to be fiber lasers as opposed to CO2 lasers. Fiber lasers have 

smaller wavelengths than CO2 lasers, and these smaller wavelengths are more readily 

absorbed by the metal feedstock powders used in laser DED processes [72]. The laser used 

in this research has a wavelength of 1,080±10 nm, while CO2 lasers have wavelengths 

around 10,600 nm [15, 73]. DED lasers generally have maximum power outputs on the 

order of kilowatts: the laser used in this research has a maximum power of 2 kW [15]. As 

with polymers, the absorptivity of metals is also affected by a variety of factors, including 

material, wavelength, surface roughness, and temperature [74, 75]. An example of the 

effects of oxidation and laser wavelength on the absorptivity of several copper alloys is 

shown in Figure 17. In these elements specifically, oxidation increased the absorptivity, 

and a decrease in laser wavelength increased the absorptivity. 
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Figure 17: Influence of oxidation (top) and wavelength (bottom) on several copper alloys 

[75]. 

The effect of temperature on the absorptivity of iron and steel is shown in Figure 18. In 

these experiments, increasing temperature resulted in decreasing absorptivity of polished 

iron and steel under an Nd:YAG laser and increasing absorptivity of polished iron and steel 

under both CO and CO2 lasers. 
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Figure 18: Measured temperature dependence of absorptivity A at Nd:YAG- (squares), 

CO- (triangles) and CO2-wavelength (circles) of polished iron (I, V) and polished steel 

35NCD16 (II, III, IV) [74]. 

Laser interactions with the metal in laser DED are different from laser interactions with 

solid metal because the metal is in a powder form. Prior work has focused on measuring 

and modeling the interactions of lasers with metal powder, especially for applications in 

laser powder bed fusion (LPBF) AM. Tran et al. performed an analysis of scattering and 

absorption of a layer of metal powder that included ray tracing simulations and took into 

account powder packing density [76]. Trapp et al. measured the absorptivity of 316L 

stainless steel, aluminum alloy 1100, and tungsten at 1070 nm during LPBF and found that 

process parameters such as power and scan speed, along with scattering in the powder layer 

and melt pool and keyhole formation, can affect absorptivity [77]. 

2.3 Laser-polymer characterization 

To isolate the laser-polymer interaction, laser spectroscopy was performed on the polymers 

being tested as substrates in this research to determine their absorbances. Then, to observe 

the interaction between the DED process and the polymer, single deposition passes were 

completed on a variety of polymer substrates and observed with regular and high-speed 

cameras. The substrates were cross sectioned after the deposition passes were completed 

to observe any internal effects of the DED process on the polymer. 
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2.3.1 Laser spectroscopy 

A key aspect of the polymer-DED interaction is the laser-polymer interaction. Polymer 

absorbance of the laser will affect the success of the polymer support structure in several 

ways by affecting polymer combustion and degradation, metal powder melting, and metal 

powder deposition. Accordingly, a series of experiments was performed on candidate 

polymers to determine their absorbances. 

 

To measure absorptivity, a Perkin Elmer 1050 UVVISNIR spectrophotometer with a three-

detector module was used, which measures transmittance using direct transmission mode: 

the intensity of light of a desired wavelength is measured after passing through the medium 

being measured and compared to the original intensity of light. The 1050 UVVISNIR 

spectrophotometer in this setup has a measurement range of 175 nm to 3,300 nm. 

Specimens of all polymers used in this research were cut into planks of approximately 3mm 

in thickness using a diamond saw. Each specimen was then sanded to remove significant 

surface roughness from the cutting process. The wavelength of interest was 1,080 nm, as 

that is the laser wavelength of the DED system used in this research, so a range of 1,060 

nm to 1,100 nm was measured using the spectrophotometer. The absorbance of the polymer 

was derived from the transmittance measurement using the equation 

    A = log
1

𝑇
 (2.3) 

Where A is the absorbance and T is the transmittance. 

2.3.2Haas/HMT hybrid system 

The hybrid system used for all deposition experiments in this research was a Haas VF-

05/40XT machine tool modified by Hybrid Manufacturing Technologies (HMT) with 

blown-powder DED and polymer extrusion AM capabilities, shown in Figure 19. The 

original Haas system, which provides the machining capabilities of the hybrid setup, is a 

3-axis CNC machine tool with 1,524mm of travel in the x-direction, 660mm of travel in 

the y-direction, and 635mm of travel in the z-direction [15]. The maximum spindle speed 

is 8,100 rpm, the maximum torque is 122 Nm at 2,000 rpm, and the maximum cutting feed 

rate is 12.7 m/min [15].  
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Figure 19: The Haas VF-5/40XT modified by Hybrid Manufacturing Technologies with 

blown-powder DED and polymer extrusion AM capabilities. 

 

The Haas was retrofitted as a hybrid system by HMT via the installation of AMBIT™ 

metal deposition system. The system consists of the S7-1, a 1mm-spot-size laser cladding 

head, the S7-2, a 2mm-spot-size laser cladding head, the Core Controller, which provides 

an nLight continuous wave laser with a maximum laser power of 1,500 W at a wavelength 

of 1,080 nm±10 nm, and the S7-325, a docking mechanism that enables laser, metal 

powder, and gas supply to the heads. HMT’s metal deposition process is shown in Figure 

20. Metal feedstock powder is fed through the head and into the path of the laser via a 

carrier gas. Shield gas flows around the sides of the laser to create an inert environment 

around the melt pool. Nozzle gas (not shown in Figure 20) flows coaxially with the laser 

to protect the optics and contribute to the inert environment.  
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Figure 20: The HMT blown powder process (courtesy of Hybrid Manufacturing 

Technologies). 

The two heads are stored in the Haas tool carousel. Prior to deposition, the hopper storing 

the metal feedstock powder is heated, generally to 60°C, to eliminate any moisture 

absorbed by the powder. The head being used is inserted into the tool holder, and the 

docking mechanism is then attached to the side of the head. The laser on/off status, powder 

on/off status, and head position and feed rate are all controlled by programming the Haas 

with G-Code, as is standard for machine tools. The laser power, shield gas flow rate, nozzle 

gas flow rate, and carrier gas flow rate are controlled through the AMBIT™ controller and 

must be set prior to beginning a deposition. 

 

HMT also outfitted the Haas with their AMBIT™ PE-1 polymer extrusion system. The 

system design was based on the design of the Big Area Additive Manufacturing (BAAM) 

system, which uses a screw extruder to melt and extrude polymer pellet feedstock material 

[78]. The PE-1 head takes advantage of the spindle in the Haas for the screw extruder and 

uses an attached vacuum tube to carry feedstock pellets from storage into the head [15]. 

The PE-1 system is designed to extrude thermoplastic polymers at temperatures up to 

300°C out of a 3mm-diameter nozzle [15].  
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2.3.3 Setup and procedure 

Five polymers were selected for testing: carbon-fiber-filled acrylonitrile butadiene styrene 

(CF ABS), glass-fiber-filled nylon (GF nylon), glass-fiber-filled ABS (GF ABS), neat 

polylactic acid (PLA), and wood-flour-filled PLA (WF PLA). These polymers were 

selected because they (1) are easily printable, (2) are readily available, and (3) provide a 

range of filled and unfilled printable polymers for comparison. 

 

To observe the in-process response of each polymer to the DED process, a Phantom v411 

high speed camera was installed off axis to the laser. A 450 nm, 35 nm FWHM (Full-Width 

at Half Maximum) bandpass filter was used in tandem with a 100 W 450 nm LED to 

illuminate powder streams and deposition sufficiently for high-speed imaging. The 

substrates were then mounted in the Haas/HMT system, as shown in Figure 21. A single, 

1.27 cm long deposition pass was completed on each substrate using 316 stainless steel 

powder feedstock. Laser power was set to 100 W, feed rate was set to 600mm/min, shield 

gas flow was set to 10 L/min, and carrier gas flow rate was set to 4 L/min for all 

experiments. Feedstock powder mass flow rate was measured to be 9 g/min. 
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Figure 21: The high-speed imaging setup for capturing laser-polymer interactions during 

the first pass of a DED deposition. 

 

In the second series of experiments, two key DED parameters were varied in single 

deposition passes to determine their impact on metal deposition on polymer substrates: 

laser power and laser scan speed. The design of experiments is discussed more thoroughly 

in Chapter 3, and the list of experimental parameters is detailed in Table 3. Each of these 

experiments was recorded using an AXIS fixed dome camera. 

 

Substrates of length 5cm, width 2.5 cm, and height 1.27 cm were manufactured out of each 

type of polymer for all experiments. A single, 1.27 cm long deposition pass was completed 

for each experiment using 316 stainless steel powder feedstock on the VF-5/40XT Haas 

modified by HMT with an AMBIT™ S7-2 High Rate Laser Cladding Head for laser blown-

powder DED capabilities. The G-code for all experiments was written by hand and can be 

found in Appendix A. For all experiments, shield gas flow was set to 10 L/min, and carrier 

gas flow rate was set to 4 L/min, corresponding to a mass flow rate of 9 g/min. After 

printing was completed, each of the substrates was visually inspected to determine the 



50 

 

polymer response to the molten metal and laser, including the appearance of any deposited 

metal, residue that adhered to the polymer surface during deposition, and any loss of 

geometric integrity of the polymer. The substrates were then microscopically imaged on a 

Leica S8 APO microscope for further evidence of the polymer response to the molten metal 

and laser, and the appearance of deposited metal, any exposed fibers, and evidence of 

polymer melting and degradation. 

2.4 Results and discussion 

The polymer absorbances were analyzed and compared to one another. Then the high-

speed videos were examined for evidence of polymer degradation and combustion, and the 

variations in combustion across the polymers were analyzed. 

2.4.1 Polymer absorptivity 

The polymer transmittance and absorbance results for all polymers used in this research 

are shown in Figure 22. The transmittance and absorbance values for all the polymers are 

presented in Table 2. The transmittances of all polymers except PLA were under 0.25%, 

much less than the PLA transmittance of 35.22%. These measurements indicated that all 

polymers except PLA (CF ABS, GF ABS, GF nylon, WF PLA) will readily absorb the 

laser energy, while PLA will transmit a significant amount of the laser energy through its 

depth. As more of the laser energy will be transmitted through a greater depth of the PLA, 

it was expected that the overall temperature increase of the PLA will be lower compared 

to the other polymers, hindering successful metal deposition. The absorbance 

measurements also supported this conclusion, as the CF ABS had the highest absorbance 

and the absorbances of the other polymers were significantly lower, with PLA having the 

lowest absorbance. 
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Figure 22: Transmittance and absorbance results for PLA. The PLA is more transmissive 

and less absorptive than the other polymers, and CF ABS is the most absorptive and least 

transmissive material. 
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Table 2. Polymer transmittance and absorbance at 1,080 nm. 

Polymer Transmittance (%) Absorbance (abs) 

CF ABS 0 8 

GF ABS 0.1704 2.7686 

GF Nylon 0.2254 2.647 

PLA 35.22 0.4532 

WF PLA 0.2438 2.613 

 

2.4.2 Polymer combustion 

In-process still images from the high-speed imaging of the polymer substrates exposed to 

a single deposition pass are shown in Figure 23. Key differences in combustion and 

polymer degradation residue were observed between the fiber-filled polymers (CF ABS, 

GF ABS, and GF nylon) and the non-fiber-filled polymers (PLA and WF PLA). Both PLA 

materials resulted in less combustion when exposed to the laser, and instead of melting and 

re-solidifying on the surface of the substrate, the feedstock powder became embedded in 

the surface of the substrates as the polymers softened during the DED pass and then re-

solidified. In contrast to the PLA and WF PLA, the filled polymer substrates resulted in 

significant combustion when exposed to the laser, circled in red in Figure 23, although the 

material did not ignite. The images of the filled polymers also show smoke during 

deposition and sooty residue remaining on the substrates after deposition, indicated with 

arrows in Figure 23. 
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Figure 23: Stills from high-speed videos on CF ABS, GF Nylon, GF ABS, PLA, and WF 

PLA. Circles indicate flaring, and arrows indicate smoke and residue. 

The flaring observed during deposition varied based on the substrate. For flaring to occur 

at all, three elements must have been present: heat, fuel, and oxygen. When subjecting a 

carbon-based polymer substrate to the blown-powder DED process, heat is supplied by the 

laser and fuel is supplied by both the substrate and any flammable degradation byproducts 

due to polymer combustion. The degradation byproducts are dependent on the degradation 
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pathways of the polymers, which are complex and difficult to predict under DED 

conditions. However, Thermo-Calc Software was used to predict the pyrolysis byproducts 

of each of the polymers at 1400°C to supply a general understanding of potential 

byproducts. 1 mole of ABS (C8H8∙C4H6∙C3H3N)n was predicted to produce 0.45 moles of 

carbon char and 0.55 moles of gas, consisting of 92% H2, 5% N2, and 3% other gases. 1 

mole of Nylon66 (C12H22N2O2)n was predicted to produce 0.26 moles of carbon char and 

0.74 moles of gas, consisting of 78% H2, 14% CO, 7% N2, and 1% other gases. 1 mole of 

PLA (C3H4O2)n was predicted to produce 0.11 moles of carbon char and 0.89 moles of gas, 

consisting of 50% CO, 49% H2, and 1% other gases. Most of the gaseous degradation 

byproducts are flammable, providing the fuel required for combustion. Oxygen needed to 

be supplied from the environment. As shown in Figure 24, the HMT system is designed 

such that the carrier, nozzle, and shield gases create an inert environment around the laser. 

The presence of flaring in several trials, circled in Figure 23, suggested that oxygen must 

be infiltrating this inert environment.  

 

Figure 24: Diagram of the blown-powder DED process, including the laser focal point, 

the carrier gas, the nozzle gas, and the shield gas. The combination of these gases results 

in an inert area around the laser. (Image courtesy of HMT) 
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The flaring observed in these trials also occurred above the surface of the polymer, 

emphasized for the trial on CF ABS in Figure 25. Figure 25 also shows that the location of 

this flaring coincided with the location of gaseous byproducts hypothesized to be created 

during the combustion of the CF ABS. The gaseous byproducts could have provided the 

fuel for the flaring, and the pressure from the gases likely also created enough turbulence 

to allow oxygen from the surrounding environment to perturb the inert environment. The 

byproducts and oxygen, in combination with energy from the laser, were the likely cause 

of the flaring that occurs above the surface of the polymer. 
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Figure 25: Flaring occurs above the surface during deposition on a CF ABS substrate 

(top). The location of this flaring coincides with the location of the interaction between 

the carrier gas and the gaseous combustion byproducts (bottom). 

However, flaring did not occur in all specimens. As seen in Figure 23, no flaring was visible 

from the PLA and WF PLA experiments. The lack of flaring displayed by these polymers 

was likely the result of their absorptivity. The PLA is less absorptive than the other 

polymers, so the laser energy required a longer distance to be fully absorbed. In polymers 

with a higher absorptivity, such as CF ABS, the laser energy was absorbed at a shallow 

depth, so a small volume of material absorbed the laser energy. Evidence of this can be 
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seen in Figure 26: in the cross section of PLA (right), swirling from melting and re-

solidification of the polymer can be seen at a depth of over 2mm, while no such swirling 

can be seen in the GF ABS. In this case, a larger volume of material absorbed the laser 

energy. When the volume of the material absorbing the laser energy was small, the material 

absorbed enough energy to reach combustion temperatures. When the volume of the 

material absorbing the laser energy was larger, the material did not absorb enough energy 

to reach combustion temperatures, and flaring was not observed. 

 

Figure 26: Cross sections of single bead tests on GF ABS and PLA. Evidence of 

transmission can be seen in PLA (boxed in red) but not GF ABS. 

 

In process videos of each of the experiments in Table 3 were taken, and still images from 

all videos can be found in Appendix B. Representative stills showing the effect of 

increasing power on CF ABS and PLA samples are shown in Figure 27. For both substrates, 

increasing the power while remaining at the same scan speed increased flaring and smoke 

from polymer degradation during the deposition. The CF ABS samples, as with all the 

fiber-filled samples, responded to deposition with more flaring and smoke than the PLA 

samples, indicating that the polymer in these fiber-filled samples experienced more thermal 

degradation. 
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Figure 27: Increasing power tends to increase in-process flaring, shown here with two CF 

ABS trials (SB01 at 100 W and SB03 at 300 W) and two PLA trials (SB13 at 100 W and 

SB15 at 300 W). Images from all trials can be found in Appendix B. 

 

Representative stills showing the effect of increasing scan speed on CF ABS and PLA 

samples are shown in Figure 28. For both substrates, increasing the scan speed while 

remaining at the same power decreased flaring and smoke from polymer degradation 

during the deposition. Like the samples in Figure 27, the CF ABS samples, as with all the 

fiber-filled samples, responded to deposition with more flaring and smoke than the PLA 

samples, indicating that the polymer in these fiber-filled samples experienced more thermal 

degradation. 
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Figure 28: Increasing scan speed tends to decrease in-process flaring, shown here with 

two CF ABS trials (SB01 at 400mm/s and SB02 at 800mm/s) and two PLA trials (SB13 

at 400mm/s and SB14 at 800mm/s). Images from all trials can be found in Appendix B. 

2.4.3 Post-printing observations 

The substrates for all experiments in Table 3 were visually inspected and imaged after 

deposition, and the images of all substrates can be found in Appendix B. Representative 

images showing the effect of increasing power on CF ABS and PLA samples are shown in 

Figure 29. For both substrates, increasing the power while remaining at the same scan 

speed increased the amount of charred residue remaining on the substrates after deposition. 

The CF ABS substrates, as with all the fiber-filled samples, had significantly more residue 

than the PLA samples, suggesting that the polymer in these fiber-filled samples 

experienced more thermal degradation. Increasing the power also resulted in more sparking 
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from the PLA, as evidenced by the presence of melted and re-solidified feedstock material 

embedded in the PLA outside of the bead. 

 

 

Figure 29: The effect of increasing power, shown here with two CF ABS trials (SB01 at 

100 W and SB03 at 300 W) and two PLA trials (SB13 at 100 W and SB15 at 300 W). 

Images from all trials can be found in Appendix B. 

Representative images showing the effect of increasing power on CF ABS and PLA 

samples are shown in Figure 30. In both trials, increasing the scan speed while remaining 

at the same power decreased the amount of residue remaining on the substrates after 

deposition. The CF ABS substrates, as with all the fiber-filled samples, had significantly 

more residue than the PLA samples, suggesting that the polymer in these fiber-filled 

samples experienced more thermal degradation. 
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Figure 30: The effect of increasing scan speed, shown here with two CF ABS trials 

(SB01 at 400mm/s and SB02 at 800mm/s) and two PLA trials (SB13 at 400mm/s and 

SB14 at 800mm/s). Images from all trials can be found in Appendix B. 

 

The samples were then microscopically imaged, and representative images of the effect of 

increasing power on GF ABS and PLA samples are shown in Figure 31. Increasing power 

generally resulted in more feedstock powder being melted and deposited, as more energy 

was absorbed by the feedstock powder. However, the deposited metal generally decreased 

in quality with increased power, as evidenced by an increase in visible porosity and in 

residue on and around the metal after deposition. Both the porosity and the deposited 

residue is likely due to increased polymer degradation caused by increased laser power. As 

more of the polymer degraded, more gas was formed as a byproduct, which then infiltrated 

the polymer and resulted in porosity. Another byproduct of the polymer degradation was 

the char residue, which coated the deposited metal and the surrounding polymer during 

deposition. 
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Figure 31: The effect of increasing power, shown here with two GF ABS trials (SB05 at 

100 W and SB07 at 300 W) and two PLA trials (SB13 at 100 W and SB15 at 300 W). 

Representative images of the effect of increasing scan speed on GF ABS and PLA samples 

are shown in Figure 32. Increasing scan speed generally resulted in less feedstock powder 

being melted and deposited, as both the feedstock powder and substrate had less time to 

absorb the laser power, resulting in less overall energy being absorbed. Increased scan 

speed also resulted in more residue on the substrate after deposition, although the effect is 

lesser than the effect of increased power. 
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Figure 32: The effect of increasing scan speed, shown here with two GF ABS trials 

(SB05 at 100 W and SB07 at 300 W) and two PLA trials (SB13 at 100 W and SB15 at 

300 W). 

 

Evidence of exposed fibers due to polymer degradation was seen in all fiber-filled samples, 

a selection of which are shown in Figure 33. These exposed fibers support the hypothesis 

that upon exposure to the laser, a thin layer of polymer degrades, exposing the fibers 

embedded within the polymer, as diagrammed in Figure 34. These fibers then serve to 

protect the rest of the polymer from further thermal degradation, as both glass and carbon 

fibers can withstand higher temperatures than polymers. 
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Figure 33: Evidence of exposed fibers in 100 W, 400mm/min trials on CF ABS (SB01) 

and GF ABS (SB05). 
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Figure 34: The (a) schematic of and (b) pictures of the ablative reaction of a fiber filled 

polymer to an extreme thermal environment. 

