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Abstract 
 

The demand for high-performance solutions for rotational moulding (RM) of plastics is 

steadily increasing. However, the materials currently available are significantly limiting 

the feasibility and design of products that can be manufactured. There are substantial 

challenges for overcoming these limitations and finding new materials or composites that 

can enhance the performance of products and subsequently expand the field of 

application for rotational moulding. 

This research project focused on closing gaps in the existing knowledge of reinforced 

plastics in the RM industry, and on the development of a new composite that provides 

enhanced stiffness and impact strength, without forfeiting other properties. The 

characteristics of RM, typically using low-cost raw materials and equipment, often 

impede performance increases as they usually are accompanied by significantly increased 

material costs or machine adaptations. Therefore, investigations were focused on 

composites which are easy to manufacture and can be used on the majority of existing 

RM machines in the industry. Additional processing methods that introduce shear and 

pressure to the composite during initial blending were studied for their ability to enhance 

filler-matrix bonding compared to dry-blended composites. The biggest obstacle in this 

additional processing is achieving the correct post-preparation of the material. This is 

required to produce particles with proper melt and flow behaviour that is essential to 

produce an excellent end product. 

Natural nano-sized clay, halloysite nanotubes (HNT), was incorporated into three 

different polyethylenes (PE) to develop a composite based on an abundant and renewable 

resource. The addition of HNT led to an increase in Young’s modulus, flexural modulus 

and flexural strength, but a loss in impact strength of PE. Another approach was the 

utilisation of micron-sized and nano-sized synthetic reinforcements, such as ultra-thin 

glass fibres (UTGF) and carbon nanotubes (CNT), which have previously not been 

widely considered in the field of RM. The influence of aspect ratios of various 

reinforcement materials and the benefits of their higher values were investigated. The use 

of a compounded UTGF/HDPE masterbatch resulted in significantly increased impact 

strength and Young’s modulus, which were only accompanied by a small decrease in 

flexural modulus. Low weight fractions of CNT were able to enhance the overall 
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performance of HDPE (improved tensile, flexural and impact properties), making it a 

desirable candidate for further, industrial-scale manufacturing. A low-cost alternative 

which requires less processing, is glass fibre powder with an aspect ratio of 12:1; offering 

53% increased Young’s modulus compared to the pure matrix material. However, this 

glass fibre powder has reduced flexural and impact properties. 

Theoretical models were evaluated in terms of their accuracy and ability to predict 

Young’s modulus and tensile strength of the composites investigated in this research. 

Limitations of these observed models include assumptions of perfect fibre-matrix 

bonding, lack of defects, and the high influence of aspect ratio on the predicted values. 

The latter is the most substantial with very high aspect ratios as seen in UTGF and CNT, 

where models led to vastly overpredicted and impossible values.  

Considering the advances in performance of certain composites used in this research - 

especially with synthetic reinforcements - their cost-effectiveness and possible 

implementation in most existing industrial RM machines may be beneficial. These 

composites have the potential to expand the applications for RM products and give 

manufacturers a range of new material options without having to upgrade or adapt current 

RM machinery and technology. Additionally, such composites may allow for the 

manufacture of larger products with RM, without major design changes or the 

introduction of stiffening elements. 
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Chapter 1. INTRODUCTION 

 

Rotational Moulding (RM) is a plastic processing method utilised since the mid-20th 

century [1, 2]. Essential factors that promoted the use of RM are the relatively low cost 

of mould manufacturing compared to other polymer processing methods, minimal excess 

material, and the capability of producing complex and large hollow components. Typical 

applications are whitewater kayaks, large storage tanks, and playground equipment. 

Polyethylene (PE) is the dominant polymer used for RM, due to its excellent thermal 

stability, mechanical properties, and melt flow behaviour, compared to alternative 

thermoplastics [3]. The use of PE as an RM material combines a low-cost material with 

a low-cost processing method. As the stiffness of a part is a function of geometry and 

material, it is common practice in the RM industry to increase the wall thickness of 

components to compensate for unsuitable mechanical properties of the limited available 

materials. Increasing the wall thickness has adverse effects for the manufacturer, as more 

material is required, the production time is prolonged, and the overall manufacturing 

costs are thereby increased. The current limitations of polymers suitable for RM 

emphasise the need for new materials with enhanced mechanical properties that are 

practical for RM. 

There is extensive knowledge on reinforcing thermoplastics used in different polymer 

processing methods, such as injection moulding, compression moulding or extrusion, yet 

these all apply high rates of shear and pressure to improve the interfacial bonding between 

filler material and polymer [4, 5]. RM is a process almost free of shear and 

characteristically performed under atmospheric pressure, rendering this knowledge 

largely unhelpful for improving the mechanical properties of RM components [6]. 

Typical geometries for filler materials are fibres, plates and spheres. The use of filler 

materials can have adverse effects on the viscosity and flow behaviour of polymers, 

which are undesired in RM as they can lead to problems in the processability of the 

composite [7-9]. Therefore, only limited research and advances are available for PE 

composites with continuous or discontinuous reinforcement materials. 
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The principal objective of this research is the manufacturing of composite components 

via RM that present enhanced stiffness compared to the pure polymer and other 

commonly used materials in the industry. The main incentive is to find a material suitable 

to produce longer, wider and larger products, without having to change the main design 

of the product. Therefore, the focus of this study was to investigate various micron- and 

nano-sized, natural and synthetic, reinforcement materials for PE using RM that lead to 

desired performance enhancements without the need of expensive machine adaptations 

or major design changes.  

Available research often focuses on particular reinforcement materials, such as natural 

fibres. Frequently, the gain in specific mechanical properties, such as Young’s modulus 

or tensile strength, is accompanied by a severe loss in other important properties, 

particularly impact strength. A common problem is also a decreased melt flow and filler 

particle migration that result in poor surface quality of the final product. As common 

problems for natural fibres - such as thermal degradation, moisture content and typically 

low aspect ratios - are less present for synthetic fibres, this study is focusing mainly on 

the latter, including glass fibres, carbon fibres and multi-walled carbon nanotubes. 

For better process control as well as energy and material savings, accurate predictions of 

the mechanical properties are gaining interest. A big issue with the current knowledge 

base and its use in RM is the accuracy of available mathematical models for the prediction 

of mechanical properties of particulate reinforced polymer composites. Careful 

investigation of the models and their applicability for the present composites of this study 

is key for precise and valid predictions. 

 

Addressing the main project target and research gaps have been achieved through a 

succession of goals: 

Characterisation of matrix materials and process parameters for the present RM 

machine: Selecting the most suitable process parameters to achieve advantageous 

mechanical properties of the base polymers when rotationally moulded. The results were 

evaluated, and the best candidate as matrix material selected for further investigations. 
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Evaluation of suitable reinforcement materials for PE in RM: This task involved the 

investigation of various synthetic and natural reinforcement materials, their preparation 

for RM and the manufacturing of RM components with the resulting composites. 

Modification of the matrix material to facilitate better filler-matrix bonding were 

investigated. 

Analysis of different preparation methods for RM composites: Single-step mixing 

methods and multiple-step mixing methods were assessed in regards to their influence on 

the mechanical properties of the composites. The industry interest in the prepared 

composites and their preparation methods were evaluated. 

Mechanical characterisation of the composites: This was achieved by the 

characterisation of the rotationally moulded composites with tensile, flexural and impact 

tests. A vital assessment method for RM products is the drop-tower test, which examines 

the low-temperature impact resistance of the parts. 

Validation of mathematical models and their ability to predict the mechanical 

properties of RM composites: Applying different theoretical models to predict Young’s 

modulus and tensile strength for particulate reinforced PE composites and finding the 

most suitable candidate for the present composites. 

 

1.1 . THESIS ORGANISATION 

Chapter 1 briefly introduces the RM process, its characteristics, the research objectives 

of this project, as well as describes the thesis organisation. 

Chapter 2 presents an introduction to the RM process and gives an overview of available 

polymers and reinforcement materials. The advantages and drawbacks of the processing 

methods and the materials are discussed. Further, the mathematical models used to 

predict the mechanical properties of the composites are detailed. 

In Chapter 3 the materials and methods used to prepare the various composites for this 

research are detailed. Destructive and non-destructive testing equipment and procedures 

are described. 

Chapter 4 covers the evaluation of different types of PE as matrix material for the 

majority of the composites. The processability of the materials and their thermal and 
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mechanical properties are presented. This chapter details the decision making for the 

selection of the PE type serving as matrix material for most of the composites in this 

study. 

In Chapter 5, various types of glass fibres and their effect on the mechanical properties 

of HDPE are evaluated. The ability of MAPE to enhance the fibre-matrix bonding was 

presented and is presented in this section. The obtained data is compared to the data from 

various theoretical models. 

Chapter 6 explores the capability of carbon fibres and carbon nanotubes to enhance the 

mechanical properties of HDPE. A comparative analysis between the results of the 

mechanical tests and the mathematical models is presented. 

In Chapter 7, the effects of halloysite on the tensile, flexural and impact properties of 

three types of PE are introduced. Young’s modulus and tensile strength of the halloysite 

PE composites are checked with numerous mathematical models. 

Chapter 8 summarises the discoveries of the conducted research work and presents 

recommendations for future work in this field. 
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Chapter 2. LITERATURE REVIEW 

 

This chapter contains a survey of scholarly sources on rotational moulding (RM), mixing 

methods for plastics and composites, polymers used in RM, approaches to enhance the 

stiffness of plastics, reinforcement materials for plastics and theoretical models to predict 

the mechanical properties of reinforced polymer composites. 

 

2.1. PRINCIPLES OF ROTATIONAL MOULDING  

Historically, the first plastic to be used in RM was polyvinylchloride (PVC) during the 

1950s [1, 2]. RM is only a very small part of the world plastic industry, with 

approximately 2,500 companies using the process and approximately 0.7% of the world 

total plastic production volume [10]. In the statistics, New Zealand is part of Oceania, 

which in 2017 accounted for 0.3% of the global plastic production and approximately 3.2 

million tonnes or 1% of the global plastic consumption [11]. Although other 

thermoplastics, such as polycarbonate (PC), polyamide (PA) or acrylonitrile butadiene 

styrene (ABS) were developed for RM, polyethylene (PE) is by far the most dominant 

material used. This is due to its high versatility, presenting both good material properties 

and excellent processability at low costs. Initially, the RM process and machines were 

developed more empirically than scientifically, but in recent years the approach shifted 

to increasing development and application of mathematical and computational models of 

the process, material use and resulting material properties [3, 12].  

RM is considered to be a rather simple process compared to other plastic processes. The 

product range covers kayaks and other recreational boats, large storage tanks for water or 

chemicals, and playground equipment. A key feature of RM is that the process is typically 

performed at low speeds in bi-axial rotational movements and under atmospheric 

pressure. The result is a product which is almost free of residual stresses. While heating 

the outside of the mould, the polymer inside begins to melt and subsequently stick to the 

inside wall. The remaining polymer particles sinter together with the initial stuck layer 

on the mould and build up in thickness until all of the polymer is sintered together. Once 

the polymer is completely melted, cooling is undertaken whilst maintaining the rotational 
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movements of the mould. When the desired demoulding temperature is reached, the 

mould is opened, and the part removed. Figure 2.1 illustrates the four stages of material 

charging, heating, cooling and demoulding, which constitutes the RM process of plastics 

on the example of a bi-axial rotating machine [6]. 

 

Figure 2.1.  The four basic steps of rotational moulding [10] 

 

Stage 1 (a) - Loading or charging: The required amount of plastic (shot weight), which 

can be in powder, granular or liquid form, must be known before loading it into the hollow 

metal mould, as it determines among other things the wall thickness of the part. The 

amount of polymer can either be calculated using computer software or more traditionally 

by empirical evaluation. 

Stage 2 (b) - Heating: The mould is closed after the material is filled into it, and then 

rotates about two axes at relatively low speeds. Simple external heating sources are open 

flames or electrical heating elements. By the exposure to heat, the polymer melts, adheres 

to the internal mould surface and forms a uniform layer against it.  
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Stage 3 (c) - Cooling: The rotational movements are maintained during this step. Typical 

cooling mediums are air, water, or oil. Once all of the material solidifies, the product 

retains its desired shape. When the part is sufficiently rigid, the cooling is finished, and 

the machine movements stop. 

Stage 4 (d) - Unmoulding or demoulding: The cooled mould is taken out of the machine 

and opened. The finished product is removed from the mould, which is usually a 

straightforward process due to the polymer’s shrinkage, induced by the cooling and 

solidification, or by the application of mould release agents to the inside walls of the 

mould prior to charging it with the polymer. 

There are many different types of RM machines, but all have at least two moving axes. 

A simple form is the rock-and-roll machine, which rotates or rolls around one axis while 

moving longitudinally around the second axis (Figure 2.2). More advanced machines, 

which are used in high output manufacturing, include clamshell machines, vertical 

machines, shuttle machines, and fixed- or independent-arm machines [13]. 

 

Figure 2.2.  Schematic rock-and-roll machine [6]. 

 

Different from other plastic processing methods, RM is characterised as being a nearly 

atmospheric pressure process, which allows thin wall thicknesses for the moulds. As a 

result, RM moulds can be produced relatively inexpensively, in some cases even being 

produced from cost-effective sheet metal. Additionally, the very low pressure and the 

lack of shear stresses introduced leads to parts which are almost free of residual stresses. 
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Further advantages of RM include the ability to produce multi-layered and foamed parts, 

as well as parts with metal or plastic inserts. Finally, RM also benefits from excellent 

surface finishing, minimal waste or excess material, and the ability to heat the different 

sections of the tool with varying temperatures. This ability to heat variably is often critical 

for large parts or parts where the wall thickness varies in different regions. 

One of the main uses which RM excels at is that of producing large hollow parts with a 

high degree of complexity, parts which are difficult or impossible to manufacture with 

other polymer processing methods. With the correct process control and mould geometry, 

the wall thickness of such parts is quite uniform [14]. A significant drawback of RM is 

the circumstance of it being a slow process, with cycle times in the order of hours for 

very large products. This drawback makes RM unsuitable for extensive product runs. But 

it is ideal for short product runs, and huge and bulky parts such as water tanks, boats or 

playground equipment. 

Strengthening parts by design adaptions, such as ribs and gussets, are challenging to 

accomplish. The material selection for RM is very limited as the particle size has to be 

between 150 to 500 microns to achieve proper particle sintering, coalescence and flow 

behaviour[15]. In some cases, the polymer or composite may require grinding before use, 

which increases the labour and material costs.  

The particle size distribution within the polymer is essential for the product quality of 

RM products. Smaller particles can reduce cycle times and result in stronger parts, yet 

larger particles usually have lower material costs. The particle size distribution of 

polymers for RM has not been investigated in depth. Instead, it is more common within 

the industry to shift the maximum particle size of the polymer powders to change or 

control the final product quality[16]. 

Common defects for RM parts are voids or pinholes. These are small air pockets trapped 

within the polymer during the moulding stage. An important factor that contributes to the 

occurrence of voids is the distance between the solid polymer particles, or the air between 

them, before the heating and melting stage [17]. A way to minimize the possibilities for 

voids is the use of liquid polymers. Polymer resins are used for RM of plastics; however, 

they are more difficult to handle and store. Therefore, polymers in solid powder form are 

dominating the RM industry of plastics [18]. 
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2.2. MIXING METHODS 

Polymer mixing methods can generally be divided into “batch”, e.g. high-speed mixer 

and kneaders, and “continuous” mixers, e.g. twin-screw extruder. When the compound is 

used for RM, the composite requires additional strand cutting and grinding to achieve the 

desired particle size. 

Compounding is a process that mixes and disperses additives, fillers, reinforcement 

materials, foaming agents, processing aids or stabilizers into a melted polymer. This 

processing changes the physical, thermal, electrical or aesthetic characteristics of the 

polymer. The end product is called compound or composite. 

Dry-blending is the easiest method to mix two or more materials together. The involved 

materials are solid particles, pellets or powder, and do not change their state. The result 

is a dry mixture of solid particles, which subsequently can be charged into the processing 

machine, e.g. RM, to be melted and formed into a composite part. 

More complex and energy intensive is extrusion, which is detailed below. 

 

2.2.1 Extrusion 

Extruders are generally grouped into two types, single-screw extruder (SSE) and twin-

screw extruder (TSE). As the name of the latter implies, the machine uses two screws, 

unlike the SSE which only contains one screw to transport the material through the barrel. 

Below is a comparison between the two types of extruder which shows why a TSE was 

chosen to compound the composites in this research. 

 

Single-screw extruder 

SSE are the most commonly used extruders for thermoplastics as they are relatively low 

cost, have a good performance/cost ratio, and a high level of reliability. SSE can convey 

solid particulate effectively, in a way that gravity feeding, instead of force-feeding, is 

usually sufficient [19]. 

Limitations of SSE for compounding applications are the poor feeding of certain 

materials, poor “self-wiping” characteristics, and poor adaptability to new products 
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which might require screw or barrel changes. Despite these disadvantages, SSE still find 

considerable use as compounding machines. 

As Figure 2.3 displays, the screw of an SSE usually contains three sections: feeding 

section, compression/transition section, and metering section. Although the majority of 

SSE only have one flight, some screws are multiflighted, which means that they have 

more than one helical flight. The screw threads can be right-handed or left-handed when 

the screw rotates clockwise. Short segments of reverse flights are sometimes placed 

towards the middle/end of the screw, where already molten material is present, to provide 

additional mixing [20]. Other ways to improve blending is the use of different specifically 

designed mixing or shear zones of the screw. The screw is typically placed horizontally 

in a barrel that is designed to withstand pressures of approximately 2,000 bar. Typical 

screw diameters are 15 to 250 mm and output rates of up to 2,000 kg/h [21]. 

 

 

Figure 2.3.  Feedscrew nomenclature [20] 

 

SSE are most commonly used for thermoplastics (e.g. PS, PA, EVOH), the production of 

foils, pipes and plates, and foam extrusion (e.g. XPS).  

 

Twin-screw extruder 

The screws of a TSE can co-rotate, in which case the screws have helix angles in the 

same direction (either right-handed or left-handed), or counter-rotate, in which case the 

screws have opposite helix angles (Figure 2.4). The screws can be intermeshing, which 

means that the flight of one screw penetrates into the channel of the other, or non-
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intermeshing. For intermeshing TSE the screws can be fully or partially engaged. When 

fully engaged, the flight of one screw completely fills the channel of the other and the 

screws are "self-wiping” [22, 23]. 

 

 

Figure 2.4.  Three common types of twin-screw extruders: (a) Intermeshing co-rotating; 

(b) Intermeshing counter-rotating; (c) Non-intermeshing counter-rotating [23] 

 

In the case of counter-rotating fully intermeshing TSE, the channel of one screw is 

entirely blocked by the other, creating isolated channel segments. This positive 

displacement type of TSE, which has good plastification and high-pressure capability, 

sometimes uses conical screws to reduce the size of the isolated chamber space as it 

moves from the entrance to exit. This kind of extruder is comparative rarely used for 

compounding, only for Wood Plastic Composite (WPC) or natural fibre reinforced 

compounds [24]. 

Depending on the output range, the counter-rotating TSE are divided into two types: 

extruders with conical twin screws and extruders with parallel twin screws. The conical 

system offers higher screw torques, increased feeding volume, low shear stress, high melt 

pressure, and shorter overall length with similar output than parallel systems [25].  

With increasing output rates counter-rotating TSE with parallel twin screws are the 

preferred choice. Especially with larger screw diameters the parallel system offers less 
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labour-intensive and cheaper manufacture of screws and barrels, less wear on parts, and 

variable barrel and screw lengths[26]. 

For the processing of PVC counter-rotating TSE are used exclusively. The main reason 

for this is that these extruder types offer gentle heating and plasticising, degassing of 

volatile raw material constituents, pressure build-up without adverse effects on material 

transport and high output at low screw speeds [27]. 

Conical counter-rotating TSE used for PVC production typically have screw diameters 

between 38 to 72 mm, and outputs from 20 kg/h to 500 kg/h. Parallel counter-rotating 

TSE used for PVC production typically have screw diameters of 75 to 135 mm, and 

outputs of 120 kg/h to 1,700 kg/h [28]. 

The fully intermeshing co-rotating Twin Screw Extruders are used extensively in all 

applications where mild to intensive compounding must be done. These machines are 

constructed with multiple section screws, each having different geometrical designs and 

with self-wiping kneading blocks [27]. 

Co-rotating TSE are specified by diameter ratio outer diameter to inner diameter (OD/ID) 

and the specific torque. In more recent years, conical screws are also used for co-rotating 

TSE. Co-rotating multiple screw extruders, even with 12 screws, are also used for 

compounding. Typical applications include the dispersion of pigments and additives, 

compounding of filler/reinforcement, and degassing of volatile components [28]. 

 

2.3. MATERIALS 

Polymers used in RM of plastics have a specific set of requirements which make them 

more suitable for processing and lead to better mechanical quality and appearance of the 

moulded parts.  

Crawford stated that the required particle size for RM of plastics needs to be less than 

500 microns [6]. The results of polymer particles smaller than this are good coalescence 

and sintering between the constituent parts. The particle size distribution affects the 

coalescence of the material, how the materials fuse together, which in turn affects the 

appearance of the final product [6, 17, 18].  



 

13 
 

The polymer has to be very stable against degradation as the processing temperatures are 

usually very high, in order to achieve faster cycle times. As the high temperatures are 

applied until all of the polymer has melted, some material experiences temperatures close 

to their deterioration temperature for prolonged times. Cramez [29] reports that the best 

properties of RM parts are obtained when the polymer is heated to a temperature which 

is as close to the degradation of the polymer as possible. Therefore, it is crucial for the 

process optimisation to know the temperature at which the plastic degrades. 

 

2.3.1 Polyethylene 

The predominant material used for RM worldwide (over 95%) is PE, with approximately 

1.4 million tonnes and 2% of the total world consumption of PE [30]. Additional reasons 

besides its excellent thermal resistance is the relatively low price and the diversity, as it 

comes in different densities – which result in different mechanical properties -, flow rates, 

and the possibility of foaming or cross-linking. It should be mentioned that not all PE 

grades are suitable for RM. Especially types that are not adequately stabilized against 

thermal degradation can result in yellowing of the parts or reduced mechanical 

properties[31]. Bharat and Chaudhary strength [32] presented that processing enhancers, 

inter alia glycerol monostearate and mineral oil, can lead to faster coalescence and 

decrease the melt elasticity during the RM process without reducing the low-temperature 

impact properties. 

In 1933, R.O. Gibson discovered PE by serendipity, after analysing white wax-like 

coating on the inside of an autoclave after a conducted reaction of ethylene and 

benzaldehyde [33]. The technical production of PE by the high-pressure process invented 

by ICI in Britain started in 1938. The first main application for PE was as insulation 

material for radar technology of the allies in the Second World War. This polymerisation 

reaction occurs in a random fashion, but by controlling the reaction, a wide range of 

molecular size and a density range of 0.915 - 0.930 g/cm3 can be achieved. In 1952, K. 

Ziegler at the Institut für Kohleforschung in Mühlheim-Ruhr developed a low-pressure 

process for the production of PE. In 1954, the production polymerisation of PE by the 

use of an aluminium based catalysts in liquid hydrocarbons, usually diesel oil, was 

launched in Hoechst [34]. Around the same time, two processes using catalysts at medium 

pressure for the polymerisation of PE were patented in the U.S. In 1977, Union Carbide 
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Corp. first produced linear low density polyethylene (LLDPE) with the same gas phase 

process they were using for high density polyethylene (HDPE) [33]. The first 

polyolefines produced by the use of metallocene emerged in the late 1980s and early 

1990s [35]. 

Figure 2.5 illustrates the most important types of PE. Displayed are the differences in 

sidechains, their length, quantity, and branching, which results in very different material 

properties, such as the crystallinity and density of PE. The density of low density 

polyethylene (LDPE) ranges from 0.915-0.935 g/cm3, very low density and linear low 

density polyethylene (VLDPE and LLDPE, respectively) 0.90 - 0.93 g/cm3, medium 

density polyethylene (MDPE) 0.93 - 0.94 g/cm3, and HDPE 0.94 - 0.97 g/cm3 [36]. 

 

 

Figure 2.5.  Schematic presentation of the different structures of PE (according to 

Basell) [36] 

 

There are three different manufacturing processes for PE [37, 38] which are detailed 

below. 
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High-pressure process 

The polymerisation of PE at high pressure occurs at the presence of radicals. Oxygen or 

peroxides act as catalysts. The process can be continuous or discontinuous and is 

performed at pressures of 1000 to 3000 bar and at temperatures between 150° to 275 °C. 

The resulting PE, LDPE or LLDPE, shows strong branching with varying lengths of 

sidechains, a crystallinity of 40 to 50%, and a density range of 0.90 - 0.93 g/cm3. 

 

Low-pressure process 

Catalyst systems allow the production of PE under low pressures and are grouped 

accordingly to the state of PE in suspension, solution and gas polymerisation. Ethylene 

reacts on the interface of a Ziegler-Natta catalyst, usually containing a transition metal 

compound and an organoaluminium compound, or a Phillips catalyst, chromium or 

aluminium oxides. When Ziegler-Natta catalysts are used, the process is performed under 

pressures of 1 to 50 bar and at temperatures of 20° to 150 °C. When using Phillips 

catalysts, the pressure is between 30 to 40 bar and the temperature ranges from 85° to 

180 °C. The result is HDPE which only shows little chain branching and therefore shows 

a higher degree of crystallinity, between 60 to 80%, and higher density, 0.94 to 0.97 

g/cm3, compared to LDPE. 

 

Novel catalysts and process adaptions 

The discovery of metallocene catalysts lead to a significant improvement of polymer 

properties and increased the field and versatility of applications. These novel catalysts 

allow controlling the molecular weight, molecular weight distribution, and tacticity of the 

polymer. The results are improved stiffness, low-temperature impact strength, 

transparency and hardness. An example of metallocene catalysts are 

dicyclopentadienylzirconium dichloride and an aluminoxane as co-catalyst [39]. Another 

important development of PE was the production of multimodal polyethylene [40]. 

Bimodal types of PE have got two shifted molecular weight distribution curves which 

lead to very specific combinations of polymer properties, e.g. properties which are 

usually contradicting each other such as improved impact strength and simultaneously 

improved stiffness. 
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The main application areas for LDPE are foils for packaging, pipes and cable sheathings; 

for LLDPE foils with unique optical properties, containers and kayaks; and for HDPE 

bottles, pipes, plates and fibres. 

PE can be used in almost all polymer processing methods. Low viscose types are used in 

injection moulding with mass temperatures up to 300 °C. Higher viscose types are needed 

for blow moulding, to ensure sufficient melt strength and to prevent tearing of the preform 

due to its tare weight. The melt temperatures for blow moulding are typically between 

140 to 200 °C. Extrusion requires the highest polymer viscosity and processing 

temperatures are usually between 150 to 300 °C, but can be even higher than 350 °C in 

the case of coatings. RM grade PE is typically of densities between 0.92 to 0.95 g/cm3, 

have low flow rates and are supplied in powder form with a particle size of 30 to 500 

microns.  

