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Abstract 

 

 
Polymer Laser Sintering (LS) is an Additive Manufacturing process that is well-established due to 

its ability to produce functional components with highly complex geometries. However, the 

adoption of these components for end-use applications remains hindered due concerns regarding 

their in-service behaviours, particularly when subject to dynamic contact. Therefore, the scope of 

this investigation was to characterise the surface, friction and wear properties of polymer laser 

sintered components to help address these issues. More specifically, Polyamide-12 was selected 

to be the principal polymer of interest for this investigation as it currently dominates the LS 

materials market. 

 

Laser sintered Polyamide-12 surfaces were first studied in detail. Results showed that their 

topographies were dependent on their build orientation, particularly top surfaces, which were 

found to be asperity peak dominated due to the mechanism of finish layer powder particle 

adhesion. Moreover, it was demonstrated that it was possible to reduce the top surface heights of 

laser sintered Polyamide-12 components by as much as 68% when alternative build actions were 

employed. 

 

Dry sliding tests were then performed to ascertain insight into the friction and wear properties of 

laser sintered Polyamide-12 components. This included investigating how varying operating 

conditions, specifically normal load, sliding speed and contact configuration, influenced both 

their transient and steady-state sliding behaviours. Additionally, incorporating solid lubricants 

within Polyamide-12 matrices was explored as a potential means of modifying the tribological 

properties of components manufactured by LS. Ultimately, it was demonstrated that the 

individual additions of Polytetrafluoroethylene and Molybdenum disulphide reduced the 

magnitudes of friction and wear incurred during testing by as much as 50% and 78%, respectively. 

 

This was the first time knowledge between tribology and polymer Laser Sintering was 

comprehensively consolidated. Consequently, new correlations between material, process and 

resultant surface and sliding phenomena were established.  
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Chapter 1   

Introduction 
 

 

 

 

Chapter Summary 

This chapter states the focus and motivation of this work, followed by the overall research 

aim, corresponding list of objectives and an outline of the chapters that comprise this 

thesis. 
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1.1 The Focus of this Thesis 

 

This work investigated the surface, friction and wear properties of laser sintered     

Polyamide-12 components. These three linked themes collectively formed the framework 

of this thesis, as summarised below: 

 

a. Surfaces: The topographies of laser sintered Polyamide-12 surfaces were 

comprehensively characterised. 

b. Friction and wear: The effects of surface orientation and varying operating conditions 

were analysed during transient and steady-state sliding. 

c. Modifying tribological performance: The inclusion of solid lubricants within laser 

sintered Polyamide-12 components was explored as a way of modifying their friction 

and wear properties. 

 

More generally, this research consolidated knowledge between polymer Laser Sintering 

(LS) and tribology to provide novel insights into the key surface and sliding phenomena 

pertinent to the vast majority of polymer laser sintered components. 

 

1.2 Research Motivation 

 

Today, Additive Manufacturing (AM) technologies are increasingly being used to 

manufacture functional end-use components across a range of industries, including 

aerospace; healthcare and medical; architecture and construction; and consumer goods 

[1].  

 

In 2021, approximately 33.7% of all AM parts produced were intended for end-use 

applications [2]. Despite this recent shift in utilising AM for final part production, concerns 

regarding resultant part quality continue to hinder the further adoption of polymer AM 

technologies [3–7]. 
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Therefore, greater unification between tribology and polymer AM, particularly LS, is 

required to better understand the in-service functionality of parts produced and establish 

their suitability for end-use applications. 

 

1.3 Aims and Objectives  

 

The aim of this research project was to characterise the surface, friction and wear 

properties of laser sintered Polyamide-12 components. 

 

As previously mentioned in Section 1.2, polymer AM technologies are used for a variety of 

applications across a plethora of different industries. Therefore, this work aimed to 

holistically investigate the friction and wear behaviours of laser sintered Polyamide-12 

components, rather than focus on a single, or limited number of application-specific 

interactions. In doing so, this work will serve as a benchmark for future studies that will 

also aim to evaluate the dry sliding behaviours of analogous polymer components.  

 

To achieve the aim of this research project, the following objectives were defined: 

 

- Review existing literature pertaining to both polymer Laser Sintering and tribology. 

- Characterise the surface topographies of laser sintered Polyamide-12 components to 

ascertain how, and the extent by which, they are influenced by key processing 

parameters. 

- Investigate the dry sliding friction and wear responses of laser sintered Polyamide-12 

components, particularly when subject to varying operating conditions. 

- Assess whether the friction and wear properties of laser sintered Polyamide-12 

components can be modified. 
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1.4 Thesis Structure 

 

This thesis consists of ten chapters, which have been structured in accordance with the 

aforementioned aims and objectives, as well as the gaps in existing research identified 

when reviewing related literature in Chapter 3. An overview of Chapters 2 – 10 is given 

below. 

 

Chapter 2 included background information on aspects related to polymer LS and 

tribology so that a fundamental understanding of both disciplines could be attained. 

 

Chapter 3 collated and critically reviewed existing literature pertaining to the surface, 

friction and wear properties of laser sintered Polyamide-12 components, allowing any 

gaps in existing knowledge to be highlighted. 

 

Chapter 4 outlined the materials and methods fundamental to this doctoral work. These 

included pertinent material properties, the LS build process followed, and the primary 

characterisation techniques employed to evaluate the resultant bulk, surface and 

tribological properties of samples produced. 

 

Chapter 5 characterised laser sintered Polyamide-12 surfaces apropos to amplitude 

roughness descriptor; applied energy density; XY positioning across the powder bed; part 

orientation; and metrology method. 

 

Chapter 6 expanded on Chapter 5 by determining the extent to which the mechanisms of 

polymer melt viscous flow and finish layer powder particle adhesion influence the top 

surface topographies of laser sintered polymer components. 

 

Chapter 7 characterised the friction and wear properties of laser sintered Polyamide-12 

surfaces during running-in. 
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Chapter 8 investigated how the sliding behaviours of laser sintered Polyamide-12 

components were affected by varying operating conditions. This involved performing 

different sliding tests in accordance with a Design of Experiments (DoE) to ascertain the 

extent by which normal load, sliding speed and contact configuration influenced the 

friction and wear properties of parts produced.  

 

Chapter 9 explored the potential of including solid lubricants within Polyamide-12 

feedstock powders (prior to processing via LS) as a means of modifying the friction and 

wear properties of parts produced. 

 

Chapter 10 discussed how the aim of this project was achieved by summarising the key 

conclusions attained from each of the experimental studies that comprise this thesis. 

Additionally, the scope for further work was highlighted, and areas for future research 

were proposed. 

 

A schematic illustrating the workflow in which this doctoral research has executed can be 

seen in Figure 1.1. 
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Figure 1.1 – A schematic illustrating both the structure of this thesis and sequence in which it was 

executed. 
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Chapter 2  

Background 
 

 

 

 

Chapter Summary 

This chapter provides background insight into both polymer Laser Sintering and tribology, 

including relevant theory and associated methodologies. This prerequisite information 

will serve as reference for work discussed in subsequent chapters. 
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2.1 Additive Manufacturing 

 

What is life beyond the extruder? 

Far away from the bossy computer. 

Out of sight of the glossy build plate, 

out of reach of the designer’s taste. 

 

Leon Reid IV 

 

2.1.1 Definition 

 

Additive Manufacturing (AM) is defined within the ISO / ASTM 52900 standard as the 

process of joining materials to make parts from 3-dimensional (3D) model data, usually 

layer upon layer, as opposed to subtractive manufacturing and formative manufacturing 

technologies [8]. 

 

Historically, Additive Manufacturing has also been referred to as Additive Layer 

Manufacturing and Solid Freeform Fabrication. But more recently, the term 3D Printing 

has become ubiquitous within the public domain. At the time of writing ‘3D Printing’ 

yielded 1,300,000,000 search results on Google, which was ten times higher than what 

‘Additive Manufacturing’ received. 

 

2.1.2  Additive Manufacturing Technologies 

 

Today, a plethora of AM techniques are commercially available [9], each distinguished by 

their processing methods and the forms of their compatible feedstock materials [10]. 

 

ASTM International [11] have defined the following categories to group these AM 

technologies, namely: Binder Jetting; Directed Energy Deposition; Material Extrusion; 

Material Jetting; Sheet Lamination; Vat Photopolymerisation; and Powder Bed Fusion 
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(PBF). An overview of each of these AM technologies is available in Appendix A. The focus 

of this work is on Powder Bed Fusion, specifically polymer Laser Sintering (LS). 

 

2.2 Polymer Powder Bed Fusion 

 

ASTM International define Powder Bed Fusion (PBF) [11] as an Additive Manufacturing 

process in which thermal energy selectively fuses regions of a powder bed. Moreover, the 

term ‘Powder Bed Fusion’ collectively describes a wide variety of AM powder-based 

technologies capable of processing polymers, metals, composites and ceramics.  

 

Polymer-PBF techniques include Laser Sintering; High Speed Sintering (HSS); Multi Jet 

Fusion (MJF); Selective Inhibition Sintering; Selective Mask Sintering; Selective Heat 

Sintering; and proprietary variations of the aforementioned [12]. 

 

Despite consolidating material by different methods, polymer-PBF techniques share 

similar processing considerations. Conventionally, these considerations are categorised 

chronologically relative to the order in which they are executed, as shown in Figure 2.1. 

Furthermore, these pre-, in- and post- processing considerations are mutually inclusive, as 

the final quality of polymer-PBF produced parts is determined by the interactions 

between these factors.  
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Figure 2.1 – Conventional pre-, in- and post- processing considerations pertinent to             

polymer-PBF. 

 

Ultimately, polymer powders constitute the largest segment within the AM materials 

market [2]. This, coupled with AM’s shift towards being predominantly used for final part 

production, provides strong indication that polymer-PBF is currently the AM technology 

favoured within industry for producing components for end-use applications. 

 

2.3 Polymer Laser Sintering 

 

Polymer Laser Sintering was the first powder-based AM technique to be developed. This 

took place in 1986, but it was not until 1992 that polymer LS became commercially 

available; the first system to incorporate this technology was DTM’s Sinterstation 2000 

[13]. Over the last 30 years, developments in technology and polymer science have 

enabled LS to advance significantly. Today, many different polymer LS systems and 

compatible materials are commercially available and its adoption within industry 

continues to grow [14]. 
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2.3.1 Laser Sintering Build Process 

 

Although the specific details of different systems vary, the LS build process generally 

consists of the following phases described below and illustrated in Figure 2.1: 

 

1) A powder recoating device deposits a thin layer of material across the build area. 

2) A laser (or multiple lasers) selectively fuses together the current cross-section of the 

part(s) being produced. 

3) The build platform is lowered by a distance equal to the programmed layer height. 

4) The process repeats.  

 

 
Figure 2.2 – An illustration outlining the general Laser Sintering build process. 

 

2.3.1.1 Powder Pre-Heating 

 

Powder pre-heating involves consecutively depositing and heating layers of powder to 

form a suitable base on which building can ensue.  

 

More specifically, material is deposited across the build area by a recoating device, often a 

blade or roller. Initially, these deposition strokes are relatively infrequent to minimise 

convective heating losses and the volume of powder required to form a suitable base. In 

between deposition strokes, heaters bring the build chamber up to the programmed bed 

temperature (𝑇𝑏). The optimal value for 𝑇𝑏 depends on the crystallinity of the    
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thermoplastic 
1 polymer being processed, which intrinsically is a function of its molecular 

chain arrangements. Furthermore, these can range from amorphous polymers which have 

entangled molecular chain structures with no long-range order, to crystalline polymers 

which comprise of organised and tightly packed lamellae [15], as shown in Figure 2.3. 

 

 

Figure 2.3 – The morphological structures of amorphous, semi-crystalline and crystalline 

polymers.  

 

Gibson and Shi [16] identified that the powder bed temperatures of amorphous and 

crystalline polymers should be set as close as possible to, without exceeding, their glass 

transition temperatures (𝑇𝑔) or melting temperature (𝑇𝑚), respectively. The former (𝑇𝑔) is 

the temperature at which an amorphous polymer begins to transition from a hard and 

relatively brittle ‘glassy’ state to a viscous or rubbery state [17]. Whereas the latter (𝑇𝑚) 

represents the point at which a physical change in state, from solid particle to viscous 

polymer melt occurs.  

 

Practically, many engineering polymers (Nylon, Polypropylene (PP), Polyethylene (PE) etc) 

are semi-crystalline and thus comprise of both amorphous and crystalline regions, as 

shown in Figure 2.3. Therefore, their optimal powder bed temperatures generally range 

between 𝑇𝑔 and 𝑇𝑚 [18]. Ultimately, when processing semi-crystalline polymers, the 

greatest 𝑇𝑏 value attainable without inducing adjacent powder particle coalescence (prior 

to laser exposure) is typically selected. This is to ensure that parts produced are 

dimensionally accurate, but also to minimise the laser energy required to selectively raise 

                                                 
1 While several thermoset polymers can be processed via LS, they remain to be significantly less 

widely adopted than compatible thermoplastic materials. 
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the temperature of regions of the powder bed to above their 𝑇𝑚. Furthermore, minimising 

the thermal gradient between sintered and un-sintered powder reduces the potential for 

curl to occur during building [19].  

 

2.3.1.2 Part Consolidation 

 

Once a suitable powder base has been created, building can take place [20]. As shown in 

Figure 2.2, this involves using a laser (or multiple lasers) to consecutively sinter and 

consolidate the cross-section of the build layer-by-layer in accordance with the sliced CAD 

file. More specifically, energy applied by the laser heats specific regions of the powder bed 

to above its melting point. At these locations, the powdered-polymer material changes 

state to a highly viscous fluid, the flow of which induces intra- and inter- layer particle 

sintering.  

 

Polymer Particle Sintering 

 

Mechanistically, the sintering of adjacent polymer powder particles occurs in three              

non-discrete stages – Initiation, neck growth and densification [21,22], as shown in         

Figure 2.4. During the initial two stages, the contact area at the interface between 

adjacent particles grows significantly and early onset necking takes place. As sintering 

ensues, further necking results in greater densification and particle coalescence.  

 

 
Figure 2.4 – The mechanism of polymer powder particle coalescence. Adapted from                 

Asgarpour et al. [10]. 
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Processing Parameters 

 

Practically, several processing parameters can be controlled when executing a LS build 2, 

the primary of which are discussed below.  

 

Influential laser-related processing parameters include laser power (𝑃), beam spacing 

(𝑥𝑠𝑐𝑎𝑛) and scan speed (𝑣𝑠𝑐𝑎𝑛).  

 

Laser power describes the magnitude of energy transferred to the powder bed per unit 

time and can be approximated by Equation 2.1 below [16]: 

 

𝑃 =  
𝑣𝑠𝑐𝑎𝑛  ∙  𝜌 ∙  𝐷𝐿𝐵  ∙  ℎ [𝐶𝑃𝐵(𝑇𝑚 − 𝑇𝑏)+𝑙𝑓]

(1 − 𝑅𝑟)
 

Equation 2.1 

 

where 𝜌 is the density of the material being processed,  𝐷𝐿𝐵 is the diameter of the laser 

beam, ℎ is the layer height of the build, 𝐶𝑃𝐵 is the specific heat capacity of the powder 

bed, 𝑙𝑓  is the enthalpy of fusion of the powder material and 𝑅𝑟  is the fraction of laser light 

reflected by the powder bed. 

 

Beam spacing is equal to the distance between parallel laser scans and scan speed is the 

velocity at which the laser beam traverses across the powder bed [19].  

 

The compound effect of these laser-related processing parameters can be evaluated via 

the function Energy Density (𝐸𝐷) [46], also known as Andrews number, using           

Equation 2.2 below: 

 

𝐸𝐷 =
𝑃

𝑥𝑠𝑐𝑎𝑛  ∙  𝑣𝑠𝑐𝑎𝑛
 

Equation 2.2 

 

                                                 
2 The ability and extent to which these processing parameters can be controlled is often at the 

system manufacturer’s discretion. 



 15 

Star et al. [23] also considered layer thickness when calculating 𝐸𝐷. Consequently, this 

gave rise to the term Volumetric Energy Density (𝑉𝐸𝐷) which can be calculated using         

Equation 2.3 below: 

 

𝑉𝐸𝐷 =
𝑃

𝑥𝑠𝑐𝑎𝑛  ∙  𝑣𝑠𝑐𝑎𝑛 ∙  ℎ
 

Equation 2.3 

 

Conventionally, layer thicknesses of around 0.1mm are considered best practice for LS. 

However, this height is dependent on the size of the powder being processed and will 

influence the builds inter-layer sintering dynamics and total duration, as well as the 

surface roughness of the parts produced.  

 

The number of times a powder bed layer is scanned by the laser (𝑛𝑠𝑐𝑎𝑛) can also be 

controlled. Goodridge et al. [24] identified that scanning each layer twice (but with less 

applied 𝐸𝐷) may facilitate the processing of polymers that crystallise relatively quickly, 

such as Ultra-High Molecular Weight Polyethylene (UHMWPE). Furthermore, Wegner and 

Witt [25] demonstrated that double scanning strategies have the potential to promote               

inter-layer coalescence and consequently reduce vertical anisotropies in the mechanical 

properties of parts produced.  

 

Troubleshooting / Optimising LS Processing Parameters 

 

A synergistic balance between energy density and powder bed temperature is required to 

produce geometrically accurate and functional components. 

 

Sufficient energy should be applied to ensure resultant parts are suitably dense. However, 

surplus energy should be avoided to avert their enlargement and / or distortion during LS. 

More specifically, excess energy may affect the scale and / or shape or parts produced due 

to either secondary sintering at the interface between pre-defined part perimeters and 

exterior powder, or curl induced by excessive shear stresses accumulated during the 
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scanning of each layer, respectively. The latter also has the potential to prompt a build to 

fail if the resultant part distortions are significant enough to impede the path of the 

recoating device during processing. 

 

Practically, fast scanning speeds and low laser powers are desirable when determining the 

optimal 𝐸𝐷 value for a specific LS system / material combination. This is to maximise 

process throughput as well as the longevity of an LS system’s optics, respectively.  

 

Additionally, if the thermal characteristics of the polymer being processed are known, a 

felicitous value for 𝑇𝑏 can be selected prior to building. This is discussed in greater detail 

in Section 2.3.2.3.  

 

2.3.1.3 Build Cooldown 

 

Once the final build layer has been sintered, additional powder layers are then 

consecutively deposited on top of the parts produced. These ‘finish layers’ provide 

insulation to ensure that all of the parts produced cool homogenously. A builds cooldown 

period is typically equal to its build duration. For example, if a LS build takes 10 hours to 

complete (including the time taken to deposit insulating finish layers), the build should be 

left to cool for a further 10 hours. Upon sufficient cooling, parts can then be extracted 

from the build chamber and post-processed in accordance with Figure 2.1. 

 

2.3.2 Polymers for Laser Sintering 

 

As previously mentioned in Section 2.2, thermoplastic powders currently constitute the 

largest segment within the AM materials market (34.7%) [2]. The growth of AM polymer 

powders, given by their annual total expenditures, over the last 13 years can be seen in 

Figure 2.5. 
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Figure 2.5 – The growth in the annual spend on polymer powders for PBF processes over the last 

13 years [2]. 

 

Today, a variety of thermoplastic powders are commercially available, with many more 

also having been demonstrated as being processable by LS within polymer-PBF focussed 

literature. These polymers in their bulk form, i.e., without the inclusion of any secondary 

filler materials, are specified in Figure 2.6. 
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Figure 2.6 – Polymers that have been reported as being processable by LS, categorised by 

crystallinity, cost, performance and availability. Adapted from Wingham [12], Tan et al. [26] and 

Yuan et al. [27]. Thermoplastic abbreviations are as follows (ordered alphabetically): ABS 

(Acrylonitrile butadiene styrene) [28]; HDPE (High-density polyethylene) [29,30]; PHBV            

(Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)) [31]; PA11 (Polyamide-11) [32]; PA12      

(Polyamide-12) [33]; PA6 (Polyamide-6) [34]; PC (Polycarbonate) [35]; PCL (Polycaprolactone) [36]; 

PEEK (Polyether-ether-ketone) [37]; PEK (Polyether-ketone) [38], PEKK (Polyether-ketone-ketone ) 

[39]; PI* (Polyimide) [40]; PLA (Polylactic acid) [41]; PLGA (poly(lactic-co-glycolic acid)) [42]; PLLA 

(poly(L-lactide)) [43]; PMMA (Poly(methyl-methacrylate)) [44]; POM (Polyoxymethylene) [45]; PP 

[46]; PS (Polystyrene) [47]; PU (Polyurethane) [48]; PVA (Polyvinyl alcohol) [49]; PVDF 

(Polyvinylidene (di)fluoride) [50]; SAN (Styrene-acrylonitrile resin) [51]; TPE (Thermoplastic 

elastomers) [52]; TPU (Thermoplastic polyurethane) [52]; UHMWPE [24]. *PI is a thermoset 

polymer. 

 

The most established polymers for LS are variations of Polyamide (PA). Approximately 

90% of the LS materials market is dominated by a specific configuration of PA, namely 

Polyamide-12 (PA12) [26]. Due to its popularity, both within industry and research, PA12 

will be the principal polymer of interest throughout the entirety of this thesis. 

 

PA12 (which is often also referred to as Nylon-12) is a semi-crystalline thermoplastic with 

the chemical formula (C12H23NO)n. Its numerical label is derived from the number of carbon 
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atoms in the monomers from which it is synthesised from. An illustration highlighting the 

typical structure of a PA12 molecule can be seen in Figure 2.7. 

 

 

Figure 2.7 – An illustration of the chain structure of a PA12 molecule. Adapted from                              

Pham et al. [48]. 

 

Ultimately, PA12’s vast adoption is due to its inherent LS processability, which is 

discussed in greater detail in the following sections. 

 

2.3.2.1 Powder Preparation 

 

Powder is fundamental to the LS build process and the method by which it is produced 

will influence its size, morphology and composition [27]. A summary of the primary 

polymer powder preparations methods used both industrially and within research can be 

seen in Table 2.1. 
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Table 2.1 

A summary of the primary powder preparation methods used both industrially and within 

research. Adapted from Tan et al. [21]. 

 

Powder preparation method  

 

Mechanical 
 

Ball milling 

Wet grinding 

Cryogenic grinding 
 

Solution-based 
 

Dissolution precipitation 

Direct polymerisation 
 

Melt-based 
 

Melt emulsification / coextrusion 
 

 

Mechanical processes involve reducing the size of feedstock polymers, which typically 

exist in pellet form, by impacting them until the resultant fractured material conforms to 

the particle size distribution (PSD) required for a given PBF process. Moreover, it is 

conventional practice to utilise coolants, specifically organic solvents or cryogenic 

refrigerants, to reduce the energy required to fracture feedstock polymers. Ultimately, 

mechanical powder preparation methods are suitable for grinding most polymers, though 

the particles produced are typically irregular in shape which can lead to flowability issues 

during building [26,53]. Therefore, subsequent post-processing via a downer reactor is 

often necessary to improve the roundness and sphericity of mechanically prepared 

powder particles [27]. 

 

Solution based powder preparation methods include dissolution precipitation and direct 

polymerisation. The former involves dissolving a polymer in a solvent at a high 

temperature and pressure before cooling the solution at a controlled rate, thus allowing 

the polymer to precipitate into powder particles [26]. This technique is favoured for 

producing commercial PA12 powders [54,55], particularly at scale, as it allows for their 

PSD’s to be controlled effectively [26]. A Scanning Electron Microscopy (SEM) obtained 

image of a commercial PA12 powder, specifically PA2200 supplied by EOS GmbH, can be 

seen in Figure 2.8. Direct polymerisation, on the other hand, first requires micelles to be 

formed within a monomer dispersed solvent mixture by the addition of a suitable 

surfactant. An initiator is then added to the mixture to begin the polymerisation reaction 
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which results in the subsequent materialisation of powder particles that are alike in size 

and molecular weight [26]. 

 

 

Figure 2.8 – An SEM image of a commercially available PA12 powder, specifically PA2200 

supplied by EOS GmbH. 

 

Melt emulsification, otherwise known as coextrusion, is a multi-step process which first 

involves melting and blending the polymer of interest with another immiscible polymer 

matrix. The resultant melt blend is then sheared, typically by extrusion, to form a colloid. 

When sufficiently cool, a solvent is applied to the colloidal suspension to dissolve the 

matrix material and reveal the insoluble polymer of interest in powder form.  

 

2.3.2.2 Refresh Ratio 

 

Refresh ratio is a measure of a powder’s composition, specifically the quantities in which 

recycled and virgin material are present.  

 

Generally, LS consolidates less than 10% – 15% of the entire build volume and therefore 

more than 85% – 90% of the material used remains un-sintered and recyclable [56]. 

Additionally, the high cost of LS virgin polymer powders necessitates their need to be 

reused. More specifically, LS polymer powders are typically priced between 40 – 250      

$USD / kg, making them between 20 – 100 times more expensive than thermoplastic 
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feedstock for Injection Moulding [57]. Therefore, refresh ratios of between 30% – 50% 

virgin-powder and 50% – 70% used-powder are generally adopted [56].  

 

However, most polymer powders can only be recycled a finite number of times. Prolonged 

exposure to elevated temperatures in a dry nitrogen atmosphere will adversely impact 

their subsequent processing responses [55]. More specifically, when PA12 powders are 

subject to these processing conditions, post-condensation and cross-linking reactions 

induce an increase in their molecular weights. Consequently, the rheological behaviour 

and future processability of used – PA12 will be of lesser quality than that of virgin – PA12 

[58].  

 

Ultimately, the rate of polymer powder degradation depends on its chemistry, the 

processing parameters employed, the number of build cycles previously experienced and 

the location of the powder with respect to scan strategy. These degradation effects 

materialise as porosity and undesirable surface textures. The latter is more commonly 

referred to as the ‘Orange Peel’ effect [56,59], as shown in Figure 2.9.  

 

 

Figure 2.9 – An example of a part with surfaces that exhibit the ‘Orange Peel’ effect. 
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2.3.2.3 Material Requirements 

 

The following properties must be considered when assessing the processability of 

polymer powders for LS. 

 

Flow Properties 

 

Particle size, shape and size distribution all impact a powder’s ability to flow [60]. Powder 

flow properties describe bulk material behaviour but arise from the accumulation of 

forces that act on individual particles, such as Van der Waals, electrostatic, surface 

tension, friction etc [61]. Flowability expands on flow properties by additionally 

accounting for how a material is handled. Powders should have good flowability to allow 

for the consistent deposition of both thin and homogeneous layers [32]. Furthermore, 

powder flowability correlates to how efficiently a powder bed will pack, which determines 

how effectively heat is transferred between adjacent powder particles during sintering. 

Consequently, the magnitude of conduction induced will affect the density and 

mechanical properties of the parts produced [52]. 

 

An SEM obtained image detailing the morphology and size distribution of particles 

sampled from a commercially available LS PA12 powder, specifically PA2200 supplied by 

EOS GmbH, can be seen in Figure 2.8. 

 

Theoretically, powders with smaller sized particles enable more dimensionally accurate 

parts with reduced amplitude roughnesses to be produced. However, practically this is 

only true until a critical particle diameter. Powder particles that are smaller than this 

critical diameter will be more prone to agglomeration. Resultant aggregates will behave 

like rougher, larger particles that are unable to tessellate with the same powder packing 

efficiencies [9]. As can be seen in Figure 2.8, commercial PA12 powders typically have an 

average particle diameter of approximately 50µm. 
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Vock et al. [62] found that powders with narrower PSD’s generally have better flow 

properties. However, multi–modal particle size distributions allow greater powder 

packing densities to be achieved. Figure 2.10 schematically illustrates the effect that 

contrasting powder particle morphologies and PSD’s have on their bulk powder packing 

efficiencies during LS. 

 

Powder flow properties and packing efficiencies are improved when bulk powders 

comprise of particles with minimal surface area to volume ratios [19]. Berretta et al. [63] 

used Angle of Repose (AOR) to characterise the flowability of several LS and non-LS grade 

polymeric powders. They found that highly spherical powders resulted in lower AOR 

results and therefore had better flow properties. Moreover, they also determined that 

particle morphology influences the flow properties of a bulk polymer powder 

comparatively more so than its PSD. 

 

 

Figure 2.10 – An illustration highlighting the effect that contrasting powder particle 

morphologies and size distributions have on their powder packing efficiencies during LS. 

 

Often flow agents are added to polymer powders to improve their flow properties [64]. 

These inorganic additives typically consist of either fumed silica, glassy oxides, metallic 

stearates, or fluoroplastics [65]. Furthermore, flow agents typically have particle 

diameters of approximately 1µm and are usually added to bulk powders in weight 

percentage loadings (wt%) of less than 5 wt% [64,66].  
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Optical Properties 

 

As previously discussed in Section 2.3.1.2, particle sintering is initiated upon exposure to 

a laser. Resultant beam–matter interactions are influenced by the wavelength of the laser, 

as well as the chemical composition and PSD of the powder bed [18]. An illustration 

highlighting the different beam–matter interactions that occur between the laser and 

powder bed during LS can be seen in Figure 2.11. 

 

 

Figure 2.11 – An illustration highlighting the different optical interactions (absorbance, 

reflectance and transmission) that occur between the laser beam and powder bed during LS. 

Adapted from Laumer et al. [51]. 

 

Typically, industrial LS systems employ CO2 lasers that have wavelengths of 10.6µm. 

Laumer et al. [67] demonstrated than when PA12 powder layers (200µm in thickness) were 

subject to this frequency of photon energy the ratio in which it was absorbed, reflected 

and transmitted was equal to 0.93, 0.06 and 0.01, respectively. Additionally, Fourier 

Transform Infrared Spectroscopy analysis conducted by Cui and Yan [68] showed that 

PA12’s excellent energy absorptance was due to the stretching vibrations that occur 

between carbon and carbonyl groups within its crystalline regions.  

 

Functional fillers can also be added to polymer powders to improve their optical 

properties. Xi et al. [69] demonstrated that the reflectance of PA12 could be reduced by 
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the inclusion of carbon black (CB) nanoparticles. More specifically, they found the 

composite powder (2wt%) CB – PA12 had a reduced optical reflectance of 7% relative to 

unfilled – PA12. 

 

Thermal Properties 

 

The thermal characteristics of the polymer being sintered, particularly the temperatures 

at which it melts and crystallises should be comprehensively understood. Differential 

Scanning Calorimetry (DSC) is often employed to characterise the temperatures at which 

these endothermic and exothermic phenomena occur. An illustrative DSC thermograph of 

feedstock and laser sintered PA12 can be seen in Figure 2.12. 

 

 
 

Figure 2.12 – An illustrative DSC thermograph showing the typical thermal behaviours of 

feedstock and laser sintered PA12. 

 

For semi-crystalline polymers a metastable thermodynamic region, more commonly 

referred to as the processing or sintering window, exists between the onsets of 

crystallisation and melting [70]. Dadbakhsh et al. [55] characterised the temperatures at 

which these thermal behaviours occur for both feedstock and laser sintered PA12. These 

values can be seen in Table 2.2. 
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Table 2.2 
Melting and crystallisation temperatures of virgin – PA12 in both feedstock and laser sintered form, 

characterised by Dadbakhsh et al. [49]. 

PA12 sample 

form 

Onset of primary 

melting peak     

(oC) 

Primary melting 

peak width        

(oC) 

Onset of 

crystallisation 

(oC) 

Crystallisation 

peak width         

(oC) 

 

Feedstock 

powder 

 

180.1 ± 0.8 
 

7.9 ± 0.2 
 

154.4 ± 0.4 
 

7.9 ± 1.1 

 

Laser sintered 

material 
 

 

172.2 ± 0.2 

 

14.9 ± 0.5 

 

153.4 ± 0.4 

 

7.9 ± 0.3 

 

The size of a material’s sintering window will determine its LS processability. Polymers 

with melting and crystallisation peaks that are close to one another, or superimposed, will 

crystallise relatively rapidly as they cool post laser exposure, and thus will be more prone 

to shrinkage and distortion [19,70]. Whereas polymers with relatively large sintering 

windows allow for powder bed temperatures to be selected that enable them to remain in 

their liquid state for longer. Consequently, they will be less prone to shrinkage or 

distortion as they will accumulate fewer stresses due to the retardation of in-process part 

crystallisation [71].  

 

Furthermore, Zarringhalam et al. [72] identified that the double melt peak phenomenon 

observable in Figure 2.12 is due to incomplete particle melting during LS. Whereby the 

primary and secondary melt peaks (as indicated by descending peak height magnitudes) 

represent the fully-melted and un-melted proportions of a laser sintered polymer sample, 

respectively. Additionally, Zarringhalam [73] determined that the degree of particle melt 

(DPM) of a laser sintered material is best characterised by the magnitude of its secondary 

melt peak height. Moreover, Majewski et al. [74] demonstrated that PA12 specimens with 

greater DPM values were stronger and more ductile (as indicated by their Ultimate Tensile 

Strength (UTS) and Elongation at Break (EaB) values than samples of alike material 

comprising of a greater number of un-melted particle cores. 
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Ultimately, powder bed temperatures should be selected at an optimal location within the 

sintering window that will enable relatively good DPM values to be achieved, whilst also 

preventing early onset particle coalescence (prior to laser exposure) and the occurrence of 

part distortion. 

 

Rheological Properties 

 

In accordance with the Frenkel–Eshelby model (outlined in Equation 2.4 below), optimal 

particle coalescence is achieved when surface tension is high and zero-shear viscosity is 

low [58].  

 

(
𝑥

𝑎0
)

2

=
Γ ⋅ 𝑡

𝑎0 ∙ 𝜂0
 

Equation 2.4 

 

where 𝑥 is the length of the growing neck between adjacent particles, 𝑎0 is the initial radii 

of the particles, Γ is the coefficient of surface tension, 𝑡 is time and 𝜂0 is zero-shear 

viscosity. 

 

Haworth et al. [75] quantified the zero-shear viscosities of different grades of PA12 using 

rotational rheometry. They found used – PA12 powders had significantly higher zero-shear 

viscosities than virgin – PA12 material, thus confirming the correlation between molecular 

weight, rheological behaviour and resultant laser sintered part properties [55,76,77]. 

 

Hot Stage Microscopy and Melt Flow Rate methods are more commonly used to evaluate 

the melt flow behaviour of polymers. These methods do not explicitly characterise             

zero-shear viscosity but have been shown to provide insight into the coalescence 

behaviours of different polymer powders [21,69,78] 
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2.4 Tribology 

 

Tribologists have shown an addiction 

to seeking the causes for friction; 

When pressed, they’d confide, 

that watching things slide 

created that mental affliction. 

 

Adapted from a poem composed by Peter Blau for  

the Wear of Materials 2023 conference dinner 

 

2.4.1 Definition 

 

Tribology is the study of interacting surfaces in relative motion, focusing on friction, wear 

and lubrication [79]. 

 

2.4.1.1 Etymology 

 

The word ‘tribology‘ has Greek origins and is the product of the verb τρίβω (tribo) which 

translates to ‘I rub’, and the suffix -logy, from -λογία, meaning ‘the science or study of’.  

Peter Jost formally coined the term in 1966 when producing a government commissioned 

report titled: “Lubrication (Tribology) – A report on the present position and industry’s 

needs” [80]. 

 

2.5 Polymer Tribology 

 

Polymer tribology pertains to the study of polymeric materials specifically when subject to 

surface-related phenomena, such as friction and wear.  

 

Its recognition as a distinct subfield of tribology first occurred in the mid-20th century [81] 

(at a similar time to when Peter Jost coined the term ‘Tribology’). Initially, related 

https://en.wiktionary.org/wiki/-%CE%BB%CE%BF%CE%B3%CE%AF%CE%B1#Ancient_Greek
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research was prompted by the automotive industry and focussed on the friction and wear 

behaviours of elastomers and rubbers to better understand the mechanisms pertinent to 

brake pad and tyre degradation [82].  

 

2.5.1 Surface Topography 

 

Tribology is the science of interacting surfaces [83], therefore a comprehensive 

understanding of surface topography is essential. Descriptions of surface topography 

comprise of roughness, waviness and irregularities [84].  

 

2.5.1.1 Surface Roughness  

 

Gadelmawla et al. [85] reported there to be over 55 different roughness parameters 

capable of distinctly describing surface roughness. Therefore, it is common practice to 

categorise these parameters into one of three groups, namely amplitude parameters, 

spacing parameters or hybrid parameters. Though, despite the multitude of ways to 

mathematically describe roughness, polymer AM surfaces are predominantly 

characterised by the distributions of their vertical heights.  

 

Amplitude roughness parameters are defined as either R- or S- descriptors depending on 

whether the evaluation region being examined is a 2-dimensional (2D) profile or 3D area, 

respectively. 

