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ABSTRACT 

 

 

Selective laser sintering is an additive manufacturing process that opens many 

design possibilities but is limited in its reliability and reproducibility. Numerical 

simulations validated by experimental data yield insights into the process and resulting 

part properties, allowing users to make more informed decisions. In this dissertation, a 

model for the process and microstructure is developed and validated, followed by a 

coupling to mechanical models to predict part performance. Further developments 

include a new addition of a reaction kinetics model to the process model to describe the 

interplay between thermal degradation and melt pool properties, and an exploration of the 

parameter space with respect to different laser beam profiles.  
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CHAPTER ONE 

 

INTRODUCTION 

 

 

Additive manufacturing (AM), commonly known as 3D printing, is a 

manufacturing process that provides unprecedented design flexibility and the ability to 

produce complex geometries with improved efficiency. Among the seven major 

categories of AM, Powder Bed Fusion (PBF) stands out as one of the earliest and most 

versatile. PBF is adept at processing a wide range of materials, including polymers, 

metals, ceramics, and composites [1], [2]. In this process, powder layers are fused 

together layer by layer using energy sources, such as lasers or electron beams. 

Selective Laser Sintering (SLS), a pioneering PBF technique developed at the 

University of Texas at Austin, remains a widely adopted method [1]. SLS is particularly 

notable for its use of polymers, with Polyamide 12 (PA12) being the most prevalent due 

to its superior characteristics like low processing temperatures, minimal laser power 

requirements, and high precision in the final product [3]. SLS is used for serial 

production of structural components in the automotive and aerospace industries, among 

others.  

However, the broad adoption of SLS faces challenges, primarily due to 

uncertainties surrounding part quality, which is attributed to the complexity of the 

process and a not fully understood array of physical mechanisms [4], [5]. The quality of 

SLS parts is influenced by numerous parameters, approximately 100, with about 20 

having a primary effect on the outcome [6]–[8]. These include laser power, scan velocity, 

scan spacing, layer height, chamber temperature, powder properties, and build orientation 
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[6]–[8]. The laser parameters are crucial as they determine the energy imparted to the 

powder bed, which in turn affects the degree of particle melting and fusion, significantly 

influencing the mechanical properties of the final product [8], [9].  

The relationship between these parameters is often conceptualized through the 

lens of energy density, which provides a simplified understanding of their combined 

effect. Volumetric energy density Ev, defined by Equation (1), encapsulates the 

interaction of laser power P, scan velocity v, scan spacing S, and layer height L [8], [10]. 

 v

P
E

SL
=  (1) 

Studies by Caulfield et al. and others have established the critical role of energy 

density in determining part density and mechanical properties, highlighting the 

importance of maintaining appropriate energy density levels to prevent degradation while 

ensuring sufficient material fusion [8], [10]–[13]. 

Despite the insights gained from experimental studies, the trial-and-error 

approach to optimizing SLS process parameters is both costly and time-consuming [14]. 

This has led to the increasing relevance of computational modeling, particularly the finite 

element method (FEM), as a more efficient way to understand the SLS process. FEM 

models, which represent the powder as a continuum with uniform properties, have been 

instrumental in studying various aspects of SLS, including heat transfer, fluid flow, 

crystallization, and melting  [14], [15]. 
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Research Gap 1 

Recent advancements in the modeling of SLS, such as those by Soldner et al., Li 

et al., and Mokrane et al., have contributed significantly to our understanding of the 

process. These models have explored various aspects, including nonisothermal 

crystallization, shrinkage, warpage, and densification [14]–[16]. However, a 

comprehensive model that integrates mechanical properties into the simulation of the 

SLS process remains a significant gap in the field (Table 1) [14]–[20]. 

Table 1: Literature review of process models for SLS. 

Work 
Laser 

Model 

Crystall-

ization 

Densi-

fication 

Stress-

Strain 

Perform-

ance 

Bugeda et 

al. [1999] 
✓  ✓   

Xin et al. 

[2017] 
✓  ✓   

Soldner et 

al. [2021] 
✓ ✓    

Mokrane et 

al. [2018] 
✓ ✓ ✓   

Ganci et al. 

[2017] 
✓     

Amado et 

al. [2015] 
 ✓    

Li et al. 

[2020] 
✓ ✓ ✓   
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Addressing this gap, the present study introduces a FEM-based multiscale-

multiphysics framework to capture the behavior of semicrystalline SLS PA12 throughout 

the various stages of the SLS process, from powder melting to non-isothermal 

crystallization and through final part performance. This framework enables the prediction 

of how laser power influences the properties and performance of SLS parts, offering a 

novel approach to improve material compositions and manufacturing processes for 

complex shapes. 

A wide range of physical phenomena are incorporated to model the SLS process, 

such as heat conduction, convection, radiative transfer, nonisothermal crystallization, 

melting, and sintering. A novel aspect is the integration of Beer-Lambert's law with a line 

input model for laser interaction. The ability to predict porosity variations in response to 

different laser powers makes it a unique contribution to the field. A multi-mechanism 

mechanical model, developed by Tatiana Stepanova (Clemson University), accounts for 

crystalline and amorphous phases using numerical homogenization for the periodic 

porosity throughout the material. This study not only enhances our understanding of the 

SLS process for polymers but also sets the stage for future research and applications. 

While similar frameworks have been developed for metal laser sintering, the distinctive 

thermal, microstructural, and rheological characteristics of polymers necessitate a 

different approach, as demonstrated in this work [7]. Through this research, we aim to 

bridge the gap in process-structure-property-performance understanding, ultimately 

paving the way for more efficient and effective use of SLS in various industrial 

applications. 
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Research Gap 2 

 Although energy density must be high enough to achieve sufficient part density 

and mechanical strength, high processing temperatures can inadvertently degrade the 

polymer. Energy density exhibits a positive correlation with part density up to a certain 

threshold. Beyond this point, further increases in energy density do not enhance, and may 

even reduce, part density due to thermal degradation [21], [22]. This degradation 

primarily occurs through post-condensation, which not only increases the polymer's 

molecular weight, making the material more viscous and less capable of coalescing 

effectively but also releases water, further complicating the sintering process (Figure 1) 

[23]–[29]. Specifically, under the nitrogen atmosphere commonly used in SLS and at the 

processing temperatures typical of this method, polyamides are known to undergo 

significant post-condensation [26]. Polyamides follow single-stage, first-order chemical 

reaction that can be precisely quantified using thermogravimetric analysis (TGA) [30]. 

 

Figure 1: Post-condensation within the melt pool during SLS [23]. 

Recent advancements in heat transfer models for SLS have significantly improved 

our understanding of melt pool dynamics (Table 2) [14]–[16], [18], [31], [32]. 
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For metal sintering, comprehensive models exist that account for various 

phenomena such as vaporization, mass loss, energy dissipation, recoil pressure, and 

alterations in chemical composition [7], [33], [34].  

However, a critical gap remains in our understanding of thermal degradation 

mechanisms within the melt pool, especially concerning thermoplastics like polyamides. 

This gap in knowledge is significant because understanding the impact of thermal 

degradation on melt pool temperature is crucial for predicting and controlling 

microstructure and mechanical properties. 

Given this context, the specific research gap addressed in this chapter is the 

impact of post-condensation reactions of polyamide 12 (PA12) on the thermal 

characteristics of the melt pool. While the effects of post-condensation on molecular 

weight and viscosity are well understood, it is unknown how a loss of mass from the 

reaction affects melt pool temperature.  

Table 2: Literature review of heat transfer models in SLS. 

Work 
Laser 

Model 

Cond-

uction 

Convec-

tion 
Emission Radiator Degradation 

Childs et 

al. [1999] 
✓ ✓     

Dong et 

al. [2009] 
✓ ✓ ✓ ✓   

Xin et al. 

[2017] 
✓ ✓ ✓ ✓   

Mokrane 

et al. 

[2018] 

✓ ✓ ✓ ✓   
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Li et al. 

[2020] 
✓ ✓ ✓    

Soldner 

et al. 

[2021] 

✓ ✓ ✓ ✓ ✓  

 

Research Gap 3 

In SLS, a high manufacturing speed is desired but not at the expense of part 

quality. Maintaining processing temperatures below the critical threshold of 320 °C is 

essential to mitigate thermal degradation and preserve part quality [21]. Over 96% of SLS 

processes operate with laser powers no greater than 100 W to ensure high quality and 

resolution [35]. However, laser beam shaping is a possible way to transcend those 

constraints. 

By changing the intensity distribution of the laser, temperature gradients can be 

reduced, leading to lower temperatures. Then, higher laser powers and scan velocities can 

be used leading to faster builds without sacrificing part quality [35]. 

 While Gaussian beams have the best focusing properties and are widely used, 

they produce high temperature gradients in the substrate and high temperatures in the 

center [35], [36]. Alternative beam shapes, such as elliptical, top-hat, ring, and Bessel 

beams, emerge as viable solutions to the challenges posed by Gaussian beams, potentially 

revolutionizing SLS processing strategies. 

The exploration of non-Gaussian beam profiles, notably ring and top-hat beams, 

has been documented (Table 3) to extend the processing window and increase build rates 
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in metal Laser Powder Bed Fusion (LPBF) [35], [37]–[39]. These beams are 

characterized by shallower temperature gradients within the melt pool, an attribute 

particularly advantageous for LPBF, where maintaining processing temperatures within a 

precise range is crucial. Furthermore, elliptical and Bessel beams have been associated 

with the formation of more equiaxed microstructures in metal LPBF, suggesting their 

influence extends beyond processing parameters to affecting the microstructural integrity 

of the final parts [40]–[44]. 