 

Not all trials resulted in a deposition caused by melting and re-solidification of the 

feedstock powder, and those depositions that did form had rough surface finishes, as seen 

in several representative microscopic images in Figure 35. The rough surface finish was 

caused by feedstock powder adhering to a solidifying deposition that was not at a high 

enough temperature to melt the powder. 
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Figure 35: Rough surface finish of deposited metal in multiple trials due to adhered 

unmelted feedstock powder (indicated with arrows). 

The porosity at a higher power shown in Figure 31 was observed in several other trials at 

higher powers, as shown in Figure 36. This porosity was hypothesized to have been caused 

by gas produced during polymer infiltrating the molten metal and, in the case of the trials 

in Figure 36 bursting out of the surface of the deposited metal. This hypothesis is also 

supported by the results of CT scans completed on larger-scale depositions, which are 

discussed in Chapters 4 and 5. 
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Figure 36: Evidence of porosity due to polymer degradation. 

The polymer surrounding the laser track appears to melt and re-solidify during deposition, 

as evidenced by the embedded powder shown in several representative images in Figure 

37. The feedstock powder did not interact with the laser, as it was not in the path of the 

laser. However, heat transfer within the polymer resulted in some melting of the polymer 

surrounding the laser track, and the feedstock powder blown onto those melted surfaces 

was embedded into the polymer. 
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Figure 37: Feedstock powder became embedded in the polymer around the edges of the 

pass, indicated with arrows. The reflective surfaces circled in PLA trial SB13 indicate 

melting and re-solidification of the polymer around the embedded feedstock powder. 

 

2.5 Conclusions 

For polymer support structures to be considered successful, the polymer-DED interaction 

must be safe, and metal deposition on a polymer must be possible. In this chapter, the 

polymer-DED interaction was investigated, focusing specifically on polymer interactions 

with the laser. Laser spectroscopy was performed to determine the absorbances of the 

polymers used in this research at 1,080 nm, the wavelength of the laser in the HMT system. 

Single bead tests were then performed to observe the effect of the DED process on five 

polymer substrates. 

 

Some combustion was observed during all single bead tests, but significant flaring only 

occurred during the tests run on CF ABS, GF ABS, and GF nylon. The occurrence of 

flaring correlates with the absorptivity of the polymer. If the polymer is too transmissive, 

not enough of the laser energy will be absorbed close to the surface of the polymer for the 

surface to reach combustion temperatures. The differences in levels of flaring between CF 

ABS, GF ABS, and GF nylon were attributed to variations in the absorbances of and 

degradation byproducts produced by the different polymers. The flaring in all three of these 
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polymers was inconsistent, as the oxygen required to create the flaring was most likely 

being provided via infiltration of shield gases. These shield gases were disrupted enough 

by the combustion process to allow some oxygen into the shielded area, enabling flaring. 

Generally, combustion will occur when enough laser energy is absorbed near the surface 

of the polymer to reach combustion temperatures and the degradation produces significant 

flammable byproducts. 

 

Observations of the single-bead experiments during and after the DED process resulted in 

valuable insights into the printing parameters. There was a tradeoff between polymer 

degradation and metal deposition: more laser transmission decreased degradation because 

the laser energy was distributed over a larger volume, but more laser transmission 

decreased feedstock powder melting by lowering polymer surface temperature. Polymers 

with fiber fillers are required to facilitate deposition, as the two polymers without fiber 

fillers had little to no melted and re-solidified metal deposition. Higher laser power and 

lower scan speed resulted in more flaring, more smokey residue, more metal deposition, 

and more evidence of porosity. These trends suggest that higher laser power and lower scan 

speed cause higher temperatures, which will be explored further in Chapter 3. 
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CHAPTER 3. MEASUREMENT AND MODELING OF POLYMER 

DEGRADATION DURING DED METAL DEPOSITION 

3.1 Introduction 

An understanding of the relationships between DED settings, material properties, and 

predicted polymer degradation is critical in determining the level of degradation expected 

when exposing a polymer to the DED process. Understanding these relationships enables 

appropriate deposition parameter selection and ensures that unsuitable polymers are not 

used as support structures. The methodology for single-bead experiments performed on a 

variety of polymers using different laser powers and laser scan speeds is presented in this 

chapter. Polymer degradation results from these experiments are then discussed. This 

discussion includes the introduction of semi-infinite and Rosenthal thermal models to 

understand the experimental trends, along with aspects that affect degradation but are not 

considered in these models, such as polymer transmissivity and ablation. 

3.2 Background 

Polymer degradation and ablation are key in understanding the degradation experienced by 

polymer substrates exposed to the DED process. Several semi-infinite thermal models are 

considered to develop an understanding of the relationships between polymer properties, 

DED parameters, and polymer degradation. Semi-infinite thermal modeling encompasses 

all thermal models using the assumption that the heated body has one single-plane surface 

extending to infinity in all other directions. The semi-infinite models used to support the 

experimental degradation results include the constant surface temperature model, the 

constant surface heat flux model, and the Rosenthal moving heat source model.  

3.2.1 Polymer combustion 

All polymers will eventually degrade, experiencing an irreversible change which 

eventually leads to failure [79]. This degradation can occur via several mechanisms. Most 

relevant to this research is degradation by thermal degradation either in the presence of 

oxygen, known as combustion, or in the absence of oxygen, known as pyrolysis. Pyrolysis 

occurs in one of three ways: random scission of bonds along the backbone chain, 

depolymerization, usually initiated at chain ends, and elimination of a low-molecular-

weight fragment other than a monomer [79]. In combustion, polymer molecules are 
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thermally decomposed through oxidation [80]. Although little work has been done 

specifically in probing the response of polymers to the DED process, much of the work on 

polymer degradation gives insight into polymers’ responses to extreme environments.  

 

The existence of ablative polymers indicates that it is possible for certain polymers to 

withstand the DED process without significant changes to geometry. Commonly seen in 

space applications, ablative polymers are designed such that the surface of the material will 

degrade into a protective char upon exposure to high temperatures, as shown in Figure 38 

[81]. For example, carbon-fiber-reinforced phenolic composites were evaluated as a 

charring ablator for the severe heating environment expected with the Galileo probe [82]. 

In one study, an R2 carbon phenolic reached surface temperatures of over 1000°C, but the 

ablation of the material under these conditions protected the bulk polymer, and 

temperatures at a depth of 0.5 inches did not exceed 115°C [83]. These polymers are good 

candidates for support structures, as these supports would need to survive contact with the 

DED energy source and molten metal at least long enough for the metal to solidify 

sufficiently to support the rest of the metal component. 

 

 

Figure 38: The ablation process.   

3.2.2 Semi-infinite modeling and Rosenthal moving heat source 

In semi-infinite modeling, the body in question is assumed to be a semi-infinite solid that 

has a single plane surface extending to infinity in all directions except one. The planar 

surface has either a temperature or heat flux condition applied to it, and knowledge of the 
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initial temperature of the solid, the planar surface condition, and the temperature at an 

infinite depth allows the general heat equation to be solved for the temperature of the solid 

as a function of depth [84]. 

 

Semi-infinite assumptions can also be applied to other, more specific thermal models. For 

example, Rosenthal used a semi-infinite body assumption in his development of a point 

moving heat source model to predict heat distribution during welding and cutting [85]. In 

the Rosenthal model, it is assumed that a quasi-stationary state is reached in the piece: there 

is no change in the temperature distribution around the heat source as a function of distance. 

This model predicts the temperature around the point source, which is moving at some 

velocity, as a function of position and time. This model has its limitations, including 

predicting that the temperature at the heat source reaches infinity, but the temperature 

profile approximations have proven useful in multiple research endeavors. For example, 

Plotkowski et al. compared transient results to steady states predictions from the Rosenthal 

equations to verify and validate a rapid heat transfer calculation methodology for transient 

melt pool solidification conditions in powder bed metal AM [86]. Promoppatum et al. used 

an FE model and the Rosenthal equation to study thermal and microstructural phenomena 

in the LPBF of Inconel 718 [87]. 

 

Further works expanded and built on the Rosenthal model. For example, in 1942, Jaeger 

developed a model similar to Rosenthal in that it predicts the temperature of a semi-infinite 

solid exposed to a moving heat source [88]. However, Jaeger’s model does not assume a 

point source of heat, but rather a heat source of some shape. Additionally, Jaeger’s model 

does not assume the quasi-stationary state assumed in the Rosenthal model. These changes 

improve the accuracy of the Jaeger model at the cost of increased complexity. Similar to 

the Rosenthal model, the Jaeger model has been valuable in thermal research since its 

development. Komanduri and Hou completed thermal analyses on both the arc welding 

process, developing an analytical solution for the temperature-rise distribution in arc 

welding of short workpieces and for the laser surface transformation hardening process 

based on Jaeger’s model [89, 90]. 
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3.3 Methodology 

3.3.1 Design of experiments 

To validate the thermal model prediction of degradation depth, a series of single-pass 

experiments were performed, and the degradation depth was measured after printing. Two 

key DED parameters were varied to determine their impact on metal deposition on polymer 

substrates: laser power and laser scan speed. Five polymers were tested as substrates: 

carbon-fiber-filled acrylonitrile butadiene styrene (CF ABS), glass-fiber-filled nylon (GF 

nylon), glass-fiber-filled ABS (GF ABS), neat polylactic acid (PLA), and wood-flour-filled 

PLA (WF PLA). These polymers were selected because they (1) are easily printable, (2) 

are readily available, and (3) provide a range of filled and unfilled printable polymers for 

comparison. For the design of experiments, each polymer was treated as a separate 

experiment. For each polymer, the linear model was of the form: 

   𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽12𝑥12 3.1 

In this model, y represents the output being measured (degradation depth), the 𝛽1 constant 

indicates the effect of the laser power (x1) interaction on the output, the 𝛽2 constant 

indicates the effect of the laser scan speed (x2) interaction on the output, and the 𝛽12 

constant indicates the effect of the two-way interaction between laser power and scan speed 

(x12) on the output. To solve the four unknowns in this equation, a minimum of four 

experiments with varying laser power and scan speed conditions were required. The 

experiments used to solve this linear model are listed in Table 3. The lower laser power 

value was based on the minimum reliable power achievable by the experimental system, 

and the upper laser power value was based on preliminary experiments, which determined 

that powers above 300 W resulted in significant smoke and polymer residue, causing 

concerns about damaging the laser optic system. The scan speed parameters were selected 

to be centered around 600mm/min, the scan speed commonly used for metal-on-metal 

depositions. 

 

Qualitative observations of the results of these experiments were made and discussed in 

Chapter 2, and a quantitative relationship between laser power, scan speed, and polymer 

suitability for each polymer was also desired. To that end, polymer suitability for the single 

layer tests was determined by the laser degradation depth. This output was measured for 
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each trial by embedding the sample in resin, cross sectioning the sample, and measuring 

the maximum degradation depth. These measurements also served as a validation metric 

for the thermal models presented in Chapter 3. 

 

Table 3. Design of experiments to derive a linear model of laser power and scan speed. 

Experiment Polymer Type Laser Power (W) Scan Speed (mm/min) 

SB01 CF ABS 100 400 

SB02 CF ABS 100 800 

SB03 CF ABS 300 400 

SB04 CF ABS 300 800 

SB05 GF ABS 100 400 

SB06 GF ABS 100 800 

SB07 GF ABS 300 400 

SB08 GF ABS 300 800 

SB09 GF Nylon 100 400 

SB10 GF Nylon 100 800 

SB11 GF Nylon 300 400 

SB12 GF Nylon 300 800 

SB13 PLA 100 400 

SB14 PLA 100 800 

SB15 PLA 300 400 

SB16 PLA 300 800 

SB17 WF PLA 100 400 

SB18 WF PLA 100 800 

SB19 WF PLA 300 400 

SB20 WF PLA 300 800 

 



76 

 

3.3.2 Setup and procedure 

Substrates of length 5cm, width 2.5cm, and height 1.27cm were manufactured out of each 

type of polymer for all experiments. A single, 1.27cm long deposition pass was completed 

for each experiment using 316 stainless steel powder feedstock on the VF-5/40XT Haas 

modified by Hybrid Manufacturing Technologies (HMT) with an AMBIT™ S7-2 High 

Rate Laser Cladding Head for laser blown-powder DED capabilities. The G-code for all 

experiments was written by hand and can be found in Appendix A. For all experiments, 

shield gas flow was set to 10L/min, and carrier gas flow rate was set to 4L/min, 

corresponding to a mass flow rate of 9g/min. Each of these experiments was recorded using 

an AXIS fixed dome camera. 

 

After printing is completed, each of the substrates was visually inspected to determine the 

polymer response to the molten metal and laser, noting the appearance of any deposited 

metal, residue that adhered to the polymer surface during deposition, and any loss of 

geometric integrity of the polymer. The substrates were then imaged on a Leica S8 APO 

microscope for further evidence of the polymer response to the molten metal and laser, and 

the appearance of deposited metal, any exposed fibers, and evidence of polymer melting 

and degradation. The samples were then embedded in resin, cross-sectioned at the center 

of the print as shown in Figure 39 using a diamond saw, and ground first with 500 grit 

paper and then with 1000 grit paper to remove damage from the cross-sectioning process. 

The cross sectioned components were then imaged on the same Leica S8 APO microscope 

to measure the laser degradation depth for each sample. The degradation depth 

measurement was defined as the depth of polymer degraded by the laser during the DED 

process, as shown in Figure 39. The measurement was performed five times per cross 

section to obtain measurement error.  
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Figure 39: Sample preparation for degradation depth measurement. 

3.4 Polymer degradation results 

A sample cross-section and degradation measurement on a GF ABS substrate is shown in 

Figure 40. All cross-sectional images from the single bead experiments are shown in 

Appendix B. 

 

Figure 40: Example of a degradation depth measurement on a GF ABS substrate. 
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Figure 41 shows the measured degradation depths for all CF ABS trials, with error bars 

indicating the standard deviation of the error measurements. The degradation depths 

indicate that an increase in power and a decrease in scan speed tended to increase 

degradation. The increase in degradation from increasing power was due to increased 

energy absorbed by the polymer, and the increase in degradation from decreasing scan 

speed was due to an increase in exposure time of the polymer to the laser power. In these 

trials, doubling the laser power had a less significant effect on the degradation than halving 

the scan speed. The differences in effect were likely due to the ablation experienced by the 

polymer during the DED process.  

 

Figure 41: Measured degradation depths for all CF ABS experiments, with measurement 

error shown in the error bars. 

As the polymer was degraded, char formed and the carbon fibers embedded within the 

material were exposed, protecting the bulk of the polymer from further degradation. 

Because increasing laser power increased the energy absorbed by the polymer by 

increasing power levels over the same period of time, a very thin layer at the surface of the 

polymer was quickly degraded, resulting in char and exposed fibers and protecting the bulk 

of the polymer. Decreasing scan speed increased the energy absorbed by the polymer by 
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increasing the amount of time the polymer is exposed laser energy, which did not result in 

an increase in degradation rate. 

 

Figure 42 shows the measured degradation depths for all GF ABS trials. Like CF ABS, the 

degradation depths indicate that an increase in power and a decrease in scan speed tended 

to increase degradation. The increase in degradation from increasing power was due to 

increased energy absorbed by the polymer, and the increase in degradation from decreasing 

scan speed was due to an increase in exposure time of the polymer to the laser power. 

 

Figure 42: Measured degradation depths for all GF ABS experiments. 

In these trials, increasing laser power had a more significant effect on the degradation depth 

than with CF ABS. The difference in effect between the two polymers was likely due to 

several reasons: polymer transmissivity differences, material property differences, and 

metal deposition characteristics. The GF ABS is slightly more transmissive than the CF 

ABS, so more of the laser energy was absorbed to a greater depth, increasing degradation 

at higher powers. All the material properties are different, which is likely to affect 

degradation. One key difference was thermal conductivity: carbon fibers are more 

conductive than glass fibers, so CF ABS has a higher thermal conductivity than GF ABS. 
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Finally, the metal deposited on CF ABS during the single-bead experiments was observed 

to be a spray of small metal beads, while the depositions on GF ABS were observed to be 

a few larger metal balls. The larger metal balls cooled more slowly than the spray of small 

metal beads, leading to a difference in polymer degradation, not accounted for in the 

thermal models developed later in this chapter. 

 

Figure 43 shows the measured degradation depths for all GF nylon trials. Like CF ABS 

and GF ABS, the degradation depths indicate that an increase in power and a decrease in 

scan speed tended to increase degradation. The increase in degradation from increasing 

power was due to increased energy absorbed by the polymer, and the increase in 

degradation from decreasing scan speed was due to an increase in exposure time of the 

polymer to the laser power. 

 

 

Figure 43: Measured degradation depths for all GF nylon experiments. 

Figure 44 shows the measured degradation depths for all PLA trials. As with the previously 

discussed polymers, the degradation depths indicate that an increase in power and a 
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decrease in scan speed tended to increase degradation. The increase in degradation from 

increasing power was due to increased energy absorbed by the polymer, and the increase 

in degradation from decreasing scan speed was due to an increase in exposure time of the 

polymer to the laser power. 

 

 

Figure 44: Measured degradation depths for all PLA experiments. 

Figure 45 shows the measured degradation depths for all WF PLA trials. As with the other 

polymers, the degradation depths indicate that an increase in power and a decrease in scan 

speed tended to increase degradation. The increase in degradation from increasing power 

was due to increased energy absorbed by the polymer, and the increase in degradation from 

decreasing scan speed was due to an increase in exposure time of the polymer to the laser 

power. 
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Figure 45: Measured degradation depths for all WF PLA experiments. 

To understand the relationship between polymer degradation and both laser power and scan 

speed, polymer degradation as a function of heat per unit length is plotted in Figure 46. 

Heat per unit length is a commonly used parameter in welding research that indicates the 

amount of thermal energy absorbed per unit length of the weld [91-94]. In this case, the 

heat per unit length was defined as the quotient of the laser power and the scan speed. This 

representation of the data indicates that the relationship between degradation and both laser 

power and scan speed was not monotonic. Additionally, the GF nylon trend did not match 

the trend of the other polymers. 
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Figure 46: Measured degradation depths versus heat per unit length for all polymers.  

3.5 Model development and discussion 

To quantify and further understand the relationships between the polymer, the DED 

process, and the deposited metal, two thermal modeling approaches were used. Semi-

infinite modeling provided a first approximation of the polymer temperatures when 

exposed to the laser, and the Rosenthal moving heat source model afforded a polymer 

temperature model with a more accurate set of assumptions. A third approach, thermal 

circuit modeling, was developed to model the polymer-metal system in state-space form. 

These results are presented in Appendix D. 

3.5.1 Semi-infinite implementation 

The semi-infinite thermal modeling approach was used to predict temperature of the 

polymer in response to the DED process as a function of both time and depth. 