 

Arithmetic Mean Height (Sa) is the most commonly observed amplitude roughness 

descriptor within polymer AM literature. Sa is defined as the average absolute deviation of 

roughness irregularities from the mean plane of a surface [85], as shown in Equation 2.5 

below: 

 

 



 31 

𝑆𝑎 =  
1

𝐴
∬  |𝑍(𝑥, 𝑦)| 𝑑𝑥𝑑𝑦

𝐴

 

Equation 2.5 

 

Other popular amplitude roughness parameters include Root Mean Square roughness (Sq) 

and Maximum Peak-to-Valley Height (Sz) [59,86–89]. Both of which are mathematically 

described in Equation 2.6 and Equation 2.7, respectively.  

 

𝑆𝑞 =  √
1

𝐴
∬ {𝑍(𝑥, 𝑦)}2 𝑑𝑥𝑑𝑦

𝐴

 

Equation 2.6 

 

 Sz quantitatively describes the vertical distance between locations of maxima and minima 

within a defined evaluation area. Therefore, Sz is very sensitive to anomalous peaks and 

valleys, which intrinsically are characteristic within LS surfaces. 

 

𝑆𝑧 =  𝑚𝑎𝑥𝑍 − |𝑚𝑖𝑛𝑍| 

Equation 2.7 

 

Despite their vast adoption, these amplitude height parameters do not provide insight 

into the symmetry or form of a surface. Therefore, amplitude density functions, such as 

Skewness (Ssk) and / or Kurtosis (Sku) should also be used, particularly when analysing           

non-Gaussian surfaces. Moreover, Ssk and Sku are capable of distinguishing between 

roughness profiles that have identical Sa and Sq values but contrasting material 

distributions, as shown in Figure 2.13. 

 

Skewness describes the symmetry of a surface about its mean plane and is calculated via 

Equation 2.8 below. More specifically, Ssk describes whether the distribution of bulk 

material that comprises a surface exists above or below its mean plane. If a profile has a 

negative Skewness value, valleys are more of a dominant feature than peaks, and vice 

versa.  
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𝑆𝑠𝑘 =  
1

𝑆𝑞
3

1

𝐴
∬ 𝑍3(𝑥, 𝑦) 𝑑𝑥𝑑𝑦

𝐴

 

Equation 2.8 

 

Kurtosis describes the sharpness of a surface height distribution [90] and is calculated via 

Equation 2.9 below. Profiles with leptokurtic distributions (Sku > 3) are conventionally 

considered to be relatively spiky, whereas the opposite is typically deemed to be true for 

platykurtic profiles (Sku < 3) [85]. 

 

𝑆𝑘𝑢 =  
1

𝑆𝑞
4

1

𝐴
∬ 𝑍4(𝑥, 𝑦) 𝑑𝑥𝑑𝑦

𝐴

 

Equation 2.9 
 

(a) 

 

 

(b) 

Figure 2.13 – Example profiles with identical Sa and Sq roughnesses but contrasting (a) Skewness 

and (b) Kurtosis distributions. Adapted from Gadelmawla et al. [85]. 
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2.5.1.2 Surface Metrology Techniques 

 

Empirical measurements determine the accuracy with which polymer AM surfaces can be 

characterised. Therefore, a fundamental understanding of the principles by which 

different surface analysis techniques function is essential. The following methods are the 

most commonly observed within AM related literature. 

 

Contact Metrology Methods 

 

Contact techniques involve analysing the physical interaction between the surface being 

evaluated and the instrument or sensor executing the measurement. Corresponding 

methods include, contact profilometry, GelSight and Atomic Force Microscopy, with the 

first-mentioned technique being the most ubiquitous within related literature. 

 

In general, contact profilometry is well adopted due to its speed [91], simple tractability 

[91] and abundant regulation by well-established standards [92]. However, the accuracy 

of a recorded profile intrinsically depends on the form of the stylus tip used during 

measurement execution, specifically its angle and radius of curvature. Moreover, their 

finite geometries often result in profiles being characterised as having shallower valley 

depths and rounder asperity peaks than that is accurate. Additionally, the inherent 

tactility of contact profilometry has previously been observed to leave scratches, 

indentations and visible trace paths on polymer surfaces during measurement execution 

[93,94].  

 

Non-contact Metrology Methods 

 

Non–contact techniques analyse the response of reflected radiation from a surface to 

compute its changes in height. 

 

Focus Variation (FV) microscopy is the most well-adopted technique for characterising AM 

surfaces [91–93,95]. FV utilises the small depth of field of an optical system, with vertical 
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scanning, to capture 3D topographical surface data [96,97]. A more detailed explanation 

of how FV microscopy operates is provided in Chapter 4, specifically Section 4.2.2.2.  

 

Confocal microscopy methods are also well adopted for evaluating polymer AM surfaces 

[92]. Corresponding techniques are either optical or laser based, though both reconstruct 

3D surface topographies via a similar process. This involves radiation (reflected from a 

specimen’s surface) being filtered by confocal pin holes, thus only allowing in-focus light 

to reach the detector. This is then repeated at different focal heights so that an array of 

axially orientated confocal images can be accumulated to form a replica model of the 

surface topography being examined [91,98]. Like FV microscopy, large evaluation areas 

can be quickly evaluated with vertical resolutions in the nanometer range [98]. 

 

Several other non-contact surface metrology methods have also been reported as being 

viable options for examining polymer PBF produced part surfaces. These include 

Structure Light Scanning [99]; Coherence Scanning Interferometry [100]; Fringe Projection 

[91]; and Optical Coherence Tomography [101]. 

 

Surface Feature Characterisation Techniques 

 

LS produces surfaces that are abundant with different features. To analyse these features 

in detail, techniques that exploit radiation with wavelengths smaller than that of visible 

light need to be employed. 

 

Scanning electron microscopy (SEM) is an incredibly versatile tool that is used across a 

range of industries [102,103]. It can magnify features up to 1 million times their original 

size [103] and therefore is often used to identify features within LS surfaces [91,101]. A 

detailed explanation of how SEM operates is provided in Section 4.2.2.2. However, 

despite SEM’s effectiveness at gathering qualitative insight into the size and shape of 

specific surface features, current technologies lack the capability of returning reliable, 

quantitative dimensional information [90]. 
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X-ray Computed Tomography (XCT) is the only practical and non-destructive method of 

analysing internal features within polymer AM parts [104]. Additionally, it is also the only 

technique capable of characterising re-entrant or undercut surface features, which would 

otherwise be impossible to achieve via contact or optical line-of-sight metrology methods. 

An illustrative example of a surface which includes re-entrant / undercut features can be 

seen in Figure 2.14. In general, XCT involves penetrating a sample with X-ray radiation 

and capturing the unattenuated response. Different local sample densities will attenuate 

X-ray radiation by correspondingly varying degrees, enabling internal vacant features, 

such as pores, to be distinguished from solid part. 

 

 

Figure 2.14 – An illustrative example of a surface which includes re-entrant / undercut features. 

 

Relevant Standards 

 

Many ISO specific standards have been created to facilitate the repeatable analysis of 

specimen surfaces via both contact profilometry and optical methods. 

 

The primary regulatory body of literature that pertains to the analysis of polymer AM 

surfaces is ISO 25178, titled: ‘Geometrical Product Specification (GPS) – Surface texture: 

areal’. More specifically, ISO 25178 is a collection of internationally recognised standards 

that covers a variety of aspects relating to the analysis of 3-dimensional areal surface 

textures, such as: terms and definitions; specification operators; and the nominal 

characteristics of various non-contact instruments. At the time of writing, ISO 25178 

comprised of 20 individual standards.  



 36 

Despite this, there remains mixed adoption of ISO 25178 standards in the literature when 

analysing AM surfaces [92,95,105]. 

 

2.5.2 Friction 

 

Friction is the resistance encountered when one body moves tangentially over another 

with which it is in contact with [106]. 

 

The empirically determined Amontons – Coulomb laws can be used to describe dry sliding 

friction phenomena. These are detailed below: 

 

Amonton’s 1st Law: The force of friction (𝐹𝑓) is directly proportional to the applied  

    normal load (𝑁): 

 

𝐹𝑓 = 𝜇𝑁 

Equation 2.10 

 

where 𝜇, the constant of proportionality, represents coefficient of friction (COF). 

 

Amonton’s 2nd Law:      The force of friction is independent of the apparent area of  

 contact (𝐴𝑁). 

 

Coulomb’s Law:              Kinematic friction is independent of sliding velocity (𝑣). 

 

2.5.2.1 Real Area of Contact 

 

Seminal work by Bowden and Tabor [107] recognised that the real area of contact (𝐴𝑅),  

rather than the apparent area of a surface, determines the frictional properties of the 

contact. More specifically, the real area of contact is the summation of individual         

micro-regions, otherwise known as junctions, at which two surfaces meet. An illustration 

highlighting the difference between 𝐴𝑁 and 𝐴𝑅 can be seen in Figure 2.15. 
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Figure 2.15 – An illustration highlighting the difference between the (a) apparent area of contact 

and (b) real area of contact of a surface. 

 

In general, the proportion of asperity contact between interfacing surfaces determines the 

magnitude of friction incurred during sliding. As discussed in Section 2.5.1.1, the size and 

distribution of asperities that comprise a given surface are typically characterised by their 

resultant amplitude roughnesses.  

 

2.5.2.2 Coefficient of Friction 

 

As shown in Equation 2.10, coefficient of friction is defined as the ratio of friction force to 

normal load [79]. It is universally recognised as the principal descriptor for quantifying the 

severity of friction between surfaces during sliding. COF values typically range from                       

0 < 𝜇 < 1, where 𝜇 → 0 is denotative of interactions that incur minimal resistance to 

sliding. Conversely, the effect of friction is widely considered significant when 𝜇 > 0.5, 

particularly during polymer–steel dry sliding interactions [108].  

 

Ultimately, the COF of a given contact is a function of both surfaces involved. Therefore, 

the nature of these surfaces, specifically their roughnesses, chemistries and bulk 

mechanical properties, as well as the conditions they operate within, should also be 

specified when quoting COF values [106]. 
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2.5.2.3 Types of Friction Interactions 

 

It is well recognised that friction force is primarily governed by two types of interaction, 

namely adhesion (𝐹𝑓𝐴
) and deformation (𝐹𝑓𝐷

) [109]. The compound effect of these 

contributions can be evaluated via Equation 2.11 below: 

 

𝐹𝑓 = 𝐹𝑓𝐴
+ 𝐹𝑓𝐷

 

Equation 2.11 

 

Adhesion 

 

As the size and stiffness of a material decreases, adhesive contact forces become 

increasingly more influential [110]. Therefore, the adhesion component of friction is 

generally of greater significance than the deformation component in polymer tribology 

[111]. 

 

Adhesive forces of attraction primarily include Van der Waal and electrostatic forces. 

Hydrogen bonding may also be significant, but only when certain interfacial contact 

chemistries appertain. 

 

Deformation 

 

The deformation component of friction within polymer tribology is akin to abrasive wear, 

therefore the 𝐹𝑓𝐷
 incurred by a polymer surface during sliding is typically described by its 

resistance to ploughing.  

 

Polymer surface asperities will experience either elastic or plastic deformation during 

dynamic contact [111,112]. To determine which will ensue, Greenwood et al. [113] devised 

the term plasticity index (𝜓). As shown in Equation 2.12, ψ is a function of the material 

and topographical properties of both contacting bodies:  
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𝜓 =  
𝐸′

𝐻
√

𝑆𝑞

𝛽
 

Equation 2.12 
 

where 𝐻 is indentation hardness of the softer surface and 𝛽 is the average radius of its 

asperity peak tips. 𝐸′ represents reduced elastic modulus and is calculated using the 

Young’s Modulus (𝐸) and Poisson’s Ratio (𝑣) of both contacting surfaces, as shown in                 

Equation 2.13: 

 

1

𝐸′
=

1 − 𝑣1
2

𝐸1
+

1 − 𝑣2
2

𝐸2
 

Equation 2.13 
 

This criterion suggests that plastic deformation occurs when 𝜓 exceeds unity (𝜓 ≥ 1) 

[114]. Additionally, Equation 2.12 indicates that polymer surfaces with greater Sq and Sku 

roughnesses are more likely to yield [115].  

 

2.5.3 Wear 

 

Wear is broadly defined as the progressive damage, generally involving material loss, that 

occurs on the surface of a component as a result of its motion relative to other contacting 

bodies; it is the almost inevitable companion of friction [116,117]. Generally, the surface 

within a tribo-pair that has the lowest cohesive energy is the one that will wear during 

sliding [81].  

 

Various standardised wear tests have been established by ASTM International, with the 

most general being ASTM G190 [118], which primarily serves as a guide for the selection 

and / or development of existing wear testing procedures. ASTM G190 also includes details 

of more specific wear testing methods, such as ASTM G99 (pin-on-disk sliding) [119]; ASTM 

G133 (linear reciprocating ball-on- flat sliding) [120]; and ASTM G77 (block-on-ring sliding) 

[121]. Therefore, it serves as a useful resource for determining the most suitable 

standardised wear test methodology for a given objective. 
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The nature and rate of wear arises from the mechanical stresses, temperatures and 

chemical reactions incurred during sliding [81]. These wear inducing interactions are 

complex and concomitant, changing with time as the contact develops [122].  

 

As shown in Figure 2.16, wear is typically characterised as occurring in one of three 

sequential periods, specifically either the transient (also referred to as running-in),    

steady-state or catastrophic regime, respectively [82]. 

 

 

Figure 2.16 – The typical wear trend a component will sustain over its lifetime. Adapted from 

Williams [116]. 

 

During the transient wear regime, surfaces come into contact for the first time. These 

initial interactions reduce the amplitude roughness of the softer surface within a          

tribo-pair by fracturing and flattening its extreme asperity peaks [123]. Accordingly, the 

wear rates determined during running-in are often greater than the wear rates 

characterised during steady-state polymer sliding. 
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2.5.3.1 Adhesive Wear 

 

ASTM International [124] define adhesive wear as the localised bonding between 

contacting solid surfaces leading to material transfer between the two surfaces or loss 

from either surface.  

 

In polymer tribology, adhesive wear is one of the most characteristic but least understood 

types of wear [125]. However, it is recognised that adhesive wear occurs when the 

strengths of the adhesive bonds formed between a polymer and a counterface exceeds 

the cohesive strength of the polymer surface itself [82]. Therefore, adhesive wear can be 

described as a cycle of junction formation, growth and rupture [112], as illustrated in 

Figure 2.17. Furthermore, ruptured material may subsequently influence the contact by 

either acting as a third-body or by adhering to the counterface to form part of a transfer 

film [82]. 

 

 

Figure 2.17 – An illustration highlighting the mechanism of adhesive wear. Adapted from        

Adelbary [126]. 

 

The Archard wear model (detailed in Equation 2.14 below) remains to be the most widely 

used expression for quantitatively evaluating adhesive wear [126]:  

 

𝑉𝑎𝑑ℎ = 𝑘
𝑁𝑥

𝐻𝐵
 

Equation 2.14 
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where 𝑉𝑎𝑑ℎ is the total volume of material removed from the softer surface due to 

adhesive wear, 𝐻𝐵 is the Brinell hardness of the softer material and 𝑘 is the adhesive wear 

coefficient. 𝑘 is an empirically determined factor that is highly condition sensitive. 

 

Transfer Films 

 

Transfer films are characteristic of adhesive wear and modify a contact such that sliding 

instead occurs between the substrate and resultant transfer film of alike material, rather 

than with the harder asperities on the original counterface.  

 

Transfer films are attributed to the self-lubricating property often associated with 

polymers [127]. Bahadur and Schwartz [127] identified that during polymer – metal sliding 

the quality of resultant transfer film adhesion is dependent on the attraction of polymer 

chain ends or free radicals to the metals surface.  

 

2.5.3.2 Abrasive Wear 

 

ASTM International [124] define abrasion as the process by which the relative motion 

between a surface and hard particles or protuberances on an opposing surface produces 

abrasive wear of that surface. 

 

There are two distinct modes of deformation incurred during the two-body abrasion of 

polymers, namely plastic grooving (also referred to as ploughing) and cutting. The former 

does not remove any material from a polymer’s surface during sliding [112], but instead 

continually displaces material outwards to form ridges adjacent to the developing groove. 

Contrastingly, the latter is named cutting because it resembles conventional machining, 

whereby material is removed from a surface in the form microchips or flecks. These 

abrasive wear mechanisms can be seen in Figure 2.18. 
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(a) 

 

Image redacted for copyright purposes 

(b) 

 

Image redacted for copyright purposes 

Figure 2.18 – Contrasting abrasive wear mechanisms, specifically (a) the plastic grooving of POM 

and (b) the cutting of Epoxy [128]. 

 

Furthermore, seminal work by Lancaster [129] correlated the bulk mechanical 

performance of a variety of polymers with their resultant abrasive wear rates. More 

specifically, he demonstrated the latter to be inversely proportional to the product of a 

polymer’s break stress (𝜎𝑏) and Elongation at Break (𝜀𝑏), as shown in Figure 2.19.  

 

 

Figure 2.19– Lancaster’s correlation between the abrasive wear rate of a variety of polymers and 

the inverse product of their 𝜎𝑏  and 𝜀𝑏  values. Adapted from Lancaster [176]. Polymer 

abbreviations that have not been previously defined include (ordered alphabetically): LDPE     

(Low-density polyethylene); PA6.6 (Polyamide 6.6); PPO (Polyphenylene oxide); PTFCE 

(Polychlorotrifluoroethylene); PTFE (Polytetrafluoroethylene); PVC (Polyvinyl chloride); and PVDC 

(Polyvinylidene chloride). 

 



 44 

Recognising the relationship between the mechanical and wear properties of different 

polymers subsequently led to the derivation of the Ratner–Lancaster expression, detailed 

in Equation 2.15 below: 

 

𝑉𝑎𝑏𝑟 =  
𝜇 ∙ 𝑁 ∙ 𝑥

𝐻 (𝜎𝑏 ∙ 𝜀𝑏)
 

Equation 2.15 

 

where, 𝑉𝑎𝑏𝑟  is the worn volume due to abrasive wear and 𝑥 is sliding distance. 

Additionally, the compound product (𝜎𝑏 ∙ 𝜀𝑏) of a material is related to the area under its 

stress–strain curve. 

 

Hardness 

 

The hardness of a polymers surface will determine its resistance to deformation [130]. 

Though, it is important to note that hardness is not an intrinsic material property; it is the 

result of a defined measurement technique and can be determined by either indentation 

or scratching methods. Conventional indentation techniques include, but are not limited 

to, Vickers, Brinell, Shore and Rockwell measurement methods. Scratch hardness testing 

on the other hand is a dynamic process in which a rigid indenter traverses across a surface 

under an applied normal load to produce a scratch. The resultant deformation is then 

analysed to ascertain information regarding the hardness of the scratched surface. 

Briscoe et al. [131] identified scratch hardness methods to be better suited than 

quasistatic indentation techniques for characterising the surfaces of time and strain 

dependent materials, such as polymers [131]. The scratch hardness of viscoelastic-plastic 

surfaces (by traversing conical indentation) can be calculated using Equation 2.16 below 

[132]: 

 

𝐻𝑠 = 𝑞
4𝑁

𝜋𝑑2
 

Equation 2.16 
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where, 𝑑 is the recovered width of the scratch and 𝑞 is a constant that depends on the 

deformation of the material tested. For elastic materials 𝑞 ≅ 1, whereas for plastic 

materials 𝑞 ≅ 2.  

 

However, despite the recurrent inclusion of hardness within wear models, its explicit 

correlation with the wear properties of polymers has yet to be observed within the 

literature [128,133]. 

 

Three-body Abrasive Wear 

 

Particles interposed between two surfaces are known as third bodies [134]. These 

particles primarily exist as wear debris generated directly within the contact, particularly 

during running-in, but may also comprise of foreign matter inadvertently brought into the 

contact at any point during sliding. 

 

If the presence of third bodies increases wear rate, it may be due to three-body abrasion. 

This occurs when free particles readily penetrate, and lead to the wear of a surface, in an 

alike manner to that of two-body abrasion [126]. 
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Chapter 3  

Literature Review 
 

 

 

 

Chapter Summary 

Literature pertaining to the surface, friction and wear properties of laser sintered PA12 

components was reviewed. Each topic was discussed in detail and compared with other 

polymers or analogous AM processes wherever felicitous. This allowed any gaps in existing 

knowledge to be identified and prompted the formulation of several related research 

themes for further investigation. 
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3.1 Laser Sintered PA12 Surfaces 

 

LS characteristically produces components with anisotropic and often less-than desirable 

surface roughnesses; the latter of which, when described by Sa, have been reported to 

range from 10µm to 20µm in PA12 specific literature [89,91,135]. Furthermore, the 

resultant ‘grainy’ surface textures characteristic of parts produced by LS predominantly 

exist due to there being no physical boundaries to inhibit particle coalescence, specifically 

necking, between pre-defined part perimeters and exterior powder.  

 

Ultimately, laser sintered surfaces are a function of the powder feedstock used and the 

manner by which it is consolidated [93,136]. Therefore, LS surface modification strategies 

primarily involve optimising either the powder or the processing parameters employed 
3. 

 

3.1.1 PA12 Powder Effects on Roughness 

 

Schmid et al. [136] compared the resultant part properties of two different industrially 

available PA12 powders, namely Duraform (produced by dissolution precipitation) and 

Orgasol Invent Smooth (produced by direct polymerisation). They found Orgasol Invent 

Smooth powder particles to be comparatively smaller, more spherical and have a 

narrower size distribution than Duraform powder particles. Consequently, parts 

manufactured from Orgasol Invent Smooth had comparatively smaller Sa roughnesses 

(ranging from 16% – 58%), for every surface orientation evaluated. 

 

Furthermore, Petzold et al. [93] found that smaller Sa roughness values were attainable 

when virgin – PA12 was used in choice of recycled – material. This confirmed similar 

qualitative findings reported by Pham et al. [15]  and Kruth et al. [71]. 

 

 

 

                                                 
3 Excluding any post-processing related strategies. 
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3.1.2 LS Processing Effects on Roughness 

 

Sachdeva et al. [89]; Mavoori et al. [137]; Bacchewar et al. [138]; and Petzold et al. [93] all 

used Design of Experiment (DoE) methodologies to determine the extent to which 

different processing parameters influenced the Ra / Sa roughnesses of resultant laser 

sintered Polyamide surfaces. The main and interaction effects that were found to be 

statistically significant have been summarised in Table 3.1. 
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Table 3.1 
A summary of the findings discerned from related literature in which DoE methodologies were 

employed to determine the extent to which different processing parameters influenced the Ra / Sa 

roughnesses of laser sintered Polyamide surfaces. 

Research details Parameters    

considered 

Main and interaction effects parameters that 

were found to be statistically significant        

(in descending order of influence) 

Sachdeva et al. [89] Laser power 

Scan spacing 

Powder bed temperature 

Hatch length 

Scan count 

Laser power × Hatch length 

Hatch length 

Laser power 

Powder bed temperature 

Scan spacing 

 

Bacchewar et al. [138] 

 

 

 

Laser power 

Scan speed 

Build orientation 

Layer thickness 

Hatch spacing 

 

Top surfaces: 

Build orientation 

Layer thickness 

 

Bottom surfaces: 

Build orientation 

Build orientation × Layer thickness 

Layer thickness 

Laser power 

 

Petzold et al. [93] 

 

 

Laser power 

Roller speed 

Powder type 

Scan spacing 

 

Powder type  

Powder type × Scan spacing  

Roller speed  

Scan spacing  

Roller speed × Powder type  

Roller speed × Powder type × Scan spacing  

Roller speed × Scan spacing  

Laser power × Roller speed × Powder type  

Laser power × Powder type × Scan spacing 

 

Mavoori et al. [137] Laser power 

Layer thickness 

Powder bed temperature 

Layer thickness × Powder bed temperature 

Laser power × Powder bed temperature 

Powder bed temperature 
   

 

3.1.3 Surface Orientation Effects on Roughness 

 

Part orientation is defined by the user during the pre-processing stage of an LS build, as 

detailed in Figure 2.1. 
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Schmidt et al. [136], Silani et al. [139] and De Pastre et al. [100] all found that laser sintered 

PA12 top and bottom surfaces (built parallel to the powder bed) had smaller Sa and Sq 

values than the side surfaces (built perpendicular to the powder bed) of the same 

samples. Furthermore, Schmidt et al. [136] and Silani et al. [139] also discerned that top 

surfaces had greater resultant Sq values than bottom surfaces, despite them having the 

same surface orientation with respect to the powder bed.  

 

Ultimately, surfaces orientated non-parallel to the powder bed will contain layer-wise 

discontinuities intrinsic to the LS build process. This ‘stair-stepping’ effect [138] is a 

function of both processing parameters and powder properties and is exacerbated by the 

presence of re-entrant or undercut features, such as partially sintered powder particles. 

Accordingly, both Launhardt et al. [91] and Zhu et al. [95] prescribed that surfaces 

containing re-entrant or undercut features are unable of being accurately characterised 

by contact profilometry and / or optical line-of-sight surface metrology methods. 

 

3.1.4 Comparisons Between PA12 Surfaces Produced by LS and other Leading 

Polymer–PBF Processes 

 

Other well-established and industrially adopted polymer–PBF techniques include High 

Speed Sintering (HSS) and Multi Jet Fusion (MJF). These processes are typically utilised for 

similar applications but consolidate powdered-polymer materials by different methods to 

LS [140].  

 

High Speed Sintering was developed at Loughborough University in 2006 [141]. HSS 

employs digital inkjet printing to improve the throughput of PBF by increasing the rate at 

which individual layers can be sintered. A generalised overview of the HSS build process is 

described below and illustrated in Figure 3.1. 
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Figure 3.1 – An illustration outlining the general High Speed Sintering build process. 

 

1) A powder recoating device deposits a thin layer of material across the build area. 

2) An inkjet printhead selectively jets radiation absorbing ink in accordance with the 

current cross-section of the part(s) being produced. 

3) An infrared lamp radiates the build area which induces sintering between adjacent ink 

covered powder particles. 

4) The build platform is lowered by a distance equal to the programmed layer height. 

5) The process repeats. 

 

Multi Jet Fusion is a proprietary technology owned by Hewlett-Packard (HP) that was only 

relatively recently introduced to the AM market in 2016.  

 

Like HSS, MJF utilises digital inkjet printing to produce functional components quickly. 

However, unlike HSS, MJF printheads are multifunctional and selectively jet both 

radiation absorbing and inhibiting inks, otherwise known as fusing and detailing agents, 

respectively. The latter is applied at the contours of parts being produced, to prevent the 

occurrence of undesirable sintering at the interface between part surfaces and 

surrounding powder, as illustrated in Figure 3.2. 



 52 

 

Figure 3.2 – An illustration highlighting the selective jetting of detailing fusion agents during the 

MJF process. 

 

The following sections compare laser sintered PA12 surfaces to those produced by HSS 

and MJF. 

 

3.1.4.1 Comparisons Between PA12 Surfaces Produced by LS and HSS 

 

Zhu et al. [142] and Ellis et al. [130] both characterised the surfaces of PA12 samples 

produced by HSS. However, these studies did not extend to comparing the results 

obtained with those of analogous LS surfaces. 

 

Zhu et al. [142] found the Arithmetic Mean Heights of HSS surfaces to range from 5µm – 

20µm, in congruency with findings reported in LS focussed literature. Additionally, they 

ascertained that parts produced with higher levels of porosity (due to lower energy inputs) 

had greater resultant Sa, Sq and Sv
4 roughness values.  

 

Zhu et al. [142] also demonstrated that amplitude density functions, specifically Skewness 

and Kurtosis, could be used to distinguish between the top and bottom surfaces of parts 

built by HSS. To the best of the authors knowledge, a similar correlation for polymer laser 

sintered surfaces has not yet been recognised in the literature. 

 

                                                 
4  Sv describes the maximum valley depth of a selected area. 
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Ellis et al. [130] investigated the effect of build orientation on the resultant Ra roughnesses 

of top and bottom surfaces of PA12 parts produced by HSS. They found that as the build 

angle of specimens increased, specifically their orientations relative to the powder bed 

(from 0o to 90o), their resultant top and bottom Ra roughnesses also increased. This 

relationship was discerned to be linear for both top and bottom surfaces, with the former 

ranging from approximately 30µm – 45µm. The influence of build orientation was more 

pronounced for bottom surfaces, as evidenced by their comparatively larger increases in 

Ra (~ 7.5µm – 32.5µm). This phenomenon was attributed to the ‘stair-stepping’ effect, 

which, as discussed in Section 3.1.3, will have led to the formation of more layer-wise 

discontinuities as the build angle of the parts produced was increased. 

 

3.1.4.2 Comparisons Between PA12 Surfaces Produced by LS and MJF 

 

Table 3.2 includes results obtained from literature in which the roughnesses of PA12 

samples produced by LS and MJF were compared. 

 

Table 3.2 

Results obtained from several research works in which the Ra roughnesses of top, bottom and side 

surfaces of PA12 samples produced by LS and MJF were compared. Side surfaces refer to those 

built perpendicular to the powder bed and standard deviation values have been included where 

reported. 

Research Works PBF 

process 

Ra Roughness (µm) 

Top surfaces Bottom surfaces Side surfaces 
     

Cai et al. [143] 

 

LS 17 - 30 

MJF 21 - 16 

     

Xu et al. [144] 

 

LS 14.62 ± 0.45 14.40 ± 1.06 - 

MJF 15.58 ± 0.59 6.31 ± 0.43 - 

     

Rosso et al. [145] 

 

LS 10.4 ± 1.6 15.0 ± 2.3 10.8 ± 0.8 

MJF 8.7 ± 0.9 13.3 ± 1.0 11.2 ± 1.2 
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As shown in Table 3.2, Cai et al. [143] found that laser sintered top surfaces had smaller 

resultant Ra values compared to MJF top surfaces. However, they also ascertained that 

their side surface heights were nearly twice as large as those produced by MJF. This was 

attributed to the overlap between hatching and contour laser scanning during LS, 

resulting in increased energy exposure at the perimeters of each part during processing, 

thereby prompting the adhesion of surrounding powder to their side surfaces. These 

results also demonstrated the effectiveness of the detailing agent in minimising the 

occurrence of surrounding powder particle adhesion during MJF. 

 

Similarly, when qualitatively characterising LS and MJF side surfaces by SEM analysis, Xu 

et al. [144] discerned that the former comprised of many sintering necks and voids, 

whereas the latter were observed to be much denser in comparison. Additionally, they 

also suggested that the differences in the Ra results collected for MJF top and bottom 

surfaces stemmed from the detailing agent only being applied to the first, and not the 

final, build layer during processing. This is likely why MJF top surfaces were found to have 

a similar mean Ra roughness value to LS top surfaces. 

 

Rosso et al. [145] observed different trends to the previously discussed studies. However, 

they employed different refresh ratios when conducting LS and MJF builds (1:1 and 1:4 

measures of virgin and used PA12 powder, respectively), which may explain why these 

results were comparatively discordant. 

 

3.1.5 A Summary of the Key Insights Gained from Related Literature on the Surface 

Topographies of Laser Sintered PA12 Components 

 

Upon reviewing the literature, it was ascertained that laser sintered PA12 surfaces have 

relatively large resultant amplitude roughnesses, ranging from 10µm < Sa < 20µm. These 

roughness values were discerned to be primarily influenced by the feedstock and 

processing parameters employed, with surface orientation being particularly significant. 

Additionally, it was made evident that laser sintered PA12 surfaces are highly susceptible 
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to secondary sintering, or undesirable powder particle adhesion, which is why they are 

often described as having ‘grainy’ surface textures. 

 

3.2 Laser Sintered PA12 Friction Related Phenomena 

 

3.2.1 COF Results from Laser Sintered PA12 Literature 

 

Table 3.3 includes COF data collated from existing literature that investigated the 

frictional performance of laser sintered PA12, detailing the testing conditions under which 

these results were obtained.  

 

Table 3.3 

A summary of the findings discerned from related literature in the which the frictional 

performance of laser sintered PA12 samples were experimentally evaluated. 

Research work COF 

value 

Testing 

configuration 

Pertinent contact     

details                

Load / 

pressure 

Speed / 

frequency 

Guo et al. [88] 0.33 Linear, reciprocating, 

ball-on-flat 

Stainless steel ball     

(∅ = 6mm)  

2N 10Hz 

Bai et al. [146] 0.30 Linear, reciprocating, 

ball-on-flat 

Stainless steel ball    

(∅ = 9.525mm)      

35N 0.33ms-1 

Bai et al. [135] 0.18 Linear, reciprocating, 

ball-on-flat 

Stainless steel ball                   

(∅ = 8mm) 

35N — 

Ziegler et al. [147] 0.06 – 

0.28 

 —  — 10N 0.03mms-1 

– 300mms-1 

Rajendran and 

Ganesan [148] 

0.14 – 

0.18 

Rotating, pin-on-disk, 

flat-on-flat 

PA12 pin (∅ =8mm), 

Medium carbon steel 

disk 

10N – 40N 0.50ms-1     

– 1ms-1 

Yu et al. [149] 0.3 – 

0.4 

Rotating, pin-on-disk, 

ball-on-flat 

304 stainless steel ball 

(∅ =8mm) 

20N 360 rpm 

Wörz and 

Drummer [150] 

~ 0.50 Rotating, pin-on-disk, 

flat-on-flat 

PA12 pin (⊞ = 4x4mm), 

EN31 steel disk 

4Nmm-2 0.5ms-1 

Gadelmoula and 

Aldahash [151] 

0.15 – 

0.42 

Rotating, pin-on-disk,  

flat-on-flat  

PA12 pin (∅ = 4mm),  

Stainless steel disk 

50N 0.25ms-1 
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As can be seen in Table 3.3, a wide range of test procedures have previously been 

employed in the literature to characterise the frictional properties of laser sintered PA12 

samples. Consequently, the COF results recorded varied significantly across these studies. 

 

The effects of normal load, sliding speed, temperature and build orientation on the 

frictional responses, as reported in the studies outlined in Table 3.3, are discussed in 

Section 3.2.3.  

 

3.2.2 Comparisons Between Laser Sintered PA12 and General Polymer COF Data 

 

More generally, Myshkin et al. [108] collated COF information for a range of different 

polymer groups. An overview of which can be seen in Figure 3.3. Additionally, the results 

from Table 3.3 have also presented in Figure 3.3 to elucidate the consensus between the 

aforementioned laser sintered PA12 frictional responses and general polymer COF data 

reported in the literature. 
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Figure 3.3 – A comparison between general polymer COF data collated by Myshkin et al. [108] 

and the laser sintered PA12 mean COF results summarised in Table 3.3. 

 

3.2.3 The Key Factors that Influence the Frictional Behaviours of Laser Sintered 

PA12 Components 

 

Friedrich [152] prescribed that polymer tribology does not comply with the traditional 

laws of friction due to COF being unconventionally influenced by normal load, sliding 

speed and temperature. 
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3.2.3.1 The Influence of Normal Load on the Frictional Behaviours of Laser 

Sintered PA12 

 

Kragelski [153] discerned that the mechanism by which a polymer surface supports a 

normal load is dependent on whether its asperities deform elastically or plastically during 

sliding. Elastic contacts involve supporting normal loads at the tips of surface asperities 

(typically when 𝑁 < 1N), whereas plastic contacts support normal loads by yielded 

asperities and bulk surface material (typically when 𝑁 > 5N). 

 

Shooter and Tabor [154] validated Amonton’s 1st Law for a variety of polymers when 

subject to a range of applied normal loads, specifically between 10N and 100N. Though, in 

concurrence with Kragelski [153], they also identified that proportionality between 𝑁 and 

𝐹𝑓  becomes skewed at applied normal loads outside of this range, particularly when           

𝑁 < 1N  [81]. 

 

Rajendran and Ganesan [148] carried out a DoE to determine the extent to which normal 

load, sliding speed and build orientation influenced the frictional properties of laser 

sintered PA12 samples (when subject to rotating, pin-on-disk, flat-on-flat, dry sliding 

against steel). Ultimately, they ascertained that both normal load and sliding speed had 

statistically significant impacts on COF, in descending order of influence, respectively. 

 

3.2.3.2 The Influence of Sliding Speed on the Frictional Behaviours of Laser 

Sintered PA12 

 

As stated in Section 2.5.2, Coulomb’s Law specifies that kinematic friction is independent 

of sliding velocity. However, this is only true if the effects of frictional heating are deemed 

insignificant.  

 

Supplementary to the previously discussed work performed by Rajendran and Ganesan 

[148], Ziegler et al. [147] also found sliding speed to be significant when investigating the 

dry sliding behaviours of laser sintered PA12 samples against steel. More specifically, they 
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varied sliding speed from 0.03mms-1 – 300mms-1 and discerned that COF was 

correspondingly affected when 𝑣 > 3mms-1. 