 

Maleic Anhydride grafted Polyethylene (MAPE) 

Polyolefines, such as PE and PP, can be grafted with MA via the ene reaction or a free-

radical process. The latter commonly involves an undesirable chain scission reaction. MA 

is most commonly grafted onto PE for polar groups incorporation and thereby increases 

the reactivity of the polymer to other materials [41]. This grafting process and 

introduction of polar groups, is often accompanied by an increase in viscosity due to 

physical crosslinks of the individual molecules [42]. As Figure 2.6 illustrates, the ene 

reaction process involves heating the MA in the presence of PP (or PE) which has been 

catalysed using a metallocene so that a single terminal vinylidene group results. When 

MAPE is used to improve the compatibility between a polymer and GF, MA as the 

present coupling agent interacts with the surface of GF though -NH, -O, and -OH groups 

[41]. If the fibre surface is saturated and there are no reactive groups left to interact with 

MA, surface treatment may be necessary. One way to create reactive groups on GF is by 

chemically etching the fibres using piranha acid [43]. This removes organic material on 

the fibre surface and makes it very reactive towards MA. The water droplet test can be 

employed to measure the polarity and reactiveness of the fibre surface. 

 



 

17 
 

 

Figure 2.6.  Ene addition of maleic anhydride onto polypropylene [41] 

 

2.3.2 Other thermoplastics 

Among the other commonly used plastics in RM are polyvinylchloride (PVC), 

polystyrenes, polycarbonate (PC), polyamide (PA) and polyesters (e.g. PLA) [3]. 

As previously mentioned, PVC was reported to be the first plastic used in RM. Similar to 

PE, it is manufactured by different polymerisation processes, like suspension or 

emulsion. Additionally, there are different types depending on whether they are 

plasticized (PVC-P) or unplasticized (PVC-U). All the various types present different sets 

of properties and have a wide range of applications. The long-term service temperatures 

of vinyl polymers are up to 65 °C and short-term up to 75 °C. The densities vary from 

1.1 to 1.45 g/cm3. It also shows great fatigue behaviour, regarding impact strength and 

abrasion resistance, at low temperatures. Halogens, such as chloride, are excellent for 

resistance, and subsequently, PVC does not require a lot of additional additives to achieve 

functional properties in that regard. PVC can be processed with most polymer processing 

methods and alloys can be created with other polymers like rubbers, acrylics or ABS [44]. 

Polystyrenes (PS) are traditionally amorphous and one of the cheapest thermoplastics. 

The different types of PS are the homopolymer PS itself and PS copolymers, the most 

common are Acrylonitrile Butadiene Styrene (ABS) and Styrene-Acrylonitrile (SAN). 

Within recent decades, it was possible to produce semi-crystalline polystyrene, which is 
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syndiotactic with high crystallinity, by the use of metallocene catalysts as an initiator for 

the polymerisation reaction. The density of PS is generally between 1.00 to 1.08 g/cm3, 

and for ABS between 1.03 to 1.19 g/cm3. Polystyrenes can be processed with all common 

polymer processing methods, similar to PE. PS has good resistance against chemicals and 

heat deflection, very good form stability and electrical properties. A major disadvantage 

of polystyrene is the high tendency to stress cracking, especially when in contact with 

gasoline or ethereal oils.  

In 1958, the mass production of PC based on Bisphenol A (BPA) by Bayer AG, 

Uerdingen. According to the way of production and the polycondensation reaction, there 

are two types of PC, aliphatic and aromatic PC. Aliphatic PC is produced by 

transesterification between diols and dialkyl carbonates. The molecular mass of aliphatic 

PC typically is below 5000 and therefore its thermal stability and mechanical properties 

generally are worse than those of aromatic PC types. Aromatic PC is produced by the 

reaction of BPA and carbonic acid derivatives, mostly phosgene (CoCl2) [33]. The 

interfacial polycondensation is today’s most commonly used mass production process for 

aromatic PC. Typical applications are electronics (e.g. CDs and DVDs), construction 

industry (e.g. safety glass and goggles), and the automobile industry (e.g. headlight 

screens). Main characteristics of PC are clear transparency, excellent electrical insulation 

properties, great toughness, dimensional stability and weather resistance, good scratch 

resistance, and self-extinguishing behaviour after removal of the flame source [38, 45-

47]. 

The first PA were manufactured in lab-scale by different processing methods by Gabriel 

and Maass in 1899, and by Leuchs and v. Braun in 1906. In 1929, the development of PA 

66 and PA610 started in the U.S. by W.H. Carothers. 1938, was the beginning of the 

manufacturing of PA 66 fibres by DuPont. The first transparent PA were produced by 

W.R. Grace & Co. in 1960. The polycondensation reaction takes place between ω-amino 

acids and diamine/diacid. The educts can be different kinds of amino acids and amines, 

and therefore a vast variety of different PA is possible. According to ISO 1874-1, the 

acronym PA is used, followed by a number which describes the number of carbon atoms 

of respective monomers or educts. PA on the basis of a singular polyamide producing 

monomeric educt (lactame or 11-amino carbon acid) are labelled by one number, e.g. PA 

6, PA 11 and PA 12. PA on the basis of two reaction partners (dicarbonylic acid and 

diamine) are labelled with two numbers, e.g. PA 4.6, PA 6.6, PA 6.10 or PA 6.12 (Table 
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2.1). A commonly used generic name for PA is “Nylon”. Leading manufacturers of PA 

include BASF, DuPont, DSM, and Bayer. Characteristic properties of PA are high 

stiffness, hardness and dynamic load-bearing capacity, excellent resistance to abrasion, 

solvents and fuels, and high anti-friction properties and damping properties. The vast 

variety of PA types allows an extensive adjustment of the respective properties [38, 48, 

49]. 

 

Table 2.1  Nomenclature and structure of aliphatic PA and semi-aromatic PA 

PA type1 Chemical 
nomenclature 

Chemical 
structure 

Manufacturing 
method 

Melting 
Temperature 

[°C] 

PA 4.6 Polybutene amide 

 

Polycondensation 295 

PA 6.6 Poly(hexamethylene 
adipamide)  

Polycondensation 255 

PA 6 Polycaprolactam  Polymerisation 230 

PA 6.12 Poly(hexamethylene 
dodecanediamide)  

Polycondensation 215 

PA 12 Poly(dodecano-12-
lactam)  

Polymerisation 178 

1 According to ISO1874-1 
 

Polylactic acid (PLA) is an aliphatic polyester derived from biogenic monomers, for 

example on the basis from corn or sugarcane. PLA typically is an amorphous 

thermoplastic with low crystallinity and good transparency. PLA is characterised by 

biodegradability and composting, good processability and application-oriented 

properties. It is hydrolysable, instable at higher temperatures and co-monomers reduce 

its thermal stability. PLA should be dried for at least 4h at 70 °C before processing, 

recommended processing temperatures for injection moulding are between 190 to 210 °C 

and pressures up to 1,2000 bar. Typical applications include single-use plates, cutlery and 

cups, packaging material, bottles, implants and surgical sewing material [33]. 
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2.4. STIFFNESS ENHANCEMENT OF POLYMERS 

This subsection summarises the different approaches to achieve enhanced stiffness of 

polymers. On the one hand, methods without any different material than the polymer. On 

the other hand, different reinforcement materials used in the plastic industry are 

discussed.  

 

2.4.1 General approaches for stiffening improvements for plastic parts 

The stiffness of a component is a function of geometry or design, and material. The axial 

stiffness can be expressed as,  

𝑘𝑘 = 𝐴𝐴∙𝐸𝐸
𝐿𝐿

       Equation 2.1 

Where the stiffness k is directly dependent on the cross-sectional area of the object A 

and the length L, and inversely dependent on the elastic modulus E. 

 

Therefore, two fundamental approaches exist to increase the stiffness of a part: 

Improvement of design/geometry 

• Increasing wall thickness 

• Introduction of ribs 

• Introduction of beads 

Modification of material  

• New, stiffer material 

• Reinforcement 

• Optimized processing 

 

Drawbacks of design or geometry adaptions include increases in the construction time, 

which can cause complex shapes or lead complicated or impossible tool access. 

Additionally, if more material is required, it leads to increased material costs and 

additional weight. In most cases, this is undesirable for the industry and therefore 

different approaches such as modifications of the material are favoured. The polymer 

industry is always continuing to develop new and advanced materials for all industry 

sectors and applications. Even more than other polymer processing methods, RM has 

very particular requirements for the materials - as discussed earlier in this chapter - which 
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result in a limited number of suitable polymers. Often material costs are a critical factor 

for the development and production of parts, and therefore reinforcement and filler 

materials are gaining importance. Different reinforcement materials will be discussed 

later in this chapter. A small improvement can also be achieved by adjusting the 

processing method to retrieve the best material properties of the final product. 

 

Process control and machine adaptions 

In recent decades, the measuring of all the various process parameters gained significant 

importance in order to improve the product quality and its repeatability. These parameters 

include the material weight, speed ratio between major and minor axes, mould geometry, 

oven temperature, external mould temperature and internal mould temperature. In the 

early 1990s, RotologTM was introduced [50]. This system allowed the monitoring of 

processing temperatures measured by thermocouples and an insulated radio transmitter. 

Adaptations, e.g. slip rings and infrared thermometry, have been developed for this 

system to make it both more durable and more accurate [51, 52].  

One of the most critical process parameters in research and industry is the Peak Internal 

Air Temperature (PIAT). As the internal mould temperature determines the melting of 

the polymer inside the mould, the PIAT typically fixes the point at which the polymer 

melt is starting to cool down. There is always a delay between turning off the heating and 

starting the cooling step and the PIAT being reached. The reason for that is that the 

thermocouple used to read the internal air temperature is in the centre of the mould, and 

it reads the convective temperature inside. On the example of an oven-based rock-and-

roll RM machine, the temperature is transferred convectively from the heating element 

of the oven to the mould. Then a conductive heat transfer between the mould and the 

polymer takes place. Both the mould and the polymer store heat. Therefore, after the 

heating source is turned off, mould and polymer are still giving off heat which is reflected 

in a further increase of the measured internal air temperature. Figure 2.7 displays the 

temperature profile inversion between the heat source/oven air and the inner mould 

temperature, passing through the mould wall and the polymer. Monitoring and controlling 

the PIAT is vital for ensuring good product quality and reproducibility [3, 6, 53, 54]. 
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Figure 2.7.  Temperature profile through mould and molten polymer at exit from oven 

[3] 

 

RM is an economically driven processing method and therefore the cycle time reduction 

is very important for the developing of the process. A drawback of the RM process is the 

long cycle times and there are only limited possibilities for a reduction. A schematic 

process diagram is shown in Figure 2.8. At point A the polymer is starting to adhere to 

the internal mould surface and at point B almost all of the polymer is sintered together so 

that the heat flow is more directed towards the internal air. Point C represents the earlier 

mentioned PIAT at which the heating phase finished and the cooling stage has started. 

After an almost continuous cooling rate, a plateau is reached at point D, which signifies 

that enough polymer has solidified to cause a change in the cooling rate. Point E identifies 

the separation of the plastic part from the internal mould surface due to the shrinkage 

typical for plastics. After the demoulding temperature is reached, at point F, the 

component should be stable enough to maintain its form, while some deformation might 

still occur, and the part can be removed from the mould. As the cycle time is majorly 

determined by the heating and cooling stages, which are predetermined by the 

melting/cooling temperature and melting/cooling behaviour of the polymer, new 

materials are interesting for the industry; because this adjustment usually does not require 

expensive machine adaptions.  
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Figure 2.8.  Typical temperature traces for a rotational moulding cycle [6]  

 

The sintering process is crucial for RM, as the process has minimal mechanical 

interaction and pressure to help with the progression. Crawford [55] reports that a greater 

material surface area improves the particle consolidation and leads to enhanced strength 

of the final part. The tumbling motion of particles present during RM, help with the heat 

flow and particle consolidation. On the one hand, the particle flow must be high enough 

to promote good heat flow and particle movement, but on the other hand also low enough 

to facilitate that all details of the mould are covered and moulded. Too low a particle flow 

can lead to the formation of bubbles due to air entrapment, so-called bridging [56]. The 

material itself and the particle shape determine a good flow of the polymer particles 

during the RM process. Greco and Maffezzoli [17] investigated the influence of the 

particle shape, as well as the particle size, on the sintering process of PE powders. It was 

shown that different grinding temperatures lead to differently shaped particles. Lower 

temperatures result in tails on the particles which are disadvantageous for sintering. 

Higher temperatures lead to more regularly shaped particles, yet temperatures which are 

too high cause unfavourable premature melting of the particles. This leads to adhesion 

between the particles and the resulting polymer clusters are not suitable for RM. 

An important factor for the product quality of RM parts is the melting and dissolution of 

bubbles staged in the moulding cycle [53, 57-60]. Other processes employ shear forces, 
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high pressure and high temperatures to facilitate proper coalescence of the polymer 

particles. These conditions help the migration of trapped air out of the molten polymer, 

yet they are challenging to implement in RM due to the nature of the process and the 

available materials [61, 62]. When the polymer particles adhere to the mould wall, they 

trap air between them. The air slowly transforms into spheres and over time diffuses out 

of the polymer. The air removal process is very dependent on time and pressure [3]. The 

reduction of bubble size and content leads to improvements of the mechanical properties 

of the products. One factor that has helped with reducing the bubble size is internal 

pressurisation. Already the application of low pressure (around 0.5 bar) or vacuum at 

specific stages of the rotational moulding cycle can reduce or remove bubbles and 

pinholes [54, 60, 63-66]. Spence and Crawford [67] showed that the dissolution rate of 

the bubbles can be increased by the application of internal pressure. This increased bubble 

dissolution rate helps to reduce the overall cycle time and leads to better product quality 

due to decreased porosity [68]. Low pressurization with air at room temperature increased 

the cooling rate by approximately 11 to 18 °C/min [65]. Negative pressure can also 

decrease the number of voids and air bubbles present within the RM component and 

reduce the overall cycle time [67, 69]. Kontopoulou and Vlachopoulos [59] developed a 

theoretical model to describe bubble dissolution. Important factors for the bubble 

dissolution are the initial bubble size, surface tension and air concentration within the 

molten polymer. The initial bubble content is critical for the bubble removal, as isolated 

bubbles show higher dissolution rates than when multiple bubbles interact with each 

other, which leads to a delay in the process. If given the necessary time, the polymer can 

completely densify and all voids are removed from the product [70]. The increased cycle 

times has a negative impact on the manufacturing productivity and risk of degradation 

due to oxidation of the polymer. The morphology and chemical structure of the polymer 

changes due to degradation, and the best properties are achieved without signs of 

deterioration [71]. For polymers that tend to absorb moisture, the presence of low 

amounts of water was shown to be a cause for voids within the product [72, 73]. Sarrabi, 

Lacrampe and Krawczac [74] address the significance of thermal stabilisation and its 

accurate prediction for the cycle time reduction in RM. The most common way to 

optimize RM processes is by reducing the cycle time, which can be achieved by an 

increased temperature of the heating source and subsequently reduced heating time.  
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Other ways to reduce cycle times are improved mould designs and heating and cooling 

equipment. Abdullah et al. [54, 75, 76] showed that surface enhanced mould could reduce 

the cycle times considerably. Changing the mould so that it can be directly heated with 

oil reduced the cycle time by approximately 50% and saved a significant amount of 

energy [77]. In comparison to air forced heating, as found in an oven, the wall thickness 

was less uniform with the direct oil heated mould. Other techniques for cycle times 

reduction include the above mentioned internal pressurization of the mould, internal 

mould cooling, higher oven flow rates and various external cooling liquids. An increase 

in cooling rate can lead to undesired effects such as increased warping, higher content of 

air bubbles within the product, and wrinkles on the moulded product. With mould surface 

enhancements, pins or pyramids, cycle time reductions of 18% to 32% were achieved. 

Liu and Fu [78] report that rectangular, triangular and pin fins on the external mould 

surface can increase the heating and cooling efficiency. The internal surface quality and 

tensile properties were not affected by the mould adaptions, but the shrinkage of the parts 

is reduced and the warpage increased. 

Another way to decrease the cooling time is internal cooling, which also improves the 

product quality [79]. Several studies have been conducted using different venting 

systems, air movers and cooling mediums, e.g. compressed or chilled air, liquid nitrogen 

or water [80]. The importance of symmetrical cooling for the product quality was 

highlighted, as the warpage can be decreased with a lower thermal gradient across the 

wall thickness of the part. A drawback of these systems is that these modifications 

increase the machine and production costs significantly. 

Important factors for the quality of the final product and the material flow within the 

mould is the speed ratio between the major and minor axes, shape of the mould, oven 

temperature, and the viscosity and melting temperature of the polymer [81].  
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Table 2.2 presents typical values of speed ratios depending on the shape of the mould. 

 

Table 2.2 Typical speed ratios for different mould shapes [3] 

 

 

2.4.2 Generally used reinforcement materials 

When the limits of the performance of plastics are reached, reinforcement materials are 

utilized. This extends the field of application for plastics and helps the industry to achieve 

their economic goals - as these composites often prove to be cheaper and lighter than 

other options.  

The mechanical properties that can be most improved are the impact strength and flexural 

modulus, but a careful selection of reinforcement material has to be carried out as the 

particle or fibre type, size and shape have a great influence on the outcome. Additionally, 

the surface treatment of these reinforcement materials is crucial for good results [82]. 

Figure 2.9 illustrates Young’s moduli of several materials over their densities. It can be 

seen that an increase in Young’s modulus is often accompanied by an increase in density. 

A common term when talking about composites is the specific Young’s modulus. The 

value for the specific Young’s modulus is obtained when Young’s modulus of the 

composite is divided by the composite’s density. The specific mechanical properties 

allow easier comparison between different materials, when looking for a suitable material 

for an application. The specific strength of glass and carbon fibres is significantly higher 

than the values of aluminium and steel.  The specific stiffness of glass fibres is at the 

same level as steel or aluminium, and the value of carbon fibres is significantly higher. 
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Generally, the specific strength and stiffness of plastics is considerably lower than the 

values of metals. 

 

Figure 2.9.  Data for some engineering materials in form of areas on a map of Young’s 

modulus against density [83] 

 

Reinforcement materials in polymers can achieve increased stiffness, improved strength 

or toughness, modified thermal or electrical properties, adapted permeability to gases and 

liquids, improved processability, and reduced costs. 

The degree of reinforcement depends strongly on what extent the forces can be 

transferred by the reinforcement material. For example, glass beads and glass fibres from 

the same material lead to different resulting properties [84]. 

 

Fillers and reinforcement materials are characterised by their geometry and mechanical 

properties. There are three basic types of geometry: 

• One-dimensional: e.g. fibres (glass, carbon, organic or synthetic) 

• Two-dimensional: e.g. mica, silicate, talc, graphite 

• Three-dimensional: e.g. glass beads, silicates, chalk, metal and ceramic powder 
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The classes of fibre and particulate reinforcement materials are specified in the following 

sections. 

 

Fibre reinforcement 

Reinforcement of matrix materials can be achieved by a variety of fibre types, which 

differ in properties and supplied form. Figure 2.10 illustrates how reinforcement fibres 

can be grouped into four main categories according to their raw materials and production 

method: 

• Natural organic fibres; plant-based and animal-based 

• Natural inorganic fibres on mineral basis  

• Synthetic organic fibres 

• Synthetic inorganic fibres 

 

   

Figure 2.10.  Classification of natural fibers and synthetic fibers [85] 

 



 

28 
 

In particular, the synthetic fibres are of high importance to the industry. The thin 

individual glass fibres, carbon fibres and aramid fibres, with a diameter of approximately 

10 microns), are often bundled into rovings. These rovings are basic material for short 

fibres (with a length of 100 to 500 microns) or made into various forms of weaves or 

fabrics. In general, fibre reinforcement can be divided into long continuous, long 

discontinuous, and short fibres. 

Disadvantages of fibre reinforced plastics that need to be considered are low toughness 

and stiffness orthogonal to the fibre direction, high thermal expansion in fibre direction, 

possible high moisture absorption and low temperature resistance, and often difficult 

structural and damage analysis. The primary industries for glass and carbon reinforced 

plastics are the automotive industry, aerospace industry and defence technology. 

Some advantages of short fibre reinforced polymers are the low processing costs, high 

strength and stiffness and low density. Hence, the importance of short fibre reinforced 

polymers has increased [86]. 

 

GLASS FIBRES 

Historically, the Egyptians discovered glass fibres (GF) around 1,600 B.C., when creating 

the first glass vessels and drawing the glass, creating glass fibrils. In the 19th century, the 

French physicist Ferchault de Reaumur developed a method to process fine GF as textile 

glass. In 1935, the first continuous GF were produced on an industrial scale in Newark-

Phio, USA. The first drawing dies were used in Werk Herzograth, Germany, in 1938 [87]. 

One of the most important manufacturing methods for GF is the direct melt process. 

Depending on the GF type, the raw materials, such as silica sand, limestone, kaolin, 

dolomite, boric acid and hydrofluoric acid, are mixed together and melted in a special 

furnace at approximately 1,300 to 1,500 °C (Figure 2.11). The molten glass is then 

extruded and transferred to the bushings to be formed into fibres. Next, the glass exits as 

filaments via 400 to 4,800 dies with a diameter of 1 to 2 mm. The high viscous filaments 

are drawn to the desired diameter, 4 to 24 microns, with drawing speeds of up to 3,600 

m/min [37]. As Figure 2.12 illustrates, the filaments can either be wound onto a bobbin 

or roving, or directly chopped into small strands. Sizing is typically applied to the GF to 
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protect them against mechanical stress, chemical stress and moisture, and it increases 

both compatibility and adhesion to polymer resins. 

 

 

Figure 2.11.  Furnace for glass melting [88] 

 

 

Figure 2.12.  Fibreglass forming process [88] 

 

Discontinuous or Short GF are produced by two methods, milling and chopping. Milled 

GF show a relatively broad, but consistent, length distribution. The length of milled GF 

is significantly smaller than the length of chopped GF, yet the length of the latter is more 

precise [89]. 
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Glass fibres have a high strength and Young’s modulus in comparison to the matrix 

materials, which is attributed to the covalent bonding between Si and O. These atoms 

create a three-dimensional network of amorphous structure, leading to isotropic 

behaviour in contrast to carbon and aramid fibres. Young’s Modulus of GF is comparable 

to the value of aluminium and roughly a third of steel, with 70 to 75 GPa. The tensile 

strength is approximately 1.8 GPa and the density between 2.5 to 2.6 g/cm3. To increase 

the range of properties of GF, other oxides (e.g. Al2O3 and MgO) are added to the silicon 

oxide. This results in different GF types with higher Strength (S-GF), higher Resistance 

(R-GF), better Chemical resistance (C-GF) and better Electrical properties (E-GF). E-GF 

is the dominantly used GF type with almost 90% of the market, due to their low costs, 

high modulus and strength, and exceptional resistance against heat, chemicals and 

moisture [90]. 

GF reinforced polymer composites gained interest in many high-performance 

applications, due to their light weight, relative high stiffness and strength, excellent 

chemical resistance and relatively low costs [91, 92]. When PE acts as matrix material, a 

major drawback is that the viscosity increases with the addition of GF to the polymer, 

which can complicate the processing of the composite [7]. 

Youngjae et al. [93] report that the tensile properties and impact strength of polyamide 

could be increased by reinforcement with GF. As the composites were melt-blended using 

an extruder, the aspect ratio of the GF decreased with an increasing amount of 

reinforcement, due to the higher stresses the particles generated during processing. 

Rueda et al. report that increasing amount and aspect ratio of short GF lead to an increase 

in shear moduli and complex viscosity of PP [94]. The fibre aspect ratio, the distance 

between the particles, and the particle interaction determine the probability of the 

formation of a particle network to take place. Further results show that the fibre-fibre 

interactions could be reduced with the GF being stripped of their sizing. 

According to Chang [95, 96], the material flow and thereby, the processability of GF 

compounds is increased by pre-compounding and cryogenically grinding the extrudate in 

comparison to three-layered PE/GF composites. The tensile modulus and flexural 

modulus can be almost doubled with 35 wt% of GF in comparison to unfilled PE. Three-

layered experiments, where the GF layer is sandwiched between two layers of PE did not 

improve the tensile or flexural modulus. The biggest problem was poor fibre distribution 
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and adhesion, as well as an increased number of voids within the part. It is also stated 

that one possible way of overcoming the problem of migrating fibres is to sandwich the 

reinforcement fibres between layers of polymer. 

A high aspect ratio of GF provides the most significant improvement in mechanical 

properties [83]. In 2010 AGY Holding Corporation introduced ultra-fine GF [97] with a 

diameter of 4 microns, which increases the aspect ratio at a similar length to common 

GF, or in other perspective allows to shorten the fibre length while maintaining the same 

aspect ratio. This is a valuable advance for the usefulness of GF as reinforcement for 

plastics in the RM industry. 

The interfacial bonding between GF and polyolefins, PE and polypropylene (PP), can be 

difficult to achieve. One measure to increase the fibre-matrix interaction is maleic 

anhydride grafted PE. Rijsdijk [98] reports that the flexural strength of PP/GF composites 

can be enhanced with maleic anhydride grafted PP. The amount of 10 wt% of m-PP was 

found to achieve the best reinforcement effect of continuous GF reinforced PP by 

increasing the adhesion between the matrix and the fibres. 

Li et al. [99] report that the efficiency of GF win HDPE/PC/GF composites can be 

improved by the use of LDPE-g-MAH as a compatibilizer and result in good mechanical 

properties. GF are generally able to increase the tensile properties of the composites. 

Kalaprasad et al. [100] report that an increased amount of GF improves the tensile 

properties of compression moulded sisal/glass reinforced PE hybrid composites. A fibre 

length of 6 to 8 mm was most suitable to increase Young’s modulus of PE. At a fibre 

length of 6 mm, pure GF/PE composites performed significantly better than when sisal 

fibres were added, and even twice the value of pure sisal fibres. 
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CARBON FIBRES 

In the 19th century, Carbon fibres (CF) were made commercially for the first time by 

Edison, who produced filaments for electric light bulbs. These CF were based on 

carbonized cellulose from bamboo and cotton [101].  

 

 

Figure 2.13.  Edison’s bulb for electrical light using fibres made by carbonization of 

natural fibres [102] 

 

In the 1940s and 1950s, fundamental research to use polyacrylonitrile (PAN) as raw 

material or precursor for the production of CF was conducted by DuPont and Union 

Carbide. Shindo and Watt developed independently from each other processes which 

used PAN as a precursor and controlled its shrinkage during the stabilisation reaction to 

produce CF, in the 1960s. During the same period, S. Otani developed a method which 

produces high modulus CF based on pitch. The first commercial production of CF was 

started by Toray, Japan, in 1971 [87]. 

Primarily two methods are used for the production of CF, which differ in the precursor 

material, either PAN or pitch (Figure 2.14). Other, less common manufacturing processes 

are rayon based or vapor-grown. The manufacturing process of CF is very energy 

consuming, virtually continuous and can take several weeks to produce a batch. The first 

step in the manufacturing process is a stabilisation reaction of the thermoplastic PAN or 

pitch in an oxidative environment. The result is an infusible fibre, which is a prerequisite 

for the following carbonization. According to the final processing temperatures, the CF 
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can be grouped into three classes, (ultra-)high strength, (ultra-)high modulus and 

intermediate modulus [87]. 