3.5.1.1 Temperature input approach 

To predict the maximum depth of polymer that will reach the degradation temperature of 

the polymer, the surface of a semi-infinite block of polymer was assumed to be set to the 

melting temperature of the metal being deposited, as shown in Figure 47. In reality, the 

metal begins to cool immediately, but setting the temperature to be constant at the melting 

temperature of the feedstock metal provided a worst-case scenario. 
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Figure 47: Assumptions used for the surface-temperature-based semi-infinite thermal 

model, where the surface of the polymer is held at a constant temperature beginning at 

t=0. 

The solution to the semi-infinite thermal model with a surface temperature boundary 

condition is derived in [84]. The general heat equation has the following form 

    
𝛿2𝑇

𝛿𝑧2 =
1

𝛼

𝛿𝑇

𝛿𝑡
 (3.2) 

T is the temperature of the solid, z is the direction of heat transfer, t is time, and α is the 

thermal diffusivity of the solid, where 

    𝛼 =
𝑘

𝜌𝑐𝑝
 (3.3) 

and k is the thermal conductivity, ρ is the density, and cp is the thermal capacitance. An 

initial condition and two boundary conditions were required to solve (3.2). The initial 

condition was provided by the initial temperature of solid prior to heating, which was 

assumed to be ambient temperature.  

    𝑇(𝑧, 0) = 𝑇𝑎𝑚𝑏 (3.4) 

As the solid was assumed to be semi-infinite, one boundary condition was  

    𝑇(𝑧 → ∞, 𝑡) = 𝑇𝑎𝑚𝑏 (3.5) 

The other boundary condition was provided by the assumption that the surface of the solid 

was held at the melting temperature of the metal as soon as the print begins 

    𝑇(0, 𝑡) = 𝑇𝑚,𝑚𝑒𝑡𝑎𝑙 (3.6) 

The solution for the dimensionless temperature is then 

    
𝑇(𝑧,𝑡)−𝑇𝑎𝑚𝑏

𝑇𝑎𝑚𝑏−𝑇𝑚,𝑚𝑒𝑡𝑎𝑙
= erf (

𝑧

√4𝛼𝑡
) (3.7) 

where the function erf(η) is the Gaussian Error Function, defined as 

    erf(𝜂) =
2

√𝜋
∫ 𝑒−𝑢2

𝑑𝑢
𝜂

0
 (3.8) 
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The temperature of the polymer as a function of time and depth into the polymer can then 

be defined as  

                         𝑇(𝑧, 𝑡) = (𝑇𝑎𝑚𝑏 − 𝑇𝑚,𝑚𝑒𝑡𝑎𝑙)erf (
𝑧

√4𝛼𝑡
) + 𝑇𝑎𝑚𝑏 (3.9) 

The time of exposure was determined by the time a given point on the polymer surface was 

exposed to the laser, which depends on both the laser spot diameter (dlaser) and the laser 

scan speed (slaser) 

    𝑡𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 =
𝑑𝑙𝑎𝑠𝑒𝑟

𝑠𝑙𝑎𝑠𝑒𝑟
 (3.10) 

 

The model was implemented in MATLAB, using the material properties of CF ABS as the 

substrate properties and the melting temperature of 316L stainless steel as the surface 

temperature. The models for the other four polymers used in this research are shown in 

Appendix C. The laser spot size was set to 2mm, and the laser scan speed was set to 

400mm/min. The resulting temperature predictions for depths ranging from 0.28mm to 

0.33mm are shown in  Figure 48a. The polymer was predicted to reach degradation 

temperatures up to a depth of 0.31mm, and it was therefore predicted that 0.31mm of 

polymer degrade during the process. Figure 48b shows the temperature predictions for the 

same scenario but with a scan speed of 800mm/min rather than 400mm/min. In this case, 

the degradation depth was predicted to be 0.22mm, indicating that an increase in scan speed 

results in a decrease in degradation depth. This decrease in degradation is due to the 

decreased exposure of a given volume of polymer to the laser: as the laser scans over the 

surface faster, each point on the surface spends less time under the laser.  
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Figure 48: Predicting degradation depth using the semi-infinite thermal model with 

constant surface temperature as a boundary condition and a scan speed of (a) 400mm/min 

and (b) 800mm/min. 

The surface-temperature-based model is limited in that the surface temperature of the 

polymer is not constant during the printing process. This model assumed that the surface 

temperature reaches the melting temperature of the metal being deposited, but the surface 

temperature is a dependent variable in the printing process and cannot be assumed to be 
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constant throughout the printing process. For greater model accuracy, one of the boundary 

conditions must be based on a set and known parameter. 

3.5.1.2 Heat flux approach 

The laser power is a known constant throughout the printing process, and a model that 

assumes a constant heat flux from the laser at the surface provides a more accurate 

prediction of polymer temperatures. The semi-infinite approach can also be used to predict 

the temperature of the polymer by modeling a constant heat flux at the surface of the 

polymer, as shown in Figure 49. 

 

Figure 49: Assumptions used for the heat-flux-based semi-infinite thermal model, where 

a constant heat flux is applied to the surface beginning at t=0. 

The solution to the semi-infinite thermal model with a surface heat flux boundary condition 

was derived in [84]. The general heat equation in (3.76) was once again implemented with 

the initial condition in (3.78) and the boundary condition in (3.79). The second boundary 

condition in the case of a constant heat flux at the surface of the polymer is  

    𝑞𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 𝑞𝑙𝑎𝑠𝑒𝑟  (3.11) 

The solution for temperature is then 

                 𝑇(𝑧, 𝑡) =
2𝑞𝑙𝑎𝑠𝑒𝑟(

𝛼𝑡

𝜋
)

1
2 

𝑘
exp (

−𝑧2

4𝛼𝑡
) −

𝑞𝑙𝑎𝑠𝑒𝑟𝑧

𝑘
erfc (

𝑧

√4𝛼𝑧
) + 𝑇𝑎𝑚𝑏 (3.12) 

The time of exposure was determined by the time a given point on the polymer surface was 

exposed to the laser, which depends on both the laser spot diameter, dlaser, and the laser 

scan speed, slaser, as shown in equation (3.84). 
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The model was implemented in MATLAB, using the material properties of CF ABS as the 

substrate properties and the melting temperature of 316L stainless steel as the surface 

temperature. The models for the other four polymers used in this research are shown in 

Appendix C. The laser spot size was set to 2mm, the laser scan speed was set to 

400mm/min, and the laser power was set to 100W. The resulting temperature predictions 

for depths ranging from 0.85mm to 0.9mm are shown in Figure 50a. The polymer was 

predicted to reach degradation temperatures up to a depth of 0.86mm, and it was therefore 

predicted that 0.86mm of polymer degrade during the process. 

 

The semi-infinite model with the constant surface heat flux condition can be applied to 

various scan speed and laser power scenarios, as illustrated in Figure 50. Figure 50b shows 

the effect of increasing the laser power from 100W to 300W: the predicted degradation 

depth increased from 0.86mm to 0.91mm, a 5.8% increase. An increase in power resulted 

in more degradation because there is more energy produced by the laser for the same 

volume of polymer to absorb. Figure 50c shows the effect of increasing the scan speed 

from 400mm/min to 800mm/min: the predicted degradation depth decreased from 0.86mm 

to 0.55mm, a 36% decrease. An increase in scan speed resulted in less degradation because 

the laser moves across the polymer faster and the polymer therefore has less time to absorb 

the laser energy. These results indicate that lower power and higher scan speed are ideal 

for reducing polymer degradation. However, lower power and higher scan speed also 

reduce the energy available for absorption by the metal feedstock powder. If this energy 

density becomes too low, the metal will not melt, and the print will not be successful. 

Therefore, the minimization of polymer degradation is bounded by the parameters 

necessary for successful metal deposition. 
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Figure 50: Predicting degradation depth using the semi-infinite thermal model with 

constant surface temperature as a boundary condition and print parameters of (a) 100W 

laser power and 400mm/min scan speed, and (b) 100W laser power and 800mm/min scan 

speed, (c), 300W laser power and 400mm/min scan speed, and (d) 300W laser power and 

800mm/min scan speed. 

 

The semi-infinite model with a constant heat flux boundary condition can also be used to 

determine the effect of polymer material properties on the predicted temperature of the 

polymer and therefore the polymer degradation depth. Figure 51 shows the effect of 

varying the polymer density on the predicted temperature of a polymer using the same 

semi-infinite, constant surface heat flux model. The temperature was calculated at a depth 

of 1mm, and a laser power of 100W and a scan speed of 400mm/min were used for all 
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calculations. Increasing density resulted in a decrease in predicted polymer temperature, 

indicating that polymer degradation decreases in polymers with higher densities. Higher 

density polymers require more energy to degrade because there is more mass per unit 

volume, which requires more energy from the laser to heat for a given volume of polymer. 

This trend suggests that higher density polymers will be more successful in resisting 

degradation when exposed to the DED process. 

 

Figure 51: The effect of increasing density on the predicted temperature at a depth of 

1mm, a laser power of 100W, and a scan speed of 400mm/min using the semi-infinite 

model assuming a constant heat flux at the surface. 

Figure 52 shows the effect of varying the polymer thermal capacitance on the predicted 

temperature of a polymer using the same semi-infinite, constant surface heat flux model. 

The temperature was calculated at a depth of 1mm, and a laser power of 100W and a scan 

speed of 400mm/min were used for all calculations. Increasing thermal capacitance 
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resulted in a decrease in predicted polymer temperature, indicating that polymer 

degradation decreases in polymers with higher thermal capacitance. Thermal capacitance 

is the amount of heat required to heat a given volume of a material by a unit temperature, 

so a higher thermal capacitance means that more energy is required to heat the material. 

Therefore, polymers with a higher thermal capacitance require more energy to achieve the 

same change in temperature as polymers with a lower thermal capacitance and will 

therefore degrade less readily. This trend suggests that polymers with a higher thermal 

capacitance will be more successful in resisting degradation when exposed to the DED 

process. 

 

Figure 52: The effect of increasing thermal capacitance on the predicted temperature at a 

depth of 1mm, a laser power of 100W, and a scan speed of 400mm/min using the semi-

infinite model assuming a constant heat flux at the surface. 

Figure 53 shows the effect of varying the polymer thermal conductivity on the predicted 

temperature of a polymer using the same semi-infinite, constant surface heat flux model. 
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The temperature was calculated at a depth of 1mm, and a laser power of 100W and a scan 

speed of 400mm/min were used for all calculations. Increasing thermal conductivity 

resulted in an increase in predicted polymer temperature, indicating that polymer 

degradation increases in polymers with higher thermal conductivity. As higher thermal 

conductivity results in faster heat transfer through the polymer, the polymer is more readily 

able to absorb energy from the laser and will therefore degrade more. This trend suggests 

that polymers with lower thermal conductivity will be more successful in resisting 

degradation when exposed to the DED process. 

 

Figure 53: The effect of increasing thermal conductivity on the predicted temperature at a 

depth of 1mm, a laser power of 100W, and a scan speed of 400mm/min using the semi-

infinite model assuming a constant heat flux at the surface. 
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3.5.2 Rosenthal moving heat source implementation 

Rosenthal developed a model to analytically predict the heat distribution resulting from 

movement of a point energy source across a material [85]. The model has been used 

extensively in machining and welding applications and was modified for use in this 

research. Rosenthal considered the scenario shown in Figure 54, where a point source of 

energy Q moves in the x-direction across a material with velocity v. The temperature at 

any point of location (xp, yp, zp) at time t can then be determined using the equation 

                            𝑇(𝑥𝑝, 𝑦𝑝, 𝑧𝑝, 𝑡) = 𝑇0 +
𝑄

2𝜋𝑘𝑅
exp (−

𝑣(𝜉+𝑅)

2𝛼
) (3.13) 

where T0 is the initial temperature of the polymer, k is the thermal conductivity of the 

material, ξ shifts the coordinate system from the material to the energy source 

    𝜉 = 𝑥𝑝 − 𝑣𝑡 (3.14) 

R is the distance from the point of interest to the heat source 

    𝑅 = √𝜉2 + 𝑦𝑝
2 + 𝑧𝑝

2 (3.15) 

and α is the thermal diffusivity, given in (3.3). 

 

 

Figure 54: Assumptions used for the Rosenthal model, where a heat source of power Q 

moves across a material in the x-direction.  

The Rosenthal model is traditionally implemented for an arc energy source, with 

    𝑄 = 𝑉𝑎𝑟𝑐𝐼𝑎𝑟𝑐 (3.16) 
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where Varc is the voltage of the arc and Iarc is the current of the arc. In the case of thermal 

modeling of the blown-powder-laser DED process on a polymer substrate, the energy 

source is the laser, and 

    𝑄 = 𝑃𝑙𝑎𝑠𝑒𝑟 (3.17) 

The model was implemented in MATLAB using the material properties of CF ABS, a laser 

power of 100W and a laser velocity of 400mm/min. The models for the other four polymers 

used in this research are shown in Appendix C. The Rosenthal model predicts temperature 

over space in three dimensions and over time, so to obtain two dimensional plots, the origin 

of x=0 and y=0 was selected for degradation analysis. The laser is at the origin at time t=0 

and moves at the laser scan speed for the length of the print, set to 12.7mm in this scenario. 

Figure 55a shows the predicted temperature of the origin at several depths for the entirety 

of this 12.7mm print. The degradation temperature was reached at a maximum depth of 

1.58mm, so it was predicted that the degradation depth of the polymer will be 1.58mm. 

This prediction was higher than the prediction of the semi-infinite model with the constant 

heat flux assumption, which predicted a degradation depth of 0.86mm. The increase in 

degradation depth prediction is due to Rosenthal’s consideration of the entirety of the print 

and the conduction that occurs within the heated polymer during the print. 

 

Like the semi-infinite model, Rosenthal can also be applied to various laser power and laser 

scan speed scenarios. Figure 55b indicates that an increase in power from 100W to 300W 

resulted in a degradation depth of 1.89mm, a 20% increase. An increase in power results 

in more degradation because there is more energy produced by the laser for the same 

volume of polymer to absorb. Figure 55c indicates that an increase in scan speed from 

400mm/min to 800mm/min resulted in a degradation depth of 1.12mm, a 29% decrease. 

An increase in scan speed results in less degradation because the laser moves across the 

polymer faster and the polymer therefore has less time to absorb the laser energy. These 

results support the conclusions drawn with the semi-infinite model that lower power and 

higher scan speed are ideal for reducing polymer degradation, but the minimization of 

polymer degradation is bounded by the parameters necessary for successful metal 

deposition. 
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Figure 55: Predicting degradation depth at the origin for a single bead, 12.7mm print 

using the Rosenthal moving heat source model with print parameters of (a) 100W laser 

power and 400mm/min scan speed, and (b) 100W laser power and 800mm/min scan 

speed, (c), 300W laser power and 400mm/min scan speed, and (d) 300W laser power and 

800mm/min scan speed. 

Similar to the semi-infinite model with a constant heat flux boundary condition, the 

Rosenthal model can also be used to determine the effect of polymer material properties 

on the predicted temperature of the polymer and therefore the polymer degradation depth. 

Figure 56 shows the effect of varying the polymer density on the predicted temperature of 

a polymer using the same semi-infinite, constant surface heat flux model. The temperature 

was calculated at a depth of 1mm, and a laser power of 100W and a scan speed of 

400mm/min was used for all calculations. Increasing density resulted in a decrease in 
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predicted polymer temperature, indicating that polymer degradation decreases in polymers 

with higher densities. Higher density polymers require more energy to degrade because 

there is more mass per unit volume, which requires more energy from the laser to heat for 

a given volume of polymer. This trend suggests that higher density polymers will be more 

successful in resisting degradation when exposed to the DED process. 

 

Figure 56: The effect of increasing density on the predicted temperature at a depth of 

2mm, a laser power of 100W, and a scan speed of 400mm/min using the Rosenthal 

model. 

Figure 57 shows the effect of varying the polymer thermal capacitance on the predicted 

temperature of a polymer using the same semi-infinite, constant surface heat flux model. 

The temperature was calculated at a depth of 1mm, and a laser power of 100W and a scan 

speed of 400mm/min was used for all calculations. Increasing thermal capacitance resulted 

in a decrease in predicted polymer temperature, indicating that polymer degradation 

decreases in polymers with higher thermal capacitance. Thermal capacitance is the amount 

of heat required to heat a given volume of a material by a unit temperature, so a higher 
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thermal capacitance means that more energy is required to heat the material. Therefore, 

polymers with a higher thermal capacitance require more energy to achieve the same 

change in temperature as polymers with a lower thermal capacitance and will therefore 

degrade less readily. This trend suggests that polymers with a higher thermal capacitance 

are more successful in resisting degradation when exposed to the DED process. 

 

 

Figure 57: The effect of increasing thermal capacitance on the predicted temperature at a 

depth of 2mm, a laser power of 100W, and a scan speed of 400mm/min using the 

Rosenthal model. 

Figure 58 shows the effect of varying the polymer thermal conductivity on the predicted 

temperature of a polymer using the same semi-infinite, constant surface heat flux model. 

The temperature was calculated at a depth of 1mm, and a laser power of 100W and a scan 

speed of 400mm/min was used for all calculations. Increasing thermal conductivity 

resulted in an increase in predicted polymer temperature, indicating that polymer 

degradation will increase in polymers with higher thermal conductivity. As higher thermal 

conductivity results in faster heat transfer through the polymer, the polymer is more readily 
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able to absorb energy from the laser and will therefore degrade more. This trend suggests 

that polymers with lower thermal conductivity are more successful in resisting degradation 

when exposed to the DED process. 

 

Figure 58: The effect of increasing thermal conductivity on the predicted temperature at a 

depth of 2mm, a laser power of 100W, and a scan speed of 400mm/min using the 

Rosenthal model. 

3.5.3 Discussion 

A comparison of the predicted and measured results for CF ABS is shown in Table 4, and 

a plot of the results as a function of the heat per unit length is shown in Figure 59. The most 

accurate predictions were made by the semi-infinite model, although the Rosenthal model 

had a more accurate series of assumptions. Both the flux-based semi-infinite and Rosenthal 

models tended to over-predict the degradation, as they did not consider the protective 

ablative effects provided by the carbon fibers as the polymer degrades. The temperature-

based semi-infinite model predicted degradations roughly half as deep as the flux-based 

semi-infinite model because the temperature-based model did not take laser power into 
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account. The flux-based semi-infinite model predicted degradations roughly half as deep 

as the Rosenthal model because the Rosenthal model considered heat transfer via 

conduction throughout the entirety of the print, while the semi-infinite model only 

considered degradation that occurs during direct exposure of the polymer to the laser. The 

Rosenthal predictions were accurate to within a bead width of the DED process, which is 

accurate enough for this research given that the purpose of the thermal model is to gain an 

understanding of how much degradation to expect and to explore the effects of polymer 

properties and print parameters on polymer degradation. The over-prediction of the model 

also provides a margin of safety, ensuring that the degradation will not be above the 

prediction. 

 

Table 4. Predicted and measured degradation depths for all CF ABS experiments. 

Trial Predicted 

degradation 

(semi-infinite - 

temperature) 

Predicted 

degradation 

(semi-infinite - 

flux) 

Predicted 

degradation 

(Rosenthal) 

Measured 

degradation 

SB01 0.31mm 0.86mm 1.58mm 0.93mm 

SB02 0.22mm 0.55mm 1.12mm 0.57mm 

SB03 0.31mm 0.91mm 1.89mm 0.97mm 

SB04 0.22mm 0.62mm 1.34mm 0.58mm 
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Figure 59: Measured degradation depths of CF ABS compared to the three developed 

thermal models. 

 

A comparison of the predicted and measured results for GF ABS is shown in Table 5, and 

a plot of the results as a function of the heat per unit length is shown in Figure 60. As with 

CF ABS, the most accurate predictions were made by the flux-based semi-infinite model. 

The flux-based semi-infinite and Rosenthal models tended to over-predict the degradation 

because neither considered the transmittance of laser energy or the protective ablative 

effects provided by the glass fibers as the polymer degrades. The temperature-based semi-

infinite model predicted degradations roughly one-third as deep as the flux-based semi-

infinite model because the temperature-based model did not take laser power into account. 

