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AAbstract 

Additive Manufacturing (AM) is the name given to a series of processes used to create solids, layer 

upon layer, from 3 Dimensional (3D) models. As AM experiences rapid growth there exists an 

opportunity for Selective Laser Sintering (SLS) to expand into markets it has not previously 

accommodated. One of the ways SLS can accomplish this is by expanding the range of materials that 

can be processed into useful products, as currently only a small number of materials are available when 

compared to other AM technologies. One of the biggest barriers to the adoption of materials is the 

danger inherent to high-energy processes such as SLS. The aim of this research was to identify 

opportunities to improve current methods for modelling the relationship between material 

specifications, and printing parameters. This was achieved by identifying existing models used to 

determine printing parameters for a new material, identifying weaknesses in current modelling 

processes, conducting experimentation to explore the validity of these weaknesses, and exploring 

opportunities to improve the model to address these weaknesses. The current models to determine 

printer parameters to achieve successful sintering include both the Sintering Window (SW) and the 

Energy Melt Ratio (EMR). These two models are complementary, and both are required to establish all 

common print parameters. They include both thermal and physical powder properties, but do not include 

any optical properties. This is significant because the nature of the SLS printing process relies on 

concentrated delivery of laser energy to achieve successful sintering. Analysis of two similar polyamide 

powders, one black and one white, identified that the two powders were similar thermally and 

physically, which meant the models predicted that they should both sinter successfully utilizing the 

same set of print parameters. Results of the experimental trials showed that no trials involving the white 

powder sintered successfully, and trials involving the black powder suffered from issues with either 

insufficient energy to successfully remove parts without damage, or excessive energy causing excess 

powder to bond to the part.  Further experimentation was carried out to investigate the differences in 

optical properties using Fourier Transform Infrared Spectroscopy (FTIR) and Spectrofluorophotometry. 

FTIR revealed that there was a difference in absorption as a material property, indicating that 

differences in laser energy absorption could explain the results seen in the trials. 

Spectrofluorophotometry revealed minimal differences in fluorescence of the powders, suggesting it an 

unlikely source of energy loss. Future work is recommended to research a standardised form of testing 

setup that can be used to categorize the reflectance of a material, as current work relies on proprietary 

experimental setups. Finding methods of classifying the laser absorption that is easily available to 

operators would enable refinement of the EMR equation to reflect the energy losses during printing, 

and remove another barrier for adoption of new materials.   
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CChapter 1 Introduction 

1.1 Chapter Overview 

The purpose of this chapter is to introduce the project and establish the goals of the research undertaken. 

After a brief project background to establish the project motivations and context, the aims, and 

objectives of the project are identified. The scope of the project, and the layout of this thesis are then 

explained. 

1.2 Project Background 

Additive Manufacturing (AM) is the name given to a series of processes used to create solids, layer 

upon layer, from 3 Dimensional (3D) models [5]. It is also known as Free Form Modelling, and 3D 

Printing [6]. Initially AM was developed to produce solids using polymers [7], however as new 

technologies and methods have been developed this has expanded to include metals [8] and ceramics 

[2, 9]. One such technology is Selective Laser Sintering (SLS), a process that involves the progressive 

processing of thin “slices” of powder into formed solids by means of a heated chamber, and a focused 

laser beam [10].  

As AM processes, including SLS, increase in popularity one of the areas of growth identified is the 

diversification of printing materials [11]. Due to the elevated risk of combustion caused by the SLS 

machines, many operators are unwilling to test new powders unless it can be shown they can be 

processed safely by SLS. This means that the number of materials available is currently limited by the 

understanding of powder properties, and the ability to determine printing parameters from powder 

specifications [12] 

Figure 1.1: A typical SLS machine setup [1] 
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11.3 Project Motivation 

The thermal qualities of a material are particularly important for SLS printing. The elevated 

temperatures of the SLS process increase the risk of material combustion, which puts greater importance 

of the precise and controlled application on energy into the powder. This energy input can occur both 

in the form of convection, from the heated chamber of the printer, and in the form of radiation, from 

the laser. To be able to predict the energy required from the machine to successfully print a material it 

is important to understand the properties of the material, and how they correlate with printing 

parameters. 

 

Current methods of determining print parameters utilize standardized laboratory tests to determine 

energy requirements of a material, but do not account for energy losses incurred during printing. This 

limits the ability of print parameter models to accurately predict the behaviour of materials during the 

printing process, which limits its usefulness in identifying parameters for new materials. 

 

The aim of this research is to identify opportunities to improve current methods for modelling the 

relationship between material specifications, and printing parameters to account for losses occurred 

during printing.  

1.4 Objectives 

 To achieve the stated aim of this research the following objectives are identified: 

1. Identify the existing models used to determine printing parameters for a new material 

2. Identify weaknesses in current modelling processes 

3. Conduct experimentation to explore the validity of these weaknesses. 

4. Explore opportunities to improve the print parameter models to address these weaknesses 

  

1.5 Research Scope 

This project focuses on the development of methods used in the selection of printing parameters for 

selective laser sintering. As such, research is limited to processes that use polymer powders, rather than 

other material families, such as metals, or ceramics. Discussion of the application of this research to the 

use of unknown materials is from an operator’s perspective, someone who operates in a commercial 

context, as opposed to a more academic-based research-driven context. 
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While several sintering process parameters have effects on sintered parts, such as affecting warpage, or 

dimensional accuracy, this research focuses primarily on parameters which affect an operator's ability 

to safely process a material during sintering. Specifically, this means parameters which affect the 

maximum amount of energy present during the process of sintering, the point during a SLS printing 

process at which the risk of combustion is at its greatest. 

  
This research will also focus solely on the process of determining printing parameters for a given 

material. This research will not cover pre-processing, post-processing of a material, or the use of 

additional additives to improve its suitability for printing by SLS process. 

  

11.6 Thesis Layout 
Chapter One of this research outlines the project motivations, processes, and objectives as detailed in 

the rest of this document. Chapter Two explores the state of AM, current technologies, and modelling 

processes specific to SLS. Opportunities for improvement of current models will be identified and 

discussed, and testing processes of powders to test the models will be identified.  

 

To achieve the objectives of assessing the effectiveness of models used to determine printing parameters 

of new material, the models must first be demonstrated, and then tested experimentally. Chapter 3 

focuses on the classification of powders using the models identified in Chapter 2 for the purposes of 

identifying print parameters. Chapter 4 contains an experimental trial for the purposes of evaluating the 

ability of the models to identify print parameters that lead to sintering successfully.  

 

To meaningfully identify further opportunities for improvement the powders will then be assessed in 

further experimentation. In Chapter 5 new methods of classifying additional properties of the powders 

are explored, for the purposes of improving the ability of the models to predict print parameters. 

 

Chapter 6 discusses the results of Chapters 3,4 and 5 with reference to both the aims and objectives of 

this study, and to existing literature. Chapter 7 explores the outcome of this dissertation, and whether 

objectives were achieved. In this chapter recommendations for further work are also made to advance 

the research conducted in this study. 
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11.7 Chapter Summary 

With the project background, aim, objectives, scope, and thesis layout identified, the next step of 

research is to conduct a review of existing literature. Objectives 1 and 2 can be achieved during this 

process, which will occur during the literature review in Chapter 2. This will be conducted with the 

intent to assess the weakness identified in Objective 2 whilst completing Objective 3 in Chapter 3.  

  



Literature Review 

 

5 

 

CChapter 2 Literature Review 

2.1 Chapter Overview 

Chapter 1 outlined the rationale and focus of the research project, which is to investigate methods for 

determining the relationship between material specifications, and printing parameters, to account for 

losses occurred during printing. In this chapter, the detailed literature review focuses on achieving 

objectives 1 and 2 set for this project.  

 

This chapter begins by discussing Additive Manufacturing (AM) as a larger set of techniques, and 

identifying the specific processes involved in this research. Applications are discussed, as well as 

opportunities for development identified. Key properties of SLS polymer powders will be identified, 

including how those properties affect the parameters of the SLS printing process, and the current 

methods used to model the relationship between powder properties and print parameters. This then sets 

the context for the discussion of existing methods of modelling and optimizing processing parameters. 

Limitations to existing modelling methods are identified, with reference to previously mentioned 

properties. Potential solutions to these limitations are discussed, and experimental processes to confirm 

both the limitations and potential solutions are briefly explored. From the identification of these 

limitations a review of the effectiveness of current modelling methods will be discussed to ensure the 

validity of the identified limitations. 

 

This review of testing processes will focus predominantly on the thermal characteristics of SLS 

composite powders and printing parameters relating to energy input, as these are most likely to cause 

unintended combustion or thermal damage to a machine. However, other characteristics of significance 

will be identified and discussed during the review, with references to where they have relevance for the 

subsequent design of testing methods.  

2.2 Additive Manufacturing Processes 

Processes for Additive Manufacturing (AM) has been around since the patent of Stereolithography 

(SLA) in 1986 [7]. Since that time, many new techniques and methods have been developed. These 

techniques will be discussed in greater detail in this chapter with comparison to one another. Each of 

these techniques has advantages and disadvantages when compared to each other, as well as traditional 

manufacturing techniques such as CNC machining, or injection moulding.  
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With the development of so many technologies there has been some ambiguity about the relationship 

between some of these technologies[13]. In response to this the ASTM International organisation 

published a document defining a number of these processes to lead industry standardisation of naming 

conventions [14]. This former ASTM document has since been withdrawn and superseded by a 

document produced in conjunction with the International Organisation for Standardisation (ISO) [5]. A 

number of these terms are repeated in the glossary of this document for clarity. 

 
There are, however, commonalities that all AM processes share, such as a common architecture, seen 

in Figure 2.1, despite using different processes and materials [15]. Additive manufacturing processes 

produce a solid by depositing a layer of work material in a 2-Dimensional (2D) layer, or a “slice” [16]. 

The 2D layers are created by slicing the digital 3D model into the required number of layers for the part 

[6]. This slicing process mirrors the physical printing process, where these consecutive layers are then 

produced to manufacture the part. The number of layers can vary according to factors such as: the part; 

the orientation of the part; desired accuracy; the AM process used; and the file format [17]. In addition 

to the product itself, some machines may require additional removable support material to be able to 

produce the product [6, 18, 19].  

 

Figure 2.1: The process of AM from file to finished solid [20]. 

The forms of these printed materials have been expanded as well. From the original development using 

a vat photopolymerization processes [7] there has been significant expansion into material extrusion-

based machines [2], as well as several powder bed fusion processes [19, 21]. These three technologies 

make up most AM machines in use today [22]. 
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Techniques such as SLA utilise liquid-resin baths to solidify layers using ultra-violet light, to form a 

solid part in a bath one layer at a time [7], like in Figure 2.2 below. This uses a variety of materials, 

including biostructures and ceramics [23]. SLA is used in development applications where small, 

functional mechanisms with tight tolerances need to be tested [24]. However, the applications for SLA 

are limited by the mechanical properties of the materials. The printed products are often low-strength, 

and are best suited to prototyping, and non-structural uses [18]. 

One of the most popular forms of AM is Fused-Deposition-Modelling (FDM). Initially, production of 

FDM machines was limited by the patenting of the pioneer machines. Since the expiry of the primary 

FDM patents, there has been a rise in the number of machines available [25], not just in the commercial 

market, but for hobbyists, and even for consumers in the home [19]. FDM machines use a heated 

extrusion nozzle to lay down a layer of molten filament in a 2D arrangement. There are a range of 

materials that can be used, most commonly in the form of filaments [16]. These filaments often contain 

thermoplastics, but there have been successful experiments with composites [26]. These composites 

enable the additional of material properties not feasible in historical polymer materials, such as 

ferromagnetism [27] 

 
There are several printing techniques that fall under the powder bed fusion technology umbrella. These 

include Selective-Laser-Sintering (SLS), and Selective-Laser-Melting (SLM) [2]. These two 

technologies are similar as they use powder spread over the print bed, both to produce the layer, and to 

provide support to the material as it is printed [18, 28]. Another key similarity is the use of a laser to 

bond the powder in each layer together to form consecutive slices [2]. Key differences to these processes 

are the materials they use, the mechanisms they use to bond the powder particles, and the technologies 

they use to achieve these mechanisms. SLS processes generally produce thermoplastic-based products, 

whereas SLM processes typically produce metal-based products [16].  

Figure 2.2: A stereolithographic system [2]. 
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SLS and SLM use different mechanisms to print each slice due to the differences in behaviour of these 

two families of materials. SLS takes advantage of the glass transition phase of thermoplastics [21]. By 

heating the entire printing chamber up to only a few degrees below the glass transition temperature of 

the material, SLS machines use a laser to quickly heat the polymer into the glass-transition phase [6]. 