 

 

Figure 2.14.  Manufacturing paths of carbon fibres [87] 

 

CF are currently the most commonly used reinforcement material for high-performance 

components and are used with matrices of plastic, metal or ceramic. The fibre diameter 

varies from 5 to 10 microns. Generally, 1,000 to 24,000 individual filaments are bundled 

together as a tow. Depending on the number of filaments there are low tow and high tow 

fibres. High tow CF, e.g. 24k tow, do not accomplish the same quality as low tow CF, 

and are more difficult to wet and impregnate, but are cheaper. Unlike GF, CF are 

anisotropic, which means the fibre properties are dependent on the orientation. The 

anisotropic behaviour is also very noticeable in the thermal expansion coefficients. The 

properties differ for all of the various types of CF. The density is between 1.75 to 1.96 

g/cm3, tensile strength between 1.5 to 5 GPa and Young’s modulus between 180 to 400 

GPa [37]. An important factor for the application of CF is their high costs. Primarily, the 

manufacturing costs determine the price of the final CF, as the process is very energy 

intensive and also approximately double the amount of precursor is needed than the 

amount of final CF produced. CF are well used within the industries of automotive, 

aerospace, boat construction, wind power and sports equipment. 

Chopped GF are predominantly used in discontinuous fibre composites. However, 

discontinuous and aligned carbon fibre composites can achieve moduli of elasticity and 

tensile strengths of up to 90% and 50%, respectively, in comparison to their continuous 

Precursor Anisotropic
PAN fibre

Anisotropic
pitch fibre

Stabilisation Oxidized, infusible 
PAN fibre

Oxidized, infusible 
pitch fibre

HT: 1200 - 1400 °C
IM: 1700 °C

HM: > 2200 °C
UHM: ~ 3000 °C

UHM: > 2200 °C

HM: > 1600 °C
Carbonization / 
graphitization
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fibre counterparts. Short fire composites can be produced rapidly and with considerably 

lower fabrication costs than continuous composites [102]. 

Murray et al. presented a novel RM process to produce high-pressure vessels out of 

Polyether Ether Ketone (PEEK) with laser-assisted tape-placement of CF/PEEK liners 

[103]. It was demonstrated that the pressure vessels with this design have good resistance 

against crack growth, also under cryogenic conditions. 

 

NATURAL AND OTHER FIBRES 

Recent environmental and economic concerns have led the research and industry in the 

development and utilisation of new, bio-based or bio-degradable materials. Natural fibres 

(NF) can be grouped in inorganic, mineral fibres, and organic, plant or animal fibres. 

Plant-based fibres are constructed of cellulose (cotton, jute, flax, hemp), whereas animal-

based fibres are constructed of protein (wool, silk, hair). The average absolute values of 

strength of NF is approximately a quarter, with the average specific strength being 

approximately half, compared to the value of GF. A similar trend is seen for Young’s 

modulus, where the absolute value of NF is approximately a fifth, and the specific value 

only a third, compared to the value of GF [87]. NF are discontinuous fibres, with varying 

length and diameter. The variable dimensions have a significant impact on the mechanical 

properties of the fibres and subsequently, the composite. Compared to synthetic fibres, a 

lot of NF are less abrasive and therefore cause less wear on the processing machines 

[104]. NF are typically low cost, low density and therefore high specific properties, good 

damping behaviour, and low shrinkage of the composite [37]. These facts make NF, such 

as wood, sisal, flax and jute more attractive. However, there are still difficulties and 

drawbacks in using natural materials, due to poor fibre-matrix bonding or their limited 

thermal stability, their seasonal dependent quality, and their tendency to absorb relatively 

large amounts of water. Sometimes these drawbacks can be reduced or remedied by 

special surface treatment of the NF or the addition of additives. The matrix material for 

natural fibre composites can be ceramic, metal and plastic. The plastic used as matrix 

material can be out of the group of thermoplastics, thermosetting, and rubber. Within 

thermosets, natural fibres are commonly used as unidirectional tapes or mats. With 

thermoplastic matrices, natural fibres are often compounded with the polymer via 

extrusion and subsequently shaped in an additional operation, such as injection moulding, 
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extrusion or rotational moulding. Effective reinforcement effects are often not observed 

due to weak fibre-matrix bonding and adhesion[105]. The dominant bio-based filler 

material, in regards to its volume, is wood. Up to 70% of wood flour is used within Wood 

Plastic Composites (WPC), with preferred thermoplastic matrices being PE, PP and PVC. 

The main application of WPC is in exterior applications as substitutes for wood, e.g. 

decking [37]. 

NF can be treated chemically and non-chemically, to improve the dimensional stability 

of the individual fibres. Non-chemical treatments are grinding, heat treatment, and 

pressurized water or steam treatment [106]. Chemical treatments include silane and 

surfactants, for instance stearic acid and sorbitan monostearate [107, 108]. 

As previously mentioned, one noteworthy disadvantage of NF in regard to RM is that 

most natural fibres tend to degrade above 200 °C, which does not agree well with the 

processing temperature of PE above 250 °C. Furthermore, most NF are larger in diameter 

when compared to synthetic fibres, resulting in lower aspect ratios if cut to the same 

length. 

Nevertheless, literature [109-113] shows some approaches on utilizing NF in RM, with 

many processing difficulties and mixed results on the final product quality. Torres et al. 

[109, 110] reports that sisal, jute and cabuya fibres show a good level of fibre dispersion. 

The mechanical properties tend to decrease and the inner surface quality is poor, as a 

certain amount of fibres are migrating to the inside during processing and stick out of the 

polymer matrix. 

Wang et al. [113] investigated the influence of different fibre surface treatments on 

processing flax fibres (10%) with varying matrices of PE by RM at 250 °C and observed 

a slight increase in tensile and impact strength.  

Yuan et al. [8] report that wollastonite-fibres are able to increase the tensile strength and 

stiffness of LMDPE significantly. The particle size of the highly crystalline wollastonite 

was determined at a median of 16.6 microns. It was also reported that the processability 

is decreased by adding more than 12 vol% wollastonite, due to an increase in the 

viscosity. The extruded compound was injection moulded and additionally ground, in 

order to reach an average particle size of 500microns. In 2008, Yuan et al. [114] 

published, that coating the wollastonite fibres with amino silane, improved the 

processability and impact strength.  
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Ortega et al. [111] studied the reinforcement effects of banana and abaca fibres with PE 

in multi-layered RM parts, processed at low temperatures at 190 °C. With 5% abaca 

fibres, a slight increase in tensile properties was reported. The impact properties dropped 

up to 87% for two-layered constructions, and 68% for three-layered structures, 

respectively. Banana fibres lead to an overall decrease in all mechanical properties. With 

an aspect ratio between one and two, the Young´s modulus doubled or almost tripled. 

Mostly when an increase in stiffness is reported, it is accompanied by a significant 

reduction in impact strength [115] 

 

Particulate reinforcement 

Fillers or particulate reinforcements are usually low cost, solid micrometre-sized 

particles, and subsequently are mainly used to reduce the material costs. Particulate 

reinforcement can be classified into two categories: organic and inorganic particles. 

However, based on their shape they can also be grouped as spherical, platy, three-

dimensional irregular, porous aggregate and acicular, as shown in Figure 2.15. In general, 

fibrous and platelet particles, which typically are higher in aspect ratio, tend to increase 

the tensile properties, whereas spherical particles tend to increase the tensile modulus and 

decrease the tensile strength [84, 116]. 

 

 

Figure 2.15.  Some particle types likely to be found in common fillers [116] 
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A big problem with filler materials in polymer composites are agglomerates and 

aggregates, which are accumulations of the filler. Figure 2.16 illustrates how 

agglomerations or complex aggregates can arise from initially well-dispersed systems, 

especially with synthetic fillers, which often break down slowly. Therefore, the exact 

particle size is difficult to predict in advance and is dependent on the exact processing 

conditions [116]. This is a big problem for RM as unlike other polymer processing 

methods, almost no shear is present to help breaking down these agglomerates and 

aggregates. 

 

 

Figure 2.16.  Complex particle dispersion behaviour, as often encountered with fine 

precipitated fillers [116] 

 

MINERAL FILLERS AND HALLOYSITE 

Commonly used mineral fillers for plastics are calcium carbonate, talc, clay, wollastonite 

and silica. A mineral filler used for this research is halloysite, which belongs to the group 

of kaolinite clays. The term “clay” often implies that the material is of fine particle size 

[89]. Halloysite is a relatively cheap filler material with a varying particle size of a few 

microns up to 30 microns [117], density of 2.55 g/cm3 and Young’s modulus of up to 130 

GPa [118]. Halloysite, with a molecular structure of Al2Si2O5(OH)4·H2O, is a tubular, 

platy, or spheroidal nano-sized mineral clay. The two largest deposits of halloysite are in 

Matauri Bay, New Zealand, and Utah, U.S. Halloysite deposits are typically near 

kaolinite deposits, which can lead to contaminations of the clay, but the New Zealand 

deposit is said to be harbouring the purest halloysite.  
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Halloysite has been shown to improve the thermal stability of LLDPE [119, 120], by 

reducing the heat release rate and mass loss rate of the polymer, which is very important 

as RM is usually performed close to the degradation temperature of the polymer. An 

increase in toughness and tensile strength has been reported, whereas the melt viscosity 

decreased with increasing halloysite content of up to 8 wt%. In its tubular form, the 

internal surface of halloysite is aluminol, whereas the external surface is siloxane 

dominated (Figure 2.17), which leads the material to coil up naturally. Due to low surface 

charges - exfoliation or intercalation is not necessary [117, 121, 122] - halloysite is easier 

to process compared to other clay fillers and achieves good particle dispersion, making it 

a good candidate for reinforcing RM products.  

 

 

Figure 2.17.  Schematic diagram of (a) crystalline structure of Hal-(10 Å), (b) structure 

of Halloysite particle, (c–f) TEM and AFM images of Halloysite [121] 

 

Qiao et al. [123] report that well-dispersed halloysite nanotubes improve the mechanical 

properties and thermal stability of UHMWPE. Higher concentrations of halloysite lead 

to aggregates which act destructively on the mechanical properties and crystallinity of 

UHMWPE nanocomposites. The dispersion of halloysite can be improved by surface 

treatment with silane [121, 123-125].  

Deng et al. [126] improved the particle dispersion of halloysite within an epoxy matrix 

by using a ball mill homogenisation and potassium acetate. The treatment led to enhanced 

mechanical properties of the composites, which can be attributed to less halloysite tube 

breakage and pull-out, as well as less interfacial debonding and aggregates. 
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Kubade and Tambe [127] report that an improvement in tensile modulus, impact strength 

and thermal stability was achieved for PP/ABS halloysite composites with 

polyethyleneimine treatment of the halloysite nanotubes. 

 

SILICA 

Yan et al. [128, 129] investigated the reinforcement effects by adding particles, such as 

glass beads, aluminium oxide or silicon carbide. Most promising has been glass beads 

where a small amount of 2 wt% can lead to a 20% increase in tensile modulus and reduce 

the cycle time, and decrease the tensile strength by 10%. At higher amounts of glass 

beads, the impact strength deteriorates.  

 

CARBON NANOTUBES 

Oberlin et al. [130, 131] prepared vapour grown carbon filaments with lengths of 2 to 50 

nm and hollow inside. In the early 1990s researchers in Japan and Russia published 

articles about carbon nanotubes (CNT), which turned out to be multi-walled CNT 

(MWCNT), and launched the intensification of research in this field [132-134]. Iijima et 

al. [135] presented research about single-walled carbon nanotubes (SWCNT) with single-

atomic-layer walls and 1 nm in diameter. A major breakthrough of the manufacturing of 

SWCNT was the discovery of a synthetic method, laser vaporization of graphite, in 1996 

by the Rice group [136]. SWCNT are reported to possess an aspect ratio as high as 10,000 

[137], the diameter varies from 1 nm to a few millimetres [138], and densities of 1.3 to 

1.4 g/cm3 [37]. The theoretical Young’s modulus of SWCNT is reported to be up to 1 

TPa [139] and tensile strength of approximately 300 GPa, with the highest measured 

value for tensile strength of MWCNT ranging from 11 to 63 GPa [140]. Many 

applications of CNT make use of their high electrical conductivity and vast aspect ratios, 

which is the reason that only small amounts of CNT are needed to achieve electrical 

conductivity. Organic solar cells and organic light-emitting diodes require optical 

transparent coatings with relatively good electrical conductivity, enabled by CNT [141]. 

The high aspect ratio and theoretical excellent mechanical properties of CNT make them 

an exciting prospect for many applications in research. A major drawback of CNT is their 

relatively high price, which prevents their use in many fields. 
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Abbasi et al. [138] investigated the reinforcement effect of MWCNT, with and without 

compatibilizer, on the mechanical properties of LDPE. The yield strength and Young’s 

modulus could be increased by almost 50% with 5% CNT. The ultimate strength and 

toughness of the composites is reduced at CNT loadings higher than 2%. They also report 

that higher aspect ratios, as well as the addition of MAPE as compatibilizer, are of 

advantage for an increase in yield strength, ultimate strength and Young’s modulus. 

Yearsley et al. [9] showed that MWCNT can form aggregates at low shear rates, which 

can increase the viscosity of the solution, that are broken down at high shear. The 

dispersion of CNT and homogenisation of the nanotubes with the polymer is important 

to avoid larger agglomerates [142]. 

Prashantha et al. [143] report that the mechanical properties of PP were improved with 

MWCNT loadings of up to 5 wt%. Tensile and flexural modulus and strength were 

increased by the addition of MWCNT, and further enhanced when PP-g-MA was used as 

compatibilizer, which aids the dispersion of the nanotubes. Agglomerates of CNT caused 

a decrease in impact strength. 

Investigations of halloysite/CNT hybrid composites with polyurethane (PU) matrix show 

significant improvements in the mechanical properties [124]. The tensile strength and 

Young’s modulus were increased by 140% and 35%, respectively. This improvement 

indicates a synergetic reinforcement effect of halloysite and CNT within PU. 

 

Table 2.3 shows a simplified summary of literature results in the field of reinforcements 

in plastics using RM. 
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Table 2.3  Summary of references in the field of reinforcement of plastics using RM 

First 
Author Year Reinforcement Tensile 

strength 

Tensile 

Modulus 

Impact 

strength 

References 

Yan 2003 Glass beads ↓ ↑ ↑ 1 [129] 

Torres  2006 Sisal and 
cabuya  ↑ ↑ ↓  [110] 

Lin 2007 
PET and PEN 
microfibrils ↓  ↑ ↓  [144] 

Jayaraman 2007 Sisal and wood 
fibres ↓ ↑ ↑ [145] 

Yuan 2007 Wollastonite  ↓ 2 ↑ ↓  [8] 

Wang 2007 Flax fibres ↑ - ↑ [113] 

Liu  2010 Polycarbonate ↓  ↑ ↑ [146] 

Chang 2011 
4.5 mm long 

GF - ↑ ↓ [95] 

Ortega  2013 Banana fibres  ↓  ↑ ↓  [111] 

1 ↓ > 10 wt%, 2 ↑ compounded 

 

Other approaches  

Liu et al. [146] published that blending PE with PC increases the impact strength but 

decreases the tensile modulus and tensile strength. Furthermore, it is noted that there 

seems to exist an optimum peak internal temperature for the best product properties.  

Li et al. [148] produced compounds of UHMWPE and charcoal powder with a high shear 

mixer. They observed a uniform dispersion of charcoal particles and strong interfacial 

interaction without the use of additional additives. Furthermore, an increase in storage 

modulus and melt temperature was detected.  

As mentioned earlier, research continues to search for more natural materials which are 

processable in RM. In 2015, Greco and Maffezzoli [147] investigated the usability of 

polylactic acid reinforced by the wooden backbone of opuntia ficus indica cladodes. They 
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report that the adaption can lead to fully biodegradable hollow parts, with increased 

stiffness and strength. The usage of polyethylene-glycol as a plasticizer led to a semi-

crystalline structure, where a completely amorphous structure can be obtained for neat 

PLA. In 2015, Khankrua et al. [149] published that the use of two chain extenders (0.5 

phr each) can increase the molecular weight and additionally lead to a shift to higher 

molecular weight population and bimodal distribution. This is necessary due to the 

decrease of molecular weight of PLA when exhibiting higher temperatures (around 

200°C). Thereby, the mechanical properties are not sacrificed.  

Metallocene catalysts allow tailoring of the properties of polyolefins, such as narrow 

molecular weight distribution, molecular structure, and molecular chain branch density. 

Therefore, these kinds of materials are also promising for RM, as good material flow and 

thermal stability is required and specific mechanical properties desired. Xin et al. [150] 

published a reduction of cycle time (of approximately 20 %) while maintaining 

comparable mechanical properties to their conventional counterparts. With the same 

process parameters and polymer density, metallocene PE shows higher strength and 

toughness. Pick et al. [151] stated that slow cooling of metallocene LLDPE led to an 

increase of crystallinity, as well as larger and less perfect spherulites. This change in 

crystallinity reduces the flexibility, toughness and crack propagation resistance, but 

improves the crack initiation resistance. It was also noted that the storage modulus could 

be increased, which indicates that the part is stiffer than at faster cooling rates.  

In 2015, Bellehumeur et al. [152] published a patent for “Enhanced Environmental 

Stress-Cracking Resistance (ESCR) bimodal rotomolding resin”. It states, that by using 

metallocene catalysts they created HDPE resins with good flow properties and 

remarkable ESCR. This patent shows that bimodal PE possess the potential of combining 

good material flow and enhanced mechanical properties, which are both favourable for 

RM. 

Archer et al. [153] report a linear relationship between both flexural modulus and strength 

with foam density for RM PE products. The oven removal temperature of metallocene 

LLDPE is less sensitive to change than conventional LLDPE with similar MFI. 

Independent from the catalyst, the average cell size generally increases as the oven 

removal temperature decreases. 
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2.5. MATHEMATICAL MODELLING OF MECHANICAL PROPERTIES 

Several theoretical models have been developed to predict Young’s modulus and tensile 

strength of particulate reinforced polymers, and mainly compared to results obtained 

from compression moulded, injection moulded or rotational moulded samples. The 

models for the prediction of Young’s modulus has been pointed out to be developed 

further and into more detail than the models for the prediction of the tensile strength. All 

models require specific values of important material parameters for polymer and 

reinforcement, obtained either theoretically or practically. The Einstein coefficient KE 

can be calculated with the Poisson’s ratio of the polymer. For this study, the maximum 

packing factor of the reinforcement has theoretically been considered to be random close 

packing, but can generally also be obtained through experiments. 

 

Table 2.4 displays the values used for modelling the mechanical properties of the various 

composites in this research. 

 

Table 2.4  Used values of parameters applied in theoretical models 

Parameter Value 

Young’s modulus of the reinforcement ER 100 GPa1, 75 GPa2, 3, 4,  

230 GPa5, 6, 1,000 GPa7 

Einstein coefficient KE 2.25 

Aspect ratio of the reinforcement α 4.71, 10.72, 5.43, 1114,  

21.45, 10.76, 1,2507 

Poisson’s ratio of polymer ν1 0.4 

maximum packing fraction of the reinforcement ΦM 0.521, 0.6372, 3, 4, 5, 6, 7, 8 

correction factor K3 0.75 

stress concentration factor K 1 

1For HNT, 2For GF100, 3For GF200, 4For UTGF, 5For CF, 6For CF, 7For CNT 
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2.5.1 Young’s modulus 

The terminology of the parameters was adjusted to use the same term across the different 

models. Ec and Ep are Young’s modulus of the composite and the polymer matrix, 

respectively. KE is the Einstein coefficient, a material specific rheological parameter 

which is dependent on the particle shape and can be obtained via the Poisson’s ratio of 

the polymer. The concentration of reinforcement material is expressed by the volume 

fraction Vf, and α is the aspect ratio of the reinforcement. Constant A depends on the 

geometry of the reinforcement and the polymer’s Poisson’s ratio ν1. Constant B 

additionally accounts for the moduli of the polymer and the reinforcement. φ is dependent 

on the maximum packing fraction of the reinforcement ΦM and the reinforcement volume 

fraction. Φ is the void content of the composite, which is calculated from the volume 

fraction of the polymer Vp and the maximum packing fraction of the reinforcement. Χ is 

the modified void content relative to the polymer weight fraction. MPF and MRF are 

acronyms for the Matrix Performance Factor and Modulus Reduction Factor, 

respectively. 

 

Guth model 

Guth [154] developed two models, the first to predict Young’s modulus of spherical 

particle and the second of rod-like particle reinforced polymers. These models were based 

on Einstein’s theory of viscosity. The resulting equations for the prediction of Young’s 

modulus of particulate reinforced polymers are: 

For spherical particles: 𝐸𝐸𝑐𝑐 = 𝐸𝐸𝑝𝑝 ∙ �1 + 𝐾𝐾𝐸𝐸 ∙ 𝑉𝑉𝑓𝑓 + 14.1 ∙ 𝑉𝑉𝑓𝑓2�   Equation 2.2 

For rod-like particles:  𝐸𝐸𝑐𝑐 = 𝐸𝐸𝑝𝑝 ∙ �1 + 0.67 ∙ 𝛼𝛼 ∙ 𝑉𝑉𝑓𝑓 + 1.62 ∙ 𝛼𝛼2 ∙ 𝑉𝑉𝑓𝑓2� Equation 2.3 

 

Halpin-Tsai-Nielsen model 

This model is based on a modification of the Kerner equation and has been applied on 

glass bead reinforced epoxy. The main application is for the estimation for the properties 

of oriented short fibre composites [155, 156]. 
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 𝐸𝐸𝑐𝑐 = 1+𝐴𝐴∙𝐵𝐵∙𝑉𝑉𝑓𝑓
1−𝐵𝐵∙𝜑𝜑∙𝑉𝑉𝑓𝑓

∙ 𝐸𝐸𝑝𝑝       Equation 2.4 

where  𝐵𝐵 =
𝐸𝐸𝑚𝑚
𝐸𝐸𝑝𝑝

−1
𝐸𝐸𝑚𝑚
𝐸𝐸𝑝𝑝

+𝐴𝐴
 , 𝜑𝜑 ≅ 1 + 1−𝜙𝜙𝑚𝑚

𝜙𝜙𝑚𝑚2
∙ 𝑉𝑉𝑓𝑓 and 

for spherical particles: 𝐴𝐴 = 7−5∙𝜈𝜈1
8−10∙𝜈𝜈1

   

for nearly spherical shaped particles: 𝐴𝐴 = 𝐾𝐾𝐸𝐸 − 1 

 

Verbeek model 

Verbeek [157] developed a mathematical model to predict Young’s modulus of platelet 

reinforced thermoplastics, based on the modified Cox model by Padawer and Beecher 

[158, 159], to account for the composite’s porosity and the accompanying loss of material 

stiffness and strength. It is pointed out that the composite’s mechanical properties are 

dependent on many factors including, the adhesion between reinforcement and matrix 

material, the particle size and distribution, the geometry and orientation of reinforcement, 

the maximum packing of the reinforcement, and the porosity of the composite. 

𝐸𝐸𝑐𝑐 = 𝑉𝑉𝑓𝑓 ∙ 𝐸𝐸𝑚𝑚 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀 + 𝑉𝑉𝑝𝑝 ∙ 𝐸𝐸𝑝𝑝      Equation 2.5 

where 𝑀𝑀𝑀𝑀𝑀𝑀 = 1 − tanh𝜑𝜑
𝜑𝜑

  , 𝜑𝜑 = 𝛼𝛼 ∙ �
(1−𝜒𝜒)3∙𝐺𝐺𝑝𝑝

𝐸𝐸𝑚𝑚
∙ 𝑉𝑉𝑓𝑓
1−𝑉𝑉𝑓𝑓

  , 𝜒𝜒 = 𝜙𝜙
𝑉𝑉𝑝𝑝∙(1−𝜙𝜙)+𝜙𝜙

   , and 

 𝜙𝜙 = �1−𝑉𝑉𝑝𝑝�
2
∙𝜙𝜙𝑚𝑚

1−𝑉𝑉𝑝𝑝∙𝜙𝜙𝑚𝑚
 

 

2.5.2 Tensile strength 

The parameters used to calculate the tensile strength of reinforced composites, in addition 

to those used to calculate Young’s modulus, are as follows:  

σc and σP is the tensile strength of the composite and polymer, respectively. K3 is a 

correction factor that accounts for, among other things, deviations from ideal material 

behaviour, and τP is the shear strength of the polymer. The shear modulus of the polymer 

Gp is one of the parameters used to calculate the Strength reduction factor MPF. K is the 
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stress concentration factor that is 1.0 or lower and accounts for the high stress 

concentrations around sharp edges of irregular particles. 

 

Verbeek model 

Verbeek [160] states that especially when small particles are used as reinforcement for 

polymers, the interfacial bonding between reinforcement and matrix are of great 

importance, as well as the other factors mentioned for the calculation of Young’s 

modulus. This model assumes that the dominant failure mechanism is reinforcement pull-

out and not its rupture. Therefore, the shear strength of the matrix material is an influential 

factor. Verbeek points out that neither too small particles, as they require more matrix 

material for better bonding effects, nor too large particles, which lower the tensile 

strength by acting as discontinuities, are desirable. 

𝜎𝜎𝑐𝑐 = 𝑉𝑉𝑝𝑝 ∙ 𝜎𝜎𝑝𝑝 + 𝐾𝐾3 ∙ 𝜏𝜏𝑝𝑝 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀      Equation 2.6 

where  𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑉𝑉𝑓𝑓 ∙ �
𝛼𝛼
𝑢𝑢
� + � 1

tanh𝑢𝑢
− 1

𝑢𝑢
� and 𝑢𝑢 = 𝛼𝛼 ∙ �

𝐺𝐺𝑝𝑝∙𝑉𝑉𝑓𝑓
𝐸𝐸𝑚𝑚∙�1−𝑉𝑉𝑓𝑓�

 

 

Nielsen model 

In 1966, Nielsen [161] published a model to predict the tensile strength of reinforced 

polymers. The model does not account for stress concentration around the reinforcement 

but does account for the reduction in cross-sectional area of the polymer as other particles 

are added. Thus, the resulting values of tensile strength are considered to be maximum 

values. 

𝜎𝜎𝑐𝑐 = 𝜎𝜎𝑝𝑝 ∙ �1 − 𝑉𝑉𝑓𝑓2/3� ∙ 𝐾𝐾      Equation 2.7 

 

Nicolais-Narkis model 

Nicolais and Narkis used the power law from Einstein as a basis for their model for the 

prediction of the tensile strength of reinforced polymers [162]. The model assumes the 

polymer to be a cubic matrix that is filled with uniformly dispersed filler particles, and 

where the fracture occurs in the minimum cross-section of the matrix orthogonal to the 
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applied load. To account for imperfect adhesion between the matrix and the filler, the 

Einstein equation has been modified with a=1.21 and b=2/3. 

𝜎𝜎𝑐𝑐 = 𝜎𝜎𝑝𝑝 ∙ �1 − 1.21 ∙ 𝑉𝑉𝑓𝑓2/3�      Equation 2.8 

 

2.6. SUMMARY 

RM is a unique polymer processing method as it is a relatively traditional and crude 

system, yet it is known and highly regarded for its ability to manufacture complex shapes 

with minimal waste. 

The predominant material used in RM of plastics is PE, because of its excellent price-

performance ratio. PE is low cost and has excellent thermal stability and mechanical 

properties. 

Machine and process adaptations can be expensive and lead to new problems for the 

manufacturer. Therefore, material modifications that can be used on already existing 

machines are more desired by the industry. 

As the stiffness of the available PE is at its limits in many RM applications, reinforcing 

the polymer with particulate, fibrous or other material modifications have been promoted 

in recent years. 

Common reinforcement materials for plastics can be based on natural or synthetic 

materials, including but not limited to glass fibres, carbon fibres and clay. 

The modification of mechanical properties through the use of fillers is often accompanied 

by manufacturing problems, such as the initial preparation of the composite for the RM 

process and the sintering of matrix and filler particles. 

