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Abstract 

Additive Manufacturing (AM) describes a powerful set of techniques which have the 

potential to become a reliable method for the manufacture of complex and accurate parts. 

Laser Sintering (LS) is one of the most promising AM techniques, capable of 

manufacturing 3-dimensional (3D) products from polymer powders. However, some key 

challenges still limit their widespread applications. The most common key challenges, 

specifically for the Laser Sintering AM process are limited availability of different 

materials, inconsistent or poor mechanical properties and surface quality, each of which 

is currently still restricting the functions of the end-use parts. 

In some cases, nanoclay reinforcement of polymers has been shown to provide 

performance benefits, improving part quality, and offering new applications. However, 

the dispersion of those nano-sized materials still remains a critical issue for the 

preparation of Laser Sintering nanocomposites. A novel method of using plasma 

treatment to tackle these challenges was developed in this study. Plasma treatment was 

used to increase the surface area of nanoclay particles and with the expectation of 

simultaneous surface functionalisation aiming for increased homogeneity after dry 

mixing of polymer and nanoclay powders. SEM images of treated composite powders 

confirmed this expectation as the plasma treatment reduce agglomerations and improved 

nanoclay dispersion in the powders. 

To consolidate these powders into parts a novel methodology, i.e. Downward Heat 

Sintering (DHS) method was initially used as a powerful replication method for the Laser 

Sintering technique. DHS process was employed with a hot press to process small 

quantities of PA12 and dry mixed composite powders into tensile test specimens after 

optimisation attempts based on differential scanning calorimetry (DSC) and hot-stage 

microscopy (HSM). SEM images of the heat sintered specimens showed clearly the 

plasma treatment prevented the aggregation of the nanoclay resulting in an improved 

elastic modulus of treated composite compared with neat PA12 and untreated composites. 

Moreover, the reduction in elongation at break for the treated composite was less 

pronounced than untreated composite.  

Further work resulted in successfully LS parts with different complex and accurate 

shapes. No significant deterioration in LS processibility was observed and complex LS 

parts could be produced when including the plasma treated nanoclay. SEM images of the 
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cross-sections of the fabricated parts that the layer by layer structure were successfully 

consolidated and relatively uniform. In addition, the introduction of the plasma treated 

nanoclay was found to improve the elastic modulus of the LS composite parts. Most 

notably however, a substantially improved surface quality in partôs appearance and 

microstructure was found as a result of incorporating plasma treated nanoclay compared 

to the nontreated nanoclay. 

PA12 exposed to Low Pressure Air Plasma Treatment showed an increase in wettability, 

was relatively porous, and possessed a higher density, which resulted from surface 

functionalisation and materials removal during the plasma exposure. However, it showed 

poor melt behaviour under heating conditions typical for Laser Sintering. In contrast, brief 

Plasma Jet treatments demonstrated similar changes in porosity, but crucially, retained 

the favourable melt characteristics of PA12 powder. 

To summarise, this is a unique study on the use of plasma treatment and polymer/polymer 

nanocomposites in LS applications, demonstrating for the first time that plasma treatment 

has the potential to provide crucial performance benefits for laser sintered 

nanocomposites.  
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Chapter 1: Introduction  

 Background 

Laser Sintering (LS) is a well-known Additive Manufacturing process, capable of 

producing highly complex geometries with little or no cost penalty. The demand for 

materials that can be used efficiently in Laser Sintering applications have raised interest 

in polymer-matrix nanocomposites. LS has emerged as a promising technology in a large 

number of applications because it has achieved the production of highest precision and 

accuracy on 3D complex products [1], [2]. Polymer matrices have desirable properties, in 

these applications, such as light weight, and low cost, [3], but their mechanical properties 

are limited compared to metals. Moreover, limited selection of polymers, component 

surface quality and performance consistency may also limit the LS applications [4]ï[6]. 

For expanding the LS applications or to enhance the existing properties of the LS 

materials, researchers have focused on changing the LS parameters and investigating new 

materials, or a combination of these options [4], [5], [7]ï[11]. Whereas surface 

modification based on plasma treatment has not been considered for LS applications. 

Plasma treatment can be used efficiently to modify either polymer matrices or filler 

materials for LS nanocomposites. For example, polymer surfaces can be modified to alter 

their surface properties for example adhesion, wettability and biocompatibility [12]ï[14]. 

