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Abstract 

Throughout the modern world there is large shift towards a circular economy. Composite 

recycling is being increasingly researched throughout industry due to government incentives 

and increasing material demand. Mechanical recycling is widely considered to be the optimal 

modern solution to recycling glass fibre reinforced composites (GFRC) due to it meeting the 

low costs required from glass fibre reinforcement industry. 

The objective of this research was to demonstrate the feasibility of mechanically recycling 

thermoset GFRC. End of life composites were mechanically recycled, and the ground 

fibreglass output was used as a filler material for polyester resin and thermoset GFRC. Ground 

fibreglass filled polyester resin samples and thermoset GFRC panels were manufactured and 

tested to understand the effect of the filler.  

The first research aim was to understand the influence that the ground fibreglass filler had 

on polyester resin. This was to be understood through experimentation for the curing kinetics 

and tensile testing for the mechanical properties of polyester resin. The filler weight percentage 

and particle size were varied during both experiments. The ground fibreglass filler was found 

to have minimal effect on the curing kinetics of the polyester resin, and the tensile mechanical 

properties were found to be optimised at a particle size of 0 ≤ 150 µm at 10% filler weight 

percentage. 

The next research aim was to understand the influence of the ground fibreglass filler within 

polyester resin once it had been introduced to thermoset GFRC. To understand the mechanical 

properties, three glass fibre types were researched: uni-directional, cross-directional, and 

random-directional at varying glass fibre densities and filler weight percentages. In general, it 

was found that an increase in filler above 10% weight percentage reduced mechanical 

properties. In fibre types with glass fibre bundles (unidirectional and cross-directional) this was 

due to the increase in viscosity of the filled resin not being able to permeate to the interior of 

the glass fibre bundles, creating an inferior matrix to fibre bond. This effect was worse for low 

density glass fibres as it was for high density. For random-directional fibre, an increase in 

weight percentage produced a reduction in mechanical properties due to the higher viscosity of 

the filled resin increasing the quantity of voids within the composite. The density of the glass 

fibre had no influence on this. 

Overall, this study the demonstrated the feasibility of using up to 10% weight percentage of 

ground fibreglass filler at a particle size of 0 ≤ 150 µm within GFRC, making it a suitable 

avenue for composite recycling.  
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1 Introduction 
 

The environmental well-being of planet earth is indisputably the single most important factor 

in sustaining human civilisations health and prosperity. The use of finite resources at an 

accelerating rate emphasizes the closed system that the planet operates within. Innovative 

solutions must be developed to sustain these resources and support the concept of a global 

circular economy. 

Composite materials are made from two or more constituent materials with notably dissimilar 

physical or chemical properties that, when combined create a material with properties unlike 

the individual elements. Thermoset composites are commonly used throughout industry, with 

applications such pipe systems, chemical tanks, boat hulls, automobile body parts and a variety 

of consumer and industrial products.  

Composite recycling is being increasingly researched and developed largely due to government 

incentives and increasing material demand. Thermoset glass fibre reinforced composites 

(GFRC) are notoriously difficult to recycle because of their low cost, inherent durability, and 

inability to be easily returned to their individual elements. Mechanical recycling is being 

considered for this research as it is widely considered to be the optimal recycling method for 

glass fibre composites. This is due to it meeting the low economic threshold and providing 

optimal mechanical properties compared to other recycling methods.  

The composites industry aims to be more active for the environment by attempting to embrace 

a circular business model through Mechanical Recycling of End of Life (EOL) composites. 

Through this research, mechanically recycled ground fibreglass will be used as a filler for 

polyester resin and thermoset GFRC. Firstly, the ground fibreglass filler will be studied in 

detail through particle size distributions and microscopic imagery. This gives us an insight to 

how the filler will react within the resin and composites. Next, the influence of the filler will 

be studied through the understanding of how it effects the curing kinetics and mechanical 

properties of polyester resin. The filler weight percentage and particle size will be varied to 

understand curing kinetics through exothermic reaction curves, and mechanical properties 

through tensile testing. 

Finally, the influence of the ground fibreglass filler within polyester resin once it has been 

introduced to thermoset GFRC will be researched. This will be understood through how it 

affects the manufacturing processes, where the ground fibreglass particles end in the final 

composite and understanding the influence that the ground fibreglass filler has on the 
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mechanical properties of the thermoset GFRC. Microscopic imagery using a scanning electron 

microscope, and tensile and flexural testing will be used to answer these questions. Through 

this final research section, uni-directional, cross-directional, and random-directional glass fibre 

types will be studied. This is to understand how the ground fibreglass filler reacts to different 

fibre types, broadening the scope of the research within the thermoset GFRC industry. Each of 

these fibre types will have the weight percentage of ground fibreglass filler and density of glass 

fibre varied within them, to fully understand the effect of the ground fibreglass filler on each.   
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2  Literature Review 
 

2.1 Environmental Background  
 

As industry and the population of the earth progress, the demand of products that need to be 

manufactured for civilization to function increase. Faced with this population rise and increased 

expectations for human welfare, we need to meet the goals to avoid exceeding the planetary 

boundaries and find the safe operating space for humanity within Earth’s system [17]. The 

average temperature of the Earth has increased exceedingly, and it is due to the emission of 

greenhouse gases [18]. On top of this, the large energy inputs that we have obtained from fossil 

fuels are strictly temporary [19] and solutions must be created to conserve and renew our 

energy. In order to overcome this broadening problem, changes must be made throughout all 

industries involved which mandate the necessity for eliminating waste and the continuous use 

of resources, whether that be through companies own guidelines or government intervention. 

The earth of the future requires humankind to find its place in a cyclical ecological system 

capable of continuous reproduction of material even though it cannot escape having inputs of 

energy (3). New materials are being created every day that edge towards the side of improved 

durability, whether that be fabrics, metals, or composites. In an ideal vision for the future, all 

materials will not only be created to be more durable but produced to be re-used with protection 

of the environment as the principal driving force. Many environmental problems could almost 

certainly be solved by corrective taxation [19], or proof of economic advantage for business 

through sustainable practice. The world today can and needs to be doing more to protect the 

planet for future generations, and solutions must be put in place as soon as possible in order to 

create a sustainable future.  

 

2.1.1 A Circular Economy 

 

A circular economy is the production and consumption of goods through closed loop material 

flows that internalize environmental issues linked to virgin resource extraction and the 

generation of waste, including pollution [20]. The circular economy model aims to replace the 

traditional economy model for fast and cheap production and disposal with the production of 

long-lasting commodities that can be repaired, or easily dismantled and recycled [20]. The goal 

of a circular economy is one that is both realistic and undoubtedly necessary in order to create 

the most sustainable future. There is progress towards a circular economy in the world today, 

however more strict guidelines need to be implemented and some industries are more difficult 
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to integrate than others. The concept of is not at all new, and it has beginnings in a variety of 

schools of thought, traced back to as early as 1966 [19]. It is also being increasingly researched 

with the number of academic articles published on circular economy being only 27 in 2014, 

reaching 371 in 2017, representing an increase of 1275% in just three years [21]. This increased 

attention to a circular economy can be attributed to it solving the problem of maintaining 

industry productivity while addressing the environmental issues of production, consumption 

and end-of -life processes [20]. It is a view of industry that is closer to emulating the processes 

of a natural environment, where all things have a use, and little is wasted. 

 

 

Circular business models exist in the world today, mostly through sectors such as the renewable 

energy industry who are directly involved with environmental processes. In terms of less 

environmentally obligated industries, there are many consumer and manufacturing associations 

leading the way to a circular economy. Some of these are within the textiles and clothing 

industry, such as Patagonia, Nudie Jeans and Mud Jeans [22]. These companies apply a circular 

supplies business model by ensuring raw material sourcing is virgin organic cotton or recycled 

cotton, and establishing recovery of used products by offering services or repair kits alongside 

their products [22]. The French automobile manufacturer Renault is also a good example of a 

devoted company to a circular business model, engaging in service models for battery leasing, 

redesign of components for dismantling, remanufacturing of parts, recycling of parts and 

materials, and development of service model agreements with suppliers [22]. Circular economy 

is about decoupling economic growth from environmental degradation [23], and with current 

Figure 1 - Circular Economy Diagram [3] 
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business models aiming to maximise economic growth, it is critical to prove that circular 

business models hold economic benefits in new ways such as forming partnerships with 

suppliers and connecting with customers [22]. To create a global agreement of the 

implementation of a circular economy would be a demanding task. However, the more industry 

progressing towards the idea, the more resilience the world has on keeping its natural resources 

in check, so any progress is a step in the right direction. 

 

Within the materials industry, the use of composites such as GFP is making progress towards 

a circular economy through recycling methods and redesign using sustainable materials. 

Composites are useful because of their strength and endurance when used in a product, however 

because of this are involved with many environmental concerns throughout multiple industries. 

 

2.1.2 The Need for Recycling Composites 

 

Composites are involved with an industry where nearly all sectors are increasing in demand 

globally. Fibre reinforced resins, thermosets and thermoplastics are increasingly being used to 

replace materials in a number of industries such as sporting and transport applications [24], and 

major consumers such as the renewable energy industry are certain to increase in use. Global 

environmental legislation is becoming more restrictive by the day, and the environmental 

impact of composite materials placed in landfills [24] is ramping up the urgency to find decent 

recycling solutions. To be able to create a way of recycling that minimises waste efficiently is 

a huge step going forward.  Ray Khan, Director of Quality and Environmental Standards at 

HD, says: “As a responsible business we feel that we have to look at a circular economy and 

take responsibility for the products we manufacture. We can’t keep throwing things into holes 

in the ground because a) there aren’t enough holes, and b) the cost of landfill is increasing.”  

[25].  

 

Figure 2 - Wind Turbine Landfill [26] 



6 
 

 

Recycling composites is becoming a hugely researched field driven by sociotechnical pressures 

and recent events. The main influencers are: a ban on composite landfilling by Germany in 

2009, the acceleration of aircraft decommissioning due to the COVID-19 pandemic, the first 

major wave of composites wind turbines being decommissioned due to their 2019-2020 EOL 

and the increase of composites in mass production vehicles [27]. Vehicle companies are trying 

to fit in with strict fuel economy standards being imposed globally, in particular California as 

of recently [28]. This demands lighter vehicles to be made, causing composites use to grow 

[28] as it has been proven that a 10% reduction in weight of a vehicle can save 6-8% in fuel 

consumption [27]. Other than vehicles, the renewable energy industry is booming, and wind 

turbines are one of the fastest-growing application sectors for composites [29]. Both of these 

industries face the unquestionable fact that they will continue to face problematic issues to do 

with legal recycling targets if no solid implementation of recycling composites is developed in 

the near future [28]. Such pressures will only escalate as industry move forward with increasing 

production volume. 

Among environmental incentives, businesses may want to consider recycling composites from 

an economic perspective. Reusing material, such as what Renault have implemented, will save 

a company resources, costs and time [22]. For Renault, there are considerable savings when it 

comes to producing a remanufactured part compared to a new part, namely 80% less energy, 

88% less water, 92% less chemical products and 70% less waste production [22]. All 

businesses involved with composites could benefit from recycling economically and 

environmentally, it just takes research and an implemented plan. The research being conducted 

through Maskell Ltd is a perfect example of a company doing this by trying to improve their 

business and support the environment at the same time. 

  

 
Figure 3 - Renault Factory Floor [30] 
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2.1.3 Environmental Damage Composites Can Cause 

 

Materials cause damage to the environment by not breaking down, causing pollution, and 

subsequently destroying ecosystems. This mainly happens through plastics and other synthetic 

materials that are mass manufactured and have considerable durability. Materials such as 

polyethylene terephthalate (PET) have been used in the packaging industry for a broad range 

of applications since discovered and patented in England in 1941 [31]. PET products take 

centuries to decompose, and toxic by-products such as hydrochloric acid and dioxins are 

released if they are incinerated [31, 32]. The world consumption of PET resin was 30.3 million 

tons in 2017, with the global production being dominated by China at 30.8% [33]. For 

prioritising the health of our planet, materials produced must be durable but able to be either 

biodegraded or recycled efficiently to conserve resources.  

 

 

 

 

 

 

 

 

 

 

Compared to other materials, composites have low environmental impact overall from both 

their manufacture and use [34]. This is beneficial, however most environmental damage from 

composites comes after their EOL since they mostly compromise from non-organic material. 

A study involving the evidence of damage that Glass Reinforced Plastics (GRP) has on aquatic 

organisms found that both mussels and water fleas are severely affected by GRP particles [35]. 

With a growing number of EOL boats around coastal areas because they are no longer 

financially viable and have limited options for their disposal, this is a serious problem for local 

ecosystems [35]. Loibner [36] states that this issue stems from “there being no viable financial 

market” for the resulting material from EOL boat recycling, because it is “not especially 

valuable or useful”. Because of this, most boats end up in the landfill, or abandoned at sea. This 

Figure 4 - End of Life Boat [11] 
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is an excellent example of the need for recycling composites, and it is one of many situations 

where composites have no significant use beyond their EOL. Composite materials may never 

be able to be 100% environmentally friendly, however they must be recycled to a point where 

their environmental effect cannot be seen in a negative way.  

 

 

Figure 5 - Boat Hull Manufacture [37] 

 

It is not only the composite itself that can cause damage to the environment, but the process of 

creation. Composite industries generate waste during the fabrication process and from the use 

of solvents for clean-up of tools, moulds and spraying equipment. The known wastes generated 

are: partially solidified resins, contaminated solvent from equipment clean-up, scrap coated 

fibre, solvated resin streams, and volatile organic compound (VOC) emissions [38]. It is 

imperative that industries producing composites reduce the generation of these wastes at the 

source by recycling, which will benefit them greatly in terms of reducing raw material needs, 

disposal costs, and lowering potential liabilities associated with hazardous waste disposal [38].  