This is important, because it allows the machines to produce a slice where all sintered particles are fully 

bonded without taking the material into the melting phase. Fully melting particles would sacrifice 

accuracy by causing particles nearby to the melted material to bond unintentionally due to the relatively 

low energy required to melt thermoplastics at these elevated temperatures [1].  

 

Unlike SLS, SLM parts are produced by taking powder particles into a fully molten state. However, the 

finished product is visually like one produced by SLS. The different layers of the product are uniformly 

bonded together, both within the layer, as well as between layers [21]. SLS and SLM products differ 

visually from processes such as FDM, where the layers are visually discernible since the melted material 

cools and begins to crystallize before the next layer is laid down [24]. 

 

22.3 Applications of Additive Manufacturing 
As an augmentation of current capabilities, AM sees widespread use as a method of prototyping [10]. 

Production using AM is much faster for complex parts than Subtractive Manufacturing (SM) methods 

like drilling or milling. This is especially for designs with a lot of internal detail, which would increase 

the number of matching processes to produce [15]. The latter are sometimes still physically possible to 

produce with SM, especially with machines with a higher number of Degrees of Freedom such as a 5-

Axis CNC machine. However, it would take many machining operations to achieve the same outcome 

as AM [16].   

 

The ability for SLM machines to manufacture products with properties fit for use in functional high-

stress environments has already been exploited in several ways. An example of this is high-performance 

parts, such as those made from titanium, which are in production using SLM machines [29]. As well as 

having a prohibitive cost associated with the material itself, Titanium is also incredibly hard, which 

increases the associated costs of machining and manufacture through SM methods. These parts often 

take advantage of the ability for AM to produce complex parts through design processes such as 

topology optimisation.  
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Topology Optimisation, seen in Figure 2.3, is the process of obtaining the best shape for a part without 

restrictions on the topology of the part [30].  It presents an opportunity for AM to produce parts that 

could not be feasibly mass manufactured using SM techniques. While these parts are still constrained 

in design by manufacturing considerations of AM, use of structures such as repeating lattice elements 

can be used to reduce requirements for support structures, reducing build times and post processing 

requirements [31]. Previous authors note the limitations of current software in both the modelling of 

forms for part optimisation [32] [33] as well as residual post-processing required of the design to ensure 

it fits AM limitations [31]. This process does show some potential for AM to add value to production 

process, by producing parts for the aviation industry that are lighter, with lower stresses, while retaining 

strength and stiffness [33]. 

 

 

Another advantage of AM over SM is the lower investment of material required to produce the product 

[15]. During prototyping, it is often important for parts to be produced and tested for dimensional 

clearance, as well as allowances for maintenance and assembly processes for a finished product. While 

these same parts could be produced by either AM or SM methods there is a lower cost associated with 

producing a part through AM methods [34], particularly when the part can be produced out of cheaper 

thermoplastics, such as Nylon [35]. Considering that these prototypes may end up being changed 

multiple times, often discarded and not reused, it can be beneficial to make the initial physical version 

using AM methods. Production methods can then switch to more traditional methods of manufacture 

later in the development cycle, once part dimensions and features have been finalized. 

 

  

Figure 2.3: An example of an engine nacelle hinge bracket before (top) and after 

(bottom) the part design was optimised using Topologic Optimisation [4]. 
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One aspect of AM that is undergoing increased attention in recent years it the ability for AM to integrate 

with the idea of Designing for Mass Customisation (DFMC). DFMC refers to the process of designing 

an end product so that it can be configured to better suit the individual end user [36]. Because AM does 

not require tooling for each variation of a part, it adds minimal cost when compared to traditional 

manufacturing methods, such injection moulding. This enables DFMC to become a much more 

attainable business model, with several industries already adopting it to enable products customized for 

their clients, such as orthotic inserts [37], hearing aids [38], dental and orthopaedic implants [39].  

 

One of the disadvantages of the SLS printing process is that is has many parameters that can have 

significant impact on the ability to successfully process a part. The complexity of this process has been 

explored by in efforts to classify all parameters in the Laser Sintering Process Chain [40]. The SLS 

process has a spectrum of success, ranging at one end from a successful print, which produces a 

dimensionally accurate part, with physical properties at, or near, the optimal point for the powder used. 

At the other end of the spectrum is a failed printing attempt, which could be as significant as to lead to 

permanent damage to the machine, such as due to combustion [41]. In between these two ends there is 

the machine completing the printing process, but producing a part that is out of specification, either 

dimensionally or by its properties [28]. The last example given could be considered acceptable 

dependent on the circumstances, but as operators seek to maximize their rates of success these situations 

are still to be avoided.  

 

The risks presented by this complexity are what make this understanding of properties, and their 

translation into print parameters, so critical. Minimising risk to operators requires a better understanding 

of the properties of the print materials, their performance during the printing process, and the managing 

of risk factors such as energy input with respect to requirements including part density or dimensional 

accuracy.  

 

22.4 Powder Properties 

Much of the research around understanding the printing process centres around classifying the effect of 

various parameters and characteristics on the powder itself. Numerous papers note that several 

properties each have important influence, rather than one sole property [1, 11, 12, 42-45]. Verbelen et 

al. (2016) discusses the importance of particle morphology and associated powder flow, melting and 

coalescence of powder particles into one another, and finally crystallization and solidification. They 

noted relationships between part quality markers, such as part porosity and density, with powder 

properties such as powder flow, and in turn powder bed density.  

 



Literature Review 

 

11 

 

Whilst the topic has significant breadth, as visible in Figure 2.4, relevant properties related to the amount 

of energy required to sinter are discussed in greater detail below. These properties are of importance 

because they have direct impact on the amount of energy input required from the machine during the 

printing process, and thus have the greatest impact on the operator’s ability to find an appropriate set of 

print parameters to successfully sinter unfamiliar powders. 

 

  

Figure 2.4: Powder property considerations for SLS powders [3]. 
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22.4.1  Powder Spreading 

In SLS printing there is an important relationship between flowability of powders and the quality of the 

resulting part. Powders that flow more easily are spread better during printing, which leads to parts with 

better density [46, 47]. Numerous attempts have been made at classifying how powder spreads [35, 46, 

48-55], using different techniques.  Krantz et al. (2009) identifies many standardized tests used across 

many disciplines, with good discussion about the importance of the results of each. However, as Schmid 

et al. (2013) and Ziegalmeier et al. (2013) note there is no specified method for expressing a powders’ 

suitability for SLS printing. Van den Eynde et al. (2015) proposed a new method of classifying powder 

flow in a manner that more closely mimics many industry SLS machines than existing tests, however 

they do note that flow behaviours are subject to temperature and humidity variance.  

 

Powder spreading has an effect on the amount of energy required for successful sintering as it has a 

direct impact on powder density [52], and thus the required energy density for sintering [12, 56]. 

Authors discussing laser energy density, such as Vasquez et al. (2013) utilize a combination of material 

and packing density for purposes of calculations. While these calculations do not represent the true 

mechanical behaviour of SLS powder spreading mechanisms they do offer the advantage of being 

comparatively easy to perform, requiring minimal specialist equipment unlike other methods which 

offer closer replication of the spreading process. In the context of an operator perspective this has 

significance as additional equipment required for characterisations represents a barrier, which could 

hinder adoption. Notably Schmid et al. (2013) found that simplified forms of density measurements, 

such as comparing bulk and tapped densities, were adequate for representing various SLS powders. 

2.4.1.A Particle size 

One of the key powder properties from a powder spreading perspective is the size of the polymer 

particles. Kruth et al. (2008) discusses the effect of particle size and morphology on the process ability 

of a powder. Typical Mean Particle Size (MPS) for successfully used plastics such as PA12 range from 

as low to 20μm to 100 μm[11, 12, 40]. Alongside MPS is Particle Size Distribution (PSD), both of 

which are obtainable using laser diffraction systems [11, 57], as well as image-processing software 

paired with conventional microscopes [12]. Given that SLS printers may have layer thicknesses as thin 

as 100μm particles that are too big will not be able to pack uniformly into a consolidated layer. 

Similarly, if PSD is too uniform, particles may not interlock leading to pore density, which can cause 

porosity and weakness in finished parts [58]. Alternatively, if the PSD is too great, an abundance of 

smaller particles can cause reductions in flowability due to greater proportional effect of van der Waals 

forces [55].  
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Particle size has also been demonstrated to have relevance in composite powder blends, particularly for 

non-polymer fillers. For example, depending on how a wood is processed may determine the size of 

saw dust particles [59]. Large differences in particle size between filler and matrix powders were not 

found to have made the powder blend unusable [60], provided polymer powders were able to flow 

around the larger particles, and fill in porous areas of the wood. However, when particles were more 

equally sized the more flow characteristics of the wood were noted to lead to degraded performance 

due to reduced particle interlocking [54]. 

22.4.1.B Particle Morphology 

Another key factor of powder spreading is the morphology of the powder particles. Morphology 

importantly dictates both the friction particles experience as they move past one another, and their 

ability to interlock closely when spread into a thin layer. The morphology of the powders is observed 

using a Scanning Electron Microscope (SEM) [1, 10, 42, 46, 48, 61]. Spherical particles can be 

produced by co-extrusion processes, precipitation production processes result in powder particles with 

potato-like shapes, and cryogenic milling produces irregular, chip-like particles [11].  

 

Spherical particles are better able to flow and form defect-free layers than potato-shaped particles, while 

cryogenic particles are less likely to flow successfully [11, 53]. It has been noted that material properties 

may on occasion have influence on powder flow, such as elastomers, like thermoplastic polyurethane 

(TPU) compressing under the force of the spreader blade [53].  

 

These properties also have an effect when combining powders to form composites. Previous attempts 

at adding wood-based fillers have shown particles to be irregular and rough [49], or elongated and 

covered in burrs [54, 62] which are noted to flow poorly. Additives have been added in the past in order 

to try and compensate for these characteristics [49, 62]. These properties pose a severe problem in 

spreading powders, which can lead to porous parts, or even failed prints. Conversely, filled powder 

composites, such as Alumide, exhibit good flow characteristics consistent with other raw polymers with 

similar morphologies [44]. 
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22.4.2 Temperature Considerations 

Two final considerations of powder spreading are glass transition and crystallisation temperatures. 

During the sintering process the build chamber of the SLS machine is kept above the crystallisation 

temperature of the material in order to allow layers to coalesce properly, and allow layers to bond 

together while in the glass transition phase [56]. If the chamber temperature is too high the particles can 

begin to undergo glass transition, especially smaller particles. If this occurs the powder can begin to 

cake, at which point it becomes sticky and difficult to spread, as well as causing particles to melt 

unintentionally, which leads to a loss of detail [11]. If the chamber temperature is too low premature 

crystallisation can occur, which can cause distortion or curling [11]. 

 

By using a heated chamber, SLS machines keep sintered material above their crystallization 

temperature. This is beneficial for the bonding of consecutive layers of the printing process. By keeping 

material in the glass transition phase after each layer has been sintered, it allows the sintered material 

in the next layer to bond with the previous layer [6, 63]. This bonding between layers is important in 

the SLS process, as it gives it additional strength, as well as producing the continuous, uniform finish 

that is desirable with many applications [64]. 

 

This delicate balancing of glass transition between crystallisation and melting in SLS means it is critical 

that there is a uniform and accurate application of energy and mass in the process. Variables influencing 

this could be convection when heating the chamber and print beds [63], the accurate and controlled 

application of light energy from the laser assembly [64], as well as the uniform spreading of powdered 

material from the feed piston onto the print bed [46, 52]. If any one of these variables is not within a 

narrow margin, then the resulting product(s) may be of questionable strength or quality, if it successfully 

prints at all [43, 65, 66]. 

 

To achieve full coalescence, it is important to ensure that the polymer powder particles bond fully, both 

within and between layers. This bonding begins when polymer material reaches the Glass Transition 

(TG) temperature, and they begin to soften, allowing necking between particles. Particles being formed 

into a slice do melt as they are sintered, but if large amounts of the material reach the melting 

temperature (TM) at once it can lead to unintended bonding. This in turn can lead to a loss in dimensional 

accuracy and feature definition [28], as melting can occur in a far larger area than the focused spot of 

the laser.  
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22.4.3 Optical Properties 

The ability for a powder to absorb laser energy is critical to its ability to be sintered. It must be able to 

transform the light energy to heat energy with a minimal of reflection, transmission, or re-emission of 

the light. Any energy reflected or re-emitted is simply lost back into the machine, but has the potential 

to cause damage to the machine if great enough. Laser energy transmitted by the powder has the 

potential to cause unintentional bonding with lower layers of powder [67].  