Reinforcing plastic during RM is more difficult compared to other plastic processing 

methods, due to the general lack of shear or pressure applied to the material. Pre-

processing composites via compounding prior to RM can increase the mechanical 

properties of the final product. 

The reinforcement effect is dependent on features such as particle size and distribution, 

chemical composition, particle geometry, and aspect ratio of the reinforcement material. 
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Several mathematical models are available to predict Young’s modulus and tensile 

strength of particulate reinforced plastics, with the latter being slightly less developed. 

These models often have difficulties predicting the mechanical properties of composites 

accurately, as they depend on the accuracy of the selection and content of theoretical and 

empirical parameters. Careful evaluation should take place for each individual case. A 

drawback of all models for the tensile strength is that the filler particles are not considered 

to be possible weak point in the composite, but instead either failure of the matrix or loss 

of interfacial bonding between particles and matrix are responsible for failure of the 

composite [89]. 
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Chapter 3. MATERIALS AND METHODS 

 

This chapter describes the materials and methods used within this research project. The 

experimental work is divided into three stages. The first stage involved determining the 

properties of various polyethylene (PE) grades and selecting the most suitable matrix 

material for the reinforcement trials. The second stage involved experimentally 

evaluating the natural nano-particulate reinforcement of PE. The last stage involved an 

investigation of synthetic reinforcements for PE. 

The purpose of this research is to investigate the effectiveness of different reinforcements 

for rotationally moulded (RM) PE products. Investigations were conducted to determine 

the best performing and most industry-suitable composite. In order to achieve this 

objective, different types of PE were characterised and evaluated, with regards to their 

ability to be used with various types of reinforcement. Composites were produced by 

RM, following an initial dry-blending process, using a high-speed mixer and in some 

cases additional compounding on a twin-screw extruder. 

 

3.1. POLYMERS 

This section describes the various materials used for the composite’s matrices in this 

research project. Material data sheets for all polymers can be found in the Appendix. 

 

3.1.1 Polyethylenes 

All the PE are RM grade; they are supplied in powder form with an average particle size 

of less than 500 microns (µm). All PE for this study was supplied by Vision Plastics New 

Zealand Ltd. (VPlas). Two grades of Linear Medium Density Polyethylene (LMDPE - 

VP305 and VX567), and one grade of High-Density Polyethylene (HDPE - VX573), 

were used. The decision not to include LDPE in this research was carefully considered. 

To minimise unwanted variations in the polymers, it was decided to acquire all the 

polymers from the same local supplier. This supplier does not offer an LDPE in their 

product range; however, it was deemed unnecessary because the chosen materials offer 
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higher stiffnesses compared to the majority of base materials in previous research, which 

facilitates finding composites with even higher stiffness. VP305 offers excellent impact 

resistance, long-term UV stabilisation and creep resistance. These properties are vital for 

large water tanks, chemical tanks, and bin applications. VX567 is a metallocene hexene 

based LMDPE which offers an excellent balance of flow and mechanical properties. Its 

impact strength and environmental stress crack resistance make it a good candidate for 

fuel tanks, recreational equipment, and agricultural equipment. VX573 is a hexene HDPE 

and possesses good impact strength, high stiffness, long term creep resistance and UV 

stabilisation. It is ideal for kayak manufacture, large water tanks, and silos. Table 3.1 

shows a small comparison of properties of all three PE used in this research. 

 

Table 3.1. Properties of VP305 and VX567 (both LMDPE) and VX573 (HDPE). 

Product 
Name 

Polyethylene 
Grade 

Melt Flow 
Index 

[g/10min]1 

Density 
[g/cm3]1 

Melting 
temperature 

[°C] 

ARM 
Impact 

Strength 
[J] 

Estimated 
Price 

[NZ$/kg] 

VP305 LMDPE 3.2 1 0.938 1 124.89 2 227 3 3.60 5 

VX567 LMDPE 6.0 1 0.935 1 120.79 2 - 3.75 5 

VX573 HDPE 4.0 1 0.947 1 128.80 2 178 4 3.80 5 

1 Material data sheet  [163-165], 2 DSC measurements, 3 6.4 mm sample at -40°C,  
4 3.2mm sample at -40°C, 5 value provided by the supplier on 11.06.2019 

 

3.1.2 Maleic anhydride grafted ethylene copolymer 

Small quantities of maleic anhydride grafted polyethylene (MAPE) were added to some 

composites with the intention of achieving better bonding between the reinforcements 

and the PE. Exxelor VA 1840, by ExxonMobil, is said to have outstanding oxidative 

stability and to provide high impact resistance at low temperatures. Exxelor VA 1840 has 

a density of 0.880 g/cm³, MFR of 8.0 g/10min and a medium maleic anhydride graft level 

(typically in the range of 0.2 to 0.5 wt%) [166]. 
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3.2. REINFORCEMENTS 

The investigations of this research focused on both synthetic reinforcements, glass fibres 

and carbon fibres/nanotubes, as well as natural nano-sized clay, HNT. 

Material data sheets for all reinforcements can be found in the Appendix. 

Table 3.2 displays selected properties of the different reinforcement materials used within 

this research project. The materials are described in further detail in their following 

respective subchapters. 

 

Table 3.2. Properties of natural and synthetic reinforcements. 

Reinforcement Supplied 
form 

Density 
[g/cm3] 

Diameter 
[µm] 

Length 
[µm] 

Young’s 
Modulus 

[GPa] 

Estimated Price 
[NZ$/kg] 

Halloysite Powder 2.55 1 [118] 0.15-0.40 3 0.8-1.4 3 130 1 2 4 

Glass fibre  Powder 2.56 1 11-13 1 75-160 1 75 1 5 4 

Ultra-thin glass fibres Roving 2.54 1 4.5 1 <500 3 75 1 220 4 

Carbon fibre  Powder 1.75 1 7 1 165 1 230 1 22 4 

Carbon nanotubes Masterbatch 0.91-0.98 2 0.01 1 >10 1 200-800 2 395 4 

1 Material data sheet, 2 Average values from literature [167, 168], 3 Average values of 

MDS and microscopy validation, 4 Prices obtained in 2019 

 

3.2.1 Halloysite 

The halloysite used in this research was supplied by Imerys Ceramics New Zealand Ltd., 

with the product name Ultrafine-H. Ultrafine-H has an average particle size of less than 

4 micron, as shown in Table 3.3, a density of 2.55 g/cm³ and a Young’s Modulus of 

approximately 130 GPa [118]. The aspect ratio of the halloysite nanotubes (HNT) was 

calculated to be 5.05, with an average diameter of 223 nm and average length of 1126 

nm, measured on the basis of two SEM micrographs and 10 individual HNT. Ultrafine-

H contains 49.5% silicon dioxide, 35.5% aluminium oxide and less than 0.01% fluoride. 

The latter is important as many flame retardants contain fluoride, and it is reported that 

halloysite also provides good flame retardance. 
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Table 3.3.  Particle size distribution of Ultrafine-H (halloysite) [169] 

Lower Mesh Diameter [µm] Cumulative Mass Finer [%] 

5.00 100.0 
4.00 100.0 
3.00 99.9 
2.00 98.8 
1.00 90.0 
0.80 88.4 
0.60 86.2 
0.40 77.7 

 

3.2.2 Ultra-thin glass fibres 

The ultra-thin glass fibres (UTGF) provided by Advanced Glassfiber Yarns (AGY; 

Aiken, USA), are ECC1200 type. UTGF have an electronics grade sizing, type 622. This 

Sizing contains starch and oil, which are essential for the fibres’ main applications. 

Handheld devices such as smartphones and tablet PCs, require the favourable property of 

these fibres to allow thinner IC substrates. This allows for more conducting layers to be 

added in the same thickness of multilayer boards. UTGF have excellent conductive 

filamentation resistance, and the special sizing together with high-speed air-jet weaving 

leads to fabric-surface smoothness. UTGF have a density of 2.54 g/cm³, a Young’s 

modulus of 75 GPa and a coefficient of thermal expansion of 5.4 ppm/°C [97]. UTGF 

was provided as a continuous yarn on a bobbin (see Figure 3.1), according to the supplier 

and verified measuring 15 fibres using a stereomicroscope, with an average diameter of 

4.5 microns (4.06-4.82), 4.1 TEX and approximately 102 filaments [170]. 

 

 

Figure 3.1.  Ultra-thin glass fibre bobbin 
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After various automatic cutting methods were evaluated and deemed unfit for UTGF, a 

manual cutting process was used to prepare UTGF for this research. Figure 3.2 shows the 

cutting block, which was machined out of aluminium and can hold 50 commercially 

available Stanley knife blades. The knife blades have a width of 0.5mm, which when 

prepared under perfect conditions would result in cut fibres of the desired length; up to 

500 microns. As the cutting process was performed manually and the fibres were not 

straightened the same way every time, the resulting fibre lengths were varied. 

 

 

Figure 3.2.  Manual cutter used for UTGF preparation 

 

To achieve faster cutting times, especially needed for higher weight fractions of UTGF, 

a ball mill, as shown in Figure 3.3, was used. To achieve a smaller particle size, the mill 

was loaded with approximately 5 g of UTGF and processed for 15 min with a metal ball 

of 50 mm in diameter. The resulting fibre length ranged from 50 to 1000 microns. 

 

Figure 3.3.  Ball mill used for UTGF preparation 
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3.2.3 Glass fibre powders 

YATAIDA CO.LTD (Shenzhen Yataida High-Tech. CO.Ltd) supplied two different 

grades of glass fibre (GF) powder, Mesh 100 and Mesh 200 . These had an approximate 

length of 160 micron and 75 micron, respectively. These milled E-glass fibres, as shown 

in Figure 3.4, have a silane sizing and a diameter of 13 microns, which results in an aspect 

ratio of 12:1 and 5.8:1 for Mesh100 and Mesh200, respectively. The bulk density is 

approximately 0.67 g/cm³ and tensile strength is 75 GPa [171, 172]. The supplier stated 

that these GF powders were prepared using a ball mill, to wet-grind the previously 

chopped strands of GF. 

 

 

Figure 3.4.  Glass fibre powder [172] 

3.2.4 Carbon fibre powders 

Figure 3.5 shows the carbon fibre (CF) powder were supplied by YATAIDA CO.,LTD, 

in the same lengths as the glass fibre powders; 160 microns (Mesh100) and 75 microns 

(Mesh200). The CF powders are based on polyacrylonitrile (PAN) fibres, which are 

carbonized, surface treated, mechanically ground, sieved and dried. The milled CF have 

a diameter of 7 micron, which results in an aspect ratio of 23.5:1 and 10:1 for Mesh100 

and Mesh200, respectively. Their Young’s moduli are approximately 230 GPa and tensile 

strengths are approximately 3.5 GPa [173, 174]. Carbon fibres are characterised to have 

excellent electrical conductivity, self-lubricating properties and reinforcement abilities; 

such as improved strength and reduced wear. Their primary applications include 

electronic chips, anti-static paint, conducting plates and brake pads. 
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Figure 3.5.  Carbon fibre powder [174] 

 

3.2.5 Carbon nanotubes 

A masterbatch of HDPE Homopolymer with dispersed CNT FibrilsTM was selected and 

was supplied as black pellets by Hyperion Catalysis International, Inc. (Cambridge, 

Massachusetts 02138, United States). The masterbatch contains approximately 20% of 

multi-wall carbon nanotubes (MWCNT; Fibril ™) and less than 2% inorganic metal 

oxides. The Fibril ™ nanotubes are approximately 10-12nm in diameter and 10-15 

microns in length [175]. The main benefit of these nanotubes is their resulting high aspect 

ratios. According to literature, Young’s modulus of MWCNT is between 0.9-1.05 TPa 

[167, 168]. CNT has good flame retardancy and electrical conductivity properties. Low 

loadings of CNT can give greater retention of the base resin’s toughness. This is 

important for applications like automotive fuel system parts or exterior body panels, that 

must be able to withstand impacts at low temperatures without disastrous failure [176]. 

 

3.3. PROCESSING METHODS 

This subsection depicts the machines used for the processing and manufacture of RM 

cubes and samples.  
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3.3.1 Rotational moulder 

Rotational moulding (RM) was carried out on a laboratory scale rock-and-roll machine, 

shown in Figure 3.6. The Teflon coated stainless steel mould has internal dimensions of 

220 mm x 210 mm x 190 mm and a wall thickness of 10 mm, and is displayed in Figure 

3.7. A hole at the centre of the top lid acts as a vent and provides the necessary access for 

a thermocouple to measure the internal air temperature.  

 

 

Figure 3.6.  Laboratory scale rock-and-roll rotational moulding machine 

 

 

Figure 3.7.  Teflon coated steel mould for rotational moulding 
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A motor control unit allowed to adjust the speeds of both motors; the first for the rocking 

motion of the whole oven and the second for rotating the mould inside the oven. The 

motor speeds were set to a ratio of 1:4.6, rotational axis to rocking cycle. The calculated 

total shot weight, for a target product wall thickness of 3.5-4.0 mm, was 800g. The oven 

temperature was set to 250 °C for the heating cycles. For the majority of experiments, a 

peak internal air temperature (PIAT) of 180 °C was chosen as the indicator to initiate the 

cooling cycle of RM. It is important to choose a PIAT that offers, not only good melting 

and sintering of the polymer, but also fast cycle times for efficiency. Typically, lower 

temperatures require less time for heating and cooling and therefore reduce the cycle 

time. In order to cool the mould, the oven door was removed and pressurised air was 

force-blown onto the outside of the mould while maintaining complete mould movement, 

until the internal air temperature reached the desired demoulding temperature. As PE was 

used as matrix material for all composites, a demoulding temperature of 40°C was 

chosen; this offers enough shrinkage and rigidity for demoulding. 

Two methods were used to produce reinforced composites. The first method chosen is 

one of the polymer industry’s simplest mixing methods: dry-blending; using high-speed 

mixer. The second method is by melt-blending or compounding, using either a twin-

screw extruder for larger batches or a Braebender mixer for small batches. The 

compounded composites had to be pelletized and ground to the required particle size 

before RM. 

 

3.3.2 High-speed mixer 

Dry-blending is one of the most uncomplicated mixing methods for plastics, used for 

blending two or more materials together. The shot weight of 800 g was filled into a High-

speed mixer (Type LMX5-S-VSFI by Labtech Engineering Co. Ltd.; shown in Figure 

3.8) and mixed for a minimum of 5 minutes at 1,000 rpm and a processing temperature 

of 40 °C. The mixer has a high polished stainless-steel barrel with three impellers. After 

the completion of the mixing process, the compound was immediately charged into the 

mould and processed. 

 



 

59 
 

 

Figure 3.8.  High-Speed Mixer; Type LMX5-S-VSFI by Labtech Engineering Co. Ltd 

 

3.3.3 Twin-screw extruder 

Larger amounts of compounds were produced using a 26mm twin-screw extruder by 

LabTech Engineering Company Ltd., as shown in Figure 3.9., The temperature profile 

was set to gradually increase from 140 °C at the hopper to 200 °C at the die, to not exceed 

the temperatures inside the mould during RM. The screw speed of the LabTech extruder 

was set between 100-120 rpm and the die pressure was in a range of 5 to 15 bar. The 

mixed compound was starve fed into the feeding zone of the extruder via a volumetric 

feeder. To prevent loss of HNT as it is easily dispersed in air, no active venting was added 

during the extrusion process. The feeding zone of the extruder was left open due to 

gravimetric filling of both the PE and the HNT. A four-outlet die was used to obtain 

multiple strands. The extruded strands were cooled on a conveyor belt using an electric 

fan. When the extrudate reached the end of the conveyor belt, they were cut to be one 

metre long strands and subsequently pelletised. As the resulting particles were still 

considered too large for rotational moulding, the pellets were ground to the desired 

particle size below 500 micron. 
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Figure 3.9.  26mm twin-screw extruder by LabTech Engineering Company Ltd. and 

electrical conveyor belt 

 

In order to produce smaller quantities of the compounds, especially while using nano-

reinforcement, a Brabender mixer (see Figure 3.10) was used at an operation temperature 

of 180°C. 

 

Figure 3.10.  Brabender mixer (Typ: 835201.001) 

 

3.3.4 Pelletising and grinding 

In order to decrease the particle size to the minimum requirement for RM, either strands 

from the LabTech extruder or small plates from the Brabender mixer, were pelletized 

utilizing a Labtech pelletizer (Model LZ-120). Both machines are illustrated in Figure 

3.11. The material was further ground with a Wanner Granulator (Type: 13.20). The 
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resulting particle size allowed for a proper particle flow and coalescence of the 

compounds during RM.  

 

    

Figure 3.11.  (a) Labtech pelletizer and (b) Wanner granulator 

3.3.5 Dryer 

After initial experiments with wet halloysite, it was decided that all materials needed to 

be dried for at least 48 hours at 100°C in a circulating air dryer (Thermotec 2000 Oven 

by Contherm) prior to processing. This should more stable processing conditions and 

results and lead to a better performance of the final parts. 

 

3.4. CHARACTERISATION METHODS 

This section outlines the testing methods and standards used to characterise the RM 

samples. The evaluation methods ranged from thermal analysis to mechanical testing, as 

well as microscopic analysis.  

 

a b 
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3.4.1 Differential scanning calorimetry 

One of the most common thermal analysis methods within the plastic industry is the  

differential scanning calorimetry (DSC), which was performed on a DSC TA Q1000 by 

TA Instruments (as shown in Figure 3.12) in accordance with standard D3895 “Standard 

Test Method for Oxidative-Induction Time of Polyolefins by Differential Scanning 

Calorimetry1” [177].  

DSC was primarily carried out to determine the melting behaviour of the different 

polymers and to make sure that there are no significant deviations. The typical sample 

weight is between 5-10 mg, and the samples are placed in in aluminium pans. A heat - 

cool - heat cycle was used with a temperature range of 25 °C to 250 °C at a rate of 10 

°C/min. Samples were heated in a nitrogen atmosphere, with a flow rate of 50 ml/min. 

Results gathered are not limited to, but include the onset/peak melting temperature and 

exothermic peak temperature of crystallisation. 

 

 

Figure 3.12.  DSC TA Q1000 by TA Instruments 

 

3.4.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was used to determine the thermal stability of the 

pure matrix materials and the manufactured composites. TGA was used to analyse the 

weight loss of a material as a function of time and temperature. Relevant results from this 
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project will include, but are not limited to, the onset of thermal degradation, 

decomposition and the amount of residual material.  

Figure 3.13 shows the TGA Q5000 from TA Instruments used. The sample size was in 

the range of 5 to 15 mg, which were put in aluminium pans and heated at a constant 

temperature rate of 20 °C/min up to 600 °C, or termination if the sample has completely 

deteriorated earlier, while recording the weight loss and temperature. All experiments 

were carried out in air, not in an inert atmosphere, to mimic and simulate the processing 

conditions during RM present in this research project. Preliminary TGA measurements 

were used to confirm that the chosen oven temperature for RM would not lead to 

significant material deterioration of the polymers.  

 

 

Figure 3.13.  TGA Q5000 from TA Instruments 

 

3.4.3 Tensile and bending testing 

The specimens for all samples were cut exclusively from the side walls of the rotationally 

moulded products and tested at room temperature to determine tensile and flexural 

properties. An Instron universal testing machine (Instron 4465 5900R; Figure 3.14) was 

used for tensile and flexural testing. At least five specimens per sample were tested from 

each method, to obtain mean values of the material properties. 
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Figure 3.14.  Instron 4465 universal testing machine; with the set up for (a) tensile 

testing, and (b) three-point flexural testing 

 

Tensile testing was carried out in accordance to ASTM D638 [178] fitted with a 5kN load 

cell and using a clip-on extensometer by Intron (26300-100 series), to measure low strains 

up to 35%. The ambient air temperature was set to 23°C. The crosshead speed for all tests 

was 50 mm/min and the gauge length was defined at 50 mm. Manually tightened grips 

were used to clamp the specimen during testing. A digital calliper was used to measure 

the specimen dimensions, to the nearest 0.01mm, prior to testing. 

Three-point flexural testing was carried out in accordance to ASTM D790 [179], on the 

same machine as tensile testing and under the same environmental conditions. The 

support span was calculated in regards to the sample thickness and set to 55 mm, 

crosshead speed was 14.50 mm min-1 and a 1 N preload was applied before recording 

data. The samples were tested until failure. Force and displacement were recorded and 

the crosshead auto-returned to the starting position after each completed test. 

 

a b 
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3.4.4 Charpy impact testing 

Charpy impact tests were carried out on a Ceast Charpy impact tester (Figure 3.15) in 

accordance to ASTM D6110 [180]. For this study the specimen measured 127x12.7 mm² 

with varying thicknesses averaging 3.75 mm, as this is determined by the shot weight and 

varies with the densities of the used materials, and the support span measured 40 mm. 

Prior to testing the specimens were measured to the nearest 0.01 mm using a digital 

calliper. The appropriate hammer (1J, 2J or 5.5J) was selected to ensure failure of the 

notched samples. At least 5 specimens per sample were tested to obtain average values 

for the material properties. Before testing with a new weight, the friction loss of the 

energy was measured and later deducted from the measured results. The impact strength 

was calculated by dividing the absorbed energy reading from the display by the specimen 

width.  

 

 

Figure 3.15  Ceast Charpy impact tester 

 

3.4.5 Drop-tower testing 

Additional to Charpy impact strength, the impact resistance of selected composites was 

measured with a state-of-the-art drop weight impact test apparatus, Imatek drop weight 

impact test machine (IM10-20), as shown in Figure 3.16. The machine tower is 4.5 m, 

which allows for a maximum impact velocity of 20 m/s and maximum impact energy of 

2 kJ. In order to obtain high-speed video footage of the event of impact, a high-speed 
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camera with a frame rate up of to 250,000 fps was synchronised with the system. The 

video was then analysed in correlation to the obtained data of strain and force. 

The drop weight impact test was based on the “Low Temperature Impact Test” by the 

Association of Rotational Molders International [181], which is designed for simpler 

testing machines and set-ups. All samples were tested under ambient conditions; 

temperature of approximately 23°C and 50% humidity. The chosen dart had a diameter 

of 25.4 mm and an impact mass of 9.88 kg. The failure mode of the sample was observed 

with a set impact energy of 100J.  

 

 

Figure 3.16.  Imatek drop weight impact test machine (IM10-20) 

 

3.4.6 Scanning electron microscopy 

A Scanning Electron Microscopy (SEM) was used to obtain two-dimensional images of 

the fracture surfaces of Charpy impact specimen. SEM can scan samples in raster motion 

with a highly energetic electron beam. It provides a two-dimensional image containing 
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information about the topography, surface morphology or elemental composition. SEM 

images are produced by backscattered and secondary electrons created when the x-ray 

hits the sample. The chemical composition of a point on the surface of the sample can be 

measured using Energy Dispersive x-ray analysis (EDS), and deliver a semi-quantitative 

chemical composition of the sample. 

The machine used was a FEI Quanta 200 F, illustrated in Figure 3.17, manufactured in 

the USA, and can work under high or low vacuum. Using a SiLi (Lithium drifted) EDS, 

the elemental composition of halloysite was identified and analysed. The samples for 

SEM analysis were cut out of notched Charpy impact specimen, to the final dimensions 

of 12.7x10.0x3.5 mm3. After the sample were cut, it was crucial to ensure that all 

specimens were free of any debris, therefore they were air blasted. The specimens were 

mounted individually on sample holders using double-sided tape. A Quorum Q150RS 

sputter coater was used to apply a very thin coating of platinum or gold, suitable for SEM 

viewing.  

Detecting the secondary electrons at aa accelerating voltage of 20 kV, the images were 

attained at a range of magnifications: typically, 55x, 250x and 2000x. 

 

 

Figure 3.17.  SEM; FEI Quanta 200 F [182] 
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3.4.7 MicroCT 

X-ray Microtomography (MicroCT) is a high-resolution x-ray computed tomography. 

The individual images of the x-ray attenuation throughout the sample are computationally 

assembled and then a three-dimensional image of the sample is constructed. The higher 

the contrast and the variation in densities, the better the image quality. The magnification 

is a result of the geometrical relationship between the sample and the camera. In order to 

take images at higher magnification, small sample sizes of approximately 4x4x4 mm3 

were required. To ensure that the specimen is representative of the whole sample, initial 

low-resolution x-ray images were obtained to visualise the density distribution within the 

sample, possible agglomerations and voids. Figure 3.18 shows the instrument used, which 

is a SkyScan 1272 desktop X-Ray microtomograph by Bruker. The images were obtained 

using an X-ray voltage of 48 kV, X-ray current of 200 µA, and exposures of 500-1250 

ms, depending on the distance to the source. The pixel size was 2 µm, rotational steps 

were set to 0.15 deg, averaging frames to 3 and random movement of 4 pix.  

 

 

Figure 3.18.  SkyScan 1272 desktop X-Ray microtomograph by Bruker [183] 
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Chapter 4. PERFORMANCE EVALUATION OF 

POLYETHYLENES 

 

This section details the evaluation of three polyethylene candidates as the main matrix 

material for the majority of this research. All three types of polyethylene have been 

treated and processed in the same manner for all experiments to ensure that the 

mechanical properties and variations can be compared fairly. 

 

4.1. TYPES OF POLYETHYLENES 

As briefly discussed in Chapter 3.1.1, three different types of polyethylene were 

compared in the preliminary experiments in order to choose the best candidate for 

subsequent research. 

After careful consideration, three polyethylene (PE) from a local distributor, Vision 

Plastics New Zealand Ltd., were selected. One of the most significant factors for the 

selection of the matrix material was that all of the PE were supplied in the same state, as 

a rotational moulding (RM) grade powder. RM grade means that the particle size is less 

than 500 microns, which is crucial for a good particle distribution and coalescence in 

rotational moulding, as discussed in greater detail in Chapter 2. Previous research on RM 

of plastics conducted by students in the department led to the decision that the chosen 

matrix materials should have equivalent or better mechanical properties compared to 

those of the materials used before [8, 114, 144, 145, 184-186], and should be readily 

available on the international market of plastic materials. Better performance of the base 

material is essential for this research as the industry is more likely to use materials and 

the resulting composites that perform better compared to the materials they are currently 

using.  

Table 4.1 displays a comparison of selected properties of Cotene 9042 (LMDPE), a very 

commonly used PE type in previous research, to those of VP305 (LMDPE), VX567 

(LMDPE) and VX573 (HDPE). The main features that the latter three PE have in 
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common are good to outstanding impact strength and stiffness, and long-term UV 

stabilisation. All values are retrieved from the respective material data sheets. 

 

Table 4.1. Comparison of VP305 and VX567 (both LMDPE) and VX573 (HDPE) [163-

165]. 

Product 
Name 

Type Flexural 
Modulus 

[MPa] 

Tensile 
Strength 

[MPa] 

Melt Flow 
Index 

[g/10min] 

Density 
[g/cm3] 

Cotene 9042 LMDPE 500 18 4 0.937 

VP305 LMDPE 785 18 3.2 0.938 

VX567 LMDPE 700 18 6 0.935 

VX573 HDPE 851 22 4 0.947 

 

4.2. CHARACTERISATION OF POLYETHYLENES 

4.2.1 Thermal Characterisation 

Different types of analysis procedures, as described in more detail in Chapter 3, were 

carried out to characterise and determine the thermal properties of the three PE used in 

this research. The results outlined the differences in the performances of the PE and 

ascertained the most suitable type of PE for the pursuit of future experiments. 