Despite these advancements in metal LPBF, a research gap exists regarding the 

application and effects of varied laser beam profiles on the SLS of semi-crystalline 

thermoplastics. Given the distinct thermal and physical properties of polymers—such as 

lower thermal diffusivity, lower viscosity, different optical properties, and differing 

mechanisms of microstructure formation—there is a compelling need for dedicated 

research to understand how these alternative beam profiles influence the melt pool 

dynamics, processing windows, and ultimately, the microstructure of polymer-based SLS 

parts. 

This chapter seeks to address a critical research gap: assessing the impact of 

different laser beam profiles on the melt pool characteristics, processing windows, and 

microstructural outcomes in SLS processes involving semi-crystalline polymers. The 

overarching goal is to discern whether alternative beam shaping strategies can replicate 

the successes observed in metal additive manufacturing, thereby enhancing the efficiency 

and quality of polymer SLS processes. 

Table 3: Literature review of beam profile studies in LPBF. 
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Work Material 
Experi-

mental 

Num-

erical 

Ring 

Top-

Hat 

Elliptical Bessel 

Protasov 

et al. 

[2017] 

316L SS  ✓ 
✓ ✓   

Metel et 

al. [2018] 

CoCrMo 

Alloy 
✓  

✓ ✓   

Roehling 

et al. 

[2020] 

316L SS ✓  
  ✓  

Matthews 

et al. 

[2020] 

316L SS ✓ ✓ 
  ✓ ✓ 

Tumkur 

et al. 

[2020] 

316L SS ✓ ✓ 
   ✓ 

Shi et al. 

[2020] 
316L SS  ✓ 

  ✓  

Grünewal

d et al. 

[2021] 

AISI 

316L 
✓  

✓    

Grigoriev 

et al. 

[2022] 

CoCr 

Alloy 
 ✓ 

✓ ✓   

Moore et 

al. [2024] 
304L SS  ✓ 

✓   ✓ 

 

Dissertation Structure 

In this dissertation, I describe the development of an advanced process model for 

SLS and its validation with experimental data. In Chapter Two, the process model is 

integrated into a mechanical model to enable process-structure-property-performance 
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modeling. A thermal degradation model is developed and integrated into the process 

model in Chapter Three. Chapter Four explores the impact of different laser beam 

profiles on melt pool characteristics, processing windows, and microstructure. 



 11 

CHAPTER TWO 

 

PROCESS-STRUCTURE-PROPERTY-PERFORMANCE MODELING 

 

Task 1 is to establish a process-structure-property-performance framework by 

using heat transfer, laser, sintering, and crystallization models to generate representative 

volume elements (RVEs) for use in mechanical and performance models. It begins with 

the process data card which consists of models for relaxation time, viscosity, viscoelastic 

sintering, bubble dissolution, melting, density, thermal conductivity, specific heat 

capacity, crystallization kinetics, and the laser. With these models, process simulations 

can predict porosity, which can be validated with experimental measurements. A 

representative volume element is generated and used as an input to mechanical and 

performance models (developed by Tatiana Stepanova).  

Experimental Methods and Materials 

Materials 

The material utilized in this study is PA12, a semi-crystalline thermoplastic 

known for its advantageous properties in SLS applications. Accounting for approximately 

95% of materials used in SLS processes, PA12's popularity in this domain can be 

attributed to its distinct physical characteristics [45]. Due to its high heat of melting, low 

melting temperature, low zero-shear viscosity, and low surface tension, it is extremely 

well suited for SLS processing, giving operators fine control over melting and sintering 

and enabling the production of nearly fully dense parts [46].  

Our study specifically utilizes the commercial DuraForm ProX PA grade PA12 

powder supplied by 3D Systems. To ensure consistency and repeatability all specimens 
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were printed using refreshed DuraForm ProX PA powder. This refreshed powder is a 

mixture of 40% virgin and 60% previously used powder as recommended by the 

manufacturer, critical to maintaining the material properties conducive for optimal SLS 

processing.  

Selective Laser Sintering Process 

The SLS process unfolds in three distinct stages, each critical to the quality of the final 

product. In preparation, the printing chamber is filled with nitrogen to prevent oxidation 

and degradation of the powder, ensuring consistent material properties [1]. 

1. Sintering Stage: In this stage, a CO2 laser selectively melts the powder bed, 

defining the layer's geometry and density. 

2. Layering and Support: After each scan, the build platform is lowered by 100 

µm. A new powder layer is then evenly spread over the previous one using a 

counter-rotating roller. The non-sintered powder around the part provides the 

necessary support for complex structures. 

These steps are repeated until the part is fully constructed. The layer-by-layer technique 

enables the creation of complex geometries. 

3. Cooling and Post-Processing: After sintering, the chamber cools down to 

solidify the parts. Once cooled, the parts are extracted, and the unused powder is 

collected for reuse, enhancing process sustainability [47]. 
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Process Parameters 

This study utilized two SLS machines with similar capabilities, namely the SLS ProX 

6100 and SLS ProX 380, both provided by 3D Systems, to fabricate specimens at varying 

laser powers. 

1. Initial Batch with SLS ProX 6100: The initial set of specimens was produced 

using the SLS ProX 6100, adhering to the manufacturer's recommended optimal 

process parameters (see Table 4. List of SLS process parameters.). The primary 

focus for this batch was to establish a baseline with an optimal laser power set at 

62 W. 

2. Variable Laser Power with SLS ProX 380: To investigate the effects of 

different laser powers, the SLS ProX 380 was employed. This machine was used 

to fabricate additional specimens while maintaining all process parameters 

constant, except for the fill laser power. The fill laser power was varied across 

three settings: 31 W, 80 W, and 100 W, while the outline laser power was 

consistently maintained at 20 W. These variations are also detailed in Table 4. 

Specimens were printed in the X-orientation (lying flat) in the dimensions of ASTM 

D638 Type I. All parts were post-processed by bead blasting and freshwater rinsing to 

remove loose powder and smooth the surface. 

Table 4. List of SLS process parameters. 

Fill Laser power (P) 31 W, 62 W, 80 W, 100 W 

Fill Scan velocity (v) 12,700 mm/s 

Outline Laser Power 20 W 
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Outline Scan Velocity 5,000 mm/s 

Layer thickness (L) 0.1 mm 

Scan spacing (S) 0.2 mm 

Scanning direction Alternating every layer 

Preheating temperature 0-4.572mm = 130°C 

4.572mm-6.35mm= 155° 

6.35-13mm= 170.5 

Scan Strategy 

The laser scan strategy deployed in this study is multifaceted and is designed to 

maximize the precision and quality of the sintered parts. This strategy is executed in two 

main phases: fill scans and outline scans, as illustrated in Figure 2. 

1. Fill Scans: The initial phase involves the fill scans, where the bulk of the layer is 

sintered. Parameters governing this phase include laser power, scan velocity, and scan 

spacing, which is the center-to-center distance between adjacent fill scan lines. These 

settings are critical for ensuring uniform energy distribution and optimal melting of 

the powder. 

2. Outline Scans: Following the fill scans, outline scans are performed to define the 

precise contours of the part. This phase is characterized by its own set of parameters: 

laser power, scan velocity, and offset distance. The offset distance is the center-to-

center spacing between the fill and outline scans, crucial for achieving sharp edges 

and accurate part dimensions. 
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A key feature of the employed scan strategy is the use of SinterScan, which alternates 

the direction of the fill scans between the X and Y axes with each layer. This alternating 

pattern helps to mitigate residual stresses and promotes uniform part density. 

Additionally, the 'Sorted Fill' option is activated, enhancing the efficiency of the sintering 

process. This feature optimizes the laser's path by avoiding movements across voids 

larger than 6.35 mm unless necessary. By reducing the time spent traversing empty 

spaces, the process becomes more time-efficient without compromising part quality. 

 

 

Figure 2. Scan strategy for (a) fill and (b) outline scans. 

Characterization Methods 

Differential Scanning Calorimetry 

Thermal properties of both the DuraForm ProX PA powder and the SLS 

specimens were evaluated using two DSC instruments: the DSC 250 and the DSC Q20, 

provided by TA Instruments, New Castle, DE, USA. Data analysis was conducted using 

 

 

             
                        

                  

(a) (b) 
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TRIOS software version 5.1.1.46572 (TA Instruments) and MATLAB R2021a (version 

9.10.0.1739362, MathWorks, Natick, MA, USA), facilitating interpretation of the thermal 

behavior of the materials. 

Specific Heat Capacity 

The specific heat capacity was determined following the ASTM E2716-23 

standard for modulated temperature DSC tests. The procedure involved a modulation 

period of 120 seconds, a temperature amplitude of 1.0 °C, and a heating ramp rate of 3 °C 

min-1. The reversing heat flow measured during these tests was divided by the heating 

rate to derive the reversing heat capacity [48]. The sample, consisting of DuraForm ProX 

PA powder at a 40% refresh ratio, weighed 8.195 mg and was placed in a Tzero 

Aluminum pan sealed with a hermetic lid for testing. 

Heat of Melting and Crystallinity 

For these measurements, samples with a mass of 9±1 mg were heated at 10 °C 

min-1 past their melting point, in accordance with ISO 11357-3 standards. The heat of 

melting was calculated using TRIOS software by employing peak integration against a 

sigmoidal curve. This heat of melting data was then used to ascertain the absolute degree 

of crystallinity, expressed as a mass fraction, utilizing the known heat of melting for 

100% crystalline PA12 (209.3 J g-1) and equation (2) [49], [50].  