 

Previous authors have used different methods to characterize these properties, including Fourier 

Transform Infrared Spectroscopy (FTIR) [44, 68, 69], and the use of integration spheres [67, 70]. FTIR 

enables the measurement of transmission of a light wavelength through the material, which can be used 

to find the complementing absorption. Machines are widely used in material testing laboratories, and 

also enable the use of identification of a material by its characteristic absorption bands [71]. This also 

enables any significant impurities in the material to be identified for quality control purposes. FTIR 

does not provide a truly representative method of measuring absorption for SLS printing, as the powder 

surface is not prepared in a manner that accurately represents the print bed surface during printing. This 

means that while FTIR provides a method of characterising material absorption characteristics, it does 

not provide an accurate means of quantifying the energy losses of the laser through reflection. 

 

A more accurate method of characterising losses through reflection in the SLS process was 

demonstrated first using one [69, 70], and more recently two [67] integration spheres. Because these 

setups more accurately mimic the surface preparation of the powder bed in SLS printing they provide a 

more useful measure of quantifying the losses of laser energy through both reflection and transmission. 

The downside of this technique is that integration spheres are not a very common piece of laboratory 

equipment when compared to the likes of FTIR, and even then, the setup required is not common. This 

means that operators may struggle to find laboratories who will to conduct material classifications in 

this manner. 
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These difficulties have led to some studies being directed at finding other properties of the powder that 

affect the optical properties themselves. Seminal work on the topic found that absorption varies 

dependant on material and wavelength of the laser, and that powdered material is more absorbent than 

its bulk counterpart [70]. Subsequent work has found a relationship between the particle size and 

subsequent packing fraction and the absorption of the laser energy [69]. Laumer et al. (2016) noted that 

“the absorption behaviour of the basic polymer, and therefore the absorption behaviour of single 

particles in combination with occurring multiple reflections, determine the optical material 

characteristics of the powder in the case of similar particle geometries and size distributions.” While 

this has been noted, the optical effects of common powder additives, such as graphite, dye, and agents 

used to improve powder flow properties has not been documented, despite their increasing usage in 

powder research, especially in composites [55, 72, 73]. 

22.5 Modelling Methods 

For operators adopting new powders, initial testing is the greatest period of risk, as the initial behaviour 

of powders can be unpredictable. It is essential for them that they be able to determine print parameters 

for a new material, to reduce the chance of damaging the machine during printing through excess energy 

input, and to reduce the process of testing to determine operating parameters. 

 

There are several methods used to characterise the optimal thermal conditions, which all have 

similarities. However, they each have weaknesses when compared to each other, which must be 

discussed within the context of this project. There have been recent attempts to use multiple thermal 

characterisations to better define the energy requirements of powders. 
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22.5.1 Sintering Window 

The Sintering Window (SW) identifies the thermal boundaries for which sintering occurs in by Different 

Scanning Calorimetry (DSC) [11, 35, 74]. It defines a thermodynamic boundary set below the 

polymer’s melting temperature, but above the crystallisation temperature (Tc), identified in Figure 2.5 

below. By using the melting temperature as an upper boundary, the Sintering Window reduces the 

chance of unintended melting. Bonding can still occur in the Tg phase, which occurs before a material 

melts, so Sintering can still occur below TM.  

 

Bounding the window on the lower side with the crystallisation temperature means that there should be 

adequate bonding between layers as the print progresses, as the sintered polymer does not have the 

opportunity to cool to a crystalline state before being introduced to the next layer.  

 

The disadvantage of this approach is that it does not consider many factors, such as the energy 

requirements of the powder, or the layer thickness. This means that it does not allow accurate estimation 

of laser settings required to achieve successful sintering. Also, as the upper boundary is intentionally 

set before the TM the parts produced using the Sintering Windows as a process would be lower in 

strength that those produced with higher energy inputs to the powder [75] 

 

The advantage of the Sintering Window is that it gives a succinct method of determining several 

important printing parameters, such as possible chamber and print bed temperatures. Knowing the 

crystallisation temperature allows for setting a chamber temperature high enough to prevent layers pre-

emptively cooling and curling. Further, knowing the Tg enables selection of a chamber temperature that 

will not cause caking of the powder during spreading. 

Figure 2.5: Sintering Window, overlaid on top of DSC Thermogram results [3]. 
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22.5.2 Stable Sintering Region 

The Stable Sintering Region (SSR) is another concept at defining the thermal operating boundaries of 

an SLS. While the Sintering Window defines the upper boundary below that of the materials melting 

temperature, the Stable Sintering Region defines this temperature as the lower boundary. The upper 

boundary of the Stable Sintering Region is defined by the material’s thermal degradation point [12, 42, 

43, 45, 56, 75]. The advantage of this approach is that the material is more likely to be fully melted 

when sintered, leading to better bonding between particles. This in turn yields products with better yield 

strength [75]. 

 

However, like the Sintering Window, this approach has limitations. It does not include factor 

information such as the Tc, which is vital to ensure that prints coalesce into a strong final part. 

2.5.3 Energy Melt Ratio 

Vasquez et. al (2013) describes the Energy Melt Ratio (EMR) as “the ratio of the applied energy density 

relative to the theoretical energy to melt a single layer of material.” As a unitless ratio it is a simple and 

effective representation of the energy inputs to a layer, and translates well between different variables 

such as material, temperature, and layer thickness. While it also relates thermal characteristics (such as 

enthalpy of melt, and specific heat capacity) EMR also considers physical factors such as powder and 

packing densities. This makes EMR a much more complete method of optimising parameters, in 

particular when compared to earlier methods to quantify energy, such as area energy density, or volume 

energy density [75]. As seen below in Equation 2.1, EMR includes laser power, scan count, scan 

spacing, beam speed, layer thickness, specific heat capacity, melting temperature, powder bed 

temperature, enthalpy of melt, material density, and packing density as P, VC, VS, VB, z, CP, TM, TB, hf, 

δS, δD respectively 

 

 

  = ∗ ∗  ∗( −  ) + ∗ ( )( ) 

  

(2.1) 
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22.5.4 Opportunities for improvement 

Currently none of the models previously discussed account for any form of energy loss from the material 

during the printing process. This is significant because it makes it difficult for operators to gauge how 

effective these models will be in predicting the success of print parameters. Most printers currently 

account for the losses through thermal conduction by providing a constant heat source to the chamber 

during printing, and using sensors such as pyrometers to detect temperature levels. Energy losses from 

the laser source are not accounted for, in either the modelling methods discussed or in current machine 

designs. Existing literature has noted that the EMR models do not always provide accurate indications 

as to whether sintering will occur [43]. 

 

Experimentation in this work will explore these limitations in these models, especially at limited energy 

density levels. Firstly, testing will be conducted to characterise two polymer powders for SLS. After 

characterisation, trials will be conducted using parameters established in these characterisations to 

compare the effectiveness of these models in predicting successful printing parameters. Finally, further 

methods of characterisation will be explored, and discussed with reference to refinement of existing 

models.  

 

To determine whether differing optical properties have an impact, powders will be chosen with the key 

difference between them being their optical properties. By ensuring that they are physically and 

thermally as similar as feasible, it can be evaluated whether the omission of optical properties from 

these models has a notable effect, and whether operators would benefit usefully from inclusion of these 

properties. 
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22.6 Chapter Summary 

As mentioned, the EMR and SW are the most relevant methods of determining the energy requirements 

of SLS powders, and thus the print parameters with the minimum energy input. They combine both 

physical and thermal powder property considerations, as well as enabling operators to transform 

measurements of these properties into minimum print parameters required to achieve sintering, 

satisfying the first objective identified for this study. 

 

As discussed, neither the SW or the EMR account for the possibility of energy losses during the printing 

process. These losses are somewhat understood in literature, with previous studies obtaining values for 

the energy losses incurred by a reflection of a laser off the powder. However, they have not even been 

introduced into this context, with the intent of using them to obtain a minimized energy input. The 

identification of losses absent from calculations satisfies the second objective identified for this study. 

 

To satisfy the third objective identified for this study these losses must be confirmed to have validity 

within the context of the project, identifying minimum print parameters required for an unknown SLS 

powder. This will be done in two stages: firstly, the classification of the materials according to the two 

identified models, SW and EMR; secondly, a series of experimental trials will be conducted to establish 

whether the print parameters identified by the models do lead to successful sintering. 

 

If the third objective is found to be achieved, then the fourth objective would be to investigate optical 

properties to improve the models. It is expected that this would be in the form of an improvement to the 

EMR equation.  
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CChapter 3 Characterisation by Existing Models 

3.1 Chapter Overview 

The aim of the initial powder classification tests is to use current common experimental methodologies 

to model and characterise powder behaviours. With these characterisations it is then possible to 

establish processing parameters for the Selective Laser Sintering (SLS) Design of Experiment (DoE) in 

Chapter 4.  

 

As identified in Chapter 2, the most useful current method of modelling and characterising powder 

parameters is the Sintering Window (SW). The experimental process for determining the SW involves 

using Differential Scanning Calorimetry (DSC) to determine several critical thermal points of the 

material, including the crystallisation temperature (TC) and melting temperature (TM). DSC can also be 

used to determine several material properties needed to calculate the Energy Melt Ratio (EMR) for a 

material and parameter combination. These properties can be gathered through derivation of the results, 

and are commonly calculated by software packages that run the experimental trials themselves.  

 

Furthermore, as discussed it is important to establish that the physical characteristics of the powder will 

not have undue influence on the validity of the SLS DoE. This will be established through examination 

of the powder under Scanning Electron Microscope (SEM) to establish the powder particle size and 

morphologies. In addition to analysis by SEM, the deposited density of the powder will be gathered for 

EMR calculations, in the manner identified during Chapter 2 [52]. 

 

Once these tests are conducted, the data will enable an assessment of the two powders, with reference 

to the SW models, and the ability for the two powders to successfully be processed under identical 

processing conditions. 

3.2 Powder Selection 
The two powders chosen for modelling and characterisation in this study are Precimid 1170 (Advanced 

Molding Solutions, USA), and Sintratec PA12 Black (Sintratec AG, Switzerland). Both powders are 

commercially available nylon powders marketed for using in SLS printing processes. The primary 

difference between these two powders is the colour of the material. The Precimid 1170 powder is white, 

while the Sintratec PA12 Black is black. The initial powder classification will determine if these two 

powders are classified as similar enough in other ways, to not matter according to the processes 

currently used. The manufacturer data sheets for both powders are available in Appendix A. 
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33.3 Differential Scanning Calorimetry 

The objective of Differential Scanning Calorimetry is to determine the behaviours of the powder under 

a controlled heating and cooling cycle. By measuring the input of energy required to heat up a known 

mass of material, by a known temperature increase, several important material properties can be 

identified; such as the TM, and TC. Knowing the heat flow that occurs during the tests also allows for 

calculation of several material properties, such as Specific Heat Capacity (CP), and Enthalpy of the Melt 

(Φ), which can be used to calculate the EMR of SLS printing parameters. During the trials, the powders 

are heated past the observed melting point, then allowed to cool and crystallise, and then heated again 

past melting point. Of interest are the first heating and cooling ramps, as this best matches the SLS 

printing conditions. While the second heating ramp is of interest for purposes of recycling unsintered 

powder, it is of less interest for initial classification of these unused ‘virgin’ powders. 

3.3.1 Method of Differential Scanning Calorimetry Testing  

All tests were conducted using a Discovery DSC (TA Instruments, USA). The testing procedure 

selected was ASTM 3418, with heating and cooling rates of 5°C/minute. The initial temperature before 

starting the test was 20°C, with samples being heated to a maximum of 250°C. After the heating ramp 

was completed, samples were cooled to 20°C, before being subjected to another heating ramp of 250°C. 

Two experimental thermogram test runs were conducted with fresh samples of each powder for the 

purposes of confirming the validity of the results. Previous works have indicated two trials is sufficient 

the have confidence in determining the EMR [12, 45]. 

 

Virgin powder was used for each of these experimental runs. Time, sample temperature, and heat flow 

were recorded using the Discovery TRIOS software package (TA Instruments, USA), along with heat 

flow normalized for sample weight. These recordings were exported from TRIOS as Excel 

spreadsheets. The data was then consolidated into a single file, converted to a Comma-Separated-Value 

file, and imported into MATLAB 2015 for further analysis. Sample sizes ranged from 3.10 - 4.10 grams. 

The full dataset of the experiments is available upon request. 