These results were compared with the available values stated on material data sheets, in 

order to verify these values, for their potential to be used during theoretical modelling of 

mechanical properties of composites. Possible deviations need to be considered and 

evaluated for their applicability in theoretical modelling, as it can result in varying 

predictions for the composite’s mechanical properties and adversely impact the accuracy. 

Differential Scanning Calorimetry (DSC) was conducted to determine whether the PE 

have similar thermal behaviour to one another so that they can be processed under the 

same conditions. As illustrated in Figure 4.1, the melting temperature of all grades is 125 

°C ± 5 °C. This is well below usual operating temperatures for RM. Good melting and 

coalescence of the polymer particles should be achievable without the use of an elevated 

peak internal air temperature (PIAT), above the commonly used 180 oC. Higher 



 

72 
 

processing temperatures often increase the risk of thermal degradation of the material and 

subsequently lower the performance of the final product. 

 

 

Figure 4.1.  DSC graph showing the melting temperatures of VP305, VX567 and 

VX573 

 

In addition to DSC, thermogravimetric analysis (TGA) was performed to examine the 

degradation of PE. Figure 4.2 shows that all three types of PE are stable to temperatures 

of up to 300 °C. The TGA results showed that an oven temperature of 250 °C should not 

result in thermal degradation of the plastics, as long as the exposure to elevated 

temperatures is not for an extended period of time. 
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Figure 4.2.  TGA graph of VP305, VX567 and VX573 

 

Suitable process parameters, such as oven temperature and PIAT, were defined to achieve 

the best moulding results for all polymers and composites, based on the preliminary 

thermal characterisation of all PE. Figure 4.3 displays an exemplary protocol of a full 

RM cycle of approximately 2.5 hours, with three temperature profiles being recorded. 

The blue line shows that the oven temperature was set to 250 °C. The internal air 

temperature (green line) was measured with a thermocouple, which was screwed on to 

the top surface of the mould. It reached to the centre of the mould. The step in the internal 

air temperature between 80 °C and 130 °C, is an indication that the polymer particles 

began to adhere to the inner mould surface as loose powdery mass and started sintering 

together. This internal air temperature corresponds well with the outer mould temperature 

(orange line), which shows a shallower increasing gradient after reaching approximately 

180 °C. This is attributed to the fact that more heat is absorbed by the polymer adhered 

to the inner mould surface. The machine was turned off, and the part was demoulded after 

the internal air temperature reached 40 °C. The following subchapter details the 

investigation of the influence of the internal air temperature during moulding and the 

mechanical properties of the part. 
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Figure 4.3.  RM process protocol for VP305 with temperature profiles for the oven, the 

mould and the inside the mould 

 

4.2.2 Mechanical Characterisation 

All moulded PE samples were mechanically tested in accordance with ASTM D638 for 

tensile properties, ASTM D790 for flexural properties, and ASTM D6110 for impact 

properties. A minimum of five specimen per sample was tested at room temperature. 

As Figure 4.4 illustrated, Young’s modulus of HDPE is significantly higher than the 

LMDPE counterparts. With 1070 MPa, Young’s modulus of HDPE is 40% and 48% 

higher than VP305 and VX567, respectively. HDPE is denser than the other LMDPEs, 

as it has less polymer chain branching [36]. This makes it more rigid and stiffer than 

LMDPEs, resulting in higher resistance to deformation, which means higher stiffness.  

Similar to the moduli, the tensile strength of HDPE is also considerably higher compared 

to both of the LMDPEs. The tensile strength of VX573 is 21% higher than VP305 and 

27% for VX567. 
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Figure 4.4.  Young’s modulus and tensile strength of LMDPE (VP305, VX567) and 

HDPE (VX573) 

 

The results of the flexural modulus are comparable to Young’s modulus, with HDPE 

performing a lot better than the two LMDPE, as shown in Figure 4.5. The difference in 

flexural modulus between the PE types is slightly more significant than in Young’s 

modulus, with HDPE delivering a 52% and 57% higher flexural modulus compared to 

VP305 and VX567, respectively. Comparing the results to the values from the data 

sheets, the LMDPE are in good agreement measuring ±3%, but the experiments showed 

a 25% higher flexural modulus for HDPE (VX573) than stated on the material data sheet. 

As this is a significant difference, the experimental data was chosen for the theoretical 

modelling of the mechanical properties of the composites, outlined in the following 

chapters.  

The flexural strength both LMDPE is 20.9 MPa, which is a third lower than the flexural 

strength of HDPE with 31.4 MPa. This can be attributed to the fact that HDPE typically 

has a much higher degree of crystallinity, minimal polymer chain branching, and tighter 

packed molecular chains than LMDPE. Further advantages are that HDPE is tougher and 

more flexible [36, 38, 187]. 
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Figure 4.5.  Flexural modulus of LMDPE (VP305, VX567) and HDPE (VX573) 

 

As observed with the tensile and flexural properties, the HDPE also outperforms both the 

LMDPEs concerning the Charpy impact strength, as shown in Figure 4.6. VX573 has 

almost double the impact strength of VP305. Even though the impact strength of VX567 

is significantly lower than VX573, it is still 25% higher than that of VP305. VX567 was 

chosen for its better impact properties compared to VP305, with the tensile and flexural 

properties being almost identical. 
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Figure 4.6.  Charpy impact strength of the LMDPE (VP305, VX567) and HDPE 

(VX573) 

 

The observed mechanical properties of the individual PE create a sound basis for 

considerations for the composites within this research project. As HDPE outperforms 

both LMDPE in all properties, it is the favoured material for future investigations. 

 

4.3. INFLUENCE OF THE PEAK INTERNAL AIR TEMPERATURE ON THE 

MECHANICAL PROPERTIES OF MOULDED POLYETHYLENES 

PIAT is one of the most critical process parameters for rotational moulding. PIAT 

measures the temperature of the closed environment, inside the mould, which the 

processed material, typically a thermoplastic polymer, is exposed to during the RM 

process and is an excellent indicator for the material’s melting behaviour. As described 

earlier, the step observed in the internal air temperature curve, displayed in Figure 4.3, 

indicates that enough molten material has adhered to the inner mould surface to change 

the heating rate inside the mould. On the one hand, PIAT must be sufficiently high to 

allow the material to melt completely, as well as have good coalescence between the 

particles and full bubble removal for better mechanical properties [3, 17, 18, 58-60, 67]. 
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On the other hand, it should be low enough to avoid thermal degradation of the polymer 

as the operating temperatures of rotational moulding are usually very close to the polymer 

degradation temperatures. Lower operating temperatures, including the chosen 

temperature of the heat source and the resulting temperatures - such as the outer mould 

temperature and internal air temperature -, and heating rates are more economical as it 

allows for shorter process cycles and higher outputs. 

The oven was set to 250 °C and heating was continued until the desired PIAT was 

reached. After that point, cooling was initiated using compressed air. The effects of 

different PIAT on the mechanical properties of moulded PE were investigated by 

examining the resulting mechanical properties of RM parts under three PIAT 

temperatures, 180 °C, 190 °C and 200 °C. 

Neither the tensile properties nor the flexural properties show any significant degree of 

dependency on PIAT. Overall, the changes in mechanical properties are insignificant. 

The maximum deviation of Young’s modulus, as illustrated in Figure 4.7, is 3%, 5% and 

4% for VP305, VX567 and VX573, respectively. Figure 4.8 shows that the tensile 

strength of the RM part is unaffected by the varying PIAT, with a maximum deviation of 

2%. 

 

 

Figure 4.7.  Effect of PIAT on Young’s modulus of polyethylene 
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Figure 4.8.  Effect of PIAT on the tensile strength of polyethylene 

 

The deviations of flexural modulus with varying PIAT is within the range of 3% to 6%, 

as shown in Figure 4.9. As the PAIT was increased, the standard deviations decreased. 

The variations in flexural strength (Figure 4.10) are within the same range as the flexural 

modulus. Therefore, it can be concluded that tensile and flexural properties are not 

significantly affected by PIAT. 
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Figure 4.9.  Effect of PIAT on the flexural modulus of polyethylene 

 

 

Figure 4.10.  Effect of PIAT on the flexural strength of polyethylene 
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The Charpy impact strength (Figure 4.11) showed the greatest changes with increasing 

PIAT. A 20 °C rise in PIAT improved the Charpy impact strength by 8%, 10% and 6% 

for VP305, VX567 and VX573, respectively. An increasing PIAT can be linked with 

better coalescence of polymer particles and a decrease in air bubbles within the product. 

These effects can result in a more uniform part, less deviation in mechanical properties 

and overall better performance [58, 59]. 

 

 

Figure 4.11.  Effect of PIAT on the impact properties of polyethylene 

 

Overall, the influence of PIAT on the stiffness of the rotationally moulded PE parts is 

almost negligible, for all grades used. The LMDPE grades performed similarly in all 

conducted mechanical tests, whereas HDPE had superior properties comparatively. Table 

4.2 shows that an increased PIAT can lead to an 18min prolonged cycle time, a 13% 

increase. As the property changes are not of a large magnitude, and a lower temperature 

is more economical - due to cycle time reduction -, 180 °C was chosen as the PIAT for 

all moulding experiments, including RM of composites. 
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Table 4.2. Heating and cooling times for all three PE for different PIAT. 

 PIAT [°C] tPIAT [min] tCooling [min] tTotal [min] 

V
P3

05
 180 69 69 137 

190 73 72 145 
200 78 77 155 

V
X

56
7 180 69 68 137 

190 71 77 148 
200 79 76 155 

V
X

57
3 180 69 69 139 

190 72 75 147 
200 77 78 154 

 

4.4. SUMMARY 

Three PE, two LMDPEs (VP305 and VX567) and one HDPE (VX573), were evaluated 

to select the most suitable candidate as matrix polymer for this research, including the 

subsequent composites with various types of reinforcements. Thermal analysis, DSC and 

TGA, showed that all three polymers share comparable thermal properties and are 

suitable to be processed with the same processing parameters. Therefore, the oven 

temperature was set to be at 250 °C; and after investigation of the influence of PIAT on 

the mechanical properties showed little effects, a target PIAT of 180 °C was chosen. The 

advantage of a lower PIAT is a significantly shorter resulting cycle time, reducing it by 

13%. VX573, being the only HDPE, has a higher degree of crystallinity and therefore is 

stiffer compared to LMDPEs. As VX573 outperforms both LMDPEs by up to 50% in all 

mechanical properties, it has been selected as the principal polymer to be used as matrix 

material for the composites produced in this study and presented in the following 

chapters. 
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Chapter 5. EFFECT OF HALLOYSITE ON THE PROPERTIES 

OF POLYETHYLENE  

 

This chapter details the investigation of halloysite nanotubes (HNT) as reinforcement for 

polyethylene (PE) during rotational moulding (RM). Weight fractions of up to 10% of 

HNT were used to study the influence on the mechanical properties of LMDPE (VP305 

and VX567) and HDPE (VX573). The main reasons HNT was chosen as reinforcement 

for PE in RM is that it is a natural occurring nano-sized tubular clay, with promising 

properties. 

 

5.1. MATERIALS USED FOR THE INVESTIGATION OF THE EFFECT OF 

HALLOYSITE ON THE PROPERTIES OF POLYETHYLENE 

A more detailed description of the materials is given in Chapter 3 Materials and Methods, 

and all material data sheets are in the appendix. The results of mechanical testing were 

compared to the predictions of theoretical models, which are explained in more detail in 

Chapter 2. 

The halloysite used in this research, Ultrafine-H, was supplied by Imerys Ceramics New 

Zealand Ltd., who manufacture sanitary ware, tableware and other mineral based 

products. As discussed in Chapter 2, HNT are easier to process than other clay materials 

and allows for good particle dispersion, making it a prospective candidate for reinforcing 

rotationally moulded products. Due to the fact that temperatures during rotational 

moulding can get close to the degradation temperature of the polymer, the aspect that 

HNT can improve the thermal stability of PE [120] makes it an even better candidate. 

The typical field of application for HNT is in ceramics, which are very brittle products. 

For this research project low weight fractions were chosen, with the goal of not only 

improving the stiffness but also concurrently maintaining the impact strength of the 

product. Higher weight fractions of HNT can lead to agglomerations which have adverse 

effects on the mechanical properties of the composite [123]. 
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Table 5.1 illustrates the results of an energy-dispersive X-ray spectroscopy. Ultrafine-H 

is made up of 96.65 wt% of silicon dioxide and aluminium oxide; illustrating the sample’s 

high purity. The other elements measured - phosphor, iron, copper and zinc - and their 

oxides are common impurities found in halloysite deposits around the world. 

 
Table 5.1.  Energy-dispersive X-ray spectroscopy of Ultrafine-H (halloysite) 

Element Wt% 
(weight) 

At%           
(atomic weight) 

O 39.21 53.45 
Al 22.93 18.54 
Si 34.51 26.8 
P 0.15 0.1 
Fe 0.48 0.19 
Cu 1.63 0.56 
Zn 1.1 0.37 

 

The same three PE detailed in Chapter 4 - VP305, VX567 and VX573 - were used for the 

following study.  

The investigation of the influence of reinforcements on the mechanical properties of dry-

blended composites is important as it is the most straight forward mixing method and 

therefore convenient for the industry. The industry is more inclined to consider these 

reinforcements and the possibilities of implementing them in their production if 

improvements can be made without expensive investments, e.g. new machinery, 

additional processing steps and added labour.  

To investigate the influence of the compounding process on the mechanical properties of 

HNT/PE composites, two different methods were compared: dry blending using a high-

speed mixer and compounding on a twin-screw extruder. Compounds of each polymer 

were produced with 2 wt%, 5 wt% and 10 wt% of HNT. 

 



 

86 
 

5.2. THE INFLUENCE OF HALLOYSITE ON THE TENSILE PROPERTIES OF DRY-

BLENDED POLYETHYLENE COMPOSITES 

The tensile properties of dry-blended HNT/PE composites experience small 

improvements with an increasing amount of reinforcement. At the highest loading, 10 

wt% of HNT, Young’s modulus increased by 17%, 9% and 2% for VP305, VX567 and 

VX573, respectively, as shown in Figure 5.1. In contrast to the LMDPE (VP305 and 

VX567), HDPE (VX573) showed the highest increase in Young’s modulus at 5 wt% 

HNT with 11%. The change in gradient for HDPE shows that the optimum HNT loading 

for this polymer type lies between 5 wt% to 10 wt%. Young’s modulus of both LDPE 

shows no significant improvement in Young’s modulus with up to 5 wt% of HNT but 

increase at 10 wt%, which is different to the trend of HDPE. One of the differences 

between the HDPE and the two LMDPEs is that according to the supplier [165] a novel 

catalyst was used to produce the former, which could affect the interactive behaviour 

between the polymer and the reinforcement. Another difference between the polymers 

are their densities and their degrees of crystallinity; both are directly related to the 

mechanical properties of the polymers [187]. Therefore, it is possible that HNT have an 

adverse effect on the mechanical properties in the HDPE matrix with loadings higher than 

5 wt% due to the particles’ influence on the crystallinity and the morphology of the 

polymer. Particulate reinforcement can reduce or modify the molecular weight of the 

matrix polymer or its crystallinity. High loadings of ultrafine particles, where the 

interparticle spacing is similar to the polymer’s particle spacing, can cause strained 

confirmations of the polymer molecules and thereby have a considerable influence on the 

mechanical properties [116]. Figure 5.2 shows the decline in crystallinity of PE with 

increasing amount of HNT. The incorporation of nanosized clay can limit the growth of 

polymer crystals and their growth rate. The discrepancies between mechanical properties 

and crystallinity indicate that the influence of defects, such as voids and particle-matrix 

interactions, have a greater influence on the mechanical properties of HNT/PE 

composites than the polymer’s crystallinity [188]. 
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Figure 5.1.  Effects of reinforcement content on Young’s modulus of dry-blended 

halloysite polyethylene composites 

 

 

Figure 5.2.  Effects of HNT content on the crystallinity of PE (inserted) 
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Figure 5.3 shows the decrease in tensile strength with increasing amount of HNT. The 

tensile strength of HDPE drops by a third, whereas the two LMDPE lose 19% (VX567) 

and 12% (VP305). The increase in Young’s modulus and the simultaneous decrease in 

tensile strength has been reported for other natural reinforcements, mostly fibres [8, 111, 

146, 189]. A decrease of tensile properties with increasing amount of HNT can be caused 

due to a higher chance of reinforcement agglomerations, as shown in Figure 5.4, which 

then adversely affect the mechanical performance of the product. With the addition of 

small quantities (up to 10 %) of particulates, such as glass beads, aluminium oxide or 

silicon carbide, Young’s modulus of the rotational moulded part increases, whereas the 

tensile strength decreases with the addition of particles [184]. The negative effect of 

particulate reinforcement on the tensile strength is often related to interfacial debonding 

between the polymer and particles, ductile failure of the matrix or particle cracking [190]. 

 

 

Figure 5.3.  Effects of reinforcement content on the tensile strength of dry-blended 

halloysite polyethylene composites 

 

Figure 5.4 shows, that an increasing amount of HNT causes the depth and diameter of 

pores within the product to grow. This trend is reflected in the tensile strength, which is 

decreasing with an increasing amount of HNT and subsequently larger voids. The 

HNT/HDPE composite with 2 wt% HNT, Figure 5.4 b, shows a high number of voids, 
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which are smaller in size and more uniform in comparison to the defects found at 5 wt%, 

Figure 5.4 c, or 10 wt%, Figure 5.4 d. Although the HNT has been dried at 110 °C for 

more than 24h before processing, the material may still contain moisture. HNT tends to 

store moisture very well inside their tubular form and complete removal is only achieved 

by heating at 400 °C without dihydroxylation [191, 192]. During moulding, the moisture 

evaporates and can form bubbles or pores within the composites, which can then lead to 

a decrease in mechanical properties. Entrapped air and moisture can be reduced by 

compounding the composite to a masterbatch prior to RM. As rotational moulding is an 

almost stress-free process, the particles are being distributed by a tumbling motion and 

particles can agglomerate. HNT is a fine grade clay material with small particle size; 

smaller particles have a higher chance to agglomerate than bigger particles; these big 

agglomerates act as defects [89, 184] and reduce the mechanical properties of the 

composite.  
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Figure 5.4.  SEM pictures of the fractured surface of dry-blended HNT/HDPE 

composites: (a) pure HDPE, (b) 2 wt% HNT, (c) 5 wt% HNT, (d) 10 wt% HNT 

 

The two HNT/LMDPE composites (Figure 5.5) show comparable effects to the ones 

illustrated in Figure 5.5 c for HNT/HDPE composites. 5 wt% of HNT lead to a significant 

number of defects of varying size, primarily air bubbles but also agglomerations. The 

similarity in defects can also be seen in the resemblance of trends in the mechanical 

properties. An increased amount of reinforcement particles carries a substantial risk of 

leading to an increasing number of defects [89], which can impair the reinforcement 

effects on the mechanical properties.  

  

a b 

c d 

voids 
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Figure 5.5.  SEM picture of the fracture surface of composites with 5 wt% HNT with 

(a) VP305 (LMDPE) and (b) VX567 (LMDPE) as matrix material 

 

Closer investigations of the voids in the HNT/PE composites with 5 wt% of HNT showed 

the presence of agglomerations around the voids, as shown in Figure 5.6. This indicates 

that HNT can contribute to the formation of voids, due to moisture within the clay that 

evaporates during the moulding process. The obtained SEM micrographs are 

inconclusive with regard to the interaction between HNT and PE. TEM measurements 

were considered because of their higher resolution compared to SEM and the ability to 

show crystalline structures and interactions between structures. The sample preparation 

is difficult and involves microtome cutting to thicknesses of 30-150 nm. This presents 

the risk of introducing artefacts and requires chemical or cryo fixation of the structures. 

Another drawback of TEM is that only a very small cross-section of the sample is 

investigated. Therefore, in order to visualize defects and reinforcement material 

distribution within a larger sample size MicroCT was chosen to supplement the SEM 

micrographs. 

 

a b 

voids 
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Figure 5.6.  SEM picture of close-ups of voids within composites containing 5 wt% 

HNT with (a) VP305 (LMDPE), (b) VX567 (LMDPE), and (c) VX573 (HDPE) as 

matrix material 

 

5.3. THE INFLUENCE OF HALLOYSITE ON THE FLEXURAL PROPERTIES OF DRY-

BLENDED POLYETHYLENE COMPOSITES 

The flexural properties of all dry-blended HNT/PE composites appear to be minimally 

influenced by an increasing amount of HNT. The flexural modulus, presented in Figure 

5.7, as well as the flexural strength, displayed in Figure 5.8, of LMDPEs show a rapid 

increase at low HNT loadings which then reaches a plateau. The maximum increase in 

flexural modulus is 17%, 12% and 10%, for VP305, VX567 and VX573, respectively. 

The flexural strength of LMDPE increases slightly with higher HNT contents, by 10% 

a b 

c 
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(VP305) and 6% (VX567). HDPE (VX573) shows a minor decrease in tensile strength 

of 3%, which is within the standard deviation. 

 

 

Figure 5.7.  Effects of reinforcement content on the flexural modulus of dry-blended 

halloysite polyethylene composites 

 

In contrast to the tensile strength, the flexural strength increases slightly with higher 

loadings of HNT. An increase in moment of inertia suggests that HNT migrated to the 

outer walls of the component. The flexural strength of plastics that are reinforced with 

natural fillers tends to be higher, compared to the pure polymer, as the composite is not 

homogeneous and contains defects which act as stress concentrations. Under flexural 

loading, the largest stress only acts on the reinforcements at the ends of the composites 

and the strength is defined by the strongest filler and not as under tensile load by the 

weakest one [106].  
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Figure 5.8.  Effects of reinforcement content on the flexural strength of dry-blended 

halloysite polyethylene composites 

 

5.4. THE INFLUENCE OF HALLOYSITE ON THE IMPACT PROPERTIES OF DRY-

BLENDED POLYETHYLENE COMPOSITES 

Of all mechanical properties, the impact properties of HNT/PE composites were 

influenced the most by increasing amount of HNT (Figure 5.9). Already low amounts of 

HNT drastically decreased the performance of all composites in regards to their impact 

properties. The impact strength drops as much as 72%, 76% and 40% in comparison to 

the initial, unreinforced values for VP305, VX567 and VX573, respectively. The impact 

strength is often negatively affected by particulate or short-fibre reinforcement. Fillers or 

reinforcements can increase the presence of bubbles and voids within the product, which 

significantly reduces the impact strength [110], the same way agglomerations of filler 

material can. 
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Figure 5.9.  Effects of reinforcement content on the impact properties of dry-blended 

halloysite polyethylene composites 

 

Micrographs obtained via MicroCT, displayed in Figure 5.10, show that an increasing 

amount of HNT leads to an increased number of voids, but the average size decreases. 

Due to the research scope and size of individual HNT, only two-dimensional X-ray 

images were produced. This view is a lot faster to obtain than a complete MicroCT scan, 

and can give a good indication about agglomerations and air bubbles or voids. The void 

size distribution was calculated using an image processing software called ImageJ. Figure 

5.11 shows that increasing amount of HNT leads to an increased number of small voids 

and decreased number of large voids. 
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Figure 5.10.  MicroCT image of the HNT/HDPE composites with (a) 2 wt% HNT, (b) 5 

wt% HNT and (c) 10 wt% HNT 

 

a b c 
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Figure 5.11.  Void size distribution of the HNT/HDPE composites with 2 wt%, 5 wt% 

and 10 wt% HNT 

 

Figure 5.12 shows a small cluster of pure HNT, in which individual nanotubes sticking 

out can clearly be observed. These small clusters or agglomerations of HNT can also be 

observed in the composites processed by RM, to different extends depending on the 

reinforcement loading. SEM pictures show that the HNT agglomerates (Figure 5.4, 

Figure 5.5) within the non-polar PE matrix due to the lack of functional groups facilitating 

interfacial bonding with the PE matrix and therefore can only bond with itself. HNT can 

form complexes with compounds that have polar groups, such as acids or bases with -OH 

or -NH2 groups [193], which are not present in PE. The presence of HNT agglomerates 

can be related to the decreased ductility of the RM composites, as they act as crack 

initiator which enhance crack propagation, leading to attenuated impact properties of the 

composite part. 
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Figure 5.12.  SEM picture of a cluster of pure halloysite 

 

5.5. THE EFFECT OF COMPOUNDING ON THE MECHANICAL PROPERTIES OF 

HALLOYSITE POLYETHYLENE COMPOSITES 

As it is known that shear during mixing can increase the interfacial bonding between 

reinforcement and polymer matrix [8], a comparison study between dry-blended 

composites and compounded composites has been conducted. Therefore, the compounds 

were extruded using a 26mm twin-screw extruder manufactured by LabTech Engineering 

Company Ltd.  

Young’s modulus (Figure 5.13) of all composites was increased by compounding in 

comparison to dry-blended composites. As rotational moulding is an almost shear-less 

process [6], the compounding facilitates shear forces that act upon the HNT particles and 

PE, and increases the tensile properties. Higher shear rates do not only reduce entrapped 

air but can also improve the interfacial bonding between reinforcement and polymer 

matrix via mechanical forces. Compounding improved Young’s modulus by 

approximately 15% for the HDPE (VX573) with 10 wt% HNT in comparison to that of 

the equivalent dry-blended composite, whereas VX567 (LMDPE) improved by 18% with 

5 wt% of HNT in the equivalent comparison. The only impact the additional processing 

step of compounding had on Young’s modulus of VP305 (LMDPE) is an earlier increase 

already at 5 wt% of HNT. Otherwise, the values of dry-blended and compounded 

HNT/VP305 composites are similar to each other within their standard deviations. 

a b 
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Figure 5.13.  Effects of different mixing methods on Young’s modulus of polyethylene 

 

The benefit of compounding appears to be most relevant to the tensile strength of VX573, 

Figure 5.14Figure 3.. Where the dry-blended HNT/HDPE composite loses nearly a third 

of its tensile strength, its compounded counterpart seems to be almost not affected by 

increasing amount of reinforcement and loses only 5% at 10 wt% of HNT. At 10 wt% of 

HNT the difference in tensile strength is approximately 45% between dry-blended and 

compounded HNT/HDPE composites. The same trend can be seen for HNT/LMDPE 

composites, where the gain in tensile strength due to compounding is maximum of 21% 

and 16% for VP305 and VX567, respectively. Compounding the composites prior to 

rotational moulding can lead to better wetting of the fibres and subsequently better 

performance [8, 128]. The high shear rate and temperature within extrusion can cause 

polymer degradation and chain scissoring which can result in lower viscosity and 

therefore improve the reinforcement-matrix bonding but also poses the danger of a 

negative impact on the mechanical properties of the polymer itself. A lower viscosity also 

improves the sintering of composite particles during rotational moulding [58, 194]. A low 

viscosity can be a positive influence on the wetting of the reinforcement particles. 
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Figure 5.14.  Effects of different mixing methods on the tensile strength of polyethylene 

 

A comparison of SEM images taken of dry-blended and compounded HNT/PE 

composites shows that the latter has fewer agglomerations at the fracture surface, as 

illustrated in Figure 5.15. The lack of reinforcement and high number of voids present on 

the fracture surface indicates that the HNT are being ripped out of the PE during impact 

testing, due to poor interfacial bonding. The mechanical properties of composites 

typically are better if there are smaller and fewer agglomerations of reinforcement 

incorporated, which is encouraged by higher shear rates and pressures, as they are present 

in shear mixing processes such as compounding. The shear forces should help to increase 

the mechanical interfacial bonding between the particles. As the tensile and flexural 

properties were either improved or maintained and because of the theoretical 

improvements of the interfacial bonding by shear mixing, it can be concluded that the 

adhesion and dispersion of the HNT was improved with the additional compounding 

process. Compounding, for example melt blending of the reinforcement material and 

plastic matrix on a twin-screw extruder, enhances the material properties as it provides 

better wetting of the reinforcement by the matrix polymer, which breaks up possible 

agglomerations by shear forces and is required for good dispersion of nanoparticles [8]. 
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Figure 5.15.  SEM pictures of the fractured surface of (a) dry-blended and (b) 

compounded HNT/HDPE composites with 5 wt% HNT 

 

In contrary to the tensile properties, the flexural properties were not influenced by a large 

margin by the additional processing step of compounding. The trend of the flexural 

modulus (Figure 5.16) and flexural strength (Figure 5.17) of compounded composites 

follows the pattern of the dry-blended composites within 5% deviation. Therefore, it is 

concluded that flexural properties of all HNT/PE composites are independent of the 

mixing method.  