      (2) 

Sample preparation included virgin, refreshed, and aged powder—the latter 

collected post-printing of the tensile specimens—as well as samples from the central 
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portion of these specimens. To ensure analysis consistency, tensile samples were bisected 

along the central axis (Figure 3), and thin sections were extracted from the inner regions 

of the cross-section, deliberately excluding any surface material. 

 

Figure 3: Schematic of axis of bisection for tensile specimens. 

Crystallization Kinetics 

The study of PA12 crystallization kinetics was conducted in accordance with ISO 

11357-7 guidelines. To begin, powder samples with a mass of 3±1 mg were selected for 

analysis. These samples underwent a controlled heating process, where they were heated 

at 10 °C min-1 up to 230 °C. Upon reaching this temperature, the samples were 

maintained at a constant temperature for 5 minutes to ensure complete melting. 

Following the melting phase, the methodology transitioned to isothermal crystallization 

tests. During these tests, the molten samples were rapidly cooled at 200 °C min-1 rate to 

reach the target isothermal crystallization temperature, Tc. A range of Tc values was 

explored to understand the crystallization behavior at different temperatures 

comprehensively. The specific temperatures investigated were 160, 162, 164, 166, and 

168 °C. Once each sample reached its designated Tc, the isothermal condition was 

maintained until the heat flow signal stabilized back to the baseline or sufficient time had 

passed according to the ISO standard. 
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Micro-CT 

High-resolution imaging of the tensile specimens was conducted using a Quantum 

GX-2 Micro-CT scanner from PerkinElmer, based in Waltham, MA, USA. The 

specimens were scanned with a resolution of 20 µm. Operating parameters for the scans 

included an x-ray voltage of 90 kV and an amperage of 88 µA. The focus of the scanning 

was on the center region of the specimens as indicated in Figure 3. 

After scanning, the Micro-CT images were reconstructed into three-dimensional 

models using DataViewer software version 1.5.6.2 from Bruker microCT, Kontich, 

Belgium. During this reconstruction, the object was aligned with the viewing axes, and a 

specific volume of interest was selected for analysis. This selection process intentionally 

excluded the surfaces and edges of the specimens to mitigate the influence of surface 

roughness on the imaging results. Images corresponding to this volume of interest were 

then extracted from three distinct viewing axes: coronal, sagittal, and transverse. Images 

from the coronal view represent X-Y planes spaced along the Z-axis of the part, which is 

the direction of layer deposition. This specific orientation was chosen to enable the 

detection of layer-wise variations in porosity, as other viewing planes did not exhibit 

significant trends in porosity perpendicular to the layer deposition axis. 

For the quantitative analysis of porosity, ImageJ software (Java 1.8.0_345) from 

the National Institutes of Health, Bethesda, MD, USA, was utilized. The software was 

configured with custom macros to analyze entire image sets, employing local and global 

thresholding methods to calculate area percentage porosity. In local thresholding, unique 

threshold values were automatically determined for each image to calculate the area 
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percentage. Conversely, global thresholding used a uniform threshold value across all 

images in a set, determined by the statistical mode of the local threshold values. The 

average area percentage derived from global thresholding served as a representative 

measure of the sample's porosity, following the principle of Delesse [51]. 

Density Measurements 

Density measurements of the specimens were conducted on rectangular sections 

extracted from the gauge section of the bisected specimens. Each section was prepared 

with a target length of 19±2 mm. Precise dimensions—length, width, and thickness—of 

these samples were determined using calipers. For mass determination, a precision scale 

capable of milligram measurements was employed. 

The volume of each sample was calculated using the formula: volume = length × 

width × thickness. To obtain the density of each sample, the measured mass was divided 

by the calculated volume, according to the formula: density = mass / volume. 

Model Framework 

The multiscale-multiphysics framework (Figure 4) begins by simulating the SLS 

process at the microscale, considering various SLS process parameters. This simulation 

predicts the porosity distribution within the printed parts, a key factor influencing their 

mechanical properties. By bridging the gap between process simulation and mechanical 

behavior, multiscale-multiphysics framework offers a holistic view of SLS parts 

fabrication and performance. It provides a deeper understanding of how SLS process 

parameters influence the final mechanical properties of the printed parts, paving the way 

for optimized manufacturing processes and enhanced material design. The mechanical 
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model, developed by Tatiana Stepanova, considers the contributions of amorphous and 

crystalline phases of the material. 

 

Figure 4. Modeling framework composed of process and mechanical models1. 

 
1 This diagram has been jointly prepared with Tatiana Stepanova (May 2024 dissertation: PROCESS-

STRUCTURE-PERFORMANCE MODELING FOR SEMICRYSTALLINE THERMOPLASTICS AND 

COMPOSITES). 
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Process Model 

The process model is designed to predict the microstructural characteristics of 

parts fabricated through SLS, utilizing specific printing parameters as its foundation. This 

prediction is accomplished by integrating simulations of microstructure evolution, 

focusing on crystallization and densification, within a thermal model. The core 

mechanism of this thermal model is the radiative heating effect induced by the laser, 

which plays a pivotal role in the SLS process. 

Central to heating is the laser model, which precisely delineates the laser's 

geometry and its dynamic movements as it interacts with the powder bed, providing the 

essential thermal energy required for sintering. The thermal model also considers the 

material's specific heat capacity, which is crucial for understanding the amount of heat 

necessary to alter the material's temperature, aside from phase changes.  

A critical aspect of the simulation involves establishing the crystallinity of the 

powder, a factor that significantly influences the melting process due to its direct 

correlation with the heat absorption characteristics of the material. This is where the 

crystallization kinetics model comes into play, offering detailed insights into the melting 

and recrystallization behaviors of the material under the influence of laser heating. 

Further, the model incorporates a densification mechanism, which is essential for 

capturing the sintering and bubble dissolution processes, leading to the coalescence of 

powder particles into a solid mass. The heat equation provides the unifying framework 

for these diverse simulations, which integrates the thermal interactions across the model. 
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The entire process model is implemented using MOOSE (Multiphysics Object-

Oriented Simulation Environment) for finite element analysis (FEA). The model achieves 

a high level of versatility, allowing for an in-depth exploration of the process parameters' 

impact on the resulting microstructure of SLS-produced parts. Values of model 

parameters are summarized in Appendix A. 

Laser Model 

In the SLS process, the laser's intensity distribution is characterized by a Gaussian 

profile. This was first articulated in the context of welding simulations by Goldak et al. in 

1984, who proposed a three-dimensional ellipsoidal Gaussian distribution model [52]. 

While this Gaussian ellipsoidal model, shown at the top left of Figure 5, is both simple 

and accurate, several changes were made to enhance its accuracy and implementation. 

The velocity term is replaced with a system that reads time-paired coordinates 

from an input file, dictating the laser's position. The model's coordinate system is aligned 

such that the x and y axes are parallel to the powder bed surface, with the z-axis 

perpendicular to it. In this system, xi denotes the x-coordinate of the laser's focus at a 

given time i, with xi+1 representing its position at the subsequent time step, and so forth.  

The laser radii in the x and y directions, rx and ry, are fixed at 225 µm, aligning 

with the specifications of the SLS production systems used in this study. These radii 

define the Gaussian distribution such that the intensity at rx and ry are equal to 1/e2 times 

the maximum intensity. 
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Rather than a Gaussian distribution normal to the surface, this model incorporates 

the Beer-Lambert law to describe the decay of laser intensity as it penetrates the powder 

bed. This law has been validated through various studies for its accuracy in modeling 

laser intensity decay through powder [16], [53]–[56]. The extinction coefficient, β, is set 

at 9000 m-1, derived from a combined experimental and numerical analysis of PA12 

powder's optical properties subject to a CO2 laser [53]. The absorptivity A (0.94), is set to 

the complement of PA12 powder's reflectivity when exposed to a CO2 laser [57]. 

This form of the model (Figure 5 top right) produces the intensity distribution of 

the laser for an instant in time, setting a constraint on the duration of time steps in the 

simulation. Adhering to the Courant Friedrichs Lewy (CFL) condition necessitates that 

time steps are small enough to not skip elements in the mesh [58]. However, reducing the 

time step size to meet the CFL condition can result in an impractically high number of 

steps for the simulation. Addressing this limitation, Irwin et al. developed the line input 

model, allowing larger time steps [59]. To perform this transformation from 𝑞ℓ to 𝑞ℓ̅, the 

function is integrated over time respective to its traversal in the x direction and the time 

average is calculated (Figure 5 middle). 

To enable the laser to move at any angle parallel to the powder bed surface, a 

rotation matrix is utilized. This matrix transforms the coordinate system to a new 

orientation where the polar angle of the laser is zero. The angle ω, representing the laser's 

directional change, is calculated using the current and next x and y positions. Then, the xω 

and yω coordinates replace the x and y coordinates in 𝑞ℓ̅ and the final form of the model 

is obtained (Figure 5 bottom). 
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Figure 5. The transition from the Gaussian ellipsoidal model (top left), to the Gaussian 

Beer-Lambert model (top right), to the line input version (middle), and to the line input 

version capable of x and y traversal (bottom). 

Specific Heat Capacity 

The specific heat capacity of DuraForm ProX PA powder, with a 40% refresh 

ratio, was measured using a modulated temperature DSC test, as depicted in Figure 6. 