However, plasma treatment to date has been mostly used to modify solid materials and 

thin films, whereas powders remain much less explored. Polymer powders can be 

modified as well as solids and similar results to that of solids can also be obtained such 

as adhesion and wettability. However, polymers, particularly powders, are sensitive to 

rising temperature (as expected during plasma treatment) and respond quickly to the 

plasma action, therefore using the right plasma technique and parameters is essential to 

ensure the desired modification. Therefore, two plasma treatment techniques were 
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explored in the current study: low pressure plasma treatment and atmospheric pressure 

plasma jets. The most suitable plasma treatment source, parameters, conditions, process 

gases could vary the intended application of the LS products. For example, plasma 

treatment could produce materials for applications require high porosity, or wettability 

properties. It was suggested, as a result, the production of LS components from plasma 

treated powders could be the next generation of materials and applications produced by a 

combination of two different technologies: plasma treatment and LS. 

Another unexplored application of plasma treatment is the surface modification of the 

nanomaterials, and more specifically nanoclays. Nanoclays are frequently used as a 

reinforcement, to enhance the thermo-mechanical properties of polymers [15]. However, 

the incompatibility between the organic polymers and mineral clays can restrict the 

strength of reinforcement. Hence, organic modifiers are commonly used to render 

nanoclay miscible with polymer [16]. To a certain extent, organo-treated nanoclays have 

increased the mechanical properties of polymers in the conventional manufacturing 

methods such as melt compounding [17]. However, when laser sintering was used, weak 

interaction between clays and matrices and the agglomeration of clay has reduced the 

strength and the elongation at break especially when mechanical mixing is employed [18]. 

Therefore, plasma treatment could have the potential to reduce the nanoclay 

agglomeration and enhance its dispersion polymer matrix. The plasma treatment of 

nanoclay has not been widely used [19], [20]; moreover, studies on using plasma 

treatment to prepare polymers nanocomposites are very rare [21], [22]. Thus, it is a crucial 

study to treat nanoclays using plasma treatment to increase the surface area of nanoclay 

particles and facilitate the dispersion of nanoclay in this LS technique.   
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 Aims and objectives 

The main aim of this study was to explore new areas of plasma treatment applications to 

enhance Laser Sintering polymer nanocomposites. This study, therefore, presents new 

methods to improve the dispersion of filler inside the LS polymer powder in one hand 

and to treat powders used for laser sintering in another hand. These aims are further 

explained in the next three points:   

(I) Plasma treatment of nanoclay for replication of the LS process 

The first part of section (I) aimed to investigate the feasibility of using plasma treated 

nanoclay to reinforce LS polymers with an expectation of reducing nanoclay 

agglomerations and enhancing properties. The current approach has been started initially 

with Cloisite 30B nanoclay as a filler and polyamide 12 as a matrix for this part of study. 

In order to save time and cost through using the minimum amount of powder, a new 

simple casting method to mirror the idea of LS technique was suggested for initial trials. 

Thus, the second aim of this section was to replicate the laser sintering process; work will 

be presented on the development of a Downward Heat Sintering (DHS) process, carried 

out in a hot press, to fabricate tensile test specimens from the composite powders (plasma 

treated and untreated nanoclays). This section is the topic of Chapter 4: 

Nanoclay/Polymer Composite Powders for use in Laser Sintering Applications: Effects 

of Nanoclay Plasma Treatment 

 (II) Plasma treatment of nanoclay for LS applications 

Exploring new fields of plasma treatment in polymer nanocomposites continues in this 

section, but using the LS technique. This part of the thesis exploits the potential of plasma 

treatment to address the poor dispersion of the nanoclay into the LS polymer matrix. This 

novel method, therefore, aims to overcome the LS challenges: lower properties, 

performance consistency, and surface quality, which is caused by the limited selection of 
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LS materials or by the poor interaction between the nanoclay and the polymer. The 

composite materials of PA12 and nanoclay (Nanomer I.34TCN) were prepared for Laser 

Sintering method follow the heat sintering process described in previous section. This 

section is the topic of Chapter 5: Novel Plasma Treatment for Preparation of Laser 

Sintered Nanocomposite Parts 

 (III) Plasma treatment for surface modification of LS polymer powders 

This chapter is part of a series of works linking plasma treatment and its advantages on 

laser sintering materials. However, standard LS polymer powder was modified, here, 

using three different plasma treatment techniques for applications which require high 

hydrophilicity. This is a comparable study suggested these techniques to ensure the 

advantages of plasma treatment are fully exploited. This part of the study also benefited 

from the advantages of DHS as a casting method to mirror the technology of laser 

sintering on smaller PA12 powder quantities. This section is the topic Chapter 6: Surface 

Modification of the Laser Sintering Standard Powder Polyamide 12 by Plasma 

Treatments. 