Most damage to the environment through composites comes from either EOL material that has 

no way to be recycled, or companies not being efficient in their waste management either due 

to financial incentives or untrained employees. In the future, government legislation hopefully 

will force companies to pay more attention to their waste minimisation as it is one of the only 

ways to make an impactful change on such a widespread industry. The less unused EOL 

product the better, hence the most effective thing that can happen environmentally is to keep 

recycled composites research progressing so that industry can implement recycling systems 

without taking financial losses. 
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2.2 Industrial Applications of Composites 

 

Composite materials are made from two or more constituent materials with notably dissimilar 

physical or chemical properties that, when combined create a material with properties unlike 

the individual elements. The first time in recorded history that composites were used was 3000 

years ago by the ancient Egyptians, who used natural fibre straws to reinforce walls [27]. 

Throughout history, products have been developed using mud, plant and animal fibres. Modern 

composites were first established by Owens Corning and patented in 1933 for making glass 

wool based composites [18]. Since then, composites have been developed for higher durability 

and mass production. This is mainly due to World War II [18], as the use of Fibre reinforced 

composites were accelerated and are now extensively used throughout the world. Today, the 

industries where composites are most used are aerospace, automotive, marine and wind energy 

[27]. 

 

 

Thermosets and thermoplastics are the two main types of composites used today.  Thermoset 

composites cannot be remoulded or heated after curing, compared to thermoplastics that can 

be reheated and remoulded without chemical changes [39]. This gives thermosets an advantage 

of being able to sustain higher temperature without loss of structural integrity [39] but is a 

disadvantage when it comes recyclability. Thermoset composites come in a variety of types 

through different resin and matrix materials. Dry matrix fibres include glass, carbon, aramid, 

or boron, and resins come as polyester or epoxy predominantly, with a small percentage being 

phenolics, silicones and polyimides [40]. Glass-reinforced polyester composites are used 

within this research because they offer a balance of low cost, ease of handling, dimensional 

stability alongside strong material characteristics. Glass-reinforced thermoset composites are 

Figure 6 - Wind Farm based in Wellington, New Zealand [5] 
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used in many different applications such as automobile body panels, boat hulls, bathroom 

shower-tub structures, pipes, tanks, and circuit boards [40].  

 

Thermoplastics were developed in 1932 [27] and are industrially used within hulls for 

recreational and commercial watercraft; bodies for recreational vehicles; building panels; 

sporting equipment, appliances, and power tools; bathtub, shower, and vanity installations; 

automotive, aerospace, and aircraft components; and structural components for chemical 

process equipment and storage tanks. The glass fibres reinforcing these plastic products 

improves their structural strength and rigidity, as well as providing high heat resistance and 

dielectric strength [38]. They are also light, have a high strength-to-weight ratio, and are 

extremely corrosion resistant [27], hence why they are used for a large number of marine 

applications. Although the market share for thermoplastic composites is significantly smaller 

than that of thermoset composites, they have many advantages over thermosets such as 

toughness, damage resistance to chemical attack, a faster processing cycle and better 

recyclability [28].  

 

 
Figure 7 - Complicated Carbon Fibre Product [41] 

 

Non-glass reinforced composites such as carbon fibre are not directly relevant to this research 

yet must be considered due to the intertwined nature of the material properties and recycling 

processes. Carbon Fibre is rigid, has a high strength to weight ratio, is electrically conductive 

and corrosion resistant while being chemically stable [42]. Because of this, it is used in many 

applications such as aerospace, road and marine transport, medical applications in prostheses, 

high grade electronic equipment, in the chemical industry and in the nuclear field [42]. While 

carbon fibres have overall better material characteristics than glass fibres, it is not used as 

frequently in industry due to the cost of glass fibres being approximately ~2$/kg and carbon 
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fibre being ~20$/kg [27]. This is why glass fibre dominates the modern reinforcement market 

with about 90% usage [27], and carbon fibre only represents about 1.5% as of 2015 [24].  

 

Vehicle companies that are facing legal recycling targets due to the use of thermoset 

composites are switching to thermoplastics, allowing them much greater recyclability while 

being able to hit fuel economy standards. The BMW i3 is a great example of this, with the 

“Life Module” [43] section of the chassis being made entirely from carbon-fibre reinforced 

plastic, shown in Figure [8]. This chassis also has a roof made from a carbon fibre blend that 

is recyclable and is reintroduced back into the production process [27]. The rest of the vehicle 

incorporates recycled materials and other composites made with natural fibre reinforcements 

[43].  Up to 95% of the i3 is recyclable [27], which is an incredible achievement and has set a 

high standard for vehicle companies around the globe. 

 

 

 

 

 

 

 

 

 

 

 

 

 

There are other applications for composites that sit beyond the scope of producing thermosets 

and thermoplastics. Composite fibres can be used in materials such as aggregates and resins to 

elevate their mechanical strength. Industrial examples of this include Matsutsuka et al. [44] 

who used crushed CF pieces to improve the mechanical properties of injection moulding 

plastics such as ABS and polypropylene, by introducing it to the resin. Secondly, a study 

conducted by Yazdanbakhsh et al. [45] used a new type of aggregate with FRP Needles 

introduced at 5 vol% and 10 vol% to increase tensile strength by 22% and 30% respectively. 

Both examples gathered positive mechanical results proving the potential for this use going 

Figure 8 - BMW i3 'Life Module', made entirely from carbon-fibre reinforced plastic [16] 
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into the future. This application links well with mechanical recycling, as the recyclate output 

can be used within similar functions.  

As civilisation expands and more products are created, composites and their excellent 

mechanical properties will be used at an accelerated rate. The combination of this and the 

environmental crisis challenges the need for sustainable solutions within the materials industry. 

Composite recycling and sustainable material production need to be physically and 

economically demonstrated throughout industry to begin to cover a proportion of composite 

applications. 

 

2.3 Recycling Composites 
 

2.3.1 History and Progress 

 

Recycling composites is a recently explored technology, while composites themselves have 

been around for much longer. Glass reinforced composites started to become majorly used 

within society in the 1930s [27], while the earliest composite recycling recorded was in the 

1970s [25]. This recycling was undertaken by Wolfgang Unger at his company called Seawolf 

Technology, where grinded fibreglass scrap was being used to replace rotten boat transoms or  

to make bathtubs and other products [25]. This gives a gap of approximately 40 years where 

composites have been created and used within industry, but not considered to be recycled. 

Despite being explored in the 1970s, not until mid-1990s did composite recycling become one 

of the fastest growing niches of composite research [27]. Up until the modern day, composite 

recycling techniques have continued to be developed, among attempts to save weight and 

reduce costs [27].  

 

 

 

 

 

 

 

 

Figure 9 - End of Life Wind Turbines being transported [14] 
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The biggest challenge facing the thermosetting composite industry today is the recovery and 

reuse of GRPs, from EoL material and manufacturing waste. A functioning industry of 

recycling GFPs would result in massive reduction in the environmental footprint of the 

materials industry. A replacement of 50% of current GF products by recycled GF would equate 

to a global reduction in carbon dioxide emissions of 2 million Tonnes per annum [27] through 

reduced melting energy requirements. Recycling is essentially an economic activity alongside 

environmental motives. In the modern business world, the chance for economic growth comes 

first to achieve expansion and stability within the market. Manufacturers will always naturally 

prefer recycled goods if their costs are good and their performance is competitive with that of 

virgin material [46]. If either the costs are too high, or the material performance is slightly 

worse, the recycled material will not be used without incentives external to the business. 

 

2.3.1.1 Trickledown of Recycling  
 

The performance of recycled composites compared to that of virgin material must be 

recognized. Primary recycling is known as turning one product into more of the same product 

[46]. Secondary recycling, in comparison, is turning a product into different products made of 

the same material in essentially the same form [47]. For top performance application 

composites, it would be more pragmatic to consider secondary recycling. This is due to a 

substantial amount of research reporting loss of material strength, as a result of the shortening 

of fibres and the lack of bonding between recyclates and the polymer [48]. This is specifically 

true for glass fibre reinforced composites.  

This leads towards most recycled composites not being suitable for peak performance 

applications, such as structural, aerospace or any applications with high applied forces. To 

create a more realistic version of composite recycling, it would be ideal to see a trickledown 

effect, where when composites reach their end of life, they are recycled into a new product 

with a less robust application. 

A real-world example of this is mentioned by Oliveux et al. [24], where recycled glass fibre 

veils were moulded onto polyester in order to provide electromagnetic interference shielding. 

The application utilises a positive characteristic of GFP to benefit an engineering system 

despite the loss of strength within the recycled composite [24]. The focus is taken off the 

strength and now is mostly used to shield electromagnetic waves. Another example is at 

SICOMP in Sweden who use a glass fibre reinforcement called RECYCORE that consists of a 
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core containing coarse recyclate. The particle size for this recyclate is 1 to 25mm and can be 

up to 70% of the weight of the composite. The benefit of this is that it gives the core a higher 

permeability, that grants it to be a flow layer where the resin can run during impregnation [48]. 

A third and final example is the Building Research Establishment in the UK using recycled 

thermoplastics as an alternate to wood fibre, creating a recyclate wood particle board, and using 

coarse recyclate within asphalt. These are real-world examples of how recycled composites 

could be used in the construction industry, who are one of the biggest consumers of material in 

the world. These are three examples of what marketable applications for a trickledown effect 

could look like. In the future, industry standard tier lists for different composite products that 

fit into specific strength applications will be helpful to minimise material use. 

 

 
Figure 10 - Recyclate wood particle board, using thermoplastics as a replacement to wood fibre [49] 

 

2.3.1.2 Keys to Progress 
 

Krauklis et al. [27] quotes that “the drivers to develop the utmost sustainable composite 

recycling technologies are without a doubt crucial to the survival and viability of the composite 

industry as a whole, and it is expected that such a trend will become more and more prominent 

in the current decade of 2020s”.  

 

This quote represents the urgency for composite recycling technologies to develop and 

integrate over the coming decade. This change is no small task and must be considered from a 

realistic point of view for progress to be made. 
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For a well-founded composite recycling industry to exist, three keys need to happen. Firstly, 

there needs to be enough of a demand for composite recycling. Government legislations have 

started banning landfilling, causing industry to look for other disposal methods for EoL 

composites, such as incineration and recycling. This is making progress, with a composite 

landfilling ban in Germany in 2009 [27] and other EU countries expecting to follow. Secondly, 

there needs to be communication and integration between industries that share composite use. 

If every company involved with composites tries to do their own recycling, chances are it will 

not succeed economically. There needs to be a widespread business arrangement that collects 

all EoL composite waste and correctly disposes of it or reuses it. The third key is the technology 

needing to exist. Current research publications associated with composite recycling has grown 

three to four-fold [27] in the past two decades, with the trend accelerating every passing year. 

Progress towards these three keys is on the right trends, but for such a large and accelerating 

industry it may take a decent duration before significant leaps are made towards sustainability. 

 

2.3.2 Difficulty 

 

2.3.2.1 Physical Difficulties 

 

Composites are difficult to recycle due to their ingrained nature of heterogeneity, specifically 

for thermoset-based polymer composites [28]. They are also a remarkably durable material, 

which makes recycling them into constituents difficult [27]. Because of these challenges, most 

recycling for composite materials is restricted to the down recycling, such as energy or fuel 

recovery with little material recovery [28]. Thermosetting polymers are crosslinked and cannot 

be remoulded. There are some thermosetting polymers that can be converted back in their 

monomer such a polyurethane [48], however the much more common thermosetting resins like 

epoxy and polyester will not depolymerise to their original materials.  

 

Yang et al. [28] states that “The concept of composite materials itself has already defied its 

recyclability by virtue. This is a paradox in our real life: superior mechanical properties can 

only be gained through complex structures such as coatings and composites, and this will be in 

great conflict with the demands in good separability and recyclability”.  

 

A significant point here is made with this statement, that high quality products with strong 

material characteristics will generally be difficult to recycle. Despite this, it is possible to have 

a material with capable material characteristics that is recyclable if it is designed and 
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engineered with end-use properties in mind. Creating a composite where both the matrix and 

reinforcement materials are based on the same or similar materials, or making resin changes 

for easier decomposition are possible ways to do this [28]. This is forward thinking, however 

presently there are countless composite products that have already been created and are 

impending to be at their end of life. Current composite materials have not been designed for 

recycling, and so solutions need to be created for existing material alongside a change in 

material design. Yang et al. [28] perfectly summarizes this issue: “Problems must be addressed 

in two different levels for the whole materials society: recycling of existing composite 

materials, and development of new and better recyclable composite materials.”. These two 

research channels are imperative to advance if composite recycling is to have a realistic future 

within the materials industry. 

 

2.3.2.2 Main Sources of Change 

 

Due to the technology required to recycle composites being notoriously difficult, it has become 

a stumbling block in industries where the pressure to recycle is high such as construction and 

automotive [25]. These industries are under more recycling pressure due to the large and 

increasing number of composite parts they produce. According to S. Pickering [48], new 

legislations are the main driver towards common composite recycling operations. The 

European End of Life Vehicles (ELV) Directive has been a main influence for the automotive 

industry in the past decade to increase recycling, and the increasing use of BREEAM (Building 

Research Establishment Environmental Assessment Method) has been a strong influencer for 

recycled content in the construction industry [25]. There is also a directive for waste electric 

and electronic equipment [28] that is causing recycling change within technology industries. 