Prior to conducting this test, the DSC instrument underwent a thorough calibration to 

ensure precision. The calibration constants obtained were verified to be within acceptable 

ranges, thus ensuring that the measured reversing heat capacity accurately reflects the 

material's specific heat capacity. 
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Figure 6. Specific heat capacity of refreshed PA12 powder through a temperature range 

as measured by modulated temperature DSC. 

It is well-documented that the specific heat capacity of polymers, including PA12, 

varies depending on both temperature and crystallinity. This variability means that a 

single, constant value for specific heat capacity is insufficient to accurately represent the 

material's thermal properties. However, it is common to observe linear dependencies in 

both the solid and liquid phases of polymers [60]. For this study, data from the melting 

temperature range was excluded from the model calculations, as the heat of melting is 

considered separately. Instead, two distinct temperature ranges were selected for linear 
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modeling: the solid phase range from 40 °C to 160 °C and the liquid phase range from 

194 °C to 216 °C. 

 Linear regression models were applied to these temperature ranges, yielding high 

correlation coefficients with R-squared values of 99.8% for the solid phase and 93.6% for 

the liquid phase. The two linear regression models seamlessly connect at their 

intersection point of 427.3281 K. The derived linear models express the specific heat 

capacity (in J g-1 K-1) as a function of temperature in K. This relationship is formulated as 

  (3) 

Powder Crystallinity 

 Table 5 provides a summary of the crystallinity and melting peak data for various 

states of PA12 powders. It is observed that both crystallinity and melting peaks exhibit 

slight variations depending on the aging state of the powder. Generally, the crystallinity 

of the powder hovers around 45%, while the melting peaks are consistently near 188 °C. 

Table 5. Crystallinity and melting peak of PA12 powders. 

Powder First Heat Crystallinity [%] Melting Peak [°C] 

Virgin 45.5 187.6 

40% Refreshed 45.8 188.1 

Aged 44.9 188.1 
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In the context of the model, these empirical observations are utilized to define the 

initial absolute crystallinity χ0 of the powder. For simulation, χ0 is set to a consistent 

value of 0.45. This parameter is pivotal in accurately simulating thermal behavior and 

phase transitions of the PA12 powder during the SLS process. 

Crystallization Kinetics 

 The crystallization model employed in this study is grounded in Avrami theory, 

which describes isothermal crystallization, and extended to non-isothermal conditions via 

the Nakamura model [61], [62]. The Avrami model 

  (4) 

encapsulates the isothermal crystallization process, employing the Avrami rate constant k 

and exponent n to estimate the relative crystallinity α [62]–[64]. 

For non-isothermal crystallization, the model utilizes 

  (5) 

based on the Nakamura model, employing the non-isothermal crystallization rate Kc as a 

function of temperature [61], [63], [64]. The relationship between the non-isothermal 

crystallization rate Kc and the Avrami rate constant k (also a function of temperature) is 

articulated as 

 ( ) ( )
( )

( )

1

1

1
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cK T k T

t T
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introducing the crystallization half-time t½ as a function of temperature [61], [63], [64]. 

Hoffman-Lauritzen theory provides further insights, linking the crystallization half-time 

t½ with other parameters, as shown in Equation (7) [65]: 

  (7) 

where U denotes the activation energy for crystallization (6,270 J mol-1), R is the 

universal gas constant (8.314 J mol-1 K-1), T∞ represents the lower temperature limit for 

crystallization (T∞ = Tg – 30 °C = 30 °C), and T0 is the equilibrium melting temperature 

[63]–[65]. Constants K0 and Kg signify the growth and nucleation rate constants, 

respectively [63]–[65]. 

To determine the kinetic parameters (K0, Kg, n, T0), isothermal crystallization 

experiments were conducted at temperatures ranging from 160 to 168 °C. Figure 7 

illustrates the heat flow during these experiments, where higher temperatures correlate 

with more gradual crystallization and lower, delayed peaks. The baselines were 

subtracted for clarity and analysis. 
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Figure 7. Normalized heat flow during isothermal crystallization at different 

temperatures. 

The data from the isothermal runs are integrated to yield relative crystallinity α as 

a function of time, which is then linearized in Figure 8 [63], [64]. Trendlines are fit to the 

data, with a minimum R-squared value of 99%. The lower and upper bounds for relative 

crystallinity averaged at 7.14% and 90.23%, respectively. Data outside these bounds were 
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not considered for modeling. The slopes and intercepts of these lines provide the values 

for the Avrami exponent n and rate constant k, which are summarized in Table 6. 

 

Figure 8. Linearization of isothermal crystallization at different temperatures with 

trendline fitting. Experimental values are represented by symbols while the linearization 

is represented by lines. 

Table 6. Kinetic parameters for isothermal crystallization at different temperatures. 

Isothermal Crystallization 

Temperature [°C] 

Avrami 

exponent n 

Avrami rate 

constant k 

R2 Crystallization 

Half Time [s] 

160 1.95 1.976 e-04 0.9940 63.0 



 31 

162 2.18 1.192 e-05 0.9980 149.4 

164 2.46 4.808 e-07 0.9940 309.6 

166 2.87 3.801 e-09 0.9917 733.8 

168 2.90 1.932 e-10 0.9914 1,887.6 

 

The Hoffman-Weeks theory was applied to correlate the isothermal crystallization 

temperature with the peak melting temperature of each sample [66]. The Hoffman-Weeks 

plot in Figure 9 demonstrates this correlation. The equilibrium melting temperature T0, 

determined at the intersection point of the trendline with a 'y = x' line, is found to be 

185.7 °C, comparable to 193.2 °C and 192.4 °C found by Zhao et al. and Amado et al. for 

SLS PA12 powders [63], [67]. 
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Figure 9. Hoffman-Weeks plot for equilibrium melting temperature of PA12. 

To adapt these kinetic parameters for a nonisothermal model, the crystallization 

half-time's temperature dependency was captured empirically (Figure 10). The derived 

line, based on the Hoffman-Lauritzen theory, yields values for Kg and K0 used in the 

Nakamura model [65], [68]. The values of Kg and K0 are 96,730 K2 and 33,927 s-1, 

respectively. 
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Figure 10. Linearization for nonisothermal kinetic parameters. 

Figure 11 compares the measured crystallization half-times against model 

predictions, showing good agreement for most data, with some deviations at lower 

temperatures. 
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Figure 11. Inverse of crystallization half time with respect to temperature for 

experimental data and model predictions. 

The overarching equation for crystallization and melting is given in Equation (8), 

with a modified crystallization rate defined in Equation (9) and the Nakamura function in 

Equation (10) [15]. A regularization term (Equation (11)) is introduced for melting [15]. 

In the model, the Avrami exponent, n, is set to 2.472, the average experimental value 

from Table 6. 

  (8) 

  (9) 
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  (10) 

  (11) 

 

The Nakamura model (solid lines), along with the calculated parameters, closely 

aligns with experimental values (symbols) at different temperatures, as seen in Figure 12. 

 

Figure 12. Relative crystallinity at different isothermal temperatures of experimental data 

(symbols) and Nakamura model predictions (solid lines). 
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The crystallization model is solved using the Explicit Euler method to obtain the 

relative crystallinity α. The relationship between relative crystallinity α and absolute 

crystallinity χ is given by 

  (12) 

where χmax is the maximum absolute crystallinity. The value of χmax is informed by the 

crystallinity of tensile specimens printed at different laser powers and is set at 30%. The 

initial value of crystallinity, χ0, is greater than χmax because the powder is produced by 

solution precipitation, creating a highly crystalline material with metastable phases [46], 

[69]–[71]. 

It should be noted that the crystallization model is only validated in the 160 – 168 

°C temperature range and for nonisothermal cooling rates. The model assumes a two-

phase system (amorphous and crystalline) with a maximum crystallinity limit of 30%, 

excluding different crystal phases. 

Densification 

The densification model in this study, describing particle coalescence and 

porosity reduction in SLS, is based on two distinct sub-models: one addressing 

viscoelastic sintering at higher porosities and another for bubble dissolution at lower 

porosities. Density ρ and porosity φ have a linear relationship 

  (13) 

and when porosity is equal to zero then density reaches its maximum value, the bulk 

density ρb 1.024 g cm-3 [70], [72]. Frenkel’s sintering model, which assumes Newtonian 
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fluid mechanics, initially describes the viscous sintering of two particles with equal 

radius [73], [74]. However, polymer sintering involves both viscous and elastic forces 

[74], [75]. Given that a Newtonian model can overestimate early-stage coalescence rates 

in polymers, our model incorporates viscoelastic sintering based on the Upper-Convected 

Maxwell (UCM) model [74], [75]. This model assumes quasi-steady state flow and 

isothermal conditions for sintering between two particles [74], [75]. The primary 

viscoelastic sintering equation is given in Equation (14), with its components K1 and K2 

defined in equations (15) and (16) [74]. 