 

3.2.3.3 The Influence of Temperature on the Frictional Behaviours of Laser 

Sintered PA12 

 

The frictional mechanisms that induce heat during dynamic contact include, adhesion, 

deformation, hysteresis, dispersion and viscous flow [81,126]. 

 

Hooreweder et al. [155] found that the molecular chains within the amorphous regions of 

laser sintered PA12 samples stretched and elongated when their glass transition 

temperatures were exceeded, leading to larger deformations at the same stress levels. 

Therefore, when 𝑇 > (𝑇𝑔 = 48.8o) [156], the 𝐹𝑓𝐴
 component of 𝐹𝑓  is expected to increase 

during polymer sliding. 

 

Gadelmoula and Aldahash [151] used an infrared laser sensor to measure the magnitude 

of frictional heat induced during laser sintered PA12 – stainless steel sliding. They 

recorded linear increases in temperature from approximately 30oC to 60oC, with the actual 

interfacial contact temperatures (𝑇𝑐) expected to be even higher. Consequently, the 

stiffness of PA12 will have likely decreased during testing, which was evidenced by the 

occurrence of adhesion observed during SEM analysis post-testing. 

 

3.2.3.4 The Influence of Build Orientation on the Frictional Behaviours of 

Laser Sintered PA12 

 

As discussed in Section 3.1.3, build orientation impacts the resultant surface topography 

of parts produced by LS. 

 

In contrast to what was observed by Rajendran and Ganesan [148], both Bai et al. [135] 

and Ziegler et al. [147] found that the orientation in which laser sintered PA12 part 

surfaces were built affected their resultant frictional properties. 
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Ziegler et al. [147] discerned that at sliding speeds greater than 3mms-1, part surfaces built 

parallel (0o) to the powder bed had reduced resultant COF values relative those built 

perpendicular (90o) to the powder bed. Moreover, Bai et al. [135] found that the frictional 

responses of top surfaces (built parallel to the powder bed) were 64% greater than the 

COF values measured when evaluating the side surfaces (built perpendicular to the 

powder bed) of the same samples. They suggested that upon becoming dislodged, the 

partially adhered powder particles on the side surface of samples may have acted as roller 

elements, facilitating sliding during testing. 

 

Similarly, Guo et al. [88] performed sliding tests on laser sintered PA12 samples that were 

subjected to varying levels of post-processing, including as-built, precision grinding and 

magnetic field-assisted finishing. Resultant sample surfaces had Ra roughnesses of 15µm, 

2.85µm and 0.89µm, and corresponding COF values of 0.329, 0.397 and 0.315, respectively. 

Therefore, no correlations between surface topography and friction properties could be 

discerned. 

 

3.2.4 A Summary of the Key Insights Gained from Related Literature on the 

Frictional Behaviours of Laser Sintered PA12 Components 

 

When collating the information presented in Table 3.3, it became evident that there are 

no established test procedures for assessing the frictional performance of laser sintered 

PA12 components. Consequently, the results collected varied significantly, indicating that 

an in-depth understanding of how different operating conditions affect COF has yet 

to be attained.  

 

3.3 Laser Sintered PA12 Wear Related Phenomena 

 

3.3.1 Wear Rate Data from Laser Sintered PA12 Literature 

 

Table 3.4 includes specific wear rate data collated from existing literature that 

investigated the wear performance of laser sintered PA12, detailing the testing conditions 
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under which these results were obtained, as well as the wear mechanisms that dominated 

during sliding. 
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Table 3.4 

A summary of the findings discerned from related literature in the which the wear behaviours of 

laser sintered PA12 samples were experimentally characterised. 

Research work Specific    

wear rate            

(mm3 / Nmm) 

Key contact details Wear mechanisms 

Guo et al. [88] 4.91 ± 0.58 

(× 10-7) 

Test configuration: 

Linear, reciprocating, ball-on-flat 

Contact geometry: 

Stainless steel ball (∅ = 6mm) 

Load / pressure: 

2N 

Speed / frequency: 

10Hz 

No discussion of the wear 

mechanisms induced during the 

analysis of as-built samples 

Bai et al. [146] 2.28 ± 0.26 

(× 10-7) 

Test configuration: 

Linear, reciprocating, ball-on-flat 

Contact geometry: 

Stainless steel ball (∅ = 9.525mm) 

Load / pressure: 

35N 

Speed / frequency: 

0.33ms-1 

Worn surfaces were observed to 

be very rough and discontinuous, 

with resultant wear debris taking 

the form of lumps. Additionally, 

ploughing marks and pits were 

evident. The latter was indicative 

of severe abrasive wear. 

 

 

Bai et al. [135] Top surfaces: 

6.61 

 

Side Surfaces: 

6.22 

Test configuration: 

Linear, reciprocating, ball-on-flat 

Contact geometry: 

Stainless steel ball (∅ = 8mm) 

Load / pressure: 

35N 

Speed / frequency: 

- 

It was suggested that voids 

formed due to partial powder 

particle adhesion acted as crack 

initiators, leading to wear. 

 

Though, the wear debris 

produced was hypothesised to 

reduce the stresses transmitted 

to the ‘first bodies’, thus 

decreasing the amount of 

deformation incurred. 

Ziegler et al. 

[147] 

Volume loss 

measurements 

provided in 

choice of wear 

rate data. 

Several different wear tests 

performed.   

Scratch marks within the 

resultant wear scars indicated 

that abrasive wear by plastic 

deformation was the primary 

wear mechanism. 
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Rajendran and 

Ganesan [148] 

Not quantified Test configuration: 

Rotating, pin-on-disk, flat-on-flat  

Contact geometry: 

PA12 pin (∅ =8mm),  

Medium carbon steel disk  

Load / pressure: 

10N – 40N 

Speed / frequency: 

0.50ms-1 – 1ms-1 

Initial contact resulted in 

abrasive wear, specifically 

microcutting and the shearing of 

PA12 asperities, which 

subsequently prompted the 

formation of a transfer film. 

 

Upon being removed, resultant 

wear debris acted as rolling 

elements between contacting 

surfaces, as evidenced by the 

needle-, fibre-, and spheroidal- 

shaped wear debris identified 

post-testing. 

Yu et al. [149] 1.88                  

(× 10-7) 

Test configuration: 

Rotating, pin-on-disk, ball-on-flat  

Contact geometry: 

304 stainless steel pin (∅ =8mm) 

Load / pressure: 

20N 

Speed / frequency: 

360 rpm 

Relatively smooth wear scars 

indicated that abrasive wear, 

specifically plastic shear flow, 

dominated during testing. 

Wörz and 

Drummer [150] 

20 – 40 

(× 10-9) 

Test configuration: 

Rotating, pin-on-disk, flat-on-flat 

Contact geometry: 

PA12 pin (⊞ = 4x4mm),  

EN31 hardened steel disk  

Load / pressure: 

4Nmm-2 

Speed / frequency: 

0.5ms-1 

Wear was not attributed to any 

specific mechanisms. 

 

Gadelmoula and 

Aldahash [151] 

3 – 12 

(× 10-8) 

Test configuration: 

Rotating, pin-on-disk,  flat-on-flat  

Contact geometry: 

PA12 pin (∅ = 4mm),  

Stainless steel disk  

Load / pressure: 

50N 

Speed / frequency: 

0.25ms-1 

 

SEM analysis showed the 

occurrence of tearing in line with 

the direction of sliding, with the 

wear debris produced being 

flake-like in shape. This indicated 

that adhesive wear dominated 

during testing.  
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3.3.2 Comparisons Between Polyamides and other Engineering Polymers 

 

To the best of the author’s knowledge, comparisons between the wear properties of PA12 

components prepared by LS and other manufacturing methods, including other      

polymer–PBF techniques, have yet to be reported within the literature. 

 

More generally, Nylon polymers, including PA12, are regarded as having a relatively good 

resistance to wear, as outlined in Table 3.5. 

 

Table 3.5 

A selection of research works in which the wear properties of Nylon polymers were qualitatively 

discussed. 

Research work Comment 

Myshkin et al. [108] 

 
“Low wear and high fatigue resistance” 

Unal et al. [157] 

 

“Polyamide has been reported to have a superior wear resistance sliding 

against a steel counterface relative to other polymers” 

Steinbuch [158] 

 

“High wear resistance with relatively low coefficient of friction when sliding on 

metals is the principal ground for its application” 

Weimin et al. [159] 

 

“Nylon is a good bearing material because of its high strength and good wear 

resistance” 

Ma et al. [160] 

 

“Nylon 12 (PA12) is an important material with excellent physical properties 

such as toughness, abrasion resistance” 

Bijwe et al. [161] 

 

“Polyamide (PA) 12 is a versatile engineering thermoplastic … It possesses high 

strength, modulus, toughness, resistance to creep, abrasion and fatigue” 

Rouholamin and 

Hopkinson [162] 

 

“Polyamide 12 or nylon 12 is a thermoplastic polymer … Good abrasion 

resistance, high elongation at break, specific strength …” 

 

Furthermore, according to the Ratner–Lancaster expression detailed in Equation 2.15, 

the polymers in the upper right quadrant of the Ashby plot presented in Figure 3.4, which 

includes Polyamides, are expected to be more resistant to abrasive wear. 
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Figure 3.4 – Ashby plot displaying the relative variation between different polymer types with 

respect to their strength and ductility. 

 

In two different studies, Unal et al. [163,164] investigated the wear performance of 

polyamide 66, aliphatic polyketone (APK), polyoxymethylene, ultrahigh molecular weight 

polyethylene and glass fibre reinforced polyphenylenesulfide (PPS + 30% GFR). They found 

the wear rate of PA66 (×10-6 mm3/Nm) to be an order of magnitude lower than APK, 

UHMWPE and PPS + 30% GFR (×10-5 mm3/Nm), which were all significantly more resistant 

to wear than POM (×10-3 mm3/Nm), when subject to varying normal loads and sliding 

speeds [164]. Similarly, they found that PA66 had the second lowest wear rate, with 

respect to the other aforementioned polymers, when subject to dynamic contact against 

different abrasive papers of varying grit sizes [163]. 
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3.3.3 The Inclusions of Fillers to Modify the Wear Properties of Laser Sintered PA12 

Components. 

 

Several of the studies outlined in Table 3.4 explored the inclusion of different filler 

materials within PA12 powders prior to LS as a method of improving the wear resistance 

of parts produced. 

 

Yu et al. [149] incorporated a 10% mass fraction of Silicon Carbide (SiC) into a batch of 

PA12 powder prior to LS. Resultant composite samples were found to be 20% more 

resistant to wear compared to neat–PA12 specimens processed identically. This difference 

was attributed to the 6% increase in indentation hardness achieved by the inclusion of SiC 

particles. 

 

Gadelmoula and Aldahash [151] compared the friction and wear properties of laser 

sintered parts produced from commercially available PA12 and Carbon Fibre (CF) 

reinforced PA12 powders, namely PA2200 and CarbonMide supplied by EOS GmbH, 

respectively. The specific wear rates of CF – PA12 samples were 15% to 40% lower than 

PA12 samples, depending on the build orientation evaluated. 

 

Bai et al. [146] modified the tribological performance of laser sintered PA12 samples by 

including 1 wt% Molybdenum disulfide. (MoS2). The addition of this solid lubricant was 

found to induce transfer film formation, which consequently reduced both COF and wear 

rate by 56.7% and 41.7%, respectively (during linear reciprocating, ball-on-flat sliding). 

Other filler materials have also been reported to improve the wear resistance of bulk 

Nylon polymers by promoting transfer film formation during sliding. These include Copper 

Monosulphide (CuS) [165,166]; Cupric Oxide (CuO) [166]; Copper Fluoride (CuF2) [166]; 

Glass Fibres [167]; PTFE [167]; Lead Sulphide (PbS) [168,169]; and Aluminium Oxide (Al2O3) 

[170]. However, it should be noted that the morphologies and weight percentage 

inclusions of these filler materials varied between studies. 
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3.3.4 A Summary of the Key Insights Gained from Related Literature on the Wear 

Behaviours of Laser Sintered PA12 Components 

 

The use of different test procedures in previous related literature made it difficult to once 

again compare findings, as different wear mechanisms dominated depending on the 

contact conditions employed. Nonetheless, this review highlighted the potential to 

characterise both transient and steady-state sliding (rather than just the latter), as well as 

better establish the effects of different surface orientations and varying operating 

conditions on the wear responses of laser sintered PA12 components. Moreover, the 

inclusion of filler materials within PA12 powders prior to processing via LS should be 

investigated further, as their impacts on wear have been shown to be significant.   

 

 

3.4 Literature Review Conclusions 

 

This literature review comprehensively collated insights reported within related literature 

regarding the surface, friction and wear properties of laser sintered PA12 components. 

 

Based on this information, the following gaps in research have been identified as topics 

for further study: 

 

- Further characterisation of laser sintered PA12 surfaces, with a particular focus on 

identifying any recurring surface features that may affect their sliding behaviours. 

- Investigating the friction and wear behaviours of laser sintered PA12 components 

during both transient and steady-state wear regimes, including the effects of different 

surface orientations and varying operating conditions. 

- Exploring whether the COF and / or wear rate of laser sintered PA12 surfaces can be 

reduced by including solid lubricant fillers within PA12 powders prior to LS. 

 

Accordingly, the following chapters of this thesis will focus on investigating the above. 
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Chapter 4  

Materials and Methods 
 

 

 

 

Chapter Summary 

This chapter details the PA12 powder properties and experimental methods pertinent to 

this doctoral work. Moreover, the latter includes a detailed description of the LS build 

process followed, as well as a delineated outline of the primary characterisation 

techniques employed to evaluate the resultant bulk, surface and tribological properties of 

samples produced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Recapitulate descriptions of the following experimental details are also provided within 

subsequent chapters of this thesis. 



 69 

4.1 Materials 

 

4.1.1 Polyamide-12 

 

Commercial grade Polyamide-12, specifically PA2200 supplied by EOS GmbH, was used 

throughout this doctoral work. As mentioned in Section 2.3.2, Polyamide powders are 

typically very reliable when processed via LS, which is primarily why approximately 90% of 

the LS materials market is dominated by PA12 [26]. Due to its widespread adoption, PA12 

was the principal polymer of focus throughout the entirety of this thesis. 

 

As discussed in Section 2.3.2.2, it is conventional practice to implement a refresh ratio 

when laser sintering PA12. Therefore, a refresh ratio of 50% virgin – material and 50%                          

once – used – material 5 (hereinafter referred to as 50/50 – PA12) was predominantly 

adopted throughout this investigation. Though, when entirely virgin – PA12 was employed, 

it was done so to eliminate the possibility of used-powder potentially influencing the 

resultant surface, friction and wear properties of parts produced. The specific PA12 

powder compositions adopted within each experimental study are stated within the 

‘Materials’ section of each corresponding thesis chapter. 

 

4.1.1.1 Powder Morphology 

 

Figure 4.1 includes SEM obtained micrographs that provide a qualitative description of 

the particle morphologies that comprise the virgin – PA12 and 50/50 – PA12 powders used 

throughout this investigation. 

                                                 
5 Once – used – material refers to PA12 powder recycled from a single previous LS build in which 

only virgin – PA12 was processed. 
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(a) 

 

(b) 

 

Figure 4.1 – SEM images highlighting the typical morphologies of the (a) virgin – PA12 and               

(b) 50/50 – PA12 powders used throughout this investigation. 

 

As elucidated in Figure 4.1, the virgin – PA12 and 50/50 – PA12 powders used within this 

investigation comprised of particles that were similar in size and morphology. 

Additionally, these SEM micrographs are congruous with the powder information 

provided by the material manufacturer – EOS GmbH, who report the average particle size 

of virgin – PA2200 to be 56µm [171]. 

 

4.1.1.2 Thermal Properties 

 

Figure 4.2 includes the heating and cooling curves for both virgin – PA12 and 50/50 – PA12 

powders. The key features of this DSC obtained thermograph were previously discussed in                    

Section 2.3.2.2. 
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Figure 4.2 – DSC obtained heating and cooling curves of virgin – PA12 and 50/50 – PA12 powders. 

 

Practically, the most significant insight to be drawn from the heating and cooling curves 

presented in Figure 4.2 is the correspondence between the processing windows of           

virgin – PA12 and 50/50 – PA12. More specifically, both PA12 configurations have alike 

onsets of melting and crystallisation (180oC and 150oC, respectively). Therefore, the same 

powder bed temperatures were employed when processing both materials. 

 

4.1.1.3 Material Properties 

 

Table 4.1 includes details of the laser sintered virgin – PA2200 material properties deemed 

attainable by the material manufacturer (EOS GmbH) [171]. 
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Table 4.1 

Laser sintered virgin-PA2200 part properties, as determined by the material manufacturer          

(EOS GmbH)  [171]. 

 

Additionally, the resultant tensile properties of virgin – PA12 and 50/50 – PA12 samples 

manufactured in-house (using the processing parameters detailed in Table 4.3) are given 

in Table 4.2. A comprehensive overview of the test methodology followed to obtain these 

mechanical properties is provided in Section 4.2.2.1. 

 

Table 4.2 

The tensile properties of samples produced in-house from virgin – PA12 and 50/50 – PA12. 

 

Despite PA12 samples produced in-house having reduced tensile properties relative to 

those deemed attainable by the material manufacturer (EOS GmbH), they are in good 

agreement with results reported in the literature [77,208,209]. Though, it is generally 

expected that different LS systems and adopted build parameters will result in parts 

produced having different mechanical properties. 

 

Material property Standardised test        

method followed 

Value 

 

Density (g/cm3) 
 

– 
 

0.93  

Young’s Modulus (MPa) ISO 527 1700 

Ultimate Tensile Strength (MPa) ISO 527 48  

Elongation at Break (%) ISO 527 24 

Ball Indentation Hardness (N/mm2) ISO2039 78  

Shore D Hardness ISO 868 75 

Melting point (oC) ISO 11357-1 172-180 
 

Mechanical property Standardised test      

method followed 

Virgin – 

PA12 

50/50 – 

PA12 

Young’s Modulus (MPa) ASTM D638-14 1402 1547 

Ultimate Tensile Strength (MPa) ASTM D638-14 43.0 45.2 

Elongation at Break (%) ASTM D638-14 23.3 27.6 
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Moreover, the slight differences between the tensile properties of in-house produced                 

virgin – PA12 and 50/50 – PA12 samples should also be noted. However, these variations, in 

particular those observed when analysing Elongation at Break, are also congruent with 

results reported in the literature [77, 93, 210].  

 

4.2 Methods 

 

4.2.1 Laser Sintering 

 

All samples were designed using Autodesk Fusion 360, before being arranged within a 

virtual build envelope using Magics 23.0. Proprietary software developed by EOS GmbH 

(compatible with the LS system used) was then utilised to slice and assign specific 

processing parameters to specimens within each LS build. 

 

An EOS Formiga P100 system was employed to execute each LS build. An image of the 

specific machine used, as well as a schematical diagram of its key components and 

snapshot of it partway through building can be seen in Figure 4.3. 
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(a) 

 

(b) 

 

(c) 

 

 

Figure 4.3 – (a) A schematical illustration of an EOS P100 system (adapted from                          

Goodridge et al. [19]), as well as (b) the system itself and (c) a snapshot of it partway through 

building. 

 

Unless explicitly stated otherwise, the LS processing parameters outlined Table 4.3 

(hereinafter referred to as standard PA12 parameters) were used throughout this 
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investigation. These build parameters were previously developed by both past and 

present members of the Advanced Polymer Sintering Laboratory at the University of 

Sheffield to maximise the tensile properties of PA12 parts produced in-house. 

Correspondingly, these processing parameters have a resultant energy density value of 

33.6 mJ(mm-2). 

 

Table 4.3 

The standard PA12 LS processing parameters adopted throughout this doctoral work. 

Processing parameter Value 
  

Laser power (W) 21 

Beam spacing (mm) 0.25 

Scan speed (mm s-1) 2500 

Bed temperature (oC) 170 

Scan count 1 

Contour scan Off 

Layer thickness (mm) 0.1 

Number of blank powder layers that directly  

preceded and followed particle sintering. 

40 

  

 

Prior to building, all PA12 powders were sieved to remove any agglomerates that may 

have subsequently impeded their ability to flow. Additionally, if powder blends were used, 

such as 50/50 – PA12, composite constituents were homogenised by rotary tumbling at a 

speed of 12.5 rpm for durations ranging from 20 minutes to 120 minutes, depending on the 

composition of the mixture used. The exact rotary tumbling durations employed in each 

experimental study are detailed within each corresponding thesis chapter. 

 

Samples were arranged with at least 5mm margins in every direction to minimise any 

thermal interactions that may have occurred between neighbouring parts during building.  

 

Upon completion of each LS build (including their respective cooldown periods), 

compressed air was used to remove loose powder particles from the surfaces of each 
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sample produced. When required, glass bead blasting was also utilised to separate parts 

from their relatively ‘harder’ powder cakes, as stated in each corresponding thesis 

chapter. 

 

4.2.2 Characterisation Techniques 

 

4.2.2.1 Tensile Testing 

 

As shown in Figure 4.4, a Tinius Olsen H5KS tensometer with a H500L laser extensometer 

was used to measure the Young’s Modulus (YM), Ultimate Tensile Strength (UTS) and 

Elongation at Break (EaB) of resultant samples in accordance with ASTM D638-14 [175].  

 

The cross-sectional area of each tensile specimen was calculated from width and 

thickness measurements taken at three locations between their grips, and tensile loads 

were applied parallel to their gauge lengths at a speed of 5 mm(min−1). 

 

 

Figure 4.4 – A tensile specimen mounted between the grips of the Tinius Olsen H5KS tensometer 

used throughout this doctoral work. 
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All tensile specimens were oriented in the XY plane of the LS machine, as defined in         

Figure 4.3. The major dimensions of an ASTM D638-14 Type 1 tensile specimen can be 

seen in Figure 4.5. 

 

 

Figure 4.5 – The specific geometry of an ASTM D638-14 Type 1 tensile specimen. Adapted from     

ASTM D638-14 [175]. 

 

4.2.2.2 Microscopy Analysis 

 

Focus Variation (FV) and Scanning Electron Microscopy (SEM) were both frequently 

utilised for a range of different characterisation activities, including those pertaining to 

the analysis of powder morphologies, surface topographies, wear scars and material 

transfer. The specific FV and SEM microscopy systems used throughout this investigation 

can be seen in Figure 4.6. 
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(a) 

 

(b) 

 

Figure 4.6 – The specific (a) FV and (b) SEM microscopy systems used throughout this doctoral 

work. 

 

Focus Variation Microscopy 

 

During the FV process, a vertical array of images is captured, where the distance between 

each image is equal to the vertical resolution of the scan. To extract depth information          

(Z-heights) from the image array, each pixel within each image is compared with 

neighbouring pixels to gain a measure of relative contrast [97]. The size of the XY region 

selected to evaluate the relative contrast of each individual pixel is more commonly 

referred to as the lateral resolution of the scan. The relative contrast of each pixel within 

each image is then compared with the relative contrasts of all the other pixels throughout 

the vertical image array that have the same X- and Y- coordinates. Finally, the location of 

each pixel with the greatest relative contrast with respect to the length of the vertical 

image array is used to compute its Z-height. 

 

FV microscopy was performed using an Alicona InfiniteFocusSL system. More specifically, 

a x5 AV objective lens, equipped with a coaxial polarised ring light, was used to capture 

3.7mm × 3.7mm sampling regions with a vertical resolution of 550nm and the smallest 

lateral resolution required to generate a complete scan. Jigs were used to position 

specimens, and wherever necessary, ensure that they remained completely flat during 

scanning, as shown in Figure 4.7. 
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(a) 

 

(b) 

 

 

 

 

 

 

 

 

Figure 4.7 – Example jigs that were used to (a) position and (b) secure samples during FV 

microscopy analysis. 

 

When FV microscopy was utilised to specifically characterise the amplitude roughnesses 

of laser sintered polymer surfaces, evaluation areas (2.5mm × 2.5mm in size) were 

subsequently analysed without the application of any spatial filtering. It should be noted 

that the latter was discordant with guideline outlined in ISO 25178-3 [176], which suggests 

that S-, L- and F- filtering should always be applied to remove small-scale, large-scale and 

form components from optically obtained surface scans, respectively. However, due to 

ambiguity in ISO 25178-3, it was difficult to discern specific nesting index values for each 

of these operations. Furthermore, whenever these filtering operations were previously 

adopted within polymer-PBF related literature, accompanying nesting index values were 

rarely specified. In fact, the most extensive bodies of research that previously employed 

FV microscopy to characterise laser sintered polymer surfaces did so without the 

application of any filtering. The former includes works by Petzold et al. [93,177] and 

Launhardt et al. [91]. 

 

Conversely, when extracting 2D wear scar profiles from 3D areal surface scans, a cut-off 

length of 0.8mm was applied in accordance with ISO 13565-1 [178]. 
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Scanning Electron Microscopy 

 

During SEM, electrons are accelerated by a potential difference and focussed to a defined 

location on a sample surface by a series of electromagnetic lenses and apertures 

[102,103]. This process is conducted within a vacuum so that the electrons can travel 

through the microscope undisturbed. The interaction between the electron beam and 

specimen surface produces a variety of different signal responses, including X-rays and 

secondary and backscattered electrons. Subsequently, these signals are captured by the 

detector and digitally transformed into an image or a spectrum that either describes the 

topography or composition of a surface, respectively. 

 

In this doctoral work, SEM analysis was performed using a Hitachi TM3030 system. More 

specifically, a 15kV accelerating voltage was used to capture mixed secondary and back 

scattering electron images in either standard or charge-up reduction mode, depending on 

which produced the most perspicuous output. 

 

4.2.2.3 Contact Profilometry 

 

Contact profilometry was performed using a Mitutoyo Surftest SJ-400. Measurements 

were recorded over an evaluation length of 4mm at a transverse speed of 0.5mm(s-1), 

using a stylus that had a tip radius and angle of 2μm and 60o, respectively. Gaussian 

filtering with a cut-off length of 0.8mm was applied in conformity with ISO 13565–1 [178]. 

 

4.2.2.4 Micro-CT 

 

Micro-CT analysis was carried out using a Skyscan 1172 system with an accelerating 

voltage of 40kV; a source current of 148μA; an exposure time of 295ms; a reconstructed 

voxel size (or image pixel size) of 4.18μm; 180o rotation with a step size of 0.7o; and no 

filtering. These scanning parameters were selected based on their previous suitability in 

related research works [162,179]. Post-scanning, the software package NRecon was used 

to reconstruct the obtained angular radiographs into a series of cross-sectional images.  



 81 

Furthermore, the binarised scan images presented in Chapter 5 were created using CTAn. 

This software programme enabled manual thresholding to be applied so that the 

presence of sub-surface pores could be identified. Additionally, the volume renderings 

shown in Chapter 9 were produced using CTVox, which allowed different local densities to 

be distinguished, thereby enabling the visualisation of each filler material within their 

respective PA12 matrix. 

 

 

4.2.2.5 Scratch Testing 

 

Scratch testing was performed using an Anton Paar Revetest system, equipped with a 

diamond Rockwell indenter that had a tip radius and cone angle of 200µm and 120o, 

respectively.  

 

During scratching, progressive loads ranging from 0.5N to 50N were applied over an 

evaluation distance of 30mm at a transverse speed of 0.1mm/s. 

 

4.2.2.6 Friction and Wear Testing 

 

As discussed in Section 1.3, the aim of this doctoral work was to holistically investigate 

the friction and wear properties of polymer laser sintered components. Therefore, when 

selecting the most appropriate tribological test method, the main criterion was not to 

replicate a certain interaction, but instead ensure that any data collected could easily be 

understood and reproduced.  

 

Testing Configuration 

 

Upon extensive consideration, a pin-on-disk, ball-on-flat, rotating, uni-directional test 

configuration was deemed to be the most suitable. This methodology was chosen due to 

its wide-recognition, practicability and well-established regulation. A schematic 
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highlighting the specific test-setup adopted throughout this doctoral work can be seen in 

Figure 4.8. 

 

Figure 4.8 – The specific pin-on-disk, ball-on-flat, rotating, uni-directional test set-up adopted 

throughout this doctoral work. 

 

A ball-on-flat testing configuration was chosen to intrinsically induce point contacts, 

regardless of the angles at which the pin and disk samples were oriented relative to one 

another, thereby preventing the occurrence of edge loading. Additionally, rotating,        

uni-directional sliding was carried out at a constant speed to avoid acceleration / 

deceleration phenomena, which have previously been shown to induce unsteady sliding 

motions, such as stick-slip [180,181]. 

 

A Bruker Universal Mechanical Tester (UMT) TriboLab was used to execute friction and 

wear testing in accordance with ASTM G99 [119]. Test samples included pin and disk 

specimens, whereby the former comprised of a spherical ball secured within a steel 

housing. As shown in Figure 4.8, disk samples were mated to the rotary module using a 

central screw to ensure concentricity, as well as off-centre and circumferentially to 

prevent slipping and ensure flatness relative to the rotary module, respectively. The 

specific geometries of each test sample, as well as a schematical diagram highlighting 

their sliding configurations relative to one another can be seen in Figure 4.9.  
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(a) 

 

 

(b) 

 

Figure 4.9 – (a) Tribological test specimen geometries and (b) the configurations in which they 

were subject to dynamic contact relative to one another.  

 

This doctoral work focussed on investigating the sliding interactions between laser 

sintered PA12 and steel surfaces only. The auxiliary characterisation of other laser 

sintered PA12 sliding pairs, albeit worthwhile, was beyond the scope of what was possible 

to complete during the duration of this investigation. 

 

Testing procedure 

 

Each test conducted using the UMT was executed in accordance with the script outlined in 

Table 4.4. More specifically, this testing procedure comprised of three consecutive stages, 
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namely: (1) initial contact, (2) steady-state test speed attainment and (3) test load 

application. An initial contact force of 3N was selected, as this was the lowest load that 

could be accurately applied by the force sensor.  

 

Table 4.4 

The testing procedure adopted during friction and wear testing. 

Step number Normal load (N) Sliding speed (ms-1) Duration (s) 

1 3 0 5 

2 3 0 →  Test Speed 5 

3 3 →  Test Load Test Speed Test Duration 

 

Example normal load and sliding speed data recorded by the UMT during the early stages 

of a 15N – 0.35ms-1 sliding test can be seen in Figure 4.10. 

 

Figure 4.10 – Example normal load and sliding speed data recorded by the UMT during the early 

stages of a 15N – 0.35ms-1 sliding test. 

 

As shown in Figure 4.10, variations in 𝑁 were likely due to disk samples not being aligned 

exactly perpendicular to the direction of loading. Despite efforts to minimise the former – 

such as securing each disk to the rotary module axially, off-centre and circumferentially, 

slight misalignments between the rotary module and load cell were impossible to avoid. 
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Accordingly, these fluctuations in loading response, specifically their frequencies and 

amplitudes, will have corresponded with the positioning of each wear track, as well as the 

sliding speeds and normal loads employed during testing. 

 

Sample Preparation 

 

Polymeric Samples 

 

Laser sintered polymeric samples were prepared in accordance with the procedures 

outlined in Section 4.2.1.  

 

Auxiliary mechanical and surface properties (more specific than those provided in       

Section 4.1.1.3) are detailed in corresponding thesis chapters, wherever pertinent. 

 

Metallic Samples 

 

Friction and wear testing was predominantly carried out via ‘contact configuration 1’          

(stainless steel pin – polymer disk), as shown in Figure 4.7b. More specifically, the 

contacting proportion of each metallic pin specimen comprised of a 6.35mm (1/4 inch) 

diameter stainless steel sphere, which had an elemental composition of 82.3% Fe, 17.2% 

Cr, 0.2% Mn, 0.1% V, and 0.2% Ni 
6. 

 

As a part of work discussed in Chapter 8, friction and wear testing was also performed via 

contact configuration 2 (polymer pin – steel disk). In this instance, two steel disks with an 

elemental composition of 99.2% Fe, 0.6% Mn, and 0.2% Cr 6 were used. These samples 

were sliced from the same section of round steel bar and ground 7 to remove any 

contaminants, such as oxide formations, prior to testing. Consequently, resultant surfaces 

                                                 
6 Determined using a Fisherscope X-Ray XAN analyser. 

7 Surface grinding was performed via a ‘vertical spindle – reciprocating table’ configuration. 
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comprised of adjacent scratch marks with lay profiles akin to those outlined in              

Figure 4.11. 

 

 

Figure 4.11 – Example roughness profiles illustrating the height and lay of the scratches 

produced when preparing steel disk samples by surface grinding. 

 

Operating Conditions 

 

User-defined operating conditions included contact configuration, sliding speed, normal 

load and sliding distance. The ranges over which these operating conditions were varied 

throughout this doctoral work can be seen in Table 4.5. These values were selected based 

on the upper and lower limits previously employed within existing literature, as outlined 

in Table 3.3. 

 

Normal loads were specified in preference to contact stresses throughout this thesis. This 

is because calculating corresponding contact stresses via classical Hertzian theory 

invalidates several of the main assumptions on which this theory is based upon, including 

[182]: 
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- Contacting bodies are homogenous, isotropic, and non-conforming. 

- Contacting bodies are elastic and the strains are sufficiently small to permit the theory 

of elasticity to be applied. 

- The elastic bodies in contact are assumed to be semi-infinite elastic half-spaces, thus 

the contact dimensions and extent of deformation incurred are both far smaller than 

the geometrical dimensions of the contacting bodies. 

- Adhesives forces are ignored. 

- The roughnesses of both contacting surfaces are negligible. 

 

Additionally, components within industrial tribosystems are typically subject to 

predetermined normal loads rather than contact stresses, thus further supporting the 

preference for specifying the former. 

 

Table 4.5 

The ranges over which operating conditions were varied throughout this doctoral work. 

Test condition The ranges over which each operating condition was varied 

throughout this doctoral work 

Contact configuration  [Steel pin – Polymer disk] – [Polymer pin – Steel disk] 

Sliding speed, 𝑣  (ms-1) 0.05 – 0.5 

Normal load, 𝑁  (N) 3 – 30 

Sliding distance, 𝑥  (m) 5 – 1000 

 

Determining Friction and Wear Properties 

 

COF was the principal friction-related parameter of interest. Corresponding values were 

outputted directly from the UMT, which was programmed to record experimental data at 

a rate of 100Hz. Though, for the purposes of graph plotting this was downsampled such 

that COF data was reported every 0.5m to facilitate the visual comprehension of the 

results presented. 
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Laser sintered PA12 wear volumes (𝑉) were characterised by either wear scar geometry 

analysis or mass loss; a more detailed description of each is provided in Table 4.6. 

Though, in conformity with ASTM G99 [119], the former method was predominantly 

adopted throughout this doctoral work. Only in Chapter 7 were wear volumes determined 

from mass loss measurements, though this was due to ambiguity arising when attempting 

to discern the resultant widths of the wear scars produced. 
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Table 4.6 

The methods used to determine laser sintered PA12 wear volumes. 

Wear volume 

characterisation 

method 

Visual description of wear 

volume characterisation 

method 

Corresponding wear volume equation, 

with definitions of constituent terms 

 

 

Disk analysis via FV 

microscopy 

 

 
 

 

𝑉 = 2𝜋𝑅 [𝑟2 sin−1 (
𝑑

2𝑟
) − (

𝑑

4
) (4𝑟2 − 𝑑2)1 2⁄ ] 

 

   where:   
 

        𝑅 = wear track radius 

       𝑑 = wear scar width 

𝑟 = pin end radius (3.17 5mm) 

 

 

Pin analysis via 

SEM 

 

 
 

 

𝑉 = (
𝜋ℎ

6
) [

3𝑑2

4
+ ℎ2] 

where: 
 

ℎ =  𝑟 − [𝑟2 −
𝑑2

4
]

1
2⁄

 

 

𝑑 = wear scar diameter 

𝑟 = pin end radius (3.17 5mm) 
 

 

Mass loss 
 

 
 

 

𝑉 =
∆𝑚

𝜌
 

 

   where:   
 

   ∆𝑚 =  mass loss 

       𝜌 = density 

 

Subsequently, wear rate (𝑊) and / or specific wear rate (𝑊𝑠) values were then calculated 

using Equation 4.1 and / or Equation 4.2, respectively: 

 

𝑊 =
𝑉

𝑥
 

Equation 4.1 
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𝑊𝑠 =
𝑉

𝑁 × 𝑥
 

Equation 4.2 
 

4.3 Auxiliary and Alternative Experimental Practices 

 

In the several instances in which auxiliary and / or alternative experimental practices were 

adopted, the rationale for doing so, as well as their specific operational details have been 

provided within the ‘Materials and Methods’ section of each corresponding thesis chapter. 
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Chapter 5  

Laser Sintered Polyamide-12 Surfaces 
 

 

 

 

Chapter Summary 

The work presented in this chapter utilised contact profilometry, FV microscopy and          

micro-CT to characterise the surfaces of laser sintered PA12 samples apropos to 

amplitude roughness descriptor; applied energy density; XY positioning across the powder 

bed; part orientation; and metrology method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter includes published work, available via the following citation: 

 

K. Nar, C. Majewski and R. Lewis, A Comprehensive Characterisation of Laser Sintered 

Polyamide-12 Surfaces, Polymer Testing. Vol. 106, (2021). 

https://doi.org/10.1016/j.polymertesting.2021.107450.  

https://doi.org/10.1016/j.polymertesting.2021.107450
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5.1 Introduction 

 

An incomplete understanding of part quality continues to hinder the further adoption of 

laser sintered polymer components for end-use applications [3–7]. Therefore, the aim of 

this experimental study was to supplementarily characterise laser sintered PA12 surfaces 

in order to address this lack of insight and establish whether they comprise of any features 

that may affect their sliding behaviours. 