These legislations are likely to get stricter going into the future, so relevant industries are 

actively seeking solutions. This momentum comes alongside increased landfill taxes and bans 

that provide a further push to recycle [25]. 
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Lack of adequate markets, high recycling costs, and low quality of recyclates are the main 

commercialisation barriers for composite recycling (22, 6). High recycling cost produces 

recyclates that are too expensive compared to alternative existing materials, therefore are not 

given a clear market advantage [48]. This, plus the low quality of recyclates produce no 

incentive for composite recycling to develop, leading to alternative solutions to be found. An 

example of alternative solutions is aircraft companies leaving hundreds of aircraft parked in 

the desert to degrade, rather than taking advantage of the material value in their airframes. This 

happens due to a variety of economic reasons, but mainly due to the book value of the aircraft, 

where it will lose over 75% of its value if the decision is made to scrap or recycle it. Boeing 

believe that the aircraft could be recycled in a way that could offer both economic and 

environmental benefits, however composite recycling has not made enough progress 

economically [28].  

 

Composite recycling is a necessary technology that is held back by the material itself. There is 

difficulty of using recyclates in manufacturing processes already optimised for existing 

products created out of virgin material. The market must develop so that recycled products can 

be sold at profitable prices, and there are ongoing studies focussing on this aspect [48]. Because 

glass fibres are so cheap, economic pressure is extensive when it comes to creating a recycling 

market. In comparison, carbon fibres are typically 10 times the cost and are used in volumes 

several orders of magnitude lower than that of glass fibres. This puts carbon fibres at a 

significant advantage when it comes to creating sustainable recycling operations. Recycling of 

Figure 11 - Aircraft graveyard in Arizona USA [13] 
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glass fibres is a compelling task to overcome in the modern materials industry and because of 

this will most likely have to be forced upon by government legislation.  

 

2.3.2.3 Downcycling 

 

Closed loop recycling is when a material or product can be turned into raw material or new 

product without losing its properties [50]. In comparison, downcycling is a recycling process 

where the value of the recycled material decreases over time, being reused in less valued 

processes [50]. Recycled GFP are not completely controlled in terms of length, length 

distribution, adhesion to new matrix (causing poor surface quality) and origin, where there are 

often multiple grades of fibre associated with a certain intake of EOL composites [24]. Because 

of this, closed loop recycling is not available in composite recycling using current technologies, 

but downcycling is able to be used. 

 

Not all composite material applications need to have excellent material characteristics, as there 

are many uses for GRFC that are not put under heavy loading. A downcycling hierarchy of 

recycled composite material, going from heaviest loading to lightest through a network of 

shared recycling plants would significantly reduce the overall material volume consumed in 

any given area. Relevant applications must be developed, and specific standards are required 

in order to control the reclaimed fibres [24].  

 

Otheguy et al. [51] demonstrates downcycling with rigid inflatable boats (RIB) made from 

thermoplastics [51]. The recycled materials from these boats are proven to be strong enough 

for use in non-appearance automotive applications, where talc and GF polypropylene are 

currently used, or in decking and wood imitation applications [28]. Without a larger proportion 

of virgin material, the materials used within this boat would not be adequately strong enough 

to be used in remaking the same model of boat.  
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Figure 12 - RIB Boat from Otheguy et al. [51] 

 

It is understood that through collective effort from manufacturing, design for recycling, end of 

life and environmental management, new recycling and separation technologies for composite 

materials will be accessible and more easily recognized going into the future [28]. The main 

goal of this is developing composite recycling’s transition from downcycling to closed loop 

recycling. 

 

2.3.2.4 Different Waste Types 

 

Alongside EOL composite product, a variety of waste exists because of each step in the 

manufacturing processes. Dry or wet fibre waste is inherently created during the first steps of 

carbon or glass fibre composite production. This dry fibre waste can be sent back and treated 

by manufacturers, such as Toray or Hexcel [24]. More waste can arise from prepreg rolls that 

have been left in storage conditions too long and are outside the given shelf life, or from other 

prepreg rolls that did not pass quality test. Unprocessed composite material has the advantage 

of still being sized and therefore are easier to use for a wide range of applications. After a 

product is completed, the final steps often produce waste that cannot be directly reused, such 

as already crosslinked thermoset parts [24]. 
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Alex Edge from ELG Carbon Fibre (Now Gen 2 Carbon) states that “the majority of carbon 

fibre waste they treat actually arises from these (final) steps and not from EOL carbon fibre 

composite parts” [24]. This is due to the long life of the composite material being produced. 

There are more composites being created than being decommissioned, causing a more 

significant environmental issue with the manufacturing waste. 

 

Composites are often placed into products alongside other materials, such as foam cores to 

reduce weight, or metal inserts to facilitate fastening between components [48]. This is an issue 

for recycling plants, as the composite needs to be separated from these products to recycle. 

More complications arise with dealing with contamination, identifying scrap material, and 

separating it. Industry requires premediated methods of recycling for each specific composite 

product. This includes material design for recycling, manufacturing waste, EoL recycling and 

downcycling markets. 

 

 

2.3.2.5 Flow Diagram 

 

For any recycling, a chain of operations is required. An ideal chain of operations for composite 

recycling is illustrated in Figure [2]. This chain must stay efficient and stable for composite 

recycling to remain functional [28]. Yang et al [28] states that “a failure in any step of this 

recycling chain implies that the recycling process cannot be completed” 

 

Figure 13 - Dry Glass Fibre [12] 
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The flow diagram begins with the different sorts of waste, being manufacturing waste and EOL 

composite products. These will come from independent places, so they are arranged in separate 

inputs. The EOL products need to be dismantled into a state where they can be introduced into 

the recycling facility, which would depend on the type of recycling that is being undertaken.  

 

Both waste types would need to be separately collected and transported to a recycling facility.  

Operations at this facility depends upon the composite type, recycling type, and the output 

required. The recycling operation could also be in-house for a company making a certain 

composite product, requiring a specific composite recycling output. 

 

The output from this facility will be of many different forms, depending on the recycling 

methods and required production for industry. There could be recycled composite fibres, 

ground composite, or reformed manufacturing waste. At the end of the chain, the recycled 

product is distributed to a wide market network that can introduce it back into new products.  

 

 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3 End of Life Composites 
 

2.3.3.1 Landfilling and Incineration 

 

There are four fundamental ways of dealing with waste of any kind. These are burning, burying, 

reusing or reducing it from the source [46]. For EOL composite material, the main options are 

Figure 14 - Recycling Chain Operations 
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landfilling, incineration or recycling. A flowchart for all possible EOL composite waste 

scenarios is displayed in Figure 16.  

Landfilling it is an easy and cheap disposal route, however it is being phased out due to it being 

unacceptable environmentally. The majority of EOL and production waste in the UK and up to 

90% of the GFRP is still landfilled [27]. Landfilling creates a wide range of difficulties from 

ground-water contamination to realistic space shortages [46]. The main reason that landfilling 

is still widely practiced originates to the steep costs of composite recycling.  

 

Under the third edition of the National Waste Management plan in the Netherlands, landfilling 

is supposedly banned [27]. However, wind farms can rule an unethical exemption if the cost of 

an alternative treatment, such as recycling, is more than 200 €/t. The cost of mechanically 

recycling wind turbine blades is estimated between 500 – 1000 €/t from a survey completed by 

WindEurope. This cost involves onsite pre-cut, transport and processing. The mechanical 

recycling alone costs between 150 – 300 €/t, and so landfilling wind turbine blades is still 

practiced within the Netherlands [27]. Mechanical recycling is widely considered to be the 

cheapest form of composite recycling, so other forms of recycling are also ruled out as an 

alternative. 

Figure 15 - Wind Turbine Landfill [10] 
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Incineration is more environmental than landfilling but is less than ideal. Glass reinforced 

thermoset composites are organic material and have a calorific value, and therefore can be 

burned as fuel. However, around 50% of the composite is mineral and remains as ash after 

treatment which must be landfilled [27].  

Composite incineration is currently being used within cement kilns in the cement industry. This 

method is promising because 100% of the EOL composites used as input are recovered as 

energy or raw materials. Approximately 67% of the material that goes in is recovered as the 

“mineral” part of the composite, and is integrated into the clinker (the main product of the 

cement kiln and the main raw ingredient for cement), and the other 33% is energy recovery and 

used as an alternate to fossil fuels [27]. This method has no adverse effect on the quality of the 

cement produced. When seen as an alternative to landfilling, this method is a solid outcome for 

the relevant industries to create less environmental impact. 

Cement kiln method is currently being undertaken in Germany, where there is a proposed 

industrial scale factory that takes in EOL composites and turns them into cement. The company 

behind this is called Holcim, one of the world’s leading cement companies [27]. Another 

cement co-processing plant was developed in Northern Germany which incinerates around 

15,000t of scrap annually, 10,000t of which being wind turbine blades [27]. According to 

Krauklis et al [27], the only cost is the gate fee (a charge levied upon a given quantity of waste 

received at a waste processing facility), and is around 150 €/t.  

This is huge gain for the cement industry, as it is basically free fuel in comparison to paying 

for fossil fuels. Cement Kiln is a brilliant example of an environmental incentive creating an 

economic advantage. 

Figure 16 - Flow Diagram for End of Life Composites 
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2.3.3.2 Introduction to Recycling Methods 

 

There are three prominent composite recycling processes being used and researched throughout 

the world today. These are mechanical, thermal, and chemical recycling (Figure 16). 

Mechanical recycling is grinding up composite waste into particles, known as recyclates, and 

introducing them back into pre-production composite material. Thermal recycling is using high 

temperature to decompose the resin and fibres and separate the composite. There are many 

different versions of thermal recycling such as combustion, pyrolysis, fluidised bed pyrolysis 

and microwave assisted pyrolysis. The third recycling process is chemical recycling, where the 

composite material is depolymerised using an organic or inorganic solvent, removing the 

matrix, and liberating the material. This method is termed solvolysis.  

For GFP it is crucial to develop as low-cost recycling solutions as possible because glass fibres 

are extremely cheap compared to the products they produce. Since all recycling techniques will 

drop the strength of the composite and shorten the fibres, the main technical challenge is to 

maintain 80-90% strength and minimal shortening with each recycle.  

Mechanical recycling is often considered the most applicable for GFP, due to it being cheap and 

less degrading to fibres than thermal and chemical processes. There are lesser researched 

recycling processes such as High Voltage Fragmentation (HVF), which uses repetitive pulse 

electrical discharging within a dielectric liquid environment to decompose the resin within the 

composite, causing the materials to be liberated [52]. HVF is looking promising due to its 

ability to retain fibre strength once the composite is recycled. 

HVF currently presents the highest tensile strength obtained by a recycling method and 

pyrolysis through fluidized bed presents the lowest. The best methods are often the most 

expensive, and there currently does not exist a positive balance between the low cost of glass 

fibres, the cost of recycling and the material characteristics of recycled GRP. 
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2.4 Current Recycling Techniques 
 

Mechanical, thermal, and chemical recycling have many several sub-types that are 

continuously evolving. Table 1 is an overview of the recycling techniques that have been 

extensively researched. This includes sub-types, descriptions, and positives and negatives of 

the technology at its current state within industry research. There are also recycling techniques 

that do not fall under any of the categories and are emerging as potentially ground-breaking. 

This consists of biotechnological and electrochemical recycling techniques, however the 

amount of research is small, so they have been left out of the Table 1. 

 

 

 

Table 1 - Overview of Recycling Techniques 
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These recycling techniques all vary in terms of multiple factors. Mechanical recycling grinds 

the whole composite, creating particulates that can be used as fillers or reinforcement for a 

range of products. Chemical and Thermal recycling aim to cleanly separate the material and 

restore it to its virgin form. 

 

Separation techniques are the most expensive but provide a more valued output as new 

directionally reinforced composites can be manufactured. Because of the separation between 

fibres and matrix, both can be recycled and used for individual purposes [27]. Thermal and 

chemical processes are currently too expensive to be viable for GRP. This is due to the cheap 

cost of virgin GF and the GF degradation that these techniques generate. Within industry, these 

processes for GF have mainly been used to recover valuable product from the resin [24].  

 

Specific recycling techniques can be used to create specialized recycled output for a certain 

application. All material is useful and relevant applications can be found for all outputs, despite 

the loss in mechanical strength.  

 

Table [2] presents the energy use for each recycling type in MJ/kg. The only energy figure 

unable to be found was fluidized-bed pyrolysis, as relevant research is modest. Pyrolysis is the 

closest method to fluidized-bed pyrolysis, so the energy figures are assumed to be similar. 

Mechanical recycling uses the least energy with range of 0.1 – 4.8 MJ/kg. Compared with the 

rest of the recycling methods, this is substantially low. Low energy usage equates to cheap 

costs, and mechanical recycling is considered the most economically viable recycling 

technique because of this.  

 

Energy usage can be used approximate how economically viable a recycling technique is for a 

certain type of composite input. Job [25] states that “the most economically sustainable 

recycling routes will involve processes and applications where the value of the recyclate is 

maximised”. The output is the most important to maximise because it will allow the recycling 

process itself to be more expensive, inherently allowing more energy input. 
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Table 2 - Energy Use for each recycling method in MJ / kg 

 

GF is inexpensive compared to other fibre types such as CF, and because of this viable 

recycling types for GF are limited. Mechanical recycling is well-suited for GF because of the 

balance between the material output performance and cheap economic costs. Thermal and 

chemical techniques are promising in some ways but show minimal promise for 

commercialisation in the GF industry. This is due to expense, hazardous chemicals, and the 

significant damage they cause to GF [24, 29].  