 Thesis structure  

This is an alternative format thesis (approved by the supervisors and Faculty of 

Engineering in University of Sheffield) contains chapters (Chapter 4 and 6) were 

published in peer-reviewed journals or submitted (Chapter 5) as stated in thesis structure 

shown below: 

 Thesis chapters: 

Chapter 1: Introduction  

Chapter 3: Literature Review 

Chapter 2: Background and Experimental Works 

Chapter 4: Published Paper 
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Nanoclay/Polymer Composite Powders for use in Laser Sintering Applications: Effects 

of Nanoclay Plasma Treatment 

This chapter was published in: 

¶ JOM, Volume 69, Issue 11, pp 2278ï2285, (2017);  

¶ Alaa Almansooria, b, Candice Majewskic, and Cornelia Rodenburga 

a Department of Material Science and Engineering, University of Sheffield, UK 

b Southern Technical University, Basra, Iraq 

c Department of Mechanical Engineering, University of Sheffield, UK 

DOI:  doi.org/10.1007/s11837-017-2408-5 

Chapter 5: Submitted Paper 

Novel Plasma Treatment for Preparation of Laser Sintered Nanocomposite parts 

This chapter is submitted to: 

Additive Manufacturing Journal (Elsevier) 

Alaa Almansooria, b, Kerry J Abramsa, Ammar D. Ghali Al-Rubayec,d Candice Majewskic, and 

Cornelia Rodenburga 

a Department of Material Science and Engineering, University of Sheffield, UK 

b Southern Technical University, Basra, Iraq 

c Department of Mechanical Engineering, University of Sheffield, UK 

dCollege of Engineering, University of Wasit, Wasit, Iraq 

Chapter 6: Published Paper 

Surface Modification of the Laser Sintering Standard Powder Polyamide 12 by Plasma 

Treatments 

This chapter was published in: 

Plasma Processes and Polymers (PPaP), Volume 15, Issue 7, 20180032, (2018) 

Alaa Almansooria, b, Robert Mastersa, Kerry Abramsa, Jan Schäferc, Torsten Gerlingc, 

Candice Majewskid, and Cornelia Rodenburga 

a Department of Material Science and Engineering, University of Sheffield, UK 

b Southern Technical University, Basra, Iraq 

c Leibniz Institute for Plasma Science and Technology, Felix-Hausdorff-Straße 2, 

17489 Greifswald, Germany 

d Department of Mechanical Engineering, University of Sheffield, UK 

DOI:  doi.org/10.1002/ppap.201800032 

 

https://link.springer.com/journal/11837/69/11/page/1
http://doi.org/10.1007/s11837-017-2408-5
https://link.springer.com/journal/11837/69/11/page/1
https://doi.org/10.1002/ppap.201800032
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Chapter 7: Conclusions and Future Work 

 Published and submitted papers 

For all published chapters, the submitted manuscript text has been amended by comments 

and suggestions by the journal's reviewers and by comments of the examiners of the 

thesis. Supplementary information has been incorportated into the chapter, and figure and 

table listing adopted for continuity of the thesis. The text is therefore only approximately 

identical to the journal manuscript. 

I was the lead author of these papers and I carried out the majority of the work within, 

including powder and bulk samples preparation, fabrication of laser sintered parts, 

materials characterisation (XRD, FTIR, DSC, TGA, and HSM), and imaging using Nova 

SEM and all tensile tests and density measurements. I performed all the analyses of the 

tests and experiments. I developed a method to investigate the polymer powder wettability 

and also developed the DHS method to replicate the LS process.  

Plasma treatment used in Chapter 4, and Chapter 5 is only the Low Pressure Plasma 

Treatment LP-PT (Plasma Cleaner Zepto from Diener Electronic). Therefore, in these 

chapters plasma treated and untreated were used. 

In Chapter 6, three different plasma treatment techniques were used, therefore I used the 

abbreviation LP-PT to differentiate between the Low Pressure Air Plasma Treatment and 

the other plasma treatment techniques, i.e.: KinPen plasma jet (K-APJ) and Hairline 

plasma jet (H-APJ). 

Articles: doi.org/10.1007/s11837-017-2408-5 and doi.org/10.1002/ppap.201800032, 

in their entirety, including all figures and tables, are reproduced here under a CC-BY 4.0 

license: http://creativecommons.org/licenses/by/4.0. 
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Chapter 2: Literature Review 

 Background 

Three main aspects covered in this chapter are: polymer nanocomposites, laser sintering, 

and plasma treatments. The first section focuses mainly on nanoclay/polymer composites 

discussing the nanoclay dispersion benefits, challenges and its influence on polymer 

matrix properties. Then, laser sintering is the second main part of this chapter, and will 

outline the laser sintering process, materials, advantages and challenges. Previous studies, 

made to widen the range of materials for laser sintering, are reviewed in this section. The 

final part of this chapter deals with the plasma treatments of polymers and nanomaterials, 

particularly focusing on laser sintering materials. A summary of the previous literature is 

given at the end of this chapter to emphasise the importance and novelty of the current 

study. 