 

As discussed in Section 3.1, laser sintered polymer surfaces are influenced by a range of 

factors, including those related to powder properties; processing parameters; part 

positioning; roughness descriptor; and metrology method. Though, despite there being 

existing literature pertaining to each of the former, a holistic grasp of their compound 

influence remains to be seen.  

 

5.2 Materials and Methods 

 

5.2.1 Materials 

 

A 50/50 – PA12 powder configuration (50% virgin-material and 50% once-used-material) 

was used in this study. All samples were produced from the same batch of powder and 

constituents were blended by rotary tumbling for 20 minutes. 

 

5.2.1.1 Specimens 

 

All specimens were manufactured within a single build to best ensure they were subjected 

to alike processing conditions, thereby minimising variability and reducing powder 

wastage. Though, as shown in Figure 5.1, different laser powers (18W, 21W and 24W) were 

selected to vary the energy density applied to each tier of the build to 28.8 mJ(mm−2),     

33.6 mJ(mm−2) and 38.4 mJ(mm−2), respectively. Standard PA12 processing parameters 

were otherwise employed, as outlined in Table 4.3. 
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As shown in the LS build layout presented in Figure 5.1, different specimen geometries 

were designed depending on their intended analyses. More specifically,                                        

16mm × 16mm × 16mm cube-shaped specimens were produced for contact profilometry;        

8mm × 8mm × 8mm cube-shaped specimens were produced for Focus Variation 

microscopy; and 5mm × 6mm (diameter × length) cylindrical-shaped specimens were 

produced for micro-CT.  

 

 

Figure 5.1 – A schematic illustrating the quantity, geometry and positioning of samples produced 

in this study (Chapter 5).  

 

Upon build completion, compressed air was used to remove loose powder particles from 

all of the surfaces of parts produced. 

 

5.2.2 Methods 

 

Specimens were characterised using metrology techniques of varying geometrical 

dimensional capability, ranging from 2D profile (contact profilometry) to 3D areal (FV 

microscopy) and volume based (micro-CT) analysis methods.  
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Table 5.1 outlines the metrology techniques that were used to characterise the effects of 

each of the surface influencing factors investigated within this study. 

 

Table 5.1 

An outline of the metrology methods used to characterise the effects of each of the surface 

influencing factors investigated within this study. 

 

Factor of interest 
 

 

Contact 

profilometry 

 

Focus Variation 

microscopy 

 

Micro-CT 

 

Amplitude roughness descriptor    

Applied energy density    

XY positioning across the powder bed    

Part orientation    

Measurement technique    

 

Additionally, Figure 5.2 shows the surfaces that were evaluated on each of the different 

specimen geometries. 

 

 

Figure 5.2 – The surfaces that were evaluated on each of the different specimen geometries.  
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As previously mentioned in Section 5.2.1.1 and illustrated in Figure 5.2, cube-shaped 

specimens were manufactured for contact profilometry and FV microscopy analysis. 

These samples were designed at different scales to accommodate their respective 

evaluation lengths / regions, as specified in Section 5.2.2.1. Contrastingly, samples 

designated for Micro-CT analysis were cylindrical to ensure consistent X-ray penetration at 

equal distances for all rotational steps, thereby enabling the acquisition of high quality 

radiographs.  

 

5.2.2.1 Characterisation 

 

Roughness Parameters 

 

The descriptors Sq, Sz, Ssk, Sku, and equivalent R-parameters, were used to characterise the 

size and form of captured roughness profiles. A summary of each is given in Table 5.2. 

 

Table 5.2 

Summary of the amplitude roughness parameters used within this study. 

 

Surface roughness 

parameter 
 

 

Abbreviation 
 

Description 

 

Root Mean  

Square (RMS) 

 

Sq / Rq 
 

The standard deviation of the distribution of surface heights 

[85] within a given evaluation region. 

Maximum  

Peak-to-Valley  

Height 

Sz / Rz The sum of the maximum peak height and maximum valley 

depth within a given evaluation region. 

Skewness Ssk / Rsk Describes whether the distribution of bulk material that 

comprises a surface profile is above or below its mean plane. 

If a profile has a negative Skewness roughness value, valleys 

will be a more dominant feature than asperity peaks, and 

vice versa. 

Kurtosis Sku / Rku Describes the sharpness of a surface height distribution [90]. 

If a profile has a Kurtosis value greater than three (Sku > 3), it 

will comprise of a relatively large number of high peaks and 

low valleys, and vice versa [85]. 
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Contact Profilometry  

 

As shown in Figure 5.1, nine specimens were produced for contact profilometry analysis. 

More specifically, three specimens were manufactured at each applied laser power and 

three repeat profile measurements were performed on each specimens top and bottom 

surface. 

 

Focus Variation Microscopy 

 

Areal surface analysis was carried out using FV microscopy in accordance with the process 

specified in Section 4.2.2.2. 

 

Three repeat scans were performed on the top and bottom surfaces of each of the 81 

specimens produced for FV microscopy analysis specifically. Additionally, specimens were 

distributed across the powder bed to assess whether any potential non-uniformities in 

bed temperature affected the resultant roughnesses of parts produced. 

 

Micro-CT 

 

It is well agreed upon that re-entrant and / or undercut features are unable of being 

captured by contact and / or optical line-of-sight surface metrology techniques [91,95]. 

Therefore, micro-CT was employed to elucidate the extent to which these features 

comprised the side surfaces of laser sintered PA12 specimens. 

 

As shown in Figure 5.1, three cylindrical specimens were manufactured at each laser 

power (18W, 21W and 24W) to ensure redundancy in case of loss or damage due to their 

small size, though only one of each was subsequently characterised by micro-CT. 

 

Evaluation regions with annuli widths of 0.5mm were selected when computing 

percentage porosity results. This included material within a depth of between 2 – 3 times 

the measured Sz of each sample cross-section.  
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5.3 Results and Discussion 

 

The following analysis was carried out in relation to part surface orientation as it best 

elucidated the effects of the other factors of interest. 

 

5.3.1 Laser Sintered Side Surfaces 

 

Laser sintered side surfaces conventionally refer to the contours of parts which are 

oriented non-parallel to the powder bed.  

 

The side surface morphologies of the samples analysed by micro-CT are presented in 

Figure 5.3. Corresponding binarised cross-sectional slices are presented from the middle 

of each cylindrical specimen in their axial directions. 
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(a) 

 
 

 

(b) 
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(c) 

 

Figure 5.3 – Micro-CT obtained binarised scan images highlighting the side surface morphologies 

of samples produced at varying laser powers, specifically (a) 18W, (b) 21W and (c) 24W. The 

central regions of each cross-sectional slice have been concealed to focus the reader’s attention to 

the contour of each sample. 

 

In agreement with Launhardt et al. [91] and Zhu et al. [95], the laser sintered PA12 side 

surfaces presented in Figure 5.3 comprised of many undercut and re-entrant features. 

 

As mentioned in Chapter 3, specifically Section 3.1.3, laser sintered side surfaces are 

particularly prone to secondary sintering, specifically necking, between pre-defined part 

perimeters and surrounding powder particles during building. A schematic highlighting 

this phenomenon can be seen in Figure 5.4.  
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Figure 5.4 – A schematic highlighting the mechanism of secondary sintering, which 

characteristically occurs at the interface between pre-defined part perimeters and surrounding 

powder. 

 

Conventionally, contour scan strategies are implemented to reduce the prevalence of 

undercut and re-entrant features. More specifically, this involves exposing part perimeters 

to lower laser powers and scan speeds than those typically employed for bulk hatching 

[183]. However, without the presence of a physical boundary to inhibit secondary 

sintering, the formation of undercut and re-entrant features will be inevitable during LS. 

Therefore, metrology methods with greater capabilities than those of contact and / or 

optical line-of-sight techniques should be employed when characterising laser sintered 

surfaces orientated non-parallel to the powder bed. 

 

Supplementarily, percentage porosity values (𝜙%) were computed to indicate the impact 

that applied energy density had on the prevalence of secondary sintering induced 

features. More specifically, percentage porosity values were calculated from four         

cross-sectional annuli that were evenly distributed along the axial direction of each 

specimen using  Equation 5.1 below: 

 

𝜙% = (1 −
𝑛 𝑤ℎ𝑖𝑡𝑒 𝑝𝑖𝑥𝑒𝑙𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑎 𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑛𝑛𝑢𝑙𝑢𝑠 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡

𝑛 𝑤ℎ𝑖𝑡𝑒 𝑝𝑖𝑥𝑒𝑙𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑎 𝑐𝑜𝑟𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑓𝑢𝑙𝑙𝑦 𝑑𝑒𝑛𝑠𝑒 𝑎𝑛𝑛𝑢𝑙𝑢𝑠 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡
) × 100 

Equation 5.1 
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Correspondingly, 18W, 21W and 24W samples had mean percentage porosity values of 

32.0%, 24.6% and 28.2%, respectively. This confirmed that the mechanisms of incomplete 

powder consolidation and pronounced secondary sintering dominated when laser powers 

lower (18W) and greater (24W) than standard PA12 parameters (21W) were applied, 

respectively.  

 

5.3.2 Laser Sintered Top and Bottom Surfaces 

 

Laser sintered top and bottom surfaces conventionally refer to the first and final build 

layers orientated parallel to the powder bed, as shown in Figure 5.2. 

 

Figure 5.5 shows a typical top and bottom laser sintered PA12 surface scan obtained by 

FV microscopy.  

 

Figure 5.5 – Typical FV microscopy obtained scan images of a (a) top and (b) bottom laser 

sintered PA12 surface. Both scan areas are 3.7 mm × 3.7 mm in size and were captured from the 

same randomly selected 21W sample designated for FV microscopy analysis.  

 

Upon qualitative inspection of the top and bottom surfaces presented in Figure 5.5, no 

discernible differences between their topographies can be seen. 

 

Accordingly, Figure 5.6, Figure 5.7, Figure 5.8 and Figure 5.11 provide quantitative 

insight into the resultant roughnesses of top and bottom specimen surfaces built at 

varying laser powers and evaluated by contact profilometry and FV microscopy metrology 

methods. More specifically, mean profile roughness results are represented by a reference 

(a) Laser Sintered PA12 Top Surface 

 

(b) Laser Sintered PA12 Bottom Surface 
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plane within each subfigure, whereas individual sample surface roughness magnitudes 

are given by the heights of their vertical bars. The latter also elucidates the extent to which 

each amplitude roughness response varied across the powder bed. Though, it should be 

noted that the layouts of these figures are partly illustrative with respect to the exact XY 

positioning of samples across the powder bed. Corresponding mean S- and R- roughness 

results are detailed in Table 5.3, Table 5.4, Table 5.5 and Table 5.6, respectively. 

 

5.3.2.1 Root Mean Square Roughness (Sq / Rq) 

 

Sq and Rq roughness results are shown in Figure 5.6 and Table 5.3. 
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Sq / Rq Top Surfaces 
 

Bottom Surfaces 
 

 

 

18W 

  
 

 

21W 

  
 

 

24W 

  
 

Figure 5.6 – The distribution in Sq roughness of top and bottom surfaces (built at varying applied 

energy densities) across the powder bed. 
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Table 5.3 

A comparison of the Sq and Rq roughness results, and corresponding standard deviations, 

determined for both the top and bottom surfaces of laser sintered PA12 samples built at varying 

applied energy densities and evaluated by FV microscopy and contact profilometry. 

 

Sq / Rq 

roughness 

 

Metrology  

technique 

 

 

Applied laser power 
 

 

18W 
 

 

21W 
 

 

24W 
 

 

Top  

surfaces 
FV microscopy 22.61 (± 2.08) µm 22.07 (± 1.76) µm 23.61 (± 1.58) µm 

Contact profilometry 17.57 (± 1.40) µm 17.38 (± 0.80) µm 17.25 (± 1.05) µm 

 

Bottom  

surfaces 
FV microscopy 21.06 (± 2.06) µm 23.35 (± 2.77) µm 23.13 (± 2.76) µm 

Contact profilometry 14.45 (± 1.11) µm 14.22 (± 1.55) µm 15.16 (± 1.29) µm 

 

As can be seen in Table 5.3, the was a significant difference between the top and bottom 

RMS profile roughnesses evaluated by contact profilometry. In agreement with Schmidt et 

al. [136] and Silani et al. [139], resultant top surfaces Rq roughness magnitudes were 

greater than those of bottom surfaces. Furthermore, this relationship between part 

surface orientation and resultant Rq was independent of applied laser power. 

 

Contrastingly, no significant variations between the top and bottom Sq roughnesses of 

samples evaluated by FV microscopy could be discerned. Though, the resultant Sq 

roughnesses of parts produced were also found to be independent of applied energy 

density and their build locations across the powder bed, as shown in Figure 5.6. 

 

It is expected that these differences in profile and areal surface height magnitudes were 

partly due to the contact and optical characterisation methods employed having different         

technique-specific constraints. As previously discussed in Section 2.5.1.2 and            

Section 4.2.2.2, contact profilometry is typically constrained by tip geometry and scan 

area, whereas FV microscopy tends to be limited by its ability to detect reflected radiation, 

respectively. Therefore, variations in bandwidth filtering will have resulted in measured 

values being described on different length scales [184]. 
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5.3.2.2 Maximum Peak-to-Valley Height (Sz / Rz) 

 

Sz and Rz roughness results are shown in Figure 5.7 and Table 5.4. 
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Sz / Rz Top Surfaces 
 

Bottom Surfaces 
 

 

 

18W 

  
 

 

21W 

  
 

 

24W 

  

Figure 5.7 – The distribution in Sz roughness of top and bottom surfaces (built at varying applied 

energy densities) across the powder bed. 
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Table 5.4 

A comparison of the Sz and Rz roughness results, and corresponding standard deviations, 

determined for both the top and bottom surfaces of laser sintered PA12 samples built at varying 

applied energy densities and evaluated by FV microscopy and contact profilometry. 

 

Sz / Rz  

roughness  

 

Metrology  

technique 
 

 

Applied laser power 
 

 

18W 
 

 

21W 
 

 

24W 
 

Top  

surfaces 
FV microscopy 169.2 (± 14.5) µm 165.5 (± 16.6) µm 173.4 (± 16.6) µm 

Contact profilometry 75.9 (± 4.4) µm 74.2 (± 3.8) µm 73.2 (± 5.4) µm 

 

Bottom  

surfaces 
FV microscopy 164.6 (± 17.4) µm 184.3 (± 22.4) µm 182.4 (± 21.8) µm 

Contact profilometry 65.8 (± 4.6) µm 65.1 (± 4.8) µm 67.3 (± 5.9) µm 

 

Both profile and areal results were in good agreement with data collected by Laundhardt 

et al. [91], who reported mean contact profilometry and FV microscopy results of 

approximately 80µm and 200µm, respectively. 

 

In concurrence with the previously discussed Rq and Sq results, mean top surface Rz 

roughnesses were again found to be greater than those measured for bottom surfaces, 

whereas no correlation between Sz and surface orientation could be discerned. 

Additionally, the Rz and Sz roughnesses of all samples produced were found to be 

independent of their build locations across the powder bed and the magnitudes of energy 

density applied during building, as shown in Table 5.4 and Figure 5.7. 

 

Generally, Rz and Sz values are determined by the single largest irregularity within each of 

their respective evaluation regions. Therefore, maximum peak-to-valley height 

parameters intrinsically do not provide insight into entire surface distributions, and thus 

in most cases are less apt than Rq or Sq at describing the amplitude profiles of laser 

sintered polymer surfaces, independent of their part orientation. 

 

5.3.2.3 Skewness (Ssk / Rsk) 

 

Ssk and Rsk roughness results are shown in Figure 5.8 and Table 5.5. 
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Ssk / Rsk Top Surfaces 
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Ssk / Rsk Bottom Surfaces 
 

 

 

18W 

 

 
 

 

 
 

 

21W 

 
 

 

 
 

 

24W 

 

  
 

Figure 5.8 – The distribution in Ssk roughness of top and bottom surfaces (built at varying applied 

energy densities) across the powder bed. 
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Table 5.5 

A comparison of the Ssk and Rsk roughness results, and corresponding standard deviations, 

determined for both the top and bottom surfaces of laser sintered PA12 samples built at varying 

applied energy densities and evaluated by FV microscopy and contact profilometry. 

 

Ssk / Rsk 

roughness 

 

Metrology  

technique 

 

 

Applied laser power 
 

 

18W 
 

 

21W 
 

 

24W 
 

Top  

surfaces 
FV microscopy 0.27 (± 0.12) 0.32 (± 0.12) 0.35 (± 0.14) 

Contact profilometry 0.09 (± 0.11) 0.13 (± 0.14) 0.02 (± 0.06) 

 

Bottom surfaces FV microscopy 0.00 (± 0.13) -0.01 (± 0.13) 0.03 (± 0.09) 

Contact profilometry -0.04 (± 0.14) -0.09 (± 0.12) -0.03 (± 0.18) 

 

As can be seen in Table 5.5, the Skewness results obtained by contact profilometry were 

all centred around zero. This indicated that both top and bottom surfaces were relatively 

Gaussian, and thus comprised of a symmetrical balance of peaks and valleys.  

 

However, the ‘Smoothing Effect’ intrinsic to contact profilometry will have likely impacted 

the Rsk results collected. As mentioned in Section 2.5.1.2, the finite geometry of the stylus 

tip will have resulted in profiles being characterised as having shallower valley depths and 

rounder asperity peaks than that is accurate. This phenomenon is illustrated in Figure 5.9. 

Consequently, the material distributions of surfaces evaluated by contact profilometry 

will have effectively been shifted towards their asperity tips, resulting in peak dominated 

surfaces (Ssk > 0) appearing to be relatively Gaussian (Ssk ~ 0).  

 

 

Figure 5.9 – A schematic highlighting the ‘Smoothing Effect’ intrinsic to contact profilometry. 

Adapted from Bhushan [185]. 
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As shown in Figure 5.8, almost all top surfaces evaluated by FV microscopy were 

ascertained as having a positive Skewness value (p-value = 0.025). Moreover, when 

compared with a significance level (α) of 0.05, the former phenomenon was deemed to be 

statistically true for all laser sintered PA12 top surfaces evaluated. De Pastre et al. [100] 

also found that laser sintered PA12 top surfaces had consistently positive Skewness 

roughness responses when evaluated by FV microscopy, as well as when measured by 

Coherence Scanning Interferometry and XCT. 

 

Furthermore, increasing applied laser power from 18W to 21W and 24W increased the 

mean top surface Skewness of each tier of samples from 0.27 to 0.32 and 0.35, 

respectively. 

 

The mechanism of finish layer powder particle adhesion serves as a potential explanation 

as to why laser sintered PA12 top surfaces were ascertained as being asperity peak 

dominated (as indicated by their resultant positive Skewness values). It is expected that 

the subsequent adhesion that takes place between the final build layer and powder 

particles within the following deposition of finish layer material modifies the top surfaces 

of parts produced such that their topographies comprise primarily of asperity peaks. This 

mechanism is illustrated in Figure 5.10 and explored in significantly more detail in 

Chapter 6. 
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Figure 5.10 – An illustration highlighting the proposed mechanism of top surface modification by 

finish layer powder particle adhesion. 

 

Bottom surface Skewness results obtained by FV microscopy were neither predominantly 

positive nor negative. Ultimately, no correlations between bottom surface Skewness, 

specimen positioning across the powder bed and applied energy density could be 

discerned. 

 

5.3.2.4 Kurtosis (Sku / Rku) 

 

Sku and Rku roughness results are shown in Figure 5.11 and Table 5.6. 
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Sku / Rku Top Surfaces 
 

Bottom Surfaces 
 

 

 

18W 

 
 

 

 

 

21W 

 
 

 

 

 

24W 

  

Figure 5.11 – The distribution in Sku roughness of top and bottom surfaces (built at varying 

applied energy densities) across the powder bed. A translucent reference plane at the critical 

Kurtosis value of three (Sku = 3) has also been included. 
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Table 5.6 

A comparison of the Sku and Rku roughness results, and corresponding standard deviations, 

determined for both the top and bottom surfaces of laser sintered PA12 samples built at varying 

applied energy densities and evaluated by FV microscopy and contact profilometry. 

 

Sku / Rku 

roughness 

 

Metrology  

technique 

 

 

Applied laser power 
 

 

18W 
 

 

21W 
 

 

24W 
 

Top  

surfaces 
FV microscopy 3.17 (± 0.24) 3.21 (± 0.22) 3.20 (± 0.23) 

Contact profilometry 2.50 (± 0.09) 2.48 (± 0.16) 2.45 (± 0.18) 

 

Bottom  

surfaces 
FV microscopy 2.94 (± 0.21) 2.93 (± 0.23) 2.89 (± 0.15) 

Contact profilometry 2.58 (± 0.11) 2.66 (± 0.13) 2.61 (± 0.30) 

 

Mean Rku results were all less than the critical value of three (Rku < 3). This suggests that 

both top and bottom surfaces evaluated by contact profilometry were platykurtic 

(relatively ‘non-spiky’). Moreover, this is congruent with theory discussed in                 

Section 5.3.2.3, which highlighted that surfaces characterised by contact profilometry 

will intrinsically be subject to the ‘Smoothing Effect’, as illustrated in Figure 5.9. 

 

Similarly, laser sintered PA12 bottom surfaces were also measured to have mean Kurtosis 

values of less than three when evaluated by FV microscopy (Sku-bottom < 3). Ultimately, this 

validated that the laser sintered PA12 bottom surfaces evaluated within this study were 

indeed platykurtic (relatively ‘non-spiky’). 

 

Contrastingly, mean top surface Sku results obtained by FV microscopy were greater than 

three (Sku-top > 3), independent of applied laser power. This was concordant with data 

collected by De Pastre et al. [100]. Therefore, it is expected the mechanism of finish layer 

powder particle adhesion also ensued the formation of leptokurtic (relatively ‘spiky’) top 

surface topographies. 
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5.4 Conclusions 

 

This work holistically characterised laser sintered PA12 surfaces with respect to the 

factors previously shown to influence their description. More specifically, contact 

profilometry, FV microscopy and micro-CT were employed to better understand how laser 

sintered PA12 surfaces are a function of amplitude roughness descriptor; applied energy 

density; XY positioning across the powder bed; part orientation; and measurement 

technique. A summary of the key findings ascertained apropos to each of these factors is 

outlined in Table 5.7. 
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Table 5.7 

A summary of the key findings ascertained during Chapter 5. 

Factor of interest         Key findings ascertained 

 

Measurement 

technique 

 

- Roughness profiles measured by contact profilometry are intrinsically subject 

to the ‘Smoothing Effect’ due to the finite geometry of the stylus tip. 
 

- Areal surface scans captured by FV microscopy are significantly more 

representative of entire part surfaces than 2D profile results obtained by 

contact profilometry. 
 

- Generally, contact and / or optical line-of-sight metrology methods are 

incapable of characterising surfaces abundant with re-entrant and undercut 

features, such as laser sintered surfaces oriented non-parallel to the powder 

bed. 
 

 

Part orientation 
 

- Side surfaces are prone to secondary sintering during LS.  
 

- Top and bottom surfaces were found to have similar roughness amplitudes 

when evaluated by FV microscopy. However, results obtained by contact 

profilometry showed that top surfaces had greater Rq and Rz roughnesses than 

bottom surfaces. 
 

- Top surface topographies were found to be relatively sharp and also asperity 

peak dominated, whereas bottom surfaces were characterised as being 

relatively Gaussian and comparatively smooth. 
 

 

Amplitude roughness 

descriptor 

 

- Sq was determined as being the most apt amplitude roughness parameter for 

describing the surface heights of laser sintered PA12 components. 
 

- Ssk was also deemed important to consider. The mechanism of finish layer 

powder particle adhesion was attributed to why top surfaces were discerned to 

be dominated by asperity peaks. 

 
 

Applied energy density 
 

- Over the LS parameter range investigated, varying the magnitude of laser 

power, and consequently energy density, applied during building was not 

found to affect the top or bottom surface heights of parts produced. Though, 

this was discordant with work carried out by Sachdeva et al. [89], thus is 

studied in more detail in Chapter 6. 
 

 

XY positioning across 

the powder bed 

 

- Build positioning across the powder bed had no notable effect on the top or 

bottom surface topographies of samples evaluated.  
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Chapter 6  

The Mechanisms that Influence Laser Sintered 

Polyamide-12 Top Surfaces 
 

 

 

 

Chapter Summary 

This chapter expands on Chapter 5 by specifically characterising the extent to which the 

mechanisms of polymer melt viscous flow and finish layer powder particle adhesion 

influence the top surface topographies of laser sintered PA12 components. 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter includes published work, available via the following citation: 

 

J. Tarver, K. Nar and C. Majewski, An Investigation into the Mechanisms that Influence 

Laser Sintered Polyamide-12 Top Surfaces, Rapid Prototyping Journal. Vol. 30, (2024). 

https://doi.org/10.1108/RPJ-09-2023-0317 

https://doi.org/10.1108/RPJ-09-2023-0317


 118 

6.1 Introduction 

 

It is well established that laser sintered surfaces are a function of the powder feedstock 

used [15,93,136], processing parameters employed [89,93,137] and orientation in which 

parts are digitally placed within the build envelope [100,138]. It is also widely agreed upon 

that the mechanisms that drive the formation of different laser sintered surface 

topographies vary depending on these considerations. 

 

6.1.1 Motivation 

 

This work builds on research that was carried out in Chapter 5, by specifically 

characterising the processing parameter related mechanisms that principally influence 

the top surface topographies of laser sintered PA12 components. These include the 

mechanisms of polymer melt viscous flow (illustrated in Figure 6.1) and finish layer 

powder particle adhesion – which was proposed for the first time in Section 5.3.2.3 

(illustrated in Figure 5.10).   

 

More generally, this study demonstrates the scope to which laser sintered PA12 top 

surfaces can be modified without performing any auxiliary post-processing. 
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Figure 6.1 – An illustration of the mechanism of top surface modification by finish layer powder 

particle adhesion. 

 

 

6.1.2 Polymer Melt Viscous Flow  

 

As illustrated in Figure 6.1, the magnitude of polymer melt dispersion incurred during 

building determines the top surface topographies of parts produced. Sachdeva et al. [89] 

found that increasing applied laser power from 28W to 32W induced greater particle 

sintering, which as a result reduced the top surface Ra, Rq and Rz roughnesses of samples 

evaluated. 

 

Similar studies have also been documented within the literature, specifically works by 

Bacchewar et al. [138], Petzold et al. [93] and Mavoori et al. [137]. However, these studies 

all holistically evaluated the effect of several different processing parameter types, rather 
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than the compound effect of multiple associated parameters, such as those exclusively 

related to powder properties (e.g., state of reuse, morphology, layer thickness) or laser 

properties (e.g. laser power, beam spacing, scan speed). Consequently, there remains to 

be little agreement on which processing parameters preponderantly effect the top surface 

topographies of laser sintered components. 

 

6.1.3 Finish Layer Powder Particle Adhesion 

 

As previously mentioned in Section 2.3.1.3, it is conventional practice to consecutively 

deposit numerous blank layers of material, more commonly referred to as finish layers, on 

top of newly sintered parts.  

 

Though, it was proposed in Chapter 5 that as well as providing insulation during build 

cooldown, the deposition of finish layers modify the top surface topographies of laser 

sintered PA12 components such that they consequently primarily comprise of asperity 

peaks. More specifically, it is thought that this is due to the subsequent adhesion that 

takes place between the final sintered build layer and powder particles within the 

following deposition of finish layer material, as illustrated in Figure 5.10. 

 

6.2 Materials and Methods 

 

6.2.1 Materials  

 

In addition to 50/50 – PA12, virgin – PA12 and PrimePart (a thermoplastic elastomer 

produced by EOS GmbH) were also employed so that refresh ratio and polymer-type could 

be evaluated, respectively, when investigating the impact of finish layer deposition on the 

top surface topographies of laser sintered components. 

 

Each powder was sieved to remove any agglomerates, and 50/50 – PA12 powder batches 

were blended by rotary tumbling for 20 minutes prior to building. 
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6.2.2 Specimens 

 

ASTM D638-14 type 1 tensile specimens were produced so that both surface analysis and 

subsequent tensile testing could be performed. The specific geometry of these specimens 

can be seen in Figure 4.5. The samples used within this study were manufactured over 

multiple builds in accordance with the experimental procedure outlined in Section 6.2.3. 

 

Upon build completion, compressed air was used to remove loose powder particles from 

all resultant specimen surfaces.  

 

6.2.3 Experimental Procedure 

 

The experimental procedure outlined in Figure 6.2 was followed to specifically examine 

the influence of polymer melt viscous follow and finish layer powder particle adhesion of 

laser sintered PA12 top surfaces. 

 

 

Figure 6.2 – The experimental procedure followed in this study to investigate the mechanisms of 

polymer melt viscous flow and finish layer powder particle adhesion. 

 

Additionally, Figure 6.3 shows the layout of each LS build performed as part of this study, 

including details of which specimens were manufactured with and without finish layers. 
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(a) LS Build 1 – (50/50 – PA12) 

 
 

(b) LS Build 2 – (50/50 – PA12) 

 

(c) LS Build 3 – (virgin – PA12) 

 

(d) LS Build 4 – (PrimePart) 

 

 

Figure 6.3 – The layout of each LS build performed as part of this study, including details of which 

specimens were manufactured with and without finish layers in LS builds (a) 1, (b) 2, (c) 3, and              

(d) 4. 

 

6.2.3.1 LS Build 1 

 

Firstly, a full factorial Design of Experiments (DoE) was carried out to evaluate the extent 

to which laser sintered PA12 top surfaces were affected by varying laser parameter 

combinations. This design methodology was chosen due to its efficiency when analysing 

multiple interacting factors [186]. More specifically, a two-level design was adopted, 

whereby laser power, scan speed and beam spacing were tested at low and high values 
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relative to standard PA12 parameters, as shown in Table 6.1. These low and high values 

were selected based on the lower and upper PA12 processing limits (specific to the LS 

machine used throughout this doctoral work) previously determined by members of the 

Advanced Polymer Sintering Laboratory. A total of 24 specimens were produced as part of 

the DoE, which included eight different sets of samples (each comprising of three repeat 

specimens), manufactured in accordance with the build configurations outlined in.      

Table 6.2. 

 

Table 6.1   

 The LS build parameters employed as part of the DoE (LS build 1). 

 

Parameter 
 

Fixed / 

variable 

 

Standard 

value (0) 

 

Low  

value (-1) 

 

High  

value (1) 
 

Laser power (W) Variable 21 17 25 

Scan speed ((mm)s-1) Variable 2500 2000 3000 

Beam spacing (mm) Variable 0.25 0.2 0.3 

Bed temperature (oC) Fixed 170   

Scan count Fixed 1   

Contour scan Fixed Off   

Layer thickness (mm) Fixed 0.1   

 

Table 6.2 

The different LS build configurations evaluated as part of the DoE (LS build 1). 

 

Build 

configuration 

 

A – Laser 

power  

 

B – Scan 

speed 

 

C – Beam 

spacing 

 

Energy 

density 

((mJ)mm-2) 

 

Percentage difference 

from the 𝐸𝐷  value for 

standard PA12 parameters 

(33.6 (mJ)mm-2) 
 

1 -1 -1 -1 42.50 + 26.9 

2 -1 -1 1 28.30 - 15.8 

3 -1 1 -1 28.30 - 15.8 

4 -1 1 1 18.89 - 43.8 

5 1 -1 -1 62.50 + 86.0 

6 1 -1 1 41.67 + 24.0 

7 1 1 -1 41.67 + 24.0 

8 1 1 1 27.78 - 17.3 
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The statistical software package ‘Minitab’ was utilised to analyse the full factorial DoE. 

Probability values (p–values) were computed to evaluate the extent to which individual 

and interaction laser parameters effected the top surface topographies of laser sintered 

PA12 components. Results were deemed statistically significant when their corresponding             

p–values were less than the adopted 0.05 standard significance level (). Regression 

expressions were generated to model the relationships between applied laser parameters 

and measured roughness responses. Terms with p–values greater than  were removed 

from all statistical models. Both coefficient of determination values (R2) and residual plot 

responses were analysed to determine how well each model fitted the data collected. 

Additionally, R2–pred values were computed to indicate how well each regression model 

was expected to predict new roughness responses. 

 

6.2.3.2 LS Build 2 

 

As mentioned in Figure 6.2, validation specimens were manufactured so that the 

accuracy of the roughness predictions generated from each regression model could be 

evaluated (build configurations: 9 – 12). Different laser parameters to those previously 

selected for the DoE were employed, as detailed in Table 6.3. 

 

This build also included samples manufactured without finish layers to ascertain the 

extent to which finish layer deposition affected the top surface topographies of parts 

produced (build configurations 13 and 14), as shown in Figure 6.3. In practice, this was 

achieved by manually stopping the build immediately after the final build layer had been 

sintered. Details of the laser parameters employed when manufacturing these no finish 

layer 50/50 – PA12 specimens can be seen in Table 6.3. 

 

A total of 18 specimens were produced in build 2, including six different sample sets (each 

comprising of three repeat specimens), manufactured in accordance with the build 

configurations outlined in  Table 6.3. 
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Table 6.3 

The different build configurations evaluated as part of build 2. 

 

Build 

configuration 

 

Finish 

layers 

 

Laser 

power 

(W) 

 

 

Scan 

speed 

((mm)s-1) 

 

Beam 

spacing 

(mm) 

 

Energy 

density 

((mJ)mm-2) 

 

Percentage difference 

from the 𝐸𝐷  value for 

standard PA12 

parameters 

(33.6 (mJ)mm-2) 
 

 
      

9 Yes 21.6 3000 0.20 36.0 + 6.7 

10 Yes 24.8 2280 0.20 54.4 + 61.2 

11 Yes 22.0 2400 0.20 45.8 + 36.3 

12  Yes 21.0 2500 0.25 33.6 0 (standard PA12 parameters) 

 
      

13 No 21.0 2500 0.25 33.6 0 (standard PA12 parameters) 

14 No 25.0 3000 0.20 41.7 + 24.0 (optimised parameters) a 

a ‘Optimised parameters’ refers to the laser parameter configuration that was found to most 

significantly minimise the top surface heights of resultant laser sintered 50/50 – PA12 samples. This 

is discussed in detail in Section 6.3.1.1. 

 

6.2.3.3 LS Builds 3 and 4 

 

As outlined in Figure 6.2, auxiliary LS builds were performed to determine whether the 

mechanism of finish layer powder particle adhesion was intrinsic to PA12 or LS. 

Accordingly, virgin – PA12 and PrimePart samples were manufactured in separate builds 

(specifically LS builds 3 and 4, respectively), using the processing parameters outlined in 

Table 6.4. The PrimePart processing parameters employed were previously developed by 

members of the Advanced Polymer Sintering Laboratory to maximise the tensile 

properties of parts produced. Correspondingly, these processing parameters had a 

resultant energy density value of 27.2 mJ(mm-2). 

 

Since both the virgin – PA12 and PrimePart LS builds only comprised of samples 

designated for finish layer analysis, it was possible to accommodate the production of six 

repeat specimens of each material in each of their respective builds. 
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Table 6.4 

The LS build parameters employed when producing virgin – PA12 and PrimePart samples for finish 

layer analysis (LS builds 3 and 4, respectively). 

 

Processing parameter 
 

Virgin – PA12 
 

PrimePart 

Standard Optimised a Standard Optimised a 

Laser power (W) 21 25 17  – 

Beam spacing (mm) 0.25 0.20 0.25  – 

Scan speed ((mm) s-1) 2500 3000 2500  – 

Bed temperature (oC) 170 170 130  – 

Scan count 1 1 1  – 

Contour scan Off Off Off  – 

Layer thickness (mm) 0.1 0.1 0.1  – 

a Optimised virgin – PA12 processing parameters refer to those that were found to most 

significantly minimise the top surface heights of laser sintered 50/50 – PA12 samples. This is 

discussed in detail in Section 6.3.1.1. 