The flux-based semi-infinite model predicted degradations roughly half as deep as the 

Rosenthal model because the Rosenthal model considered the effect of the laser on the 

temperature of the entire polymer throughout the entirety of the print, while the semi-

infinite model only considered degradation that occurs during direct exposure of the 

polymer to the laser. The Rosenthal predictions were accurate to within a bead with, which 

is reasonable for this application given that the purpose of the thermal model is to gain an 

understanding of how much degradation to expect and to explore the effects of polymer 
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properties and print parameters on polymer degradation. The over-prediction of the model 

seen in all modeling completed for this research also provides a margin of safety, ensuring 

that the degradation will not be above the prediction. 

 

Table 5. Predicted and measured degradation depths for all GF ABS experiments. 

Trial Predicted 

degradation 

(semi-infinite - 

temperature) 

Predicted 

degradation 

(semi-infinite - 

flux) 

Predicted 

degradation 

(Rosenthal) 

Measured 

degradation 

SB05 0.34mm 0.92mm 1.81mm 0.51mm 

SB06 0.24mm 0.62mm 1.28mm 0.29mm 

SB07 0.34mm 1.03mm 2.14mm 1.01mm 

SB08 0.24mm 0.7mm 1.51mm 0.46mm 

 

 

Figure 60: Measured degradation depths of GF ABS compared to the three developed 

thermal models. 

 

A comparison of the predicted and measured results for GF nylon is shown in Table 6, and 

a plot of the results as a function of the heat per unit length is shown in Figure 61. As with 
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CF ABS and GF ABS, the most accurate predictions were made by the semi-infinite model. 

The semi-infinite and Rosenthal models tended to predict more degradation than was 

measured, as neither considered the transmittance of laser energy or the ablative effects 

provided by the glass fibers as the nylon degrades. The temperature-based semi-infinite 

model predicted degradations roughly one-third as deep as the flux-based semi-infinite 

model because the temperature-based model did not take laser power into account. The 

flux-based semi-infinite model predicted degradations roughly half as deep as the 

Rosenthal model because the Rosenthal model considered the effect of the laser on the 

temperature of the entire polymer throughout the entirety of the print, while the semi-

infinite model only considered degradation that occurs during direct exposure of the 

polymer to the laser. The Rosenthal predictions had an error less than the bead width of the 

DED process, which is reasonably accurate given that the purpose of the thermal model is 

to gain an understanding of how much degradation to expect and to explore the effects of 

polymer properties and print parameters on polymer degradation. The over-prediction of 

the model seen in all conditions explored in this research also provides a margin of safety, 

ensuring that the degradation will not be above the prediction. 

 

Table 6. Predicted and measured degradation depths for all GF nylon experiments. 

Trial Predicted 

degradation 

(semi-infinite - 

temperature) 

Predicted 

degradation 

(semi-infinite - 

flux) 

Predicted 

degradation 

(Rosenthal) 

Measured 

degradation 

SB09 0.3mm 0.88mm 1.69mm 0.69mm 

SB10 0.21mm 0.59mm 1.19mm 0.25mm 

SB11 0.3mm 0.98mm 2.03mm 1.12mm 

SB12 0.21mm 0.67mm 1.43mm 0.86mm 
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Figure 61: Measured degradation depths of GF nylon compared to the three developed 

thermal models. 

 

A comparison of the predicted and measured results for PLA is shown in Table 7, and a 

plot of these results as a function of the heat per unit length is shown in Figure 62. As with 

the previously discussed polymers, the most accurate predictions were made by the flux-

based semi-infinite model. The semi-infinite and Rosenthal models tended to predict more 

degradation than the experimental results, as neither considered the significant 

transmissivity of PLA. The temperature-based semi-infinite model predicted degradations 

roughly one-third as deep as the flux-based semi-infinite model because the temperature-

based model did not take laser power into account. The flux-based semi-infinite model 

predicted degradations roughly half as deep as the Rosenthal model because the Rosenthal 

model considered the effect of the laser on the temperature of the entire polymer throughout 

the entirety of the print, while the semi-infinite model only considered degradation that 

occurs during direct exposure of the polymer to the laser. The Rosenthal overpredictions 

provide a margin of safety, and the degradation predictions are within a bead width’s 

accuracy, which is acceptable for the purposes of this research. 
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Table 7. Predicted and measured degradation depths for all PLA experiments. 

Trial Predicted 

degradation 

(semi-infinite - 

temperature) 

Predicted 

degradation 

(semi-infinite - 

flux) 

Predicted 

degradation 

(Rosenthal) 

Measured 

degradation 

SB13 0.27mm 0.69mm 1.42mm 0.54mm 

SB14 0.19mm 0.47mm 1mm 0.33mm 

SB15 0.27mm 0.77mm 1.66mm 0.37mm 

SB16 0.19mm 0.53mm 1.17mm 0.22mm 

 

 

Figure 62: Measured degradation depths of PLA compared to the three developed thermal 

models. 

 

A comparison of the predicted and measured results for WF PLA is shown in Table 8, and 

a plot of the results as a function of the heat per unit length is shown in Figure 63. Like the 

other polymers, the most accurate predictions were made by the semi-infinite model. The 

semi-infinite and Rosenthal models tended to over-predict degradation depths, as neither 

considered the transmissivity of WF PLA. The temperature-based semi-infinite model 

predicted degradations roughly one-third as deep as the flux-based semi-infinite model 
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because the temperature-based model did not take laser power into account. The flux-based 

semi-infinite model predicted degradations roughly half as deep as the Rosenthal model 

because the Rosenthal model considered the effect of the laser on the temperature of the 

entire polymer throughout the entirety of the print, while the semi-infinite model only 

considered degradation that occurs during direct exposure of the polymer to the laser.  

 

Table 8. Predicted and measured degradation depths for all WF PLA experiments. 

Trial Predicted 

degradation 

(semi-infinite - 

temperature) 

Predicted 

degradation 

(semi-infinite - 

flux) 

Predicted 

degradation 

(Rosenthal) 

Measured 

degradation 

SB17 0.37mm 0.92mm 1.8mm 0.74mm 

SB18 0.26mm 0.63mm 1.28mm 0.19mm 

SB19 0.37mm 1.03mm 2.14mm 0.83mm 

SB20 0.26mm 0.7mm 1.51mm 0.34mm 

 

 

Figure 63: Measured degradation depths of WF PLA compared to the three developed 

thermal models. 
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3.6 Conclusions 

Successful polymer support structures require that the polymer not be significantly 

degraded during the deposition process. Degradation on the order of 1mm is acceptable, as 

the DED process is not precise and the bead width is approximately 2mm, which means 

that the accuracy of the process is more than 1mm. If more polymer than this is damaged 

during deposition, the machine will lose accurate knowledge of the location of the polymer 

surface, and accurate deposition cannot occur. Degradation of five polymers exposed to 

single-bead DED prints at low and high laser powers and scan speeds were measured.  It 

was found that increasing laser power and decreasing laser scan speed increased 

degradation, and the relationship between both of these parameters and the degradation 

depth was found to be nonlinear. To better understand the relationship between polymer 

material properties, DED print parameters, and polymer degradation, several thermal 

modeling approaches were used to predict polymer temperature during deposition to gain 

an approximate understanding of degradation depth. Semi-infinite modeling provided a 

first approximation of the polymer temperatures when exposed to the laser, and the 

Rosenthal moving heat source model provided a polymer temperature model with a more 

accurate set of assumptions. These models determined that degradation depths depend on 

polymer density, polymer conductivity, polymer thermal capacitance, laser power, and 

laser scan speed. The general trends between these polymer properties and print parameters 

and the predicted polymer degradation were explored, and it was found that increasing 

density, increasing thermal capacitance, decreasing thermal conductivity, decreasing laser 

power, and increasing laser scan speed all decrease polymer degradation depth. The 

Rosenthal model generally predicted degradation on the order of 1mm, low enough that 

deposition is still possible. Compared to the experimental evidence, the Rosenthal model 

tended to over-predict the degradation depth because the model did not consider polymer 

transmissivity or the protective ablative effects that occur during degradation, especially in 

polymers with carbon fiber or glass fiber fillers. This over-prediction serves to provide a 

margin of safety, as none of the degradation depths will be greater than predicted. 
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CHAPTER 4. EFFECT OF POLYMER SUBSTRATE ON PRINTED 

METAL 

4.1 Introduction 

If the effect of the DED process on the polymer does not inhibit the success of deposition, 

the second requirement for a successfully polymer support structure is that the composition 

and properties of the deposited metal must also not be significantly altered by the support 

structure. In this research, the effect of the polymer substrate on the deposited metal was 

measured by characterizing the hardness and porosity of 316L stainless steel deposited on 

carbon-fiber-reinforced ABS (CF ABS) substrates. The structure and composition of 316L 

stainless steel is discussed, along with its use in DED. As CF ABS is a carbon-based 

polymer, carbide formation is discussed, along with porosity in DED. The effect of using 

a polymer substrate on the deposited metal was determined in the case of 316L stainless 

steel deposited on CF ABS. The methodology and results for these tests are presented, 

followed by the conclusions of the chapter. 

4.2 Background 

As 316L stainless steel was used for all experiments in this research, the structure and 

composition of 316L stainless steel is presented. The specific use case of 316L stainless 

steel in DED is then discussed. Carbide formation is steels is presented, as the carbon in 

the CF ABS will affect carbide formation in the deposited metal. Finally, porosity in DED 

is discussed. 

4.2.1 316L stainless steel 

The feedstock material used in all experiments in this research is 316L stainless steel 

powder. Steel is a popular manufacturing material, with almost 2 billion metric tons 

produced worldwide in 2021 [95]. The material has therefore been the subject of much 

research, ranging from microstructure analysis to mechanical properties to phase 

compositions.  

4.2.1.1 Structure of stainless steels 

In metals, metallic atoms come together via metallic bonding, as illustrated in Figure 64. 

In metallic bonds, each of the metallic atoms contributes its valence electrons to a cloud of 

electrons, which surrounds positively charged metal ions [96]. This type of bond results in 
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highly symmetrical, close-packed crystal structures in solid metals [96]. A crystalline 

structure is defined as a structure of atoms or molecules in a regular, repeating, three-

dimensional pattern with long-range order [96]. 

 

Figure 64: General structure of a metallic bond, in which valence electrons are shared by 

all the metal atoms. 

In a crystal system, a unit cell can be defined which repeats in three-dimensional space. A 

generic lattice structure and unit cell is shown in Figure 65. The unit cell is characterized 

by edge lengths and interaxial angles.  

 

Figure 65: Generic lattice structure and unit cell, with edge lengths and interaxial angles 

defined. 
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There are seven basic crystal systems, defined by the edge lengths and interaxial angles 

listed in Table 9 [96]. These seven systems can be arranged into 14 different Bravais lattices 

based on atom location, as shown in Figure 66. 

Table 9. Crystal system definitions 

System Edge length Interaxial angle 

Triclinic 𝑎 ≠ 𝑏 ≠ 𝑐 𝛼 ≠ 𝛽 ≠ 𝛾 ≠ 90° 

Monoclinic 𝑎 ≠ 𝑏 ≠ 𝑐 𝛼 = 𝛾 = 90° ≠ 𝛽 

Orthorhombic 𝑎 ≠ 𝑏 ≠ 𝑐 𝛼 = 𝛽 = 𝛾 = 90° 

Tetragonal 𝑎 = 𝑏 ≠ 𝑐 𝛼 = 𝛽 = 𝛾 = 90° 

Hexagonal 𝑎 = 𝑏 ≠ 𝑐 𝛼 = 𝛽 = 90°, 𝛾 = 120° 

Rhombohedral 𝑎 = 𝑏 = 𝑐 𝛼 = 𝛽 = 𝛾 ≠ 90° 

Cubic 𝑎 = 𝑏 = 𝑐 𝛼 = 𝛽 = 𝛾 = 90° 
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Figure 66: The 14 lattice structures [96]. 

Stainless steels are categorized based on the predominant metallurgical phase [97]. The 

three phases that commonly occur in stainless steels are austenite, ferrite, and martensite 

[97]. Ferrite is the body-centered cubic (BCC) solid solution, as shown in Figure 67a [98]. 

Austenite is the face-centered cubic (FCC) solid solution, as shown in Figure 67b [98]. 

Martensite forms during the rapid cooling of austenite, which prevents diffusion of carbon 

atoms out of the structure, resulting in the body-centered tetragonal (BCT) solid solution, 

as shown in Figure 67c [98]. 
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Figure 67: The (a) body-centered cubic (BCC), (b) face-centered cubic (FCC), and (c) 

body-centered (BCT) tetragonal structures. Corner atoms are shown in blue, face-

centered atoms are shown in green, and atoms in the center of the structure are shown in 

orange. 

The material used in this research was 316L stainless steel, an austenitic stainless steel. 

316L differs from 316 in carbon content: 316L contains less carbon than 316, which 

increases its corrosion resistance and improves weldability [99, 100]. Generally, austenitic 

steels have strengths of around 210 MPa, which can be increased by cold working [100]. 

Wrought 316L stainless steel has a minimum room-temperature yield strength of 170 MPa 

and tensile strength of 480MPa [101]. 



112 

 

4.2.1.2 Composition of stainless steels 

The basis for steels is iron (Fe), which comprises over 95% of steels [102]. Steel is made 

by dissolving small amounts of carbon (C) into iron. In a carbon-steel solution, the carbon 

atoms, which have an atomic radius of 70pm, are located in the space between iron atoms, 

which have an atomic radius of 140pm [102, 103]. As the carbon atoms are significantly 

smaller than the iron atoms, they form an interstitial alloy with the iron, fitting into the 

holes in the iron lattice structure. An example of this is shown in the face-centered cubic 

structure, shown in Figure 68. In austenite, atom diameters of less than approximately 22% 

the diameter of the iron atom will fit in the voids between the iron atoms in this structure. 

Because the carbon atom diameter is approximately 50% of the diameter of the iron atom 

diameter, the carbon atoms push the iron atoms apart slightly, limiting the amount of 

carbon that can dissolve in iron [104]. 

 

Figure 68: Location of iron atoms in face-centered cubic austenite, with the small circles 

indicating the centers of holes between iron atoms, where carbon atoms can be located 

[104].  
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Modern steels also contain manganese (Mn), sulfur (S), and phosphorus (P) [104]. Stainless 

steels comprise a group of steels based on the Fe-Cr, Fe-Cr-C, and Fe-Cr-Ni systems [105]. 

They are a combination of interstitial and substitutional alloys: carbon atoms are small 

enough to fit in the holes in the iron lattice, while larger atoms like chromium and nickel 

replace iron atoms in the lattice structure [106]. To be considered stainless, steel much 

contain at least 10.5% chromium by weight [105]. The presence of chromium at these 

levels results in the formation of a surface oxide that prevents oxidation and corrosion of 

the bulk metal underneath [105]. The material used in this research is 316L stainless steel, 

which in standard wrought form has a carbon content of 0.08%, a manganese content of 

2%, a phosphorus content of 0.045%, a sulfur content of 0.03%, a silicon content of 1.0%, 

a chromium content between 16.0% and 18.0%, a nickel content between 10.0% and 14%, 

and a molybdenum content between 2.0% and 3.0% [97]. As mentioned previously, the 

chromium provides corrosion protection and is also a strong carbide former [105, 107]. 

Nickel primarily serves to promote the austenite phase in austenitic alloys [108]. 

Manganese also promotes austenite and stabilizes austenite at lower temperatures, as well 

as preventing hot shortness during casting [109]. Silicon is added as a deoxidizer during 

melting, and it improves the fluidity of molten steel [109]. Molybdenum improves elevated 

temperature strength and is sometimes added as a carbide former [109]. Sulfur and 

phosphorus improve machinability by enabling higher machining speeds and also improve 

tool life [109]. 

 

4.2.1.3 316L stainless steel in DED 

316L stainless steel is frequently used in DED, and studies of 316L in DED range from 

microstructure characterization to fabrication strategies to characterization of mechanical 

properties [110-113]. This stainless steel can be manufactured as a wire or powder and is 

therefore suitable for use in both wire-fed and powder-based DED processes. Because 

316L stainless steel is widely used in DED, much research has focused on understanding 

and optimizing laser-powder DED of the material. The characteristics of the feedstock 

powder, such as chemical composition and grain size, along with recycling of the powder, 

have been found to affect the final printed components [114, 115]. Print parameters, 

including laser power and scan speed, also affect the strength, surface quality, 
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microstructure, internal defects, and mechanical properties of 316L stainless steel 

components manufactured with DED [116, 117]. Build geometry and orientation, along 

with post-process heat treatment, were also found to influence the mechanical and 

microstructural properties of printed 316L stainless steel [118, 119].  

 

4.2.2 Carbide formation 

Austenitic steels, such as 316L stainless steel, can only contain up to 0.15% carbon before 

the solubility limit is reached and carbides begin precipitating, usually in the form of 

chromium carbide [120]. This is undesirable because chromium in stainless steel enables 

corrosion resistance, and loss of chromium in solution due to chromium carbide formation 

decreases the corrosion resistance of the material. The process of chromium depletion is 

called sensitization. 

 

Figure 69: Solubility of carbon with respect to M23C6 carbides in an 18% Cr-8% Ni 

stainless steel [120]. 

Along with carbon content, sensitization has been found to depend on both temperature 

and deformation [121, 122]. As both of these conditions occur in metal AM, some work 

has been completed on the corrosion resistance of metal AM components, with mixed 
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results. Laleh et al. found that AM 316L stainless steel displays more corrosion resistance 

than conventional 316L stainless steel and hypothesized that this effect was due to fact that 

SLM-produced specimens exhibited a high frequency of twin boundaries and low-angle 

grain boundaries along with fine grains, leading to the avoidance of localized Cr depletion 

[123]. On the other hand, Macatangay et al. found that AM austenitic stainless steel is more 

susceptible to corrosion and hypothesized that this effect was due to melt pool boundaries 

being susceptible to accelerated attack and short, elevated temperature exposure inducing 

sensitization of the grain boundaries [124]. 

4.2.3 Porosity in DED 

The two types of porosity common in laser-powder DED are porosity due to gas 

entrapment and lack of fusion porosity [125]. Porosity due to gas entrapment usually occurs 

when gas from the DED system infiltrates the liquid metal and cannot escape prior to 

solidification. These pores are round and symmetrical in appearance, as shown in Figure 

70 [125]. Porosity due to lack of fusion occurs when there is not enough energy to fuse 

newly deposited material to either the substrate or previously deposited material. As shown 

in Figure 70, lack of fusion pores are asymmetrical and jagged and tend to occur between 

beads or at the substrate-component interface [126]. 
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Figure 70: An example of porosity due to lack of fusion (top) and gas entrapment 

(bottom) [125, 126]  

Porosity is generally not desired in these components because mechanical properties tend 

to decrease as porosity increases, as evidenced in Figure 71 [127, 128].  
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Figure 71: The effect of increasing porosity on the elastic modulus of cast steel [128]. 

Generally, fully dense parts are desired in all manufacturing processes, and much research 

has focused on increasing the density of metal AM components. Li et al. determined that 

higher laser power, lower scan speed, narrower hatch spacing and thinner layer thickness 

result in a much smoother melting surface and consequently a higher densification [129]. 

Chouhan et al. performed a computational study to capture powder particle interaction with 

the melt pool and resulting porosity formation, molten pool hydrodynamics, and 

solidification microstructure in the L-DED process [130]. Measurement of porosity can be 

done via image analysis of cross sections of printed components, and Ziolkowski et al. 

determined x-ray computed tomography (CT) scanning is a good nondestructive way to 

determine porosity in AM 316L stainless steel parts [131]. 