  (14) 

  (15) 

  (16) 

The Maxwell model constant Λ is set to -1 for viscoelastic sintering [74]. Stress 

relaxation time τ and viscosity η are temperature dependent. The value of surface tension 

Γ is taken as 34.3 mN m-1 [76], [77]. Surface tension Γ in Equation (14) is multiplied by 

the Farz Factor F to account for contact with additional particles, given that the original 

model was limited to two-particle interactions [78]. The initial particle radius r0 is 30 µm, 

representing the median volume distribution diameter of DuraForm ProX PA powder 

[70]. Growth angle θ and its time derivative θ’ are derived using the quadratic formula 

and updated through the Explicit Euler method [12].  Stress relaxation time τ as a 

function of temperature is modeled in 
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  (17) 

fitting an exponential model to PA12 data with an R-squared value above 99% [77]. The 

pre-exponential factor τA is 12,107 s, and the exponential factor τB is -0.030124 K-1. Zero-

shear viscosity η is modeled as a function of temperature in 

  (18) 

using the Arrhenius equation [77]. Reference viscosity ηref (9946 Pa s) and temperature 

Tref (445 K) are based on DuraForm PA data, and the activation energy for viscosity Ea of 

PA12 is 55.2 kJ mol-1 [72], [77]. The Farz Factor F (which is multiplied with surface 

tension Γ in Equation (14)): 

  (19) 

extends the viscoelastic sintering model from a two particle system to three particles to 

account for the effect of a neighboring particle [78]. The formulation of F in this work is 

derived from the original equation, which is dependent on particle radii and angle, with 

the assumption that the particles are of equal size, at a 90° angle, and with fixed relative 

positions. The growth angle θ is related to porosity φ through 

  (20) 

published by Scherer, modeling densification for a simple cubic lattice [79]. The initial 

porosity of the powder bed φ0 is 0.58, calculated based on the tap density ρt of DuraForm 

PA, 0.43 g cm-3, compared to the bulk density of Duraform ProX PA ρb [70], [72]. 
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Scherer also notes that while sintering is the primary driver of densification above 6% 

porosity. Bubble dissolution, governed by Mackenzie and Shuttleworth’s model 

(Equation (21)), becomes dominant below this threshold [79], [80]. The initial pore 

radius a0 is assumed to match the initial particle radius r0, and porosity φ is updated using 

the Explicit Euler method and the time derivative in Equation (21) when below 6%: 

  (21) 

Molecular mobility is required for coalescence, with a critical absolute 

crystallinity value of 0.1 derived from literature observations, beyond which porosity 

remains unchanged [12]. In the model, porosity alterations are limited to the active layer, 

extending from the powder bed surface to a depth of one layer (100 µm). 

Heat Equation 

The thermal conductivity (λ) within our model is linked to the porosity of the 

material, as described by a linear rule of mixtures formula in Equation (22): 

  (22) 

This equation considers the thermal conductivities of both the solid material (λs) and the 

gas (λg) [72]. The gas component uses the thermal conductivity of nitrogen at specific 

conditions: 0.7 atm pressure and 200 °C temperature, which is 0.0375 W m-1 K-1 [81]. 

The thermal conductivity of the solid phase is derived from 3D Systems' data sheet for 

solid DuraForm ProX PA with a density of 0.95 g cm-3, which reports a value of 0.21 W 

m-1 K-1 based on the ASTM E1530 standard [82]. This reported value corresponds to a 

material porosity of approximately 7.227%. Using this porosity and the provided thermal 
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conductivity values in Equation (22), the thermal conductivity of the pure solid (without 

porosity) is calculated to be 0.2234 W m-1 K-1. 

The model for the heat of melting/crystallization is adapted from existing 

literature, with modifications to make it functionally dependent on the crystallinity of the 

material [16], [83]. Equation (23) utilizes the rate of change in crystallinity to calculate 

the heat absorbed or released during the material's melting or crystallization process: 

 ( )
100%

1
crystalline

d
H H

dt



 = −     (23) 

With these parameters established, the heat equation (24) is formulated as a 

transient energy balance: 

 ( )p
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C T q H
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  =   + +


 (24) 

This equation accounts for time-dependent heat transfer elements on the left-hand 

side and Fourier’s law of heat conduction on the right. Additional terms are incorporated 

to represent the effects of the laser and phase changes in the material. The heat equation 

is a core part of our thermal model, capturing the dynamic interplay between heat 

transfer, material properties, and phase transformations within the SLS process. 

Numerical Implementation 

The laser sintering process in our study is simulated using the Multiphysics 

Object Oriented Simulation Environment (MOOSE), a versatile parallel multiphysics 

finite element analysis framework [84], [85]. MOOSE was selected for its open-source 



 41 

nature and extensive customization capabilities, allowing for seamless integration of 

various models within the simulation. 

In the simulation, temperature is treated as a first-order Lagrange variable and is 

solved using the preconditioned Jacobian Free Newton Krylov method, complemented by 

automatic differentiation [86]. Porosity and crystallinity, key material properties, are 

calculated at each quadrature point using the Explicit Euler method. Initial conditions are 

uniformly set across the domain for temperature (173 °C), porosity (0.58), and 

crystallinity (0.45). 

The simulation domain is configured as a rectangular prism, measuring 2 mm in 

both the x and y directions, with a height of 1.1 mm in the z direction. This domain is 

divided into active and inactive subdomains, with the initial active domain encompassing 

everything below a height of 0.4 mm. Variables change only within this active domain, 

while the inactive domain reserves space for the addition of new layers during the 

simulation. The domain is discretized with a mesh of cubic Hex8 elements, each with a 

side length of 20 µm. This mesh size strikes a balance between detail and computational 

efficiency, as confirmed by negligible differences in results between 50 µm and 20 µm 

simulations. As new 100 µm layers are added, they are subdivided into 20 µm increments 

across several time steps. 

On the boundary between active and inactive domains, a convective heat transfer 

boundary condition is applied as per Equation (25):  

 ( )c aq h T T= −  (25) 
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with a convective heat transfer coefficient h of 15 W m-2 K-1 [53]. The ambient 

temperature Ta is initially set at 173 °C. The other sides of the active domain have 

Dirichlet boundary conditions, maintaining constant temperatures equal to Ta. After the 

laser scans, the model dynamically recalculates temperature-dependent properties, 

resolves melting/crystallization, decreases porosity (if crystallinity is below 10%), and 

updates density for the subsequent time step. 

A CSV file inputs data for time stepping, laser positioning, layer deposition, and 

cooling. The time steps are defined to emulate a laser velocity of 12.7 m s-1. When the 

laser is inactive, and the material is cooling, the time step size incrementally increases. 

The laser scans a 1 mm area in the domain center, alternating direction with each of the 

six layers. 

Without termination criteria, the densification model is unbounded, and porosity 

will continue to decrease as time passes. To calibrate the model, simulations were 

performed with a range of laser powers, and densification proceeded for 30 seconds.  

Figure 13 shows that, except for 31 W, simulated porosity values closely match 

experimental ones at 12 seconds. Therefore, a 12 second interval is used in multilayer 

simulations between layer scanning. After the final layer is scanned and 12 seconds pass, 

the ambient temperature for boundary conditions is reduced to 135 °C. The porosity and 
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crystallinity of each element are recorded at each time step for analysis.

 

Figure 13. Porosity tracking over time for a single 1 mm square layer scanned at different 

laser powers, showing simulated values closely matching experimental ones at 12 

seconds, except for 31 W. 

This comprehensive approach to finite element analysis allows for simulation of 

the laser sintering process, capturing the intricacies of temperature variations, material 

properties, and layer deposition in a highly controlled and predictive manner. 
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Results and Discussion 

Multilayer process simulations were conducted using various laser powers to 

assess the impact on final porosity. To analyze the final porosity output, porosity values 

were extracted from a vertical column (z-column) at the domain's central x and y axes. A 

specific 0.4 mm segment of this z-column was selected, excluding the top and bottom 

layers to mitigate boundary effect-induced inconsistencies. 

In Figure 14, the porosity patterns observed through both Micro-CT and 

simulation are plotted against different laser powers. The X-axis represents the relative Z-

height within the sample. 

For the Micro-CT results in Figure 14(a), all laser power settings exhibit a 

consistent periodic variation in porosity, with a period corresponding to the 0.1 mm layer 

height used in specimen printing. Lower laser power is associated with higher average 

porosity and more pronounced periodic variation amplitudes. In the simulation results in 

Figure 14(b), the lowest porosity (troughs) consistently appears at the top of each layer, 

where the laser imparts the most heat. Conversely, porosity peaks are observed at the 

points within each layer that are furthest from the top. Additionally, the oscillations of 

porosity in the z-direction from the simulation have several differences compared to 

experimental observations. For the simulation’s oscillations, the magnitudes are lower, 

they never overlap between laser powers, and the signals are much less noisy. This may 

be caused by the homogeneous material properties in the simulation in contrast to the 

randomly packed distribution of powder particles present in real systems. 
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(a)              (b) 

 

Figure 14. a) Porosity through the Z height of coupons produced at different laser powers 

as measured by Micro-CT. b) Simulated porosity through the Z height of the domain for 

different laser powers. 

The average porosity values of these simulated 0.4 mm segments are plotted with 

experimental measurements against different laser powers in Figure 15. These simulated 

segments also form the basis for the RVEs in the mechanical model. The results are 

summarized in Table 7. Additional data for density measurements are available in 

Appendix B. 
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Figure 15. Porosity comparison between experimental measurements and simulation for 

different laser powers. 

Table 7. Summary of experimental and numerical results. 

Laser Power 

(W) 

Ev  

(J mm-3) 

Crystallinity 

(%) 

Mass/Volume 

Porosity (%) 

Micro-CT 

Porosity (%) 

Simulation 

Porosity (%) 

31 0.122 31.7 25.60 35.86 9.28 

62 0.244 30.6 7.11 7.17 7.55 
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80 0.315 29.6 6.48 5.56 6.27 

100 0.394 29.2 4.88 4.43 4.73 

 

As shown in Figure 15, the experimental porosity of specimens decreases 

monotonically with increasing laser power. A significant reduction in porosity is 

observed when comparing 31 W to 62 W, with diminishing returns beyond 62 W. 