 

6.2.4 Surface Analysis 

 

This study utilised the roughness descriptors Root Mean Square (Sq) and Skewness (Ssk) in 

concurrence with work carried out in Chapter 5, in which these parameters were deemed 

apt at characterising the height and symmetry of laser sintered PA12 top surfaces, 

respectively. 

 

To recapitulate, Sq represents the standard deviation of ordinate amplitudes within a 

defined evaluation area and Ssk describes whether the distribution of bulk material that 

comprises a surface exists above or below its mean plane. As illustrated in Figure 2.13, 

when Ssk > 0, asperity peaks will be more characteristic than valleys / pores within a 

surface, and vice versa. 

 

In accordance with the process specified in Section 4.2.2.2, an Alicona InfiniteFocus SL 

system, which operates on the principle of Focus Variation (FV), was used to characterise 
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Sq and Ssk roughness at three evenly distributed locations across the top surfaces of parts 

produced.  

 

6.2.5 Tensile Testing 

 

Tensile testing was performed to identify whether building without finish layers induced 

any changes in the mechanical properties of samples produced – due to different cooling 

rates for example. 

 

An outline of the general testing procedure followed is given in Section 4.2.2.1. Though, 

due to the intrinsic elasticity of PrimePart samples, crosshead speeds of 50 (mm)min-1 

were correspondingly employed in accordance with ASTM D638-14. 

 

6.3 Results and Discussion 

 

6.3.1 The Influence of Laser Parameters on Laser Sintered PA12 Top Surfaces 

 

Table 6.5 shows the mean Sq and Ssk values of all the top surfaces of samples produced as 

part of the DoE (build 1). Additionally, a graphical comparison between these resultant 

top surface roughness values and their corresponding applied energy densities can be 

seen in Figure 6.4. Strong quadratic relationships were produced, as evidenced by their 

high coefficient of determination (R2) values. Furthermore, an inverse trend can be seen 

when comparing Root Mean Square and Skewness roughness. More specifically, the laser 

sintered top surfaces that recorded the smallest Sq roughnesses were also the most 

asperity peak dominated (highest Ssk values), as shown in Figure 6.5. This relationship 

suggests that minimum and maximum Sq and Ssk values should theoretically be attained 

at applied energy densities of 45.7 (mJ)mm-2 and 50.2 (mJ)mm-2, respectively. 
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Table 6.5 

The top surface roughness results, and corresponding standard deviation values, of all the 

samples evaluated as part of the DoE (build 1). 

 

Build 

configuration 

 

Laser 

power  

(W) 

 

Scanning 

speed 

((mm)s-1) 

 

Beam 

spacing 

(mm) 

 

Energy 

density 

((mJ)mm-2) 
 

 

Sq   
(m)  

 

Ssk   

1 17 2000 0.2 42.50 15.77 (±2.28) 0.468 (±0.083) 

2 17 2000 0.3 28.30 18.71 (±0.71) 0.167 (±0.020) 

3 17 3000 0.2 28.30 19.43 (±1.13) 0.036 (±0.107) 

4 17 3000 0.3 18.89 25.70 (±2.27) -0.234 (±0.081) 

5 25 2000 0.2 62.50 19.45 (±0.44) 0.337 (±0.048) 

6 25 2000 0.3 41.67 17.56 (±1.05) 0.283 (±0.117) 

7  25 3000 0.2 41.67 15.30 (±1.35) 0.492 (±0.151) 

8 25 3000 0.3 27.78 20.79 (±2.88) 0.060 (±0.081) 

 

 

Figure 6.4 – The top surface Sq and Ssk roughness results relative to applied energy density. 

Corresponding R2 values show how well each regression curve fitted the roughness data collected. 
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(a) 

 
(b) 

 

Figure 6.5 – FV microscopy outputs of two laser sintered PA12 top surfaces with contrasting Sq 

and Ssk roughnesses. More specifically, (a) a top surface of a sample built via configuration 7 which 

recorded the lowest Sq but largest Ssk values - corresponding surfaces were peak dominated and 

comprised of relatively small surface amplitudes; and (b) a top surface of a sample built via 

configuration 4 which recorded the highest Sq but lowest Ssk values - corresponding surfaces were 

valley dominated and comprised of relatively large surface amplitudes. 

 

6.3.1.1 Resultant Top Surface Heights (Sq) 

 

Figure 6.6 outlines the laser parameters that were found to influence the top surface Sq 

roughnesses of parts produced. Terms that had a standardised effect greater than 2.120 

were deemed statistically significant. This reference value for statistical significance is 

displayed at point 𝑡, where 𝑡 is the (1 − 𝛼 2⁄ ) quantile of the resultant t–distribution in 

which its degrees of freedom are equal to the degrees of freedom of its error term [187]. 

 

The laser parameters that were found to be statistically significant included beam          

spacing (C), scan speed (B) and laser power (A), as well as the interaction effect between 

[laser power x scan speed (AB)] and [scan speed x beam spacing (BC)]. The main effect and 

contour plots presented in Figure 6.7 and Figure 6.8 show the individual and interactive 
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effects that each laser parameter had on the top surface Sq roughnesses of samples 

produced, respectively. 

 

 

Figure 6.6 – A Pareto chart showing the extent to which laser power, scan speed and beam 

spacing influenced the top surface Sq roughnesses of 50/50 – PA12 parts produced as part of the 

DoE.  

 

 

Figure 6.7 – Main effects plot showing the mean Sq responses at low and high laser parameter 

values. 
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Figure 6.8 – Contour plots showing the different laser parameter interaction effects on top 

surface Sq roughness. Dark blue regions represent the laser parameter combinations that should 

lead to relatively low Sq roughness values, whereas dark green regions indicate the opposite. 

 

As shown in Figure 6.6, the laser parameter configuration [ABC] was found to have a 

statistically insignificant influence on the top surface heights of parts produced. This 

suggests that it is not always apt to utilise the term energy density to characterise the 

relationship between applied laser parameters and resultant top surface Sq roughness. 

Furthermore, 𝐸𝐷 lacks the ability to account for scan strategy and delay time. Analysing 

degree of particle melt by DSC (post-building) is expected to provide a better indication 

into the levels of particle coalesce incurred during processing. 

 

Furthermore, Figure 6.7 shows that the action of decreasing beam spacing had the 

greatest effect on reducing top surface Sq roughness. In practice, increasing the overlap 

between adjacent hatch lengths will have consequently increased the amount of laser 

scanning each layer received during building, as shown in Figure 6.9. More specifically, 

the LS machine used within this study generated a laser beam with an approximate spot 
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size diameter of 0.42mm. Therefore, when beam spacings of 0.2mm were employed, each 

hatch length will have been fully scanned at least twice. This is in good agreement with 

Sachdeva et al. [89], who also determined that relatively reduced Root Mean Square 

roughnesses were achieved when beam spacings less than the laser spot size radius were 

employed. Ultimately, increased laser exposure will have promoted the mechanism of 

polymer melt viscous flow. 

 

 

Figure 6.9 – The effect of beam spacing on powder bed laser exposure for a given spot size 

diameter of 0.42mm. 

 

Additionally, Figure 6.6 shows that the interaction between laser power and scan speed 

(𝑃 × 𝑣𝑠𝑐𝑎𝑛) had a greater influence on Sq than their individual effects. This compound 

term represents the magnitude and duration of laser energy applied to the powder bed 

during LS. Though, as shown in Figure 6.8, (𝑃 × 𝑣𝑠𝑐𝑎𝑛) was not discerned to linearly effect 

top surface Sq. Moreover, it can also be seen in Figure 6.8, that reducing scan speed and 

beam spacing resulted in lower Sq values across all of the interaction pairs evaluated. This 

suggests that laser exposure, rather than intensity, had the greatest impact on the top 

surface heights of parts produced. 
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For the laser parameter range investigated, the regression expression detailed in        

Equation 6.1 was generated to model the resultant Sq roughnesses of laser sintered     

50/50 – PA12 top surfaces: 

 

𝑆𝑞 =  19.089 − 0.815𝐴 + 1.217𝐵 + 1.604𝐶 − 1.448𝐴𝐵 + 1.337𝐵𝐶 

Equation 6.1  

 

where laser power (A), scan speed (B) and beam spacing (C) terms are given in coded unit 

form, which are proportional to their corresponding magnitudes and range between -1 

and 1. 

 

This model had an R2 value of 76% and both normally distributed and independent 

residuals, which suggests that it provided a relatively adequate fit to the results collected. 

Though, its ability to predict new top surface Sq roughness responses was expected to be 

limited, as indicated by its corresponding R2–pred value of 57%. 

 

Based on Equation 6.1, the laser parameter configuration detailed in Table 6.6 was 

determined to be optimal for minimising the top surface heights of parts produced. To 

avert confusion, all future mention of optimised laser parameters within this chapter will 

be in reference to the former. 

 

Table 6.6 

A comparison between standard and model optimised laser parameters for minimising top 

surface Sq roughness. Corresponding coded unit values have also been included. 

Parameter   

type 

 

Laser         

Power        

(W) 

Scan          

Speed    

((mm)s-1) 

Beam      

Spacing     

(mm) 

Energy     

density 

((mJ)mm-2) 

Predicted top 

surface Sq 

(m)  95% 

confidence 

interval 

Actual top 

surface Sq          

(m)  95% 

confidence 

interval 

Standard  21 (0) 2500 (0) 0.25 (0) 33.60 19.09  0.82 22.11  1.23 

Optimised  25 (1) 3000 (1) 0.20 (-1) 41.70 15.10  2.00 15.30  1.53 
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As shown in Table 6.8, notably different surface topographies were obtained when 

optimised laser parameters were employed in place of standard values. More specifically, 

optimised top surface Sq roughnesses were 30.8% lower on average than those recorded 

when evaluating standard top surface topographies. Additionally, predicted and actual 

top surface Sq values differed by 15.8% and 1.3% when standard and optimised laser 

parameters were employed, respectively. Optimised laser sintered 50/50 – PA12 top 

surfaces were also found to be comparatively more asperity peak dominated, in 

congruency with the relationship outlined in Figure 6.4. 

 

6.3.1.2 Resultant Top Surface Symmetries (Ssk) 

 

Top surfaces were almost all asperity peak dominated in accordance with the results 

obtained in Chapter 5 and by De Pastre et al. [100]. 

 

Build configuration 4 was the only applied laser parameter set to deviate from this finding. 

However, as shown in Table 6.5, this build configuration was subject to the lowest applied 

energy density. Consequently, resultant top surfaces will have incurred relatively little 

polymer melt viscous flow resulting in valley formation, particularly at locations of 

minimum powder packing efficiency. This can be seen in Figure 6.5, which shows a 

corresponding FV microscopy obtained surface scan in which valleys are prevalent 

throughout.  

 

Figure 6.10 shows the degree to which the investigated laser parameters affected top 

surface Ssk roughness. Statistically significant terms included, beam spacing (C), scan 

speed (B), laser power (A), as well as the interaction between [laser power x scan speed 

(AB)], [laser power x scan speed x beam spacing (ABC)] and [scan speed x beam spacing 

(BC)]. The only laser parameter interaction that was determined to be statistically 

insignificant was [laser power x beam spacing (AC)].  
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Figure 6.10 – A Pareto chart showing the extent to which laser power, scan speed and beam 

spacing influenced the top surface Ssk roughnesses of 50/50 – PA12 parts produced as part of the 

DoE.  

 

The effects of individual laser parameters and their interactions are shown in Figure 6.11 

and Figure 6.12, respectively. It can be seen that greater top surface Skewness values are 

expected in the same regions at which relatively low Sq values were previously predicted 

in Figure 6.7 and Figure 6.8. 

 

 

Figure 6.11 – Main effects plot showing the mean Ssk responses at low and high laser parameter 

values. 
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Figure 6.12 – Contour plots showing the different laser parameter interaction effects on top 

surface Ssk roughness. Dark blue regions represent the laser parameter combinations that should 

lead to relatively low Ssk roughness values, whereas dark green regions indicate the opposite. 

 

Furthermore, results presented in Figure 6.4 and Figure 6.14 support the findings 

previously discerned in Section 5.3.2.3, where increasing applied energy densities were 

found to induce greater asperity peak formation within laser sintered PA12 top surfaces. 

Accordingly, upon being exposed to these increased quanta of laser energy, more heat will 

have accumulated within part top surfaces, consequently prompting more powder 

particle adhesion to ensue during the subsequent deposition of finish layer material. In 

praxis, corresponding increases in Ssk roughness were observed up until approximately                   

50 (mJ)mm-2, as shown in Figure 6.4 and Figure 6.14. 

 

In a similar manner to Sq, the regression expression detailed in Equation 6.2 was 

produced to model the resultant Ssk roughnesses of laser sintered 50/50 – PA12 top 

surfaces: 
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𝑆𝑠𝑘 =  0.2012 + 0.0920𝐴 − 0.1124𝐵 − 0.1322𝐶 + 0.0956𝐴𝐵 − 0.0433𝐵𝐶 − 0.0510𝐴𝐵𝐶 

Equation 6.2 

 

where laser power (A), scan speed (B) and beam spacing (C) terms are given in coded unit 

form, which are proportional to their corresponding magnitudes and range between -1 

and 1. 

 

This model had an R2 value of 90% and both normally distributed and independent 

residuals, which suggests that it provided a good fit to the results collected. Additionally, 

Equation 6.2 was expected to predict new Ssk roughness responses reasonably well, as 

indicated by its corresponding R2–pred value of 79%. 

 

6.3.1.3 Validation of Statistical Models 

 

To improve the comprehensiveness of the energy density range analysed within this 

study, validation specimens were manufactured (build 2) using different laser parameters 

to those previously selected for the DoE (build 1), as outlined in Table 6.3. A comparison 

between predicted and measured roughness results can be seen in Table 6.7.  

 

Despite both statistical models being apt at providing insight into the general 

topographical features expected to comprise the top surfaces of parts produced, their 

accuracy at predicting specific mean Sq and Ssk roughness values was found to be limited. 

Measured roughness results were mostly found to be outside the upper and lower 

confidence bounds of model predicted estimates, as shown in Figure 6.13. However, it 

should be noted that these predictions were generated from laser power, scan speed and 

beam spacing alone.  
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Figure 6.13 – Predicted and measured validation specimen top surface Sq and Ssk roughnesses. 

 

Table 6.7 

Predicted and measured validation specimen top surface roughness results. 

Build 

Configuration 

Sq Ssk 

Predicted Measured % difference Predicted Measured % difference 

9 17.03 (± 1.64) 20.55 (± 0.95) + 17.1% 0.303 (± 0.080) 0.346 (± 0.030) + 12.4% 

10 17.37 (± 1.52) 19.04 (± 0.88) + 8.8% 0.390 (± 0.760) 0.328 (± 0.059) - 18.9% 

11 17.38 (± 1.19) 20.86 (± 0.50) + 16.7% 0.363 (± 0.058) 0.458 (± 0.012) + 20.7% 

12 19.09 (± 0.82) 22.11 (± 1.23) + 13.7 % 0.201 (± 0.040) 0.389 (± 0.015) + 48.3% 

 

Furthermore, a weak correlation was discerned when recreating the relationship between 

top surface Sq roughness and applied energy density with data collected from the 

validation specimens. As detailed in Figure 6.14, this relationship yielded a R2 value of 

52.6%. However, this is congruous with the previous observation discussed in             

Section 6.3.1.1, which highlighted that over the laser parameter range investigated, 
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energy density had a statistically insignificant effect on the top surface Sq roughness of 

samples produced. 

 

Conversely, measured top surface Ssk results were still found to correlate well with applied 

energy density when data from the validation build was included, as indicated by its 

corresponding R2 value of 87.9%. 

 

 

Figure 6.14 – Top surface Sq and Ssk roughness results relative to applied energy density, with the 

inclusion of validation specimens. Corresponding R2 values show how well each regression curve 

fitted the roughness data collected. Sq and Ssk curve inflection points occur at 46.5 mJmm-2 and       

48.4 mJmm-2, respectively. 

 

6.3.2 The Influence of Finish Layer Deposition on Laser Sintered Polymer Top 

Surfaces 

 

As previously mentioned in Section 6.2.3, 50/50 – PA12, virgin – PA12 and PrimePart 

samples (manufactured in builds 2, 3 and 4, respectively) were analysed to ascertain the 
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extent to which the mechanism of finish layer powder particle adhesion influenced their 

top surface topographies. 

 

6.3.2.1 Resultant Top Surface Topographies 

 

Ultimately, it was demonstrated that finish layer powder deposition had a transformative 

effect on the top surface topographies of every laser sintered component evaluated within 

this study.  

 

50/50 – PA12 Samples 

 

Table 6.8 and Table 6.9 qualitatively and quantitatively elucidate the impact finish layer 

deposition had on the top surface topographies of 50/50 – PA12 samples, respectively. 

 

Table 6.8 

A qualitive comparison of laser sintered 50/50 – PA12 top surfaces manufactured with and without 

finish layers using standard and optimised laser parameters. 

Laser 

parameters 

employed 

With Finish Layers No Finish Layers 

Standard 
 

 
 

 

 

Optimised 
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Table 6.9 

A quantitative comparison of laser sintered 50/50 – PA12 top surfaces manufactured with and 

without finish layers using standard and optimised laser parameters. Both mean and 

corresponding standard deviation values have been included. 

Laser 

parameters 

employed 

With Finish Layers No Finish Layers 

Sq (µm) Ssk Sq (µm) Ssk 

 

Standard 
 

22.11 (± 1.89) 
 

0.389 (± 0.022) 
 

11.52 (± 0.50) 
 

-0.579 (± 0.136)  

 

Optimised 
 

15.30 (± 1.35) 
 

0.492 (± 0.151) 
 

9.69 (± 0.28) 
 

-0.306 (± 0.149) 

 

In this study, building without finish layers reduced the mean top surface heights of           

50/50 – PA12 samples by 47.9% and 36.7%, relative to specimens manufactured 

conventionally using standard and optimised laser parameters, respectively.  

 

Additionally, it can be seen in Table 6.8 that pores were the most dominant feature within 

50/50 – PA12 top surfaces built without finish layers. As previously mentioned in               

Section 6.3.1.2, these pore-like formations are likely to have existed at locations of 

minimum powder packing efficiency, where viscous flow leading to the coalescence of 

adjacent powder particles was not achieved. Furthermore, this apparent contrast in 

surface symmetry, pre- and post- finish layer deposition further validates that asperity 

peaks are formed due to the adhesion between newly sintered part top surfaces and 

powder particles within the following deposition of finish layer material.  

 

Supplementarily, building without finish layers also allowed for the relationship between 

polymer melt viscous flow and applied laser parameters to be analysed. As shown in      

Figure 6.15, employing optimised laser parameters promoted the mechanism of polymer 

melt viscous flow, resulting in corresponding top surface topographies having 

comparatively fewer pores than top surfaces built using standard laser parameters. 
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(a) Standard PA12 Parameters 

 

(b) Optimised 50/50 – PA12 Parameters 

 

Figure 6.15 – Height maps of laser sintered 50/50 – PA12 top surfaces built using (a) standard and 

(b) optimised laser parameters (without finish layers). Employing the latter promoted the 

mechanism of polymer melt viscous flow, resulting in corresponding topographies having 

comparatively fewer pores. 

 

 

Virgin – PA12 Samples 

 

Table 6.10 and Table 6.11 qualitatively and quantitatively elucidate the impact finish 

layer deposition had on the top surface topographies of virgin – PA12 samples, 

respectively. 
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Table 6.10 

A qualitive comparison of laser sintered virgin–PA12 top surfaces manufactured with and without 

finish layers using standard and optimised laser parameters.  

Laser 

parameters 

employed 

With Finish Layers No Finish Layers 

Standard 

  

Optimised 
 

   − 

 

 

 

Table 6.11 

A quantitative comparison of laser sintered virgin–PA12 top surfaces manufactured with and 

without finish layers using standard and optimised laser parameters. Both mean and 

corresponding standard deviation values have been included. 

Laser 

parameters 

employed 

With Finish Layers No Finish Layers 

Sq (µm) Ssk Sq (µm) Ssk 

Standard 14.58 (± 0.96) 0.667 (± 0.126) 4.52 (± 0.52) -0.508 (± 0.223)  

Optimised    −    − 4.96 (± 1.77)a -0.500 (± 0.290)a 

a Results from tensile specimen six, specifically from the sample set built without finish layers and 

optimised laser parameters, were determined to be anomalous and therefore were not included 

when calculating mean roughness results and corresponding standard deviation values. 

 

Virgin – PA12 samples manufactured without finish layers were measured to have top 

surface Sq roughnesses that were 69.0% lower on average than conventionally built laser 

sintered top surfaces.  
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Furthermore, employing entirely virgin – PA12 material induced greater transformations in 

top surface symmetry, pre- and post- finish layer deposition, than the differences 

measured when characterising 50/50 – PA12 top surfaces. Correspondingly, virgin – PA12 

and 50/50 – PA12 samples built with and without finish layers had mean top surface Ssk 

differences (|Ssk(with finish layer) – Ssk(no finish layer)|) of 1.175 and 0.968, respectively. Ultimately, this 

suggests that the mechanism of finish layer powder particle adhesion has a more 

pronounced impact on laser sintered PA12 top surfaces when powder configurations 

comprising of entirely virgin material are employed. 

 

Contrary to expectation, employing optimised laser parameters did not further reduce the 

mean top surface Sq roughness of virgin – PA12 samples built without finish layers. 

However, it should be noted that the optimised laser parameters employed in build 3 

were originally developed to minimise the top surface heights of conventionally 

manufactured 50/50 – PA12 top surfaces. This suggests that individual optimisation 

studies should be carried out when wanting to tailor the specific surface roughnesses of 

different PA12 configurations. 

 

PrimePart Samples 

 

The mechanism of finish layer powder particle adhesion was also found to impact the top 

surfaces of PrimePart samples. FV microscopy obtained scan images of PrimePart top 

surfaces pre- and post- finish layer deposition are presented in Figure 6.16. 
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(a) (b) 

  

Figure 6.16 – PrimePart top surfaces built (a) with and (b) without finish layers. 

 

It was not possible to quantitively characterise the topographies of PrimePart samples 

built without finish layers. This was due to their translucency, which inhibited light from 

being reflected and received by the microscope’s detector. However, upon visually 

analysing the top surfaces presented in Figure 6.16, a strong resemblance with the FV 

microscopy obtained scan images shown in Table 6.8 and Table 6.10 can be seen. 

 

Therefore, it can be asserted with a reasonable degree of confidence that LS polymers, 

other than PA12, will also be susceptible to the mechanism of finish layer powder particle 

adhesion. 

 

6.3.2.2 Resultant Part Tensile Properties 

 

As previously mentioned in Section 6.2.5, tensile testing was performed to assess 

whether the action of building without finish layers induced any significant changes in the 

mechanical properties of samples produced. The results of which can be seen in           

Table 6.12 and Figure 6.17. 

 

Ultimately, no statistical difference between the Young’s Modulus (YM), Ultimate Tensile 

Strength (UTS) and Elongation at Break (EaB) of samples built with and without finish 

layers could be discerned, as indicated by their overlapping standard deviations. 
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Table 6.12 

The mean tensile properties, and corresponding standard deviation values, of 50/50 – PA12,          

virgin – PA12 and PrimePart samples built with and without finish layers (as denoted by the 

abbreviations WFLs and NFLs, respectively). 

Sample 

Material 

YM (MPa) UTS (MPa) EaB (%) 

WFLs NFLs WFLs NFLs WFLs NFLs 

50/50 – PA12 1547 (± 102) 1607 (± 104) 45.2 (± 0.29) 45.8 (± 0.93) 27.6 (± 3.6) 27.9 (± 5.0) 

Virgin – PA12 1402 (± 118) 1307 (± 117)  43.0 (± 0.14) 43.2 (± 0.08) 23.3 (± 2.8) 17.7 (± 1.9) 

PrimePart 101 (± 29) 87 (± 15) 9.2 (± 0.23) 9.5 (± 0.07) 197.0 (± 19.0) 217.3 (± 18.6) 
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(a) 

 

 

 

(b) 

 

 

(c) 

Figure 6.17 – A comparison between the Young’s Modulus, Ultimate Tensile Strength and 

Elongation at break of (a) 50/50 – PA12, (b) virgin – PA12 and (c) PrimePart samples built with and 

without finish layers (as denoted by the abbreviations WFLs and NFLs, respectively). 
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6.3.2.3 Industrial Significance  

 

In addition to significantly reducing the top surface heights of parts produced, building 

without finish layers could also increase LS process profitability by reducing energy usage, 

material requirements and build times. 

 

An estimated breakdown of the material costs incurred when depositing PA12 finish layers 

on a variety of LS systems is provided in Table 6.13. The following assumptions were 

made when performing this analysis: 

 

- Finish layer powder bed densities of 0.432 gcm-3 are attained, in agreement with 

Ruesenberg and Schmid [188]. 

- The cost of PA12 supplied by EOS GmbH and Formlabs [189] (excl. VAT) is equal to                     

45.50 £GBP/kg and 81.60 £GBP/kg, respectively. Though, in practice these material    

costs will vary depending on a range of factors. 

- Material refresh ratios of 50% are implemented. 

- 40 finish layers are deposited on top of the final build layer, with layer thicknesses of   

100µm and 110µm selected for EOS and Formlabs systems, respectively. 

- LS systems are operational 5 days a week, 52 weeks per annum. 

 

Table 6.13 

A forecast of annual finish layer material costs incurred when processing PA12 on a variety of LS 

systems.  

LS System LS System      

build volume, 

(W × D × H),     
(mm × mm × mm) 

Finish layer 

material 

mass (g) 

Finish layer 

material 

cost (£GBP) 

Annual finish layer material 

cost for 1, 2 and 3 builds a 

day (£GBP) 

1 2 3 

Formlabs Fuse 1 165 x 165 x 300 51.75 2.11 549 1097 1646 

EOS P100 170 x 220 x 290 64.63 1.47 382 764 1146 

EOS P770 700 x 380 x 580 459.65 10.46 2720 5440 8160 
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As outlined in Table 6.13, the annual cost of depositing finish layers is relatively 

insignificant, particularly when compared to the initial cost of each LS system. 

 

However, when the time taken to deposit finish layers is instead considered, their impact 

on LS process productivity is evidently more considerable. More specifically, the LS 

machine used throughout this doctoral work took 19 minutes to deposit 40 finish layers. 

Therefore, if the afore assumptions are again followed, the total time taken to deposit 

finish layers on an industrial EOS P100 system with a production rate of 1, 2 and 3 builds 

per day would equate to 82, 165 and 247 hours annually (approximately 2, 4 and 6 

standard works per year), respectively. 

 

6.4 Conclusions 

 

The work presented in this chapter investigated the extent to which the mechanisms of 

polymer melt viscous flow and finish layer powder particle adhesion determine the top 

surface topographies of laser sintered PA12 components. 

 

From the DoE, it was ascertained that top surface Sq and Ssk roughness results were 

inversely related to one another, and both principally influenced by beam spacing. 

Furthermore, the laser parameter configuration [ABC], akin to the term energy density, 

was found to have a statistically insignificant effect on the top surface Sq roughness of 

samples produced. Regression expressions were generated to model the top surface 

heights and peak / valley distributions of the samples produced. Model optimised laser 

parameters reduced the mean Sq roughness of resultant topographies by 30.8% relative to 

standard 50/50 – PA12 top surfaces. However, validation results highlighted the limited 

accuracy of each regression model in predicting new responses. 

 

In conformity with the hypothesis proposed in Chapter 5, finish layer deposition had a 

significant effect on the top surface topographies of 50/50 – PA12, virgin – PA12 and 

PrimePart samples evaluated. More specifically, when standard laser parameters were 

employed, building without finish layers reduced the mean top surface heights of        
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50/50–PA12 and virgin – PA12 samples by 47.9% and 69.0%, respectively, and transformed 

their top surface symmetries such that they were instead dominated by pore-like features 

(Ssk < 0). 

 

Additionally, tensile testing demonstrated that there were no apparent differences in the 

mechanical properties of alike material samples built with and without finish layers. This 

prompted consideration of the applied gains in LS process productivity attainable if the 

action of depositing finish layers was made redundant. 
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Chapter 7  

The Transient Sliding Behaviours of Laser Sintered 

Polyamide-12 Components 
 

 

 

 

Chapter Summary 

Work presented in this chapter aimed to characterise the friction and wear properties of 

laser sintered PA12 surfaces during running-in. Accordingly, sliding and scratch tests were 

performed on both the top and bottom surfaces of 50/50 – PA12 samples to determine 

whether any of the previously discerned differences in surface topography, specifically 

Skewness, affected their transient sliding behaviours. Additionally, resultant wear data 

was compared with Ratner-Lancaster approximations, and Focus Variation microscopy 

was employed to identify any transfer film formation during testing. 
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7.1 Introduction 

 

Upon initial dynamic contact, interfacing surfaces undergo a process of running-in. During 

this regime, the friction and wear behaviours incurred typically differ from those 

experienced during steady-state sliding [157]. Despite only occurring for a finite period, it 

is important to characterise these transient sliding behaviours as they have been shown to 

affect the long-term performance of a range of mechanical contacts [123,190], particularly 

those which involve polymers [191]. 

 

Furthermore, it is well documented that polymer surfaces experience augmented levels of 

wear during running-in [192]. Consequently, greater magnitudes of material transfer and 

subsequent film formation are likely to ensue within polymer–metal contacts [193]. 

However, despite transient wear phenomena being relatively well understood, to the best 

of the author’s knowledge, there remains to be limited literature pertaining to the 

frictional running-in behaviours of polymer surfaces. 

 

Additionally, it was previously highlighted in Chapter 5 that laser sintered PA12 

components have anisotropic surface symmetries and pronounced surface heights, 

particularly when compared with moulded part surfaces. Therefore, a dedicated program 

of work was carried out to characterise the specific friction and wear behaviours exhibited 

by top and bottom laser sintered PA12 surfaces during running-in. 

 

7.2 Materials and Methods 

 

7.2.1 Materials 

 

Prior to LS processing, 50/50 – PA12 powder batches were blended for approximately 20 

minutes by rotary tumbling. 
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7.2.1.1 Specimens 

 

Laser sintered specimens included those designated for sliding and scratch testing. The 

specific geometries of each are detailed in Figure 4.9 and Figure 7.1a, respectively. 

 

7.2.2 Methods 

 

7.2.2.1 Laser Sintering 

 

Standard PA12 parameters were employed during LS, as outlined in Table 4.3. After build 

completion and subsequent cooling, compressed air was used to remove loose powder 

particles from all sample surfaces.  

 

7.2.2.2 Surface Analysis 

 

In accordance with the procedure specified in Section 4.2.2.2, FV microscopy was 

employed to determine surface roughness, as well as characterise pin and disk surfaces 

during sliding. More specifically, the latter involved capturing any incremental changes in 

wear scar geometry and transferred polymer material during wear focussed testing. 

 

7.2.2.3 Friction and Wear Testing 

 

Ball-on-flat, pin-on-disk, uni-directional sliding tests were performed, specifically via 

‘configuration 1’ (stainless steel pin on polymer disk), in accordance with the process 

detailed in Section 4.2.2.3. More specifically, these sliding tests were performed at a 

constant speed of 0.35ms-1, over a distance of 100m, and at three different applied normal 

loads of 10N, 15N and 20N. These sliding speed and normal load values were chosen 

because they fell within the mid-range of the operating conditions previously employed 

within the literature, as outlined in Table 3.3. 
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Friction  

 

During friction focussed testing, friction force (𝐹𝑓) was captured by load sensors within the 

UMT and then normalised by normal load (𝑁) to obtain coefficient of friction (COF) data. 

To ensure that the findings discerned were reliable, each sliding test was repeated on 

three different samples for every normal load and surface orientation evaluated. 

 

Wear 

 

Interrupted sliding tests were also carried out to characterise the changes in wear rate 

encountered during running-in. More specifically, mass loss measurements were 

performed every 5m, from commencement to 75m, as well as upon test completion. At 

each interval, a Sartorius Basic Plus BP210D analytical balance with a 0.1mg readability 

was used to weigh each polymer disk to establish mean mass loss measurements from 

three repeat readings. Ultimately, volume loss values were then obtained by dividing each 

∆𝑚𝑚𝑒𝑎𝑛 measurement by a 𝜌 value of 0.97 g/cm3 (the mean density of the laser sintered     

50/50 – PA12 samples produced for this work). Specific wear rate results were then 

computed using Equation 4.2. 

 

Laser Sintered PA12 Top and Bottom Surface Topographies 

 

Both top and bottom laser sintered PA12 disk surfaces were evaluated to elucidate 

whether any differences in surface topography, specifically Skewness, affected their 

friction and wear behaviours during running-in. 

 

Table 7.1 details the mean Sq and Ssk roughnesses of the top and bottom disk surfaces 

used within this study. 
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Table 7.1 

The mean Sq and Ssk roughnesses, and corresponding standard deviations, of the top and bottom 

laser sintered disk surfaces used within this study. 

Surface orientation Sq (µm) Ssk 

Top 14.99 ± 0.57 0.41 ± 0.09 

Bottom 16.46 ± 1.01 -0.08 ± 0.13 

 

7.2.2.4 Scratch Testing 

 

Scratch testing was carried out to primarily determine whether laser sintered PA12 

components exhibit any orientation dependent sub-surface microstructural differences. 

This was achieved by comparing the relationships between applied normal load and 

penetration depth (𝑑𝑝) during the scratching of top and bottom surfaces. 

  

Two repeat scratches were carried out on the top and bottom surfaces of different block-

type samples, as shown in Figure 7.1b.  

 

Due to limited resources and the restrictions of the machine, it was not possible to adhere 

to specific scratch testing related guideline outlined in ISO or ASTM standards. Therefore, 

this test procedure was instead followed as it best enabled the fundamental theory 

pertinent to this study to be investigated. 

 

(a) 

 

(b) 

 

Figure 7.1 – (a) the geometry of the scratch test specimens, as well as a (b) scratch test in 

progress. 
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7.3 Results and Discussion 

 

7.3.1 Friction 

 

The mean COF response recorded during each friction-focussed sliding test can be seen in       

Figure 7.2.  

 

 

Figure 7.2 – The mean COF responses recorded during 10N, 15N and 20N sliding on the top and 

bottom surfaces of each of the three laser sintered 50/50-PA12 samples evaluated. The highlighted 

regions within each mean response plot represents the maximum and minimum values recorded. 

The areas within each dashed purple sector draw attention to the distances and magnitudes over 

which COF differed as a result of surface orientation specifically. 

 

 

As shown in Figure 7.2, laser sintered PA12 bottom surfaces were found to experience 

relatively conventional running-in periods [157,194,195], as indicated by the plateauing 

increases in COF incurred during the first 20m of sliding. These transient increases in 

friction will have been concomitant with the penetration depth of the pin. More 
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specifically, greater magnitudes of friction will have been induced as the pin ploughed 

deeper into each bottom surface region, as illustrated in Figure 7.3. Accordingly,     

steady-state sliding will have commenced when entirely bulk surface material constrained 

both the lateral and normal path of the pin. 

 

 

Figure 7.3 – An illustration highlighting the travel path of the pin during running-in. 

 

Contrastingly, top surface COF responses were initially heightened during running-in, as 

can be seen within the dashed regions in Figure 7.2.   

 

Though, as discussed in Chapter 6, laser sintered PA12 top surfaces are characteristically 

asperity peak dominated. This particular topographical attribute serves as a potential 

explanation as to why these surfaces encountered comparatively augmented levels of 

friction during the first 20m of sliding. It is likely that the presence of these asperity peaks 

will have initially increased the friction force incurred by the pin prior to them yielding / 

fracturing and subsequently being removed from the contact / the commencement of   

sub-surface ploughing.  

 

Furthermore, it can be seen in Figure 7.2 that both top and bottom laser sintered PA12 

surfaces exhibited their transient frictional behaviours over similar running-in lengths – 

from test commencement to approximately 20m of continuous sliding. This further 
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supplements the proposed hypothesis that steady-state sliding ensued upon the onset of 

sub-surface ploughing. 

 

7.3.1.1 Scratch Testing 

 

The results from the scratch tests performed on the top and bottom surfaces of different 

laser sintered PA12 samples can be seen in Figure 7.4. 

 

 

Figure 7.4 – Scratch coefficient of friction (SCOF) and indenter penetration depth data as a 

function of scratch distance and applied normal load for each top and bottom laser sintered PA12 

surface evaluated. Highlighted regions denote the distances and magnitudes over which top and 

bottom surface SCOF responses varied. 