 Nanocomposites        

Nanocomposites are multiphase materials fabricated from two or more materials at least 

one material has one or more nanoscale dimensions (less than 100 nm). They are highly 

heterogeneous mixture of organic and nonorganic materials; therefore, they can exhibit 

significantly improved properties such as mechanical, optical, thermal, barrier and 

flammability properties [1]ï[8]. These studies are only few examples of research and 

review articles which are continuously published every year in the literature. 

Nanocomposites major materials named as matrix, reinforced with nano-sized materials 

at different loadings which vary from 3% or less to 30% or more. The most frequently 

used nanocomposite systems are: Metal Matrix Nanocomposites; Ceramic Matrix 

Nanocomposites and Polymer Matrix Nanocomposites [9], [10]. Even though, ceramic 

and metal nanocomposites have been manufactured commercially for different 

applications [11]ï[13], polymer nanocomposites have also emerged as an essential 
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material and a substitute material to these expensive materials in an endless list of 

applications [8]. Some examples of the polymer nanocomposites are listed in Table 2-1. 

For example, using of light-weight polymer nanocomposites in automotive applications 

have the potential to reduce fuel consumption and emissions. Also, design of polymer 

composites is more flexible and ease to produce in different colours and shapes.  Here, 

we only focus on polymer nanocomposites used for laser sintering applications.  

Table 2-1 Polymer Nanocomposites Applications 

Fillers Properties Synthesis and fabrication Applications References 

Carbon Nanotube 

sponges 

Mechanical 

properties 
Infiltration-Curing process Aerospace [1] 

Carbon Nanotube Conductivity Spin-coating 
Solar energy 

applications 
[4] 

Nanoclay 
Mechanical 

Properties 
3D Bio-printing Biomedical [14] 

Montmorillonite 
Permeability 

properties 

in situ emulsion 

polymerization 

Coating 

Applications 
[15] 

Nanoclay Flame retardancy Solution-participation Flame retardants [16] 

TiO2 
Mechanical 

Properties 

Suspension and bulk 

polymerization free-

radical techniques 

Dental composites 

and bone cements 
[17] 

Gold nanoparticles 
Electrochemical 

activity 

Chemically synthesized 

gold polypyrrole. 
Biosensor [18] 

 Polymer nanocomposites  

Polymers as matrices have preferential properties in industry such as low melting 

temperature, light weight, and ease of manufacturing [19], and thus, polymers, now, have 

an important role in a wide variety of applications in transportation, medical and 

communications. However, polymers alone do not satisfy all the requirements of these 

applications because polymer in nature has low thermal and electricity conductivity, and 
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low strength and thermal stability.  An efficient way to improve polymer properties is by 

using nanofiller-reinforced polymer composites [20]. Despite the field of polymer 

nanocomposites progressing in the last few decades, the current preparation methods for 

making nanocomposites still need to be further developed to achieve enhancement in 

nanocomposite properties and cost saving. The major challenge to obtain the potential 

benefits of the polymer reinforcement is the dispersion of the fillers (e.g. carbon nanotube 

or clay) in a polymer matrix [5], [21], [22]. 

 Fillers  

 Introduction to nanofillers 

Nanofillers are a relatively new class of materials in which at least one nano-sized 

dimension which could bring significant physical and chemical changes for polymeric 

materials.  Nanofillers of various materials are categorised based on their functions, 

chemical nature, shape, orientation and so on. On the basis of their functionalities, 

nanofiller groups can be divided into, for example, conductive and nonconductive 

nanomaterials. In terms of their chemical nature, Nanofillers can also be classified into, 

organic and inorganic or natural and synthetic. These general classifications, in some 

cases, may not be very helpful because several classes of materials may fall into more 

than one of these classifications for example, nanocarbon tubes are organic and 

conductive. For most purposes, scientific name (e.g. multi-walled carbon nanotubes) or 

commercial name (e.g. Cloisite® 30B) of nanofillers are more acceptable. A wide range 

of nanofillers are used to reinforce polymers for different applications, but so far, a limited 

selection of reinforcing materials is only explored for LS applications. For these purposes, 

few types of inorganic layered silicates (nanoclays) [23]ï[25], organic nanofillers- carbon 

containing materials (carbon nanofiber-CNF, carbon nanotube-CNT and carbon black-

CB) [26], and metal oxides (nano-Al2O3 [27] or nano-silica [28]) have attracted much 
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interest than other nanofillers. Compared to the layered silicates, other reinforcements 

require additional preparation processes, for example, Melt mixing followed by grinding 

in a cryogenic milling process were used to prepare CNF composite [29].  Such these 

processes cause irregular powder morphology which is un-preferred for LS applications 

[30], [31]. Other studies have shown that CNT and CB composites, Salmoria  et al [32] 

and Athreya et al [33] respectively, can be prepared via mechanical mixing process, but 

fails to avoid nanofiller aggregation. A study by Zhang et al [27] has shown that a 

polystyrene (PS) coating of Nano-Al 2O3 by emulsion polymerisation for PS composites 

improved the nanofiller homogeneity, but it sacrificed the polymer binder. Similarly, 

nanosilica was coated with PA12 to reinforce PA12 using dissolution- precipitation 

process [28]. 