 

Simply put, GF recovered from chemical or thermal techniques does not allow a reuse of higher 

output value than that of GF recovered by mechanical recycling [24].  These techniques are 

better suited to CF. Oliveux et al. [24] states that thermal and chemical techniques “both have 

proven to enable the recovery of CF largely maintaining their reinforcing ability, whereas glass 

fibres are often quite damaged”. 

 

There are methods that use a combination of recycling techniques to get maximum recyclate 

value. Oliveux et al. [24] gives an example where a combined recycling methods is used in 

three separate steps. This involves a thermal pre-treatment followed by two different solvolysis 

techniques – first at a high temperature and then low temperature to get rid of any resin residues 

Energy use per recycling method in MJ/kg 
  

Type of Recycling Energy Use Reference 

Mechanical 0.1 - 4.8 MJ/kg [27] 

Pyrolysis 24 - 30 MJ/kg [27] 

Fluidized-Bed Pyrolysis *24 - 30 MJ/kg 
[27] * Assumed same as Pyrolysis. 
Could not find in literature. 

Microwave Assisted Pyrolysis 5 - 10 MJ/kg [27] 

Chemical 21 - 91 MJ/kg [27] 

High Voltage Fragmentation 
17.1 - 89.1 MJ/kg 
(500 pulses - 2000 pulses) 

[52] 
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that may remain on the fibres [24]. Combined methods allow more specific recycling outputs 

to be made, further specialising techniques.  

 

Pre-treatment steps are important for material input to a recycling process. This involves 

mechanical separation to get a consistent size. Separation recycling techniques require a first 

step of shredding or crushing composite products into consistent pieces. This must be done due 

to the size of some industrial parts in comparison to the reactors used for recycling.  

 

Post treatment steps are also being researched. An example is post-rinsing of material in order 

to remove organic waste residue that deposits during the cooling phase in thermal batch 

reactors [24]. Post treatment steps can help to improve the recycled composites mechanical 

performance. Jim Thomason at the University of Strathclyde in Scotland, in his project called 

ReCoVeR, is developing a way to post-treat thermally reclaimed GFs in order to create 

mechanical properties which are like that of virgin GF [25]. This research expands the potential 

for composite recycling through thinking outside of the main recycling techniques. If this 

project is successful, it could create a new market for recycled glass fibres to be sold in 

competition with virgin GF [25]. Recycling techniques that damage GF at present, may be able 

to be improved through pre and post treatment procedures. This research branch will be worth 

paying attention to going forwards.   

 

Another aspect to be considered is that of maximum material recovery versus the overall 

environmental damage from the recycling procedure.  

 

Pickering et al. [48] states: “Although the hierarchy of waste management routes appear to give 

preface to those recycling routes that maximise material recovery, the mechanical recycling of 

valuable fibres and resins as fillers does not necessarily give the best environmental return”. 

 

This is not only true to consider for mechanical recycling, but thermal and chemical recycling 

techniques tend to have aspects that are negative for the environment, such as pyrolysis having 

the potential to produce chemical feedstocks from the polymers, and chemical techniques using 

chemicals that will not mix well with ecosystems after they have been used.  

 

Because these techniques at their core are recycling processes that stem from environmental 

issues, particular focus must be made on minimising the environmental damage of these 

recycling techniques at every aspect. It is not enough to simply recycle these materials for 
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economic profit. For example, a pyrolysis process which only produces chemicals suited for 

use as fuels may be more suitable [48], rather than a process which simply produces waste of 

a different kind. 

 

2.4.1 Mechanical Recycling 

 

Mechanical recycling is the process of shredding and grinding up EOL composite material, 

often followed by a separation technique to divide fibre-rich and resin-rich fractions for further 

use [28].  

Initially, the composite is often reduced to a smaller size of 50-100 mm using a slow speed 

cutting or crushing mill. Things such as metal inserts are removed in this initial process and 

the reduction in size helps facilitate transport as they can be more efficiently moved [48]. Next, 

the main size reduction occurs typically using a hammer or cutting mill [53], which outputs a 

finer product usually ranging from 10mm in size to 50µm [48]. It is reported within in a study 

[24] that the cutting mills give a more homogenous fibre length distribution than that of 

hammer mills, however the cutting blades wore faster [24].   

 

After this size reduction, a sorting process compromising of either cyclones and sieves or novel 

air separation techniques [28] grades the recycling into separate fractions [48]. The finer graded 

fractions are powders and accommodate a high proportion of filler and resin than the original 

composite. The coarser fractions are fibrous, and have a higher fibre content and a high aspect 

ratio [48]. Sometimes these powder fractions will consist of resin-rich parts even after the 

Figure 17 - Hammer Mill [2] Figure 18 - Cutting Mill [1] 
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sieving process, and so for recyclates produced through mechanical recycling, they often have 

a higher percentage of residual resin than that from other methods [52].  

This composite recycling technique has been happening for several decades [25] and is one of 

the first composite recycling techniques to come to pass, due to the simplicity of the technology 

required. It does seem most obvious to simply grind up the composite and introduce it back 

into the original material.  

The majority of research states that the grinding process can result in a significant loss in the 

quality of the composite, in particular the fibrous reinforcement component [53]. There are also 

disadvantages associated with the bonding of the recyclate with resins and the chance for the 

larger pieces throughout the recycled material to act as stress raisers and as failure initiation 

sites [48]. The main challenge arises in the mechanical properties achieved by mechanical 

recycling, due to the recyclates having traces of old resin within them, which contribute to a 

weak interface between fibres and matrix of the new material [29]. Single fibre pull-out tests 

are often used to investigate the strength of the interface between matrix and fibres [28], and 

in a study Yang et al. [28] it was found that the recyclate fibres and interface were both weaker 

than that of virgin glass fibres. It was also found that both the flexural and impact strengths 

were decreased as the weight percentage of recyclates increased throughout the researched 

composite [28].  

According to Oliveux et al. [24], the fibrous fractions recovered from mechanical methods are 

more suitable to thermoplastic resins whether they are initially reinforced or not. This is due to 

better bonding between thermoplastic resins as the process does not rely on chemical reaction 

and is more mechanical [24].  

The process is more suited to GRP, due to it being cost-effective and because it seems to 

degrade GF less than other recycling methods. This could also be due to GF being less heavy 

duty than other composites such as CF, making it easier to grind. It is possible that mechanical 

recycling could work for composites made with lower grade CFs or short CFs [24], however 

these are used less in industry. The grinding process can be significantly abrasive to the 

machinery involved, as any composite is a tough material that requires a large amount of energy 

to break down. It is also widely acknowledged that machines used in mechanical recycling 

consume a lot of electrical power, raising the economic barrier for commercialisation [28].   

The grinding process is often not very controlled, and only a few studies have carefully 

controlled the grinding process to allow the recovery of shorter glass fibres to reuse as 

reinforcement [53]. The grinded material outputted by mechanical recycling is often suggested 
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to be used as filler powder for both thermoset and thermoplastic GFRP and CFRP [27]. 

Different particle sizes of filler can produce a range of mechanical properties when used within 

new products. It would be expected that smaller filler particles create less disturbance during 

production of a composite product, however, to grind to a smaller particle size is more 

expensive. Separate particle sizes will react differently with GF types, such as unidirectional, 

cross directional, and random fibre alignments. Fibre densities will also affect the response 

from the mechanically recycled filler, as the permeability of the composite will change during 

manufacture. All of this raises the challenge of finding the balance between filler particle size, 

cost of mechanical recycling, and the type of GF. 

 

 

 

 

 

 

 

 

 

As with all recycling processes, higher recycling rates increase energy saving, however this 

reaches a plateau at a certain point [27]. To make mechanical recycling suitable for industry, 

these plateaus must be implemented to gain as much economic benefit as possible. 

 

2.4.1.1 Mechanical Recycling Industrial Applications 
 

Mechanical recycling is one of the only composite recycling techniques making its way into 

industrial application [29]. Often the case is recycled glass fibres will replace small amounts 

of virgin material in products [24]. High concentrations are avoided so that products do not 

acquire subpar material characteristics.  

Mechanical recycling is more suited for sheet moulding (SMC) or bulk moulding compounds 

(BMC) and is proven difficult to use for laminated compounds such as the composites in wind 

turbine blades [51]. This is because these laminate composites are often stronger in many ways 

than SMC or BMC compounds, and so require more energy to break down. Wind turbine blades 

Figure 19 - Fine, Mechanically Recycled Particles [7] Figure 20 - Coarse, Mechanically Recycled 
Particles [8] 
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are also huge parts, and so are required to be divided up onsite or before sending them into a 

mechanical recycling facility, which requires more energy increasing the overall cost. In the 

study Rahimizadeh et al [29] where the recycling of fibreglass wind turbine blades is 

investigated, a process is mentioned where mechanically recovered fibres from wind turbine 

blades are used to reinforce polypropylene. It is stated that the reclaimed mechanical properties 

are similar to those parts made from pyrolyzed fibres, and that the shredded glass fibres retain 

their glass sizing. Because mechanical recycling is a lot less complicated and energy intensive 

than pyrolysis, the mechanical recycling process will be the chosen method in this type of 

situation.  

Further examples of mechanical recycling being used industrially include Phoenix Fibreglass 

in Canada, and ERCOM in Germany [48]. Both companies base their recycling operations 

around BMC and SMC, which are the most common types of thermoset composites. The 

ERCOM process initially breaks down composites by utilising a mobile shredder that can be 

moved around to different sites to operate on different products and reduces composites to 

about 50x50mm at a bulk density of 330kg/m^3. Afterwards, a hammer mill breaks down the 

material into recyclates [48]. The Phoenix Fibreglass process is similar, a two-stage breakdown 

workflow that produces fine recyclates of a particle size of 14µm. For both companies, the final 

product is often used as a replacement to calcium carbonate filler in new BMC or SMC. It must 

be noted that this use is difficult to implement economically because of the low cost of virgin 

fillers like calcium carbonate [24]. This use as filler gives some disadvantages and advantages 

in comparison to the virgin composite. An advantage is that the recyclate has a density that is 

smaller than that of calcium carbonate, so the recycled composite can be lighter than the 

original [48]. A disadvantage is that there is often a lack of bonding between the recyclate and 

the resin, caused mostly by coarser recyclates, causing significant reductions in strength and 

toughness [48].  

Fibrous and coarser fractions of recyclate are more difficult to reuse because of this bonding 

failure causing significantly impaired mechanical properties when used in filler, even in small 

fractions [24]. There is mention that specific treatment can increase this bonding failure, 

however this is another process within the creation of the material which will increase the 

overall cost. 

In Pickering et al. [48], it is described that recyclates have been successfully used to partially 

replace short fibres in BMC, as long as there are still virgin long fibres present in the composite 

to compensate for the deleterious effects of the recyclates. Another study shows fibrous 
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recyclate successfully replacing short glass fibres within BMC, given that the remainder of the 

longer fibres are replaced with longer fibres [48]. For composites of any kind, longer fibres 

will generally give a higher strength, and in this case, they can be used to offset the 

disadvantages that recyclates bring to the composite. Using any recycled material is progress 

despite using virgin GF, as less material is used overall, and more composites are staying out 

of the landfill.  

Research undertaken by Palmer et al. [54] demonstrated that fibrous fraction taken from GF 

SMC can be incorporated successfully into a DMC at 10% weight, when given a longer mixing 

time. The longer mixing time of a paste with the recyclate improved the interface between the 

recyclate and the new resin, causing improved mechanical properties [54]. To make mechanical 

recycling a common reality, recyclates must be combined with virgin fibres to produce 

composites that have sufficient mechanical characteristics to be used in industry. For the 

materials industry, it is now about finding the balance between maximum material performance 

and maximum amount of recycled material. In the future there could be a scientific 

breakthrough allowing a fully recycled GRP composite, however, modern technology can only 

find results by integrating recyclates and virgin fibres. 

Mechanically recycled particles have also been proven repeatedly to improve the material 

characteristics of thermoplastics, when mixed with the resin while manufacturing. A good 

example of this is Yang et al. [55] where they used printed circuit board waste recovered as 

small and narrow fibreglass/resin particles to introduce into polypropylene. They recovered 

these particles using pan milling, jet milling and planetary ball milling techniques. The strength 

improvement shown for the new polypropylene went from 32.3 to 39.1 MPa for tensile 

strength, 50.6 to 53 MPa for flexural strength and had a flexural modulus decrease of 1.7 to 1.0 

GPa. 

Mechanical recycling has strong potential for GRP applications, and significant progress is 

being made industrially to make it a commercialized reality. EOL composites have copious 

uses as a ground up recyclates, that can benefit all industries that use composite materials. A 

huge advantage is that after the recycled composite has been through its lifecycle, it can be 

recycled again in a similar way. Due to this, the possibilities for mechanical recycling are 

endless, and influential progress will continue to be made going into the future.  
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2.4.2 Thermal Recycling 

 

Thermal recycling involves using high temperatures to decompose resins and separate the 

matrix from the fibres in a composite material. This is typically done at temperatures between 

300ºC and 1000ºC [28]. Excess thermal energy is produced alongside the composite recycling 

process, making this method have multiple environmental applications. There are many 

different types of thermal composite recycling, including pyrolysis, fluidised-bed pyrolysis and 

microwave-assisted pyrolysis [28].  