 
Figure 5.16.  Effects of different mixing methods on the flexural modulus of 

polyethylene 

a b 
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Figure 5.17.  Effects of different mixing methods on the flexural modulus of 

polyethylene 

 

Figure 5.18 displays the SEM images of dry-blended and compounded HNT/LMDPE 

composites, of both VP305 and VX567 with 5 wt% HNT. The images show only minor 

improvements in the occurrence of voids visible on the fracture surface, yet their size 

increased. As the mechanical properties were either maintained or improved, the 

compounding process seems to support better bonding between reinforcement and 

polymer, which compensates possible negative effects of the occurring voids and air 

bubbles. 
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Figure 5.18.  SEM picture of the fracture surface of HNT/LMDPE composites with 5 

wt% HNT: (a) dry-blended VP305, (b) compounded VP305, (c) dry-blended VX567, 

(d) compounded VX567 

 

The Charpy impact strength of neither the compounded nor the dry-blended composites, 

were maintained (Figure 5.19). Small quantities of HNT particles into a PE matrix reduce 

the impact resistance significantly, to values between 17% and 60% of the unreinforced 

polymer. There are marginal differences between dry-blended and compounded 

composites, but the values are in the range of the standard deviations and measurement 

discrepancies. The results show that even a small amount of HNT makes PE significantly 

more brittle. HNT increases the brittleness of composites with a ductile matrix, similar to 

other particulate fillers [195], which also indicates poor interfacial adhesion between 

HNT and PE. 

 

a b 

c d 
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Figure 5.19.  Effects of HNT content on Charpy impact energy of halloysite 

polyethylene composites 

 

HNT agglomerations are often located close to the bubbles present within the part, as 

displayed in Figure 5.20 a. The individual nanotubes are visible within these clusters, 

Figure 5.20 b. As mentioned previously, if the interparticle spacing of the nano-

reinforcement is similar to the polymer’s particle spacing, the crystallinity of the polymer 

can be influenced, which has a negative influence on the mechanical properties of the 

composite. A higher degree of crystallinity is associated with high brittleness, whereas 

the amorphous phase is linked to the toughness of the material. An increase in 

interparticle spacing facilitates easier dispersion of the filler material. On the example of 

layered silicate, Figure 5.21 illustrates the different states of filler particles within a 

polymer composite. An interference can be drawn that the filler particles have influence 

on the polymer’s crystallinity and that the filler polymer interactions are especially 

important in high strain conditions [116], such as present when testing the Charpy impact 

strength of specimen.  
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Figure 5.20.  SEM pictures of the fractured surface of (a) HNT/HDPE composites with 

5 wt% HNT and (b) close-up of HNT agglomeration present  

 

 
Figure 5.21.  Different states of dispersion for a layered silicate in a polymer composite 

[116] 

 

The drop weight impact test results of dry-blended HNT/HDPE, displayed in Table 5.2, 

provide confirmation of the increased brittleness with rising amount of halloysite. The 

change of velocity is the highest for the pure HDPE, with 100% compared to 3% and 0% 

for composites with 1 wt% and 5 wt% of HNT, respectively. The pure HDPE shows 

ductile failure behaviour and was expected to show higher impact resistance due to the 

lack of impurities and defects reinforcement materials can introduce. The end energy of 

pure HDPE is 10-times an over 20-times higher for HDPE compared to HNT/HDPE with 

a b 

 
 



 

106 
 

1 wt% and 5 wt%, respectively. Higher quantities of HNT increases the chanced of 

defects, such as voids and agglomerations, which adversely affect the mechanical 

properties. 

 

Table 5.2.  Drop weight impact test results of HNT/HDPE composites. 

 

Peak force 
[kN] 

Peak displacement 
[mm] 

End 
energy [J] 

Puncture 
Deflection [mm] 

Velocity 
change [%] 

VX573 4.77 ±0.3 27.56 ±0.07 102.32 ±0.6 33.82 ±0.24 100 ±3 

1 wt% HNT 12.73 ±1.06 53.34 ±0.05 10.36 ±4.78 54.03 ±0.03 3 ±3 

5 wt% HNT 11.74 ±2.51 53.71 ±0.44 4.83 ±7.76 54.21 ±0.13 0 ±4 

 

5.6. EVALUATION OF THE DATA CORRELATION OF MEASUREMENTS AND 

MATHEMATICAL MODELLING 

The experimental data of Young’s modulus and tensile strength were each compared with 

the values obtained from three theoretical models. For the prediction of Young’s modulus 

the Guth model, Verbeek model and Halpin-Tsai-Nielsen model were used; and for the 

tensile strength the Verbeek model, Nielsen model, and Nicolais-Narkis model. All of the 

models are described into more detail in Chapter 2 and the values used for the parameters 

can be found in Table 2.4. 

At low weight fractions the theoretical and practical values for the tensile strength of 

HNT/HDPE composites deviate from one another, for both compounded and dry-blended 

samples (Figure 5.22). Above a reinforcement content of 2 wt% the trend of the measured 

data follows the trend of the mathematical predictions, which presents a decline with 

increasing reinforcement content. The tensile strength of compounded HNT/HDPE 

composites shows only a slight decrease, which is closest to the mathematical prediction 

using the Verbeek model. Both, the Nielsen model and the Nicolais-Nielsen model 

overestimate the loss in tensile strength in comparison to compounded HNT/VX573, yet 

is a good approximation for dry-blended composites. The theoretical models can be used 

to predict the tensile properties for rotationally moulded particle reinforced composites 

when a uniform distribution of reinforcement is achieved [128]. The models do not 
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account for voids and other defects or reinforcement agglomerations within the 

composite, which are likely to occur when the reinforcement and polymer are only dry-

blended. Therefore, the models will not be completely accurate to predict the values for 

imperfect composites. 

 

 

Figure 5.22.  Comparison of tensile strength of dry-blended and compounded 

HNT/HDPE (VX573) composites and the results of the theoretical models 

 

Similar to the results of HNT/VX573 composite, the Verbeek model is most suitable for 

the prediction of the tensile strength for compounded HNT/VX567 composites (Figure 

5.23), due to the lower decrease in properties with increasing amount of reinforcement. 

The other mathematical models, Nielsen mode and Nicolais-Nielsen model, show 

significant decreases with increasing amount of reinforcement which although not fitting 

for compounded HNT/VX567 composites, show a good correlation to the tensile strength 

of dry-blended composites. 
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Figure 5.23.  Comparison of tensile strength of dry-blended and compounded 

HNT/LMDPE (VX567) composites and the results of the theoretical models 

 

The Verbeek model for tensile strength shows to be the best fit in comparison to the 

experimental data for compounded HNT/VP305 (Figure 5.24). The Nielsen model and 

Nicolais-Nielsen model correlate very well with the trend of the dry-blended HNT/VP305 

tensile strength. 
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Figure 5.24.  Comparison of tensile strength of dry-blended and compounded 

HNT/LMDPE (VP305) composites and the results of the theoretical models 

 

The data shows that the trend of Young’s modulus of compounded HNT/VX573 (Figure 

5.25) can be described well with the Halpin-Tsai-Nielsen model, as well as with the Guth 

model. Out of the three models for the prediction of Young’s modulus, the Verbeek 

model is the only one with an exponential increase. The Verbeek model for Young’s 

modulus over predicts for all compounds, which could be due to the zero void assumption 

in the parameters. One important factor for the accuracy of the Verbeek model for 

Young’s modulus is the aspect ratio of the reinforcement, which has a bigger effect 

particularly at higher reinforcement content. The aspect ratio for the HNT was measured 

to be below 5; therefore, the Verbeek model is not the completely accurate to determine 

Young’s modulus of the HNT/PE composites in this study, as it underpredicts the values 

for low aspect ratios. According to literature, the Verbeek model for Young’s modulus 

requires an aspect ratio higher than its critical value to be suitable to model a 

reinforcement effect of particles within polymers [146, 157, 184]. 
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Figure 5.25.  Comparison of Young’s modulus of dry-blended and compounded 

HNT/HDPE (VX573) composites and the results of the theoretical models  

 

Young’s modulus of HNT/VX567 (Figure 5.26) is in good agreement with the Guth 

model, as well as the Halpin-Tsai-Nielsen model. With increasing reinforcement content, 

Young’s modulus of HNT/VX567 experiences a moderate increase. 

 
Figure 5.26.  Comparison of Young’s modulus of dry-blended and compounded 

HNT/LMDPE (VX567) composites and the results of the theoretical models 
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The Guth model, as well as the Halpin-Tsai-Nielsen model, correlates well with Young’s 

modulus of HNT/VP305 composites (Figure 5.27). Similar to the other HNT/PE 

composites, the Verbeek model is not an ideal model due to its exponential growth. 

 

 

Figure 5.27.  Comparison of Young’s modulus of dry-blended and compounded 

HNT/LMDPE (VP305) composites and the results of the theoretical models 

 

5.7. SUMMARY 

HNT particles were successfully incorporated into different PE matrices and the 

following influences were observed: 

The incorporation of small amounts of HNT in PE matrices leads to an increase in 

Young’s modulus, flexural modulus and flexural strength. The flexural strength of 

HNT/HDPE composites stayed levelled with increasing amount of HNT with a slight 

negative trend, whereas within HNT/LMDPE composites small increases were achieved.  

 

The impact properties dropped significantly with small quantities of HNT, presenting a 

negative trend with increasing filler content. The decrease in impact strength can be 

explained due to the fact that filler particles tend to increase the presence of air bubbles 
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and voids within the composite, which have an adverse effect on the impact resistance of 

the final product. 

SEM analysis showed that HNT has a tendency to form small agglomerates within a non-

polar polymer matrix. This can be caused by the lack of functional groups which can 

facilitate better interfacial bonding between HNT and the polymer. The ends of these 

agglomerates can act as crack initiators, which can be linked to a loss in impact strength 

of the polymer. 

Two-dimensional X-ray images obtained by MicroCT can give a better impression of the 

overall particle distribution within the composite. Higher quantities of HNT result in an 

increased number of defects, such as voids and agglomerations, to occur, but the size of 

the agglomeration decreased.  

Higher amounts of HNT increased the size of voids and air bubbles within the composite, 

as common for filler reinforced thermoplastics. A possible origin of the entrapped air can 

be moisture stored within the HNT, which evaporates during the RM process and the 

processing temperatures. More precise drying prior to processing, or pre-processing by 

compounding, can eliminate some of these effects. 

Compounding of the HNT/PE composites led to a better distribution of reinforcement 

within the polymer matrix and reduced the number of voids and the size of particle 

agglomerations. The shear forces introduced into the composites by compounding with a 

twin-screw extruder can increase all mechanical properties compared to the values of dry-

blended composites. Where compounding was able to only achieve minimal 

improvements in flexural and impact properties, Young’s modulus was increased up to 

an additional 15% and the tensile strength even up to 45% in comparison to dry-blended 

HNT/PE composites. The shear stresses can lower the viscosity of the composites and 

therefore facilitate better wetting of the reinforcement. The absence of improvements in 

mechanical properties after compounding indicates no significant improvement in 

interfacial bonding between HNT and PE. The additional processing step of 

compounding, with its high shear rates and temperatures, poses the risk of polymer 

degradation which explains possible adverse effect on the mechanical properties. 

A uniform distribution of reinforcement increases the prediction accuracy of the 

composite’s tensile properties obtained by theoretical models, as these models are 

empirical and have limited account for defects. The huge variety of defects complicates 
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the consideration of each of them, and therefore reduces the accuracy of the predictions. 

This is an important reason to keep improving and researching new models which 

consider a wider range of defects so that the accuracy of predicted values is enhanced. 

The Guth model for the prediction of Young’s modulus is the most precise mathematical 

model, in comparison to the Verbeek model and Halpin-Tsai-Nielsen model, to describe 

the mechanical performance of all compounded HNT/PE composites. At low 

reinforcement contents all models predict values within a close range, but at higher 

loadings there is a significant gap. At 10 wt% of HNT, the Guth model was able to 

adequately predict Young’s modulus of dry-blended HND/VP305 and HNT/VX567, as 

well as compounded HNT/VP305 and HNT/VX573 composites. 

Overall, compounded HNT/PE composites maintained their tensile strength, which is in 

good correlation to the predictions of the Verbeek model. This model predicts a gentle 

loss of tensile strength which is the case for compounded samples, with improved 

particle-matrix bonding. As the values of the dry-blended composites drop more 

drastically with increasing amount of reinforcement than their compounded counterparts, 

they are in better agreement with the Nielsen model and Nicolais-Nielsen model. The 

reinforcement volume fraction has a bigger and more direct influence on the loss of 

tensile strength for these two models. Nevertheless, the rapid loss in tensile strength of 

HNT/VX567 and HNT/VX573 cannot be predicted by either model. 
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Chapter 6. EFFECTS OF GLASS FIBRES ON THE 

MECHANICAL PROPERTIES OF ROTATIONAL MOULDED 

HIGH DENSITY POLYETHYLENE 

 

This chapter details the investigation of different types of glass fibres (GF) as 

reinforcement for high density polyethylene (HDPE), during rotational moulding (RM). 

Weight fractions of up to 20% of GF were used to study the effects on the mechanical 

properties of GF/HDPE composites. 

 

6.1. MATERIALS USED FOR THE INVESTIGATION OF THE EFFECT OF GLASS 

FIBRES ON THE PROPERTIES OF POLYETHYLENE 

Based on the initial trials with three different types of polyethylene (PE), one candidate 

was selected for closer investigation with a larger variety of reinforcements. The selected 

polymer, VX573, a HDPE that overall showed greater performance in comparison to the 

two linear medium density PE. VX573 performed better both without reinforcements as 

well as when reinforced with halloysite nanotubes. VX573 is a rotational moulding grade, 

in powder form with an average particle size of less than 500 microns (µm), an MFI of 

4.0 g/10min, density of 0.947 g/cm³ [165] and a melting temperature of 129 °C (DSC 

measurement). 

Three different types of glass fibres were used during this research. Milled E-glass fibres 

were supplied in powder form by YATAIDA CO.LTD. The fibres had a diameter of 13 

microns and came in two different lengths, 75 microns (Mesh 200; GF200) and 160 

microns (Mesh 100; GF100), with aspect ratios of 5.8:1 and 12:1 respectively. Another 

type of glass fibre used was ultra-thin glass fibres (UTGF), type ECC1200 which were 

supplied by Advanced Glassfiber Yarns. The UTGF were supplied as a continuous lower 

twist yarn with an average diameter of 4.5 microns and a density of 2.54 g/cm3 [170]. 

These were manually cut to a target length of 500 microns, which results in an aspect 

ratio of 110:1. As the manual cutting process was labour intensive, a ball mill was used 

to cut the fibres for higher weight fractions than 2 wt% of UTGF, which resulted in a 
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wider range of fibre lengths with 50-1000 microns. All glass fibres have a Young’s 

modulus of approximately 75 GPa [171, 172]. 

In order to study the effect of short glass fibres on the mechanical properties of GF/HDPE 

composites, compounds with a reinforcement content of up to 20 wt% were manufactured 

and tested. As dry-blending the polymer with the reinforcement material is one of the 

simplest methods to create composites, this method was chosen for the majority of 

experiments. The effects of the GF on the mechanical properties and their particle 

distribution within the RM parts will be examined below. 

Mixed results were observed when using reinforcements in RM. Glass beads have shown 

positive effects on the tensile modulus and impact strength, but negative effects on tensile 

strength [128, 129]. The main problems with particulate reinforcements have been poor 

blending and bonding between the polymer and reinforcement, as well as accumulations 

and segregation of reinforcements [109, 128, 129]. Some of these limitations can be 

overcome by machine or process adaptations. Adaptions, like the application of internal 

pressure or different heat sources, require either expensive mould modifications or longer 

cycle times; both of which are uneconomical. 

Two methods for interfacial bonding enhancement between the GF and the HDPE were 

studied. Low weight fractions of GF were chosen for these studies, as the enhancement 

of mechanical properties has previously shown to be more significant at lower quantities 

of reinforcement [94, 196]. Other risks of using high amounts of fibres are a decreased 

coalescence between particles and increased viscosity at higher concentrations [7, 99, 

197]. This can lead to poor material flow and mixing [58]. Firstly, it is theoretically 

possible to enhance the bonding between GF and PE chemically through the use of maleic 

anhydride grafted polyethylene (MAPE). Silane can be used as a coupling agent for polar 

thermoplastics, which carry a reactive group that can interact with silane. PE is a nonpolar 

thermoplastic where the mechanisms of silane do not function as above; therefore, an 

alternative, widely used coupling agent is maleic anhydride grafted PE [198]. Even 

though extrusion blending of compounds may improve the mechanical properties, 

GF/HDPE and MAPE were dry-blended. Dry-blending is more desirable by industry, if 

better mechanical performance can be achieved without machine or process adaptations. 

Additional steps such as extrusion, pelletizing or grinding do not only require more time 

and greater costs, but may have an adverse effect on the length of the reinforcement [199]. 
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Secondly, compounding was used to mechanically enhance the bonding between the 

particles due to higher shear forces and pressure compared to RM. Therefore, the 

GF/HDPE composites containing 1 wt% of reinforcement were extruded on a 26mm 

twin-screw extruder by LabTech Engineering Company Ltd. In theory, the applied shear 

load during extrusion should facilitate better bonding between the particles [8], in 

comparison to the almost shear-less RM process [187]. High shear mixing by extrusion 

may reach shear rates of 200 s-1 or even up to 1000 s-1. The higher the shear rate, the 

easier it is for a polymer, that displays shear-thinning behaviour, to flow and to be 

processed [4]. Micron-sized or nano-sized reinforcements tend to agglomerate when dry-

blended. Usually these clusters of reinforcements can be mitigated when shear is applied 

during the mixing process. Clusters can disentangle and uniformly distribute the 

reinforcement [89, 200, 201]. After compounding, the composites were pelletized and 

ground to the required particle size, prior to RM. 

 

6.2. INFLUENCE OF MALEIC ANHYDRIDE GRAFTED POLYETHYLENE AND 

COMPOUNDING ON THE TENSILE PROPERTIES OF GLASS FIBRE HIGH 

DENSITY POLYETHYLENE COMPOSITES 

All dry-blended GF/HDPE composites show an increase of Young’s modulus, already 

with small amounts of GF, as shown in Figure 6.1. At 1 wt% of GF, UTGF shows a 

marginally higher improvement in Young’s modulus, with an increase of 17% compared 

to an increase of 14% for the other two GF types, which have a lower aspect ratio, GF100 

and GF200. Young’s modulus of the composite with GF200 shows a further increase of 

up to 10 wt%, 19% compared to pure HDPE, before decreasing below the value of neat 

PE at 20 wt% fibre loading; 9% less than pure HDPE. In contrast to GF200, GF100 

achieved even greater increases in Young’s modulus with higher fibre loadings. At 20 

wt% of GF100, Young’s modulus can be improved by 35%, in comparison to 

unreinforced HDPE. It appears that the medium aspect ratio of GF100 is beneficial for 

reinforcement effects at higher weight fractions. This may be attributed to the higher 

rigidity of the fibres themselves in comparison to UTGF, which tend to cause buckling 

and fibre crossing, and subsequently decrease the mechanical properties. It is also 

possible that the negative impacts on the mechanical properties are caused by an 

increased quantity of longer fibres, as they can interfere with the coalescence of particles 
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and lead to an increased number of defects within the part [202]. Compared to GF200, 

with the same fibre diameter as GF100 but shorter, the distribution of the reinforcements 

appears to be better, with a smaller tendency to form agglomerations. During dry-

blending larger filler particles are covered more easily with molten polymer than smaller 

ones. Smaller particles have a higher tendency to form clusters, which can act as defects 

[128]. 

 

Figure 6.1.  Effects of glass fibre content on Young’s modulus of dry-blended 

GF/HDPE composites 

 

Higher loadings of UTGF lead to a decreased Young’s modulus. At nearly 8 wt% UTGF 

loading, Young’s modulus of UTGF/HDPE was a fifth lower than the value of pure 

HDPE. As stated above, for the UTGF/HDPE composites with higher GF content, a ball 

mill was used to cut the fibres. The milled UTGF were a mixture of a wide range of fibre 

length, ranging from 50 to 1000 microns. Studies show that a maximum particle size of 

500 microns is beneficial for good material flow and coalescence in RM [3]. Figure 6.2 

illustrates that the using a ball mill for UTGF lead to an increased amount of debris on 

the outside of the fibres in comparison to hand cut UTGF. These small fibre fragments 

are not bonded to the surface of the main fibre and therefore interfere with the interfacial 

bonding between the fibres and the polymer matrix, which subsequently leads to inferior 
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mechanical properties. Cleaning fibres of impurities could lead to increased interfacial 

bonding, as for example chemical treatment is used to clean natural fibres from impurities 

and increase the roughness to subsequently increase the interfacial bonding to the matrix 

material [203]. 

 

 

Figure 6.2.  SEM image of UTGF prepared by (a) hand cutting and (b) ball milling 

 

a 

b 
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X-ray images, obtained by a MicroCT, of composites with low GF content (Figure 6.3), 

show that GF100 tends to have less defects, such as air bubbles, compared to the other 

two types of GF. This explains why GF100 is still able to achieve an increased 

reinforcement effect at higher weight contents. The lighter spots observed, especially in 

the GF200/HDPE sample (Figure 6.3 b), are voids and air bubbles, which can have 

adverse effects on the mechanical properties of the composites [60, 110]. The X-ray of 

the UTGF/HDPE sample (Figure 6.3 c) was taken of a specimen produced out of a 

compounded masterbatch which got pelletized and then rotationally moulded. The darker 

areas are presumed to be clusters of UTGF/HDPE masterbatch which have been mixed 

with the HDPE matrix during the RM process. The influence of compounding on the 

mechanical properties will be discussed further below. 
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Figure 6.3.  2D X-ray images of GF/HDPE composites with 1 wt% GF obtained by 
MicroCT: (a) GF100 (dry-blended), (b) GF200 (dry-blended) and (c) UTGF 

(compounded) 

 

 

a b c 
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Figure 6.4 shows that lower quantities of GF have no significant impact on the tensile 

strength of GF/HDPE composites. Up to 2 wt% of GF, the tensile strength of all 

composites is within 4%, compared to pure HDPE. As the GF content increases the 

tensile strength decreases significantly. Figure 6.5 displays SEM images of the fracture 

surfaces of GF100/HDPE and GF200/HDPE composites with 2 wt% GF. A high number 

of voids and fibres can be seen on both surfaces. At 20 wt% of GF, the tensile strength 

of GF200/HDPE is less than half of the pure HDPE, 10.0 MPa compared to 21.8 MPa. 

Similar to the trends seen in Young’s modulus, GF100/HDPE composites also show 

higher tensile strengths with increasing fibre weight fractions than GF200/HDPE. 20 wt% 

of GF100 decreases the tensile strength of HDPE by a third, from 21.8 MPa to 15.8 MPa.  

 

 

Figure 6.4.  Effects of glass fibre content on the tensile strength of dry-blended 

GF/HDPE composites 
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Figure 6.5.  SEM images of GF/HDPE composites with 2 wt% (a) GF100 and (b) GF200 

 

a 

b 
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The addition of MAPE to HDPE led to a decrease in Young’s modulus by 6%, as shown 

in Figure 6.6. The green line illustrates Young’s modulus value of pure HDPE, the purple 

line represents HDPE mixed with MAPE and the columns are for the GF/HDPE 

composites with MAPE (red) and without MAPE (blue). The drop in Young’s modulus 

with the addition of MAPE is an indication that the two polymers used may have not been 

fully compatible with each other, which could be caused by the difference in viscosity of 

the two polymers. All GF/HDPE composites showed a decrease in Young’s modulus with 

the addition of a small amount of maleic anhydride (MA). Where similar increases of up 

to 20% of Young’s modulus were achieved with 1 wt% of all types of GF used without 

MAPE, this trend was inverted with the addition of MAPE. A possible reason for the 

poor performance of the composites with added MA is that the sizing of the GF is 

saturated and therefore does not possess any groups that can react with the MA. Future 

studies should be conducted with the focus on the reactivity of the fibre sizing, the 

purification and activation of the fibre surface via chemical treatment, such as piranha 

acid [43]. Subsequently, the MAPE content can be optimised to achieve the best 

composite performance. Only UTGF/HDPE mixed with MAPE can still slightly improve 

Young’s modulus in comparison to neat HDPE. This can be due to the presence of higher 

aspect ratios and thus larger surface areas for the MA to attach on the GF. Young’s 

modulus is best for UTGF, followed by GF100 and then GF200, which follows the trend 

of their aspect ratios of 110, 12, and 6, respectively.  
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Figure 6.6.  Influence of maleic anhydride on Young’s modulus of dry-blended 

GF/HDPE composites with 1 wt% GF 

 

SEM images (Figure 6.7) show that individual fibres adhered to the polymer when using 

MAPE, however the results did not reflect a positive impact on Young’s modulus of 

better wetting of the GF byb adding MAPE. 
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Figure 6.7.  SEM images of UTGF/HDPE composites with 1 wt% UTGF and 1 % 

MAPE 

 

With regards to GF100/HDPE composites with added MAPE (Figure 6.8), a shell-like 

structure was observed around the fibre. The fibre has potentially been coated during the 

RM process, but the adhesion was not strong enough to withstand mechanical testing so 

that the matrix and the fibre were pulled apart. If the MAPE/HDPE surrounds the fibres 

but does not adhere better to the fibres than pure HDPE, the result would be decreased 

mechanical properties, as observed in this study. 
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Figure 6.8.  SEM images of GF100/HDPE composites with 1 wt% GF100 and 1 % 

MAPE 

 

Similar to Young’s modulus, the tensile strength of GF/HDPE composites was not 

improved with the addition of MAPE (Figure 6.9). The addition of MAPE to pure HDPE 

led to a 5% decrease in tensile strength. The smallest adverse effect on the tensile strength 

was observed with GF at higher aspect ratios. GF/HDPE composites containing 1 wt% 

UTGF and GF100 and additional MAPE had tensile strengths close to neat HDPE, 

whereas GF200 dropped to the value of HDPE with added MAPE. 
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Figure 6.9.  Influence of maleic anhydride on tensile strength of dry-blended GF/HDPE 

composites with 1 wt% GF 

 

As mentioned earlier, another way of increasing the interfacial bonding between fibres 

and matrix material, compounding, was investigated. Compounded UTGF/HDPE 

composite, with fibres of the highest aspect ratio within the tested GF, shows the best 

overall performance, with a 20% increase in Young’s modulus at 1 wt% of UTGF. 