4.3 Experiments 

To examine the effect of ABS CF polymer support onto the deposited metal, substrates of 

roughly 50mm in length, 25mm in width, and 12.7mm in height were manufactured and 

mounted in a Haas VF-5/40XT computer numerical control (CNC) system retrofitted by 

Hybrid Manufacturing Technologies (HMT) with an AMBIT™ S7-2 High Rate Laser 

Cladding Head for laser blown-powder DED capabilities. Five layers of five 12.7mm-long 
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beads with 0.5mm of overlap between beads were deposited to form a box-shaped 

geometry with MetcoAdd 316L-D (-106/+45um) stainless steel feedstock powder. The 

AMBIT™ laser had a spot size of 2mm and the layer height was set to 0.7mm, so the final 

expected dimensions of the geometry were 12.7mm in length, 8mm in width, and 3.5mm 

in height, as shown in Figure 72. Note that the printing process was continuous, with 

successive layer deposited immediately upon completion of the prior layer.  Deposition 

settings optimized for 316L stainless steel deposition on stainless steel substrates prior to 

this work were used, including a laser scan speed of 600mm/min, a shield gas flow of 10 

L/min, a carrier gas flow rate of 4 L/min, and a feedstock powder mass flow rate of 8 g/min. 

Initial testing determined that laser powers above 100W resulted in concerning levels of 

flaring from the polymer. Because of these safety concerns, laser power, which is usually 

set between 500W and 750W for stainless steel deposition on stainless steel substrates, was 

reduced to 100W to address these safety concerns. 

 

After printing, the samples were scanned with a ZEISS METROTOM 800 X-Ray 

computed tomography (XCT) system operating at a tube voltage of 225 kV, tube power of 

500W, and a resolution of 6 µm to obtain 3D images of the components and their interiors. 

The CT results were then analyzed to quantify the porosity of each component. After 

printing, the samples were mounted, cross sectioned, and polished for microscopic imaging 

and electron backscatter diffraction (EBSD). Micro-hardness testing was performed on the 

mounted cross-section using a LECO AMH55 hardness testing machine with a load of 1 

kgf and a dwell time of 15 seconds at 250µm intervals along the build direction, beginning 

at the bottom of the stainless steel component, which interfaces with the polymer, and 

ending 1750µm from the bottom of the build. 
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Figure 72: Geometry of 316L stainless steel components printed on CF ABS substrates. 

4.4 Results and discussion 

4.4.1 Porosity 

The solid box-shaped component with continuous printing (no interlayer cooling time) was 

deposited and is shown with its cross section along the YZ plane in Figure 73. Significant 

porosity was evident in the cross section, and the rounded appearance of this porosity, 

marked with arrows, indicates that the porosity is primarily due to gas entrapment. These 

pores were likely caused by gases from polymer combustion infiltrating the molten metal 

during deposition. 
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Figure 73: Top-down view (top) and cross-sectioned image (bottom) of a box comprised 

of five layers of five 12.7mm-long adjacent passes, deposited on CF ABS with no 

interlayer cooling time, with arrows to indicate porosity due to gas entrapment. 

The CT results are shown in Figure 74. The CT scan also indicated that porosity in this 

component was dominated by gas entrapment porosity, evidenced by the rounded 

appearance of the pores. Porosity due to lack of fusion defects can also be observed, located 

at bead interfaces. Lack of fusion porosity was likely due to the low power used to deposit 

the 316L stainless steel. Because the laser power was lower than generally used in laser 

powder DED of 316L stainless steel, there was occasionally not enough energy to fuse 
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adjacent beads to each other. Overall, the component was determined to have a porosity of 

8.25%. 

 

Figure 74: CT scan results showing porosity of 316L stainless steel on CF ABS, with 

arrows indicating porosity due to gas entrapment. 

Figure 75 shows electron backscatter diffraction (EBSD) image indicating the 

microstructure of 316L stainless steel deposited on a CF ABS substrate. The grains are 

small and equiaxed for much of the build, although there are some areas in the center of 

the build that contain larger and more elongated grains. Elongated grains are commonly 

seen in metal AM components, as the rapid cooling and re-heating of the component as 

subsequent layers are deposited furthers elongated grain growth between layers [132]. The 

smaller, equiaxed grains in this build likely occurred because the polymer substrate was at 

room temperature prior to deposition, rapidly cooling the deposited material. 
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Figure 75: EBSD image showing the microstructure of 316L stainless steel deposited on 

CF ABS, with larger grains circled. 

Figure 76 shows the phase distributions of 316L stainless steel deposited on CF ABS both 

directly adjacent to the polymer substrate (top) and at the top of the print (bottom). The 

phase distributions of the metal directly adjacent to the polymer substrate indicate the 

presence of more chromium carbides and more iron BCC phase compared to the metal at 

the top of the print. The increase of both chromium carbide and iron BCC phase occurred 

due to increased carbon content as the result of carbon migration from the polymer into the 

molten metal. The increased carbon pulled the chromium out of solution, resulting in 

chromium carbides. The increased BCC content can be attributed to the increased presence 

of carbon in the interstitials, which increases stress on the FCC phase. The increased carbon 

in combination with rapid cooling also resulted in more BCC formation. The decrease of 

chromium carbides and BCC content near the top of the print indicates that the effect of 

using a polymer substrate on the deposited metal is limited to the first few layers of the 

print. 
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Figure 76: Phase distributions of 316L stainless steel deposited on CF ABS adjacent to 

the polymer (top) and at the top of the print (bottom). Note that the material adjacent to 

the polymer has a higher content of chromium carbides and BCC structure.  
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4.4.2 Hardness effects 

Hardness testing was performed on the cross section shown in Figure 73 to quantitatively 

assess the effects of using a polymer substrate on one mechanical property of the deposited 

metal. Figure 77 shows the average hardness value at 8 intervals on the cross section of the 

component with no interlayer cooling time. The error bars indicate the standard deviation 

of the measurements taken at each distance from the bottom of the build. The hardness of 

the 316L stainless steel component at the interface, or at 0µm from the bottom of the build, 

was 338±39. This hardness value is 69% larger than the expected hardness value of 316L 

stainless steel built by DED, as evaluated by Feldhausen et al. [133]. The hypothesis that 

the hardness of the stainless steel component at the interface is significantly greater than 

the expected hardness of 200 was validated using a one-sample t-test with a null hypothesis 

of 

    𝜇ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 = 200 (4.1) 

and an upper one-tailed alternate hypothesis of: 

    𝜇ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 > 200 (4.2) 

To calculate the t-statistic for a one-sample t-test, the following formula was used, where 

𝑥̅ is the sample mean, 𝜇 is the hypothesized mean, in this case 200, and 𝑠𝑥̅ is the standard 

error of mean. 

    𝑡 =
𝑥̅−𝜇

𝑠𝑥̅
 (4.3) 

The t-statistic for the data set of hardness values of the stainless steel at the interface 

between the metal and the polymer was found to be 6.2, which corresponds to a one-tailed 

p-value of 0.012 for this data set. Therefore, the null hypothesis was rejected, and the 

average hardness at the interface was significantly greater than the expected hardness of 

deposited 316L stainless steel, with 98.8% confidence.  

 

The hardness of the test component trended downwards as the distance from the bottom of 

the build increased, and the hardness values remained higher than the expected value of 

200 until a distance of 1250µm from the bottom of the build. The higher-than-expected 

hardness values were likely due to increased carbon levels in the first several deposited 

layers of the metal. In 316L stainless steel, an austenitic steel, higher levels of carbon tend 

to form carbides with chromium, increasing the hardness [109]. The combination of the 
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laser and deposited molten metal degraded some of the polymer substrate into a 

carbonaceous char, which then mixed with the molten feedstock prior to solidification. 

Fluctuations in the hardness values can be observed: for example, the hardness increases 

between 500µm and 750µm instead of continuing the expected downward trajectory. 

Additionally, the hardness above 1500µm drops below the expected value of 200. These 

fluctuations are likely due to other factors that affect the hardness of steel, such as grain 

size variation. As Hall and Petch discovered in the early 1950s, grain diameter has an 

inversely proportional relationship with hardness [134, 135]. Decreased grain size diameter 

at 750µm and increased grain size diameter at 1500µm could therefore cause the observed 

hardness fluctuations. 

 

 

Figure 77: Measured hardness values of 316L stainless steel deposited on CF ABS 

compared to expected hardness values [133]. 

 

4.5 Conclusions 

For polymer support structures to be considered successful, the metal deposited on top of 

the polymer must not be significantly altered due to close contact with the dissimilar 
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material. Even if metal is deposited on top of the polymer without significant polymer 

degradation or combustion, polymer supports would not be useful if the final metal 

component differed significantly in its makeup and properties than the expected metal 

component. As a case study to determine the effects of polymer support structures on 

deposited metal, a 316L stainless steel cube was deposited on a CF ABS substrate. The 

final cube was analyzed to determine the porosity, microstructure, phase distributions, and 

hardness. The CF ABS substrate was found to increase porosity of 316L stainless steel by 

entrapment of gas from degradation. Porosity also increased because the power used in 

deposition was lower than the usual print settings for 316L stainless steel to avoid 

significant combustion, resulting in lack of fusion defects. Also, carbon migration from the 

polymer to the deposited metal increased the carbon content of deposited 316L, forming 

chromium carbides that increased hardness by ~70% and likely reduced corrosion 

resistance. To prevent the polymer substrate from affecting the deposited metal, a 

mitigation strategy is required and will be presented in the next chapter. 
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CHAPTER 5. MITIGATION OF POLYMER EFFECTS ON 

DEPOSITED METAL BY INTERLAYER COOLING TIME 

5.1 Introduction 

In Chapter 4, it was determined that the use of a CF ABS substrate in deposition of a 316L 

stainless steel component affected the porosity, microstructure, and hardness of the metal 

component. The differences between the expected and actual deposited metal properties 

were not ideal, and a mitigation strategy to lessen the effects of using a polymer substrate 

on the deposited metal is desired. The effects of time, temperature, and carbon content on 

316L stainless steel are discussed. These effects were used to develop a mitigation strategy: 

insertion of a cooling period in between each layer of the deposition. Sample components 

were printed using this strategy, and the porosity, microstructure, and hardness of these 

mitigated components were compared to the original component tested in Chapter 4. The 

methodology and results for these tests are presented, followed by the conclusions of the 

chapter. 

5.2 Background 

The mechanical properties and microstructure of the deposited 316L stainless steel depend 

on several factors. The final composition of the steel affects the phases in the steel. As 

shown in Figure 78, increasing the carbon content increases the presence of gamma phase, 

sigma phase, carbides, and cementite [136]. 316L stainless steel has a chromium content 

between 16.5% and 18.5%. At these levels, an increase of carbon content by less than half 

a percent results in M23 carbide formation. To reduce the formation of these carbides, less 

carbon migration from the polymer to the molten metal is required. This could be achieved 

by lowering overall temperatures in the polymer and metal, and as diffusion is a 

temperature-driven process, lower temperatures will result in less migration of carbon into 

the metal. 
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Figure 78: Projection of the calculated FCC surfaces. The lines represent three-phase 

reactions. The tic marks indicate each hundred degrees starting from 1000 K [136]. 

Temperature and time also play a significant role in the final microstructure of the 

deposited material. The time-temperature-precipitate (TTP) diagram shown in Figure 79 

indicated that longer time spent at higher temperatures results in carbide and varying phase 

formations [137]. The DED process does not result in sustained, elevated temperatures, but 

rather brief periods of elevated temperatures followed by rapid cooling. The curve of most 

concern is therefore the M23C6 curve, which indicates that increased temperatures increase 

carbide formation, even if the component does not experience these temperatures for an 

extended period. To this end, lower overall temperatures and less time at elevated 

temperatures is required to prevent carbide formation. 
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Figure 79: TTP diagram in a temperature range of 823 K to 1023 K (550°C to 750°C) 

[137]. 

Because reducing carbide formation requires a reduction in temperature and a reduction of 

time spent at elevated temperatures, an interlayer cooling time was proposed to mitigate 

the effects of using a polymer substrate on the deposited metal. 

5.3 Methodology 

As in Chapter 4, substrates of roughly 50mm in length, 25mm in width, and 12.7mm in 

height were manufactured and mounted in a Haas VF-5/40XT computer numerical control 

(CNC) system retrofitted by Hybrid Manufacturing Technologies (HMT) with an 

AMBIT™ S7-2 High Rate Laser Cladding Head for laser blown-powder DED capabilities. 

Five layers of five 12.7mm-long beads with 0.5mm of overlap between beads were 

deposited to form a box-shaped geometry with MetcoAdd 316L-D (-106/+45um) stainless 

steel feedstock powder. The AMBIT™ laser had a spot size of 2mm and the layer height 

was set to 0.7mm, so the final expected dimensions of the geometry were 12.7mm in length, 

8mm in width, and 3.5mm in height, as shown in Figure 72. Deposition settings optimized 

for 316L stainless steel deposition on stainless steel substrates prior to this work were used, 

including a laser scan speed of 600mm/min, a shield gas flow of 10 L/min, a carrier gas 

flow rate of 4 L/min, and a feedstock powder mass flow rate of 8 g/min. Again, because of 

safety concerns, laser power was reduced to 100W. 

 

To mitigate the effects of a polymer substrate on the deposited metal, an interlayer cooling 

time was introduced to reduce the overall temperature of the metal component and the time 
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spent by the metal at elevated temperatures. After printing, the samples were scanned with 

a ZEISS METROTOM 800 X-Ray computed tomography (CT) system operating at a tube 

voltage of 225 kV, tube power of 500W, and a resolution of 6 µm to obtain 3D images of 

the components and their interiors. The CT results were then analyzed to quantify the 

porosity of each component. After printing, the samples were mounted, cross sectioned, 

and polished for microscopic imaging and electron backscatter diffraction (EBSD). Micro-

hardness testing was performed on the mounted cross-section using a LECO AMH55 

hardness testing machine with a load of 1 kgf and a dwell time of 15 seconds at 250µm 

intervals along the build direction, beginning at the bottom of the stainless steel component, 

which interfaces with the polymer, and ending 1750µm from the bottom of the build. 

5.4 Results and discussion 

Figure 80a shows the component printed with no interlayer cooling time, and Figure 80b 

shows the component printed with 30 seconds of interlayer cooling time. Some oxidation, 

indicated by dark gray surface of the component, was seen on the component with no 

cooling time, while the coloration on the component with the interlayer cooling time 

indicates less oxidation [138]. The component with the interlayer cooling time had less 

oxidation because the shield gases continue to blow around the component during the 

cooling time, preventing oxygen from interacting with the component at higher 

temperatures. 
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Figure 80: Component printed with no interlayer cooling time (top) and a 30 second 

interlayer cooling time (bottom). Note the oxidation (dark gray) on the top component 

compared to the rainbow coloration on the bottom component. 

The cross sections of both components shown in Figure 81 indicated that neither 

component was completely solid, as both showed substantial porosity. The component with 

no interlayer cooling time, shown in Figure 81 (top), had pores that are round and smooth 

in appearance which can be attributed to entrapped gas, likely due to gaseous byproducts 

from polymer degradation infiltrating the molten stainless steel. The component with a 30 

second interlayer cooling time, shown in Figure 81 (bottom), had pores that are jagged and 

located on the boundaries between beads. These pores were lack of fusion defects that can 

be attributed to the low power used during deposition in combination with the interlayer 

cooling time, which prevented heat buildup in the component. The porosity was also 

quantitatively measured in each component, calculating the ratio of pores to total volume. 

The porosity of the component with no interlayer cooling time was found to be 8.25%, and 

the porosity of the component with a 30 second interlayer cooling time was found to be 
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4.49%. The difference in these porosity values indicates that porosity due to gas entrapment 

is a greater concern during the first several layers of a metal component deposited on a 

polymer substrate. Therefore, an interlayer cooling time, which prevents heat buildup and 

reduces polymer degradation, is desirable for these first few layers. However, after enough 

metal layers are deposited to insulate the component from gas infiltration, the interlayer 

cooling time should be reduced or eliminated to reduce porosity due to lack of fusion. 

 

Both CF ABS substrates used in these experiments were affected by the DED process. 

Evidence of polymer degradation can be seen, as well as discoloration to depths of over 

2mm, evidence of thermal damage from the DED process on the polymer. However, the 

effects of the DED process on the polymer did not affect the geometric integrity of the 

substrate enough to prevent continued deposition of the metal component. 
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Figure 81: CT scans and microscopic cross-sectional images of 316L stainless steel 

components printed on CF ABS with no interlayer cooling time (top), with solid arrows 

indicating porosity due to gas entrapment, and 30 seconds of interlayer cooling time 

(bottom), with dashed arrows indicating porosity due to lack of fusion. 

Figure 82 shows the average hardness value at 8 intervals on the cross section of the 

component with no interlayer cooling time compared to the component with 30 seconds of 

interlayer cooling time. The error bars indicate the standard deviation of the measurements 

taken at each distance from the bottom of the build. No increase in hardness was observed 

in the component with a 30 second interlayer cooling time, with all hardness values at 

approximately the expected hardness value for DED 316L stainless steel [133]. The 

hardness of this component at the interface (0µm from the bottom of the build) was 204±38, 

a 40% decrease from the hardness value at the interface of the component with no interlayer 

cooling time. 
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The data set of hardness values of the metal component with 30 seconds of interlayer 

cooling time was compared to the expected hardness value of 200 using a one-sample t-

test with the null hypothesis in (1) and a two-tailed alternate hypothesis of: 

    𝜇ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠 ≠ 200  (5.1) 

The t-statistic was calculated using (3) to be 0.32, which corresponds to a two-tailed p-

value of 0.76. The null hypothesis was therefore accepted, and the hardness value of the 

316L stainless steel component with 30 seconds of interlayer cooling was found to be 

statistically indistinguishable from the expected hardness value of deposited 316L stainless 

steel. 

 

The interface hardness value data sets of both components were then compared using a 

two-sample t-test with null hypothesis 

    𝜇𝑛𝑜 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = μ30𝑠 𝑐𝑜𝑜𝑙𝑖𝑛𝑔  (5.2) 

And a two-tailed alternate hypothesis 

    𝜇𝑛𝑜 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 ≠ μ30𝑠 𝑐𝑜𝑜𝑙𝑖𝑛𝑔  (5.3) 

The t-test was performed using the Excel Data Analysis ToolPak with a hypothesized mean 

difference of 0. The p-value was calculated to be 0.013, so the null hypothesis was rejected, 

and the average hardness at the metal/polymer interface of the component printed with a 

30 second interlayer cooling time was found to be significantly smaller than the average 

hardness at the same location of the component printed with no interlayer cooling time, 

with 98.7% confidence. 

 

The difference in hardness between the two cases was likely due to the difference in heat 

buildup in the components during deposition. Because the component with no interlayer 

cooling time lost relatively little heat between layers, the heat in the component built up 

over time, and temperature of the component remained higher throughout the build than 

the temperature of the component that was cooled for 30 seconds between layers. The 

component with no interlayer cooling time therefore experienced higher temperatures for 

longer periods of time, promoting carbon diffusion and the formation of carbides, thereby 

increasing hardness. The hypothesis that the component without any interlayer cooling 

melted more readily is also supported by the porosity observed in Figure 81. The porosity 
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observed in the component with 30 seconds of interlayer cooling time was mostly lack of 

fusion defects. These defects were the result of insufficient energy input into the system to 

fully melt the feedstock powder to deposit a new layer on the previous layer with sufficient 

overlap. On the other hand, the porosity observed in the component with no interlayer 

cooling time was due to gas entrapment as gaseous byproducts from polymer degradation 

infiltrated the metal component and were trapped during solidification. Very few lack of 

fusion pores are visible, indicating that the component retained enough heat that the 

combination of retained heat and the laser during deposition was enough to fully melt the 

feedstock and re-melt the previous layer, providing sufficient overlap between layers. 

 

Figure 82: Hardness values for component with no interlayer cooling time (light green 

circles) and 30 seconds of interlayer cooling time (dark green triangles) compared to the 

expected hardness value from [133]. 

Figure 83 shows electron backscatter diffraction (EBSD) image comparing the 

microstructure of 316L stainless steel deposited on a CF ABS substrate with no interlayer 

cooling time (top) and a 30 second interlayer cooling time (bottom). The grains were 

smaller and more equiaxed in the component with the interlayer cooling time. The smaller 

grain size occurred because this component did not experience sustained, elevated 
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temperatures like the component with no interlayer cooling time. Therefore, conditions for 

grain growth were not met. 