In summary, additional processes and extra materials are required to maintain the LS-

favourable near-spherical powder morphology and achieve homogeneous nanofiller 

dispersion [34]. However, a patented method was developed by Jiaming Bai et al [34], 

[35] has shown that CNT/PA12 nanocomposites can be produced with enhanced 

mechanical properties and without any change in PA12 powder morphology. High cost 

of CNT and its negative impact on health and environment could be a disincentive for 

some of their potential uses [29], [36], [37]. Compared to CNT, Nanoclays including 

montmorillonite, halloysite, kaolin, and bentonite are safe and exhibited no toxicity [38], 

whilst organomodified nanoclays have higher degree of toxicity as performed by 

Alixandra Wagner [39]. However, a full  examination of these materials at all stages of 

their life (manufacturing and end of their life stages) has not completed yet which is 

required to maintain their favourable properties for biomedical applications [39]. Notable 

results showed that the nanoclay byproducts have exhibited a loss in toxicity as a results 

of the degradation of the nanoclay organic modifier [39]. Therefore, any process like 
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plasma treatment could be useful for the bio-manufacturing if it causes a reduction in the 

organo-modifier of the nanoclays while maintaining favourable properties of nanoclay 

reinforcement properties. The preferential production of nanoclay composites is via 

mechanical mixing to maintain near-spherical powder morphology but the nanoclay 

particles aggregation is expected to occur which could weaken the mechanical properties 

of the LS parts [23]. Such as this process, however, is more favourable than any other 

process which could change the powder morphology such as the grinding of composite 

pellets causing irregular powder morphology. Generally, Nanoclays are available, much 

cheaper and environmentally friendly materials [40]ï[42]. Uncertain toxic organic 

modifiers need further works to understand the physical and chemical properties which 

could affect the potential toxicity [39]. Hence, we have exclusively focused on the layered 

silicates nanoclays which will be explained and discussed in detail in the next section. 

Another health and safety issues with the combination of nanomaterials (e.g. nanoclays) 

with the LS powder contained in the LS building chamber  

The large quantities of polymer nanocomposite powders contained in the LS building 

chamber during the LS process may raise the health and safety issues. However, up-to-

date, there is no previous study in this field has considered these issues. 

 Layered silicate clay 

Layered silicates are named for regular stacks of aluminosilicates layers constructed in 

two different arrangements: Kaolinites and phyllosilicates. Kaolin clays (also called 

China clay) have layered structure as one tetrahedral layer linked to one Octahedral layer 

[1(T):1(O)] with a chemical formula of (Al2Si2O5(OH)5). The Kaoliniteôs layers are 

tightly held together by hydrogen bonds, not expandable, and thus polymers are not able 

to intercalate between these minerals sheets. Therefore, these filling materials are used in 

materials, for which no intercalation is required but the appearance of the product is more 
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important such as ceramics, rubber, paints, and paper [43]. Whilst, phyllosilicates such as 

smectite and mica are built from 2:1 Tetrahedral-Octahedral structure. Micas, similar to 

Kaolinite, are not expandable but their interlayer bonding is relatively strong. In contrast, 

Smectite is the most appropriate group for intercalation process of polymers resulting 

from the interlayer weak van der Waals bonding and exchangeable ions [3]. Smectite 

mineral clays are either naturally occurring such as sodium montmorillonite (Na+ MMT), 

hectroite and saponite, or could be synthesised like laponite. Na+ MMT is still the most 

popular among the others due to its high surface area, high aspect ratio and availability. 

Figure 2-1 ill ustrates structural diagram for ideal layered silicate Montmorillonite clay 

[44]. Furthermore, it is possible to hydrate interlayer cations in aqueous solution leading 

to an increasing in the gallery and facilitate the intercalation process [19]. MMTôs 

particles with a platy structure are stuck together to form irregular macro to micron size 

powder agglomerations.  