Differences between mass/volume and Micro-CT measured porosity arise because 

only the fill scan laser power was altered during specimen printing, leaving the outline 

scan unchanged. Micro-CT analysis excludes outer specimen regions affected by the 

outline scan, leading to discrepancies compared to mass/volume measurements, 

encompassing these areas. Since the outline scan parameters are optimized for 62 W fill 

scans, inner porosity (better captured by Micro-CT) is higher than overall porosity from 

mass/volume at fill powers below 62 W and vice versa for powers above 62 W. 

The average porosity predicted by simulations aligns closely with experimental 

data at 62 W and higher but diverges at 31 W. The cause of this divergence is unclear, but 

it may stem from factors such as partial melting, nonisothermal conditions, and the 

effects of crystallization on fluid properties, which are not fully considered in the model 

[77]. The time-based termination criterion is less effective for 31 W than the other laser 

powers.  

The model’s limitations include its reliance on property data from various grades 

of PA12 powder, condensation of powder property distributions into singular values, 

simplifications in fluid dynamics, a time-based termination criterion for densification, 
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generalizations of thermal history, and a simplified representation of phases. Future 

models may benefit from: 

• More comprehensive material characterization 

• Discrete powder particles with a distribution of properties 

• Explicit modeling of fluid dynamics 

• A more advanced understanding of the termination criteria that govern 

densification 

• Extended and varied thermal histories 

• The modeling of multiple crystal phases 

Despite this, the model shows good agreement with experimental data in low 

porosity scenarios, typical of near-complete melting conditions in SLS.  

Conclusion 

Integrating phase transformation, densification, and heat transfer, the process 

model is adept at predicting the microstructural evolution from powder to solid. This 

bottom-up approach to modeling process-structure-property-performance relationships 

enables the prediction of material properties and performance, and would allow for a top-

down approach that tailors the process parameters to induce a desired material structure, 

like in [7]. 

However, it's important to acknowledge certain limitations. The model does not 

fully encapsulate the thermal history of parts produced in SLS, particularly regarding part 
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placement within the print bed. Furthermore, the simulated domain is a simplified 

representation of the more complex, large-scale manufacturing process. 

The crystallization model, while effective, is confined to isothermal conditions and a 

narrow temperature range just below the melting point of PA12. The densification model, 

based on an idealized sintering concept, assumes spherical, identical particles and 

isothermal conditions. To enhance its applicability, the model requires extensions to 

incorporate the dynamics of multiple particle contacts and varying packing 

configurations. The effects of lower laser power are not accurately captured by the 

model, and future work is planned to improve upon this aspect. 
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CHAPTER THREE 

 

THERMAL DEGRADATION IN THE MELT POOL 

 

 Task 2 requires gathering experimental data for degradation of PA12 in 

conditions like SLS and creating a reaction model that integrates into the process model. 

The reaction model uses the temperature from the process model to predict the amount of 

mass lost as water from post-condensation. The mass loss affects the process model by 

modifying the density of the material, which may have effects on the thermal diffusivity 

and cooling rates of the material. The simulations include a range of laser powers to 

explore the relationship between energy density and degradation. 

Materials and Methods 

Thermogravimetric Analysis (TGA) 

 The Ozawa/Flynn/Wall method (as detailed in ASTM E1641) was used to 

determine activation energy of post-condensation through thermogravimetric analysis 

with a TGA5500 (TA Instruments) [87], [88]. Powder samples weighing 3±1 mg were 

placed in a platinum high temperature pan and heated at rates of 4, 6, 8, and 10 °C/min in 

a nitrogen atmosphere. DuraForm ProX PA powder with a 40% refresh rate was used in 

this study. 

Modeling 

 The post-condensation reaction follows the general form in Equation (26) where 

C represents one of the products, such as H2O. 

 A B C D+ → +  (26) 
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 With first order kinetics, the rate of generation of product C can be represented as: 

 (1 )exp( )
C

C

dC E
A C

dt RT
= − −  (27) 

 Equation (27) is implemented in MATLAB and MOOSE using the explicit Euler 

method and kinetic parameters determined from TGA. In MOOSE, the degradation 

model is integrated into the process model described in Chapter Two, and mass loss from 

the chemical reaction has a direct effect on density. 

Results and Discussion 

Experimental  

Similar to other works, the experimental results were rescaled to eliminate the 

effect of water evaporation on mass loss – the graphs start at 100 °C and the mass is 

rescaled to 100% at that temperature [11]. These data for each heating rate are plotted in 

Figure 16 and the points of 5% mass loss are determined.  
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Figure 16: Points of 5% mass loss for PA12 powder heated at different rates. 

 The inverse temperature of 5% mass loss is linearized against the logarithm of the 

heating rate in Figure 17. This enables the determination of the activation energy and the 

pre-exponential factor. 
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Figure 17: Linearization of temperatures of 5% mass loss with heating rates. 

 The activation energy of the reaction is estimated by the slope of a line fit to the 

data in Figure 17. This estimate is improved through an iterative method explained in 

ASTM E1641 to yield the activation energy (110.8 kJ mol-1) and pre-exponential factor 

(1.96 min-1) for the reaction. The activation energy is on the same order of magnitude as 

other investigations of PA12 degradation, but as observed firsthand and noted in other 

works, the activation energy is dependent on the degree of mass loss chosen to calculate 

it [11], [89]. If 1% or 10% mass loss had been chosen as the criterion instead, the 
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activation energy would differ. However, kinetic parameters calculated with 1% and 10% 

mass loss did not match experimental results as well as 5%. 

Numerical 

 Utilizing the reaction model with kinetic parameters defined in the preceding 

section, numerical experiment was conducted to benchmark the model against 

experimental observations at a heating rate of 8 °C/min. This comparison utilized 

MATLAB and MOOSE for model implementation, with conditions aligned to replicate 

the experimental time-temperature profile. The numerical outcomes from both software 

implementations exhibited a high degree of congruence with the experimental data, 

particularly within the initial 10% of mass loss, indicating negligible discrepancies 

between the two modeling approaches (Figure 18). 
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Figure 18: Validation of the reaction model through comparison to experimental data for 

8 °C/min heating rate. 

 In an advanced simulation incorporating the process model introduced in Chapter 

Two, a 1 mm square area underwent scanning with subsequent convection cooling, 

during which maximum temperature and mass loss were recorded. This simulation was 

executed across laser powers ranging from 62 W, deemed “optimal,” up to 200 W. The 

corresponding results, depicted in Figure 19, illustrate the temperature dynamics and 
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mass loss over both linear and logarithmic time frames for melt pools subjected to 

varying laser powers. 

 

a) 
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Figure 19. Temperature and mass loss over a) linear time and b) logarithmic time for melt 

pools at different laser powers. 

 The temperature peaks observed immediately post-laser scan swiftly diminish, 

approaching a baseline of 173 °C within a few seconds. Notably, the bulk of the 

degradation, as evidenced by mass loss, transpires within the first second amidst peak 

temperature conditions, with a gradual and linear progression of degradation thereafter as 

temperatures plateau. 

Escalating the laser power from 62 W to 125 W incurs a modest uptick in 

degradation; however, further elevation to 150 W and 200 W markedly amplifies 

degradation levels. Despite predictions that processing temperatures exceeding 320 °C 

b) 
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would foster degradation [21], these findings indicate that the maximal percent mass loss 

is around 0.025% with a laser power of 200 W, demonstrating that mass loss exerts a 

minimal impact on material density relative to other processes like sintering. 

Consequently, this mass loss imparts an insubstantial effect on the thermal attributes of 

the material, leaving melt pool temperatures largely unaffected. 

Conclusion 

The integration of the reaction model into the process model predicts minimal 

post-condensation during laser sintering, even under the highest laser powers evaluated. 

The quantified mass loss is minimal, with no pronounced influence on melt pool 

temperature dynamics. While the model's current rendition offers valuable insights, there 

is room for enhancement through the inclusion of additional chemical reactions such as 

oxidation, chain scission, or pyrolysis, which could provide a more comprehensive 

understanding of thermal degradation phenomena [23], [90]. The model's parameters are 

calibrated based on degradation data proximal to 350 °C, thus the fidelity of the model's 

predictions at elevated temperatures remains to be fully validated. 

Future work could improve these models by integrating a broader spectrum of 

chemical reactions and extending the validation range to encompass higher temperature 

domains. Such advancements will not only bolster the model's accuracy but also enhance 

our ability to predict and mitigate thermal degradation in SLS, thereby improving the 

quality and reliability of manufactured parts. 
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CHAPTER FOUR 

 

EXPANDING THE PROCESSING WINDOW WITH LASER BEAM PROFILES 

 

 In Task 3, laser beam profiles other than the Gaussian distribution are 

implemented into the process model. Process simulations are performed with each laser 

beam profile to analyze how the beams affect melt pool characteristics, processing 

windows, and microstructural outcomes. Due to a plethora of parameters, the design 

space is untenably large, thus the laser beam profiles tested in this study all have the same 

nominal radii and total power. This eliminates the elliptical beam from this analysis, as 

the focus area inherently differs from the Gaussian, top-hat, ring, and Bessel beams. Scan 

velocity is kept constant, however a range of scan spacings are explored. Material 

properties are the same as those detailed in Chapter Two. The resulting temperature 

profiles, maximum temperatures, and porosity profiles provide valuable information 

about the effects of the laser beams.  