3.3.2 Results of Differential Scanning Calorimetry Testing  

The two-sequential heating-cooling cycles are illustrated in Figure 1. It is difficult to interpret the results 

when all values are included, as seen in Figure 6 below. One reason for this is that the second heating 

cycle is less relevant to determining the powder melting temperatures, so the results from that element 

of the experiment do not aid in determining the initial melting point of the powder. Melting points are 

indicated by troughs in the data, indicating a rapid input of heat as a phase change occurs. The value of 

this heat flow indicates the value of the enthalpy of the melt. The crystallisation temperature is indicated 

by the opposite, peaks in the data as heat is released by the material solidifying. 
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By truncating the data to remove the second heating cycle it becomes easier to see the common trends. 

While the magnitude of the peaks varies between trials, almost identical melting and crystallisation 

temperatures are present for the two trials of each powder, and the two powders have very similar 

melting temperatures, as seen in Figure 7 below. The crystallisation temperatures are more distant, but 

the powders are within a few degrees of each other in both trials. 

 

Figure 3.1: Raw data from all trials. 

Figure 3.2: Truncated Thermogram results to include only first heating cycle. 
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The Discovery TRIOS software produces a table of exact values for each parameter, including onset 

and peak of melting and crystallisation temperatures, as seen below in Table 3.1 below. The Precimid 

powder has lower melting temperatures, and crystallisation temperatures in both trials when compared 

to the Sintratec powder. 

 
Table 3.1 Onset and peak melting and crystallisation temperatures of powders 

Parameter Precimid 

1170 Trial 

1 

Precimid 

1170 Trial 

2 

Precimid 

1170 

Average 

Sintratec 

PA12 

Black 

Trial 1 

Sintratec 

PA12 

Black 

Trial 2 

Sintratec 

PA12 

Black 

Average 

Temperature at 

onset of melting (ºC) 

177.1 177.2 177.2 180.1 180.1 180.1 

Temperature at 

melting (ºC) 

181.8 181.9 181.9 184.6 184.7 184.7 

Temperature at 

onset of 

crystallisation (ºC) 

144.7 144.2 144.5 151.0 151.0 151.0 

Temperature at 

crystallisation (ºC) 

139.3 138.1 139.1 147.1 147.4 147.4 

 

As well as the melting and crystallisation points of the material, DSC enables the classification of many 

other material properties, including Melt Enthalpy (Φ) and Specific Heat Capacity (CP). These 

properties are not necessary for the identification of the SW, but for classifying the EMR of prints. 

Listed in Table 3.2, Melt Enthalpies are calculated by the Discovery TRIOS software for each trial, and 

Specific Heat Capacity is calculated by integrating all values before the onset of melting, using Equation 

3.1 below. As shown, the Sintratec powder has a lower average Specific Heat Capacity, and a lower 

melt enthalpy.  
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Table 3.2: Melt enthalpy and specific heat capacity of the two powders 

Parameter Precimid 

1170 Trial 

1 

Precimid 

1170 

Trial 2 

Precimid 

1170 

Average 

Sintratec 

PA12 

Black 

Trial 1 

Sintratec 

PA12 

Black 

Trial 2 

Sintratec 

PA12 

Black 

Average 

Melt Enthalpy 

(J/g) 

101.31 111.76 111.0 103 108.1 105.6 

Crystallisation 

Enthalpy (J/g) 

49.82 52.48 51.2 49.4 52.8 51.1 

Specific Heat 

Capacity (J/kg°C) 

44007.240 49184.51 46595.876 40050.251 30281.896 35166.073 

 

The heat flow results are adjusted to account for sample weight using the heat flow equation, as in 

Equation 3.1, giving Heat Flow Watts per gram (W/g) as shown in Figure 3. Here the results for the 

two powders overlap in many locations, with the only notable variances in melting and crystallisation 

temperatures. The agreement of the results indicates that additional trials are not required to establish 

the behaviour of the powders through DSC, which matches experience in previous literature [12, 45].  

 = . .            (3.1) 

Figure 3.3: Heat Flow accounting for sample weight. 



Characterisation by Existing Models 

 

26 

 

33.4 Scanning Electron Microscope 

The benefit of the Scanning Electron Microscope (SEM) is that it allows for direct observation of 

interactions that have occurred on a particulate level. This means that powders can be compared visually 

to identify similarities and differences of particle size and morphology. While not a definitive method 

of comparing physical powder properties, it is useful for identifying broad similarities. This is useful in 

this case because although physical properties are not the primary property be investigated, they can 

affect the ability for a powder to be sintered, which could have an influence on the later SLS Design of 

Experiment.  

3.4.1 Method of Imaging Using Scanning Electron Microscope 

Samples were affixed to examination stubs by means of conductive tape. Clean stubs had the tape first 

affixed to them. Powder was poured into a small plastic vessel, and then agitated until the surface was 

roughly flattened. The tape-covered stub was then pressed against the powder surface firmly for 5 

seconds before being removed. Filtered compressed air was then blown across the powder-covered tape 

to remove loose particles. 

 
Despite a potential loss of image quality, samples were not sputter-coated prior to examination. Due to 

the nature of the sputter-coating process there is potential for heat transfer into the sample, which could 

affect smaller powder particles present, potentially causing necking between particles. Thus, samples 

could only be imaged for a period of up to ten minutes at a time before the charge build-up would lead 

to a loss of contrast in the images. All images were taken during this time-period, and samples were not 

re-examined after this initial exposure. 

 
All samples were imaged using a TM3030Plus Desktop SEM (Hitachi, Japan), set to ‘Secondary 

Electron’ (SE) mode, with an accelerating voltage of 15, 000 Volts. When viewed under low 

magnification settings, such as 100 times magnification, comparisons about the average sizes of the 

powder particles can be drawn.  
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33.4.2 Results of Imaging Using Scanning Electron Microscope 

Between the two powders, there appears to be a very similar distribution of powder particle sizes. There 

are few particles that are much larger than the rest of the particles. Several of these larger particles are 

visible in Figure 10 below. In the Precimid 1170 powder the largest particles appear to be much larger 

than those in the Sintratec PA12 powder, almost double the length. However, these particles also appear 

to be formed by multiple smaller particles, joined together, as indicated by their ‘bubbly’ geometry, 

whereas the large particles in the Sintratec PA12 Black do not exhibit this behaviour, and appear to be 

similar geometries to smaller particles. The size of the mean particle for both powders appears to be 

between 50 – 100 micrometres in size.  

 

 
 

  

Figure 3.4: Image of Precimid 1170 powder taken at 100 x magnification. 

Figure 3.5: Image of Sintratec PA12 Black powder at 100 x magnification. 
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Increasing the magnification allows a more detailed examination. Figures 3.6 and 3.7, seen below, are 

taken at 500 times magnification, and the morphologies of individual particles are much more visible 

at this magnification. The Precimid particles appear to have a smoother morphology than the Sintratec 

powder.  

 

  

Figure 3.7: Image of Sintratec PA12 Black powder taken at 500 times 

magnification. 

Figure 3.6: Image of Precimid 1170 powder taken at 500 x magnification. 
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At 1000 times magnification this differences in surface of the particles are much more apparent, as 

shown in Figures 8 and 9 below. At this magnification the surface of the Sintratec PA12 Black appears 

to have a rougher, less uniform surface when compared to the Precimid 1170. The Sintratec also has 

more irregular, less spherical particles.  

 
 

  

Figure 3.8: Image of Precimid 1170 powder taken at 1000 times magnification. 

Figure 3.9: Image of Sintratec PA12 Black taken at 1000 times magnification. 
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33.5 Discussion 

The purposes of the two methods of testing in this chapter was to use current common experimental 

methodologies to model and characterise powder behaviours. With these characterisations it is then 

possible to establish processing parameters for the SLS DoE in Chapter 4. The key parameters for 

processing are determined using the Sintering Window model, based on the results of the DSC tests. 

The suitability of the two powders to be processed using the same parameters was also assessed using 

their physical characteristics, identified using an SEM. 

3.5.1 Differential Scanning Calorimetry 

The Sintering Window is defined by the powder’s melting point as a maximum upper boundary, and 

the crystallisation point as a minimum lower boundary. As per the DSC results, the SW for Precimid 

1170 would exist between 139.1°C and 181.9°C, and for Sintratec PA12 Black it would exist between 

147.4°C and 184.7°C. A common SW can exist for both powders, that would allow for processing of 

both powders between the highest of the two crystallisation points, and the lowest of the two melting 

points. This would give a common SW for both powders of between 147.4°C and 181.9°C. This window 

of 34.5°C is not dissimilar to the windows found for other powders[68, 74] 

 
Comparatively the Precimid powder displays lower melting temperatures, meaning that it is more likely 

than the Sintratec powder to achieve melting in the SW identified for use with both powders. It also has 

a lower crystallisation temperature, meaning that it should be better able to form strong bonds between 

molten layers during the printing process. As per the EMR equation, the closer the powder surface 

temperature to the melting temperature, the higher the EMR value for identical laser parameters, and 

higher energy density settings have been linked to better mechanical characteristics of parts [75], 

indicating better bonding during the print process. 
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Furthermore, additional insight can be drawn from the DSC results in the form of melt enthalpies and 

specific heat capacities. These data points are useful for calculating EMR values during printing, which 

helps quantify the energy input from parameters in a more meaningful manner than simply using 

parameter values. While EMR values cannot be calculated at this stage as they require laser parameters, 

they do give more insight into the energy requirements of the two powders. These values do vary; 

however, the values are not magnitudes different, with CP varying by 32.5%, and Φ varying by 5.11%. 

These differences mean that identical sintering parameters will further vary the EMR values calculated 

for the DoE trials. However, in contrast to the melting and crystallisation temperatures, the Sintratec 

powder has lower values, giving more favourable printing parameters when trying to reduce maximum 

energy input during printing.  

33.5.2 Scanning Electron Microscope 

The objective of examination of both powders using SEM was to determine if the two powders were 

sufficiently similar physically as to enable the DoE experiment to be valid. The key factors that were to 

be examined were the particle morphology, and particle size, with reference to existing knowledge of 

the influence of these two factors as to their effect on SLS printing processes. While it is expected that 

no two powder samples will be identical, vastly physically different powder particle sizes and 

morphologies can invalidate the test by unintentionally impacting the outcome of the printing process. 

 
As identified by the results, both powders have particles with spherical, or potato-shaped morphologies, 

and an average particle size of between 50-100 μm. The Sintratec powder was identified to have a 

rougher surface finish than the Precimid powder, and the Precimid powder was identified to have large 

particulate ‘clumps’ formed, that appeared to be formed from several smaller particles bonded together. 

 
Ziegelmeier et al. (2015) identified that powders with either spherical and potato shaped particles 

demonstrated adequate powder flow characteristics for SLS printing. Fan et al. (2007) identified that 

the ability of a material to reflect laser energy is related to the wavelength of the laser, and the size of 

the particles in the powder. With that in mind it is expected that the physical characteristics of the 

powders will lead to their interactions with the laser being similar. 
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33.6 Chapter Summary 

The aim of this chapter was to use existing experimental methodologies to model and characterise 

powder behaviours in order establish processing parameters for the Selective Laser Sintering (SLS) 

Design of Experiment (DoE) in Chapter 4. Both the Precimid 1170 and Sintratec PA12 Black powders 

were characterised using the SW and EMR models.  

 

The results of the characterisation showed that the two powders have a number of similarities, including 

thermal and physical properties. They have similar melting and crystallisation points, similar specific 

heat capacities, and similar phase change enthalpies. In addition, the physical characteristics are similar, 

both in terms of particle size and morphology, as well as bulk and tapped densities. 

 

These similarities lead the two models predicting that the same set of print parameters should lead to 

sintering of both powders during experimental trials. This will be tested in Chapter 4 during 

experimental trials, using the values gathered during characterisation in this chapter. Assessment of the 

parts produced during these trials will determine whether these models are sufficient to correctly predict 

minimum print parameters to successfully sinter the powder. 
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CChapter 4 Testing of Models Through Sintering Trials 

4.1 Chapter Overview 

The objective of this chapter is to conduct an experiment to assess whether the current methods of 

characterising Selective Laser Sintering (SLS) powders are sufficient. These methods (as identified in 

Chapter 2 and 3) are the sintering window (SW), energy melt ratio (EMR) and the packing ratio (PR). 

In Chapter 3, trials were conducted using Differential Scanning Calorimetry (DSC) to identify the 

Sintering Window (SW) and to determine values to be used in calculating the Energy Melt Ratio (EMR) 

of various print parameters. It was also established using Scanning Electron Microscope (SEM) imaging 

that the powders were physically similar enough in particulate size and morphology as to not affect 

required sintering parameters. This chapter explains the methods used to undertake testing of two 

different print powders under various processing conditions. It also details the methods used to assess 

the printed parts after the trials. The results are presented and then used to identify possible knowledge 

gaps within the existing methods. These are discussed within the context of current available literature 

and further avenues for testing identified.  