A challenge with using Na+ MMT as filler is the weak dispersion of the hydrophilic Na+ 

MMT in a hydrophobic polymer. To make better intercalation between these materials, 

the nano Na+ MMT has been modified organically in order to convert it from hydrophilic 

clay to organophilic clay by adding surfactants. Surfactants with Quaternary Ammonium 

Salts reduce the surface energy of the clay and increase the interlayer space making it 

generally compatible with hydrophobic polymers [5]. Clays after modification are called 

as organomodified (nano) clays or organoclays, but commercially they are produced 

under manufacturerôs brands based on the chemical structure of the organic surfactant. 

For example, Southern Clay Products had produced several organo-nanoclays under the 

trade name CloisiteTM trade name (C), such as C15A, C20A and C30B. Nanocor® (wholly 

owned subsidiary of Minerals Technologies Inc.) has also produced nanoclays under 

Nanomer® trade name for instance, I.34TCN, I.24TL and I.30T. Studies have shown that 

http://www.mineralstech.com/
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the organomodified nanoclays (e.g. Cloisites) have enhanced barrier [6], electrical [45], 

thermal [45] and mechanical [46] properties higher than the polymer matrices and 

nonmodified MMT/polymer composites. Nanoclays (organic-modified) C30B and 

I.34TCN are the project filling materials. I have begun to use C30B to create 

nanocomposite for LS applications but, afterward, the supplier of this nanoclay does not 

exist anymore and C30B is no longer available. Therefore, C30B was used for the DHS 

method, while the I.34TCN for the LS only as will be discussed in Chapter Five.  

 

Figure 2-1 The ideal structural diagram of a montimorrilonite 

clay , reproduced with permission from [44] . 

 Nanoclay/polymer nanocomposites   

Nanoclays as filling materials have been proved remarkable reinforcement to polymers 

[6] which have been widely used commercially in different applications such as in 

automobile, air plane, and space parts because of the unique properties of the produced 
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parts compared to conventional macro and micro composites. Within the last decade 

many studies have been conducted in the nanocomposite field, but the first known work 

was presented by Toyota Research Centre in Japan in the early 1990s [47]. 

After that, Emmanuel P. Giannelis worked with his group in this area. Giannelis [48] 

reviewed and summarised their previous works on polymer layered silicates composites. 

They showed that polymer chains intercalate into the interlayer spaces (galleries) which 

resulted in an improved mechanical and thermal properties of polymer nanocomposites.  

They also found that, the quantity of the layered silicates fillers is far less compared to 

other fillers like mineral and glass-based fillers that is reduced the product overall weight. 

Finally, they reported commercial applications have already benefited from the light 

weight, enhanced properties, and low cost of using layered silicates nanocomposites, and 

more are still under development. 

Since that then, many researchers have widely studied the field of polymer nanocomposite 

worldwide. The new manufacturing processes, computerised techniques, practical 

characterisation laboratories have greatly helped researchers and developers to work in 

agile and supportive environment. Over the past two decades, the dispersion of the 

nanoclay in polymers has attracted intense interest from these researchers and it plays an 

important role in the development of the polymer nanocomposites. 

 Dispersion of nanoclays 

There are two possible structures for nanoclay dispersion into polymers matrices: 

Immiscible and miscible structures. When the morphology of nanocomposites is 

immiscible, the nanoclay layers are stacked together with very bad adhesion between 

nanocaly and polymers leading to a phase-separated structure. The miscible formation of 

nanocomposites has three possible structures: fully intercalated, fully exfoliated and 

partially intercalated partially exfoliated. Intercalated nanoclay has a constant interlayer 



17 

 

space and the polymer molecules are inserted into the interlayer space, while in exfoliated 

from the nanoclay does not have a constant gallery instead the nanoclay layers are well 

dispersed into polymer matrix. Also, partial exfoliation and partial intercalation can 

occur.  The four types of dispersion methods are shown in Figure 2-2. Using clay 

monolayers of nm-scale dimension as idealisation. Real clay layers, even for 

nanoparticles, will have multilayer thickness of 10s or 100s of nm. 

 

Figure 2-2 possible four types of dispersion of filler:  Micro-aggregated (phase 

separated), fully intercalated, fully exfoliated and partially intercalated-exfoliated 

structures. The ideal layer thickness and distance between layers are 1-2 nm. 

 Preparation methods 

Polymer nanocomposites are governed partially by the preparation processes; therefore, 

any development attempts start from the method of materials mixing.  

Mainly, four preparation methods were and are still used intensively to prepare polymer 

nanocomposites including: mixing in solvent, mixing in polymerization, mixing in 

melting, and mixing by mechanical means. 

Mixing in solvent; in this process, the polymer is dissolved in a solvent and the layered 

silicate clay is dispersed and exfoliated in the resultant solution. The polymer is 
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intercalated between layered silicates or the nanoclay layers were completely separated 

when the solvent is evaporated or precipitated. The compatibility between polymer and 

clay will control the resultant nanocomposite: intercalated or exfoliated [19].Water as 

solvent can be used with water soluble polymers [19]. However, potential toxicity of 

solvents is an important issue especially if organic solvent is used [49]. 