 

Research as early as the 1990s has been happening on thermal composite recycling, where 

Nottingham University in the UK tried to treat moulding compounds in a fluidised bed process. 

The recovered fibres were used in DMC and properties were measured [25]. Thermal 

techniques allow for recovery of the fibres, but not always the valuable products from the resin, 

such as monomers that can be used to re-produce resins [28]. In thermal processes the resins 

are volatilised to become lighter molecules and produce gases being carbon dioxide, hydrogen, 

methane, and solids such as an oil fraction and char that sits on the fibres. This char may limit 

the reuse options for the fibre or require a further treatment process to remove it [48], increasing 

costs.   

 

Lower temperatures are typically used for polyester resins, where epoxy and thermoplastics 

require higher temperatures [28]. Leeds University [48] observed that polyester resins would 

decompose fully at a temperature of 450ºC, whereas other thermosetting resins from vinyl 

ester, epoxy and phenolic would need a higher temperature of 500 to 550 ºC. An unsuitably 

low temperature in a thermal recycling process can leave the processed material undercooked, 

leaving more char on fibre surfaces [27]. In comparison, an unsuitably high temperature leads 

to a reduction in the diameter of the fibres [27]. Thermal processes can tolerate more 

contamination materials in the initial product than other methods [48], since the contaminated 

materials will either melt or fall away from the composite during the process. Both pyrolysis 

and fluidized bed pyrolysis produce a satisfactory and clean fibre product, however it is not in 

the same form as that of virgin fibres. Research is being undertaken globally attempting to get 

recycled product as physically close to virgin product as possible [48]. This will allow recycled 

fibres to be introduced directly into industrial manufacturing methods without disruption. 

 

The most common method for recycling FRPs is by pyrolysis [27]. CF maintains its 

reinforcement capabilities when being used within thermal processes, but GF is significantly 
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damaged with an estimated 50-80% fibre strength lost. This is due to GF not tolerating the high 

temperatures produced in a thermal recycling reactor. According to Krauklis et al. [27], some 

research proves that pyrolysis is economically viable for GF thermosets, however the strength 

losses are preventing commercialisation. This stems a promising tangent of research involving 

the regeneration of recycled GF, because if the fibre strength can be maintained this will be a 

huge breakthrough. Currently it is recommended that recycled GF using pyrolysis is better used 

for low value applications such as thermal insulation, instead of as wind turbine blades. 

 

There needs to be government legislations to disallow non-recycling methods before an 

expensive thermal recycling process such as pyrolysis is accepted into commercial operation. 

Thermal processes are expensive because they are heat intensive, and so are much more viable 

to more expensive composites such as CF rather than GRP [27]. 

 

2.4.2.1 Pyrolysis 

 

Pyrolysis is defined as thermal decomposition of polymers at high temperatures in the absence 

of oxygen, which allows for the recovery of long, high modulus fibres [28]. Both the matrix 

and the fibre materials are recovered during this process. The temperature and time of exposure 

are controlled to the specifications of the current composite.  

 

A temperature range of 500ºC to 550ºC is perceived as the limit to maintain good strength in 

CF, where GF retains less than 50% of its strength at a low temperature of 400ºC [24]. The 

final product generated is in liquid, gas and solid char form. These can be used for further 

processing in chemical feedstock, usually for petrochemicals (6, 23). Sometimes oxygen is 

introduced at the end of the process to oxidise any char so that clean fibres and fillers are 

recovered [48].  

 

Pyrolysis can be arranged in many variations, such as a fixed bed reactor, screw pyrolizer, 

rotary kiln or fluidized-bed reactor [28]. The variation in composite material products is one of 

the greatest challenges to overcome for pyrolysis, as they are all in inconsistent shapes and 

sizes, while being made from a range of materials. Metals, carbon fibre, fibreglass and different 

filler materials are examples of materials that a pyrolysis reactor would have to deal with, all 

of which react differently to heat, producing varied results for the recycled product.  

 

Woven fibres can also cause issues, due to it being harder to decompose resin that has set 

between two intersecting tows [24]. When a composite product arrives at the pyrolysis facility, 
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it must be analysed to ensure that it is correctly recycled. The gas product that is created in 

through pyrolysis is a mixture of carbon monoxide, carbon dioxide and hydrocarbons. These 

hydrocarbons have a calorific value of 15-20MJ/kg and are often used back as a heat source 

for the further pyrolysis processes [28]. 

 

 
Figure 21 - Carbon fibres recovered from pyrolysis at ELG Carbon Fibre Ltd. Being loaded into a chopping machine [56] 

 

 

Companies such as ELG Carbon Fibre Ltd in the UK are using pyrolysis techniques [57] to 

recover their product and have successfully commercialized it due to the high cost of CF. ELF 

CF process approximately 2000 MT of manufacturing and cured waste annually using its 

patented pyrolysis process [58]. 

 

A pyrolysis-gasification process called ReFibre was developed in Denmark to recycle EoL 

wind turbine blades and recover their thermal energy [28]. The wind turbine blades are cut 

down and fed into a rotating furnace, which thermally recycles all parts of the product. The 

recycled glass fibre is used for thermal insulation and is not put back into new wind turbine 

blades due to strength degradation. The only reason ReFibre has not been commercialized is 

because landfilling is still cheaper and has not been banned in Denmark.  

 

Pyrolysis has been happening as early as the 1990s, where SMC Automotive Alliance 

undertook research on pyrolysis happening at a plant originally designed for tyre pyrolysis. 

They proved that up to 30% of the ground solid residue produced could be put into SMC 

without negatively affecting the mechanical properties of the composites [48]. However, it was 
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found that pyrolysis of GRP at a temperature of 400ºC only maintained a low specific fracture 

energy of 50% [48]. More recently, SMC Automotive Alliance have concluded that recycling 

SMC scrap by mechanical grinding to a powder and using it as filler is much more cost-

effective than using pyrolysis [46]. 

 

2.4.2.2 Fluidized-Bed Pyrolysis 

 

Fluidized-bed pyrolysis utilizes a bed of material, usually being silica sand [24]. This bed is 

fluidized by hot air, making the conditions oxidant [24], allowing rapid heating of materials 

which decomposes them quickly. After the material separates, the fibres and fillers are carried 

out of the bed as particles suspended in a gas stream [48]. The organic fraction of the resin is 

degraded in a secondary combustion chamber which produces flue gas for energy recovery.  

 

 

Figure 22 - Fluidized-Bed Pyrolysis diagram adapted from [77] 

Taken from [59] – Reference Properly (Adapted from ________ et al, when you adapt   it)  

This fluidized-bed process produced recycled GF that were degraded by 50% tensile strength 

at 450ºC, and 80% at 550ºC [24]. CF reported less tensile strength loss of 25% at 550ºC [24], 

which is as expected. However, Oterguy et al. [51] reports glass fibre strength losses of 25%, 

so it is hard to know what to expect. These tensile strength differences could come down to 

different fluidized-bed setups, or different types of GF.  

 

A huge advantage of this process is that it is more suited to EoL composite waste, as it can treat 

contaminated materials, sandwich construction composites, materials with painted surfaces or 

ones with foam cores [24]. Since the fibres and fillers are taken above the fluidized bed in a 

gas stream, the contaminant materials such as metals remain sitting on the bed and can be 

recovered after the process is finished.  
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The pyrolysis process is often more complicated than that of fluidized bed, however a main 

difference between them is that pyrolysis allows for recovery of oil from the resins that can be 

used, where fluidized bed only allows for the recovery of gases [24]. In terms of the output for 

fluidized bed pyrolysis, the best uses for the recovered fibres are applications that require short 

fibres in a dispersed form, like BMC or non-woven veils [48].  It produces a very clean fibre 

product, though it is not in the same form as virgin fibre product. Carbon fibres are more 

damaged with fluidized bed than that with regular pyrolysis. 

 

As with other thermal types, this method is at present too expensive to use for GF. The process 

is best suited to specific composite material products, such as aerospace applications or wind 

turbines, due to their foam cores and metal inserts.  

 

2.4.2.3 Microwave-Assisted pyrolysis 

 

Microwave-assisted pyrolysis has very limited availability, even at pilot scale [27], and is not 

seen to be used anywhere commercially. However, it needs to be discussed because of the 

potential it holds in comparison to other thermal recycling methods.  

 

In microwave-assisted pyrolysis, the material is heated from its core, so minimal heat is wasted, 

and the process is as fast as possible. This is a huge advantage as heat equals energy, energy 

equals cost, and the lower you can have your energy consumption the higher chance that the 

recycling method will be able to move onto commercialisation.  

 

Microwave assisted pyrolysis has been considered over the last decade at the University of 

Nottingham, by the American company Eltron Research, and at the University of Boras [24]. 

The University of Boras and Stena Metall Group used a microwave assisted pyrolysis on wind 

turbine blades made from glass fibre and polyester thermoset resin. The results they got at 

440ºC for 90 minutes were that the recovered fibres were coated in residual char, and when 

they created a non-woven mat out of them, the adhesion with the matrix was unsatisfactory 

[24]. Although this method is clearly still being researched, the energy saving concept behind 

it has serious potential, therefore progress must continue. 
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2.4.3 Chemical Recycling 

 

Chemical recycling aims at the depolymerisation of the matrix of composite material by using 

organic or inorganic solvent [28]. Depending on the composition of the polymer substrate, 

different chemicals and solvents are selected [27]. Once the matrix has been dissolved, the 

remaining product is washed to remove minor surface residues [27]. 

 

This process can regenerate clean fibres and fillers, as well as recycled matrix materials in the 

form of monomers and petrochemical feedstocks. It is said that the product recovered by 

chemical methods have retained long fibres with decent mechanical properties, and that they 

are cleaner than those recovered by thermal methods, depending on the conditions employed 

[24]. 

 

 

 

 

 

 

 

 

 

 

 

 

The main chemical methods being researched are under categorized solvolysis and depend on 

the type of solvent used. The sub methods are hydrolysis (using water), glycolysis (using 

glycols), and acid digestion (using acid) [28]. The main issues with chemical recycling are 

based upon the generation of waste chemicals and lack of flexibility [28]. The chemicals used 

can constitute environmental issues, mainly stemming from acid use, and the resulting 

chemical mixtures can be hazardous and require special treatment to recover useable products 

[24]. Not only the production of toxic effluents, but the use and disposal of alkaline catalysts 

is also a significant environmental issue [28]. Hydrolysis methods are often cleaner, due to 

them using water, and can be extended into using supercritical fluid environments to complete 

depolymerisation. Such methods are being heavily researched throughout the chemical 

Figure 23 - Chemical Recycling of Carbon Fibre [15] 
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recycling field. Through supercritical conditions based upon alcohol and water, chemical 

recycling could be a major step for composite recycling if the costs are low enough.  

 

Much like thermal techniques, it seems that chemical recycling methods are more suited to CF, 

because of fibre damage and costs. An advantage of chemical recycling is that it leaves the 

surface of the recycled fibre cleaner, compared to thermal methods. This is important because 

the purity of the fibre surface influences its ability to adhere to new resin. According to Oliveux 

[24], when resin residues are left on the surface after recycling, the single fibre tensile strength 

is improved. However, when this fibre is introduced into a new composite, the resin reduces a 

good interaction between the fibre and the new matrix, reducing mechanical performance [24].  

 

Chemical processes are more efficient and will create an overall better recycled composite 

compared to thermal methods. This could also be said for mechanical methods, however it is 

hard to make a comparison between mechanical and chemical as the final product is in a largely 

different form.  

 

As of 2010, Yang et al [28] stated that “compared to mechanical and thermal processing 

technologies, chemical recycling technology has not been developed”. It was declared that only 

various solvents had been recently studied in lab scale [28]. This was 11 years ago, and since 

there has been progress, however chemical recycling processes have not made it to industry 

due to environmental and economic reasons. Due to these reasons, the highest chance chemical 

methods have of being commercialized is through government legislation. 

 

Composite fibres will degrade at high temperatures,  and subsequently solvolysis methods have 

received increasing interest [24] because heat is not used. Heat is used within supercritical 

chemical methods, and they can also be very expensive because of this [24]. However, 

supercritical methods have expanding interest due to their tuneable properties depending on 

operation conditions such as temperature, pressure, and volume. There are many research 

channels that chemical recycling could go down, and because of this variation it is important 

that research in this regard continues to make developments. 
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2.4.4 High Voltage Fragmentation 

 

There is another more modern composite recycling technique called High Voltage 

Fragmentation (HVF). This technique utilises repetitive pulse electrical discharges within a 

dielectric liquid environment to disintegrate the matrix material within a composite, 

depolymerising the fibres [52]. The composite is placed between two electrodes that apply 

voltages of 100-200kV at a pulse time of less than 500ns, at such conditions the breakdown of 

the solid material will happen before the liquid surroundings. The discharge of the electrodes 

creates a spark which travels to internal boundaries of the composite and weak regions [52], 

creating a shockwave with high temperature and pressure, producing mechanical stresses 

which are greater than the tensile strength of the composite, leading to liberation between fibres 

and matrix.  

 

HVF must be mentioned because it has produced some of the cleanest fibres and best recovered 

fibre strengths out of any recycling technique in the world. Rouholamin et al. [53] found that 

recycling using HVF retained a tensile strength of the recycled fibre vs the virgin fibre of 

approximately 88%. This is the highest tensile strength retainment of glass fibre that seen 

anywhere in composite recycling research. Mativenga et al. [52] compares HVF and 

mechanical recycling for thermoset composites, and it is found that HVP of GFP produced a 

high percentage of fibres at mean fibre length, longer fibre length distribution, and lower resin 

content on fibres after treatment [52]. The downside is the energy usage of HVF. The specific 

energy was “at least 2.6 times” higher than that of mechanical recycling, making it unlikely to 

reach commercialisation.  