4.2 Experimental Method 

4.2.1 Selective Laser Sintering Machine 

Calibration of the machine was carried out according to the manufacturer’s procedure. Testing was 

carried out using a Sintratec Kit SLS Printer (Sintratec AG, Switzerland). The kit itself is equipped with 

a 2.3W 445 nm diode laser. Between each trial the printer was emptied, and the laser assembly was 

cleaned, including focusing lens, mirror galvanometers, and laser cover. The software used was the 

Sintratec Central Version 1.1.16 (Sintratec AG, Switzerland). 

4.2.2 Printed Part Selection 

The part selected for printing was the ANSI D638 Standard Type 5 Dog bone. Five parts were produced 

per print to provide a wider sample of results for each trial. Parts were orientated with the longest 

dimension along the X axis of the print bed, and were orientated 3mm above the bottom of the build 

volume to ensure there was sufficient powder below the part before printing to reduce the chance of 

parts lifting during sintering.  
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The five parts were spaced 23mm apart, centre to centre, from one another on the Y axis to ensure 

sufficient clearance from one another to enable removal from the powder cake after printing, as 

demonstrated in Figure 1 below. The intent in choosing this part was to be able to provide comment on 

the differences in tensile strength of parts from each trial, which was accounted for by selection of the 

ANSI standard part, and the number of parts printed in each trial. However, due to a reduced number 

of usable dog bones produced parts were only assessed by the density. 

 

 

44.2.3 Machine Print Parameter Selection 

Printing parameters were chosen for this design of experiment (DoE) based on a combination of results 

from the powder characterisation in Chapter 3, and recommended printing parameters for the Sintratec 

PA12 Black powder for use with the Sintratec Kit printer. As determined by the SW identified in 

Chapter 3, the minimum temperature for the combined SW is 147.4°C, so a chamber temperature of 

150°C was selected, the maximum the software will allow.  

 

  

Figure 4.1: Part orientation and positions using Sintratec Central software. 
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Three factors of the experiment will be independent: the powder, Print Bed Temperature, and Laser 

Scan Speed. The dependent measures are powder melt qualities, including qualitative assessment by 

the ability for a part to be removed successfully from the print bed powder cake, as well as visible 

assessment of particle coalescence using the SEM. Quantitative assessment of the parts was done by 

measurement of dimensions and mass, and calculation of density of produced parts. 

 

Each of the independent factors will have two levels, giving 9 trials total for each powder, and 18 trials 

in total. The trial run order was determined using Minitab 17 (Minitab Inc, USA). A full factorial design 

was constructed, with 1 replicate for each level, as shown in table 1 below. 

 
Table 4.1: Design of Experiment trial run order 

Trial Number 

(Standard order) 

Run 

Order 

Bed Temperature 

(°C) 

Laser Scan Speed 

(mm/s) Powder 

1 4 165 650 Precimid 1170 

2 3 165 650 Sintratec PA12 Black 

3 13 165 550 Precimid 1170 

4 5 165 550 Sintratec PA12 Black 

5 18 165 450 Precimid 1170 

6 1 165 450 Sintratec PA12 Black 

7 11 170 650 Precimid 1170 

8 14 170 650 Sintratec PA12 Black 

9 6 170 550 Precimid 1170 

10 10 170 550 Sintratec PA12 Black 

11 16 170 450 Precimid 1170 

12 17 170 450 Sintratec PA12 Black 

13 7 175 650 Precimid 1170 

14 12 175 650 Sintratec PA12 Black 

15 9 175 550 Precimid 1170 

16 15 175 550 Sintratec PA12 Black 

17 8 175 450 Precimid 1170 

18 2 175 450 Sintratec PA12 Black 
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44.2.3.A Energy Melt Ratio 

With the printing parameters for the trials selected, the EMR for each trial can be calculated. Specific 

heat capacity was taken as an average value calculated from the DSC results, as was the onset of melt 

temperature, and enthalpy of melting. A value for bulk density for each material was taken from their 

respective specification sheets, as provided by their manufacturers. The packing fraction was taken from 

the ‘as deposited’ packing fraction from Chapter 3, due to the nature of powder spreading in SLS 

processes involving minimal agitation of powders. Scan count, scan spacing, and layer thickness were 

all left at the recommended settings for Sintratec PA12 Black. Laser power is fixed at 2.3W. The value 

for the parameters are listed below in Table 3. The resulting EMR values for each trial are listed in 

Table 4.   
Table 4.2: Energy Melt Ratio parameter values for the two powders. 

Parameter Name Parameter Sintratec PA12 Black 

Value 

Precimid 1170 Value 

Specific Heat Capacity (kJ/g°C) CP 35.166074 

 

46.59588 

 

Print Bed Temperature (°C) Tb1 – Tb3 165, 170, 175 165, 170, 175 

Onset of melt temperature (°C) Tm 180.1 177.2 

Enthalpy of melting (J) Hf 105.6 110.0 

Bulk Density (g/mm3) Q 0.001 0.00094 

Packing Fraction Φ 5.13E-01 5.25E-01 

Scan Count Vc 1 1 

Scan Spacing (mm) Vs 0.05 0.05 

Laser Speed (mm/s) V1, V2, V3 450, 550, 650 450, 550, 650 

Layer Thickness (mm) Z 0.1 0.1 

Laser Power (W) P 2.3 2.3 
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Table 4.3: Energy Melt Ratio values for trial print parameters. 

 
The EMR values for all trials are above a value of 1, indicating that sintering should occur in all trials. 

The EMR values also reflect the differences that the lower melting temperature makes for the Precimid 

powder, as it has higher EMR values across the board, despite having a greater specific heat capacity 

than the Sintratec powder. 

44.3 Results 

Across all trials it was used in, the Precimid 1170 failed to produce a successful print at any parameter 

combination, despite having a maximum EMR value of 9.302 at a powder bed temperature of 175°C 

and laser scan speed of 450mm/s. Further testing at higher energy density settings revealed that the 

machine itself would reach a point of overheating before any successful sintering could occur, however 

it was possible at 180°C to produce a solidified powder cake without addition of laser energy.  

 

While a powder cake did form in all trials for the Precimid 1170, there was no evidence of any sintering 

having occurred, and clumps of powder would disintegrate upon handling. As such, there was no further 

examination of material from trials using the Precimid 1170 powder. For the trials the part in position 

5, the part closest to the back wall of the print bed, failed to print successfully. In some trials it was 

noted to be partially sintered in some layers, however absent in others. It is believed that this was caused 

by a limitation of the machine itself, as it was difficult to replicate the effect in further testing. 

Print Bed 
Temperature (°C) 

Laser Speed (mm/s) Sintratec PA12 Black 
EMR 

Precimid 1170 EMR 

165 650 2.130 2.024 

165 550 2.517 2.392 

165 450 3.077 2.923 

170 650 2.925 3.080 

170 550 3.456 3.640 

170 450 4.224 4.448 

175 650 4.665 6.440 

175 550 5.513 7.611 

175 450 6.738 9.302 
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44.3.1 Part Removal From Powder Cake 

Several trials of the Sintratec PA12 did not result in complete dog bones that could be removed from 

the powder cake after printing. Of note were those with a Print Bed Temperature of 165ºC, the trials 

with Laser Speeds of 650 mm/s and 550 mm/s had very fragile parts, some of which broke during 

removal from the powder cake using a soft paintbrush. The trial with a Laser Speed of 450 mm/s 

suffered from curling during printing, and had parts swept off the print bed by the powder spreading 

blade. While there were partial parts made from a remainder of the part not swept off the bed, there 

were no complete dog bones produced.  

 

Also of note were all trials with a Print Bed Temperature of 175ºC. These trials resulted in printed parts, 

but excess material was bonded to the print, as visible in Figure 4.1, and was difficult to remove without 

damaging the printed parts. The outcome of each trial is listed in Table 4 below. 

 

  

Figure 4.1: The powder cake that was produced during trial number 16, with a Print 

Bed Temperature of 175°C, and a laser scan speed of 550 mm/s using Sintratec PA12 

Black. 
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Table 4.4: Trial notes from the experiment. 

 

Print Bed 

Temperature 

Laser Speed Sintratec PA12 Black Print Comments Precimid 1170 Print 

Comments 

165 650 Print finished, loose powder cake formed, 

several dog bones broke upon removal 

from powder cake with fine paintbrush, 

dog bone in position 5 absent. 

Print unsuccessful, no 

effect of powder 

evident 

165 550 Print finished, loose powder cake formed, 

one dog bone crumbled on removal from 

powder cake with fine paintbrush 

Print unsuccessful, no 

effect of powder 

evident 

165 450 Print not successful, parts curled and were 

swept off bed several times. Partial dog 

bones remaining in bed after print of 

reduced thickness. 

Print unsuccessful, 

occasional small loose 

clumps of powder 

170 650 Print successful, all samples removed 

without issue. 

 

Print unsuccessful, no 

effect of powder 

evident 

170 550 Print successful, all samples removed 

without issue. 

 

Print unsuccessful, 

occasional small loose 

clumps of powder  

170 450 Print successful, some excess powder 

melting present on one sample, removal 

possible with wire brush. 

Print unsuccessful, 

very loose powder 

cake formed 

175 650 Print successful, excess powder bonded to 

several samples, rigid powder cake 

formed, removal possible with wire brush. 

Print unsuccessful, 

very loose powder 

cake formed 

175 550 Print successful, excess powder bonded to 

several samples, rigid powder cake 

formed, removal possible with wire brush. 

Print unsuccessful, 

very loose powder 

cake formed 

175 450 Print successful, excess powder bonded to 

all samples, rigid powder cake formed, 

removal possible with wire brush o 

Print unsuccessful, 

very loose powder 

cake formed 



Testing of Models Through Sintering Trials 

 

40 

 

44.3.2 Imaging by Scanning Electron Microscope 

By examining sample cross sections with the SEM, it is possible to directly observe the bonding that 

has occurred between powder particles during printing, and to observe part porosity as the EMR 

increases. The full gallery of all images taken is available in Appendix B. 

 

4.3.2.A Method of imaging using Scanning Electron Microscope 

To prepare samples for examination, the end of the dog bone was cut off using a scalpel with a clean, 

fresh blade, cutting through the build layers with a slow, gentle pressure. The sample was then mounted 

to a specimen stub using conductive double-sided tape, with the ‘external’ side of the sample contacting 

the tape, and the ‘internal’ side of the samples facing up for examination. Samples were then sputter-

coated with gold using a Desk Sputter Coater DSR1 (Nanostructured Coatings Co, Iran), operating at 

10 mA, with a layer thickness of 20 Å. 

 

All samples were imaged using a TM3030Plus Desktop SEM, and accompanying TM3030 Plus 

software (Hitachi, Japan), set to ‘Secondary Electron’ (SE) mode, with an accelerating voltage of 15, 

000 Volts.   

 

4.3.2.B Results 

The samples produced in trial 2, at the lowest energy density settings with a print bed temperature of 

165°C, and with a laser scan speed of 650 mm/s, do reveal large internal cavities visible, as shown in 

Figure 4.2. However, some necking between individual particles are visible despite most particles being 

well defined when viewed at 500 times magnification in Figure 4.3 below. 
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Figure 4.2: 100 x magnification SEM image of Sintratec PA12 Black powder with powder bed temperature of 

165°C, and laser scan speed of 650 mm/s. 

Figure 4.3: 500 x magnification SEM image of Sintratec PA12 Black powder with powder bed 

temperature of 165°C, and laser scan speed of 650 mm/s. 
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Trials 6 and 8 are of note, because they have very similar EMR values (3.077 and 2.925 respectively) 

but different processing parameters. SEM imaging shows that samples from both trials look similar, 

with areas of coalescence visible in large sections of the part, visible in Figures 4.4. Outside of the areas 

of coalescence, porous areas are still visible, but higher magnification imaging in Figures 4.5 reveals 

that necking is now pronounced between individual powder particles.  

 

 

 

Figure 4.4: Comparison of SEM images taken at 100 times magnification of samples from trial 6 (left), with print bed 

temperature of 165°C, and laser scan speed of 450 mm/s, and trial 8 (right), with a print bed temperature of 170°C, and laser 

scan speed of 650 mm/ 

Figure 4.5: Comparison of SEM images taken at 500 x magnification of samples from trial 6 (left), and trial 8 (right). 
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Trial 12 was the trial with the highest EMR value that parts were removable from the powder cake 

without issue. One part did have excess material attached to it, but this was removable with a wire brush. 