 

Figure 83: EBSD image showing grain sized for a component printed with (a) no 

interlayer cooling time and (b) 30 seconds of interlayer cooling time. Note that the grain 

sizes in the component with an interlayer cooling time are smaller. 

Figure 84 shows the phase distributions of 316L stainless steel deposited on CF ABS 

directly adjacent to the polymer substrate of the component with no interlayer cooling time 

(top) compared to the component with a 30 second interlayer cooling time (bottom). The 

phase distribution of the component with no interlayer cooling time indicates the presence 

of more chromium carbides compared to the component with a 30 second interlayer cooling 

time. The decrease of chromium carbide with an introduction of an interlayer cooling time 

was due to decreased carbon content because of slower carbon migration from the polymer 

to the metal. Additionally, the interlayer cooling time kept the overall component 

temperature lower and decreased the amount of time spent by the metal at higher 

temperatures. This adjustment to the time-temperature scenario experienced by the metal 

decreased formation of chromium carbides. 
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Figure 84: Carbides are present near the substrate in (a) the component with no interlayer 

cooling time, but not in (b) the component with 30 seconds of interlayer cooling time. 

Note the reduction of chromium carbides in the component with an interlayer cooling 

time. 
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5.5 Conclusions 

In Chapter 4, the effects of using a CF ABS substrate on the porosity, microstructure, and 

hardness of a deposited 316L stainless steel component were determined. To mitigate these 

effects, an interlayer cooling time was introduced to the printing process. The interlayer 

cooling time served to lower the overall temperature of the metal component and reduce 

the time spent by the component at elevated temperatures. This effect resulted in less 

carbon diffusion from the polymer to the molten metal and moved the deposited 316L 

stainless steel outside of the time-temperature regime required for carbide formation. The 

interlayer cooling time resulted in smaller grains and a decrease in carbide concentration. 

The cooling time also prevents porosity due to gas entrapment, lowering porosity from 

approximately 8% to approximately 4%. The dominant porosity type changed from gas 

entrapment to lack of fusion, as the component with an interlayer cooling time retained less 

heat, decreasing the energy available to fuse beads together. Overall, the interlayer cooling 

time successfully mitigated the effects of using a polymer substrate on a deposited metal 

component, although the low power required to print on a polymer still resulted in some 

porosity. 
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CHAPTER 6. POLYMER SUPPORT DEMONSTRATION 

6.1 Introduction 

Successful polymer support structures in metal DED would expand the design space of 

DED, enabling more complex geometries to be built without significantly adding to the 

cost of the process. Two examples of geometries that are impossible to build using 3-axis 

DED systems are steep overhangs and bridges. To demonstrate the application of polymer 

supports, both an overhang, in the form of a cantilever beam, and a bridge were 

manufactured using polymer supports. The procedure for printing these components, made 

with 316L stainless steel and supported by CF ABS, is presented. The results of these 

demonstrations are presented, followed by the conclusions of the chapter. 

6.2 Methodology 

To demonstrate a successful polymer support structure, a bridge and a cantilever geometry 

were deposited with 316L stainless steel using CF ABS support structures. All geometries 

were manufactured using with MetcoAdd 316L-D (-106/+45 um) stainless steel feedstock 

powder in a Haas VF-5/40XT computer numerical control (CNC) system retrofitted by 

Hybrid Manufacturing Technologies (HMT) with an AMBIT™ S7-2 High Rate Laser 

Cladding Head for laser blown-powder DED capabilities. Deposition settings optimized 

for 316L stainless steel deposition on stainless steel substrates prior to this work were used, 

including a laser scan speed of 600mm/min, a shield gas flow of 10L/min, a carrier gas 

flow rate of 4L/min, and a feedstock powder mass flow rate of 8g/min. Based on previous 

work in this research, power was set to 100W. An interlayer cooling time was introduced 

to reduce the overall temperature of the metal component and the time spent by the metal 

at elevated temperatures.  

 

The procedure for printing the supported geometries is shown in Figure 85. A slot was 

machined out of a 316L stainless steel substrate. A piece of CF ABS was then used to fill 

the slot. The CF ABS acted as a support during the cantilever and bridge depositions. 

Finally, the polymer was manually removed to reveal the metal geometry. 
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Figure 85: Process for the polymer support structure demonstration. 

6.3 Results and discussion 

Figure 86 shows the cantilever structure with its CF ABS support (top) and after the CF 

ABS support was removed (bottom). The CF ABS provided support to the metal print 

without degrading to the point of hindering print accuracy. The polymer support was also 

easy to remove after deposition: no adhesion occurred between the metal and the polymer. 

However, accuracy of the final geometry was affected by warping, as shown in Figure 86 

(bottom). The large thermal gradients inherent in the metal DED process resulted in 

residual stresses in the component. Because the cantilever geometry has one free end, the 

component was not constrained and therefore warped under the effect of these residual 

stresses. The effect of residual stresses on deposited geometries has been studied 

previously. Plati et al. developed a 3D finite element model to predict distortions in laser 

cladding on a cantilever substrate, and Saleeby and Feldhausen experimentally determined 

the effect of severe thermal cycling due to laser-powder DED on a cantilever substrate 

[139, 140]. 
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Figure 86: A 316L stainless steel cantilever structure printed on top of a CF ABS support. 

The cantilever is shown with the support (top) and with the support removed (bottom). 

Figure 87 shows a full bridge attempt under an insufficient polymer press-fit condition. In 

this experiment, a small gap was present between the polymer support and the metal 

substrate during deposition. This gap resulted in a break in the metal deposition, which 

caused an incomplete bridge and warping to occur at this break point. 
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Figure 87: A failed 316L stainless steel bridge structure printed on top of a CF ABS 

support that was incorrectly press fit into the metal.  

Figure 88 shows a bridge print using a fully press-fit polymer support structure. 316L 

stainless steel was successfully deposited over both a metal substrate and a polymer support 

to create a bridge. The bridge’s rainbow appearance is due to oxidation levels. The surface 

finish of the bridge component is rough, as is expected with DED components. The 

individual beads can be observed, indicating that lack of fusion defects are likely. These 

defects are expected based on the analysis provided in Chapter 5. The bridge component 

was deposited with an interlayer cooling time of 30 seconds, lowering the overall 

temperature of the component and decreasing the energy available to fuse beads to each 

other during the build. 
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Figure 88: A 316L stainless steel bridge structure printed on top of a CF ABS support.  

6.4 Conclusions 

Support structures in additive manufacturing are used to hold up elements of the printed 

component that would otherwise fall during printing due to the design of the component. 

Support structures in metal AM serve two other critical functions: providing anchoring 

points and transferring heat away from the component during printing. This research has 

shown that certain polymers can survive the DED process and hold up a printed component. 

However, these polymer supports are less capable of heat transfer and cannot provide 

anchor points for the print. Because of this, polymer support structures are limited in the 

geometries they can enable: unconstrained geometries like the cantilever cannot be printed 

accurately, while constrained geometries like the bridge can be successfully printed. 
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CHAPTER 7. CONCLUSIONS 
The objective of this research was to investigate polymers as support structures in the metal 

DED process by exploring two key research areas: (1) the effect of the metal DED process 

on a polymer substrate, and (2) the effect of a polymer substrate on the deposited metal 

DED component.  

 

In the first research area, it was determined that for a polymer to succeed as a support 

structure, the geometric integrity of the polymer must not be significantly affected during 

the metal DED process. Additionally, combustion of the polymer should remain under 

control during deposition to avoid safety concerns. An understanding of polymer 

combustion, spanning CF ABS, GF ABS, GF nylon, WF PLA, and PLA, due to DED 

exposure was developed, and a tradeoff between polymer degradation and metal deposition 

quality was discovered. A low laser power of 100W is required for at least the first few 

layers to prevent sustained combustion of the polymer substrate. For successful melting 

and resolidification of metal feedstock powder in DED to occur, the polymer must have a 

high absorptivity: the polymers that enabled deposition of 316L stainless steel in this 

research had absorbances greater than 2 absorbance units. Polymers with high temperature 

fillers, such as glass fibers or carbon fibers, were shown to be effective in mitigating the 

extreme thermal conditions experienced by the polymer during deposition. Proof of non-

detrimental polymer degradation due to DED exposure was established via both 

experiments and modeling. Single-bead experiments were used to measure polymer 

degradation, and a series of thermal models was developed to show the influence of DED 

parameters and polymer material properties on the penetration of heat into the polymer 

substrate. Higher polymer density, higher polymer thermal capacitance, lower polymer 

thermal conductivity, lower laser power, and higher laser scan speed were determined to 

decrease degradation and combustion. Both the experimental measurements and thermal 

model predictions indicated degradation on the order of 1mm, an acceptable level of 

degradation based on the precision of the DED system.  

 

In the second research area, it was determined that the composition and properties of the 

deposited metal must not be significantly altered by the support structure. An 
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understanding of the effect of a polymer substrate (CF ABS) on the hardness, 

microstructure, and porosity of a deposited metal (316L stainless steel) was established. 

Polymer substrates affected the deposited metal via bot the migration of carbon from the 

polymer to the metal and the infiltration of offgasing into the molten metal. It was 

concluded that gas from polymer degradation was trapped in the molten deposited metal, 

increasing the porosity due to gas entrapment. Carbon from the polymer migrated into the 

molten metal, causing carbide formation and increasing the hardness of the deposited metal 

by approximately 70%. To prevent these effects, a mitigation strategy was developed to 

prevent these effects by implementing an interlayer cooling time. The interlayer cooling 

time lowered the overall temperature of the deposited component and decreased the time 

spent by the component at higher temperatures. The change to the thermal history of the 

component resulted in less carbon migration from the polymer and moved the component 

out of the time-temperature regime required for carbide formation. The mitigation strategy 

was proven to reduce hardness to the expected level for DED 316L stainless steel. 

Additionally, the introductions of an interlayer cooling time prevented much of the gas due 

to polymer degradation from infiltrating the metal component, thereby reducing porosity 

due to gas entrapment from 8% to 4%. 

 

By addressing the challenges of polymer degradation due to DED exposure and metal 

composition alterations due to polymer exposure, the polymer support structure approach 

for DED components was validated. The methodology developed allowed for the 

demonstration of several polymer-supported DED components. A cantilever print 

indicated the necessity of anchor points of the DED component on the metal substrate to 

prevent warping, and a failed bridge print indicated that a press-fit polymer support is 

required to prevent breaks in the metal deposition. These guidelines, along with the 

appropriate polymer selection, print parameters, and print strategy from the rest of this 

research, enabled the build of a polymer-supported bridge geometry manufactured with 

DED.  
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CHAPTER 8. FUTURE WORK 
As polymer support structures in DED had not been explored prior to this work, there are 

a multitude of opportunities for research expansion. From a materials perspective, 

investigating other polymers and testing other support materials, such as ceramics, 

thermosets, or coated polymers would provide insight into the effectiveness of a variety of 

non-metals as support structures in the DED process. Print planning and toolpath design 

should also be considered, as the components printed in this research all followed the same 

toolpath, and printing toolpath is known to affect the thermal history of printed 

components. Post-processing steps such as machining should also be considered, both with 

respect to toolpath planning in hybrid manufacturing system and to ensure deposited 

components can withstand the forces experienced during machining. The effect of 

deposited metal component size and complexity on the polymer degradation and support 

effectiveness should also be investigated. The thermal circuit model developed in this 

research would be useful for closed-loop feedback control of polymer-supported 

components during deposition. The components printed in this research could also be 

manufactured in an inert environment to determine the effect of using a shield gas versus 

a fully inert environment. From a metallurgy perspective, the effect of a wider number of 

variables, including laser power, laser scan speed, print path, component geometry, metal 

feedstock material, and substrate material on the microstructure, composition, and 

mechanical properties of deposited DED component should be investigated. The potential 

for hydrogen cracking in deposited components due to infiltration of hydrogen gas from 

polymer degradation into the deposited metal component will also be critical in the long-

term success of polymer support structures. 

 

Overall, this research provided insight into the polymer properties and characteristics 

required for a successful support structure and proved that mitigation of the effects of a 

polymer substrate on the deposited DED component is possible. The technological 

readiness of polymer support structures in the metal DED process was moved from an idea 

to a lab-validated process. 
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APPENDIX A. FAILED PEEK SUBSTRATE 
PEEK was also tested initially as a potential polymer substrate material due to its relatively 

high degradation temperature. However, the interaction of PEEK with the DED process 

resulted in expansion of the PEEK directly exposed to the laser, which catastrophically 

warped the deposited 316L stainless steel, as shown in Figure 89. This failure was deemed 

to be a risk to the DED print head, and PEEK was not evaluated in subsequent trials. 

 

 

Figure 89: 316L stainless steel deposition attempt on PEEK, which resulted in expansion 

of the polymer and an unsuccessful build. 
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APPENDIX B. G-CODE 

B.1 Single-layer experiments 

B.1.1 400mm/min trials 

% 

O03048 

(For high speed camera setup - will not move in Y after print) 

(1/2in bead, single layer) 

(scan speed = 400mm/min) 

(2021_09_14) 

(Using high feed G1 F5000. instead of G0.) 

(T0 D=0. CR=0. - ZMIN=0. - water jet) 

N10 G90 G94 G17 

N15 G21 

N20 G53 G0 Z0. 

 

(Feature Construction2) 

N25 T22 M6 

N30 G54 

N35 M11 

(N40 G0 A0.) 

N45 M10 

N50 G0 X0. Y0.  

N55 G43 Z11.151 H22 

N60 M98 P9102 (UPDATE TO MATCH CURRENT RECIPE) 

N65 M110 (MEDIA ON) 

N70 G4 P20000 (DWELL TO STABILIZE POWDER FLOW) 

N75 G0 Z0.5 

N80 G1 Z0. F400. 

N85 M120 (START DEPOSITION) 

G1 X12.7 
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N7495 M121 (STOP DEPOSITION) 

 

N7500 G0 Z11.151 

N7505 M111 (MEDIA OFF) 

N7510 G4 P5000 (DWELL TO PROTECT OPTICS) 

 

N7515 M5 

N7520 G53 G0 Z0. 

(N7525 X0.) 

(N7530 G53 G0 Y0.) 

(N7535 G0 A0.) 

N7540 M30 

 

% 

B.1.2 800mm/min trials 

% 

O03049 

(For high speed camera setup - will not move in Y after print) 

(1/2in bead, single layer) 

(scan speed = 800mm/min) 

(2021_09_14) 

(Using high feed G1 F5000. instead of G0.) 

(T0 D=0. CR=0. - ZMIN=0. - water jet) 

N10 G90 G94 G17 

N15 G21 

N20 G53 G0 Z0. 

 

(Feature Construction2) 

N25 T22 M6 

N30 G54 

N35 M11 
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(N40 G0 A0.) 

N45 M10 

N50 G0 X0. Y0.  

N55 G43 Z11.151 H22 

N60 M98 P9102 (UPDATE TO MATCH CURRENT RECIPE) 

N65 M110 (MEDIA ON) 

N70 G4 P20000 (DWELL TO STABILIZE POWDER FLOW) 

N75 G0 Z0.5 

N80 G1 Z0. F800. 

N85 M120 (START DEPOSITION) 

G1 X12.7 

 

N7495 M121 (STOP DEPOSITION) 

 

N7500 G0 Z11.151 

N7505 M111 (MEDIA OFF) 

N7510 G4 P5000 (DWELL TO PROTECT OPTICS) 

 

N7515 M5 

N7520 G53 G0 Z0. 

(N7525 X0.) 

(N7530 G53 G0 Y0.) 

(N7535 G0 A0.) 

N7540 M30 

 

% 

B.2 Metal characterization experiments 

B.2.1 No interlayer cooling time 

% 

O03047 
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(For high speed camera setup - will not move in Y after print) 

(1/2in 5 beads, 5 layers - 0.7mm increments) 

(2021_09_14) 

(Using high feed G1 F5000. instead of G0.) 

(T0 D=0. CR=0. - ZMIN=0. - water jet) 

N10 G90 G94 G17 

N15 G21 

N20 G53 G0 Z0. 

 

(Feature Construction2) 

N25 T22 M6 

N30 G54 

N35 M11 

(N40 G0 A0.) 

N45 M10 

N50 G0 X0. Y0.  

N55 G43 Z11.151 H22 

N60 M98 P9102 (UPDATE TO MATCH CURRENT RECIPE) 

N65 M110 (MEDIA ON) 

N70 G4 P20000 (DWELL TO STABILIZE POWDER FLOW) 

N75 G0 Z0.5 

N80 G1 Z0. F600. 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 
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X12.7 Y6. 

 

N7495 M121 (STOP DEPOSITION) 

 

N75 G0 Z1.4 

N80 G1 Z0.7 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

N75 G0 Z2.1 

N80 G1 Z1.4 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 
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X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

N75 G0 Z2.8 

N80 G1 Z2.1 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

N75 G0 Z3.5 

N80 G1 Z2.8 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 
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N7495 M121 (STOP DEPOSITION) 

 

N7500 G0 Z11.151 

N7505 M111 (MEDIA OFF) 

N7510 G4 P5000 (DWELL TO PROTECT OPTICS) 

 

N7515 M5 

N7520 G53 G0 Z0. 

(N7525 X0.) 

(N7530 G53 G0 Y0.) 

(N7535 G0 A0.) 

N7540 M30 

 

% 

B.2.2 10 second interlayer cooling time 

% 

O03051 

(1/2in 5 beads, 5 layers - 0.7mm increments, 1s between layers) 

(will not move in Y after print) 

 

(2021_09_28) 

(Using high feed G1 F5000. instead of G0.) 

(T0 D=0. CR=0. - ZMIN=0. - water jet) 

N10 G90 G94 G17 

N15 G21 

N20 G53 G0 Z0. 

 

(Feature Construction2) 

N25 T22 M6 

N30 G54 

N35 M11 
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(N40 G0 A0.) 

N45 M10 

N50 G0 X0. Y0.  

N55 G43 Z11.151 H22 

N60 M98 P9102 (UPDATE TO MATCH CURRENT RECIPE) 

N65 M110 (MEDIA ON) 

N70 G4 P20000 (DWELL TO STABILIZE POWDER FLOW) 

N75 G0 Z0.5 

N80 G1 Z0. F600. 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

 

N7495 M121 (STOP DEPOSITION) 

 

G4 P10000  

 

N75 G0 Z1.4 

N80 G1 Z0.7 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 
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X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

G4 P10000  

 

N75 G0 Z2.1 

N80 G1 Z1.4 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

G4 P10000  

 

N75 G0 Z2.8 

N80 G1 Z2.1 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 
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G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

G4 P10000  

 

N75 G0 Z3.5 

N80 G1 Z2.8 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

N7500 G0 Z11.151 

N7505 M111 (MEDIA OFF) 

N7510 G4 P5000 (DWELL TO PROTECT OPTICS) 
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N7515 M5 

N7520 G53 G0 Z0. 

(N7525 X0.) 

(N7530 G53 G0 Y0.) 

(N7535 G0 A0.) 

N7540 M30 

 

% 

B.2.3 30 second interlayer cooling time 

% 

O03050 

(1/2in 5 beads, 5 layers - 0.7mm increments, 30s between layers) 

(will not move in Y after print) 

 

(2021_09_28) 

(Using high feed G1 F5000. instead of G0.) 

(T0 D=0. CR=0. - ZMIN=0. - water jet) 

N10 G90 G94 G17 

N15 G21 

N20 G53 G0 Z0. 

 

(Feature Construction2) 

N25 T22 M6 

N30 G54 

N35 M11 

(N40 G0 A0.) 

N45 M10 

N50 G0 X0. Y0.  