Mixing in polymerisation; this method, so called ñIn situ polymerizationò, was used to 

prepare polymer nanocomposites by Toyota Research group. This process, afterwards, is 

frequently used but with limitations such as the cost of environmental hazardous organic 

solvents. In situ polymerization, the layered silicates clay (modified or unmodified) is 

swollen in monomer solution and polymer intercalated into layer galleries. This process 

has been used to prepare either thermoset polymers for example Epoxy or thermoplastics 

like polyamide with modified or unmodified clay [19]. 

Mixing in melting ; the layered silicate clay and polymer are mixed together through a 

molten state without any solvent. Thermoplastic polymer is preferred to be used in this 

method to produce intercalated or exfoliated nanocomposites through injection moulding 

[50] or extruders [51]. To produce a well-dispersed exfoliated nanocomposite, adding a 

compabilizer is required [50], [51].  

Liquid mixing by mechanical means; in this process the polymer and filler are mixing 

in liquid state. High speed magnetic stir bars are used to create the vortex effect and 

leading to well-dispersed composites as demonstrated by S. Zainuddin and coworkers 

[52]. However, in this process air bubbles may be created and leadsto increase the micro-

voids inside the resultant composite which should be avoided in LS applications. 

Dry mixing by mechanical means, high speed dry mixer or stirrer followed by 

sonication is used to prepare LS nanocomposite materials. After the mechanical mixing, 
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powder morphology is not changed which raise the benefits of this process, the 

homogeneity of the nanoclay in polymer matrix using injection moulding [53] or LS [23] 

processes is a key issue.  

Although, there is not perfect method to prepare nanocomposite, the last method, dry 

mixing, is much easier and not needing solvents or additives and no extra lengthy 

processes. In addition, some solvents are not eco-friendly such as diethyl ether and 

petroleum ether [54]; therefore environmental issues should be considered for those 

solvents. Furthermore, the mechanical properties of the LS polymer composites prepared 

by solution method was lower than the unfilled polymer [55]. 

 Mechanical properties 

Enhancing the Mechanical properties of polymers is still a major challenge, although 

considerable research is being carried out every year since the first study was conducted 

by Toyota group in the early 1990s. Tensile test, flexural test, and hardness test have been 

used successfully to evaluate the improvement in mechanical properties, the tensile test 

is the most popular technique which has been used to evaluate the strength and stiffness 

of polymers nanocomposites. Polymer stiffness and strength are relatively low; therefore, 

adding nanofillers, most important nanoclays is a common option to improve these 

properties. However, the incorporation of nanoclays into polymers does not always 

increase the properties of the polymer matrix. The difference in polarity between 

polymers and nanoclays, preparation methods and nanoclay loading play an important 

role in improving the tensile test properties. For example, Byung-Wang Ju et al [46] 

proved that the mechanical and thermal properties of nanocomposites would be improved 

if the nanoclay was well dispersed into polymer matrix. They found that the use of 

organomodified Cloisite 30B and 25A in polymer nanocomposites exhibited better 

exfoliation than Na+ MMT. The results showed Young Modulus of Na+ MMT 
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nanocomposites was not increased compared to the pure polymer due to the poor 

dispersion of nanoclay in polymer matrix. Also, using more than 5% Cloisite 30B or 25A 

nanoclay led to the decrease the performance of nanocomposites because a lower degree 

of exfoliated clay was presented. Similar studies in literature have showed the 

reinforcement is discontinuous with higher loading percentage of fillers for instance 

nanoclay/epoxy nanocomposite [52] and carbon nanotube/epoxy nanocomposites [56]. 

 Theoretical modelling 

Theoretical studies using analytical models coupled with experimental methods could 

make a qualitative description to predict the overall stiffness of the polymer 

nanocomposites. Analytical models: Mori-Tanaka and Halpin-Tsai are the most widely 

used micromechanical methods. The difference between those models is geometrical and 

physical [57]. The physical difference between those models is: Mori-Tanaka is 

independent of the Poissionòs ratio and in Halpin-Tsai is independent of aspect ratio [57]. 

Based on geometry, Mori-Tanaka assumed the fiber and disc particles as ellipsoidal 

shape, while Halpin-Tsai assumed the disc as a rectangular and the fiber as a fiber [57]. 

Also, in literature, the disc could be assumed as a circular shape [58]. Thus, geometric 

and dispersion of filler are essential in these models. Due to the complexity of geometric, 

some assumptions are made in such studies. Some of these studies are assumed the 

distribution of fillers is well-exfoliation [57] or partially exfoliated and intercalation [3]. 