Figure 4.6 shows that coalescence has happened across a majority of the sample, however porous areas 

are still common. Necking of particles has become so pronounced that under high magnification, 

identification of individual particles is difficult, as seen in Figure 4.7. The horizontal lines visible 

crossing the sample are likely from the cutting process used to prepare it. 

 

Figure 4.7: Image taken at 100 times magnification of a sample from trial 12, with print bed 

temperature of 170°C, and laser speed of 450 mm/s 

Figure 4.6: Image taken at 500 times magnification of a sample from trial 12, with print bed 

temperature of 170°C, and laser speed of 450 mm/s. 
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Figure 4.8 shows the sample from the trial with the highest EMR value for Sintratec PA12 Black, trial 

17. This sample has the most coalesced area visible of all the samples. Figure 4.9 shows a high 

magnification image, and individual particles are often difficult to discern due to necking with 

surrounding material.  

Figure 4.9: SEM image taken at 500 times magnification of the sample from trial 12. Most powder particles 

are coalesced, and very few are still distinguishable as individuals. 

Figure 4.8: SEM image taken at 100 times magnification of the sample from trial 12, with a print bed temperature 

of 175°C, and a laser scan speed of 450 mm/s. 
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44.3.3 Part Density 

The original intent was to conduct tensile testing of produced parts once removed from the powder bed. 

However, due to the number of parts that were not able to be successfully removed from the print bed 

without damage it was determined that these results would be of questionable reliability. It was therefore 

decided that an alternative form of quantitative comparison would be needed. There is an explored 

relationship between density and tensile strength of laser sintered parts in existing literature [65, 76], as 

well as flexural modulus [77], finding that denser parts have greater physical properties. This means 

that while tensile strength, often used as an indication of the functional usefulness of a part, is not able 

to be directly measured we are able to compare an alternative for the purposes of evaluating the print 

parameters, and values such as the EMR. 

4.3.3.A Density Sample Preparation 

In ideal circumstances a part of known size and therefore volume would be obtained to enable the most 

reliable means of calculating part density from measured mass. However, as visible below in Figure 

4.10, some parts had defects, meaning part features were incomplete, and difficult to accurately 

measure. To remedy this, sections of the printed parts were chosen, trimmed to a rectangular shape, at 

which point the sizes and masses were measured.  

The sections chosen for this were those identified to be the more complete sections of the part, with the 

intention of minimising the loss of material during handling caused by handling unsintered powder. The 

complete list of dimensions and masses measured for each part is available in Appendix C. Samples 

were trimmed using a sharp modelling knife, and by cutting slowly with light pressure. Samples were 

trimmed until edges were square and flat, ensuring measured dimensions would be accurate. Dimension 

measurements were taking using CD-6 ASX Digital Vernier Caliper set (Mitutoyo Corporation, Japan). 

Mass measurements were taken using a Entris2241-1S Electronic Balance (Sartorius Lab Instruments 

Gmbh & Co, Germany). Data was analysed in Excel 2016 (Microsoft Corporation, USA). 

Figure 4.10: A dog bone produced during trials. On the right-hand side a defect is visible. 



Testing of Models Through Sintering Trials 

 

47 

 

44.3.3.B Results from Sample Measurements 

A complete set of measurements taken from all samples is available in Appendix C. From these 

dimensions a volume can be calculated for each sample, and when combined with the mass 

measurements a value for density can be calculated. These values were averaged across samples from 

each bed position of the experimental trial, giving Mean Density for each trial. This was done to ensure 

that the effect of the position of the part on the print bed had no effect on the density results. Shown 

below is a Surface Plot of these Mean Densities, against the independent variables for the experimental 

trials, Print Bed Temperature (°C) and Laser Scan Speed (mm/s).   

 

 
Figure 4.11: Surface Plot of Mean Density of each experimental trial. 

As seen in the Surface Plot, the Mean Density of each experimental trial increased as the energy density 

of the print increases, which is caused by an increase in either Print Bed Temperature, or a decrease in 

Laser Scan Speed.  
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44.4 Discussion 

The purpose of this chapter was to test the effectiveness of the existing modelling methods in their 

ability to predict print parameters which would lead to successful sintering, based on the methods of 

powder characterisation undertaken in Chapter 3. Following the trials undertaken in this chapter, 

successfully produced samples were assessed qualitatively, by the ability for the part to be removed 

from the powder cake, as well as their appearance during SEM imaging. Parts were also assessed 

quantitatively, by calculating the Mean Density of each experimental trial. These assessments allow for 

a balanced assessment on the models in the section on the ability to produce a successful part using the 

SW and EMR models. 

 

4.4.1 Print Parameter Predictions 

As discussed at the beginning of this chapter, the EMR calculations for all trials were above a value of 

1, indicating that sintering should successfully occur at print parameters of all trials. When 

characterising the two powders in Chapter 3, there was no significant difference that was measured 

between the two powders.  

 

All current methods of characterising the powders, such as the Sintering Window and the Energy Melt 

Ratio determined that the two powders should have successfully sintered. It was therefore unexpected 

that the Precimid 1170 powder failed to sinter even when exposed to 9 times the minimum amount of 

energy required for sintering to occur, as calculated with the EMR.  

 

4.4.2 Removal From Powder Cake 

None of the trials for the Precimid 1170 powder were successful in creating a part that could be removed 

from the powder cake. In additional, further testing to determine what settings would be required to 

attain a sintered part using Precimid 1170 powder resulted in the Sintratec kit overheating and switching 

off, which would indicate that the settings cannot be attained without potentially damaging the machine. 

This suggests that some of the energy being inputted into the powder is not being absorbed by the 

powder, which is reinforced by the fact that the machine was overheating during the printing process 

when further testing was conducted.  
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An exploration of published literature for possible reasons for this did not identify any previous 

published research that could explain this. In addition to this, the Sintratec PA12 Black did not 

successfully produce parts that could be removed from the powder cake in trial 2, where the EMR value 

was greater than 2. This suggests that there is a factor of energy loss present for the Sintratec PA12 

Black powder, despite being recommended for this printer by the manufacturer. 

 

The fact that the Sintratec PA12 Black parts produced with the highest EMR values required removal 

of excess powder with a wire brush instead of a paint brush suggests that bonding is excessive. Post-

processing of this nature risks damaging finer details of some parts, and could be considered a failure 

to successfully process the material. However, there is means of indicating this behaviour with the 

EMR, posing a risk to operators who choose to print with higher EMR values as a means of avoiding 

insufficient energy density in parts. 

44.4.3 Scanning Electron Microscope 

Despite the SW and EMR not successfully predicting the print parameters required for the Precimid 

1170 powder, there was an observable trend that necking between particles and general coalescence in 

the part, which increased as the EMR values increased. This suggests that while the EMR value still has 

limitations in predicting the minimum amount of energy required to successfully produce a part, it was 

useful for classifying the quantity of energy being put into the part. This is a result that matches results 

from previous literature [43], indicating that this situation is not unique to the Sintratec machine or this 

study. 

 

4.4.4 Density 

The relationship between energy density and part density has been reported to vary, and appears to be 

dependent on material properties. Some authors have reported that increased energy density leads to an 

increase in crystallinity [28], which in turn leads to greater physical properties like Tensile Strength. 

However, other authors have reported that after initial gains in part density, further increases in energy 

density have led to a decrease in party density [64], due to gas trapping by polymer degradation. While 

it is unclear in this instance if material degradation has occurred, there is certainly a clear positive 

relationship between part density and energy density of the print parameters.  

 

 

 

 



Testing of Models Through Sintering Trials 

 

50 

 

It does not appear as if either of the two independent variables has a more significant effect than the 

other, as trials with similar energy densities, as calculated by the EMR value, have similar Mean 

Densities. This can be observed in data from the trial with a Laser Scan Speed of 450 mm/s and a Bed 

Temperature of 165 °C, and the trial with a Laser Scan Speed of 650 mm/s and a Bed Temperature of 

170 °C.  This does correlate with previous literature, where the effect of print parameters has more of a 

known effect on failure modes [78].   

 

It may be possible with future work to classify a part density which correlates with the onset of excessive 

unintended melting, as seen with the higher EMR value builds. Looking at the Surface Plot, it does 

appear as if there is a region on the plot at which part feature definition becomes lost when the part is 

removed from the print bed due to unintended bonding of surrounding parts. It is difficult to obtain this 

level of detail from the results of this experimental set due to the small number of trials conducted 

limiting the data set available. With a larger number of trials, and a more varied set of EMR values this 

could be possible. If this data was correlated with other attempts at quantifying the degree of 

crystallinity of SLS prints, such as the work down with Degree of Particle Melt [79, 80] there could be 

another useful metric for the EMR equation that enables operators to better understand their print 

parameter selection, streamlining new material adoption processes. 

 

 

One thing that is missing from existing methods of powder classification and modelling methods is 

accounting for potential losses than occur during the printing process. In addition to this, the absorption 

of the laser is not considered in the material properties, meaning that all laser energy emitted by the 

machine is assumed to be absorbed, and contribute towards the powder being heated. This may not 

always be the case, as laser energy may be reflected, or absorbed and re-emitted, as in fluorescence.  

 

44.5 Chapter Summary 

This chapter covered the experimental procedure undertaken to assess the current methods of 

characterising SLS powders are sufficient. After determining print parameters that predicted successful 

sintering for both powders during experimental trials, the trials were conducted. While no parameter 

combination tried resulted in successful production of a part using the Precimid 1170 powder, the 

Sintratec PA12 Black powder had trials that resulted in a range of parts that demonstrated insufficient 

bonding of material, successful bonding of material, and excess unintentional bonding. Further 

assessment of the Sintratec PA12 Black parts confirmed a likely relationship between EMR values and 

crystallisation of material in parts produced.  

 



Testing of Models Through Sintering Trials 

 

51 

 

From these results it was determined that while the EMR and SW models have some use in quantifying 

the energy input into parts, it has some weakness for determining minimised print parameters for 

successful sintering. It has been noted that both the SW and the EMR models lack any sort of recognition 

of the fact that laser energy is reflected by the powder during sintering, and this represents a source of 

energy loss in the sintering process. To improve the accuracy of the current models a means of usefully 

quantifying these losses needs to be identified. 

 

In Chapter 5, some possible ways of quantifying these losses will be assessed. These will be done with 

reference to the two powders already used in this study, and will reference to the results of Chapter 3 

and 4, with the intent of better explaining the results of the experimental trials of Chapter 4. 
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CChapter 5 Investigation into Optical Properties of Sintering Powders 

5.1 Chapter Overview 

Additional experimentation is undertaken to identity contributors to the results seen in Chapter 4, 

namely the failure of the Sintering Window (SW) and Energy Melt Ratio (EMR) models to predict print 

parameters required for sintering to occur successfully within the two parts. The objective of this 

additional experimentation was to further characterise the properties of the two sintering powders using 

Spectrofluorophotometry, and Fourier Transform Infrared Spectroscopy (FTIR) analysis.  

 

Trials in Chapter 3 focused on methods used in previous studies and classified powders based on 

thermal considerations, like the melting temperature, specific heat capacity, and powder flow 

considerations like packing fractions. In these categories the two powders showed many similarities, 

and existing models predicted that the two could be successfully sintered using a set of common printing 

parameters. However, none of these methods considered the colour of the two powders, and the effect 

this has on the energy requirements.  

 

The common parameters tested in the design of experiment trials in Chapter 4 did not sinter the Precimid 

1170 powder, while the Sintratec PA12 Black successfully sintered, provided the EMR value was 

greater than 2.925. Further testing indicated that the Sintratec Kit printer was unable to deliver enough 

energy to cause sintering before overheating.  

 

While previous research has focused on the reflection of laser energy from the powder surface, studies 

found that powder size and packing fraction had a significant effect on levels of reflectance [56, 69]. 

Laumer et al. (2016) noted during a classification of optical properties of sintering powders that 

“another reason for the material behaviour needs to be considered: the optical material characterisation 

of the basic polymer” [67]. It is therefore important to classify optical properties, and investigate 

whether these properties may explain energy losses not reflected in the model. The work in this chapter 

will do this using Spectrofluorophotometry and Fourier Transform Infrared Spectroscopy (FTIR). 

Spectrofluorophotometry will identify differences in energy losses through fluorescence, while FTIR 

will give an absorption spectrum for the two powders across a range of wavelengths. 
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55.2 Spectrofluorophotometry 

The spectrofluorophotometer will determine the amount of fluorescence that occurs across a spectrum 

when the material is excited by a focused input of a given wavelength. In the context of this study this 

is critical because it is important for determining the effect the input of the laser has during the Selective 

Laser Sintering (SLS) process. The greater the amount of fluorescence that occurs, the greater the 

proportion of energy not being converted to heat energy. 