Although compounded GF/HDPE composites had better tensile properties than 

compounded HDPE, Figure 6.10 illustrates that dry-blended GF/HDPE composites were 

superior to both compounded GF/HDPE and neat HDPE. A reason for the better 

performance of dry-blended composites in comparison to their compounded counterparts, 

can be the preparation process of the compounded samples. A masterbatch of GF/HDPE 

was produced, which then was ground to the required particle size before RM. As the 

matrix material, for the masterbatch and the RM composite are the same, VX573, a good 

adherence and dispersion between the materials was expected. However, the masterbatch 

did not dissolve but instead remained within the matrix polymer as clusters. Young’s 

modulus of dry-blended and compounded GF/HDPE composites is most alike with 

UTGF as reinforcement, deviating only by 2%, followed by GF100 with a decrease of 

6% and GF200 9%. 
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Figure 6.10.  Influence of compounding on Young’s modulus of GF/HDPE composites 

with 1 wt% GF 

 

The tensile strength (Figure 6.11) of neither the dry-blended nor the compounded 

GF/HDPE composites deviates drastically from the values of the pure polymer; they 

remain approximately constant. The tensile strength appears to be more greatly affected 

by the fibre content [110], than by the additional processing step. Therefore, at low 

quantities, such as the chosen 1 wt% of GF, no significant change in tensile strength with 

this type of processing, is measured. 
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Figure 6.11.  Influence of compounding on tensile strength of GF/HDPE composites 

with 1 wt% GF 

 

6.3. INFLUENCE OF MALEIC ANHYDRIDE GRAFTED POLYETHYLENE AND 

COMPOUNDING ON THE FLEXURAL PROPERTIES OF GLASS FIBRE HIGH 

DENSITY POLYETHYLENE COMPOSITES 

At low fibre contents, 0.5 wt% to 2 wt%, the flexural modulus (Figure 6.12) is almost 

independent of the type of GF. Up to 1 wt% of GF leads to a 6-8% decrease in flexural 

modulus compared to neat HDPE. Doubling the GF content to 2 wt% leads to a recovery 

of half of the initial loss in flexural modulus for all GF/HDPE composites. Whereas even 

at 10 wt% of GF, the two GF types with the same fibre diameter, GF100 and GF 200, 

show very similar values, a further increase in GF content leads to different results. 

Similar to the trends seen in Young’s modulus, GF100 had an increased flexural modulus. 

An increase of 8% in flexural modulus was achieved at 20 wt% GF100 compared to the 

value at 1 wt% of GF100. At 20 wt% of GF200, the flexural modulus of GF200/HDPE 

dropped by one third, compared to 1 wt% of GF200. The SEM images of GF100/HDPE 

(Figure 6.13), GF200/HDPE (Figure 6.14) and UTGF/HDPE (Figure 6.15) with a low 

quantity of GF show that a significant amount of fibres are remaining in the matrix. 

Considering that although some fibres have been pulled out, a significant number of 
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fibres remained on the fracture surface. This leads to the assumption that the interfacial 

bonding between the GF and the HDPE was relatively good. At low amounts pf 

reinforcement, the GF seem to act as defects and lead to a decrease in flexural modulus, 

which recovers at 2 wt% GF. Only GF100/HDPE at 20 wt% of GF improved the flexural 

modulus by 2% compared to neat HDPE. The three-point bending test puts load onto the 

specimen in order to measure the transverse strength of the composite, which is 

influenced by factors such as the interfacial bond between fibre and matrix, the presence 

of voids, other defects and the fibres and matrix themselves [102]. As illustrated by the 

X-ray images above in Figure 6.3 and SEM images below (Figure 6.13, Figure 6.14, and 

Figure 6.15), the incorporation of the three GF types used, lead to voids and some fibre 

pull out, which is a plausible explanation of the overall decrease in flexural modulus of 

all composites. Alignment of the fibres can improve the flexural properties of reinforced 

composites [89]. This study investigated the influence of randomly orientated 

reinforcement materials, which means that the lower values for 0.5 wt% and 1 wt% can 

be caused by unfavourable alignment of the GF. 

 

 
Figure 6.12.  Effects of glass fibre content on the flexural modulus of dry-blended 

GF/HDPE composites 
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Figure 6.13.  SEM images of GF100/HDPE composites with 0.5 wt% GF100 

 

Figure 6.14.  SEM images of GF200/HDPE composites with 0.5 wt% GF200 
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Figure 6.15.  SEM images of UTGF/HDPE composites with 0.5 wt% UTGF 

 

GF100/HDPE composites are able to maintain the flexural strength (Figure 6.16) up to 

higher reinforcement content in comparison to the other two GF types. 10 wt% of GF100 

only decreases the flexural strength by 2%, from 29.8 MPa to 29.2 MPa. It is notable that 

the standard deviation doubles at higher reinforcement contents. A cause for this effect 

can be the increased likelihood of defects such as voids and fibres which negatively 

impact each other. An increase in GF content to 20 wt% leads to a 20% decrease in 

flexural strength compared to neat HDPE. Increasing the amount of GF200 leads to a 

continual decrease in tensile strength, up to almost 40%. A 5% decrease of flexural 

strength is observed at 0.5 to 2 wt% of UTGF. All GF used for this research are randomly 

orientated discontinuous fibres. Short fibres are considered to be too short to improve the 

strength of composites significantly [102]. Therefore, higher contents of GF lead to a 

further decrease in flexural strength of all GF/HDPE composites. 

 



 

133 
 

 

Figure 6.16.  Effects of glass fibre content on the flexural strength of dry-blended 

GF/HDPE composites 

 

The flexural modulus (Figure 6.17) and flexural strength (Figure 6.18) of all GF/HDPE 

changed within the magnitude of the standard deviations with the addition of MAPE. 

Young’s moduli values for all composites are between those of pure HDPE with and 

without additional MAPE. As already observed with the tensile properties, the addition 

of MAPE to pure HDPE led to a significant decrease (15%) of flexural modulus compared 

to neat HDPE. The failure mechanisms during the bending test and therefore the obtained 

results are not significantly influenced by either the type of glass fibre, nor the addition 

of MAPE. 
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Figure 6.17.  Influence of maleic anhydride on flexural modulus of dry-blended 

GF/HDPE composites with 1 wt% GF 

 

 

Figure 6.18.  Influence of maleic anhydride on flexural strength of dry-blended 

GF/HDPE composites with 1 wt% GF 
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The flexural properties of GF/HDPE could not be improved with an additional 

compounding of the composites prior to RM. It is concluded that the interfacial bonding 

between the GF and HDPE could not be significantly improved by compounding the 

composites before RM. A weak trend can be observed; the higher the aspect ratio, the 

better the flexural modulus (Figure 6.19) and flexural strength (Figure 6.20) of the 

compounded GF/HDPE composite. As mentioned above, MicroCT was able to show that 

the compounded and ground composite particles did not dissolve within the polymer 

matrix and remained as clusters, this can explain the decrease in flexural modulus and 

flexural strength compared to neat HDPE. 

 

 

Figure 6.19.  Influence of compounding on flexural modulus of GF/HDPE composites 

with 1 wt% GF 
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Figure 6.20.  Influence of compounding on flexural strength of GF/HDPE composites 

with 1 wt% GF 

 

6.4. INFLUENCE OF MALEIC ANHYDRIDE GRAFTED POLYETHYLENE AND 

COMPOUNDING ON THE IMPACT PROPERTIES OF GLASS FIBRE HIGH DENSITY 

POLYETHYLENE COMPOSITES 

Figure 6.21 shows the impact properties of RM GF/HDPE composites with varying 

amount of GF. The incorporation of GF within the HDPE matrix leads to a rapid decrease 

in impact strength already with low contents of GF for all three types of GF used. The 

gradient decreases with increasing amount of GF. At 20 wt% GF100/HDPE composites 

only half the impact strength of neat HDPE is achieved, whereas GF200/HDPE only 

reach one third of the impact strength of the pure polymer. All GF types used are 

discontinuous and randomly orientated. As mentioned in a previous chapter, a maximum 

particle size of 500 microns is important for good mechanical properties of RM products. 

Therefore, the fibres are extremely short and are lower than the critical fibre length, which 

is important to improve the strength of composites significantly. The reinforcement 

particles appear to act as defects within the composites in regards to the impact strength 

and make the composites significantly more brittle, even with low GF quantities. Figure 
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6.22 illustrates a three-dimensional section, obtained using a MicroCT, of dry-blended 

GF100/HDPE with 1 wt% GF100. GF100/HDPE was chosen for three-dimensional 

investigation with MicroCT, as the tensile properties can be increased the most at higher 

fibre loadings and it had the best cost-performance ratio of all GF in this study. For 

comparison of the fibre distribution and presence of voids, a three-dimensional image of 

CF100/HDPE was also obtained, with fibres of the same length as GF100 but different 

aspect ratios, as shown in Figure 7.7. Given the focus of this study on specified cost-

effective measurable improvements for the RM industry, the specimens chosen to 3D 

scan were those that best aligned with the project’s overall goal. Although the GF appear 

to be well dispersed throughout the whole volume of the sample, the impact properties 

are significantly reduced with the addition of even the smallest amounts of GF. As the 

RM does not facilitate the necessary pressures and shear rates to provide good wetting of 

the fibres, especially the fibre ends remain uncoated and can therefore act as crack 

initiator and propagator, and subsequently decrease the impact strength of the product. 

An increased amount of fibres, raises the number of fibre ends and therefore reduce the 

impact strength. 

 

 

Figure 6.21.  Effects of glass fibre content on the impact properties of dry-blended 

GF/HDPE composites 
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Figure 6.22.  MicroCT image of dry-blended GF100/HDPE with 1 wt% GF100 

 

The impact strength (Figure 6.23) of pure HDPE was improved by the addition of MAPE 

from 217 kJ/m2 to 250 kJ/m2. When mixed with neat HDPE, the lower viscosity of the 

MAPE used can make the material slightly more elastic and therefore increases the 

impact strength. When added to GF/HDPE composites, MAPE was not able to increase 

or maintain the impact properties. The composites containing additional MAPE were 

measured to be slightly weaker than the composites without MAPE. A decrease in impact 

strength of approximately 10% was observed for GF100 and GF200 composites when 

MAPE was added, whereas UTGF/HDPE composites only showed 2% deviation. The 

addition of MAPE had the lowest negative effect on the GF with the highest aspect ratio, 

which shows that the theoretical improvement in the interfacial bonding strength between 

filler and polymer is also dependent on the aspect ratio of the filler material.  
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Figure 6.23.  Influence of maleic anhydride on impact strength of dry-blended 

GF/HDPE composites with 1 wt% GF 

 

The impact strength was affected the most out of all measured mechanical properties by 

the additional compounding processing step (Figure 6.24). Already a 20% improvement 

could be observed by compounding the pure HDPE. The impact strength of UTGF/HDPE 

composites was tripled by compounding the composite prior to RM. Compounded 

GF200/HDPE shows almost double the impact strength of its dry-blended counterpart 

GF100/HDPE. GF100/HDPE shows the smallest increase, but with almost a 50% 

improvement, it can still be referred to as a significant increase. As previously discussed, 

the process of compounding and RM the GF/HDPE composites caused some sort of 

agglomerations. The large increase in impact strength can possibly be attributed to the 

high shear mixing during the extrusion process. The reinforcement effect is greater the 

higher the aspect ratio of the GF used [5].  
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Figure 6.24.  Influence of compounding on impact strength of GF/HDPE composites 

with 1 wt% GF 

 

The drop weight impact test results of dry-blended GF/HDPE, displayed in Table 6.1, 

suggest that all types of GF reduce the impact strength of HDPE. Although the mean 

standard deviation of GF100/HDPE is slightly greater than of the other GF/HDPE 

composites; all GF/HDPE composites are on a similar level, significantly lower than 

HDPE. Similar to the Charpy impact test, all GF types were not able to maintain or 

increase the drop weight impact strength. 

 

Table 6.1. Drop weight impact test results of GF/HDPE composites. 

 

Peak force 
[kN] 

Peak displacement 
[mm] 

End energy 
[J] 

Puncture 
Deflection [mm] 

Velocity 
change [%] 

VX573 4.77 ±0.3 27.56 ±0.07 102.32 ±0.6 33.82 ±0.24 100 ±3 

1 wt% GF100 6.01 ±0.38 54.90 ±0.49 63.58 ±7.79 55.40 ±0.46 37 ±6 

1 wt% GF200 4.66 ±0.31 56.15 ±0.79 74.88 ±1.02 56.50 ±0.76 46 ±1 

1 wt% UTGF 4.98 ±0.01 55.24 ±0.10 70.61 ±1.89 55.65 ±0.03 42 ±2 
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6.5. EVALUATION OF THE DATA CORRELATION OF MEASUREMENTS AND 

MATHEMATICAL MODELLING 

In this section, the obtained results from tensile testing are compared to the theoretical 

models, in order to evaluate the model’s applicability for the prediction of mechanical 

properties of the present composites. All the theoretical models are described more into 

detail in Chapter 2, when they were first introduced in this work, and the values used for 

the parameters can be found in Table 2.4. For the prediction of Young’s modulus the 

Guth model, Verbeek model and Halpin-Tsai-Nielsen model were used; and for the 

tensile strength the Verbeek model, Nielsen model, and Nicolais-Narkis model. 

Figure 6.25 shows, that for very low UTGF contents, 0.5 wt% and 1 wt%, the Verbeek 

model is closest to the experimental values of Young’s modulus. But as the measured 

Young’s modulus drops after that point with higher GF content, due to earlier discussed 

defects, the model is incapable of closely predicting the modulus. Both the Verbeek 

model and the Guth model for the prediction of Young’s modulus depend directly of the 

aspect ratio of the reinforcement material. The theoretical aspect ratio of UTGF seems to 

be above the limit of accuracy for these two models. The optimal fibre aspect ratio for 

best reinforcement effects according to Gibson [204], calculated for fibres with a 

diameter of 4.5 microns, is approximately 25:1. With increasing aspect ratio, the number 

of defects and detrimental effects between fibre-fibre and fibre-matrix increases as well, 

which results in adverse effects on the mechanical properties of the composite.  
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Figure 6.25.  Comparison of Young’s modulus of UTGF/HDPE composites and the 

results of theoretical modelling 

 

The following assumptions limit the ability of all theoretical models to precisely predict 

of the composite’s Young’s modulus; fibres have a circular cross section, are arranged in 

a square array and are uniformly distributed within the matrix, the matric is free of voids, 

and the fibre-matrix-bonding is perfect [205]. As discussed earlier especially the last two 

limiting factors apply and therefore the models are not able to give accurate predictions. 

Another reason for the deviations of the mathematical models and the experimental data 

is that with increasing fibre content, the number of fibre ends increases which can act as 

crack initiator and subsequently lower the mechanical properties. Elevated processing 

pressures can help facilitating better wetting of the fibre ends with matrix material and 

reduce the risk of them to act as defects and crack initiators, but RM is traditionally 

performed only under atmospheric pressure. 

Young’s modulus of GF100/HDPE (Figure 6.26) and GF200/HDPE (Figure 6.27) 

composites experiences an abrupt increase with very low GF content which is maintained 

up to 5 wt% and 10 wt%, respectively. All theoretical models predict a gradual rise in 

Young’s modulus with increasing reinforcement content, and therefore are unable to 

predict this present sudden behaviour with very low GF content. 
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Figure 6.26.  Comparison of Young’s modulus of GF100/HDPE composites and the 

results of theoretical modelling 

 

 

Figure 6.27.  Comparison of Young’s modulus of GF200/HDPE composites and the 

results of theoretical modelling 
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As displayed in Figure 6.28, the tensile strength of UTGF/HDPE composites experiences 

a more radical loss than the chosen mathematical models can predict. In contrast to the 

Nielsen and Nicolais-Narkis model, the Verbeek model is predicting a very significant 

increase in tensile strength, due to the direct relations of the aspect ratio of the fibres. The 

results show that the present fibre length cannot correctly be accounted for within the 

Verbeek model. 

 

 

Figure 6.28.  Comparison of tensile strength of GF200/HDPE composites and the 

results of theoretical modelling 

 

The measured tensile strength of GF100/HDPE correlates well with the values of the 

Nielsen model and Nicolais-Narkis model, as shown in Figure 6.29. Compared to UTGF, 

GF100 has a more uniform length distribution, which appear to result in more continuous 

effects on the composite’s tensile strength with increasing quantity. 
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Figure 6.29.  Comparison of tensile strength of GF200/HDPE composites and the 

results of theoretical modelling 

 

Similar to UTGF/HDPE, the tensile strength of GF200/HDPE (Figure 6.30) drops 

radically at higher reinforcement content and cannot be accurately predicted by the three 

theoretical models used in this study. 

 

Figure 6.30.  Comparison of tensile strength of GF200/HDPE composites and the 

results of theoretical modelling 
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6.6. SUMMARY 

A higher aspect ratio of the glass fibres often provides better reinforcement effects, 

compared to similar fibres with lower aspect ratios. Comparing two dry-blended 

GF/HDPE composites with MicroCT showed that the GF100/HDPE composite had less 

voids and agglomerations than the GF200/HDPE composite, where the latter has the 

lower aspect ratio glass fibres. At low quantities the composites containing UTGF 

showed better tensile and flexural properties, compared to the composites with GF100 

and GF200. At higher weight fractions, GF100/HDPE outperformed GF200/HDPE. For 

an increasing weight percentage, GF100/HDPE had a positive trend as Young’s modulus 

increased by 17% compared to neat HDPE at 20 wt% of GF. Whereas GF200/HDPE 

decreased by 9% in comparison to neat HDPE at the same GF loading at 20 wt%. The 

flexural modulus of GF100/HDPE was 44% higher than the one of GF200/HDPE at 20 

wt% of GF. The mechanical properties for GF/HDPE composites with MAPE were 

overall not advantageous, however UTGF had the best mechanical properties; the GF 

type with the highest aspect ratio.  

A comparison of MicroCT scans, two-dimensional X-ray images and full three-

dimensional MicroCT scan images of GF100/HDPE and GF200/HDPE showed that more 

voids and agglomerations were present in the GF200/HDPE composite, which contains 

fibres with lower aspect ratios. Although the inspected samples had low GF contents, it 

was observed that there were fewer defects within the composite. This is a good 

indication as to why GF100/HDPE performed better at higher fibre loadings than 

GF200/HDPE. An increased quantity of defects within the composite explains the 

decrease in flexural properties with increasing amounts of GF. Shear mixing of the 

GF/HDPE composites prior to RM can improve the impact properties significantly, but 

not the tensile and flexural properties. Although the compounded GF/HDPE lead to an 

increase in tensile properties and flexural properties compared to pure HDPE, dry-

blended GF/HDPE composites performed slightly better. This may be explained by the 

preparation and processing methods of the compounds; the composites were compounded 

into a masterbatch, ground and then mixed with the HDPE during RM. The masterbatch 

remained as clusters within the polymer. The resulting mechanical properties are the sum 

of the benefits of a better fibre-matrix-bonding due to shear mixing and the drawback of 

agglomerations due to fact that the masterbatch clusters did not dissolve completely in 

the polymer matrix during RM. 
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An important factor for the improvement of the mechanical properties of composites is 

to facilitate good interfacial bonding between the reinforcement and the polymer. In the 

case of UTGF, it was observed that manually cutting fibres was better for the mechanical 

performance of the final UTGF/HDPE composite, than using a ball mill. SEM showed 

an increased amount of debris on the fibres that were prepared using a ball mill, leading 

to decreased mechanical properties. The improved mechanical properties of HDPE by 

GF reinforcement, coupled with the fact that a decent amount of fibres remained on the 

fracture surface as per the SEM images, gives a good indication that the interfacial 

bonding between GF and HDPE was sufficient. The impact properties give reason to 

believe that the bonding between GF and HDPE can be significantly improved by 

compounding. The higher the aspect ratio of the fibres, the better the impact strength of 

the GF/HDPE composite. 

Overall, the chosen theoretical models for the prediction of Young’s modulus and tensile 

strength are unsuitable for the present GF types. Only the tensile strength of 

GF100/HDPE composites showed good agreement to the calculated values of the Nielsen 

model and Nicolais-Narkis model. Some of the drawbacks all models for Young’s 

modulus have in common are the assumption perfect fibre-matrix bonding and the lack 

of defects within the composite. An increasing fibre content leads to a higher number of 

fibre ends which can act as crack initiator and subsequently lower the mechanical 

properties.  

To conclude, low quantities of glass fibres were able to increase Young’s modulus while 

maintaining the tensile strength; at higher loadings Young’s modulus and strength drop 

due to increased number of defects, such as voids and negative fibre interactions. 

GF100/HDPE was an exception, as the modulus kept increasing up to even higher 

reinforcement contents of 20 wt%. The flexural properties and impact properties 

decreased with the addition of short GF. Although more time and labour intensive, the 

manual cutting process of the UTGF turned out to deliver better mechanical properties of 

the composites compared to the composites where the UTGF were prepared using a ball 

mill. This can be attributed to the narrower fibre length distribution of the handcut fibres 

and the lower amount of UTGF which are longer than the desired length of 500 microns. 

The MAPE used was not able to significantly improve the adhesion between GF and 

HDPE, and therefore also did not improve the mechanical properties of the composites. 

Compounding can improve the interfacial bonding between the reinforcement and the 
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polymer, which reflects in a substantial increase in impact strength. Of the procedures 

used, MicroCT was the most suitable method to analyse the three-dimensional 

distribution of reinforcement within the composite, as well as to detect defects such as 

voids and air bubbles. 
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Chapter 7. EFFECTS OF CARBON FIBRES AND CARBON 

NANOTUBES ON THE MECHANICAL PROPERTIES OF 

ROTATIONAL MOULDED HIGH DENSITY 

POLYETHYLENE 

 

This chapter details the investigation of different types of Carbon Fibres (CF) and Carbon 

Nanotubes (CNT) as reinforcement for High Density Polyethylene (HDPE) during 

Rotational Moulding (RM). Weight fractions of up to 20% of CF were used to study the 

effects on the mechanical properties of CF/HDPE composites. 

 

7.1. MATERIALS USED FOR THE INVESTIGATION OF THE EFFECT OF CARBON 

FIBRES AND CARBON NANOTUBES ON THE PROPERTIES OF HIGH DENSITY 

POLYETHYLENE 

Based on initial trials with three different types of polyethylene (PE), one candidate was 

selected for closer investigation with a larger variety of reinforcements. The selected 

polymer was a high density polyethylene (HDPE) with the brand name VX573, supplied 

by by Vision Plastics New Zealand Ltd. VX573 is an RM grade HDPE supplied in 

powder form with an average particle size lower than 500 microns (µm), an MFI of 4.0 

g/10min, density of 0.947 g/cm³ [165] and a melting temperature of 129.45 °C. 

CF of two different lengths and CNT were used as reinforcement. The CF were supplied 

as powder of 75 (Mesh 200) and 150 (Mesh 100) microns in length, supplied by Shenzhen 

yataida High-Tech Co., Ltd. The CF had a diameter of 7 microns, a Young’s Modulus of 

230 GPa and an aspect ratio of 21:1 for mesh 100 and 11:1 for mesh 200 [173, 174]. Both 

CF powders cost $22/kg. The multi-wall carbon nanotubes (MWCNT) were supplied as 

a masterbatch mixed with HDPE by Hyperion Catalysis International Inc. The CNT 

diameter was 10-12 nm and the length was 10-15 microns, which results in an average 

aspect ratio of 1150:1 [206]. Hyperion Catalysis International Inc. has a patented 

technology to produce hollow fibrils with very small diameter. An advantage of these 

fibrils is that they have high elasticity, which allows intertwined structures within the 
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polymer due to lower breakage of the fibrils [89]. Young’s modulus of MWCNT is 

reported to be 1,280 GPa when measured AFM-based experiments [167], and 

theoretically approximately 1,000 GPa [168]. The price of the CNT themselves is 

calculated to be approximately 395 $/kg, based on the purchase price of the masterbatch 

from 2018 and its MWCNT content.  

Cost of reinforcement materials is also an important factor to consider; if the cost is high 

small reinforcement quantities are preferred. In order to study the effect of short CF on 

the mechanical properties of CF/HDPE composites, compounds with a reinforcement 

content of up to 2 wt% were manufactured and tested. The initial CNT loading of the 

MWCNT/HDPE masterbatch, which was approximately 20 wt%, and the necessary 

dilution with VX573, to a CNT content of 5 wt%, limited the amount of CNT used for 

the produced composites. Previous research suggests that the reinforcement effect of 

nanoparticles is more significant at lower concentrations than at higher concentrations. 

An increase in tensile strength and Young’s modulus could be observed with increasing 

amount of CNT in comparison to the pure polymer [207]. Young’s modulus of ultra-high 

molecular weight polyethylene films could be increased by 47.6% with 1 wt% of 

MWCNT [208]. Increasing quantities of CNT, up to 5 wt%, were able to increase the 

stiffness and yield strength of melt processed HDPE films by 8% and 13%, respectively 

[209]. The majority of experiments were conducted with dry-blended composites, as this 

is one of the simplest methods to mix the polymer with the reinforcement material. The 

effects of the CF on the mechanical properties of the composites and the fibre or nanotube 

distribution within the RM parts are examined below. 

 

7.2. INFLUENCE OF REINFORCEMENT CONTENT ON THE MECHANICAL 

PROPERTIES OF HIGH DENSITY POLYETHYLENE COMPOSITES WITH CARBON 

FIBRES AND CARBON NANOTUBES 

With regards to Figure 7.1, Young’s modulus of CF100/HDPE jumps to a maximum 

increase of 19% at 0.5 wt% reinforcement and then subsequently drops to 18% and 13% 

with 1 wt% and 2 wt% of reinforcement, respectively. After an initial decrease in Young’s 

modulus with 0.5 wt% of reinforcement, CF200/HDPE composites at a CF concentration 

of 1wt% show an increase of 19% compared to pure HDPE. CF100 has a higher aspect 
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ratio than CF200 and is able to increase Young’s modulus of HDPE at lower weight 

fractions. Reports show that higher aspect ratios of nanoparticles lead to higher 

improvements in mechanical properties of polymer composites [102, 197, 210]. A good 

fibre distribution and few to no voids are additionally advantageous for better mechanical 

properties [60, 110]. The aspect ratio, fibre distribution and void content are important 

factors for the enhancement of mechanical properties and provides evidence 

CF100/HDPE already achieves a good reinforcement effect at low CF content. 

CNT/HDPE experiences a consistent increase in Young’s modulus with increasing wt%, 

achieving a maximum increase of 15% with 2 wt%. 

 

 

Figure 7.1.  Effects of CF and CNT content on Young’s modulus of dry-blended 

CF/HDPE composites 

 

As Figure 7.2 illustrates, SEM images of CF100/HDPE composites with 0.5 wt% CF 

show that more fibres remained on the sample compared to CF200/HDPE, and that the 

latter shows more evidence of fibre putt-out. As fibre pull-out is known to be one of the 

primary causes for decreased mechanical properties [194, 197], this is a good indication 

for the difference in Young’s modulus between the two composites. CNT/HDPE 

composites experience a steadier increase in Young’s modulus, compared to the other 
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CF/HDPE composites, with a maximum increase of 15% compared to neat HDPE at 2 

wt% of CNT. The steady increase in Young’s modulus of CNT/HDPE can be attributed 

to the fact that it was supplied as a masterbatch. In contrast to CF100 and CF200, CNT 

were supplied as a masterbatch with an HDPE matrix.  