The orientation of particles is also important for Mori-Tanaka model; therefore, this 

model is divided into three approaches depending on the orientation of particles, i.e. 

oriented particles, 2D and 3D randomly distributed particles [59]. Parameters such as 

particle volume ratio, aspect ratio, and particle/polymer elastic modules are also recorded 

as important parameters for those approaches.  
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The use of Finite Element Methods with these models is limited especially for high aspect 

ratio plate-like particles [59]. Another limitation of using these models is the accuracy of 

elastic modulus (E) is necessary and this is difficult to achieve it [59]. 

 Manufacturing processes 

Polymer and polymer nanocomposites could be produced either by conventional or non-

conventional fabrication techniques. Conventional manufacturing technology includes 

extrusion and injection moulding are widely used in plastic industries to manufacture high 

volume products by injection into a mould or by extrusion pressure. Although these 

traditional processes are frequently used and gained industrial acceptance, dimensional 

accuracy of products does not meet all the manufacturing needs for high precision 

products [60]. Parts made from thermoplastic polymers such as nylon, polypropylene and 

polystyrene are the most commonly produced using this technology. Temperature and 

pressure are required in the fabrication process; therefore a thermal degradation is 

expected in produced materials. On the other hand, additive manufacturing processes 

have attracted increasing attention due to their promising potential for the direct part 

production of final 3D high-accuracy products using mould-less and pressure-less 

manufacturing process. Different types of additive manufacturing are currently available 

in the manufacturing market, but here we only focus on laser-based additive 

manufacturing techniques. This manufacturing technique uses high power laser to sinter 

polymeric powder in Laser Sintering (LS) machine or fuse (melt) metallic powder in a 

different machine named as Laser Melting (LM) [61]. Thus, the main focus of this thesis 

is Laser Sintering and its applications in polymers and polymer nanocomposites. 

 Laser Sintering (LS) 

Laser Sintering (LS), also known as a rapid prototyping, is a layer-by-layer manufacturing 

technique designed to produce high precise and more complex 3 dimensional (3D) 
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products. A computer aided design (CAD) model in a computer connected to the LS 

machine is used to simulate three dimensional shapes and then fabricate the designed 

objects from powdered materials using laser power. The possibility to produce parts in a 

high geometric complexity is the main advantage of using LS technique [62]. LS produces 

final or near-final objects without the need for post machining could reduce processing 

time and cost. However, a limited selection of materials and inconsistent mechanical 

properties are still challenges restricting the overall potential of LS [62]ï[65]. Porosity 

and surface quality could also affect the functions of the end-use parts [66], [67]. Pore 

formation is highly affected by the melt flow and thermal stability and is also influenced 

by the powder particle shape, distribution and processing parameters (laser power and 

scan speed) [64], [68], [69]. 

 Polymers nanocomposites by LS technique 

Matrix polymers ; Polyamides especially polyamide 12 (PA12) is the most frequently 

used polymer in LS. Benefits offer by PA12 are processability (easy to sinter), availability 

(relatively inexpensive) and successfully produced (large sintering window) [31]. It is 

important to include an example of my DSC-HSM results (Figure 2-3) here in this section 

to give general idea about the thermal properties of PA12 and further discussion are found 

in Chapter4-6. DSC results coupled with hot stage microscopy images in Figure 2-3, 

shows the melting, crystallization temperature and processing window of PA12: 185.5 

oC, 145.7 oC and 39.8 oC respectively. Thus, PA12 in LS has been insightful research 

rather than other materials. 

Attempts to use other polymers in LS are reported for example: polyethylene (PE) [70], 

poly (Ether-Ether-Keton) (PEEK) [63] and poly (Ether-Keton) (PEK) [71]. Despite this 

potential, the produced parts still do not meet the requirements in many applications. 
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Challenges such as porosity, surface quality, inconsistent mechanical properties and part 

shrinkage are still restricting the overall potential of LS [66], [67], [70], [71]. 

However, polymeric materials are capable to be reinforced by adding reinforcement 

materials such as nanoclay to improve their materials properties. 

 

 

Figure 2-3 DSC and HSM results of PA12 heating from 50 C to 250 C at rate of 

10 C/min. shows melting, crystallization and processing window temperatures. 

Nanofillers 

Nanoclays, are frequently used nanofillers in polymer nanocomposite applications, 

nanomaterials, offer significantly improved matrix polymer properties, such as strength, 

thermal and electrical conductivity. However, the dispersion of nanoclay still remains a 

challenge for the overall performance of laser sintering nanocomposites. Poor interaction 

between organic polymer matrices and inorganic nanoclays leads to a micro-aggregation 

phenomenon and is a problem for the mechanical properties [5]. 




































































































































































































































