5.2.1 Machine Used for Testing 

The machine used is the Shimadzu RF-600 Spectrofluorophotometer, operated using the LabSolutions 

RF software (Shimadzu Scientific Instruments, USA).  Results were also processed within the 

LabSolutions RF software.  

5.2.2 Method Used for Testing 

Samples were placed into a clean, dry cuvette, which was then gently tamped to minimise transmission 

through the powder. The cuvette was then placed into the machine, and positioned at a 45-degree angle 

to the excitation beam. This was done due to the likely low transmittance of the excitation sources 

through the powder, therefore better enabling the emissions detector to absorb emissions from the 

surface of the sample facing the excitation beam.  

 

An excitation versus emissions sweep was conducted from 350 nm to 800 nm, with the settings listed 

in table 1 below. 

 
Table 5.1: Table of Machine Settings for Spectrofluorophotometry 

Measurement Settings 

  

Instrument Settings 

  

Parameter Value Light Source Xenon Arc 

Lamp 

Spectrum Type 3D Signal Processing Analogue 

Excitation Wavelength Band 350 nm -800 nm Excitation Bandwidth 3 nm 

Emission Wavelength Band 350 nm – 800 nm Emission Bandwidth 5 nm 

Data Interval 5 nm Sensitivity 

  

High 

  
Scan Speed 12000 nm/min 
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55.2.3 Results 

Results of the trials are displayed using the LabSolutions RF software in a contour plot, of excitation 

wavelength against emissions wavelengths, with intensity of emissions (measured in Fluorescence 

Intensity) signified by the colour of the contours. Some intense emission absorptions are visible at the 

excitation wavelengths, forming a diagonal line across the results. As emissions cannot be more 

energetic than their excitation wavelength, all values above this diagonal line can be ignored for the 

purposes of interpretation.  

 

The Precimid 1170 powder shows some fluorescence when excited with the same wavelength light as 

the Sintratec Kit laser, at 445 nm. The emissions of this fluorescence start at around 750, and intensifies 

at the end of the emissions detection bandwidth, at 800 nm, as visible below in figure 1. The intensity 

of the fluorescence emissions is approximately 10% of the highest value emission.  

  

Figure 5.1: Contour plot of Excitation wavelength versus Emissions wavelength for the Precimid 1170 powder. 
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The Sintratec PA12 Black produced comparable results, but with lower intensity at the same 

wavelengths when compared to the Precimid 1170, with fluorescence emissions maximising at around 

1%. The fluorescence also occurred at a much narrower wavelength than the Precimid 1170 as well, 

with the contour occurring above emission wavelengths of 780 nm.  

 

55.3 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy is used to gather a spectrum of absorption of a material when 

exposed to a broad range of wavelengths. As mentioned previously in Chapter 2, there is previous use 

of FTIR in literature as a means of classifying material absorbance of energy, in particular at the CO2 

laser wavelength [68]. By specifying a wide enough bandwidth of measurement, it should be possible 

to measure not only the absorption of the two materials at the bandwidth of the Sintratec Kit laser, at 

445 nm, but also of the near and mid-range infrared wavelengths that would correlate to the heat lamps 

that the kit uses to heat the powder. This would enable a classifying of the absorption of the two key 

forms of energy input for the kit, which is key to explaining the results of the design of experiment seen 

in Chapter 4.  

  

Figure 2: Contour plot of Excitation wavelength versus Emissions wavelength for the Sintratec PA12 Black. 
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55.3.1 Machine used for Testing 

The unit used for these experiments is a Bruker ALPHA Spectrometer, running on the Bruker OPUS 

software package (Bruker Optik GmbH., Germany). The machine fitted with a diamond attenuated total 

reflectance (ATR) crystal, which enables the direct measurement of powder without further preparation. 

The machine was calibrated with a background spectrum test before use, and was cleaned with acetone 

between samples. 

5.3.2 Method used for Testing 

Virgin samples of each powder were used, with a laboratory spatula used to spoon enough material onto 

the ATR crystal to cover it completely. The anvil was lowered until it applied firm pressure against the 

sample and the ATR crystal.  

5.3.3 Results of Testing 

The OPUS software displays the results of the trials using Absorbance Units (AU), as shown in Figure 

5.2 below. This is done to provide a more easily visualized comparison of the absorbance of the two 

powders.  

 

 

  

Figure 5.2 Absorbtance of the powders over Wavelength of light.: 
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To provide a method of comparison that enables classification of the powders by energy losses the data 

can be transformed to show powder energy transmittance as a percentage. The data is transformed 

according to the Beer-Lambert Law, shown below as Equation 5.1, where transmittance is described as 

the ratio of the intensity of the transmitted light (I) to the intensity if the incident light (Io) where A is 

Absorbance, I is the transmitted light, and IO is the incident light. 

 =             (5.1) 

The calculated transmittance is graphed below, in Figure Three. The transmission of the of the Sintratec 

PA12 black powder is lower at all points than the Precimid 1170 powder, indicating it absorbs more of 

the light. The characteristic absorption peaks are at the same wavelengths, and the differences in 

transmission is much smaller at these points. The OPUS software identified both powders as of the 

Polyamide-12 family. The measurements at the four lowest wavelengths for the Precimid 1170 are 

reported to be 100% transmission, which would appear to be an error. At the wavelength of the Sintratec 

Kit laser, 445 nm, the transmittance of the Sintratec PA12 Black powder is only 3.781 % lower than the 

Precimid 1170 (84.51% versus 88.29%). Removing the four lowest wavelength measurements to 

remove the error as a possible source of bias, the average transmittance across all remaining values is 

87.23% for the Sintratec PA12, and 92.01% for the Precimid 1170.  

Figure 5.3: Transformed FTIR values to show transmittance of light through the sample against wavelength of light measured.
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55.4 Discussion 

While no literature exists on the use of the Spectrofluorophotometer as a means of classifying SLS 

powders currently, the nature of the material used in the powders make the results unsurprising. Nylon 

is chosen for use in sintering due to its stable nature, both in resistance to decomposition to heat, as well 

as many common solvents. This is due to strong molecular bonds, which would require significant 

energy to break. This means that the fact the material has minimal fluorescence is not surprising, 

however it must be noted that the Sintratec PA12 Black powder does emit less, not only in terms of 

intensity, but also in terms of wavelengths of emissions.  

 

The samples were placed into the machine on a 45-degree angle, to increase the chance of emissions 

being successfully detected. This had an added effect on increasing the amount of scattering that 

occurred, which is visible as emissions detected at the excitation wavelength, shown as a diagonal line 

across the results graph. The effect of this is that it effectively scales the results according to the 

excitation source strength. We can see that the emissions at the 445-nm wavelength are much smaller 

than the excitation wavelength, suggesting that losses are minimal, although present. The fact that 

spectrofluorophotometry uses the arbitrary unit of Fluorescence-Intensity units makes such small 

emissions hard to quantify for the purposes of improved modelling, however the two powders do have 

an observable difference, which could contribute to energy losses during sintering. 

 

The FTIR results show a clear difference between the two powders when the data is transformed to 

show transmittance. The results from the FTIR are similar to those found by previous authors [68], 

although the authors of previous work have shown the data as the complementary absorbance, as 

opposed to transmittance. The results also show that the Sintratec PA12 Black does absorb a greater 

percentage of the 445-nm wavelength energy, however only by less than 4%. This indicates that the 

results of these tests are indicative of the differences only, and do no show the differences in losses 

between the two powders that would be required to explain the results in Chapter 3. 

 

The characteristic absorption wavelengths that identify both powders are Polyamide-12 also shows that 

there is a lack of any chemical contaminant that could have caused the differences in the results seen in 

Chapter 3. This is interesting given that the Sintratec PA12 Black was likely dyed to attain the black 

colour. Previous work does cover the use of black powders [68], noting that their colouring is likely 

used to improve laser absorption, however the effect of the colour on the powder is not examined in 

depth as done here. The results from this test have significance in showing the effect that colouring has 

on a powder, which is a material property that has otherwise been yet unexplored.  
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While the SW and EMR models do account for basic thermal and physical characteristics of the 

material, they fail to account for any optical properties of the material. The two tests do demonstrate 

there are measurable optical properties that can be classified by existing testing processes. This is 

significant because further classification of properties allows for more refined models that can account 

for potential energy losses, enabling greater accuracy. Given that the two materials are so similar, it is 

crucial that more methods are explored to model how the material will react during the sintering process.  

 

55.5 Chapter Summary 

In this chapter the aim was to conduct experimentation to classify previously unconsidered optical 

properties of the two SLS powders for the purposes of improving the existing models used to predict 

the minimum print parameters required for successful sintering. 

 

To achieve this both powders were characterised by FTIR and Spectrofluorophotometry processes to 

determine their responses to a range of wavelength excitations, such as absorption, and fluorescence. 

There was an identifiable difference in the response of the two powders, which can partially be 

attributed to the difference in colour of the two powders. 

 

However, the results do not provide sufficient explanation for the findings from in the experimental 

trials from Chapter 4, as the differences are not great enough to explain why sintering does not occur 

for the Precimid 1170 powder when the EMR predicts the energy being inputted is over nine times the 

required amount to cause sintering to occur.  

 

In Chapter 6, the results of this will be discussed with implication for the effectiveness of the existing 

models, with respect to their ability to be improved upon in future research.   
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CChapter 6 Discussion 

6.1 Chapter Overview 

Selective Laser Sintering (SLS) has significant potential as an Additive Manufacturing (AM) process. 

However, to stimulate this growth, there needs to be an increase in the range of materials available for 

printing. Key to enabling this, is that operators can determine what printing parameters are required to 

process these new materials. This chapter aims to examine the results of this study with respect to the 

objectives outlined in Chapter 1.  

 

These objectives are: 

1. Identify the current existing models used to determine printing parameters for a new material 

2. Identify weaknesses in current modelling processes 

3. Conduct experimentation to explore the validity of these weaknesses. 

4. Explore opportunities to improve the print parameter model to address these weaknesses 

6.2 Existing Models 

As identified in Chapter 2, there are several existing models that operators can use to predict the 

parameters required when printing with new materials. Between the Sintering Window (SW) and the 

Energy Melt Ratio (EMR) operators can identify most of the common temperature parameters, such as 

chamber and print bed temperatures [3, 11, 35], as well as laser scan settings, like scan speed and scan 

count [12, 56]. By providing the operator with models for identifying these parameters, one of the most 

difficult challenges when using a new material can be reduced. By having an accurate method of 

calculating what print parameter values will lead to successful prints, operators will require fewer failed 

prints to bring new powders into service. Reducing the barriers to operators being able to utilize new 

powders provides greater incentive for them to try new materials. 

6.3 Identified Weaknesses 

Both the SW and EMR models are useful because they offer operators a means of identifying parameter 

values for sintering, and they are also simple to implement. Both the SW and EMR primarily rely on 

values that are obtained through Differential Scanning Calorimetry (DSC), and can utilize an ASTM-

standardized testing technique to obtain relevant values [45]. The material specification sheets provided 

by some manufacturers often contain these values as well [81]. This enables operators to easily obtain 

the values, either through the specification sheets, or by contracting out these testing processes. This 

frees operators from having to purchase expensive specialized testing equipment, thus reducing some 

of the barriers to printing using new materials.  
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However, part of the simplicity of these models comes from the fact that they are limited in their 

acknowledgement of material behaviours. They are sufficient at acknowledging energy requirements 

for sintering, but do not address the losses that can occur during sintering, especially with respect to the 

laser heating a powder bed. This means that existing models do not accurately predict the print 

parameters that will lead to a successful print. We see confirmation of these in the difference between 

the predictions of sintering seen in Chapter 3, and the results of the sintering in Chapter 4.  

66.4 Validity of Identified Weaknesses 

Despite the characterisation of the powders in Chapter 3 predicting that all trials would result in 

successful sintering, there were no successful print results for the white Precimid 1170 powder. 

Additionally, model predictions of success for the Sintratec PA12 Black powder for print parameter 

with the lowest EMR values were incorrect, despite them predicting twice as much energy required for 

sintering to occur. While previous studies have acknowledged limitations in the accuracy of the EMR 

model at low laser energy density values [43], there is little literature exploring this topic, and none 

with intent to explore the limitations of the model such as seen in this thesis research.  