 

Another paper from Rouholamin et al. [53] states that a wider fibre length distribution was 

measured for the HVF treated fibres compared to that of mechanically ground fibres. For 

mechanically grounded fibres, the majority were 2-16mm, where the spread for HVF was a 

larger 4-20mm.  

 

Compared to mechanical grinding, HVF has more advantages than just fibre performance. 

Firstly, HVF has no direct mechanical contact, so that the equipment used is not vigorously 

used, causing less maintenance and replacement costs. It is well known that mechanical 

grinding is extremely harsh on the grinding equipment, and so this could turn into a larger 

economical advantage than first assumed. Secondly, there is a significant reduction in 

contamination during HVF. In mechanical recycling, the fibres are exposed to many things 
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such as different temperatures and environments which will influence the final product. In 

HVF, the product is always in controlled environment, guaranteeing a consistent fibre output 

between treatment batches. This will not only create a more efficient recycling process, but it 

will save costs in the long run.  

  

2.5 Future Recycling Technologies 

 

The future of recycling technologies is intriguing because there are a wide range of directions 

the research field could go. Composite recycling sits in close parallel with the field of 

biocomposites, where both the matrix and the fibres of the composite are made biodegradable 

and out of natural fibres. Biocomposites are often made from crops (hemp, cotton, flax), 

recycled wood, wastepaper, crop processing by-products or regenerated cellulose fibres. For 

sustainability, a biocomposite with excellent mechanical properties and durability such as CF 

or GFP would be a significant leap towards an environmentally viable composites industry. 

Such a material as this would disregard the need to have anything landfilled, as all materials 

being used would be organic and therefore environmentally friendly.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There are two things that are currently holding biocomposites back. These are compatibility 

with the polymer matrix and water absorption [57]. It is a great challenge to create something 

that must survive for an extended length of time through rough environments, and then at EOL 

Figure 24 - Interior carpeting of a car's door made by a biocomposite of 
hemp fibres and polyethylene [9] 
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be able to break down and degrade. Industry is currently in a debacle where many decades of 

material use has not been sustainable, so a plethora of materials presently exist that are not 

sustainable and need to deal with while causing as minimal environmental damage as possible. 

Because of this, although biocomposites are a critical research field going forward, solid 

solutions for composite recycling must be made. 

 

As for future solutions to recycling modern composites, there are few sections of thought where 

the technologies could progress. With mechanical, thermal and chemical techniques, they are 

all very innovative and give results, however, there always seems to be this struggle with cost 

that we cannot get past for GFP. Solutions need to be created to make these current techniques 

cheaper, and to make sure they produce better material characteristics of recycled fibres.  

 

One technology that could potentially supersede the current recycling techniques is the use of 

enzymes to break down composite matrix. The current technology for this is very slow, with a 

recent report from Japan showing that their enzyme could only remove 6µm per week [57]. 

This will continue to progress within research and potentially make it to industry, mainly for 

composite plastics as an environmental solution to pollution. If the technology expands, it could 

benefit composite recycling in the future, however it would be a struggle seeing how durable 

composites are.  

 

 

 

 

 

 

 

 

 

 

 

 

 

In another direction, a big advancement going forward for the composites industry is to 

implement a trickle down of EOL composite material into different applications. 

Advancements in predictive modelling are highly anticipated and this can help with EOL 

Figure 25 - Enzyme Recycling Technology [6] 
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composite flow. A highly organized hierarchy is what is required to make the composites 

industry as environmentally stable as possible. According to Krauklis et al. [27], there are two 

mathematical models that need to be worked on in regard to this. These are, “(1) variance of 

processing parameters on the quality of recyclates for all recycling techniques, and (2) 

composite recycling processing parameters on the cost and environmental impact prediction”. 

If these two models are worked on, modern solutions to composite recycling would be a lot 

easier to predict and control. The future of the composites industry is aiming to be 

environmentally sustainable, and there is good progress towards this at present. A sustainable 

future, a circular economy, and rapidly developing technology are the way forwards for the 

composite industry. 

 

2.6 Effect of Recycling on Composites 

 

Composite materials are complicated materials, and recycled composites are even more so. A 

recycled composite has the need to have its material characteristics measured to know what 

application it can be used for after it has been produced. Recycled composite is different for 

each recycling operation, with different fibre lengths and output form, and because of this, 

purpose in industry.  

 

2.6.1 Mechanical Properties 

 

Individual recycling methods are able to obtain different mechanical properties, and that some 

recycling methods are better suited to specific composites. Table [3] below shows the obtained 

strengths of recycled GFP composites compared to the virgin GFP composite throughout 

research. It must be noted that these figures are only for GF. Many of the methods shown here 

are better suited to carbon fibres, such as the thermal and chemical processes, hence why the 

strength retained values are significantly lower.  

 

The most promising method to make progress further into industry is mechanical recycling. 

This is due to its low energy use and cost, with its relatively average retained recycled fibre 

strength. The price of fibre-matrix separation methods such as thermal and chemical methods 

is simply too high to consider recycling GFP [24], aside from the fact that GFP does not recover 

well at all with these methods, often because the environment is too intense due to heavy 

chemicals or high heat. GF lose 80% or more of their strength when exposed to temperatures 
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typically found within thermal recycling processes, making them unsuitable for reuse as 

composite reinforcement. 

 

Table 3 - Fibre Strength Retained of Recycled Glass Fibre vs Virgin Glass Fibre 

Fibre Strength retained of Recycled Glass Fibre vs Virgin Glass Fibre 

Type of Recycling Strength Retained Reference 

Mechanical 78% [60] 

Pyrolysis 52% [61] 

Fluidized-Bed Pyrolysis 50% [62] 

Microwave Assisted Pyrolysis 52% 
No Reference - 
Assumed the same as Pyrolysis 

Chemical 58% [63] 

High Voltage Fragmentation 88% [53] 

 

It is mentioned that some fibre strength can be restored after thermal methods with potassium 

salt at high temperature [24], although this will incur more costs into the process. GF are 

mentioned to be “discontinuous and fluffy” after coming out of the reactor, so will be difficult 

to find applications for, however, it is stated that they can be used in light duty vehicle parts 

such as headlight housings and instrument panels [24].  

 

It would be more convenient and cost efficient for industry if there did not need to be multiple 

different recycling methods for different composites. One big thermal or chemical reactor, that 

deals with all composite material at maximum recycled quality, would be beneficial 

economically. Because of this, post treatment methods for GRP are most definitely worth 

researching. According to Krauklis et al. [27], “The development of an economically viable 

process for regenerating mechanical properties of thermally recycled GFs would have major 

technological, societal, economic, and environmental impacts”. Strathclyde University in 

Scotland has apparently developed a process to regenerate the strength of thermally recycled 

GF, which is allegedly promising, so there is research being conducted out there which could 

change GF recycling entirely. 
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2.6.2 Resins 
 

There is not only value in the recovery of glass fibres, but the resins involved also. Within 

mechanical recycling, the particles that are ground up have resin within them that can help with 

strength properties of the recycled composite. The finer fractions of ground particles often have 

a larger proportion of resins within them. For recycled composite manufacture, recyclates can 

be introduced into the resin pre-manufacture to gain stronger material properties.  

Takahashi et al. [44] incorporated crushed CF flakes roughly 1𝑐𝑚2 into thermoplastic resins 

for manufacture of new materials by injection moulding. They found that, compared to the 

virgin resin, the material with 30 vol% of crushed CF flakes showed better mechanical 

properties except for the flexural strain at fracture. The same was observed for polypropylene 

mixed with crushed CFs, and it was found that repeating the injection moulding 4 times did not 

significantly alter the mechanical properties. The obtained properties are apparently similar to 

that of modern glass fibre reinforced thermoplastics [44]. 

There is also the consideration of the reuse of resins through recycling, and according to 

Oliveux et al. [24] a few studies conducted have shown significant potential in the reuse of 

products from resins. Further investigation and testing are required to propose suitable recovery 

solutions for resins. Products from resins are mainly recovered through thermal and chemical 

methods. Thermal methods produce gases and oil as an output to their processes. Oliveux et al. 

[24] states that in pyrolysis of GF SMCs, initially containing 25 wt% resin, have produced 

about 75 wt% of solid residue, 14 wt % oil and the rest as gases. The 14 wt% of oil recovered 

in this process contains monomers that can be reused in new resins. However, the method was 

once again judged to be not economically viable.  

There are new recyclable resins being developed, by companies such as Adesso Advanced 

Materials in Japan who are developing recyclable curing agents for existing epoxy systems and 

Connora Technologies in the USA who have actually developed a recyclable curing agent for 

epoxy, and a low-energy based recycling solution that is produced after solvolysis treatment of 

an epoxy thermoplastic by breaking a particular bond in the crosslinking agent [24]. Among 

this, Connora Technologies are also developing a crosslinking agent for polyesters, so this 

could be a future technology for thermoset composite materials.  
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2.6.2.1 Filled Resins 
 

Filled resins are becoming increasingly popular throughout industry for economic and 

environmental reasons. Filling a resin replaces a portion of pure resin with a ground material, 

saving resin costs and potentially reusing material for the filler.  These ground materials are 

most commonly calcium carbonate, clay, talc, glass powder, barium sulphate, aluminium 

trihydroxide, river sand, white marble, slag, ash, wood flour, silica yarn, silica sand powder, 

glass beads, granite powder, carbon black and crushed stone [64-66]. 

 

 

            Figure 27 - Aluminium Trihydroxide Powder [67] 

 

Fillers are chosen due to their properties of commercial availability, competitive cost, high 

fracture toughness, light weight, superior strength to weight ratio, high tensile properties, high 

fatigue resistance, and improved corrosion resistance [68, 69]. The type and weight percentage 

of a filler can have an extreme influence on the composite it is being introduced to [70], whether 

that be glass fibre, carbon, aramid, or other.  

When filled resins are used as matrix reinforcement for a composite material, the advantages 

in material properties depend on the shape and size of the filler, the weight percentage of filler 

being introduced to the matrix, particle size of the filler, and the interfacial adhesion between 

the filler and the matrix [65]. Particle filled composites have high thermal conductivity with 

certain fillers, and have a broad range of applications in industrial and structural engineering 

[70].  

The composites industry is an expansive industry, with bountiful matrix and fibre 

reinforcements being used to adhere to specific material applications. Fillers are chosen based 

upon the advantages they can give a composite within a particular application. With fillers, end 

Figure 26 - Wood Flour [4] 
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products can be used in composite materials to possess high tensile and flexural strengths, and 

higher dimensional stability [68]. These fillers can be used to improve products through 

aerospace, electrical, automotive, and appliance industries [68]. 

For example, mechanical, electrical and thermal properties of the composite are improved 

when silica or alumina particles are introduced into a polymer matrix [70]. Epoxy moulding 

compounds will often use different kinds of silicate minerals as fillers for electronic packaging 

applications [71]. These include kaolin, mica, talc, or micro glass beads due to their superior 

electrical insulation, moisture resistance and very small coefficient of thermal expansion [71]. 

Compared to irregular shaped particles, glass beads have a consistent spherical shape that leads 

to better stress patterns within the composite. Because of this they are commonly used as 

reinforcement in the plastics industry [71]. 

Maximising the bond between the filler and matrix is paramount when it comes to filled resins. 

If the filler is not mixed properly into the matrix, this can create stress concentrations and 

agglomerations throughout the final composite, causing a reduction in mechanical properties. 

To improve the bonding between fillers and matrix, the surface of fillers will often be coated 

with some functional silicane used as a coupling agent [71]. Other factors such as processing 

technique, and particle dispersion quality can positively influence the thermal, mechanical and 

rheological characteristics of fillers within a matrix [68]. 

 

2.6.2.1.1 Weight Percentage Influence on Mechanical Properties 
 

To achieve optimal material properties in a filled composite, weight percentage of filler 

introduced to the matrix is a significant variable. Different matrix and fibre composite setups 

will have specific filler weight percentages to produce optimal composite properties. This 

depends on composite application and availability of filler material. Literature suggests that 

fillers above approximately 30% weight percentage will negatively affect the properties of a 

composite, with most filled composite incorporating very small amount of filler at 5% weight 

percentage and below.  

Within Zaghloul et al. [68], graphene oxide nano-filler of 0.1% to 1% weigh percentage was 

tested within composite materials, finding that compared to neat polyester resin flexural and 

tensile strengths were increased by 186% and 156% respectively. Baskaran et al. [72] found 

that 5% weight of Nano Calcium Carbonate Filler introduced into unsaturated polyester resin 

produced maximum tensile, flexural and impact strengths due to agglomerations of particles 
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that were found above 5% filler weight percentage. For both of these research applications, 

nano-particles are used. These particles are so small that they are aiming for the filler to have 

the most minimal influence on the composite overall. If these composites are produced in 

volume within industry, the small filler amount will be turned into a large amount of economic 

and material savings. 