 

  

 
Figure 7.2.  SEM images of (a) CF100/HDPE, (b) CF200/HDPE, and (c) CNT/HDPE 

with 0.5 wt% reinforcement 

 

Under the assumption that the bonding between the CNT and the masterbatch’s matrix is 

independent from the amount of masterbatch used within the final composite, therefore 

the increase in Young’s modulus can be accredited to the increased number of CNT 

present. Another difference between the CF and CNT is, that the latter has a closer 

structure to graphene and the atomic bond between the carbon atoms is different than for 

carbon fibres. In carbon, three different hybridizations are possible occur, which are sp, 

a b 

c 
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sp2 and sp3. While sp2 is the ground state phase of carbon under ambient conditions e.g. 

for bonded graphite, at higher temperatures and pressures, sp3 bonded cubic diamond is 

stable [211]. Differences in the amount of covalent bonds of carbon and the 

intermolecular forces lead to vastly different strengths. 

Neither the MicroCT, which relies on the ability of detecting different absorption rates of 

the emitted beams within the tested material to create good contrast, nor the SEM were 

suitable to obtain good images of the individual CNT within CNT/HDPE composites. 

High quality images could not be obtained because of the small particle size of the 

individual CNT and their dense distribution within the masterbatch, which impede a good 

contrast between the particles and the matrix material. The lower magnification limit for 

MicroCT for the chosen sample size (4x4x4 mm3) is above 20 microns. Figure 7.3 shows 

the differences in X-ray image quality between CF100/HDPE and CNT/HDPE 

composites with 1 wt% of reinforcement. Air bubbles and CF can to a certain degree be 

differentiated on the X-ray image of the CF100/HDPE composite. Only black shadows 

of presumably the masterbatch particles can be observed within the CNT/HDPE.  
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Figure 7.3.  X-ray images of (a) CF100/HDPE and (b) CNT/HDPE composites with a 

reinforcement content of 1 wt% 

 

Similar to GF, low quantities of CF100, CF200 and CNT do not have a significant 

influence on the tensile strength of composites with HDPE, as shown in Figure 7.4. 

CF100/HDPE experiences the greatest change, with an increase of just 4% at 1 wt% of 

CF and a decrease of the same magnitude, at 2 wt% of CF. These deviations suggest to 

be insignificant, as they are in the range of the magnitude of the standard deviation and 

the accuracy of the measurement.  

a 

b 
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Figure 7.4.  Effects of CF and CNT content on the tensile strength of dry-blended 

CF/HDPE composites 

 

Figure 7.5 shows that the CF, in contrast to its glass counterparts, are capable of 

increasing the flexural modulus of HDPE with low reinforcement contents. At 2 wt% 

CF100, CF200 and CNT increase the flexural modulus by 4%, 9% and 2%, respectively, 

in comparison to unreinforced HDPE. The flexural modulus of CNT/HDPE remains 

relatively level with a maximum decrease of 6% at 1 wt% CNT compared to neat HDPE. 

The trend in flexural modulus of CF100/HDPE composites is similar to the one of 

CF200/HDPE. At 1 wt% of CF, the flexural modulus of CF100/HDPE increased by 14% 

compared to pure HDPE, and for CF200/HDPE by 18%. 
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Figure 7.5.  Effects of CF and CNT content on the flexural modulus of dry-blended 

CF/HDPE composites 

 

Figure 7.6 displays SEM images of areas with high fibre concentrations for CF100 and 

CF200, both at 1 wt% CF. These images show similarities of both samples in fibre 

orientation and the amount of fibre pull-out. At higher weight fractions of reinforcement, 

the flexural modulus drops back toward the value of the neat HDPE, but remains 4% and 

9% higher for CF100 and CF200, respectively. Figure 7.7 illustrates MicroCT images of 

CF100/HDPE with 1 wt% CF, which show a low number of voids - visible as bright 

spheres - and an excellent three-dimensional fibre distribution of CF100 within the 

HDPE. The chances of agglomerations and other defects rises with increasing amount of 

CF. A big problem with filler materials in polymer composites - besides poor filler 

distribution and adhesion to the matrix material - are agglomerates which can arise from 

initially well-dispersed systems, especially with synthetic fillers, which often break down 

slowly [95, 96, 116]. This is problematic for RM as unlike other polymer processing 

methods, almost no shear is present to help breaking down these agglomerates and 

aggregates. MicroCT was unable to clearly visualise CNT within the composites. The 

contrast between the polymer and the CNT masterbatch was not high enough to allow 

good images to be obtained. Additionally, the size of the CNT is under the limit of 

resolution of the MicroCT so no in-depth analysis of the particles would be possible. 
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Figure 7.6.  SEM images of CF100/HDPE (top) and CF200/HDPE (bottom) with 1 wt% 

CF 
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Figure 7.7.  MicroCT images of CF100/HDPE composite with 1 wt% CF 
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The flexural strength (Figure 7.8) of CF100, CF200 and CNT composites with HDPE as 

matrix material are not significantly influenced by reinforcement content. All values are 

between ±4 %, compared to neat HDPE, and are maintained up to 2 wt% of CF or CNT. 

 

 

Figure 7.8.  Effects of CF and CNT content on the flexural strength of dry-blended 

CF/HDPE composites 

 

The impact strength of the composites is often seen as the most critical material property 

for RM products. As illustrated in Figure 7.9, only CNT is able to increase the impact 

strength significantly at low reinforcement concentrations. CNT possesses a higher aspect 

ratio compared to the CF used, averaging above 1000:1. 0.5 wt% of CNT can increase 

the Charpy impact strength by over a third compared to neat HDPE. This improvement 

is more or less maintained at 1 wt% CNT, but at higher concentrations the impact strength 

experiences a rapid decline. This negative influence on the impact properties with 

increasing amount of reinforcement particles or fibres was observed for all composites 

used during this research. The better performance of CNT compared to the two types of 

CF can be caused by the form the material was supplied as. CNT were supplied as 

masterbatch with a HDPE grade, which could mean better wetting of the particles with 

the polymer, and that the masterbatch particles bonded more uniformly with the HDPE 
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used as matrix material, than the as dry powder supplied CF. The measured Charpy 

impact strength of CF100/HDPE composites follow a similar trend to CF200/HDPE. 

After an initial loss of approximately a third of impact strength at 0.5 wt% CF content, 

the impact strength recovers at 1 wt% before dropping again at 2 wt%. The regain of 

impact resistance at 1wt% of reinforcement for the CF/HDPE composites can be the 

result of less voids, a better distribution of fibres or less interference with other fibres at 

1 wt% compared to 0.5 wt%. CF200/HDPE could slightly improve the impact strength 

by 7% in comparison to neat HDPE with 1 wt% of CF, whereas the impact strength of 

CF100/HDPE with similar CF content is 10% below the value of pure HDPE.  

 

 

Figure 7.9.  Effects of CF and CNT content on the Charpy impact strength of dry-

blended CF/HDPE composites 

 

The drop weight impact test results of dry-blended HNT/HDPE, displayed in Table 7.1, 

suggests that all types of CF and CNT decrease the drop weight impact strength of HDPE. 

The CNT particles are a significantly larger compared to the two CF types, which 

explains that the standard deviation of CNT/HDPE is also significantly greater compared 

to the other tested samples. The results of suggest that a lower aspect ratio of CF reduces 
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the drop weight impact strength more; therefore, it is concluded that higher aspect ratios 

of reinforcement are beneficial for drop weight impact strength. 

 

Table 7.1. Drop weight impact test results of CF/HDPE and CNT/HDPE composites. 

 

Peak force 
[kN] 

Peak displacement 
[mm] 

End energy 
[J] 

Puncture 
Deflection [mm] 

Velocity 
change [%] 

VX573 4.77 ±0.3 27.56 ±0.07 102.32 ±0.6 33.82 ±0.24 100 ±3 

1 wt% CF100 5.8 ±0.1 54.72 ±0.78 71.22 ±0.28 55.16 ±0.75 43 ±0 

1 wt% CF200 6.05 ±0.77 55.28 ±0.97 65.495 ±0.38 55.69 ±0.99 38 ±1 

1 wt% CNT 4.82 ±2.19 38.91 ±21.02 64.19 ±18.12 43.52 ±15.1 38 ±15 

 

7.3. EVALUATION OF THE DATA CORRELATION OF MEASUREMENTS AND 

MATHEMATICAL MODELLING 

This section compares the obtained results from tensile testing to the theoretical models, 

in order to evaluate the model’s applicability for the prediction of mechanical properties 

of the manufactured composites. All the theoretical models are described more into detail 

in Chapter 2, when they were first introduced in this work. For the prediction of Young’s 

modulus, the Guth model, Verbeek model and Halpin-Tsai-Nielsen model were used; and 

for the tensile strength the Verbeek model, Nielsen model, and Nicolais-Narkis model. 

As all CF and CNT composites experience a rapid increase in Young’s modulus at very 

low concentrations - CNT in Figure 7.10, CF100 in Figure 7.11 and CF200 in Figure 7.12 

-, the experimental data deviates from the mathematical predictions. The Guth model 

generally predicts an increase in Young’s modulus as the filler concentration increases, 

which is not the case for a lot of filler materials. Particle distribution is an important factor 

for enhancing Young’s modulus, where better packing characteristics are of benefit [212]. 

The Verbeek model is directly dependent on the aspect ratio of the reinforcement 

material, which is very high in the case of CNT, and therefore the model is not suitable 

for the prediction of the composite’s Young’s modulus. Different from the other models, 

the Halpin-Tsai Nielsen model does not consider the aspect ratio of the reinforcement but 

is more dependent on Young’s modulus of both the matrix and the reinforcement, as well 
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as the weight fraction of the reinforcement. These reasons suggest that the chosen 

mathematical models are not sufficient to predict Young’s modulus of CNT/HDPE 

composites. 

 

 

Figure 7.10.  Comparison of Young’s modulus of CNT/HDPE composites and the 

results of theoretical modelling 
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Figure 7.11.  Comparison of Young’s modulus of CF100/HDPE composites and the 

results of theoretical modelling 

 

 

Figure 7.12.  Comparison of Young’s modulus of CF200/HDPE composites and the 

results of theoretical modelling 
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The experiments for CNT/HDPE composites showed a slight increase in tensile strength 

with rising CNT concentrations up to 1 wt% and then a drop back to just over the initial 

value, as shown in Figure 7.13. As all theoretical models predict either a continuous 

increase or decrease with higher reinforcement concentration, the tensile strength of 

CNT/HDPE cannot be predicted adequately. The aspect ratio of CNT is too high for the 

Verbeek model to deliver realistic values, and the other two models predict a steady 

decrease in tensile strength.  

 

 

Figure 7.13.  Comparison of tensile strength of CNT/HDPE composites and the results 

of theoretical modelling 

 

CF100/HDPE (Figure 7.14) and CF200/HDPE (Figure 7.15) experience a slight increase 

in tensile strength up to 1 wt% of CF. This increase is corresponding relatively well with 

the value from the Verbeek model. After that the tensile strength drops significantly, so 

that the predicted values are in better agreement with the Nicolais-Narkis model, which 

predicts the biggest loss in tensile strength of all applied mathematical models. A model 

which combines both the Verbeek model, up to 1 wt% of CF, and the Nicolais-Narkis 

model, for weight fractions above 1 wt%, could deliver predicted values closer to the 

measured data than each model separately. 
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Figure 7.14.  Comparison of tensile strength of CF100/HDPE composites and the 

results of theoretical modelling 

 

 

Figure 7.15.  Comparison of tensile strength of CF200/HDPE composites and the 

results of theoretical modelling 
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7.4. SUMMARY 

Composites of HDPE with CF and CNT were successfully rotationally moulded. In order 

to align the reinforcement manufacturing processes with industry, the simple process of 

dry-blending the different materials together were chosen. This mixing method is lower 

cost and less time consuming than to compounding. MicroCT showed the three-

dimensional distribution of CF and voids within the HDPE matrix. This method was 

unsuitable for CNT as the material absorbed too much energy and sufficient contrast was 

unable to be achieved. 

The mechanical properties show that low amounts of CF and CNT, around 1 wt%, can 

enhance the performance of HDPE, with CF200 increasing Young’s modulus up to 19% 

and the flexural modulus up to 18%. The Charpy impact strength was improved by 34% 

with CF100.  

The chosen lengths of CF only had a minor influence on the performance of the composite 

and produced very similar results. The importance of higher aspect ratios for greater 

reinforcement effects in RM was observed by looking at Young’s moduli. The higher 

aspect ratio of the fibres (CF100), lead to improvements with lower CF quantities, 

compared to CF200. SEM pictures show that at 0.5 wt% more fibres are pulled out of the 

CF200/HDPE than the CF100/HDPE. This indicates that better bonding can be achieved 

with fibres of higher aspect ratios. 

Of all tested reinforcement materials, CNT has the highest aspect ratio with 

approximately 1150:1, which is reflected in the Charpy impact strength where the 

CNT/HDPE composites outperformed the CF/HDPE counterparts. With low amounts of 

0.5 wt% and 1 wt% of CNT, an increase of over a third in Charpy impact strength was 

observed. 

The CNT were supplied as a masterbatch mixed with HDPE which led to a good bonding 

between the particles. HDPE was used as the matrix polymer for all composites. Good 

bonding was observed in the previously mentioned increased Charpy impact strength, as 

well as the steady improvement of Young’s modulus with increasing amounts of CNT. 

Meanwhile, the other mechanical properties were maintained. 
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Overall, the mathematical models used to predict Young’s modulus and tensile strength 

are not suitable to give accurate values compared to the experimental data. The rapid 

increase in Young’s modulus at very low concentrations, followed by a decrease during 

further rising weight fractions, is either predicted to be vastly higher than the 

measurements, due to high influence of the aspect ratio, or too low, by only predicting a 

gentle, steady and lower increase with rising reinforcement concentration. The trend of 

the tensile strength of all composites is similar to the trend in Young’s modulus. As the 

Verbeek model predicts a steady increase in tensile strength with rising reinforcement 

content, and both the Nielsen model and Nicolais-Narkis model predict a continuous 

decrease, neither is individually corresponding with the experimental values. 
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Chapter 8. SUMMARY AND RECOMMENDATIONS 

 

The research and investigations detailed in this thesis have led to motivating conclusions 

on the topic of PE based composites for RM, as well as the application of theoretical 

models to predict the final product properties produced with these composites.  

 

8.1. SUMMARY 

The primary objective of this research was to find composites which are able to enhance 

the stiffness of rotationally moulded products. A primary focus was to find solutions that 

can be implemented in existing machinery and technologies without hardware 

modifications, to capture the industry’s interest. PE is by far the predominant material in 

the RM industry, with over 90% of the worldwide market share, it was therefore chosen 

as a matrix material for this study. This research focused on randomly orientated 

discontinuous reinforcement materials and the performance evaluation of the resulting 

composites. As desired applications are in the area of boat building and playground 

equipment, synthetic materials with low environmental degradation and water absorption 

were investigated. To improve process control and product design, accurate mathematical 

predictions of the mechanical properties of the final product are important, and have 

consequently been investigates within the scope of this research. 

Numerous studies have been conducted on reinforcing LMDPE; therefore, the initial step 

was to compare locally available LMDPE and HDPE RM grades, and to choose the most 

suitable candidate for this study. In order to eliminate the influence of material 

preparation, the same supplier has been chosen for all samples. Thermal analysis showed 

that all PE have similar melting behaviour, and therefore it was concluded that the same 

processing conditions could be used for all types of PE tested. 

The initial comparison of the pure PE, as shown in Chapter 4, showed that VX573, the 

only HDPE, possesses superior mechanical properties than VP305 and VX567, both of 

which are LMDPE. 

HNT, chosen for its promising particle size and properties, has been incorporated into PE 

matrices successfully. Small quantities of HNT can increase Young’s modulus of all PE 
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up to 17%, without significant adverse effects on the other mechanical properties besides 

the impact strength. A significant loss of Charpy impact strength, over 60% with 

increasing HNT content, independent from HNT content was observed. This indicates 

that the HNT particles act as crack initiators and propagators. Impact strength is a critical 

property for most of the common applications and therefore this limits their usability for 

RM products. Although the HNT was dried before processing, a low amount of residual 

moisture was present. HNT also increased the number of voids and air bubbles within the 

product, which can be caused by entrapped moisture within the filler material. The results 

of the experiments have shown that HNT in its presented form is not suitable for use as a 

reinforcement material. However, it may be applicable after complete moisture removal. 

Further investigations of the reinforcement properties of HNT after complete moisture 

removal may have merit. 

Shear mixing the HNT/PE composites prior to RM improved the appearance and 

mechanical properties of the final product. The shear forces of the compounding process 

can lower the viscosity of the composite, which can facilitate better wetting of the 

reinforcement and subsequently improve reinforcement effects. Additionally, the 

processing temperatures and pressures during compounding can eliminate or reduce air 

bubbles and decrease the size of particle agglomerations. The lack of mechanical property 

improvement of HNT/PE composites with additional compounding can be explained by 

the cutting and grinding of compounded strands. Another reason can be the lack of 

functional groups between PE and HNT, which is a well-known problem when using 

reinforcements in PE matrices. 

The GF trials using fibres with varying lengths and aspect ratios, showed that higher 

aspect ratios lead to significant improvements in mechanical properties. On examination 

of the two GF types supplied by the same company, the higher aspect ratio fibres, GF100, 

outperform the shorter fibres, GF200, in all conducted mechanical tests. Especially at 

higher fractions, the advantages of high aspect ratio fibres are shown. The Young’s 

modulus of GF100/HDPE is more than 60% higher than the Young’s modulus and tensile 

strength of GF200/HDPE at 20 wt% of reinforcement. GF100/HDPE achieved almost a 

60% increase in Young’s modulus compared to pure HDPE at 20 wt% of GF, which was 

accompanied by a 50% decrease in Charpy impact strength. The best improvement of the 

stiffness without forfeiting impact resistance, was achieved with 1 wt% of GF100; 

Young’s modulus was increased by 17% with a loss of 25% of Charpy impact strength. 
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A comparison of MicroCT scans, two-dimensional X-ray images and full three-

dimensional MicroCT scan images of GF100/HDPE and GF200/HDPE showed that more 

voids and agglomerations were present in the GF200/HDPE composite, which contains 

fibres with lower aspect ratios. At the same respective quantity of GF, more individual 

fibres were present in GF200/HDPE than in GF100/HDPE composites. An increased 

quantity of fibre ends can lead to the increased number of defects within the composite 

and explains the adverse effects in flexural properties with rising GF content, and the 

overall poorer performance of lower aspect ratio GF. 

Shear mixing of the GF/HDPE composites prior to RM improved the Charpy impact 

strength of all GF/HDPE composites significantly, by 42%, 87% and 169% for GF100, 

GF200 and UTGF, respectively, compared to the respective dry-blended GF/HDPE 

composites at 1 wt% of GF. This indicates that the interfacial bonding between the 

reinforcement and the polymer can be improved by the additional shear and that this 

effect is even greater for fibres with a high aspect ratio. 

The importance of a narrower fibre length distribution was observed in plummeting 

mechanical properties with higher weight fractions of UTGF when the fibres were 

prepared using a ball mill instead of cutting them manually. Although more labour 

intensive and time-consuming, the manual cutting process of the UTGF delivered better 

mechanical properties in the composites compared when a ball-mill was used to prepare 

the UTGF. This can be attributed to the narrower fibre length distribution of the manually 

cut fibres, as well as the lower amount of debris and UTGF which are longer than the 

desired length of 500 microns. Debris on the surface of the GF can hinder the interfacial 

bonding between particles and decrease the mechanical properties of the composite. SEM 

images showed that more debris is present when UTGF are processed with a ball-bill than 

using a manual cutting process, which is reflected in lower mechanical properties. 

The preparation method of the composite masterbatch prior to RM is essential in regards 

to the achievable particle size. Although the interfacial bonding between the polymer and 

filler material can be improved, the machining necessary to obtain the particle size 

necessary for good processability in RM can have adverse effects on the final product 

properties. The size of the ground pellets has influence with regards to the process quality, 

with pellets which are too large - significantly larger than the for RM recommended 500 
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microns - resulting in poor material flow and coalescence or with pellets which are too 

small causing the reinforcement material to be damaged or shortened. 

Composites of HDPE with CF and CNT were successfully rotationally moulded. In order 

to align the reinforcement manufacturing processes with industry, the simple process of 

dry-blending the different materials together was chosen. This mixing method is cheaper 

and less time consuming compared to compounding. MicroCT showed the three-

dimensional distribution of CF and voids within the HDPE matrix. This method was 

unsuitable for CNT as the material absorbed too much energy and sufficient contrast was 

unable to be achieved. 

The mechanical properties show that low amounts of CF and CNT can enhance the 

performance of HDPE, with CF200 showing the biggest increase in Young’s modulus 

and flexural modulus are 19% and 18%, respectively. CF100/HDPE delivered the highest 

Charpy impact strength of all CF/HDPE composites, with an improvement of 34% 

compared to the neat polymer.  

The importance of higher aspect ratios for greater reinforcement effects in RM was 

observed by looking at Young’s moduli. The higher aspect ratio of CF the higher the 

improvements in strengths and moduli. Better interfacial bonding was observed with CF 

that present at higher aspect ratios; as SEM pictures indicate that more fibre pull-out is 

taking place at lower aspect ratio CF. CNT has the highest aspect ratio of all tested 

reinforcement materials, with approximately 1150:1. At only 0.5 wt% of CNT, the 

Charpy impact strength increased by over a third, while maintaining the other mechanical 

properties. The CNT was supplied as a masterbatch mixed with HDPE which led to good 

bonding to the HDPE matrix material that was used for all CF and CNT composites.  

Overall, the best performance was achieved with synthetic reinforcements with higher 

aspect ratios, when comparing the candidates at similar weight fractions. At a fibre weight 

fraction of 1%, all synthetic fibres were able to increase the stiffness of HDPE between 

17% to 23%. The best performing composite was CNT/HDPE with 1 wt% reinforcement, 

as this was the only compound able to improve all tested mechanical properties. The 

measurements revealed improvements of 23%, 19%, 17%, 8% and 6%, for Young’s 

modulus, flexural modulus, flexural strength, Charpy impact strength and tensile 

strength, respectively. A well-rounded candidate is compounded UTGF/HDPE with 1 

wt% of GF; it enhanced not only Young’s modulus by 17% compared to pure HDPE, but 
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also the Charpy impact strength by 53%, while maintaining all other properties. A 

comparable low-cost, environmentally friendly option is compounded HNT/HDPE with 

5 wt% HNT; Young’s modulus is 21% higher than pure HDPE, all other properties were 

maintained, with the exception of Charpy impact strength which suffered a 70% decrease. 

HNT is the only material where brittle failure behaviour was observed, and therefore is 

unsuitable for applications where ductility is required. The highest stiffness enhancement 

effect was observed at 20 wt% of GF in dry-blended GF100/HDPE, achieving a 53% 

increase in Young’s modulus compared to pure HDPE. Unfortunately, the tensile 

strength, flexural strength and impact strength all decreased, by 28%, 17% and 53%, 

respectively. Dry-blended GF100/HDPE is a good low-cost option if stiffness 

enhancement is crucial and minor losses in other properties are acceptable.  

The chosen theoretical models for this research project are not suitable to predict Young’s 

modulus of the present reinforced HDPE composites with synthetic reinforcements. 

Drawbacks of the models include the assumptions of perfect fibre-matrix bonding, lack 

of defects, and the high influence of aspect ratio on the predicted values; which is most 

significant with very high aspect ratios as seen in UTGF and CNT where models led to 

vastly overpredicted and impossible values. However, all theoretical models showed 

good correlation with the experimental data of HNT/HDPE composites, with the Guth 

model delivering the most precise predictions.  

The theoretical models for the tensile strength predict either a steady increase, in case of 

the Verbeek model, or a continuous decrease, as for the Nielsen model and Nicolais-

Narkis model. These models are not able to deliver adequate results compared to the 

experimental values of synthetic reinforced HDPE, as the empirical results show rapid 

changes and fluctuations with varying reinforcement weight fractions. The closest 

correlations between experimental data and predicted values were observed for dry-

blended GF100/HDPE and HNT/HDPE with both the Nielsen and Nicolais-Narkis 

models.  
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8.2. RECOMMENDATIONS FOR FUTURE RESEARCH 

This research project investigated short fibre and particulate reinforced PE composites 

and their machinability with RM. As there are still opportunities for further enhancements 

of the interfacial bonding between polymer and filler material, special surface treatment 

of both the reinforcement and matrix materials should be given more focus. Several areas 

for future studies were revealed, to achieve a more thorough understanding of reinforced 

polymer composites in RM.  

During RM, one of the major drawbacks is void formation. Voids cause significant 

adverse effects on the mechanical properties of the composites. In order to obtain a 

greater understanding of their occurrence, further studies should be conducted, especially 

when fillers are added. Additionally, the effect of void dispersion and void size 

distribution on the mechanical properties of RM products should be investigated, as well 

as an investigation into void reduction or elimination. 

As synthetic filler materials showed a tendency for improved reinforcement effects with 

increasing aspect ratio, a focus of future studies in reinforcement materials for RM should 

be put on its aspect ratios and the chemical structure. Possible novel materials that can 

offer high aspect ratios, within the limitations present in RM, is spider silk, or more 

specific dragline silk, with unmatched energy absorption and high strength combination 

in comparison to most synthetic and natural fibres. The diameter of spider silk ranges 

from 500nm to 5 microns, with a tensile strength of up to 1.1 GPa and an energy to break 

of up to 290 MJ/m3, the latter being 3.5 times more than Nylon fibres and almost 6 times 

more than Kevlar 49 fibres [213]. If the surface of the reinforcement, additionally to a 

high aspect ratio, can already facilitate good interfacial bonding to non-polar 

thermoplastics such as PE, the field of applications in the RM industry is wider than if 

the experiments focus on less commonly used plastics.  

The shear rates and pressures present in most polymer processing methods, but not RM, 

can ease the interfacial bonding between filler and plastic. Additionally, the use of 

coupling agents is common practice in the plastic industry to enhance the interfacial 

bonding. As this study showed good reinforcement effects with untreated polymer and 

fibres, further investigations with RM grade MAPE and surface treatment of the 

reinforcement materials could lead to further enhancements in mechanical properties. 
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The various synthetic reinforcement materials were used separately within this research. 

Further work could investigate possible synergetic effects between the different types of 

fibres or between the different forms of the same fibres. The effects of CNT on the 

mechanical properties can potentially be higher by adding certain amounts of carbon 

black to the composite. 

This study showed limitations in the material preparation of UTGF. A future investigation 

could focus on the development of a new, possibly industrial scale cutting process for 

UTGF with higher precision of fibre length and fibre length distribution. A proper length 

distribution with high aspect ratios UTGF can lead to improved tensile, flexural and 

impact properties of the composites. Especially, if surface treatment and coupling agents 

are added as mentioned above. Coupling agents need to be studied with regard to their 

active groups and optimum amounts within the composite. To ensure that the fibres offer 

sufficient numbers of active groups, water droplet tests and fibre surface purification (e.g. 

via piranha acid) should be conducted. 

Particle flow and melting behaviour of the material is critical for good results in RM. 

Further studies could evolve rheology measurements of prepared composites and 

correlate them against their processability in the RM process. A cost-effective 

measurement method which only requires small amounts of reinforcement and quickly 

assesses the processability of possible composites for RM could reduce the time required 

to research novel suitable candidates for RM and increase interest in this area. 
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