 

It can be seen in Figure 7.4 that both top and bottom surfaces supported the 

progressively applied normal loads relatively identically, as indicated by their alike 

penetration depth responses relative to 𝑁. This suggests that the differences in initial COF 

response observed in Figure 7.2 were not induced as a result of any potential differences 

in sub-surface microstructure. This also supports the hypothesis that steady-state sliding 
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ensued upon the onset of sub-surface ploughing, and that this behaviour occurred at a 

similar sliding distance for both top and bottom laser sintered PA12 surfaces.  

 

In agreement with the COF results presented in Figure 7.2, top and bottom laser sintered 

PA12 surfaces exhibited different initial scratch coefficient of friction (SCOF) responses, as 

can be seen in the highlighted regions in Figure 7.4. This reaffirms that laser sintered PA12 

top surfaces incurred higher levels of friction during running-in due to the increased 

presence of asperity peaks (Ssk > 0). 

 

Furthermore, at penetration depths greater than 12.5µm (𝑑𝑝 > |12.5µm|), both top and 

bottom surfaces began to exhibit relatively similar SCOF responses. In concurrence with 

the Sq roughness data presented in Table 7.1, this critical penetration depth marked the 

onset of sub-surface ploughing, when 𝑑𝑝 ≥
𝑆𝑞

2
⁄ , and ultimately the transition from 

transient to steady-state sliding. 

 

7.3.2 Wear 

 

Figure 7.5 and Figure 7.6 show the results obtained from each interrupted sliding test. 

Typical running-in regimes can be seen, as indicated by plateauing wear rate and volume 

loss curves. During this regime, asperity peak shearing dominated, resulting in greater 

initial wear magnitudes prior to the onset of steady-state sliding and subsequent bulk 

surface ploughing.  
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Figure 7.5 – The changes in specific wear rate of top and bottom laser sintered PA12 surfaces 

during running-in. 

 

In accordance with the results presented in Section 7.3.1, asperity peak prevalence was 

also found to influence wear. More specifically, laser sintered PA12 top surfaces generated 

comparatively greater amounts of wear debris, and thus had larger resultant wear rates, 

than bottom surfaces from the same samples. 

 

It was ascertained previously in Chapter 6 that finish layer powder particle adhesion is the 

mechanism by which asperity peaks are formed within laser sintered PA12 top surfaces. 

This adhesion is not an intended requisite of the LS build process; therefore, these 

asperity peaks are likely to have intrinsically weak cohesive strengths and readily fracture 

during sliding. 
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Correspondingly, it is important to consider surface orientation when implementing laser 

sintered PA12 components within real-world tribosystems. For example, within highly 

conformal contacts (in which resultant wear debris may not be able to escape), it may be 

more apt to use bottom, rather than top, surfaces at the sliding interface to reduce the 

occurrence of 3rd body abrasion and / or adhesive wear [196]. 

 

7.3.2.1 Predicting Wear 

 

As discussed in Chapter 3, specifically Section 2.5.3.2, the Ratner-Lancaster expression 

was derived to model the abrasive wear rate of polymers 8.  

 

Accordingly, Figure 7.6 compares measured wear volume data with model 

approximations. More specifically, the original Ratner-Lancaster expression was used to 

calculate laser sintered PA12 bottom surface approximations, whereas a modified version 

was used to predict equivalent values for laser sintered PA12 top surfaces. The latter 

included a Skewness term to account for the aforementioned augmented magnitudes of 

asperity peak fracture incurred during running-in. This modified Ratner-Lancaster 

expression is detailed in Equation 7.1 below: 

 

𝑉𝑎𝑏𝑟(𝑚𝑜𝑑) =  
𝜇 ∙ 𝑁 ∙ 𝑥

𝐻𝑆ℎ𝑜𝑟𝑒 𝐷 (𝜎𝑏 ∙ 𝜀𝑏) 𝑆𝑠𝑘
 

Equation 7.1 

 

The specific values used when calculating abrasive wear volume approximations via the 

original and modified Ratner-Lancaster expression are given in Table 7.2. 

 

 

 

 

 

 

 

                                                 
8 For reference, this expression is detailed in Equation 2.15. 
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Table 7.2 

The specific values used to compute abrasive wear volume approximations via original and 

modified Ratner-Lancaster expressions, as well as their sources of ascertainment. 

Variable Value Source of 

ascertainment 

Symbol Description   

𝜇 Coefficient of friction 

 

Incrementally determined 

during each sliding test 
Section 7.3.1 

𝑁 Normal load (N) 10N, 15N and 20N Predetermined 

𝑥 Sliding distance (m) 
5m – 75m (every 5m increment) 

+ 100m (test completion) 
Predetermined 

𝐻𝑆ℎ𝑜𝑟𝑒 𝐷 Shore D hardness 75 
Material manufacturer 

data sheet [171] 

𝜎𝑏 Break stress (MPa) 40.2 Chapter 6 

 𝜀𝑏 Elongation at break (%) 27.6 Chapter 6 

𝑆𝑠𝑘 Skewness 0.414 (Mean top surface Ssk) Table 7.1 

 

The scratch testing data presented in Figure 7.4 showed that top and bottom laser 

sintered PA12 surfaces exhibited alike penetration depth responses relative to 𝑁, which 

reaffirms that it was apt to use the same hardness value for both surface orientations. 

Despite the majority of asperity peaks being removed relatively quickly during testing (as 

shown in Figure 7.7 and Figure 7.8), their increased presence on laser sintered PA12 top 

surfaces still impacted mass loss measurements as their wear scar widths increased. 

 

As shown in Figure 7.6, a strong congruency was observed when comparing measured 

wear volume data with approximations calculated using the original and modified     

Ratner-Lancaster expression. Though, this correlation was discerned to be stronger for 

Gaussian bottom surfaces than peak dominated top surfaces. The linearity of both    

Ratner-Lancaster expressions does not account for the change in material removal as 

wear transitioned from occurring primarily by asperity peak shearing (transient) to bulk 

surface ploughing (steady-state). The former will have induced greater amounts of wear 

debris initially, in agreement with the plateauing measured volume loss responses 

exhibited by laser sintered PA12 top surfaces in Figure 7.6a. 
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(a) Top surfaces (b) Bottom surfaces 

  

Figure 7.6 – Empirically determined wear volume data and corresponding 𝑉𝑎𝑏𝑟  approximations 

(calculated via the aforementioned modified and original Ratner-Lancaster expressions) for each 

laser sintered PA12 (a) top and (b) bottom surface evaluated. 𝑉𝑎𝑏𝑟  approximations are plotted at 

the same distance intervals as the measured data.  

 

7.3.2.2 Material Transfer 

 

As mentioned in Section 7.2.2.2, each contacts progression through the transient regime 

was characterised by FV microscopy. Scan images of pin and disk top and bottom surfaces 

during each 15N sliding test can be seen in Figure 7.7 and Figure 7.8, respectively. 

Additionally, scan images recorded during every other configuration of sliding test are 

given in Appendix B. 
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Figure 7.7 – Resultant pin and disk top surfaces at each interval during 15N sliding. 
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Figure 7.8 – Resultant pin and disk bottom surfaces at each interval during 15N sliding. Please 

note that the 25m pin sample surface could not be accurately characterised due to an unfamiliar 

software-related misalignment error when executing the difference measurement. 
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Qualitatively, it can be seen in both Figure 7.7 and Figure 7.8, as well as in Appendix B, 

that polymer wear debris did transfer to the surface of the pin during running-in. More 

generally, the magnitude and morphology of this transferred polymer material was 

analogous, and no apparent correlations between applied normal load and counterface 

surface orientation could be discerned. However, no transfer film was formed, as there 

was no wear debris present within the contact areas of each pin surface during sliding. In 

practice, wear debris was found to adhere tentatively to the leading edge of the pin, as 

indicated by the loose, grain-like morphologies visible in Figure 7.7 and Figure 7.8.  

 

However, the incremental nature of this test method did not permit frictional heating to 

be considered, which may have been prerequisite to transfer film formation. Therefore, 

both of these aspects were investigated further in Chapter 8 and Chapter 9.  

 

7.4 Conclusions 

 

In this chapter, sliding and scratch tests were performed to characterise the friction and 

wear behaviours of top and bottom laser sintered PA12 surfaces during running-in.  

 

When analysing friction, bottom surfaces incurred conventional running-in periods 

concomitant with the penetration depth of the pin, whereas top surfaces were found to 

initially experience relatively heightened magnitudes of friction during the first 20m of 

sliding. Subsequent scratch testing validated that these orientation-dependent variations 

in friction were due to differences in surface topography, specifically Skewness. 

Additionally, it was ascertained that the onset of sub-surface ploughing marked the 

transition from transient to steady-state sliding. 

 

Skewness was also found to influence wear. More specifically, laser sintered PA12 top 

surfaces incurred comparatively greater magnitudes of wear than bottom surfaces from 

the same samples. Furthermore, original and modified Ratner-Lancaster expressions were 

discerned to approximate these abrasive wear volume losses with a reasonable degree of 

accuracy. 
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Transfer film formation was not observed at any point during this study. Though, this may 

have been due to the lack of consideration for frictional heating as a result of the test 

methodology adopted. 
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Chapter 8  

The Influence of Normal Load, Sliding Speed and 

Contact Configuration on the Friction and Wear 

Properties of Laser Sintered Polyamide-12 

Components 
 

 

 

 

Chapter Summary 

This chapter investigated how the sliding behaviours of laser sintered PA12 components 

were affected by varying operating conditions. More specifically, sliding tests were 

performed in accordance with a Design of Experiments (DoE) to ascertain the extent by 

which normal load, sliding speed and contact configuration influenced the friction and 

wear properties of parts produced. Results were characterised both quantitatively and 

qualitatively, which enabled statistically significant effects and corresponding sliding 

phenomena to be identified, respectively. 
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8.1 Introduction 

 

It is well recognised that the friction and wear properties of contacting bodies are 

dependent on the operating conditions employed during sliding. More specifically, 

pertinent operating conditions include normal load; sliding speed; contact configuration; 

sliding distance; sliding motion; and the environment (i.e. dry or lubricated) / atmosphere 

(i.e. temperature and humidity) in which sliding occurs. 

 

Existing research [135,147,148] indicates that laser sintered PA12 components are also 

sensitive to the operating conditions employed during sliding. However, the specific 

mechanisms that determine these behaviours, particularly those pertaining to wear, have 

yet to be comprehensively reported in the literature. 

 

Furthermore, as previously discussed in Chapter 1, the adoption of laser sintered polymer 

components for end-use applications remains hindered due to concerns regarding their                 

in-service capabilities.  

 

Accordingly, this work investigated the extent by which normal load, sliding speed and 

contact configuration (specifically the configuration in which samples were loaded 

against one another) affected the friction and wear properties of laser sintered PA12 

components. 

 

8.2 Materials and Methods 

 

8.2.1 Materials 

 

To best emulate conventional practice, 50/50 – PA12 was employed throughout this study. 

All samples were manufactured from the same batch of powder, which was blended for 

approximately 20 minutes by rotary tumbling prior to processing by LS. 
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8.2.2 Specimens 

 

Specimens comprised of pin- and disk- type geometries, with the same dimensions as 

those previously detailed in Chapter 4, specifically Figure 4.9a. These included both laser 

sintered 50/50 – PA12 and steel / stainless steel samples, as shown in Table 8.1.  

 

Table 8.1 

An overview of the pin and disk specimens used within this study.  

Sample    

properties 

Pin samples Disk samples 

Lasers sintered 

50/50 – PA12 
Stainless steel Lasers sintered 

50/50 – PA12 
Steel 

 

Major dimensions 
 

SØ = 6.75mm 
 

SØ = 6.75mm 
 

Diameter = 80mm, 

Thickness = 5mm   

 

Diameter = 80mm, 

Thickness = 5mm   

 

Number of  

Samples 

 

67 
 

12 
 

4 
 

2 

 

Surface preparation  

Method 
 

 

None 
 

Polishing 
 

None 
 

Surface grinding 

 

Laser sintered polymer samples were manufactured in a single build, using standard PA12 

parameters (detailed in Table 4.3), and once fully cooled were post-processed with 

compressed air to dislodge any loose powder particles from their surfaces.  

 

Sliding tests were performed on the top surfaces of polymer disk samples. Resultant 

topographies had mean Sq and Ssk roughness values of 16.65µm (SD = ± 1.25 µm) and 0.410 

(SD = ± 0.079), respectively. These values were congruous with the laser sintered            

50/50 – PA12 top surfaces analysed in Chapter 6.  

 

Information pertinent to the material and preparation details of the steel disk samples 

used in this study is outlined in Section 4.2.2.6. 

 

Due to their spherical geometries, the surfaces of both the polymer and stainless steel pin 

samples could not be quantitatively characterised. Though, it is expected that the 
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topographies of the former will have been similar to the top surfaces of the 50/50 – PA12 

disk samples, as they were produced in the same build. Contrastingly, polished       

stainless-steel pins will have likely had isotropic surface roughness’ with an Ra value of        

< 1µm, in agreement with related topographies reported within the literature  [197]. 

 

Furthermore, polymer and metal pin samples were only used once, whereas both sets of 

disk samples were reused during testing. Though, it should be noted that polymer wear 

tracks were concentrically well-spaced, and each steel disk was reground prior to testing 

to remove any contaminants, such as oxide formations and previously transferred 

polymer material. 

 

For improved readability, laser sintered 50/50 – PA12, and both stainless steel and steel 

specimens, will hereinafter be referred to as polymer and metal samples, respectively. 

 

8.2.3 Experimental Procedure 

 

A 23 full factorial DoE was performed to ascertain the extent to which the friction and wear 

properties of resultant samples were affected by varying operating conditions. 

Accordingly, low and high factors for normal load, sliding speed and contact configuration 

were employed, as detailed in Table 8.2. These operating conditions either ranged by an 

order of magnitude or were the opposite of one another. More specifically, values for 

normal load and sliding speed were selected based on the upper and lower limits 

previously employed within existing literature (outlined in Table 8.3), and converse 

contact configurations, as specified in Figure 8.1, were evaluated so that the effects of 

frictional heating could be investigated. 
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Table 8.2 

The varying operating conditions employed as part of the DoE. 

Operating condition Low value (-1) High value (1) 

Normal load (N) 3 30 

Sliding speed (ms-1) 0.05 0.5 

Contact configuration Metal pin / Polymer disk Polymer pin / Metal disk 

 

 

Figure 8.1 – The variations in polymer sliding intrinsically induced by the different contact 

configurations employed during testing. 

 

A total of 24 sliding tests, each covering a distance of 1000m, were performed as part of 

the DoE. This involved repeatedly evaluating the eight different sliding conditions outlined 

in Table 8.3 three times. 
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Table 8.3 

The different sliding conditions evaluated as part of the DoE. 

Test configuration A – Normal load B – Sliding speed C – Contact configuration 

1 -1 -1 -1 

2 -1 -1 1 

3 -1 1 -1 

4 -1 1 1 

5 1 -1 -1 

6 1 -1 1 

7 1 1 -1 

8 1 1 1 

 

The statistical software package ‘Minitab’ was used to analyse the data obtained from the 

DoE. Results were deemed to be statistically significant when their p-values were less than 

a significance level (𝛼) of 0.05. 

 

8.2.4 Surface Analysis 

 

Both SEM and FV microscopy were used to analyse pin and disk sample surfaces. These 

microscopy methods were executed in accordance with the procedures outlined in 

Section 4.2.2.2. 

 

Though, in addition to the standard operating procedures previously defined in        

Chapter 4, disk surfaces were evaluated at north, east, south and west locations, as 

shown in Figure 8.2. Furthermore, when the resultant polymer pin worn areas were larger 

than the evaluation region of the SEM (at × 50 magnification), the former were scanned at 

four locations (as outlined in Figure 8.3) and manually merged to form complete 

captures. 

 



 174 

 
Figure 8.2 – The north, east, south and west locations evaluated on each disk surface                  

post-testing. 

 

 

Figure 8.3 – The four quadrants scanned when polymer pin worn areas were larger than the 

evaluation region of the SEM (at × 50 magnification). 

 

8.2.5 Friction and Wear Testing 

 

Following the procedure discussed in Section 4.2.2.6, ball-on-flat, pin-on-disk,                          

uni-directional sliding tests were performed. These tests were carried out in accordance 

with the varying operating conditions outlined in Table 8.3. 

 

As previously mentioned in Section 8.1, friction and wear were the dependent variables of 

interest within this study. Friction was characterised by friction force (𝐹𝑓) and coefficient 

of friction (COF), which were both outputted directly from the ‘CETR’ UMT software                   

post-testing. Wear, on the other hand, was described by wear rate (𝑊), obtaining which 

first involved using FV microscopy or SEM to determine the widths / diameters of the wear 
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scars produced. With this information, volume loss values were then calculated via the 

corresponding methods outlined in Table 4.6, which subsequently enabled wear rate data 

to be computed using Equation 4.1 and Equation 4.2. 

 

8.3 Results and Discussion 

 

8.3.1 Friction 

 

As previously mentioned in Section 8.2.5, resultant friction responses were described by 

both 𝐹𝑓  and COF. More specifically, 𝐹𝑓  was utilised when explicitly analysing the extent to 

which normal load, sliding speed and contact configuration influenced friction, as its 

determination was not dependent on any of the operating conditions employed. COF, on 

the other hand, was adopted when characterising friction-related phenomena, such as 

frictional heating and variation in sliding, to facilitate the direct comparison of results 

obtained within this study with data reported in related literature. 

 

The mean 𝐹𝑓  and COF results determined for each of the eight different sliding conditions 

evaluated as part of the DoE are detailed in Table 8.4 and Table 8.5, respectively. These 

values were calculated between the onset of steady-state sliding and test completion, as 

specified within each of the mean response plots presented throughout Section 8.3.1.1. 

 

Table 8.4 

The mean 𝐹𝑓  results, and corresponding standard deviation values, determined for each of the 

sliding conditions evaluated as part of the DoE. Standard deviation values indicate the variation 

between repeat tests. 

Contact configuration Friction force (N) 

 3N – 0.05ms-1 3N – 0.5ms-1 30N – 0.05ms-1 30N – 0.5ms-1 

Metal pin – Polymer disk 0.810  ± 0.039 1.040  ± 0.067 7.423 ± 0.031 7.752 ± 0.457 

Polymer pin – Metal disk 0.948  ± 0.212 1.009  ± 0.040 10.024 ± 0.256 11.112 ± 0.260 
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Table 8.5 

The mean COF results, and corresponding standard deviation values, determined for each of the 

sliding conditions evaluated as part of the DoE. Standard deviation values indicate the variation 

between repeat tests. 

Contact configuration Coefficient of friction 

 3N – 0.05ms-1 3N – 0.5ms-1 30N – 0.05ms-1 30N – 0.5ms-1 

Metal pin – Polymer disk 0.288  ± 0.020 0.352 ± 0.022  0.248 ± 0.002 0.261 ± 0.016 

Polymer pin – Metal disk 0.316  ± 0.071 0.336  ± 0.012 0.334 ± 0.009 0.371 ± 0.009 

 

As shown in Figure 8.4, the mean COF values presented in Table 8.5 are in good 

agreement with data collated in Table 3.3 – In which the COF results from related 

literature were summarised. Additionally, the variations in COF results between repeat 

tests were found to be relatively small, particularly when compared with the in-laboratory 

variation values intrinsically expected during tribological testing [198]. 
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Figure 8.4 – A comparison between the COF results determined within this study with those 

collated from literature and previously presented in Chapter 3, specifically Table 3.3 

 

8.3.1.1 Friction Responses 

 

This section includes the mean COF and 𝐹𝑓  responses recorded during each of the sliding 

conditions evaluated as part of the DoE. The individual responses recorded when 

conducting each repeat test can be seen in Appendix C. 
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Metal Pin on Polymer Disk Sliding 

 

During metal pin on polymer disk sliding, regions of the latter were subject to dynamic 

contact for only one instance per revolution, as illustrated in Figure 8.1. 

 

3N – 0.05ms-1   /   Low Load – Low Speed 

 

Figure 8.5 shows the mean COF and 𝐹𝑓  responses recorded during 3N – 0.05ms-1, metal 

pin on polymer disk sliding. 

 

(a) 

 

(b) 

 

Figure 8.5 – The mean (a) COF and (b) friction force responses recorded during 3N – 0.05ms-1 

(low load / low speed), metal pin on polymer disk sliding. The highlighted regions within each 

response plot represents the maximum and minimum values recorded. The distance between 

dashed vertical lines within the former indicates the period over which mean COF and 𝐹𝑓  values 

were calculated. 

 

As shown in Figure 8.5, low load / low speed sliding induced relatively large variations in 

COF. These fluctuations were concomitant with the method by which the 3N normal loads 

were supported during sliding, which is discussed in greater detail, with accompanying 

SEM micrographs, in Section 8.3.2.2. 

 

This sliding condition also exhibited a parabolic running-in response over the first 100m of 

sliding, as elucidated in Figure 8.6. These transient COF responses were in good 
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agreement with the friction behaviours observed in Chapter 7, in which it was ascertained 

that extreme asperity peaks impede sliding prior to them yielding and / or fracturing, thus 

resulting in relatively heightened COF responses during running-in. 

 

    

Figure 8.6 – The mean transient COF response recorded during 3N – 0.05ms-1 (low load / low 

speed), metal pin on polymer disk sliding. 

 

3N – 0.5ms-1   /   Low Load – High Speed 

 

Figure 8.7 shows the mean COF and 𝐹𝑓  responses recorded during 3N – 0.5ms-1, metal pin 

on polymer disk sliding.  
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(a) 

 

(b) 

 

Figure 8.7 – The mean (a) COF and (b) friction force responses recorded during 3N – 0.5ms-1     

(low load / high speed), metal pin on polymer disk sliding. The highlighted regions within each 

response plot represents the maximum and minimum values recorded. The distance between 

dashed vertical lines within the former indicates the period over which mean COF and 𝐹𝑓  values 

were calculated. 

 

This sliding condition (3N – 0.5ms-1) induced the largest metal pin on polymer disk COF 

response, both in terms of mean value and standard deviation recorded during sliding. 

The latter will have intrinsically varied in accordance with the frequency at which asperity 

peak fracture occurred, which as discussed in greater detail in Section 8.3.2.2, was found 

to occur more readily during this low load / high speed test configuration than during                     

3N – 0.05ms-1 (low load / low speed) sliding. 

 

No prolonged running-in behaviours were exhibited during 3N – 0.5ms-1 sliding. Though, 

plateauing increases in COF were observed during the first ~250m of testing. 

 

30N – 0.05ms-1   /   High Load – Low Speed 

 

Figure 8.8 shows the mean COF and 𝐹𝑓  responses recorded during 30N – 0.05ms-1, metal 

pin on polymer disk sliding. 
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(a) 

 

(b) 

 

Figure 8.8 – The mean (a) COF and (b) friction force responses recorded during 30N – 0.05ms-1 

(high load / low speed), metal pin on polymer disk sliding. The highlighted regions within each 

response plot represents the maximum and minimum values recorded. The distance between 

dashed vertical lines within the former indicates the period over which mean COF and 𝐹𝑓  values 

were calculated. 

 

As detailed in Figure 8.8a, this sliding condition (30N – 0.05ms-1) induced a mean COF 

response of 0.248, which was the smallest value recorded during metal pin on polymer 

disk sliding. 

 

Furthermore, as shown in Figure 8.9, the transient COF responses exhibited during the 

first ~100m of sliding were akin to the behaviours characterised during 3N – 0.05ms-1 

sliding, as well as those previously discussed in Chapter 7. This suggests that these 

parabolic surges in COF were a function of sliding speed rather than normal load.  

 

Additionally, a shallow dip in COF can be seen in Figure 8.9. It is likely that COF 

momentarily decreased upon the complete shearing and removal of asperity peaks, 

before subsequently increasing as bulk surface ploughing ensued. Moreover, it is expected 

that this phenomena was particularly apparent and discernible due to the relatively low 

sliding speed and high normal load applied during this test condition. 
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Figure 8.9 – The mean transient COF response recorded during 30N – 0.05ms-1 (high load / low 

speed), metal pin on polymer disk sliding. 

 

30N – 0.5ms-1   /   High Load – High Speed 

 

Figure 8.10 shows the mean COF and 𝐹𝑓  responses recorded during 30N – 0.5ms-1, metal 

pin on polymer disk sliding. 

 

(a) 

 

(b) 

 

Figure 8.10 – The mean (a) COF and (b) friction force responses recorded during 30N – 0.5ms-1 

(high load / high speed), metal pin on polymer disk sliding. The highlighted regions within each 

response plot represents the maximum and minimum values recorded. The distance between 

dashed vertical lines within the former indicates the period over which mean COF and 𝐹𝑓  values 

were calculated. 
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This sliding condition (30N – 0.5ms-1) induced the lowest variation in COF. Moreover, no 

distinct transient behaviours, other than plateauing increases in COF, could be discerned 

in Figure 8.10a. This further suggests that the previously observed parabolic surges in 

COF were primarily influenced by sliding speed, rather than normal load, during metal pin 

on polymer disk sliding. 

 

Polymer Pin on Metal Disk Sliding 

 

During polymer pin on metal disk sliding, the former was continuously subject to dynamic 

contact, as illustrated in Figure 8.1. 

 

3N – 0.05ms-1   /   Low Load – Low Speed 

 

Figure 8.11 shows the mean COF and 𝐹𝑓  responses recorded during 3N – 0.05ms-1, polymer 

pin on metal disk sliding. 

 

(a) 

 

(b) 

 

Figure 8.11 – The mean (a) COF and (b) friction force responses recorded during 3N – 0.05ms-1 

(low load / low speed), polymer pin on metal disk sliding. The highlighted regions within each 

mean response plot represents the maximum and minimum values recorded. The distance 

between dashed vertical lines within the former indicates the period over which mean COF and 𝐹𝑓  

values were calculated. 
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As detailed in Figure 8.11a, this sliding condition (3N – 0.05ms-1) induced a mean COF 

response of 0.316, which was the smallest value recorded during polymer pin on metal 

disk sliding. Though, it should be noted that this mean COF value was calculated between 

the onset of steady-state sliding and test completion, which as shown in Figure 8.12, only 

occurred during the last 500m of testing. Since this value was calculated over a 

considerably shorter steady-state sliding distance than any of the other polymer pin on 

metal disk sliding conditions evaluated, frictional heating will have had less of an effect on 

its determination. 

 

Furthermore, the transition from transient to steady-state sliding was marked by a sharp 

change in COF (~ 0.125). It is expected that this sudden increase in friction corresponded 

with a change in how the 3N normal loads were supported during sliding. More 

specifically, the applied 3N normal loads will have initially been supported by asperity 

peaks prior to them yielding and / or fracturing. Whereby commencement of the latter will 

have initiated a transformation in contact geometry from ball-on-flat to flat-on-flat, as 

elucidated in Figure 8.12. Consequently, the resultant enlargements in 𝐴𝑅 that ensued 

will have given rise to larger friction forces. 

 

 

Figure 8.12 – A detailed overview of the main friction-related features that occurred during                            

3N – 0.05ms-1 (low load / low speed) polymer pin on metal disk sliding. 
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Upon steady-state sliding being attained, COF increased linearly due to frictional heating, 

which was intrinsically generated as a result of the continuously-in-contact nature of this 

polymer pin on metal disk test set-up. This is discussed in greater detail in                   

Section 8.3.1.2. 

 

3N – 0.5ms-1   /   Low Load – High Speed 

 

Figure 8.13 shows the mean COF and 𝐹𝑓  responses recorded during 3N – 0.5ms-1, polymer 

pin on metal disk sliding. 

 

(a) 

 

(b) 

 

Figure 8.13 – The mean (a) COF and (b) friction force responses recorded during 3N – 0.5ms-1 

(low load / high speed), polymer pin on metal disk sliding. The highlighted regions within each 

mean response plot represents the maximum and minimum values recorded. The distance 

between dashed vertical lines within the former indicates the period over which mean COF and 𝐹𝑓  

values were calculated. 

 

As shown in Figure 8.13, COF increased steadily, both in terms of linear regression and 

variation in sliding, throughout each repeat test. Though, the former can be seen to have 

increased at a greater rate over the first 150m of sliding, particularly within ‘Test 1’ (shown 

in Appendix C), prior to the commencement of steady-state sliding. 

 

Furthermore, it is expected that the additional momentum incurred during this high speed 

(0.5ms-1) sliding condition, coupled with the ground topography of each metal disk 
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surface, prompted the early-onset formation of flat-on-flat contact geometries during 

initial dynamic contact. 

 

30N – 0.05ms-1   /   High Load – Low Speed 

 

Figure 8.14 shows the mean COF and 𝐹𝑓  responses recorded during 30N – 0.05ms-1, 

polymer pin on metal disk sliding. 

 

(a) 

 

(b) 

 

Figure 8.14 – The mean (a) COF and (b) friction force responses recorded during 30N – 0.05ms-1 

(high load / low speed), polymer pin on metal disk sliding. The highlighted regions within each 

mean response plot represents the maximum and minimum values recorded. The distance 

between dashed vertical lines within the former indicates the period over which mean COF and 𝐹𝑓  

values were calculated. 

 

In accordance with the COF behaviours previously analysed during low load / low speed 

sliding, the transition from transient to steady-state 30N – 0.05ms-1 (high load / low speed) 

sliding was again characterised by a sharp increase in COF. As shown in Figure 8.15, the 

magnitude by which COF increased was consistent across all three repeat tests, as well as 

with the ∆COF values exhibited during 3N – 0.05ms-1 sliding. 
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Figure 8.15 – The transient COF responses recorded during 30N – 0.05ms-1 (high load / low 

speed), polymer pin on metal disk sliding. 

 

The alike magnitudes by which COF surged further suggests that this event marked the 

transition from transient (elastic, ball-on-flat) to steady-state (plastic, flat-on-flat) sliding. 

 

30N – 0.5ms-1  /   High Load – High Speed 

 

Figure 8.16 shows the mean COF and 𝐹𝑓  responses recorded during 30N – 0.5ms-1, polymer 

pin on metal disk sliding. 

 

(a) 

 

(b) 

 

Figure 8.16 – The mean (a) COF and (b) friction force responses recorded during 30N – 0.5ms-1 

(high load / high speed), polymer pin on metal disk sliding. The highlighted regions within each 

mean response plot represents the maximum and minimum values recorded. The distance 

between dashed vertical lines within the former indicates the period over which mean COF and 𝐹𝑓  

values were calculated. 
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30N – 0.5ms-1 (high load / high speed) sliding induced a mean COF response of 0.371, 

which was the largest value recorded during metal pin on polymer disk sliding. This 

particular sliding condition was also found to be the most affected by frictional heating, 

which impacted both the magnitude by which COF increased, and also the extent by 

which it varied from the mean, during steady-state sliding. This is discussed in greater 

detail in Section 8.3.1.2 and Section 8.3.1.3, respectively. 

 

As can be seen in Figure 8.16a, 30N – 0.5ms-1 running-in responses comprised of 

plateauing increases in COF, specifically between sliding distances of 0m and 150m. These 

transient behaviours were similar to those exhibited during every other high speed    

(0.5ms-1) sliding condition evaluated, including those recorded during metal pin on 

polymer disk sliding. Ultimately, this confirmed that sliding speed, rather than normal 

load, preponderantly influenced the friction incurred during running-in. 

 

8.3.1.2 Frictional Heating 

 

As mentioned in Section 8.2.3, varying the contact configuration employed during testing 

intrinsically enabled both periodically-in-contact and continuously-in-contact polymer 

sliding to be evaluated. 

 

Upon analysing the COF response plots presented throughout Section 8.3.1.1, no 

apparent increases in COF were discerned during steady-state, metal pin on polymer disk 

sliding, independent of the operating conditions employed. Ultimately, this confirmed 

that contacting polymer regions were able to sufficiently cool between consecutive 

interactions, thus preventing the accumulation of frictional heat. 

 

Contrastingly, gradual increases in COF were observed during steady-state, polymer pin 

on metal disk sliding. Though, as previously mentioned, the nature of this test 

configuration ensured that interfacing polymer pin surfaces remained                

continuously-in-contact during sliding. Consequently, frictional heat will have been 

generated at the sliding interface, leading to the thermal softening and subsequent 
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enlargement of each polymer pin’s apparent area of contact. The exact increases in COF 

ascertained during polymer pin on metal disk sliding, specifically between sliding 

distances of 300m and 995m, are detailed in Table 8.6. These distances were selected 

because they encompassed the majority of each corresponding steady-state sliding 

regime evaluated. 

 

Table 8.6 

The increases in COF, as well as their corresponding standard deviation values, measured between 

sliding distances of 300m and 995m during polymer pin on metal disk sliding. In order to calculate 

the difference between COF values at 300m and 995m, mean values for each were first computed 

between 295m – 305m and 990m – 1000m, respectively. 

Polymer pin – metal 

disk sliding conditions 

Test 

number 

Increase in COF Mean increase in 

COF 

Mean percentage 

increase in COF 

 

3N – 0.05ms-1 
 

Extended running-in periods of up to approximately 500 m meant that changes in COF 

due to frictional heating could not be characterised over the same distances as the 

other sliding test conditions. 

 

3N – 0.5ms-1 1 0.0518 
 

0.0471 (± 0.0041) 
 

13.02 (± 0.96) 

2 0.0453 

3 0.0442 
 

30N – 0.05ms-1 1 0.0467 
 

0.0420 (± 0.0044) 
 

11.94 (± 1.47) 

2 0.0413 

3 0.0379 
 

30N – 0.5ms-1 1 0.0638 
 

0.0617 (± 0.0018) 
 

15.13 (± 0.26) 

2 0.0606 

3 0.0606 

 

As shown in Table 8.6, relatively similar mean percentage increases in COF ( % ∆COF) were 

determined for each sliding condition evaluated. Additionally, there was good agreement 

between repeat tests, as indicated by %∆COF values having relatively small corresponding 

standard deviations. Ultimately, this demonstrated that prioritising contact configuration, 

over normal load and / or sliding speed, is the best practice when wanting to minimise the 

effect of frictional heating in analogous real-world tribosystems. 
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8.3.1.3 Variations in COF 

 

COF fluctuated by varying magnitudes during sliding, as shown in the response plots 

presented throughout Section 8.3.1.1. Similar variations in sliding were also observed by 

Bai et al. [146] and Gadelmoula and Aldahash [195], who referred to the former as being 

indicative of sliding smoothness and stability, respectively. 

 

Furthermore, these variations in COF differed depending on the operating conditions 

employed. Though generally, fluctuating COF amplitudes remained relatively constant 

during metal pin on polymer disk sliding, but gradually increased during steady-state, 

polymer pin on metal disk interactions, as illustrated schematically in Figure 8.17. 

 

 

Figure 8.17 – Schematic plots highlighting the typical variations in COF observed when converse 

contact configurations were employed during testing. 

 

Figure 8.19 quantitively describes the magnitudes by which COF varied during each 

sliding condition. These values were determined by calculating the standard deviation 

(SD) of COF results recorded between consecutive 50m increments during each sliding 

test, as shown in Figure 8.18. 
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Figure 8.18 – A schematic illustrating how the variation in COF values in Figure 8.19 were 

calculated. 

 

 

Figure 8.19 – The magnitudes by which COF fluctuated during each sliding condition. More 

specifically, variation in sliding values were determined by calculating the standard deviation of 

COF results recorded between consecutive 50m increments during each sliding test, as shown in           

Figure 8.18. 
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Figure 8.19 confirms that COF varied relatively uniformly during metal pin on polymer 

disk sliding, independent of normal load and sliding speed. Additionally, it can also be 

seen that COF became increasingly varied during steady-state polymer pin on metal disk 

sliding 9. Moreover, the gradient magnitudes which evidence the latter also correspond 

with the mean percentage increases in COF (% ∆COF) detailed in Table 8.6. Ultimately, 

this suggests that frictional heating was proportional to the magnitudes by which COF 

fluctuated during sliding. 

 

Furthermore, significantly different variations in COF were discerned during 3N and 30N 

metal pin on polymer disk sliding. This is discussed in greater detail in Section 8.3.2.2, 

though to summarise, these differences were determined by how each normal load was 

supported during sliding. More specifically, 3N normal loads were jointly supported by 

polymer surface asperities and partially yielded peaks, whereas 30N normal loads led to 

the plastic deformation of bulk surface material. 

 

8.3.1.4 Statistical Analysis of Friction Results 

 

Figure 8.20 includes contour plots that visually elucidate the relationship between 

friction force, normal load and sliding speed for both contact configurations evaluated. 

 

 

 

                                                 
9 Excluding 3N – 0.05ms-1 (low load / low speed) results, though this test configuration only 

exhibited evidence of frictional heating over the latter half of the entire test duration. 
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Figure 8.20 – Contour plots showing the relationship between COF, normal load and sliding 

speed for both contact configurations evaluated. 