 

The models were not without value to operators, as they did see some success with the Sintratec PA12 

Black powder, providing a useful indication of coalescence, as well as correlating EMR values with 

density, which in turn has been linked to mechanical properties such as strength. While the original 

intent was to provide tensile strength results, the limited success in printing complete parts that could 

be removed successfully from the powder cake without fracturing made this unfeasible. Future work 

could remedy this by increasing both the number of parts produced in a print, as well as increasing the 

number of trials for each printer setting to ensure the best chance of printing complete parts that are 

amenable for tensile testing. As it was the parts produced in this research were still able to be classified 

by the density of the parts produced, and by using Scanning Electron Microscope to observe particle 

coalescence.  

 

Another limitation of the two print parameter prediction models used (SW and EMR) was the inability 

to determine when an excess of energy was being inputted to the print bed during printing, causing 

solidification of the powder cake, with excess powder melting to the part. While previous studies have 

discussed an EMR value related to material degrading thermally [56], there has not yet been a means 

of classifying when a part achieves a full melt. Classification of this would enable operators to narrow 

the energy window the machine operates in to reduce the chance of this excess melting occurring. Some 

literature exists classifying parts according to degree of particle melt [79], so a means of correlating this 

concept and EMR to provide operators with a means of classifying the state of coalescence numerically 

would enable operators to set a more useful upper bound for the energy input of the printing process. 
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66.5 Improvements To The Models 

Previous work on the EMR model has been conducted using commercial-grade CO2-laser machines 

[43, 45, 56]. This is important because there is existing knowledge in literature about the reflectance of 

a powder material having a dependence on the wavelength of the laser used [69, 70]. No previous 

research has been conducted with a SLS printer with a laser with a wavelength of 445 nm, such as the 

one used in the Sintratec Kit, so no direct comparisons can be drawn.  

 

Previous studies have established the absorptance of similar polyamide powders at values around 90% 

of energy emitted from CO2 lasers, with a wavelength of 10.6μm [67, 82]. This means that a relatively 

small amount of energy is being lost to reflection, which could have contributed to a lack of further 

research as to possible improvements to the model. Laumer et al. (2016) established that changing 

wavelengths from 10.6μm to 1.94 reduces the absorptance of a polyamide from above 90% of energy 

emitted to below 50% of energy emitted, a significant amount of energy now being wasted.  

 

The results of Chapter 4 indicate that energy losses may be around this number, as sintering did not 

successfully occur when using the Sintratec PA12 Black in trials with an EMR values of 2.517, but 

sintering was observed at the next greatest energy density, 3.077. There is mention in existing literature 

about the EMR failing to predict the necessary energy required to achieve sintering, even with a CO2 

laser [43]. 

 

Ideally a measure of reflectance would be conducted using the experimental setup shown by Laumer et 

al. (2016), however, as noted in Chapter 3 this experimental setup is a specialized one not found 

commonly in laboratories. The resources required to recreate such a setup were beyond the scope of 

this project, and attempts to find similar laboratory setups were unsuccessful. While integrating spheres 

do find use in existing laboratories, the physical arrangement of these setups is often unsuitable, with 

specimen holders being mounted in the horizontal position, meaning pure loose powder cannot being 

easily measured. The prospect of purchasing specialised equipment such as this would represent a 

barrier for an operator considering trialling new materials, and as such alternative methods of measuring 

optical properties were explored in Chapter 5. 
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Previously literature measuring reflectance of SLS powders has noted that there is a relationship 

between reflectance and mean particle size, and consequently powder packing fraction [67, 82]. As 

noted in Chapter 3, packing fractions for the two materials used in this study were very similar, 

indicating similar particle size and packing efficiencies between the two powders. This is backed up by 

observations made using Scanning Electron Microscope of both powders, showing both powders to 

have similar particle sizes and morphologies, as well as particle surfaces. Laumer et al. (2016) explores 

this relationship further, noting that absorption behaviours of powders are dependent on absorption 

behaviours of single particles, and thus of the material behaviours. This shows the need for further 

powder classification of powders by their material behaviours rather than solely by powder behaviours, 

such as powder flow measurements.  

 

There is a lack of literature on the differences between two similar powders of different colours in a 

larger context, however again the relationship between wavelength and absorption could play a key part 

in explaining this. Because the losses through reflection as so minimal, as mentioned earlier, any 

changes in absorption due to colour may have been so minimal that they did not attract researchers’ 

attention before. This study appears to be the first time the colour of a powder plays a significant part 

in the ability for a powder to be sintered in a SLS printer. 

 

Fourier Transform Infrared Spectroscopy (FTIR) has been utilized in previous works as a classifying 

the material absorption of SLS powders [35]. It has been used previously to show the differences in 

absorption between powders of different composition [69], including a black powder , but never to show 

the differences between to similar powders of different colours [68]. The results in Chapter 5 indicate 

that FTIR can be used as a method of exploring the difference in material absorption properties between 

the two different coloured powders. The black powder absorbed more than the white powder across all 

wavelengths, which fits with the results seen within Chapter 4 of the white powder not sintering at EMR 

values that the black powder successfully sintered at.  

 

The biggest limitation of using FTIR as a means of classifying the absorption of the materials is that 

while it is useful for indicating differences in absorption of materials it does not provide a true 

representative value of the amount of energy being absorbed during the sintering process, unlike 

processes such as those using integration spheres [70]. Therefore, while FTIR does provide the ability 

to confirm suspicions about the difference in material absorption of the two powders due to the 

difference in colour, it does not provide a method of quantifying the difference in a way that would 

enable refining of the model. 
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Another aspect of material behaviour that is not well explored in literature is the fluorescence behaviour 

of SLS materials. As mentioned previously, much of the existing literature surrounding energy density 

of SLS powders was conducted using CO2 lasers. However, by changing wavelengths of laser it is 

possible that the interactions occurring between laser energy and powder particles has changed. In the 

presence of 10.6μm wavelength laser the material undergoes heating by excitation of the induced 

oscillations of the molecule chain, however when exposed to near-range infrared the behaviours change. 

Molecules instead undergo electronic excitation of electrons, leading to indirect excitation [67]. The 

Sintratec Kit uses a 445-nm wavelength laser, which has even more energetic photons than near-range 

infrared, which could cause energy to be re-emitted as photons rather than converted to phonons. There 

is no previous literature examining the fluorescence of powders, so the data has little comparative use. 

The re-emittance of fluorescent energy in this case appeared to be minimal, but could be subjective to 

material and wavelength, meaning that it may not be insignificant in all cases, as other powders may 

react differently. 
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CChapter 7 Conclusion 

For Selective Laser Sintering (SLS) to experience growth in markets previously serviced by other 

methods of Additive Manufacture (AM) it must expand the range of materials that can be processed 

into useful products. Today only a small number of materials are available when compared to other AM 

technologies, limiting the applications that can utilize this technology. One of the biggest barriers to 

adoption of materials is the danger inherent to high-energy processes such as SLS. The aim of this 

research was to identify opportunities to improve current methods for modelling the relationship 

between material specifications, and printing parameters.  

 

This aim was achieved though completion of 4 objectives, including: 

1. Identifying current existing models used to determine printing parameters for a new material 

2. Identify weaknesses in current modelling processes 

3. Conduct experimentation to explore the validity of these weaknesses, and 

4. Explore opportunities to improve the model to address these weaknesses 

 

The current models to determine printer parameters to achieve successful sintering include both the 

Sintering Window (SW) and the Energy Melt Ratio (EMR). These two models are complementary, and 

the two are both required to establish all common print parameters. They include both thermal and 

physical powder properties, but do not include any optical properties. This is significant because the 

nature of the SLS printing process relies on concentrated delivery of laser energy to achieve successful 

sintering. 

 

Experimental trials using two similar polyamide powders, one black and one white, identified that the 

two powders were similar thermally and physically, meaning that the models predicted that they should 

both sinter successfully utilizing the same set of print parameters. Results of the experiments were, that 

none of the trials involving the white powder sintered successfully, and trials involving the black 

powder suffered from issues with either insufficient energy to successfully remove them without 

disintegrating, or excessive energy causing excess powder to bond to the part.  

 

Further experimentation was carried out to investigate the differences in optical properties using Fourier 

Transform Infrared Spectroscopy (FTIR) and Spectrofluorophotometry. FTIR revealed that there was a 

difference in absorption as a material property, despite similar particle size and shapes, indicating that 

differences in laser energy absorption could explain the results seen in the trials. 

Spectrofluorophotometry revealed minimal differences in fluorescence of the powders, suggesting it an 

unlikely source of energy loss within the sintering process. 
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Future work is recommended to include finding some standardized form of testing setup that can be 

used to categorize the reflectance of a material, as current work relies on proprietary experimental 

setups. Finding methods of classifying the laser absorption that would avoid these setups would remove 

another barrier for operators, and enable refinement of the EMR equation to reflect the energy losses 

during printing.  

 

In addition to this, further work is also recommended in establishing the relationship between the EMR 

and Degree of Particle Melt to provide a more concise energy envelope for operators to select 

parameters for. This would reduce the chance of operators fusing parts into the powder cake with 

unintentional powder melting due to excess energy. 
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AAppendix B 

 

Figure B1: Sample printed at Print Bed Temperature of 165°C, and Laser Scan Speed of 

650mm/s, at 100 x magnification 

Figure B2: Sample printed at Print Bed Temperature of 165°C, and Laser Scan Speed of 

650mm/s, at 500 x magnification 
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Figure B3: Sample printed at Print Bed Temperature of 165°C, and Laser Scan Speed of 

650mm/s, at 1000 x magnification 

Figure B4: Sample printed at Print Bed Temperature of 165°C, and Laser Scan Speed of 

550mm/s, at 100 x magnification 
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Figure B5: Sample printed at Print Bed Temperature of 165°C, and Laser Scan Speed of 550mm/s, at 500 x 

magnification 

Figure B6: Sample printed at Print Bed Temperature of 165°C, and Laser Scan Speed of 

550mm/s, at 1000 x magnification 
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Figure B7: Sample printed at Print Bed Temperature of 165°C, and Laser Scan Speed of 

450mm/s, at 100 x magnification 

Figure B8: Sample printed at Print Bed Temperature of 165°C, and Laser Scan Speed of 

450mm/s, at 500 x magnification 
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Figure B9: Sample printed at Print Bed Temperature of 165°C, and Laser Scan Speed of 

450mm/s, at 1000 x magnification 

Figure B20: Sample printed at Print Bed Temperature of 170°C, and Laser Scan Speed of 

650mm/s, at 100 x magnification 
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Figure B14: Sample printed at Print Bed Temperature of 170°C, and Laser Scan Speed of 

650mm/s, at 500 x magnification 

Figure B32: Sample printed at Print Bed Temperature of 170°C, and Laser Scan Speed of 

650mm/s, at 1000 x magnification 
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Figure B63: Sample printed at Print Bed Temperature of 170°C, and Laser Scan Speed of 

550mm/s, at 100 x magnification 

Figure B54: Sample printed at Print Bed Temperature of 170°C, and Laser Scan Speed of 

550mm/s, at 500 x magnification 
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Figure B75: Sample printed at Print Bed Temperature of 170°C, and Laser Scan Speed of 

550mm/s, at 1000 x magnification 

Figure B86: Sample printed at Print Bed Temperature of 170°C, and Laser Scan Speed of 

450mm/s, at 100 x magnification 
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Figure B107: Sample printed at Print Bed Temperature of 170°C, and Laser Scan Speed of 

450mm/s, at 500 x magnification 

Figure B98: Sample printed at Print Bed Temperature of 170°C, and Laser Scan Speed of 

450mm/s, at 1000 x magnification 
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Figure B119: Sample printed at Print Bed Temperature of 175°C, and Laser Scan Speed of 

650mm/s, at 100 x magnification 

Figure B20: Sample printed at Print Bed Temperature of 175°C, and Laser Scan Speed of 

650mm/s, at 500 x magnification 
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Figure B21: Sample printed at Print Bed Temperature of 175°C, and Laser Scan Speed of 

650mm/s, at 1000 x magnification 

Figure B22: Sample printed at Print Bed Temperature of 175°C, and Laser Scan Speed of 

550mm/s, at 100 x magnification 
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   Figure B23: Sample printed at Print Bed Temperature of 175°C, and Laser Scan Speed of 

550mm/s, at 500 x magnification 

Figure B24: Sample printed at Print Bed Temperature of 175°C, and Laser Scan Speed of 

550mm/s, at 1000 x magnification 
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Figure B25: Sample printed at Print Bed Temperature of 175°C, and Laser Scan Speed of 

450mm/s, at 100 x magnification 

Figure B26: Sample printed at Print Bed Temperature of 175°C, and Laser Scan Speed of 

450mm/s, at 500 x magnification 
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   Figure B27: Sample printed at Print Bed Temperature of 175°C, and Laser Scan Speed of 

450mm/s, at 1000 x magnification 
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AAppendix D 
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