Larger weight percentages produce more economic and material savings, however can 

influence mechanical properties of the composite. Gamea et al [64] introduced Electric Arc 

Furnace Dust (EAFC) into unsaturated polyester resin at 0% to 30% at 5% intervals to see the 

influence of filler weight percentage on mechanical properties, finding that a 10% weight 

percentage was optimal for tensile strength, and 5% weight percentage was optimal for flexural 

strength. This improvement is attributed to the good dispersion of particles throughout the 

polyester matrix, with a high level of interfacial adhesion for effective stress transfer. The 

decrease beyond the optimal weight percentage values are attributed to the high surface energy 

of the rigid particles, increasing their tendency to agglomerate, producing inefficient stress 

transfer in the filled matrix, casing poor interfacial adhesion [64]. Baskaran et al. [72] observed 

similar results within their unsaturated polyester resin matrix with nano - calcium carbonate 

filler, with optimal tensile strength being obtained at 5% weight percentage, with further 

increases in weight percentage resulting in particle agglomeration. 

Ahmetli et al. [73] fabricated the epoxy composite with waste marble dust at 20% filler and 

evaluated the thermal and mechanical properties of the composite. The outcomes of the 

experiment revealed that the hardness and tensile strength of marble powder-filled epoxy 

composite were higher than that of the pure epoxy composite. Nabinejad et al [74] found that 

introducing wood flour to composites at 17% weight percentage and above produces weaker 

interfacial bonding, significantly reducing mechanical properties of composites produced. The 

tensile strength of the composites decreased with increasing filler load, with a filler load of 9% 

producing an 8.6% decrease in tensile strength compared to the neat polyester resin. In contrast, 

the flexural strength increased with increasing filler, experiencing a maximum value at 17%wt. 

Tensile modulus reached its maximum value at 23%wt, while the flexural modulus increased 

steadily with filler load. Within Nabinejad et al. [74] it is suggested that a higher filler weight 

percentage produces a weaker interaction between filler and matrix due to the lack of sufficient 

polymer phase to wet out the high surface area of the filler particles.  

Another reason Nabinejad et al. [74] attributed to reductions in filler content was the increasing 

amounts of voids being trapped within the matrix material, which was measured as 0.025 % 
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volume for the neat unsaturated polyester resin, and 0.212 % volume for a 28% weight 

percentage of oil palm shell wood flour [74]. Another example of this is within Choudhary et 

al. [75], where it is stated that the void content of the glass fibre reinforced epoxy composites 

increased with increasing waste marble dust filler content. This is significant as a higher void 

content produces lower tensile and flexural strengths throughout a composite due to the voids 

acting as failure points and creating inferior fibre and matrix bonding. 

Reddy et al. [65] proved that when granite fillers were introduced up to 15%wt, an increase in 

tensile, flexural and impact strengths were observed, where beyond 15% aggregation and 

agglomeration results, leading to a decrease in mechanical properties. This was also observed 

through SEM morphology, where good interfacial interaction and uniform dispersion of filler 

were observed below 15%wt [65]. Within Rajaee et al. [69] the effect of styrene-butadiene 

rubber (SBR) and fumed silica nano-filler on mechanical properties for unsaturated polyester 

resin in glass fibre reinforced composites was investigated. The addition of the silica nano-

filler was found to improve impact strength, tensile strength and modulus, flexural strength and 

modulus, but decreased the elongation at break. The SBR filler content increased impact and 

tensile strength, and elongation at break, but decreased flexural strength and modulus, and 

tensile modulus of the produced composite materials. Based upon optimization results, the 10% 

weight percentage SBR was selected as the optimum composite formulation for the fillers 

tested [69]. This is because it provides the best strength to stiffness to toughness balance among 

all the composite samples tested. The 10% weight percentage SBR enhanced tensile strength, 

impact strength and elongation by 25%, 10% and 8% respectively, but decreased flexural 

strength, flexural and tensile modulus by 14%, 13% and 4% respectively [69]. 

The common ground between these research papers is that a weight percentage below 30% and 

around approximately 10% often produces an improvement in tensile and flexural strength. All 

fillers are of completely different particle sizes and material, which also has a major influence 

on the mechanical effect of the filler introduced to the resin. The main effects that an increasing 

filler weight percentage has on the matrix is voids, dispersion [70], agglomeration issues [65] 

and the low wettability of filler by the matrix and the phase separation between them [74]. For 

these reasons, a higher filler content produces worse mechanical properties in a matrix and 

therefore composite material. 
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2.6.2.1.2 Particle Size Influence on Mechanical Properties 

 

The filler particle that is introduced to a resin can influence mechanical properties through 

raising stress concentrations that depend on the particle size and shape. Producing a strong 

interfacial bond between the filler and matrix, and filled matrix and composite fibres, plays a 

crucial role in the mechanical performance of a filled composite. 

It also must be considered that the smaller a filler particle size range, the more expensive it will 

be to produce. This is a general assumption and does significantly depend on the type of filler 

being used, however needs to be considered. To find the optimal filler properties for a 

composite material, a balance between affordability and mechanical performance must be 

found. 

It is mentioned in Chaudhary et al. [70] that the effect of particle size on mechanical and impact 

properties of cured epoxy resin was investigated with a filler material of spherical silica 

particles. The author concluded that flexural strength, tensile strength, and impact-absorbed 

energy increased with a decrease in particle size. Chaudhary et al. [70] states that particle size 

plays a significant role in the mechanical properties and interfacial bonding between fibre and 

matrix. In Nabinejad et al. [74] the effect of oil palm shell filler particle size on mechanical 

properties of polyester composites was investigated. The results indicated that a particle size 

of 75 µm ≤ 150 µm exhibited the optimal mechanical performance, with the removal of 

impurities playing a key role in the presence of strong interfacial bonding between filler and 

matrix. Reddy et al. [65] used granite powder of a size between 0 ≤  75 µm, obtaining optimal 

mechanical results at a weight percentage of 15%, as discussed previously. Zhao et al. [71] 

used different materials at a particle size between 0 and 100 µm to understand the influence it 

had on the curing kinetics of epoxy resins. 

These particle sizes seem to fall around 0 to 150 µm, indicating that around this range is the 

optimal particle size for maximising all matrix and composite material properties. This is due 

to the particle sizes creating good interfacial bonding [70] between the filler and matrix, and 

filled matrix and composite. Based upon what is most mentioned in literature, the weight 

percentage of filler seems to be a more important property than the particle size in terms of 

influencing the mechanical properties of a matrix or composite material. If the particle size is 

kept below a certain limit for the filler material and application, optimal mechanical properties 

will be achieved with the right filler weight percentage.  
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Because of further influencing factors such as particle shape, each filler material will have a 

different optimal range of particle sizes to achieve maximum mechanical properties within their 

application. An example of this is the difference between the particle shapes of ground 

fibreglass in Koupartitsas et al. [76] versus the particles shapes of silica glass beads in 

Chaudhary et al. [70]. Within Koupartitsas et al. [76], microscopic examination of the ground 

fibreglass filler indicated that it consisted of long, fractured glass fibres dispersed among 

roughly spherical shaped matrix particles. These ground fibreglass particles fall roughly within 

the ground set particle size range. Within Chaudhary et al. [70], the silica glass beads glass 

beads have a consistent spherical shape that is exactly within the given particle size range. The 

consistency within the silica glass beads leads to better stress patterns within the matrix and 

therefore composite, producing superior mechanical properties. 

 

2.6.2.1.3 Curing Kinetics 
 

The reaction kinetics of curing resins can have major effects on the manufacturing processes 

of composite materials. A change in the curing curve of any industrially processed resin can 

have ongoing effects on the final quality and efficiency of manufacture. As filled resins become 

more popular throughout the composites industry for economic and environmental reasons, 

reaction kinetics of new filled resins must be researched to ensure that there are no major 

changes in manufacturing processes. 

In Zhao et al. [71], the influence of glass bead filler weight percentage and particle size upon 

the curing of epoxy resin was investigated. Temperature ramps between 20 ℃ and 240 ℃ were 

run in a differential scanning calorimetry (DSC) machine during the curing of epoxy resin at 

different filler weight percentages and particle sizes. For the weight percentage comparison, 

pure epoxy resin was compared to glass bead filled epoxy resin at 40%wt, 55%wt and 70%wt. 

During this comparison, it was found that the total reaction enthalpy (∆𝐻𝑇𝑜𝑡𝑎𝑙) decreased with 

increasing filler content, because the glass beads are not reactive. Adding filler to a resin 

changes the amount of pure resin being included in the sample, with the filler material replacing 

a certain weight percentage of resin. This by itself lowers the amount of energy required within 

a curing reaction, because there is less resin overall to cure. The reaction onset temperature 

(𝑇𝑔) showed a slightly increasing trend with increasing filler content. Since 𝑇𝑔 increases with 

increasing degree of cure, this shows that the epoxy resin in the higher filler weight percentages 

were slightly more cured. The exothermal peak temperature values (𝑇𝑝𝑒𝑎𝑘)  of all three filled 
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compounds were around 130 ℃, where 𝑇𝑝𝑒𝑎𝑘 for pure epoxy resin was at 135.1 ℃. These 

results indicate that for increasing filler weight percentage in epoxy resin, ∆𝐻𝑇𝑂𝑇𝐴𝐿stays the 

same relatively speaking, 𝑇𝑔 has a slight increase, and 𝑇𝑝𝑒𝑎𝑘 is the same between filled epoxy 

resins but is high for pure epoxy resin.  

A particle size comparison for curing kinetics was also developed in Zhou et al. [71], with the 

filled epoxy resin compounds each being 55%wt, with glass bead particle size ranges of 70 µm 

≤ 100 µm, 30 µm ≤ 50 µm and 7 µm ≤ 10 µm. It was found that the total reaction enthalpy 

(∆𝐻𝑇𝑜𝑡𝑎𝑙) increases with the increasing particle size, despite these materials have an identical 

filler content. This indicates that the compound with smaller filler particles is more cured in 

the compounding process. For 𝑇𝑔, the smallest filler size of 7 µm ≤ 10 µm was approximately 

2.5 K higher compared to the other two filled epoxy resins, indicating that there is slightly more 

cured epoxy resin within this compound. For 𝑇𝑝𝑒𝑎𝑘, the smallest particle size produced the 

lowest value out of all three filled compounds.  

Overall for Zhou et al. [71], the content and particle size of surface-treated glass beads have a 

significant influence on the curing speed and reaction kinetics. The acceleration effect of an 

increased filler content or a reduced filler size on the reaction speed must be considered in 

manufacturing, and it is recommended that it is further studied and compared.   

The curing kinetics of filled resins may change with different material types of filler and resins 

present within the compounds. A good understanding of the curing kinetics of glass bead filled 

epoxy resins is given in Zhou et al. [71], however glass beads as a filler are completely 

unreactive, and a different filler type could produce contrasting results. Often, fillers are being 

produced from downcycled material containing old hardener compounds within them, such as 

residual MEKP leftover within a ground fibreglass polyester resin composite. This residual 

hardener could influence the reaction process in an unforeseen way, and further studies are 

required to research this. 
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3 Experimental  
 

3.1 Materials 
 

3.1.1 Glass Fibre Types 
 

Many different types of fibreglass were used during this research, that were all purchased and 

supplied through New Zealand Fibreglass Limited and Colan Australia. High-density and low-

density fibreglass were purchased for each glass fibre type. The separate densities are varied 

between each glass fibre type because of the way each product in produced.  

The glass fibre types used are as follows: 

Uni-Directional 

Standard unidirectional 0º E-glass stitched fabric reinforcement purchased from Colan 

Australia. 

- High Density at 907 𝑔 𝑚2⁄  

- Low Density at 480 𝑔 𝑚2⁄  

Cross-Directional 

Plain Weave cross directional E-glass reinforcement purchased from New Zealand 

Fibreglass Limited. 

- High Density at 800 𝑔 𝑚2⁄  

- Low Density at 300 𝑔 𝑚2⁄  

Random-Directional 

Standard Chopped Strand Mat E-glass purchased from New Zealand Fibreglass 

Limited.  

- High Density at 600 𝑔 𝑚2⁄  

- Low Density at 300 𝑔 𝑚2⁄  

 

3.1.2 Polyester Resin & MEKP 
 

Industrial grade unsaturated polyester resin was used for all research purposes. Methyl ethyl 

ketone peroxide was used as the hardener at an addition of 2%. The glass to resin ratio for all 

composites made within the project was following the industrial standard of 2.2:1. 
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3.2 Equipment 
 

3.2.1 Grinding of Fibreglass 
 

3.2.1.1 Rocklabs Ring Mill 
 

Fibreglass was ground up in a Rocklabs Laboratory Ring Mill RM2000 shown in Figure 28. A 

singular puck was used within the mill housing to grind the fibreglass to sufficient particle 

sizes. Each grind was set to high speed (900 RPM) at 10 minutes per cycle. 

 
Figure 28 - Rocklabs Laboratory Ring Mill RM2000 

3.2.1.2 Electronic Sieve Shaker 
 

An Electronic Sieve Shaker was used to separate particle size fractions of ground fibreglass. 

This machine is shown in Figure 29, with a stack of 3 sieves. Each sieving process was set to 

2.5 mm amplitude at 2 minutes cycles. 

 
Figure 29 - Electronic Sieve Shaker loaded with 3 sieves 
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3.2.1.3 Particle Size Analyser  
 

A Malvern Instruments Mastersizer 2000 Particle Size Analyzer was used to assess the particle 

size distributions for each fraction of ground fibreglass. This machine uses laser diffraction to 

measure the size of individual particles. 

3.2.2 Image Analysis 
 

3.2.2.1 Optical Microscope 
 

A Lecia MSV269 Optical Microscope was used to gather images of the fracture surfaces from 

filled resin tensile testing samples. This optical microscope is shown in Figure 30. 