N55 G43 Z11.151 H22 

N60 M98 P9102 (UPDATE TO MATCH CURRENT RECIPE) 
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N65 M110 (MEDIA ON) 

N70 G4 P20000 (DWELL TO STABILIZE POWDER FLOW) 

N75 G0 Z0.5 

N80 G1 Z0. F600. 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

 

N7495 M121 (STOP DEPOSITION) 

 

G4 P30000  

 

N75 G0 Z1.4 

N80 G1 Z0.7 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 
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X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

G4 P30000  

 

N75 G0 Z2.1 

N80 G1 Z1.4 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

G4 P30000  

 

N75 G0 Z2.8 

N80 G1 Z2.1 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 
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X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

G4 P30000  

 

N75 G0 Z3.5 

N80 G1 Z2.8 F600. 

G1 X0 Y0 

N85 M120 (START DEPOSITION) 

G1 X12.7 Y0. 

X12.7 Y1.5 

X0. Y1.5 

X0. Y3. 

X12.7 Y3. 

X12.7 Y4.5 

X0. Y4.5 

X0. Y6. 

X12.7 Y6. 

N7495 M121 (STOP DEPOSITION) 

 

N7500 G0 Z11.151 

N7505 M111 (MEDIA OFF) 

N7510 G4 P5000 (DWELL TO PROTECT OPTICS) 

 

N7515 M5 

N7520 G53 G0 Z0. 

(N7525 X0.) 

(N7530 G53 G0 Y0.) 
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(N7535 G0 A0.) 

N7540 M30 

 

% 
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APPENDIX C. SINGLE BEAD TEST IMAGES 

 

Figure 90: In-process stills for CF ABS single-bead experiments. 
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Figure 91: In-process stills for GF ABS single-bead experiments. 
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Figure 92: In-process stills for GF nylon single-bead experiments. 
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Figure 93: In-process stills for PLA single-bead experiments. 
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Figure 94: In-process stills for WF PLA single-bead experiments. 
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Figure 95: Post-print substrates for CF ABS single-bead experiments. 

 

 

Figure 96: Post-print substrates for GF ABS single-bead experiments. 
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Figure 97: Post-print substrates for GF nylon single-bead experiments. 

 

 

Figure 98: Post-print substrates for PLA single-bead experiments. 
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Figure 99: Post-print substrates for WF PLA single-bead experiments. 

 

 

Figure 100: Top-down microscopic images for CF ABS single-bead experiments. 
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Figure 101: Top-down microscopic images for GF ABS single-bead experiments. 
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Figure 102: Top-down microscopic images for GF nylon single-bead experiments. 
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Figure 103: Top-down microscopic images for PLA single-bead experiments. 
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Figure 104: Top-down microscopic images for PLA single-bead experiments. 
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Figure 105: Cross-sectional microscopic images for CF ABS single-bead experiments. 
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Figure 106: Cross-sectional microscopic images for GF ABS single-bead experiments. 
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Figure 107: Cross-sectional microscopic images for GF nylon single-bead experiments. 
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Figure 108: Cross-sectional microscopic images for PLA single-bead experiments. 
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Figure 109: Cross-sectional microscopic images for WF PLA single-bead experiments. 
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APPENDIX D. THERMAL CIRCUIT MODELING 
Thermal circuit modeling provides a basic model enabling multi-layer recursion and 

providing a state space representation of the system. 

D.1  Background 

Thermal circuit models, in which electrical circuits equivalents are used as an analogy for 

heat transfer, are employed in steady-state, one-dimensional conduction scenarios. 

Conduction heat transfer has an electrical analogy, where electric current is analogous to 

heat flow, electric voltage is analogous to temperature, and electric resistance is analogous 

to thermal resistance. The circuit components used in thermal circuit modeling, along with 

their symbols, the values they represent, and the units of those values, are shown in Table 

10 [141, 142]. A resistor indicates thermal resistance, representing the heat flow impedance 

of the material. A capacitor indicates thermal capacitance, which indicates the internal 

energy storage of the material. A voltage source indicates a source of fixed temperature, 

and a current source indicates a heat source. 

Table 10. Thermal circuit components [141, 142]. 

Component Symbol Representative value Units 

Resistor 
 

Thermal resistance °C/W 

Capacitor 

 

Thermal capacitance J/°C 

Voltage source 

 

Temperature source °C 

Current source 

 

Heat source W 

 

Using these elements, thermal circuits representing conduction heat transfer scenarios, 

such as the one shown in Figure 126, can be drawn. The temperature at various points in 

the scenario can then be solved using standard equations that describe relationships in 

circuits, such as Kirchoff’s current law, Kirchoff’s voltage law, and Ohm’s law [142]. 
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D.2  Thermal circuit implementation 

D.2.1 Single layer metal deposition model 

To predict the temperatures of both the metal and polymer in response to deposition of 

metal on a polymer substrate, a metal bead is assumed to be instantaneously deposited on 

a polymer substrate as shown in Figure 110.  

 

Figure 110: Geometry assumptions used to predict metal temperature Tm and polymer 

temperature Tp in response to deposition of metal on a polymer substrate. 

This scenario can be modeled with a thermal circuit, where the heat flow is analogous to 

the flow of current and voltages are analogous to temperatures. Thermal capacitances of 

the polymer and the metal are represented by capacitors and the conduction within 

materials and convection at the surfaces of materials are represented by resistors. As shown 

in Figure 111, the thermal capacitances of the polymer and metal are represented by Cp and 

Cm, respectively. Conduction within the polymer and within the metal is represented by 

Rp,cond and Rm,cond, respectively. Convection at the surface of the polymer and at the surface 

of the metal is represented by Rp,conv and Rm,conv, respectively. Conduction through the 

metal to the interface between the polymer and the metal is given by Rcond,mp, and 
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conduction through the polymer to the interface between the polymer and the metal is given 

by Rcond,pm. The ambient temperature, temperature of the metal, and temperature of the 

polymer were represented by Ta. Tm, and Tp, respectively. The values of the thermal 

resistivities and capacitances are dependent on the material properties and geometric 

parameters listed in Table 11. 

 

Figure 111: Thermal circuit diagram for a single bead of metal deposited on a polymer 

substrate. 

Table 11. Properties and parameters used to define thermal resistivity and capacitance. 

Variable Polymer Type 

hair Thermal coefficient of air [W/m2K] 

lm Length of metal bead [m] 

wm Width of metal bead [m] 

dm Height of metal bead [m] 
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lp Length of polymer substrate [m] 

wp Width of polymer substrate [m] 

dp Height of polymer substrate [m] 

ρm Density of metal [kg/m3] 

ρp Density of polymer [kg/m3] 

cp,m Specific heat capacity of metal [J/kgK] 

cp,p Specific heat capacity of polymer [J/kgK] 

km Thermal conductivity of metal [W/mK] 

kp Thermal conductivity of polymer [W/mK] 

 

The thermal capacitances of the metal and polymer are defined as 

    𝐶𝑚 = 𝑙𝑚𝑤𝑚𝑑𝑚𝜌𝑚𝑐𝑝,𝑚 (D.1) 

    𝐶𝑝 = 𝑙𝑝𝑤𝑝𝑑𝑝𝜌𝑝𝑐𝑝,𝑝 (D.2) 

The thermal resistivities due to convection of the metal and the polymer in ambient 

temperature are given by 

    𝑅𝑚,𝑐𝑜𝑛𝑣 =
1

ℎ𝑎𝑖𝑟𝑙𝑚𝑤𝑚
 (D.3) 

    𝑅𝑝,𝑐𝑜𝑛𝑣 =
1

ℎ𝑎𝑖𝑟𝑙𝑝𝑤𝑝
 (D.4) 

 

The thermal resistivities due to conduction of heat through the metal to the surface of the 

metal and through the polymer to the surface of the polymer are defined as 

    𝑅𝑚,𝑐𝑜𝑛𝑑 =
𝑑𝑚

2𝑘𝑚𝑙𝑚𝑤𝑚
 (D.5) 

    𝑅𝑝,𝑐𝑜𝑛𝑑 =
𝑑𝑝

2𝑘𝑝𝑙𝑝𝑤𝑝
 (D.6) 

 

The thermal resistivities due to conduction of heat through the metal to the surface of the 

polymer and through the polymer to the surface of the metal are given by 

    𝑅𝑐𝑜𝑛𝑑,𝑚𝑝 =
𝑑𝑚

2𝑘𝑚𝑙𝑚𝑤𝑚
 (D.7) 
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    𝑅𝑐𝑜𝑛𝑑,𝑝𝑚 =
𝑑𝑝

2𝑘𝑝𝑙𝑝𝑤𝑝
 (D.8) 

Each set of thermal resistances in series is combined by adding the resistances to obtain 

the simplified circuit diagram in Figure 112. 

 

   𝑅𝑚,𝑎𝑚𝑏 = 𝑅𝑚,𝑐𝑜𝑛𝑑 + 𝑅𝑚,𝑐𝑜𝑛𝑣 (D.9) 

  𝑅𝑝,𝑎𝑚𝑏 = 𝑅𝑝,𝑐𝑜𝑛𝑑 + 𝑅𝑝,𝑐𝑜𝑛𝑣  (D.10) 

 𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓 = 𝑅𝑐𝑜𝑛𝑑,𝑚𝑝 + 𝑅𝑐𝑜𝑛𝑑,𝑝𝑚  (D.11) 

 

Figure 112: Simplified thermal circuit diagram for a single bead of metal deposited on a 

polymer substrate. 
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Kirchhoff’s current law, which states that the currents entering a node must equal the 

currents leaving a node, is applied to the Tm and Tp nodes, with heat flow Q being analogous 

to current flow. 

   0 = 𝑄𝐶𝑚
+ 𝑄𝑅𝑚,𝑎𝑚𝑏

+ 𝑄𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
 (D.12) 

    𝑄𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
= 𝑄𝐶𝑝

+ 𝑄𝑅𝑝,𝑎𝑚𝑏
 (D.13) 

Heat flow through a thermal capacitor is equivalent to the thermal capacitance multiplied 

by the derivative of the temperature at that node, and heat flow through a thermal resistor 

is equivalent to the difference in temperatures across the resistor divided by the thermal 

resistance. 

   0 = 𝐶𝑚
𝑑𝑇𝑚(𝑡)

𝑑𝑡
 +

𝑇𝑚(𝑡)−𝑇𝑎

𝑅𝑚,𝑎𝑚𝑏
+

𝑇𝑚(𝑡)−𝑇𝑝(𝑡)

𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
 (D.14) 

   
𝑇𝑚(𝑡)−𝑇𝑝(𝑡)

𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
= 𝐶𝑝

𝑑𝑇𝑝(𝑡)

𝑑𝑡
 +

𝑇𝑝(𝑡)−𝑇𝑎

𝑅𝑝,𝑎𝑚𝑏
 (D.15) 

This set of first-order differential equations can be re-arranged in state space format, where 

x is the state vector, u is the input vector, and y is the output vector. A is the state matrix, 

B is the input matrix, C is the output matrix, and D is the feedforward matrix. 

   𝒙̇ = 𝐴𝒙 + 𝐵𝒖  𝒚 = 𝐶𝒙 + 𝐷𝒖  (D.16) 

Tm,a and Tp,a are defined as shown in Equations 3.17 and 3.18. The final temperatures of 

the metal and polymer are determined by adding the ambient temperature to the substituted 

variables after the solution is derived.    𝑇𝑚,𝑎(𝑡) = 𝑇𝑚(𝑡) −

𝑇𝑎𝑚𝑏 (D.17) 

    𝑇𝑝,𝑎(𝑡) = 𝑇𝑝(𝑡) − 𝑇𝑎𝑚𝑏 (D.18) 

These equations are substituted into Equations 3.13 and 3.14 to yield Equations 3.19 and 

3.20. These substitutions enabled the following coupled first-order differential equations, 

describing the temperatures of the metal and the polymer after the deposition of the metal 

on the polymer. 

  
𝑑𝑇𝑚,𝑎(𝑡)

𝑑𝑡
= −(

1

𝐶𝑚𝑅𝑚,𝑎
+

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
) 𝑇𝑚,𝑎(𝑡) + (

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
) 𝑇𝑝,𝑎(𝑡) (D.19) 

  
𝑑𝑇𝑝,𝑎(𝑡)

𝑑𝑡
= (

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)𝑇𝑚,𝑎(𝑡) − (

1

𝐶𝑝𝑅𝑝,𝑎
+

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
) 𝑇𝑝,𝑎(𝑡) (D.20) 

These equations can be written in state space format, with the following state vector. 
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    𝒙 = [
𝑇𝑚,𝑎(𝑡)

𝑇𝑝,𝑎(𝑡)
] (D.21) 

As the system reacts to initial conditions rather than a temperature or heat flow input, there 

is no input matrix or input vector. 

 [
𝑇̇𝑚,𝑎(𝑡)

𝑇̇𝑝,𝑎(𝑡)
] = [

−(
1

𝐶𝑚𝑅𝑚,𝑎
+

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
−(

1

𝐶𝑝𝑅𝑝,𝑎
+

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)
] [

𝑇𝑚,𝑎(𝑡)

𝑇𝑝,𝑎(𝑡)
] (D.22) 

The output vector is defined as the following to predict the temperature of the metal and 

polymer. 

   𝒚 = [
𝑇𝑚,𝑎

𝑇𝑝,𝑎
] = [

1 0
0 1

] [
𝑇𝑚,𝑎(𝑡)

𝑇𝑝,𝑎(𝑡)
] (D.23) 

The system in state space format was entered into MATLAB for analysis, using the variable 

values listed in Table 12.  

Table 12. Variable values used for temperature prediction. 

Variable Value 

hair 10 W/m2K 

lm 0.0127 m 

wm 0.002 m 

dm 0.001 m 

lp 0.05 m 

wp 0.025 m 

dp 0.015 m 

ρm 7500 kg/m3 

ρp 1080 kg/m3 

cp,m 500 J/kgK 

cp,p 1584 J/kgK 

km 13 W/mK 

kp 0.262 W/mK 
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The eigenvalues of the A matrix with these variable values, which are equivalent to the 

poles of the system, are -0.012 and -0.0003. Two negative poles indicate that the system is 

stable and temperatures of both the metal and the polymer will approach room temperature 

over time in response to initial temperature conditions. The poles are also real, indicating 

that the system is overdamped and that the temperatures will not oscillate while settling, as 

expected of a hot component cooling to ambient temperature. Each of these two poles 

corresponds to one of the materials. The time constant is equivalent to the negative 

reciprocal of the pole. 

    𝜏 =
−1

𝑝
 (D.24) 

And the temperature response of the system is proportional to the exponential function of 

time multiplied by the negative inverse of the time constant. 

    𝑇 = 𝐴𝑒−𝑡/𝜏 + 𝐶 (D.25) 

The metal, which cools at a faster rate than the polymer due to its higher thermal 

conductivity and lower thermal capacitance, corresponds to the larger pole, and the 

polymer corresponds to the smaller pole. This conclusion can be confirmed by plotting the 

response of both the polymer and the metal and calculating the time constant from these 

plots. 

 

The initial temperature of the metal is assumed to be the melting temperature of the metal, 

which is 1380°C for 316L stainless steel, and the initial temperature of the polymer is 

assumed to be ambient temperature. These initial conditions are implemented into the 

system model in MATLAB to predict the temperature responses of the polymer and metal, 

shown in Figure 113. The initial temperature of the metal does raise the bulk temperature 

of the polymer but only by 4°C. As the metal pole is three orders of magnitude larger than 

the polymer pole, dominant pole theory explains the limited temperature rise of the 

polymer. Therefore, even though a thin layer of polymer might degrade upon direct contact 

with molten metal, the bulk of the polymer is not heated enough to reach the melting point 

of the polymer and significantly damage the geometric integrity of the component. 
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Figure 113: The predicted temperatures of a single metal deposition (top) and the 

polymer substrate (bottom) over time in response to initial temperature conditions. 

 

Alternatively, the system can be modeled as a metal bead resting on top of a polymer 

substrate that is exposed to energy from the laser, as shown in Figure 114. 

 

Figure 114: A metal bead on a polymer substrate exposed to energy from the laser. 
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This scenario is modeled as the thermal circuit shown in Figure 115, where all thermal 

resistivity and thermal capacitance values are defined in equations 3.1 – 3.8 and where the 

heat flow from the laser is defined as follows, where Plaser is the laser power.  

    𝑄𝑙𝑎𝑠𝑒𝑟 = 𝑃𝑙𝑎𝑠𝑒𝑟𝑡𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 (D.26) 

The exposure time texposure is the time the laser is active during the deposition and is defined 

as the scan speed multiplied by the length of the metal bead. 

    𝑡𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 = 𝑠𝑠𝑐𝑎𝑛𝑙𝑚 (D.27) 

 

 

Figure 115: Thermal circuit of a metal bead on a polymer substrate exposed to energy 

from a laser. 



195 

 

 

The thermal circuit in Figure 115 is simplified by combining pairs of resistances in series, 

as done in equations 3.9-3.11 to obtain the simplified thermal circuit shown in Figure 116. 

 

Figure 116: Simplified thermal circuit of a metal bead on a polymer substrate exposed to 

energy from a laser. 

Like the analysis in equations 3.12 and 3.13, Kirchhoff’s current law, which states that the 

currents (heat flow) entering a node must equal the currents (heat flow) leaving a node, 

was applied to the Tm and Tp nodes, with heat flow Q being analogous to current flow. 

   𝑄𝑙𝑎𝑠𝑒𝑟 = 𝑄𝐶𝑚
+ 𝑄𝑅𝑚,𝑎𝑚𝑏

+ 𝑄𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
 (D.28) 

    𝑄𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
= 𝑄𝐶𝑝

+ 𝑄𝑅𝑝,𝑎𝑚𝑏
 (D.29) 
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Heat flow through a thermal capacitor is equivalent to the product of the thermal 

capacitance and the derivative, with respect to time, of the temperature at that node. Heat 

flow through a thermal resistor is the quotient of the difference in temperatures across the 

resistor and the thermal resistance. 

   𝑄𝑙𝑎𝑠𝑒𝑟 = 𝐶𝑚
𝑑𝑇𝑚(𝑡)

𝑑𝑡
 +

𝑇𝑚(𝑡)−𝑇𝑎

𝑅𝑚,𝑎𝑚𝑏
+

𝑇𝑚(𝑡)−𝑇𝑝

𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
 (D.30) 

   
𝑇𝑚(𝑡)−𝑇𝑝

𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
= 𝐶𝑝

𝑑𝑇𝑝(𝑡)

𝑑𝑡
 +

𝑇𝑝(𝑡)−𝑇𝑎

𝑅𝑝,𝑎𝑚𝑏
 (D.31) 

This set of first-order differential equations can be re-arranged in state space format, where 

x is the state vector, u is the input, y is the output vector, A is the state matrix, B is the input 

matrix, C is the output matrix, and D is the feedforward matrix, as shown in equation 3.16. 

Again, the variable substitutions in equations 3.17 and 3.18 are made prior to defining the 

system to enable state format. The final temperatures of the metal and polymer are then 

determined by summing the ambient temperature to the substituted variables after the 

solution is derived. These substitutions enabled the following coupled first-order 

differential equations, describing the temperatures of the metal and the polymer after the 

deposition of the metal on the polymer. 

 
𝑑𝑇𝑚,𝑎(𝑡)

𝑑𝑡
= −(

1

𝐶𝑚𝑅𝑚,𝑎
+

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)𝑇𝑚,𝑎(𝑡) + (

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)𝑇𝑝,𝑎(𝑡) +

𝑄𝑙𝑎𝑠𝑒𝑟

𝐶𝑚
 (D.32) 

 
𝑑𝑇𝑝,𝑎(𝑡)

𝑑𝑡
= (

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)𝑇𝑚,𝑎(𝑡) − (

1

𝐶𝑝𝑅𝑝,𝑎
+

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
) 𝑇𝑝,𝑎(𝑡) (D.33) 

These equations are then organized in state space format, with the following state vector. 

    𝒙 = [
𝑇𝑚,𝑎(𝑡)

𝑇𝑝,𝑎(𝑡)
] (D.34) 

The input is the energy from the laser, so the input is as follows 

    𝑢 = 𝑄𝑙𝑎𝑠𝑒𝑟 (D.35) 

The state space format is then defined with the following state and input matrices 

  𝐴 = [
−(

1

𝐶𝑚𝑅𝑚,𝑎
+

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
−(

1

𝐶𝑝𝑅𝑝,𝑎
+

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)
] (D.36) 

 

    𝐵 = [
1

𝐶𝑚

0
] (D.37) 
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The output vector is defined as the following to predict the temperature of the metal and 

polymer. 