Methods 

Intensity Distributions 

Equation (28) describes the combination of a 2D Gaussian distribution with the 

Beer-Lambert law perpendicular to it in Figure 20a, providing the heat imparted by the 

laser into the substrate as a function of x, y, and z coordinates [56]. Here, A is 

absorptivity, β is the extinction coefficient, P is laser power, rG is the radius of laser (1/e2 

of peak intensity), and xt, yt, and zt are the coordinates that the laser is centered on at time 

t. 
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= − − + − + − 

 
 (28) 

The top-hat beam in Figure 20b is described in Equation (29) using the 

rectangular function which is equal to 1 if the value is between -rT and rT, and equal to 0 

elsewhere [56]. 

 (29) 

 The ring beam in Figure 20c can be produced with Equation (30) where rr is the 

radius from the center to the middle of the ring and rb is the radius (1/e2 of peak intensity) 

of the ring [44]. 
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 (30) 

 The term Y is defined in Equation (31) [44]. 
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 (31) 

 A Bessel beam (Figure 20d) is produced by combining the Gaussian beam and the 

ring beam in Equation (32) with term fP to split the power between each component [44]. 

 (1 )B P G P RQ f Q f Q= + −  (32) 

( ) ( )2 2

2
( ) ( ) exp ( )

T

T t t t
A P

Q rect x x y y z z
r





= − + − −
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Figure 20. Demonstration of intensity profiles and radii for a) Gaussian, b) top-hat, c) 

ring, and d) Bessel beams [44]. 

Simulation Conditions 

 In numerical simulations, the laser power is set to 62 W and the scan speed to 

12.7 m s-1. Material properties and initial conditions are the same as the model discussed 

in Chapter 2. The absorptivity is set to 0.94 and the extinction coefficient to 9000 m-1 

(informed by experiments for PA12 powder) [53], [57].  

The radius of the Gaussian and top-hat beams is 225 µm. For the ring and Bessel 

beams, rr is 175 µm and rb is 50 µm. Additionally for the Bessel beam, the radius of the 

Gaussian component is 50 µm and the power split fP is 0.1. These radii were chosen so 

that the focus area for all beams is 225 µm. The power split fP of the Bessel beam was 

iteratively tested and 0.1 was determined to provide nearly identical maximum 

temperatures in the Gaussian and ring components in single scan simulations.  

To compare the effects of the intensity distributions, a single scan of 1 mm is 

simulated with each of them while keeping other conditions the same. These simulations 

were performed in a 2 * 1 * 0.5 mm domain with a 20 µm mesh. Nodes perpendicular to 

the scanning direction have their temperature tracked and recorded at 0.1 ms, after the 

a) Gaussian      b) Top-Hat         c) Ring       d) Bessel 

rT rG rr 

  

rr 
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laser scan is complete. Surface elements perpendicular to the scanning direction have 

their porosity tracked and recorded at 12 s once sintering is complete. 

A second set of simulations were performed in which 1 mm long scans were 

applied parallel to each other for each intensity distribution and with variable scan 

spacing. The domain is 2 * 2 * 0.5 mm with a mesh size of 50 µm. Temperature was 

tracked perpendicular to the scanning direction and recorded at 1 ms. Surface porosity 

perpendicular to scanning was recorded at 12 s. 

Results and Discussion 

Single Scans 

 The surface temperature after a single scan with each laser type is captured in 

Figure 21, with a profile through the center in the y-direction extracted for Figure 22 and 

the maximum temperatures summarized in Table 8. The Gaussian beam in Figure 21a 

produces a Gaussian temperature profile with the steepest decline of the set in Figure 22, 

reaching close to ambient temperature at about 180 µm away from the center. The top-hat 

beam in Figure 21b results in a flatter temperature profile, declining to ambient 

temperature at about 220 µm. The top-hat distributes heat more evenly than the Gaussian 

beam, giving it a maximum temperature about 20 °C lower than Gaussian. However, this 

distribution is not completely flat due to the overlapping effect of the laser beam in the x-

direction as it scans across the domain along that axis. In Figure 21b, the area in the 

center of the top-hat has a higher temperature than the edges in the y-direction because 

the length in the x-direction across the circle at its center is at a maximum. In the center 
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of the ring beam is the lowest temperature of all the beams due to a minimal amount of 

overlapping. The ring beam has the highest maximum temperature of all the beams, 

occurring in the outer region at about 175 µm where it overlaps itself most intensely. The 

Bessel beam shares characteristics of the Gaussian and ring beams, showing temperature 

peaks in the center and at 175 µm. Its maximum temperature is lower than both the 

Gaussian and ring beams, but higher than the top-hat beam. The top-hat, ring, and Bessel 

beams decline to ambient temperature at about the same distance of 220 µm, greater than 

the Gaussian beam, by radiating heat more evenly throughout the focus area.  

 

Figure 21. Surface temperature from single scans using a) Gaussian, b) top-hat, c) ring, 

and d) Bessel beams. 
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Figure 22. Surface temperature profiles at 0.1 ms, after the 1 mm laser scan is complete. 

Table 8. Maximum temperatures at 0.1 ms for each intensity distribution resulting from a 

1 mm scan. 

LASER TYPE MAX TEMPERATURE [°C] 
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 In Figure 23a, the porosity profiles for all the beams appear equal except for the 

point that they transition to 58% which represents unsintered powder. Gaussian is the first 

to reach this threshold, followed by top-hat, then Bessel, and finally the ring beam. 

Powder on the outer periphery remains unsintered due to insufficient melting which is 

directly related to the temperature profile. Melt pool radius data is summarized in Table 

9. Because Gaussian had the steepest temperature decline, it has the lowest melt pool 

radius. This is followed by the top-hat which spreads heat more widely than the Gaussian 

beam, but because the temperature decreases at an earlier point than the ring and Bessel 

beams, its melt pool radius is lower than theirs. Figure 23b focuses on the melt pool 

region and shows the subtle differences between the porosity profiles at this scale. 

Although the magnitude of these differences is small, they show that the ring beam 

results in the flattest porosity profile followed by the Bessel, top-hat, and Gaussian 

beams. This is related to the temperature profiles of Figure 22, but also influenced by the 

heat diffusion that follows the laser scans. Sintering is a time and temperature dependent 

phenomenon, and the spreading of heat after a laser scan is important in the process. 

Therefore, while the ring beam has a temperature profile with a low temperature in the 

center at 0.1 ms, as time passes the temperature profile becomes flatter, manifesting in 

the porosity profile. While the Bessel beam has a nearly equal temperature in the center 

and periphery at 0.1 ms, the concentration of heat in the center ultimately causes a lower 

porosity in the center at 12 s. 

Table 9. Melt pool radius for each intensity distribution after a 1 mm laser scan. 

LASER TYPE MELT POOL RADIUS [µm] 
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GAUSS 160 

TOP-HAT 180 

RING 200 

BESSEL 200 
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Figure 23. a) Surface porosity profiles at 12 s with b) a focus on the melt pools for a 1 

mm laser scan. 

Parallel Scans 

 In Figure 24, the surface temperature from parallel scans 200 µm apart shows 

distinct patterns for each laser type. Because the laser has a radius of 225 µm and the 

scan spacing is less than double this radius, there are regions of overlap between parallel 

scans. Figure 25 shows temperature profiles for scan spacings of a) 200 µm 

(manufacturer recommended value) and b) 250 µm.  

The Gaussian beam with 200 µm scan spacing in Figure 24a and Figure 25a 

results in a very uniform temperature distribution and the flattest temperature profile of 

0 50 100 150 200

9.5

10.0
P

o
ro

s
it
y
 (

%
)

Distance from Center (µm)

 Gauss

 Top Hat

 Ring

 Bessel

b) 



 68 

the set despite having a steep temperature gradient in Figure 22. Overlapping is 

advantageous to temperature uniformity for the Gaussian beam.  

For the other laser types, overlap results in temperature maxima and minima 

between the scans. The top-hat beam, intended to provide a flat temperature profile in the 

substrate, results in a periodic temperature profile due to overlapping in Figure 24b and 

Figure 25. The regions with the highest temperature have a triple overlap between 

adjacent scans.  

The ring beam in Figure 24c and Figure 25a has greater temperature fluctuations 

than the top-hat beam due to overlapping rings which have more concentrated energy 

than the top-hat. 

In Figure 24d and Figure 25a, the Bessel beam has the highest temperature due to 

overlapping of the ring component and Gaussian component between adjacent scans, 

while this does not occur for a scan spacing of 250 µm.  

In Figure 25b with a scan spacing of 250 µm, the ring beam has the highest 

temperature due to overlapping of its ring between adjacent scans. In Figure 25b, the 

Gaussian beam’s temperature profile begins to take a periodic shape as the scan spacing 

becomes large enough to lead to uneven heat application. The location and degree of 

overlapping is dependent on laser intensity distribution as well as scan spacing. 
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Figure 24. Surface temperature from parallel scans 200 µm apart using a) Gaussian, b) 

top-hat, c) ring, and d) Bessel beams. 
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Figure 25. Surface temperature profiles for parallel scans with scan spacings of a) 200 

µm and b) 250 µm. 
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Figure 26 shows the porosity profiles associated with the temperature profiles in 

Figure 25. With a scan spacing of 200 µm in Figure 26a, the top hat, Gaussian, and ring 

beams provide similarly flat porosity profiles with increasing porosity between each laser 

type. The temperature profile induced by these lasers has low enough fluctuations that 

there are no discernible fluctuations in porosity. However, the temperature fluctuations 

induced by the Bessel beam result in noticeable fluctuations in porosity, unlike the other 

laser beams in Figure 26a. With a greater scan spacing in Figure 26b, all laser beams 

induce periodic variations in porosity corresponding to the scan spacing because heat is 

not distributed evenly. Greater scan spacing reduces energy density, resulting in higher 

porosity. 
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Figure 26. Surface porosity profiles for parallel scans with scan spacings of a) 200 µm 

and b) 250 µm. 
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In Figure 27, each laser type was tested at various scan spacings, and the 

maximum temperature was recorded. The maximum temperature from all lasers 

decreases between 200 µm, with a high degree of overlapping, and 450 µm, with no 

overlapping, approaching the maximum temperature from a single scan in Table 8. 