 

Additionally, Figure 8.21 outlines the main and interaction effects each operating 

condition had on friction force in ascending / descending order of influence. Terms that 

had a standardised effect greater than 2.120 were deemed to be statistically significant. 

This reference value for statistical significance is displayed at point 𝑡, where 𝑡 is the 

(1 − 𝛼 2⁄ ) quantile of the resultant t–distribution in which its degrees of freedom are 

equal to the degrees of freedom of its error term [187]. 

 

 

Figure 8.21 – A Pareto chart showing the extent to which normal load, sliding speed and contact 

configuration influenced friction force. 
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𝐹𝑓  was extremely sensitive to the operating conditions employed during sliding. Every 

term, asides from the interaction between sliding speed x contact configuration (BC), was 

found to have a statistically significant effect on friction force. 

 

As shown in Figure 8.21, normal load had by far the most significant impact on 𝐹𝑓. In 

general, increasing normal loads will have given rise to larger contact areas (𝐴𝑅), which 

will have resulted in greater 𝐹𝑓  values.  

 

Contact configuration, as well as its interaction with normal load, also impacted 𝐹𝑓. As 

discussed in Section 8.3.1.2, the former was deemed to have preponderantly influenced 

frictional heating, resulting in percentage increases in COF of up to 15% over the sliding 

distances evaluated. 

 

Additionally, it can be seen in Figure 8.21 that sliding speed had a statistically significant 

effect on 𝐹𝑓, despite this being discordant with Coulomb’s Law of Friction. Moreover, the 

steepness of the contour band gradients within Figure 8.20 indicate that sliding speed 

had the greatest influence on 𝐹𝑓  during high load, polymer pin on metal disk sliding. 

 

8.3.2 Wear 

 

Table 8.7 details the mean wear rate results determined for each of the eight different 

sliding configurations evaluated as part of the DoE.  

 

Table 8.7 

Mean wear rate results, and corresponding standard deviation values, for each of the sliding 

conditions evaluated as part of the DoE. Standard deviation values indicate the variation between 

repeat tests. 

Contact configuration Mean wear rate (x10-3 (mm3) m-1) 

 3N – 0.05ms-1 3N – 0.5ms-1 30N – 0.05ms-1 30N – 0.5ms-1 

Metal pin on polymer disk 0.650 ± 0.110 1.270 ± 0.240 7.044 ± 0.623 8.589 ± 1.480 

Polymer pin on metal disk 0.098 ± 0.010 0.156 ± 0.045 0.902 ± 0.191 0.487 ± 0.111 
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8.3.2.1 Congruency with Literature 

 

In order to assess the congruency of the wear results ascertained within this study with 

those documented within literature, the wear rate results detailed in Table 8.7 were 

normalised by 𝑁, so that specific wear rate values could be compared. Correspondingly, 

Table 8.8 details the specific wear rate values determined for each of the eight different 

sliding conditions evaluated as part of the DoE.  

 

Table 8.8 

Mean specific wear rate results, and corresponding standard deviation values, for each of the 

sliding conditions evaluated as part of the DoE. Standard deviation values indicate the variation 

between repeat tests. 

Contact configuration Mean specific wear rate (x10-4 (mm3) Nm-1) 

 3N – 0.05ms-1 3N – 0.5ms-1 30N – 0.05ms-1 30N – 0.5ms-1 

Metal pin on polymer disk 2.166 ± 0.366 4.235 ± 0.799 2.348 ± 0.208 2.863 ± 0.493 

Polymer pin on metal disk 0.326 ± 0.034 0.519 ± 0.149 0.301 ± 0.064 0.162 ± 0.037 

 

The measured results detailed in Table 8.8 are in good agreement with data reported in 

related literature, as indicated by their exact values being of the same order of magnitude. 

More specifically, metal pin on polymer disk wear rate results were concordant with data 

obtained by Bai et al. [135,146] and Guo et al. [88], who characterised wear via linear 

reciprocating, ball-on-flat, pin-on-block (steel pin – laser sintered PA12 block) testing. 

Similarly, polymer pin on metal disk wear rate values were congruous with results 

collected by Gadelmoula and Aldahash [151], who performed analogous rotating,           

ball-on-flat, pin-on-disk (laser sintered PA12 pin – steel disk) sliding tests.    

 

8.3.2.2 Wear Responses 

 

This section includes microscopy images which provide indications of the magnitudes and 

types of wear incurred during each of sliding conditions evaluated as part of the DoE. 
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Additional SEM and FV microscopy images of pin and disk surfaces obtained after repeat 

testing can be seen in Appendix C. 

 

Metal Pin on Polymer Disk Sliding 

 

During metal pin on polymer disk sliding, discrete regions of the latter were subject to 

dynamic contact for only one instance per revolution, as illustrated in Figure 8.1. 

 

3N – 0.05ms-1   /   Low Load – Low Speed 

 

Figure 8.22 includes microscopy images of the wear scars produced during 3N – 0.05ms-1, 

metal pin on polymer disk sliding.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 8.22 – Microscopy images captured after the second repeat 3N – 0.05ms-1 (low load / low 

speed) sliding test. These include wear scars obtained by FV microscopy at (a) north and (b) east 

locations, as well as SEM images obtained at (c) west and (d) south locations. The orientation of 

each arrow denotes the instantaneous direction of rotation of each disk region relative to the 

metal pin, and dashed lines signify the mean wear track width determined for this sliding 

condition. 

 

This low load / low speed sliding condition was determined to have a mean wear rate of 

0.650 × 10-3 mm3 m-1, which was the lowest 𝑊𝑚𝑒𝑎𝑛 value recorded during metal pin on 

polymer disk sliding. 

 

As shown in Figure 8.22, the applied 3N normal loads were jointly supported by bulk 

surface material and clusters of asperity peaks. This indicates that during 3N – 0.05ms-1 

sliding, polymer disk samples were subject to both elastic and plastic deformation. This 

N E 
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was in good agreement with findings made by Kragelski [153], who proposed the general 

relationship outlined below: 

 

Elastic deformation  ← 1N < 𝑁 < 5N  →  Plastic deformation 

 

Furthermore, upon analysing the tensile test curves of the laser sintered 50/50 – PA12 

samples evaluated in Chapter 6, which were processed identically to those investigated 

within this study, it was determined that they had a mean offset yield strength of 35.1 MPa 

(SD = ± 1.20 MPa). Ultimately, this 𝜎𝑦𝑖𝑒𝑙𝑑  value was just less than the 38.5 MPa Hertzian 

contact stress approximation detailed in Table 8.11, which reaffirms that the applied 3N 

normal loads will have likely been supported elastically by polymer asperity peaks during 

sliding. 

 

3N – 0.5ms-1   /   Low Load – High Speed 

 

Figure 8.23 includes microscopy images of the wear scars produced during 3N – 0.5ms-1, 

metal pin on polymer disk sliding. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 8.23 – Microscopy images captured after the second repeat 3N – 0.5ms-1 (low load / high 

speed) sliding test. These include wear scars obtained by FV microscopy at (a) north and (b) east 

locations, as well as SEM images obtained at (c) west and (d) south locations. The orientation of 

each arrow denotes the instantaneous direction of rotation of each disk region relative to the 

metal pin. Each circled location highlights a region in which the 3N normal load was supported by 

a cluster of asperity peaks within the mean wear scar width determined for this sliding condition, 

as signified by the distance between parallel dashed lines. 

 

As shown in Figure 8.23, the applied 3N normal loads were again supported by both 

asperity peak clusters and bulk surface material. Though, the additional momentum 

incurred during this sliding condition resulted in greater amounts of asperity peak fracture 

and subsequent ploughing, which meant that plastic, rather than elastic, deformation 

dominated. 

 

N E 



 200 

30N – 0.05ms-1   /   High Load – Low Speed 

 

Figure 8.24 includes microscopy images of the wear scars produced during                          

30N – 0.05ms-1, metal pin on polymer disk sliding.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 8.24 – Microscopy images captured after the second repeat 30N – 0.05ms-1 (high load / low 

speed) sliding test. These include wear scars obtained by FV microscopy at (a) north and (b) east 

locations, as well as SEM images obtained at (c) west and (d) south locations. The orientation of 

each arrow denotes the instantaneous direction of rotation of each disk region relative to the 

metal pin. Purple arrows specify the locations where evidence of plastic flow can be seen. 

 

The missing information within each wear scar shown in Figure 8.24a and Figure 8.24b 

was due to their worn surfaces becoming highly reflective which inhibited light from being 

received by the microscope’s detector. This indicates that sufficient amounts of frictional 

N E 
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heat was generated at the contacting interface to prompt the subsequent thermal 

softening and spreading of localised polymer material, as shown in Figure 8.24c and 

Figure 8.24d, thus resulting in a highly reflective surface. Ultimately, these heightened 

flash temperatures will have been generated due to the considerable plastic deformation 

and prolonged contact durations incurred during this high load / low speed sliding 

condition, respectively [126].  

 

Additionally, the high reflectivity of the wear scars produced indicates that they were also 

intrinsically very smooth. This will have likely facilitated 30N – 0.05ms-1 sliding and serves 

as an explanation as to why this test condition resulted in the smallest COF values being 

recorded during metal pin on polymer disk sliding. 

 

30N – 0.5ms-1   /   High Load – High Speed 

 

Figure 8.25 includes microscopy images of the wear scars produced during 30N – 0.5ms-1, 

metal pin on polymer disk sliding.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 8.25 – Microscopy images captured after the second repeat 30N – 0.5ms-1 (high load / high 

speed) sliding test. These include wear scars obtained by FV microscopy at (a) north and (b) east 

locations, as well as SEM images obtained at (c) west and (d) south locations. The orientation of 

each arrow denotes the instantaneous direction of rotation of each disk region relative to the 

metal pin. Purple circled regions and arrow icons specify the locations where evidence of surface 

melting and plastic flow can be seen, respectively. 

 

 

This high load / high speed sliding condition was determined to have a mean wear rate of 

8.589 × 10-3 mm3 m-1, which was the largest 𝑊𝑚𝑒𝑎𝑛 value recorded during metal pin on 

polymer disk sliding. 

 

Upon analysing the wear scars produced after 30N – 0.5ms-1 sliding, it was discerned that 

ploughing was the dominant mechanism by which wear occurred. More specifically, 
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evidence of plastic flow and surface melting (though very limited in comparison to the 

magnitude observed during to 30N – 0.05ms-1 sliding) can be seen in Figure 8.25. 

 

Polymer Pin on Metal Disk Sliding 

 

During polymer pin on metal disk sliding, the former was continuously subject to dynamic 

contact, as illustrated in Figure 8.1. 

 

3N – 0.05ms-1   /   Low Load – Low Speed 

 

Figure 8.26 includes SEM micrographs of a polymer pin worn surface and corresponding 

metal disk sample captured after 3N – 0.05ms-1 testing. 

 

(a) 

 

(b) 

 

Figure 8.26 – SEM scan images of a (a) polymer pin worn surface and (b) metal disk sample (east 

location) captured after 3N – 0.05ms-1 (low load / low speed) sliding, specifically from test 2. 

 

This low load / low speed sliding condition was determined to have a mean wear rate of 

0.098 × 10-3 mm3 m-1, which was the lowest 𝑊𝑚𝑒𝑎𝑛 value recorded during polymer pin on 

metal disk sliding. 
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All of the worn polymer pin surfaces evaluated within this study were too reflective to be 

analysed by FV microscopy, independent of the normal loads or sliding speeds employed. 

An example of a nullified FV obtained scan can be seen in Figure 8.27. 

 

 

Figure 8.27 – An example of a worn polymer pin surface that was too reflective to be successfully 

scanned by FV microscopy. 

 

The high reflectivity of each worn polymer pin surface indicates that frictional heating 

induced surface melting ensued during sliding. Moreover, concomitant thermal softening 

will have facilitated the yielding of asperity peaks, which explains why only plastic 

deformation was evident within the 𝐴𝑁 of each polymer pin surface post-testing. 

 

Furthermore, it can be seen in Figure 8.26a that material which resembles flash (within 

the context of polymer moulding) was displaced outwards, away from the leading edge of 

the polymer pin during sliding. The drawn-out nature of this polymer material was 

indicative of abrasive wear by plastic shear flow [199]. 

 

Additionally, relatively minor amounts of polymer material can be seen to have 

transferred and accumulated within the scratches on each metal disk surface presented in                    

Figure 8.26b. 
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3N – 0.5ms-1   /   Low Load – High Speed 

 

Figure 8.28 includes SEM micrographs of a polymer pin worn surface and corresponding 

metal disk sample captured after 3N – 0.5ms-1 testing. 

 

(a) 

 

(b) 

 

Figure 8.28 – SEM scan images of a (a) polymer pin worn surface and (b) metal disk sample (east 

location) captured after 3N – 0.5ms-1 (low load / high speed) sliding, specifically from test 2. Each 

circled location highlights a region in which clusters of asperity peaks can be seen. 

 

In general, alike wear mechanisms to those previously examined (when analysing                        

3N – 0.05ms-1, polymer pin on metal disk sliding) were found to dominate during this low 

load / high speed sliding condition. 

 

Though, the edge geometries of the polymer pin worn areas shown in Figure 8.28a 

suggest that asperity peak clusters supported the 3N normal loads elastically prior to 

them shearing during sliding. 

 

Additionally, upon comparing Figure 8.26b and Figure 8.28b, it can be seen that similar 

magnitudes of polymer wear debris became interposed between adjacent scratch valleys 

during low load (3N), polymer pin on metal disk sliding. This indicates that sliding speed 
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had a negligible impact on the magnitude of polymer material that accumulated on each 

metal disk surface during testing. 

 

30N – 0.05ms-1   /   High Load – Low Speed 

 

Figure 8.29 includes SEM micrographs of a polymer pin worn surface and corresponding 

metal disk sample captured after 30N – 0.05ms-1 testing. 

 

(a) 

 

(b) 

 

Figure 8.29 – SEM scan images of a (a) polymer pin worn surface and (b) metal disk sample (east 

location) captured after 30N – 0.05ms-1 (high load / low speed) sliding, specifically from test 2.  

 

This high load / low speed sliding condition was determined to have a mean wear rate of 

0.902 × 10-3 mm3
 m-1, which was the largest 𝑊𝑚𝑒𝑎𝑛 value recorded during metal pin on 

polymer disk sliding. 

 

The worn polymer pin surfaces shown in Figure 8.29a were akin to those presented in 

Figure 8.26a and Figure 8.28a, which suggests that they were also subject to frictional 

heating facilitated plastic shear flow during steady-state sliding. 
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As shown in Figure 8.29b, this sliding condition resulted in the largest volumes of polymer 

wear debris being transferred to each metal disk surface. However, this was proportional 

to the total amount of wear incurred during testing (as characterised by wear rate), which 

suggests that increased availability prompted more material transfer.  

 

Furthermore, it can be seen in Figure 8.29b that the transferred polymer material 

accumulated within the adjacent scratch lengths within each wear track, and also at their 

edges. Despite this, no discernible changes in COF were evident in any of the steady-state 

sliding responses (~250m – 100m) presented in Figure 8.14a. 

 

30N – 0.5ms-1   /   High Load – High Speed 

 

Figure 8.30 includes SEM micrographs of a polymer pin worn surface and corresponding 

metal disk sample captured after 30N – 0.5ms-1 testing. 

 

(a) 

 

(b) 

 

Figure 8.30 – SEM scan images of a (a) polymer pin worn surface and (b) metal disk sample (east 

location) captured after 30N – 0.5ms-1 (high load / high speed) sliding, specifically from test 2.  

 

As shown in Figure 8.30a, this 30N – 0.5ms-1 (high load / high speed) sliding condition also 

led to the abrasive wear of each polymer pin surface, primarily via the mechanism of 

frictional heating facilitated plastic shear flow. 
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Furthermore, it can be seen in Figure 8.30b that transferred polymer wear debris 

accumulated within the scratches on each metal disk surface, as well as at the edges of 

each wear track. This was congruent with observations made during 30N – 0.05ms-1 (high 

load / low speed) sliding. Though, during this sliding condition, the latter was more 

prevalent at the outer edges of each wear track, which was likely due to the increased 

rotational forces incurred as a result of the higher sliding speeds employed (0.5ms-1) 

during testing. 

 

8.3.2.3 Material Transfer  

 

Metal Pin on Polymer Disk Sliding 

 

Table 8.9 includes FV microscopy obtained scan images of several polymer pin surfaces 

before and after each sliding test. While it can be seen that polymer material did transfer 

to all of the pin surfaces during testing, no visible transfer film formation occurred within 

their respective contact areas (denoted by the regions circled in orange). The polymer 

wear debris that did transfer, predominantly attached itself loosely to the leading edge of 

each metal pin surface and adhered more securely to the rear. However, neither of these 

occurrences were ascertained to have had any effect on friction or wear. 

 

Though, notably larger amounts of polymer material transfer were observed during          

30N – 0.05ms-1 sliding, compared to any of the other metal pin on polymer disk sliding 

conditions detailed in Table 8.9. In agreement with the discussion in Section 8.3.2.2, it is 

likely that the higher interfacial contact temperatures incurred during 30N – 0.05ms-1 

sliding prompted the increased adhesion of polymer wear debris to the leading edges of 

each metal pin surface during testing. 
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Table 8.9 

FV microscopy obtained scan images of metal pin surfaces captured before and after each second 

repeat sliding test. Despite only one set of metal pin surfaces being presented for each sliding 

condition evaluated, the volume of polymer material that accumulated on each remained 

consistent between repeat tests. Circled orange regions represent the contact area of each metal 

pin surface evaluated. 

Evaluated 

before / after 

testing 

3N – 0.05ms-1 3N – 0.5ms-1 30N – 0.05ms-1 30N – 0.5ms-1 

Before  

 

 
   

After 
Leading edge 

 

Leading edge 

 

Leading edge 

 

Leading edge

 

 

Polymer Pin on Metal Disk Sliding 

 

As mentioned in Section 8.2.2, surface grinding was employed to prepare each metal disk 

sample prior to testing. Consequently, the surfaces produced comprised of scratch marks, 

in which polymer material was observed to accumulate within. More specifically, greater 

amounts of polymer material accumulated within the valleys of each scratch when its lay 

direction was perpendicular to the direction of sliding, as shown in Figure 8.31. 
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Figure 8.31 – Illustrations highlighting the impact lay direction had on the magnitude of polymer 

wear debris that accumulated within adjacent scratch valleys during sliding. 

 

As can be seen throughout Section 8.3.2.2, transferred polymer material appeared to 

remain relatively separate and was localised within the scratch valleys on each metal disk 

surface. This suggests that resultant wear debris became interposed between adjacent 

scratches, rather than adhered together to form a transfer film. Ultimately, no marked 

changes in COF, indicative of facilitated or impeded sliding, could be identified in any of 

the steady-state, polymer pin on metal disk sliding responses presented throughout           

Section 8.3.1.1. 

 

8.3.2.4 Contact Configuration 

 

As illustrated in Figure 8.32, the configuration in which contacting bodies were loaded 

against one another intrinsically determined the contact geometries and wear 

mechanisms that ensued during sliding. 
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Figure 8.32 – An illustration highlighting the differences in contact geometry induced when 

converse contact configurations were employed. 

 

Metal Pin on Polymer Disk Sliding 

 

As illustrated in Figure 8.32, upon indenting the polymer disk, the leading edge of the 

metal pin, specifically the proportion that was subject to lateral dynamic contact, 

increased significantly during sliding. Consequently, the rate at which asperity peaks were 

sheared or ploughing ensued will have also increased, hence why comparatively greater 

magnitudes of wear occurred during this configuration of testing than during polymer pin 

on metal disk sliding. 

 

Polymer Pin on Metal Disk Sliding 

 

Polymer pin on metal disk sliding was characteristic of a change in contact geometry, such 

that point contacts transformed into flat-on-flat contacts, independent of the operating 

conditions employed. Consequently, the apparent area of contact area (𝐴𝑁) of each 

polymer pin will have increased significantly during sliding. A comparison between initial 

Hertzian contact area approximations and post-testing determined polymer pin worn 

areas can be seen in Table 8.10. 
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Table 8.10 

A comparison between initial Hertzian contact area approximations and polymer pin mean worn 

areas measured post-testing. Corresponding standard deviation values are also given for the 

latter. 

Normal load (N) Hertzian contact area 

approximations (mm2) 

Worn pin surface areas measured 

post testing (mm2) 

0.05ms-1 0.5ms-1 

3 0.078 1.952 ± 0.099 2.442 ± 0.344 

30 0.362 5.783 ± 0.581 4.283 ± 0.468  

 

The differences between initial Hertzian contact pressure approximations and the 

resultant contact stresses (𝑝) (calculated post-testing) are detailed in Table 8.11. More 

specifically, the latter were calculated via Equation 8.1 below: 

 

𝑝 =
𝑁

𝐴∅
 

Equation 8.1 

 

where 𝑁 is the predetermined applied normal load and 𝐴∅ is a circular approximation of 

the worn surface area being evaluated. 

 

Table 8.11 

A comparison between initial Hertzian contact pressure approximations and the mean resultant 

contact stresses (𝑝) calculated post-testing. Corresponding standard deviation values are also 

given for latter. 

Normal load (N) Hertzian ball-on-flat mean contact 

pressure approximations (MPa) 

Flat-on-flat contact stresses 

determined post testing (MPa) 

0.05ms-1 0.5ms-1 

3 38.5 1.54 ± 0.08 1.24 ± 0.17 

30 82.9 5.22 ± 0.50   7.06 ± 0.73  

 

As can be seen in Table 8.11, the transformation from a ball-on-flat to a flat-on-flat 

contact geometry significantly reduced the contact stresses incurred during sliding. This 
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suggests that the greatest amounts of wear occurred during initial sliding when contact 

stresses were at their maximum. 

 

Furthermore, upon test completion, resultant worn pin surfaces were found to be fully 

dense, as can be seen in the SEM micrographs presented throughout Section 8.3.2.2. This 

indicates that the adjacent powder particles which comprised each contacting polymer 

pin interface will have further coalesced due to the compaction and frictional heating 

incurred as result of the applied normal loads and continuously-in-contact nature of this 

test configuration, respectively. 

 

8.3.2.5 Statistical Analysis of Wear Results 

 

Figure 8.33 includes contour plots that visually elucidate the relationship between 

friction force, normal load and sliding speed for both contact configurations evaluated. 

 

 

Figure 8.33 – Contour plots showing the relationship between wear rate, normal load and sliding 

speed for both contact configurations evaluated.  

 

Additionally, Figure 8.34 outlines the main and interaction effects each operating 

condition had on wear rate in ascending / descending order of influence. Statistically 

significant terms included contact configuration (C), normal load (A), as well as the 

interaction between normal load x contact configuration (AC), sliding speed x contact 

configuration (BC). 
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Figure 8.34 – A Pareto chart showing the extent to which normal load, sliding speed and contact 

configuration influenced wear rate. 

 

Contact configuration was found to be the most statistically influential operating 

condition evaluated. This is congruent with previous discussion in Section 8.3.2.4, where 

it was established that contact configuration intrinsically determined the size and shape 

of the contact area that ensued during sliding. 

 

Additionally, normal load, as well as its interaction with contact configuration, were both 

determined to impact wear. As discussed throughout Section 8.3.2.2, the extent to which 

normal load affected wear corresponded with the wear mechanisms that dominated 

during each sliding condition. 

 

The interaction between sliding speed and contact configuration was also found to have 

an influential effect on wear rate. Though, as shown in Figure 8.34, the impact of this 

interaction effect was relatively minor when compared to the other statistically significant 

terms. 
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8.4 Conclusions 

 

This study investigated how the sliding behaviours of laser sintered PA12 components 

were affected by varying operating conditions. More specifically, a Design of Experiments 

was executed to determine the extent by which normal load, sliding speed and contact 

configuration influenced the friction and wear properties of parts produced, as well as to 

ascertain insight into the mechanisms that ensued during each sliding condition. A 

summary of the key findings discerned during this study is outlined in Table 8.12. 
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Table 8.12 

A summary of the key findings ascertained during Chapter 8. 

Operating 

conditions 

Key phenomena ascertained 

Friction Wear 

 

Normal load 

 

- Normal load had by far the most 

statistically significant effect on 𝐹𝑓. 
 

- The interaction between normal load 

and contact configuration (AC), as 

well as sliding speed (AB), were both 

found to have statistically significant 

effects on 𝐹𝑓 (in descending on order 

of influence). 

 

- Normal load, as well as its 

interaction with contact 

configuration, both had a 

statistically significant effect on 

wear rate. 
 

- During metal pin on polymer disk 

sliding, applied 3N normal loads 

were jointly supported by bulk 

surface material and clusters of 

asperity peaks. 
 

- Higher normal loads (30N) resulted 

in larger wear rates, which prompted 

more material transfer during 

polymer pin on metal disk sliding. 

 

Mechanisms / impact of 𝑁: 

 

- Affected the fluctuations in COF 

recorded during sliding, as 

characterised by standard deviation. 
 

- Prompted frictional heating during 

polymer pin on metal disk sliding. 

 

 

- Determined whether elastic or 

plastic interactions occurred during 

metal pin polymer disk sliding. 
 

- Plastic shear flow and surface 

melting were both evident at higher 

normal loads (30N), and promoted 

by frictional heating during polymer 

pin on metal disk sliding. 

 

Sliding speed 

 

- Sliding speed had a statistically 

significant effect on 𝐹𝑓, despite this 

being discordant with Coulombs Law 

of Friction. 
 

- Low sliding speeds (0.05ms-1) 

prompted heightened parabolic COF 

responses during initial metal pin on 

polymer disk sliding. 
 

- High sliding speeds (0.5ms-1) resulted 

in plateauing increases in COF during 

running-in, independent of the 

normal load or contact configuration 

employed. 

 

 

 

- Higher speeds resulted in more wear 

during metal pin on polymer disk 

sliding. 

 

-  
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Mechanisms / impact of 𝑣: 

 

- Running-in behaviours were primarily 

influenced by sliding speed. 
 

- Frictional heating affected COF by 

greater magnitudes at higher sliding 

speeds during polymer pin on metal 

disk sliding. 

 

 

- The additional momentum incurred 

during high speed sliding (0.5ms-1) 

resulted in either greater asperity 

peak fracture, leading to an earlier 

onset of ploughing (metal pin – 

polymer disk), or an earlier 

transformation in contact geometry 

from ball-on-flat to flat-on-flat 

(polymer pin – metal disk). 

 

Contact 

configuration 

 

- Contact configuration, as well as its 

interaction with normal load (AC), 

both had a statistically significant 
effect on 𝐹𝑓. 

 

- Gradual increases in COF indicated 

that frictional heating was induced 

during polymer pin on metal disk 

sliding. 
 

- No apparent changes in COF could be 

discerned during metal pin on 

polymer disk sliding. 
 

- Increases in COF, due to frictional 

heating, were proportional to the 

magnitudes by which COF fluctuated 

during polymer pin on metal disk 

sliding. 

 

- Contact configuration had the most 

statistically significant effect on wear 

rate. 
 

- Specific mean wear rate values were 

in good agreement with those 

reported in the literature for both 

contact configurations evaluated. 

 

- Metal pin on polymer disk sliding 

prompted more wear than equivalent 

polymer pin on metal disk sliding. 
 

 

Mechanisms / impact of contact 

configuration: 

 

- Determined whether frictional 

heating was induced. 

 

 

 

 

 

- The configuration in which 

contacting bodies were loaded 

against one another intrinsically 

determined the contact geometries 

that ensued during sliding. 
 

- Frictional heating led to the thermal 

softening and subsequent 

enlargement of each polymer pin’s 

𝐴𝑁. 
 

 

This work elucidated the main sliding features exhibited by laser sintered PA12 samples 

when subject to a wide range of operating conditions. Consequently, the insights gained 

could adequately inform the suitability of alike components for different end-use 

applications, or highlight the specific mechanisms to consider when further investigating 

their sliding behaviours.  
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Chapter 9  

The Use of Solid Lubricants to Modify the Properties of 

Laser Sintered Polyamide-12 Components 
 

 

 

 

Chapter Summary 

This chapter investigated whether the tribological properties of specimens manufactured 

by LS could be modified through the inclusion of solid lubricants. The processability of 

PA12 powders containing polytetrafluoroethylene (PTFE), Graphite and Molybdenum 

disulphide (MoS2) fillers were evaluated, and the surface, mechanical, friction and wear 

properties of the parts produced were characterised and compared with those of          

Virgin – PA12. 

 

 

 

 

 

 

 

 

 

 

This chapter includes published work, available via the following citation: 

 

K. Nar, C. Majewski and R. Lewis, Evaluating the effect of solid lubricant inclusion on the 

friction and wear properties of Laser Sintered Polyamide-12 components, Wear. 522 

(2023) 204873. https://doi.org/10.1016/j.wear.2023.204873. 
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9.1 Introduction 

 

In recent years, the inclusion of inorganic fillers within PA12 matrices has been explored as 

a way of introducing additional functionality to laser sintered polymer components, in 

order to improve their suitability for end-use applications [26,200].  

 

Several additional factors must be considered to ensure filler reinforced polymeric 

composites are processable by LS and that their required functionalities are attained. 

These include the size [26], morphology [201], chemistry and percentage weight addition 

(% wt) [202] of filler reinforcement, as well as the interfacial adhesion between composite 

constituents [19,203] and the method by which they are combined [27]. 

 

As previously discussed in Chapter 3, specifically Section 3.3, Bai et al. [146] modified the 

tribological performance of laser sintered PA12 samples by including Molybdenum 

disulphide (MoS2) within feedstock powders prior to processing. The addition of this solid 

lubricant reduced coefficient of friction (COF) and wear rate by 56.7% and 41.7%, 

respectively (during linear reciprocating, ball-on-flat sliding). The research presented in 

this chapter investigates a broader range of solid lubricants, in order to establish their 

suitability for use in LS and determine whether they also induce friction and / or wear 

altering responses. 

 

9.1.1 Solid Lubricants 

 

Bart et al. [204] highlighted that many materials qualify as solid lubricants but their 

intrinsic ability to reduce friction and wear arise by different mechanisms. 

 

Structural solid lubricants have layered lattice compositions that feature weak bond 

strengths between layers, which enables them to shear easily when subject to loads 

parallel to their planar directions [205]. It is common for these sheared planes to then 

adhere to the contacting counterface and form a transfer film, so that facilitated sliding 

instead ensues between alike material [206]. Mariani [205] asserted that Graphite and 
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MoS2 are the most well-established structural solid lubricants. Both have laminar crystal 

lattice structures that comprise of strong covalently bonded hexagonal planes separated 

by comparatively weaker Van der Waals forces [207].  

 

Polytetrafluoroethylene (PTFE) is another well recognised solid lubricant. However, unlike 

Graphite and MoS2, PTFE is an organic polymer that is lubricious due to its high softening 

point [208] and smooth macro molecular polymer chain profiles, which orient to facilitate 

slip [205]. Despite its exceptional efficacy as a low friction additive, PTFE is very 

susceptible to wear [209] and therefore rarely used for sliding applications in its neat 

form.   

 

9.2 Materials and Methods 

 

9.2.1 Materials 

 

Virgin – PA12 was blended with the solid lubricants previously discussed in Section 9.1.1 

to create three different polymeric composites, hereinafter referred to as PTFE – PA12, 

Graphite – PA12 and MoS2 – PA12. 

 

PA12 matrices comprised of sieved virgin material that had an average particle size of  

56µm [171]. Solid lubricant particle sizes, as quoted by their suppliers, are listed in           

Table 9.1. These were incorporated into each PA12 matrix in mass ratios of 1 : 100 (solid 

lubricant : PA12). More specifically, each batch of polymeric composite powder had a total 

weight of 3.03kg, which comprised of 30g of solid lubricant added to 3kg of PA12 powder. 

This solid lubricant loading ratio and particle size range was chosen to minimise 

agglomeration during dry mixing so that a uniform dispersion could be attained [26]. 
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Table 9.1 

Solid lubricant particle sizes, as quoted by their suppliers. 

Solid lubricant Size (µm) Supplier 

Graphite Particle size distribution (PSD) = 5 – 10 Nanografi 

Molybdenum disulphide Average particle size (D50) = 4.5 Lower Friction 

Polytetrafluoroethylene Average particle size (D50) = 3 Lower Friction 

 

Each polymeric composite was blended by rotary tumbling for 60 minutes upon filler 

inclusion, and for a further 60 minutes prior to loading each material into the LS machine. 

 

Resultant samples were evaluated with respect to Virgin – PA12 control specimens, which 

were also laser sintered from the same batch of sieved virgin PA12 material. 

 

9.2.2 Specimens 

 

The Laser Sintering build process was performed in accordance with procedure outlined 

in Section 4.2.1. To ensure the properties of the parts produced were evaluated 

systematically, each material was processed identically, using the standard PA12 

parameters detailed in Table 4.3. This was so that any changes in processability, or 

variations in resultant part sliding, could be attributed to the addition of each solid 

lubricant. 

 

Four identical builds were performed (one for each material evaluated), with each 

comprising of different specimens depending on their subsequent intended analyses, as 

outlined in Figure 9.1. These included five ASTM D638 Type 1 specimens for tensile 

testing, three cylinders for micro-CT analysis, and six disk samples for friction and wear 

testing. The specific geometries of each are detailed in Figure 4.5, Figure 5.2 and     

Figure 4.9a, respectively. 
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Figure 9.1 – A schematic illustrating the geometry and positioning of samples produced within 

this study (Chapter 9).  

 

Once the LS build process was complete and the parts produced were fully cooled to room 

temperature, compressed air was used to remove any loose powder particles from the 

surfaces of Virgin – PA12, Graphite – PA12 and MoS2 – PA12 samples. PTFE – PA12 specimens 

were found to have ‘harder’ powder cakes so additional glass bead blasting was required 

to break these samples out from their surrounding powder. 

 

9.2.3 Characterisation  

 

9.2.3.1 Filler Dispersion 

 

SEM and micro-CT were utilised to identify the presence of solid lubricants within each 

PA12 matrix, both in powder and part form. These analyses were carried out in 

accordance with the procedures outlined in Section 4.2.2.2 and Section 4.2.2.4, 

respectively. 
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9.2.3.2 Surface Analysis 

 

Focus Variation (FV) microscopy was used to evaluate the top surface topographies of 

each laser sintered material, as well as post-testing, to characterise the widths of the wear 

scars produced, and any material transfer that occurred during sliding; the former were 

quantitively described by their Root Mean Square (Sq) and Skewness (Ssk) roughness 

values. 

 

All surface analysis was carried out in accordance with the procedure specified in           

Section 4.2.2.2, with roughness being characterised at three evenly distributed locations 

across the top surfaces of tensile test specimens. 

 

9.2.3.3 Tensile Testing 

 

Tensile testing was used to characterise the Young’s Modulus (YM), Ultimate Tensile 

Strength (UTS) and Elongation at Break (EaB) of samples produced. Each test was 

executed via the procedure outlined in Section 4.2.2.1, in accordance with ASTM D638-14. 

 

9.2.3.4 Thermal Analysis 

 

A Perkin Elmer DSC8500 Differential Scanning Calorimeter (DSC), programmed with the 

procedure outlined in Table 9.2, was used to determine the melting and cooling 

behaviours of each material 10. Approximately 8mg of polymeric feedstock powder was 

analysed when conducting each DSC run. 

 

 

 

 

                                                 
10 This previously developed DSC programme is standard operating procedure within the 

Advanced Polymer Sintering Laboratory for characterising the thermal properties of polymers for 

LS.  



 224 

Table 9.2 

The DSC programme employed within this study. 

Step number Step details 

1 Hold at 20oC for 1 minute 

2 Heat from 20oC to 250oC at 10(oC) min-1 

3 Hold at 250oC for 1 minute 

4 Cool from 250oC to 20oC at 10(oC) min-1 

5 Hold at 20oC for 1 minute 

 

9.2.3.5 Friction and Wear Testing 

 

Friction and wear were characterised by COF and specific wear rate, respectively, which 

involved performing rotating, ball-on-flat, pin-on-disk, uni-directional sliding tests, in 

accordance with the procedure detailed in Section 4.2.2.6, specifically via ‘configuration 

1’ (stainless steel pin – laser sintered polymeric disk). More specifically, sliding tests were 

performed on the top surfaces of disk samples at a constant speed of 0.35ms-1, over a 

sliding distance of 1000m, and at low and high applied normal loads of 10N and 30N, 

respectively. In congruency with Chapter 7, these operating conditions were chosen 

because they fell within the mid-range of parameters previously employed within the 

literature, as outlined in Table 3.3, whilst allowing varying loading conditions to be 

evaluated. Each laser sintered material was evaluated three times 11 so that mean values 

could be obtained. 