    𝒚 = [1 1] [
𝑇𝑚,𝑎(𝑡)

𝑇𝑝,𝑎(𝑡)
] (D.38) 

The system in state space format was entered into MATLAB for analysis, using the variable 

values listed in Table 12. 

 

The eigenvalues of the A matrix with these variable values, which are equivalent to the 

poles of the system, are -0.012 and -0.003. Two negative poles indicate that the system is 

stable and temperatures of both the metal and the polymer approach room temperature over 

time in response to initial temperature conditions. The poles are also real, indicating that 

the system is overdamped and that the temperatures do not oscillate while settling, as 

expected of a hot component cooling to ambient temperature. Each of these two poles 

corresponds to a specific material. The time constant is equivalent to the negative 

reciprocal of the pole. 

    𝜏 =
−1

𝑝
 (D.39) 

And the temperature response of the system is proportional to the exponential function of 

time multiplied by the negative inverse of the time constant. 

    𝑇 = 𝐴𝑒−𝑡/𝜏 + 𝐶 (D.40) 

The metal, which cools at a faster rate than the polymer due to its higher thermal 

conductivity and lower thermal capacitance, corresponds to the larger pole, and the 

polymer corresponds to the smaller pole. This conclusion can be confirmed by plotting the 

response of both the polymer and the metal and calculating the time constant from these 

plots. 

 

The laser power was set to be 100W and the scan speed of the laser was set to be 

600mm/min. These conditions were used to calculate a power impulse of 127W, which 

was implemented into the system model in MATLAB to predict the temperature responses 

of the polymer and metal, shown in Figure 117. The temperatures of both the metal and the 

polymer over time in response to power input from the laser are within 5% of the 
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temperatures in response to initial temperature conditions, plotted in Figure 117, supporting 

both analyses. 

 

  

 

 

 

Figure 117: The predicted temperatures of a single metal deposition (top) and the 

polymer substrate (bottom) over time in response to a power impulse input. 

D.2.2 Multi-layer metal deposition model 

A multi-layer model for a second deposited bead, assumed to be instantaneously deposited 

at the melting temperature of the metal as shown in Figure 118, was then developed 

following the thermal circuit methodology introduced in 3.1, where the heat flow is 

analogous to the flow of current and voltages are analogous to temperatures. Again, thermal 

capacitances of the polymer and the metal are represented by capacitors and the conduction 

within materials and convection at the surfaces of materials are represented by resistors. 

As shown in Figure 119, the thermal capacitances of the polymer and metal are represented 

by Cp and Cm, respectively. Conduction within the polymer and within the metal is 

represented by Rp,cond and Rm,cond, respectively. Convection at the surface of the polymer 



199 

 

and at the surface of the metal is represented by Rp,conv and Rm,conv, respectively. 

Conduction through each metal bead to the other metal bead is also represented by Rm,cond. 

Conduction through the metal to the interface between the polymer and the metal is 

represented by Rcond,mp, and conduction through the polymer to the interface between the 

polymer and the metal is represented by Rcond,pm. The ambient temperature, temperature of 

the second metal bead, temperature of the first metal bead, and temperature of the polymer 

are represented by Ta. Tm,2, Tm,1, and Tp, respectively. The values of the thermal resistivities 

and capacitances are dependent on the material properties and geometric parameters listed 

in Table 11. 

  

 

Figure 118: Geometry assumptions used to predict metal temperature Tm and polymer 

temperature Tp in response to deposition of a second metal bead on a polymer substrate. 
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Figure 119: Thermal circuit diagram for two beads of metal deposited on a polymer 

substrate. 

The thermal capacitances of the metal and polymer are defined in 3.1 and 3.2, and the 

thermal resistivities due to convection of the metal and the polymer in ambient 

temperatures are defined in 3.3 and 3.4. The thermal resistivities due to conduction of heat 

through the metal to the surface of the metal and through the polymer to the surface of the 

polymer are defined in 3.5 and 3.6, and the thermal resistivities due to conduction of heat 

through the metal to the surface of the polymer and through the polymer to the surface of 

the metal are defined in 3.7 and 3.8. Each set of thermal resistances in series is combined 
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by adding the resistances as shown in 3.9, 3.10, and 3.11 to obtain the simplified circuit 

diagram in Figure 120. 

 

Figure 120: Simplified thermal circuit diagram for two beads of metal deposited on a 

polymer substrate. 
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Kirchhoff’s current law, which states that the currents (heat flow) entering a node must 

equal the currents (heat flow) leaving a node, is applied to the Tm,2, Tm,1, and Tp nodes, 

with heat flow Q being analogous to current flow. 

   0 = 𝑄𝐶𝑚
+ 𝑄𝑅𝑚,𝑎𝑚𝑏

+ 𝑄𝑅𝑚.𝑐𝑜𝑛𝑑
 (D.41) 

    𝑄𝑅𝑚,𝑐𝑜𝑛𝑑
= 𝑄𝐶𝑚

+ 𝑄𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
 (D.42) 

    𝑄𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
= 𝑄𝐶𝑝

+ 𝑄𝑅𝑝,𝑎𝑚𝑏
 (D.43) 

Heat flow through a thermal capacitor is equivalent to the product of the thermal 

capacitance and the derivative, with respect to time, of the temperature at that node, and 

heat flow through a thermal resistor is equivalent to the quotient of the difference in 

temperatures across the resistor and the thermal resistance. 

   0 = 𝐶𝑚
𝑑𝑇𝑚,2(𝑡)

𝑑𝑡
 +

𝑇𝑚,2(𝑡)−𝑇𝑎

𝑅𝑚,𝑎𝑚𝑏
+

𝑇𝑚,2(𝑡)−𝑇𝑚,1(𝑡)

𝑅𝑚,𝑐𝑜𝑛𝑑
 (D.44) 

   
𝑇𝑚,2(𝑡)−𝑇𝑚,1(𝑡)

𝑅𝑚,𝑐𝑜𝑛𝑑
= 𝐶𝑚

𝑑𝑇𝑚,1(𝑡)

𝑑𝑡
+

𝑇𝑚,1(𝑡)−𝑇𝑝(𝑡)

𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
 (D.45) 

   
𝑇𝑚,1(𝑡)−𝑇𝑝(𝑡)

𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
= 𝐶𝑝

𝑑𝑇𝑝(𝑡)

𝑑𝑡
+

𝑇𝑝(𝑡)−𝑇𝑎

𝑅𝑝,𝑎𝑚𝑏
 (D.46) 

 

This set of first-order differential equations can be re-arranged in state space format, where 

x is the state vector, u is the input, and y is the output, as shown in 3.16. The following 

three variable substitutions are made prior to defining the system to enable state format. 

The final temperatures of the metal and polymer are then determined by summing the 

ambient temperature and the substituted variables after the solution is derived.  

    𝑇𝑚,2,𝑎(𝑡) = 𝑇𝑚,2(𝑡) − 𝑇𝑎𝑚𝑏 (D.47) 

    𝑇𝑚,1,𝑎(𝑡) = 𝑇𝑚,1(𝑡) − 𝑇𝑎𝑚𝑏 (D.48) 

    𝑇𝑝,𝑎(𝑡) = 𝑇𝑝(𝑡) − 𝑇𝑎𝑚𝑏 (D.49) 

These substitutions enable the following coupled first-order differential equations, 

describing the temperatures of the metal and the polymer after the deposition of the metal 

on the polymer. 

 
𝑑𝑇𝑚,2,𝑎(𝑡)

𝑑𝑡
= −(

1

𝐶𝑚𝑅𝑚,𝑎𝑚𝑏
+

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
)𝑇𝑚,2(𝑡) + (

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
) 𝑇𝑚,1(𝑡) (D.50) 

𝑑𝑇𝑚,1,𝑎(𝑡)

𝑑𝑡
= (

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
) 𝑇𝑚,2(𝑡) − (

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
+

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
) 𝑇𝑚,1(𝑡) + (

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
) 𝑇𝑝,𝑎(𝑡) (D.51) 
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𝑑𝑇𝑝,𝑎(𝑡)

𝑑𝑡
= (

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)𝑇𝑚,1,𝑎(𝑡) − (

1

𝐶𝑝𝑅𝑝,𝑎
+

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
) 𝑇𝑝,𝑎(𝑡) (D.52) 

  

These equations are then organized in state space format, with the following state vector. 

    𝒙 = [

𝑇𝑚,2,𝑎(𝑡)

𝑇𝑚,1,𝑎(𝑡)

𝑇𝑝,𝑎(𝑡)
] (D.53) 

As the system reacts to initial conditions rather than a temperature or heat flow input, there 

is no input matrix or input vector, and the state matrix is defined as follows. 

𝐴 =

[
 
 
 
 
 − (

1

𝐶𝑚𝑅𝑚,𝑎𝑚𝑏
+

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
)

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
0

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
−(

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
+

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓

0
1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
−(

1

𝐶𝑝𝑅𝑝,𝑎
+

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)
]
 
 
 
 
 

 (D.54) 

The output vector is defined as the following to predict the temperature of the upper metal 

bead, lower metal bead, and polymer. 

    𝒚 = [1 1 1] [

𝑇𝑚,2,𝑎(𝑡)

𝑇𝑚,1,𝑎(𝑡)

𝑇𝑝,𝑎(𝑡)
] (D.55) 

The system in state space format is entered into MATLAB for analysis, using the variable 

values listed in Table 12. 

 

The eigenvalues of the state matrix with these variable values, which are equivalent to the 

poles of the system, are -6.9, -0.006, and -0.0003. Three negative poles indicate that the 

system is stable and that temperatures of both metal layers and the polymer approach room 

temperature over time in response to initial temperature conditions. The poles are also real, 

indicating that the system is overdamped and that the temperatures do not oscillate while 

settling, as expected of a heated component cooling to ambient temperature. Each of these 

three poles corresponds one section of material. The top metal layer, which cools at the 

fastest rate due to a higher thermal conductivity than the polymer and more exposure to 

ambient temperature than the bottom metal layer, corresponds to the larger pole, the bottom 

metal layer corresponds to the second largest pole, and the polymer corresponds to the 
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smaller pole. This conclusion can be confirmed by plotting the response of both the 

polymer and the metal and calculating the time constant from these plots. 

 

Figure 121: The predicted temperatures of a second deposited metal bead (top), the first 

deposited bead (middle), and the polymer substrate (bottom) over time in response to 

initial temperature conditions. 

Alternatively, the system can be modeled as a metal bead resting on top of a polymer 

substrate that is exposed to energy from the laser, as shown in Figure 122. 

 

Figure 122: A second metal bead on a polymer substrate exposed to energy from the 

laser. 



205 

 

This scenario is modeled as the thermal circuit shown in Figure 123, where all thermal 

resistivity and thermal capacitance values are defined in equations 3.1 – 3.8 and where the 

energy from the laser is defined in 3.27 and 3.28. 

 

Figure 123: Thermal circuit of a second metal bead on a polymer substrate exposed to 

energy from a laser. 
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The thermal circuit in Figure 123 is simplified by combining pairs of resistances in series, 

as done in equations 3.9-3.11 to obtain the simplified thermal circuit shown in Figure 124. 

 

 

Figure 124: Simplified thermal circuit of a second metal bead on a polymer substrate 

exposed to energy from a laser. 
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Like the analysis in equations 3.43-3.45, Kirchhoff’s current law, which states that the 

currents (heat flow) entering a node must equal the currents (heat flow) leaving a node, is 

applied to the Tm,2, Tm,1, and Tp nodes, with heat flow Q being analogous to current flow. 

   𝑄𝑙𝑎𝑠𝑒𝑟 = 𝑄𝐶𝑚
+ 𝑄𝑅𝑚,𝑎𝑚𝑏

+ 𝑄𝑅𝑚.𝑐𝑜𝑛𝑑
 (D.56) 

    𝑄𝑅𝑚,𝑐𝑜𝑛𝑑
= 𝑄𝐶𝑚

+ 𝑄𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
 (D.57) 

    𝑄𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
= 𝑄𝐶𝑝

+ 𝑄𝑅𝑝,𝑎𝑚𝑏
 (D.58) 

Heat flow through a thermal capacitor is equivalent to the product of the thermal 

capacitance and the derivative, with respect to time, of the temperature at that node, and 

heat flow through a thermal resistor is equivalent to the quotient of the difference in 

temperatures across the resistor the thermal resistance. 

  𝑄𝑙𝑎𝑠𝑒𝑟 = 𝐶𝑚
𝑑𝑇𝑚,2(𝑡)

𝑑𝑡
 +

𝑇𝑚,2(𝑡)−𝑇𝑎

𝑅𝑚,𝑎𝑚𝑏
+

𝑇𝑚,2(𝑡)−𝑇𝑚,1(𝑡)

𝑅𝑚,𝑐𝑜𝑛𝑑
 (D.59) 

   
𝑇𝑚,2(𝑡)−𝑇𝑚,1(𝑡)

𝑅𝑚,𝑐𝑜𝑛𝑑
= 𝐶𝑚

𝑑𝑇𝑚,1(𝑡)

𝑑𝑡
+

𝑇𝑚,1(𝑡)−𝑇𝑝(𝑡)

𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
 (D.60) 

   
𝑇𝑚,1(𝑡)−𝑇𝑝(𝑡)

𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
= 𝐶𝑝

𝑑𝑇𝑝(𝑡)

𝑑𝑡
+

𝑇𝑝(𝑡)−𝑇𝑎

𝑅𝑝,𝑎𝑚𝑏
 (D.61) 

This set of first-order differential equations can be re-arranged in state space format, where 

x is the state vector, u is the input, and y is the output, as shown in equation 3.16. Again, 

the variable substitutions in equations 3.17 and 3.18 are made prior to defining the system 

to enable state format. The final temperatures of the metal and polymer are then determined 

by summing the ambient temperature and the substituted variables after the solution is 

derived. These substitutions enable the following coupled first-order differential equations, 

describing the temperatures of the metal and the polymer after the deposition of the metal 

on the polymer. 

 

 
𝑑𝑇𝑚,2,𝑎(𝑡)

𝑑𝑡
= −(

1

𝐶𝑚𝑅𝑚,𝑎𝑚𝑏
+

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
)𝑇𝑚,2(𝑡) + (

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
) 𝑇𝑚,1(𝑡) (D.62) 

𝑑𝑇𝑚,1,𝑎(𝑡)

𝑑𝑡
= (

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
) 𝑇𝑚,2(𝑡) − (

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
+

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
) 𝑇𝑚,1(𝑡) + (

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
) 𝑇𝑝,𝑎(𝑡) (D.63) 

 
𝑑𝑇𝑝,𝑎(𝑡)

𝑑𝑡
= (

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)𝑇𝑚,1,𝑎(𝑡) − (

1

𝐶𝑝𝑅𝑝,𝑎
+

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
) 𝑇𝑝,𝑎(𝑡) (D.64) 

These equations are then organized in state space format, with the following state vector. 
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    𝒙 = [

𝑇𝑚,2,𝑎(𝑡)

𝑇𝑚,1,𝑎(𝑡)

𝑇𝑝,𝑎(𝑡)
] (D.65) 

The input is the energy from the laser, so the input is as follows 

    𝑢 = 𝑄𝑙𝑎𝑠𝑒𝑟 (D.66) 

The state space format is then defined with the following state and input matrices 

𝐴 =

[
 
 
 
 
 − (

1

𝐶𝑚𝑅𝑚,𝑎𝑚𝑏
+

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
)

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
0

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
−(

1

𝐶𝑚𝑅𝑚,𝑐𝑜𝑛𝑑
+

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)

1

𝐶𝑚𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓

0
1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
− (

1

𝐶𝑝𝑅𝑝,𝑎
+

1

𝐶𝑝𝑅𝑐𝑜𝑛𝑑,𝑒𝑓𝑓
)
]
 
 
 
 
 

 (D.67) 

 

    𝐵 = [

1

𝐶𝑚

0
0

] (D.68) 

The output vector is defined as the following to predict the temperature of the upper metal 

bead, lower metal bead, and polymer. 

    𝒚 = [1 1 1] [

𝑇𝑚,2,𝑎(𝑡)

𝑇𝑚,1,𝑎(𝑡)

𝑇𝑝,𝑎(𝑡)
] (D.69) 

The system in state space format was entered into MATLAB for analysis, using the variable 

values listed in Table 12. The laser power is set to be 100W and the scan speed of the laser 

is set to be 600mm/min. These conditions are used to calculate a power impulse of 127W, 

which is implemented into the system model in MATLAB to predict the temperature 

responses of the polymer and metal, shown in Figure 117. 

 

The eigenvalues of the state matrix with these variable values, which are equivalent to the 

poles of the system, are -6.93, -0.006, and -0.0003. Two negative poles indicate that the 

system is stable and temperatures of both metal layers and the polymer approach room 

temperature over time in response to laser heat flow input. The poles are also real, 

indicating that the system is overdamped and that the temperatures do not oscillate while 

settling, as expected of a hot component cooling to ambient temperature. Each of these 

three poles corresponds one section of material. The top metal layer, which cools at the 

fastest rate due to a higher thermal conductivity than the polymer and more exposure to 
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ambient temperature than the bottom metal layer, corresponds to the larger pole, the bottom 

metal layer corresponds to the second largest pole, and the polymer corresponds to the 

smaller pole. This conclusion can be confirmed by plotting the response of both the 

polymer and the metal and calculating the time constant from these plots. 

 

 

 

Figure 125: The predicted temperatures of a second deposited metal bead (top), the first 

deposited bead (middle), and the polymer substrate (bottom) over time in response to an 

impulse. 
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Figure 126: An example of a thermal circuit in which a heat source Q is applied to a 

material with thermal capacitance C and thermal resistance R. 

Thermal circuits are useful in representing 1-dimensional heat transfer scenarios. For 

example, Swift et al. used thermal circuit modeling to derive the thermal heat flow in power 

transformers, and Peng et al. used thermal circuits to estimate part temperature history 

during powder bed fusion [143, 144]. These circuit models are particularly useful in 

situations that might require state-space representation of the heat transfer scenario, such 

as in controls and optimization applications. For example, Ghiaus and Hazyuk used thermal 

circuit modeling to calculate the optimal thermal load of intermittently heated buildings 

via an unconstrained optimal control algorithm [145]. Although thermal circuit models are 

useful in these applications, their applicability is constrained by the 1-dimensional lumped 

parameter assumptions required to complete the model. 
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APPENDIX E. THERMAL MODEL RESULTS 

 

Figure 127: Semi-infinite temperature model results for varying laser speed on CF ABS. 



212 

 

 

Figure 128: Semi-infinite flux model results for varying laser speed and power on CF 

ABS. 
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Figure 129: Rosenthal model results for varying laser speed and power on CF ABS. 
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Figure 130: Semi-infinite temperature model results for varying laser speed on PLA. 



215 

 

 

Figure 131: Semi-infinite flux model results for varying laser speed and power on PLA. 
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Figure 132: Rosenthal model results for varying laser speed and power on PLA. 
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Figure 133: Semi-infinite temperature model results for varying laser speed on WF PLA. 
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Figure 134: Semi-infinite flux model results for varying laser speed and power on WF 

PLA. 
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Figure 135: Rosenthal model results for varying laser speed and power on WF PLA. 
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Figure 136: Semi-infinite temperature model results for varying laser speed on GF ABS. 
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Figure 137: Semi-infinite flux model results for varying laser speed and power on GF 

ABS. 
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Figure 138: Rosenthal model results for varying laser speed and power on GF ABS. 
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Figure 139: Semi-infinite temperature model results for varying laser speed on GF nylon. 
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Figure 140: Semi-infinite flux model results for varying laser speed and power on GF 

nylon. 
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Figure 141: Rosenthal model results for varying laser speed and power on GF nylon. 
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