The maximum temperature caused by the Gaussian laser gradually decreases as 

scan spacing increases due to a gradual decrease in overlapping between adjacent scans. 

The top-hat beam starts with a higher maximum temperature than the Gaussian beam, 

followed by a gradual and then sharp decrease to below Gaussian. The maximum 

temperatures of the ring and Bessel beams reach a peak at 300 µm where there is more 

overlapping, but they decrease at higher scan spacings. The ring beam has increasing 

maximum temperature between 200 µm and 300 µm as the overlap increases. The Bessel 

beam, having a Gaussian and ring component, shows a decrease between 200 µm and 

225 µm followed by an increase. A line is drawn across at 320 °C because this 

temperature marks the onset of thermal degradation of PA12 and generally SLS 

processing should not exceed this temperature [21]. The Gaussian and top-hat beams stay 

within the acceptable temperature range for all scan spacings. However, the ring and 

Bessel beams with 200 µm spacings already meet this maximum recommended 

temperature. At certain scan spacings greater than 200 µm, they exceed this temperature 

by a large margin. 
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Figure 27. Maximum temperature for parallel scans at various scan spacings for each 

laser type. 

Conclusion 

 While the different laser beams showed promising results from single scan tests in 

terms of temperature distributions, maximum temperatures, and porosity profiles, parallel 

scanning shows emergent phenomena that contribute to higher temperatures, temperature 

gradients, and anisotropic porosity. As scan spacing increases, the maximum temperature 

decreases monotonically for the Gaussian and top-hat beams. For the ring and Bessel 

beams, the maximum temperature increases before decreasing, corresponding to the 
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amount of overlap. While the Gaussian and top-hat beams generate temperatures well 

below the degradation threshold, the ring and Bessel beams meet or exceed the threshold 

in many cases. At the default value of scan spacing (200 µm), the ring and Bessel beams 

have the potential to cause thermal degradation, limiting the processing window. If these 

beams are to be used, parameters should be adjusted to reduce maximum temperatures. 

 Set to default parameters, the Gaussian beam had the lowest temperature and the 

smallest gradients of the group. The top-hat beam also shows acceptable maximum 

temperatures and lower predicted porosity than the Gaussian beam, with a relatively 

smooth porosity profile. While the ring beam results in temperatures near the degradation 

threshold, the porosity distribution is similar to, albeit higher than, the Gaussian and top-

hat beams. Of the laser beams tested at these conditions, the top-hat beam represents the 

best alternative to the Gaussian beam. 

 Optimizing the laser intensity distribution requires the consideration of the 

constructive interference that occurs as the laser scans in one direction and between 

parallel scans in the other direction. These geometric parameters determine the 

arrangement of local maxima and minima of temperature, which cause degradation at the 

high end and lack of melting and densification at the low end. An ideal temperature 

distribution within a melt pool would be uniform and high enough to ensure complete 

melting and densification while not exceeding the degradation threshold. Future works 

may aim to produce more uniform melt pool temperatures by exploring the parameter 

space systematically. 
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CHAPTER FIVE 

 

CONCLUSION 

 

Process-Structure-Property-Performance Modeling 

 The SLS process model developed in Chapter Two accurately predicts the density 

evolution of the powder as it forms into a solid part. It captures the relationship between 

process parameters and final density. Through representative volume elements, the 

process outcome is linked with a mechanical model, and a process-structure-property-

performance framework is established. 

Thermal Degradation in the Melt Pool 

 Through thermogravimetric analysis, the chemical kinetics of the degradation of 

PA12 are quantified. A temperature dependent chemical reaction model is implemented 

alongside the SLS process model in Chapter Three. Simulating SLS at different laser 

powers provided insight into the degree of conversion and subsequent mass loss resulting 

from degradation. However, even with laser powers set to triple the recommended value, 

the amount of mass loss has a negligible effect on the thermal properties of the melt pool. 

Expanding the Processing Window with Laser Beam Shaping 

 Chapter Four, exploring the effect of laser beam profiles on temperature and 

porosity, finds that the top-hat, ring, and Bessel beams can result in higher temperatures 

than a Gaussian beam operating at the same conditions. Furthermore, due to the 

overlapping of parallel scans, the ring and Bessel beams may result in temperatures 

beyond the degradation threshold. While the maximum temperatures resulting from the 

Gaussian and top-hat beams are inversely proportional to scan spacing, that of the ring 
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and Bessel beams may increase as scan spacing increases. For the conditions tested, the 

Gaussian beam generally provided the most uniform temperature distribution, and the 

top-hat beam provided acceptable temperatures. The Gaussian, top-hat, and ring beams 

resulted in similar porosity profiles when tested at recommended settings, however the 

Bessel beam showed periodic variations in the porosity profile. At the conditions tested, 

the top-hat beam is predicted to be the best alternative to the Gaussian beam.  

Future Outlook 

The process model’s limitations include its reliance on property data from various 

grades of PA12 powder, condensation of powder property distributions into singular 

values, simplifications in fluid dynamics, a time-based termination criterion for 

densification, generalizations of thermal history, and a simplified representation of 

phases. Future models may benefit from: 

• More comprehensive material characterization 

• Discrete powder particles with a distribution of properties 

• Explicit modeling of fluid dynamics 

• A more advanced understanding of the termination criteria that govern 

densification 

• Extended and varied thermal histories 

• The modeling of multiple crystal phases 

Future work may explore the framework through a top-down approach that tailors 

the process parameters to induce a desired material structure, like in [7]. 
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The thermal degradation model could be improved by including additional 

reactions such as oxidation, chain scission, and pyrolysis. Expanding model validity to a 

higher temperature range may increase model accuracy for high energy densities. 

A systematic investigation of the process parameter space and laser beam profiles 

may lead to more uniform melt pool temperature distributions. 
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Appendix A 

List of Symbols and Values 

Table A-1: List of symbols and values. 

Symbol Description 

A Absorptivity (1 – reflectivity) 

A0 Area of cross-section 

a0 Initial pore radius 

Cp Specific heat capacity 

dt Time step size 

Ea Activation energy for viscosity 

Ev Volumetric energy density 

F Farz factor 

G Nakamura function 

Ηχ Heat of crystallization/melting 

h Convective heat transfer coefficient 

Kc Nonisothermal crystallization rate 

K0 Growth rate constant 

Kg Nucleation rate constant 

k Avrami rate constant 

L Layer height 

n Avrami exponent 

P Laser power 

𝒒𝒄 Convective heat flux 

𝒒𝓵 Instantaneous laser intensity distribution 

𝒒𝓵̅̅ ̅ Time averaged laser intensity distribution 

R Universal gas constant 

r0 Initial particle radius 

rx, ry Laser radius in x and y directions 

S Scan spacing 

T Temperature 

T0 Equilibrium melting temperature 

Ta Ambient temperature 

Tc Isothermal crystallization temperature 

Tg Glass transition temperature 

T∞ Lower temperature limit for crystallization 

Tref Reference temperature for viscosity 

t Time 
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t½ Crystallization half time 

U Activation energy for crystallization 

v Laser fill scan velocity 

x Primary Cartesian axis, length 

y Secondary Cartesian axis, width 

z Tertiary Cartesian axis, height 

xω Primary laser axis, length 

yω Secondary laser axis, width 

α Relative crystallinity 

β Extinction coefficient  

Γ Surface tension 

ΔH Heat of melting  

η Viscosity 

ηref Viscosity at reference temperature 

θ Sintering growth angle 

Λ Maxwell model constant 

λ Thermal conductivity 

λs, λg Thermal conductivity of solid and gas 

ρ Density 

ρb Bulk density 

ρt Tap density 

τ Stress relaxation time 

τA Relaxation time pre-exponential factor  

τB Relaxation time exponential factor 

φ Porosity 

φ0 Initial porosity 

χ Absolute crystallinity 

χ0 Absolute crystallinity at initial condition 

χmax Maximum absolute crystallinity 

ω Laser traversal angle 
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Appendix B 

Experimental Measurements of Density 

 
Figure B-1. Density of rectangular sections cut from coupons produced at different laser 

powers. 
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Appendix C 

Experimental Measurements of Heat of Melting 

 
Figure C-1. Normalized heat flow through the melting temperature of coupons produced 

at different laser powers. 
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Appendix D 

Degradation Plots 

 

 

Figure D-1: Full plot of experimental TGA data for degradation of PA12. 

0 100 200 300 400 500

0

20

40

60

80

100

W
e

ig
h

t 
(%

)

Temperature (°C)

 4°C/min

 6°C/min

 8°C/min

 10°C/min

300 400 500 600 700

Temperature (K)



 85 

 
Figure D-2: Full plot of moisture adjusted TGA data for degradation of PA12. 
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Figure D-3: Full plot comparing experimental data to modeling predictions for 

degradation of PA12. 
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