 

COF data was outputted directly from the UMT, and specific wear rate values were 

calculated using Equation 4.2. The latter of which, first required wear volumes to be 

determined from the widths of the wear scars produced, as outlined in Table 4.6. 

 

                                                 
11 Excluding MoS2 – PA12 samples which could only be evaluated once during 30N sliding due to 

resultant components curling significantly during building. This is discussed in greater detail in   

Section 9.3.2. 
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9.3 Results and Discussion 

 

Each polymeric composite material was successfully processed via LS, and the properties 

of the parts produced are discussed in the following sections of this chapter. 

 

9.3.1 Filler Dispersion 

 

Particles with sizes and morphologies congruent with the solid lubricants used within this 

study can be seen in the SEM images presented in Figure 9.2. These particles were all 

well-dispersed within their respective matrices, and no qualitative evidence of 

agglomeration can be seen 
12. Ultimately, solid lubricant particle size distributions within 

the range of 3µm – 10µm were found to be suitable for producing homogenous composite 

PA12 powders when combined by rotary blending. 

 

                                                 
12 Supplementary analysis provided in Appendix D includes SEM images of virgin – PA12 powders 

containing PTFE (from the same batch used in this study) in increased mass loadings of 1 : 50 and      

1 : 25 (solid lubricant : PA12). The increased presence of PTFE particles within these SEM images, 

proportionate to their mass loadings, reaffirms that the particles highlighted in Figure 9.2 

correspond with the addition of each solid lubricant evaluated within this study. 



 226 

 

Figure 9.2 – SEM images of each feedstock material, including (a) Virgin – PA12, (b) PTFE – PA12, 

(c) Graphite – PA12 and (d) MoS2 – PA12 powders. Corresponding solid lubricant particles have 

been circled in orange. 

 

Figure 9.3 includes micro-CT obtained volumetric renderings of each material after they 

were laser sintered. 
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(a) Virgin – PA12 

 

(b) PTFE – PA12 

 
 

(c) Graphite – PA12 

 

(d) MoS2 – PA12 

 

Figure 9.3 – Micro-CT rendered volumes of (a) Virgin – PA12, (b) PTFE – PA12, (c) Graphite – PA12 

and (d) MoS2 – PA12 samples. Brighter voxels represent locations in which more radiation was 

attenuated, and thus the presence of inclusions and / or contaminants within each laser sintered 

PA12 matrix. 

 

It was not possible to distinguish PTFE from PA12 due to both polymers having similar 

densities, and thus alike attenuation characteristics. 

 

MoS2 – PA12 was the only polymeric composite within which solid lubricant material could 

be identified. Accordingly, comparatively brighter voxels can be seen to be well-dispersed 

without any qualitative evidence of apparent agglomeration. 
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Contrastingly, only a few Graphite particles could be seen in the corresponding scan 

output presented in Figure 9.3b. This finding contradicts the results discussed in the 

subsequent sections of this chapter, in which the addition of Graphite was shown to alter 

the mechanical and tribological properties of PA12, as well as its appearance both in 

powder and part form. This suggests that the micro-CT scanning parameters adopted 

within this study require further tuning in order to differentiate Graphite from PA12. 

 

9.3.2 Part Warpage 

 

As can be seen in Table 9.3, Graphite – PA12 and MoS2 – PA12 samples experienced curl 

localised at the perimeters of each disk specimen. Practically, this would render many 

parts produced as being unsuitable for end-use adoption, and in this study prevented 

repeat 30N sliding tests from being carried out on MoS2 – PA12 samples.  

 

Part warpage is intrinsic to polymer LS and typically occurs when the temperature 

differential between the bulk and upper surface of a part is too extreme during building. 

The latter will typically be lower in temperature, particularly at the edges of the part, due 

to being convectively cooled every time a new powder layer is deposited. Consequently, 

residual stresses will be induced, resulting in differential shrinkage at the edges of the 

parts produced. Furthermore, the disk specimens produced had large cross-sections 

relative to the build area, which will have prompted the occurrence of significant in-situ 

cooling during the scanning of each layer [210]. 

 

As shown in Figure 9.4 and Table 9.4, the onset of crystallisation temperature (𝑇𝑐) of each 

composite powder was greater than the 𝑇𝑐  of Virgin – PA12. The magnitudes by which the 

former differed from the latter were also concordant with the resultant part warpages 

visible in Table 9.3. Therefore, correspondingly increasing each materials powder bed 

temperature (𝑇𝑏) would likely minimise the curl induced during building. 
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Table 9.3 

A qualitative description of the curl induced during the processing of each material. Resultant part 

warpages were as follows: a ~ b < c < d. 

Material Resultant part warpage 
 

Virgin – PA12 
 

 

 

   

PTFE – PA12 
 

 

 

 
 

Graphite – PA12 
 

 

 

 
 

MoS2 – PA12 
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Figure 9.4 – Differential Scanning Calorimetry (DSC) obtained heating and cooling curves of each 

powdered material evaluated within this study. 

 

Table 9.4 

The onset of crystallisation temperatures of each powdered material. Specific values were 

determined from the DSC obtained cooling curves presented in Figure 9.4. 

Material Onset of crystallisation temperature (oC) 

Virgin – PA12 150.43 

PTFE – PA12 153.38 

Graphite – PA12 155.52 

Mos2 – PA12 155.94 

 

9.3.3 Surface Topographies 

 

Table 9.5 includes both qualitative and quantitative descriptions of each materials 

resultant top surface topographies. As shown in Figure 9.5a, the addition of PTFE, 

Graphite and MoS2 increased the mean top surface heights of parts produced by 2.24µm, 

2.08µm and 1.91µm, relative to Virgin – PA12, respectively. Despite this, all measured top 
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surface Sq values were in good agreement with those discussed in Chapter 6, as well as 

those reported in related literature [93,211]. 

 

Table 9.5 

Qualitative and quantitative descriptions of the top surface topographies of each laser sintered 

material. The evaluation areas depicted within each scan image are 3.7mm x 3.7mm in size. 

Material FV microscopy obtained scan images of each materials 

laser sintered top surface topography 

Sq (µm) Ssk 

Virgin – PA12 

 

 

12.82  

(± 0.53) 

 

0.76  

(± 0.12) 

PTFE – PA12 

 

 

15.06  

(± 1.17) 

 

0.30  

(± 0.06) 

Graphite – PA12 

 

 

14.90  

(± 0.62) 

 

0.55  

(± 0.06) 

MoS2 – PA12 

 
 

 

14.73  

(± 0.59) 

 

0.77  

(± 0.04) 

 

Furthermore, it can be seen in Figure 9.5b that all sample top surfaces had positive 

Skewness values and were therefore all asperity peak dominated (in accordance with the 
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mechanism of finish layer powder particle adhesion). However, resultant PTFE – PA12 

sample top surfaces were notably more Gaussian, which suggests that the inclusion of 

PTFE diminished the effect of finish layer powder particle adhesion by instead facilitating 

the mechanism of polymer melt viscous flow. Both of these mechanisms were previously 

discussed in detail in Chapter 6. 

 

(a) 

 

(b) 

 

Figure 9.5 – Top surface topography information, including the mean (a) Sq and (b) Ssk 

roughness values determined for each material evaluated within this study. 
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9.3.4 Tensile Properties 

 

The stress-strain curves and corresponding mean tensile properties for each material are 

shown in Figure 9.6 and Table 9.6, respectively. In general, the mechanical performance 

of laser sintered PTFE – PA12, Graphite – PA12 and MoS2 – PA12 composites were 

comparable with Virgin – PA12. 

 

 

Figure 9.6 – The resultant tensile curve of each material specimen evaluated within this study. 

 

Table 9.6 

The mean tensile properties of each material, as well as their corresponding standard deviation 

values. 

Material Young’s Modulus 

(MPa) 

Ultimate Tensile 

Strength (MPa) 

Elongation at Break 

(%) 

Virgin – PA12 1464 (± 66) 44.3 (± 0.2) 14.0 (± 0.8) 

PTFE – PA12 1422 (± 79) 42.2 (± 0.5) 24.9 (± 1.6) 

Graphite – PA12 1754 (± 246) 46.3 (± 0.5) 10.8 (± 0.3) 

MoS2 – PA12 1740 (± 135) 48.0 (± 0.6) 15.5 (± 3.3) 
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The inclusion of MoS2 increased the stiffness, strength and ductility of PA12 parts 

produced. This was in good agreement with findings ascertained by Bai et al. [146], who 

demonstrated that the addition of 1wt% MoS2 could increase the impact strength of PA12 

by as much as 11.4% when optimised LS processing parameters were employed. 

 

Furthermore, the addition of Graphite reduced the ductility, but increased the stiffness 

and strength of PA12 parts produced. It is expected that more heat will have accumulated 

within the Graphite – PA12 powder bed during processing, due to Graphite having a 

significantly larger thermal conductivity than PA12. Accordingly, greater part densification 

will have ensued [212], resulting in increased EaB and UTS values relative to                     

Virgin – PA12 13. Similarly, Kigure et al. [213] found that processing PA12 at higher powder 

bed temperatures resulted in parts with increased crystallinity, strength and stiffness 

values. 

 

In contrast to Graphite – PA12, the addition of PTFE reduced the stiffness and strength, but 

increased the ductility of PA12 parts produced. Constituently, PTFE has a greater EaB than 

PA12 [214,215], which is likely why the resultant PTFE – PA12 compatible polymer blend 

was 77.8% more ductile than Virgin – PA12.  

 

Ultimately, the inclusion of PTFE, Graphite and MoS2 solid lubricant fillers, in accordance 

with the material preparation method outlined in Section 9.2, did not compromise the 

tensile properties of PA12 parts produced. 

  

9.3.5 Friction 

 

Figure 9.7 shows the friction responses exhibited by each laser sintered material during 

low (10N) and high (30N) load sliding. Corresponding mean COF values are detailed in 

Table 9.7, and percentage-based comparisons of the former, specifically the differences 

                                                 
13 This phenomenon will have also been pertinent to MoS2 – PA12 during processing. 



 235 

in the mean COF values determined for each solid lubricant filled polymeric composite 

relative to Virgin – PA12, can be seen in Figure 9.8. 

 

(a) Virgin – PA12 

 
 

(b) 

 

PTFE – PA12 
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(c) 
Graphite – PA12 

 

 

(d) 

 

MoS2 – PA12 

 

Figure 9.7 – The mean COF responses exhibited during (a) Virgin – PA12, (b) PTFE – PA12,                         

(c) Graphite – PA12 and (d) MoS2 – PA12 sliding. The highlighted regions within each mean 

response plot represents the maximum and minimum values recorded during repeat testing. It 

should be noted that MoS2 – PA12 samples could only be evaluated once during 30N sliding due to 

them experiencing excessive magnitudes of curl during building. 
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Table 9.7 

The mean COF values recorded for each material, as well as their corresponding standard 

deviation values. 

Material Coefficient of friction 

10N 30N 

Virgin – PA12 0.305 (± 0.010) 0.261 (± 0.011) 

PTFE – PA12 0.192 (± 0.011) 0.128 (± 0.005) a 

Graphite – PA12 0.289 (± 0.009) 0.246 (± 0.012) 

MoS2 – PA12 0.304 (± 0.005) 0.257 b 

a  Mean coefficient of friction value was computed prior to the breakdown in lubrication. 
b  MoS2 – PA12 samples could only be evaluated once during 30N sliding due to them experiencing      

    excessive magnitudes of curl during building. 

 

 

Figure 9.8 – The percentage differences in the mean COF values recorded for each solid lubricant 

filled polymeric composite relative to Virgin – PA12. 
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PTFE – PA12 was the only solid lubricant filled polymeric composite that exhibited a major 

frictional change relative to Virgin – PA12. As can be seen in Figure 9.8, a 37.1% reduction 

in COF was achieved during 10N sliding. This lubricating response was attributed to 

transfer film formation, such that a proportion of dynamic contact will have instead 

occurred between alike self-lubricating polymer material rather than entirely with the 

stainless steel pin during sliding. Material transfer, indicative of transfer film formation, 

can be seen within the contacting region of the corresponding stainless steel pin surface 

presented in Figure 9.10b. Furthermore, during the last 200m of 10N sliding, COF began to 

steadily increase in a manner which suggests that the lubricating response of PTFE – PA12 

broke down due to the effects of frictional heating. This phenomenon was more 

pronounced during 30N sliding and is discussed in more detail below. 

 

During high load PTFE – PA12 sliding, the friction incurred was initially reduced by an even 

greater magnitude. From 0m – 600m, the inclusion of PTFE resulted in a mean COF 

response of 0.128, which was a 50.1% reduction relative to Virgin – PA12. Smoother sliding, 

given by reduced fluctuations in COF, can also be seen in Figure 9.7b. However, at an 

approximate sliding distance of 600m, the lubricating response of PTFE – PA12 broke 

down. As shown in Figure 9.9 this phenomenon occurred at a similar distance in every 

repeat test. In all instances, COF increased sharply, doubling within the following 200m, 

and fluctuated irregularly for the remaining duration of each 1000m sliding test. The 

consistency in which PTFE – PA12’s lubricating response broke down, both in terms of 

applied normal load and moment of occurrence, is indicative of a frictional heating 

related failure. It is likely that frictional heating prompted interfacial contact 

temperatures to exceed the 𝑇𝑔 of PTFE – PA12 (𝑇𝑔−𝑃𝐴12 = 48.8o) [156], which, as discussed 

in Section 3.2.3.3, will have caused the molecular chains within the amorphous regions of 

each laser sintered PA12 matrix to stretch and elongate [155]. Consequently, the stiffness 

of PA12 will have decreased during sliding, leading to pin bodies further indenting          

PTFE – PA12 disk surfaces, thus resulting in larger contact areas and the sharp increases in 

𝐹𝑓  shown in Figure 9.9. Furthermore, it can be seen in Figure 9.10b that significantly less 

PTFE – PA12 material adhered to the stainless steel pin surface after 30N sliding. A transfer 

film was still present within the contact area; however, it was comparatively 
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discontinuous and covered a considerably reduced area fraction relative to the transfer 

film observed after 10N testing. 

 

 
Figure 9.9 – The breakdown in lubrication observed during high load (30N) PTFE – PA12 sliding. 

 

Upon evaluating the other pin surfaces presented in Figure 9.10,  no evidence of transfer 

film facilitated sliding could be identified. This is likely why Graphite – PA12 and                

MoS2 – PA12 induced relatively minor changes in friction (with respect to Virgin – PA12) 

compared to PTFE – PA12. 

 

More specifically, the addition of Graphite reduced COF by 5.2% and 5.7% relative to         

Virgin – PA12 during 10N and 30N sliding, respectively. It is expected that increasing the 

percentage weight inclusion of Graphite would further facilitate sliding, as previously 

demonstrated by Ben Difallah et al. [216] and Sathees Kumar et al. [217]. However, it is 

likely that this would also prompt issues relating to LS processability, such as powder 

flowability. 

 

As shown in Figure 9.8, there were negligible differences between the mean COF values 

recorded during MoS2 – PA12 and Virgin – PA12 sliding, independent of applied normal 

load. Though, the inclusion of MoS2 did notably reduce the extent by which COF fluctuated 

during 30N sliding. Mariani [205] identified that the lubrication performance of MoS2 is 
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most effective in high load applications, where contact pressures are typically orders of 

magnitude greater than those incurred in this study. Therefore, insufficient applied 

normal loads are likely to have prevented MoS2 enriched transfer films from forming 

within this work. 

 

 

 

 

 
Figure 9.10 – Resultant (a) Virgin – PA12, (b) PTFE – PA12, (c) Graphite – PA12 and (d) MoS2 – PA12 

surfaces and corresponding pin counterfaces after 10N and 30N sliding. Orange annotations 

denote the sliding directions and contacting regions of each pin counterface. The missing 

information within the Virgin – PA12 wear scars are due to their worn surfaces being highly 

reflective which inhibited light from being received by the microscope’s detector. 



 241 

9.3.6 Wear 

 

The specific wear rate values determined for each laser sintered material are detailed in 

Table 9.8. In general, these results were in good agreement with data collected by Bai et 

al. [146] and Guo et al. [88], as well as the results presented in Chapter 8. 

 

An inverse trend between the modified friction and wear responses of each material was 

discerned. More specifically, PTFE – PA12 experienced the most wear, despite sliding with 

the least resistance, whereas Graphite – PA12 and MoS2 – PA12 resulted in the smallest 

specific wear rates, even though they incurred the most friction during testing. Moreover, 

wear resistance was correlated with the strengths and stiffness’ of parts produced; 

materials with greater UTS and YM values experienced less wear, and vice versa.  

 

Table 9.8 

The mean specific wear rate values determined for each material, as well as their corresponding 

standard deviation values. 

Material Specific wear rate (10-4 mm3 (Nm)-1) 

10N 30N 

Virgin – PA12 4.782 (± 0.086) 3.197 (± 0.147) 

PTFE – PA12 5.343 (± 0.082) 4.480 (± 0.141) 

Graphite – PA12 2.782 (± 0.056) 1.139 (± 0.070) 

MoS2 – PA12 1.033 (± 0.116) 1.465 a 
 

a  MoS2 – PA12 samples could only be evaluated once during 30N sliding due to them experiencing      

    excessive magnitudes of curl during building. 
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Figure 9.11 – The percentage differences in the mean specific wear rate values determined for 

each solid lubricant filled polymeric composite relative to Virgin – PA12. 

 

PTFE – PA12 was the only solid lubricant filled composite that exhibited a lower wear 

resistance than Virgin – PA12 during testing. As can be seen in Figure 9.11, this was 

exacerbated when the normal loads employed were increased from 10N to 30N. 

Consequently, the magnitude by which the specific wear rate of PTFE – PA12 differed from 

Virgin – PA12 increased from 11.7% to 43.0%, respectively. These augmented specific wear 

rate values were likely attributed to PTFE – PA12 being softer and more ductile than           

Virgin – PA12. As previously discussed in Section 9.3.4, the EaB of PTFE – PA12 was 77.8% 

greater than the mean value measured for PA12. This coupled with virgin PTFE having a 

Shore D hardness of 60 [218], compared to 75 for PA12 [171], will have resulted in                  

PTFE – PA12 being more susceptible to abrasive wear, particularly ploughing.  

 

In agreement with observations discerned in Chapter 8, it can be seen in Figure 9.10 that 

wear debris attached itself loosely to the leading edge, but more securely to the rear, of 
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each contacting pin surface during sliding 
14. More specifically, the latter was characteristic 

of adhesive wear, whereby frictional heating induced thermal softening resulted in the 

visibly thick, coalesced wear debris adhering to the rear edge of each pin surface.  

 

Graphite – PA12 and MoS2 – PA12 composites exhibited significantly reduced specific wear 

rate values relative to Virgin – PA12. As outlined in Figure 9.11, MoS2 – PA12 was the most 

effective polymeric material at reducing wear during 10N sliding, whereas Graphite – PA12 

exhibited the greatest wear resistance during 30N sliding.  

 

Additionally, it can be seen in Figure 9.12 that the vertical height deviations within           

Graphite – PA12 and MoS2 – PA12 wear scars were comparatively smaller than those visible 

within the worn profiles of Virgin – PA12 and PTFE – PA12 samples, independent of the 

normal load applied. Singh et al. [219] demonstrated that there was a correlation between 

powder bed temperature and indentation hardness when processing PA12, which in 

accordance with the findings discerned in Section 9.3.4, explains why Graphite – PA12 

and MoS2 – PA12 samples were more resistant to abrasive scratching. 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
14 Excluding the distinctly large amounts of PTFE – PA12 material transfer that occurred during 10N 

sliding.  
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(a) 

 

Virgin – PA12 

  

 

(b) 

 

PTFE – PA12 

  

 

(c) 

 

Graphite – PA12 
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(d) MoS2 – PA12 

  

Figure 9.12 – Resultant (a) Virgin – PA12, (b) PTFE – PA12, (c) Graphite – PA12 and (d) MoS2 – PA12 

wear scar profiles. 

 

9.4 Conclusions 

 

This chapter investigated whether including solid lubricants, specifically PTFE, Graphite 

and MoS2, within PA12 powders modified the tribological properties of specimens 

manufactured by LS. More specifically, the processability of each material was evaluated, 

and the resultant surface, mechanical, friction and wear properties of the parts produced 

were characterised and compared with those of Virgin – PA12. 

 

SEM analysis showed that homogenous composite powder blends were attainable via 

simple mixing methods. However, micro-CT analysis could only confirm the presence of 

MoS2 filler particles within the parts produced, thus highlighting the need for further 

refinement of the scanning parameters employed. Additionally, Graphite – PA12 and     

MoS2 – PA12 samples experienced curl during building, attributed to their feedstock 

crystallisation temperatures. Despite this, the top surface topographies of each polymeric 

composite were in good agreement with Virgin – PA12, and tensile testing confirmed that 

solid lubricant inclusion did not compromise the mechanical performance of parts 

produced. 
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An inverse trend between the modified friction and wear responses of each solid lubricant 

filled laser sintered polymeric composite was discerned. More specifically, PTFE – PA12 

experienced the most wear, despite sliding with the least resistance, whereas             

Graphite – PA12 and MoS2 – PA12 resulted in the smallest specific wear rates, even though 

they incurred the most friction during testing. Wear resistance was also found to be 

correlated with the strengths and stiffness’ of parts produced. Ultimately, it was 

demonstrated that the individual additions of PTFE and MoS2 (in 1 : 100 mass ratios) 

reduced the friction and wear properties of laser sintered PA12 components by as much as 

50.1% and 78.4%, respectively. 

 

This work realised the possibility of creating specific powdered-material compositions 

that once laser sintered exhibit modified friction and wear responses. Consequently, it 

highlighted the potential to develop tailored LS materials optimised for specific sliding 

applications. 
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Chapter 10  

Conclusions and Further Work 
 

 

 

 

Chapter Summary 

This chapter discusses how the aim of this project was achieved by summarising the key 

conclusions attained from each of the experimental studies that comprised this thesis. 

Additionally, the scope for further work is highlighted, and several areas of potential 

future research are outlined. 
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10.1 Conclusions 

 

This work investigated the surface, friction and wear properties of laser sintered     

Polyamide-12 components. Upon comprehensively reviewing related literature in   

Chapter 3, it was discerned that this thesis should focus on: 

 

- Further characterising laser sintered PA12 surfaces, with a particular focus on 

identifying any recurring surface features that may affect their sliding behaviours. 

- Investigating the friction and wear behaviours of laser sintered PA12 components 

during both transient and steady-state wear regimes, including the effects of different 

surface orientations and varying operating conditions. 

- Exploring whether the COF and / or wear rate of laser sintered PA12 surfaces can be 

reduced by including solid lubricant fillers within PA12 powders prior to LS. 

 

Specific programs of work were executed so that each of these research themes could be 

studied in detail, enabling a comprehensive understanding of the following surface and 

sliding phenomena: 

 

Surfaces 

 

Chapter 5 comprised of work that comprehensively characterised the surfaces of different 

laser sintered 50/50 – PA12 components. Results showed that their top and bottom 

surfaces comprised of similar surface heights but different surface symmetries, as 

characterised by Sq and Ssk, respectively. The latter was attributed to finish layer 

deposition, specifically the mechanism of finish layer powder particle adhesion, which 

was subsequently demonstrated to be the reason why laser sintered polymer top surfaces 

tend to be asperity peak dominated.  

 

Additionally, a Design of Experiments (DoE) was performed in Chapter 6 to understand 

the relationship between applied laser parameters and resultant top surface Sq and Ssk 
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roughness responses. Ultimately, employing optimised laser parameters and building 

without finish layers was found to reduce the top surface heights of 50/50 – PA12 

components by as much as 56% compared to those built conventionally.  

 

Friction and Wear  

 

Chapter 7 evaluated the extent by which the previously identified anisotropies in surface 

Skewness influenced transient sliding. It was discerned that laser sintered 50/50 – PA12 

top surfaces exhibited notably heightened friction responses during running-in, which was 

attributed to augmented peak fracturing and / or yielding, as also confirmed by scratch 

testing analysis. Correspondingly, top surfaces were subject to greater magnitudes of 

wear than bottom surfaces during initial sliding, with resultant volume loss 

measurements being in good agreement with Ratner-Lancaster approximations.  

 

Chapter 8 investigated how the sliding behaviours of laser sintered PA12 components 

were affected by varying operating conditions, specifically normal load, sliding speed and 

contact configuration. Accordingly, a DoE was performed, which enabled both statistically 

significant effects and pertinent sliding phenomena to be identified. Analysis of the former 

elucidated that friction force and wear rate were preponderantly influenced by applied 

normal load and contact configuration, respectively. Contact configuration, in particular, 

was ascertained to have intrinsically determined the dominant wear mechanisms and the 

extent by which frictional heat accumulated during sliding. Additionally, no transfer film 

formation was observed during any of the PA12 sliding tests performed throughout this 

thesis. 

 

Modifying tribological performance 

 

Chapter 9 explored the potential of including solid lubricants within virgin – PA12 powders 

(prior to processing via LS) as a means of modifying the friction and wear properties of 

parts produced. Each material evaluated was successfully processed, and the individual 

additions of PTFE and MoS2 led to reductions in coefficient of friction and specific wear 
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rate of up to 50% and 78%, respectively. Moreover, these reductions were achieved 

without compromising the mechanical properties of each laser sintered PA12 composite 

material. 

 

Ultimately, the work presented in this thesis comprehensively consolidated knowledge 

between polymer Laser Sintering and tribology for the first time, and in doing so, enabled 

new correlations between material, process and resultant surface and sliding phenomena 

to be established.  

 

10.2 Further Work 

 

Based on the insights gained from this thesis, the following areas of research have been 

identified as potential worthwhile avenues for further investigation: 

 

Application-Specific Analysis 

 

As outlined in Chapter 1, work presented in this thesis aimed to holistically investigate the 

friction and wear behaviours of polymer laser sintered components. To transition towards 

a more applied research direction, future work should focus on characterising     

application-specific interactions to explicitly determine the suitability of adopting               

different laser sintered polymer components for their intended end-use functions. This 

would be best achieved by collaborating with industry partners to identify the conditions 

in which they expect laser sintered polymer components to operate within, as well as to 

establish the validation criteria required for their implementation. 

 

Characterising Other LS Polymers 

 

As previously mentioned in Chapter 2, PA12 currently dominates the LS materials market. 

However, other compatible LS polymers are increasingly becoming more widely adopted 

due to their growing commercial availability. These include, but are not limited to, PEKK’s, 

PEEK’s, PP’s and various TPU’s. Therefore, further work should focus of characterising the 
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surface, friction and wear properties of parts produced from these LS polymers also. The 

results of which, may even promote their future adoption, particularly for sliding-related 

applications. 

 

Investigating the Tribological Performance of Parts Produced Via Other Powder Bed 

Fusion Processes 

 

As briefly discussed in Chapter 3, other well-established and industrially adopted 

polymer–PBF techniques include High Speed Sintering (HSS) and Multi Jet Fusion (MJF). 

These processes consolidate powdered-polymer materials by different methods to LS, 

though both utilise infrared radiation to fuse together ink-jetted regions of the powder 

bed. Several existing research works [95,220,221] demonstrated that the surface, friction 

and wear properties of parts produced via HSS and MJF differ to those characterised with 

this thesis. Therefore, dedicated programs of work should be designed and executed to 

additionally elucidate the surface and sliding properties pertinent to both HSS and MJF. 

 

Further Exploring Additive Inclusion as a Means of Modifying the Friction and Wear 

Properties of Laser Sintered Polymer Components 

 

The work presented in Chapter 9 demonstrated the potential to modify the friction and 

wear properties of laser sintered polymer components by incorporating functional 

additives within their feedstock powders prior to processing. Based on this research, 

future studies should investigate the effects of including the previously analysed solid 

lubricants (PTFE, Graphite and MoS2), as well as other filler materials, in different loading 

ratios. Additionally, the tribological properties of parts produced should be characterised 

over a greater range of operating conditions than those performed in Chapter 9, and their 

LS processing parameters should be optimised to mitigate component curl.  
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Appendices 

 

 

 

A. Additive Manufacturing Technologies 

 

The figures presented within this appendix outline the general build processes intrinsic to 

each of the seven primary categories of AM technologies, as define by ASTM International 

[11].  

 

 

Binder Jetting 

Figure A.1 – An overview of the Binder Jetting AM build process. 
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Directed Energy Deposition 

Figure A.2 – An overview of the Directed Energy Deposition AM build process in both (a) wire and 

(b) powder configurations. 

 

 

 

 

Material Extrusion 

Figure A.3 – An overview of the Material Extrusion AM build process. 
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Material Jetting 

Figure A.4 – An overview of the Material Jetting AM build process. 

 

 

 

Sheet Lamination 

Figure A.5 – An overview of the Sheet Lamination AM build process. 
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Vat Photopolymerisation 

Figure A.6 – An overview of the Vat Photopolymerisation AM build process. 

 

 

 

 

 

 

B. Transient Sliding Microscopy Scan Images 

 

This appendix includes scan images of the pin and disk top and bottom surfaces captured 

during 10N and 20N sliding tests performed in work presented in Chapter 7. 
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10N Top Surface Sliding 

 

 

Figure B.1 – Resultant pin and disk top surfaces at each interval during 10N sliding. 
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10N Bottom Surface Sliding 

 

 

Figure B.2 – Resultant pin and disk bottom surfaces at each interval during 10N sliding. 
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20N Top Surface Sliding 

 

 

Figure B.3 – Resultant pin and disk top surfaces at each interval during 20N sliding. 

 



 272 

20N Bottom Surface Sliding 

 

 

Figure B.4 – Resultant pin and disk bottom surfaces at each interval during 20N sliding. 
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C. Auxiliary Friction and Wear Results 

 

This appendix includes the individual friction and wear responses recorded when 

conducting each repeat sliding test as part of work carried out in Chapter 8. 

 

C.1 Friction Results 

 

Metal Pin on Polymer Disk Sliding 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 274 

3N – 0.05ms-1   /   Low Load – Low Speed 

 

(a) 

 

(b) 

 
 

 

 

 
 

 

 

 

Figure C.1 – The individual (a) COF and (b) friction force responses recorded during each metal 

pin on polymer disk, 3N – 0.05ms-1 (low load / low speed) sliding test. 
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3N – 0.5ms-1   /   Low Load – High Speed 

 

(a) 

 

(b) 

 
 

 

 

 
 

 

 

 

Figure C.2 – The individual (a) COF and (b) friction force responses recorded during each metal 

pin on polymer disk, 3N – 0.5ms-1 (low load / high speed) sliding test. 
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30N – 0.05ms-1   /   High Load – Low Speed 

 

(a) 

 

(b) 

 
 

 

 

 
 

 

 

 

Figure C.3 – The individual (a) COF and (b) friction force responses recorded during each metal 

pin on polymer disk, 30N – 0.05ms-1 (high load / low speed) sliding test. 
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30N – 0.5ms-1   /   High Load – High Speed 

 

(a) 

 

(b) 

 
 

 

 

 
 

 

 

 

Figure C.4 – The individual (a) COF and (b) friction force responses recorded during each metal 

pin on polymer disk, 30N – 0.5ms-1 (high load / high speed) sliding test. 
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Polymer Pin on Metal Disk Sliding 

 

3N – 0.05ms-1   /   Low Load – Low Speed 

 

(a) 

 

(b) 

 
 

 

 

 
 

 

 

 

Figure C.5 – The individual (a) COF and (b) friction force responses recorded during each 

polymer pin on metal disk, 3N – 0.05ms-1 (low load / low speed) sliding test. 
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3N – 0.5ms-1   /   Low Load – High Speed 

 

(a) 

 

(b) 

 
 

 

 

 
 

 

 

 

Figure C.6 – The individual (a) COF and (b) friction force responses recorded during each 

polymer pin on metal disk, 3N – 0.5ms-1 (low load / high speed) sliding test. 
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30N – 0.05ms-1   /   High Load – Low Speed 

 

(a) 

 

(b) 

 
 

 

 

 
 

 

 

 

Figure C.7 – The individual (a) COF and (b) friction force responses recorded during each 

polymer pin on metal disk, 30N – 0.05ms-1 (high load / low speed) sliding test. 
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30N – 0.5ms-1   /   High Load – High Speed 

 

(a) 

 

(b) 

 
 

 

 

 
 

 

 

 

Figure C.8 – The individual (a) COF and (b) friction force responses recorded during each 

polymer pin on metal disk, 30N – 0.5ms-1 (high load / high speed) sliding test. 
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C.2 Wear Results 

 

Metal Pin on Polymer Disk Sliding 

  

3N – 0.05ms-1   /   Low Load – Low Speed 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure C.9 – Microscopy images captured after the second repeat 3N – 0.05ms-1 (low load / low 

speed) sliding test. These include wear scars obtained by SEM at (a) north and (b) east locations, 

as well as FV microscopy images captured at (c) west and (d) south locations. The orientation of 

each arrow denotes the instantaneous direction of rotation of each disk region relative to the 

metal pin. 
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3N – 0.5ms-1   /   Low Load – High Speed 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure C.10 – Microscopy images captured after the second repeat 3N – 0.5ms-1 (low load / high 

speed) sliding test. These include wear scars obtained by SEM at (a) north and (b) east locations, 

as well as FV microscopy images captured at (c) west and (d) south locations. The orientation of 

each arrow denotes the instantaneous direction of rotation of each disk region relative to the 

metal pin. 
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30N – 0.05ms-1   /   High Load – Low Speed 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure C.11 – Microscopy images captured after the second repeat 30N – 0.05ms-1 (high load / low 

speed) sliding test. These include wear scars obtained by SEM at (a) north and (b) east locations, 

as well as FV microscopy images captured at (c) west and (d) south locations. The orientation of 

each arrow denotes the instantaneous direction of rotation of each disk region relative to the 

metal pin. 
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30N – 0.5ms-1   /   High Load – High Speed 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure C.12 – Microscopy images captured after the second repeat 30N – 0.5ms-1 (high load / high 

speed) sliding test. These include wear scars obtained by SEM at (a) north and (b) east locations, 

as well as FV microscopy images captured at (c) west and (d) south locations. The orientation of 

each arrow denotes the instantaneous direction of rotation of each disk region relative to the 

metal pin. 
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Polymer Pin on Metal Disk Sliding 

  

3N – 0.05ms-1   /   Low Load – Low Speed 

 

(a) 

 
 

 

(b) 

 
 

 

Figure C.13 – SEM scan images of (a) polymer pin worn surfaces and (b) metal disk samples (east 

location) captured after 3N – 0.05ms-1 (low load / low speed) sliding, specifically from tests 1 and 3. 
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3N – 0.5ms-1   /   Low Load – High Speed 

 

(a) 

 
 

 

(b) 

 

 

 

 

 

Figure C.14 – SEM scan images of (a) polymer pin worn surfaces and (b) metal disk samples (east 

location) captured after 3N – 0.5ms-1 (low load / high speed) sliding, specifically from tests 1 and 3. 

Each circled region highlights a region in which clusters of asperity peaks can be seen. 
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30N – 0.05ms-1   /   High Load – Low Speed 

 

(a) 

 
 

 

(b) 

 

 

 

 

Figure C.15 – SEM scan images of (a) polymer pin worn surfaces and (b) metal disk samples (east 

location) captured after 30N – 0.05ms-1 (high load / low speed) sliding, specifically from tests 1 and 

3. 
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30N – 0.5ms-1   /   High Load – High Speed 

 

(a) 

 
 

 

(b) 

 
 

 

Figure C.16 – SEM scan images of (a) polymer pin worn surfaces and (b) metal disk samples (east 

location) captured after 30N – 0.5ms-1 (high load / high speed) sliding, specifically from tests 1 and 

3. 
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D. Auxiliary SEM Filler Inclusion Analysis 

 

This appendix includes SEM micrographs of virgin – PA12 powders containing PTFE (from 

the same batch used in Chapter 9) in mass loadings of 1 : 50 and 1 : 25 (solid lubricant : 

PA12).  

 

Accordingly, the proportionality between PTFE presence and its inclusion ratio, as shown 

in Table D.1, reaffirms that the particles highlighted in Figure 9.2 correspond with the 

addition of each solid lubricant evaluated within Chapter 9. 
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Table D.1 
SEM images of virgin – PA12 powders containing PTFE (from the same batch used in Chapter 9) in 

increased mass loadings of 1 : 50 and 1 : 25 (solid lubricant : PA12). With increasing mass loading 

ratios, greater amounts of PTFE, as indicated by white speckles or flecks (approximately 3µm in 

diameter), can be seen to be dispersed within each corresponding x600 and x1800 scan image. 

 

 

Material 

configuration 

(including mass 

loading ratio) 
 

Magnification 

x600 x1800 

 

Virgin – PA12 

 

 

 
 

Virgin – PA12 

+ PTFE  

(1 : 50) 

  
 

Virgin – PA12 

+ PTFE  

(1 : 25) 
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