 

 
Figure 30 - Lecia MSV269 Optical Microscope 

 

3.2.2.2 Scanning Electron Microscope 
 

A Quanta Environmental Scanning Electron Microscope (ESEM) was used to take microscopic 

images of the cross sections of all composites produced within this research.  The composite 

samples were photographed at 3 magnifications (55x, 250x, 1000x). 

The SEM samples were created using a Hot Mounting Press and polished using an Automatic 

Polishing Machine. 
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3.2.3 Mechanical Testing 
 

3.2.3.1 Instron 5567 
 

A Universal Testing Machine Instron 5567 (Figure 31) was used to tensile test filled resin 

samples. 

 
Figure 31 - Universal Testing Machine Instron 5567 

3.2.3.2 Instron 1185 
 

A Universal Testing Machine Instron 1185 (Figure 32) was used to tensile and flexural test all 

composite samples. 

 
Figure 32 - Universal Testing Machine Instron 1185 
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3.2.4 Curing Kinetics Analysis 

 

3.2.4.1 Differential Scanning Calorimetry (DSC) 
 

A Differential Scanning Calorimetry machine was used to assess the curing kinetics of all 

polyester resin samples throughout this research. An image of this machine can be seen in 

Figure 34.  

 

3.2.4.2 High Quality Balance 
 

A Sartorius Balance (Figure 33) was used in the weighing of all DSC pans and resin samples 

during experimentation.  

 
Figure 34 - Differential Scanning Calorimetry (DSC) Machine 

 

3.2.5 Manufacture  
 

3.2.5.1 Mixer 
 

A Janke & Kunkel IKA RW20 (Figure 36) overhead stirrer was used for the mixing of all 

ground fibreglass and polyester resin samples. Figure 35 shows the stirring head that was used. 

Each filled resin sample was stirred at a speed of 10 for 4 minutes. 

Figure 33 - High Quality Balance 
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Figure 36 - IKA RW20 Overhead Stirrer 

 

 

3.2.5.2 Vacuum Pump and Vacuum Chambers 
 

During composite manufacture, a Value Vacuum Pump VSV-28 (Figure 38) and two vacuum 

chambers (Figure 37) were used to de-gas resin samples and cure composites under vacuum 

pressure.  

 
Figure 38 - Value Vacuum Pump VSV-28 

 

3.2.5.3 Diamond Blade Tile Saw 
 

A Ryobi Wet Tile Cutter was used to cut composite panels into flexural and tensile samples. 

This cutter has a water tray below to ensure that the blade does not overheat. 

Figure 35 - IKA RW20 Overhead Stirrer: Stirring Head 

Figure 37 - Vacuum Chamber 
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3.2.5.4 Lower Quality Balance 
 

Another Sartorius weighing balance was used to weigh all fibreglass mats, ground fibreglass 

and polyester resin samples. 

3.2.6 Viscosity Testing 
 

3.2.6.1 Brookfield Viscometer  
 

A Brookfield RVT Viscometer was used to measure the viscosities of Pure Polyester Resin 

versus Filled Polyester Resin for storage testing. This device has an analog value reading 

system through the rotating dial. Depending on the spindle number, a multiplication factor is 

applied to the reading, giving viscosity in millipascal seconds (mPa.s). The spindle number 

used is 4, and the multiplications factor is 200. Figure 41 shows the Brookfield RVT 

Viscometer, and Figure 40 shows spindle number 4.  

 
                 Figure 41 - Brookfield RVT Viscometer 

 

Figure 40 - Brookfield RVT Viscometer: 
Spindle Number 4 

Figure 40 - Ryobi Wet Tile Cutter: Diamond Blade Figure 39 - Ryobi Wet Tile Cutter 
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3.3 Experimental Design 

 

3.3.1 Curing Kinetics 

 

To understand the curing kinetics of Filled Polyester Resin versus Pure Polyester Resin, 

experiments were run through a Differential Scanning Calorimetry (DSC) machine.  

Two main experimental factors were considered to research this, and varied to understand the 

effect they had on curing kinetics: 

- The particle size of the ground fibreglass. 

- The filler weight percentage of ground fibreglass. 

 

Table 4 - Filled Resin Curing Kinetics Testing Table: Filler Weight Percentage vs Particle Size for each curing reaction 

 

 

Table 4 represents the experimental testing table for curing kinetics runs within the DSC. Each 

combination of particle size and weight percentage was run three times each to ensure the 

accuracy of the results. All filled resin samples tested within Table 4 are compared to pure 

polyester resin curing samples, which is the control for this experiment. 

All curing samples in Table 4 represent both a comparison between all particle sizes at 20% 

weight percentage, and all weight percentages at a particle size of 75 µm ≤ 150 µm. This gives 

an accurate comparison for how ground fibreglass filler particle size and weight percentage 

influence the curing kinetics of polyester resin. 

The curing kinetics were represented by three variables: latent heat of reaction (∆𝐻𝑅), onset 

temperature (𝑇𝑜𝑛𝑠𝑒𝑡) and peak temperature (𝑇𝑝𝑒𝑎𝑘). Figure 42 represents an exothermic reaction 

curve for pure resin, and how each of these variables are calculated. ∆𝐻𝑅 is the total energy 

spent in the process of curing and is the area underneath the curve after a baseline correction. 
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𝑇𝑜𝑛𝑠𝑒𝑡 is the temperature at the beginning of the curve when the resin first starts to release heat. 

𝑇𝑝𝑒𝑎𝑘 is the temperature reached during the maximum heat flow within the exothermic 

reaction. Each of these values were calculated using the Universal Analysis software from TA 

Instruments. 

 

 

Figure 42 - Pure Resin Exothermic Reaction Curve: Showing how onset temperature, peak temperature, and latent heat of 
reaction are calculated. 

 

3.3.1.1 Statistical Experimental Design 

 

With the three runs from filled resin combination, the values for ∆𝐻𝑅 between weight 

percentage and particle size were put through a two-sample t-tests to understand if there was a 

statistically significant difference between two values. One-way ANOVA tests were run for 

both 𝑇𝑜𝑛𝑠𝑒𝑡  and 𝑇𝑝𝑒𝑎𝑘 to see if there was a statistically significant difference between all 

values. All statistical analysis were tested against a 95% confidence interval, with a 

significance threshold of 0.05 (𝛼 = 0.05). 
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3.3.2 Filled Resin Tensile Testing 

 

The filled resin tensile testing was based around ASTM D638-14. 

The main purpose of this testing was to understand the influence that ground fibreglass filler 

had on polyester resin. Two main experimental factors were considered to research this, and 

varied to understand the effect they had on mechanical properties: 

- The particle size of the ground fibreglass. 

- The filler weight percentage of ground fibreglass. 

Because of this, the experimental testing was designed around Table 5. All filled resin samples 

tested within Table 5 are compared to pure polyester resin tensile samples, which is the control 

for this experiment. The top 3x3 testing table was based off the first mechanical recycling batch 

of 3 particle sizes. These are 0 ≤ 75 µm, 75 µm ≤ 150 µm and 150 µm ≤ 250 µm. The second 

mechanical recycling batch came later with only one particle size of 0 ≤ 150 µm. This is 

represented in the bottom row (Table 5).  

The green ticked boxes (Table 5) represent the samples that were manufactured and tested to 

research the effect that each experimental factor had. In the first batch, the produced samples 

represent a comparison between all particle sizes at 20% weight percentage, and all weight 

percentages at a particle size of 75 µm ≤ 150 µm. For the second batch, a 40% weight 

percentage was already proved to significantly reduce mechanical properties, so only 10% and 

20% weight percentage samples were produced and tested. Each filled resin combination had 

5 samples manufactured and tested so to increase the accuracy of the measured mechanical 

properties. 

Table 5 - Filled Resin Mechanical Testing Table: Filler Weight Percentage vs Particle Size for each grind 
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3.3.2.1 Statistical Experimental Design 

 

For this testing, a two-way ANOVA analysis was undertaken on the results to understand the 

statistical significance of weight percentage and particle size on each mechanical property. This 

statistical analysis was tested against a 95% confidence interval, with a significance threshold 

of 0.05 (𝛼 = 0.05). 

 

3.3.3 Filled Composite Mechanical Testing 

 

The filled composite tensile testing was based upon ASTM D3039, and the 3 point bending 

flexural tests were based upon ASTM D7264 and D790. 

Within ASTM D7264, it is stated that the standard dimension for a composite flexural specimen 

has a span-to-thickness ratio of 32:1. This was attempted, however in pre-testing it was found 

that the samples were too long and deformed beyond the 5% strain limit. This excessive 

deflection caused the sample to non-linearly deform. The failure point of this pre-tested 32:1 

sample can be seen in Figure 43 (A). Because of this, it was decided that a span-to-thickness 

ratio of 16:1 will be used for all flexural samples. The same composite at 16:1 can be seen in 

Figure 43 (B). 

 
 

Figure 43 - Pre-testing Flexural Sample at 32:1 span-to-thickness ratio 

 

For filled composite flexural and tensile testing, composite panels were designed and 

manufactured based upon a Taguchi Experimental design.  

 

 

(A)
v 

(B)
v 
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Three main experimental factors were considered during this research, and were varied to 

understand the effect that they had on ground fibreglass filled composite:  

- Glass Fibre Type. 

- Density of Glass Fibre. 

- Ground Fibreglass Filler Weight Percentage. 

A 3 factor 4 Level Taguchi experimental design was produced for this composite testing, 

producing an L16 orthogonal array. The design was 4 levels due to the weight percentage 

factor, however glass fibre and density were only 3 and 2 levels respectively. This caused 

overlap within the L16 orthogonal array, producing 12 composite designs needed for the 

experimental data. 

 

Table 6 - Taguchi Testing Matrix for tensile and flexural filled composite testing 

 

 

 

Table 6 represents the final Taguchi testing matrix needed for filled composite testing. There 

are 12 ticks and green boxes, representing each composite design based upon the 3 factors in 

the Taguchi experimental design. Each composite was produced into a panel using a hand 

layup, open mould, and vacuum bag method. From each panel, 5 tensile and flexural samples 

were cut and tested, providing the data necessary to understand the influence each factor had 

on the mechanical properties of the composite. 
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3.3.3.1 Statistical Experimental Design 

 

For this tensile and flexural testing an ANOVA was completed based upon experimental 

results.  This statistical analysis was performed to study the regression model, the effect that 

each factor had on the measured response, and to find the significant factors throughout the 

experiment. The P-values were compared to a 90% confidence interval (α of 0.1) to define 

whether the results from observed factors were statistically significant. This produces a 

significance level of 0.1 which indicates a 10% risk of concluding that an effect exists when 

there is no actual effect. If the p-value is smaller than 0.1, the null hypothesis is rejected and 

the alternative hypothesis is confirmed, meaning the effect that the effect of the parameter is 

significant. 

 

 

3.4 Methods 

 

3.4.1 Grinding of Fibreglass 
 

The composite that was mechanically recycled had randomly aligned glass fibres, chopped 

strand mat, encased within polyester resin at a glass to resin ratio of 2.2:1. 

The grinding of fibreglass involved a series of tasks that included the Rocklabs Ring Mill 

(Figure 28) and the electronic sieve shaker (Figure 29). There were two sets of tasks that varied 

slightly between ground fibreglass batch 1 and 2. 

This series of tasks were: 

 

1. Placing fibreglass pieces within the Rocklabs Ring mill housing, shown in Figure 44 

(B). 

2. Placing the ring mill housing into the mill (Figure 44 (A)) and clamping it down. 

3. Setting mill to high (900 RPM) at 4 minutes cycles for batch 1. For batch 2, the cycle 

time was 10 minutes. 

4. Closing the lid and running the mill. 

5. Opening the mill, releasing the clamp, taking the mill housing over to the vacuum 

cupboard, where the ground fibreglass contents were placed within a stack of sieves. 

This stack of sieves is 3 sieves of 250 µm, 150 µm and 75 µm for grind 1, and only 1 

sieve of 150 µm for grind 2. 
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6. Placing the stacked sieves on the sieve shaker (Figure 29) and running it at an amplitude 

of 2.5 mm for a 2 minute run cycle. 

7. Empty the contents of each sieve fraction into a respective collection bag and starting 

the process over again at 1. 

 

 
 

Figure 44 - Rocklabs Ring MIll: (A) The ring mill housing waiting to be clamped and (B) The ring mill housing without a lid, 
filled with fibreglass pieces. 

 

3.4.2 Curing Kinetics 

 

For the experimentation of curing kinetics within this research, temperature ramps were 

undertaken on pure and filled polyester resin samples. These experiments used copper pans 

without a lid in the DSC and were timed at 6 minutes from introduction of MEKP hardener 

into the polyester resin sample, to pressing start on the DSC machine. The timing was to ensure 

that every sample had curing kinetics that were measured under the same conditions. 

The method for producing a DSC sample is as follows: 

1. Weigh 50 g of polyester resin and a certain amount of ground fibreglass (depending on 

weight percentage and particle size) using a weighing balance. 

2. Mix these together using the overhead stirrer in Figure 36 at a speed of 10 for 4 minutes. 

3. Add 2% MEKP to the sample, based upon the amount of pure polyester resin. As soon 

as the first drop of MEKP is introduced to the sample, start a timer for 6 minutes. 

4. Mix sample with MEKP using a hand -stirrer for approximately 1 minute. 

5. Take sample over to the DSC machine and open the lid. 

6. Weigh the copper pans on the high-quality weighing balance in Figure 33, and zero it. 

7. Using an eye dropper, add two drops of the sample to the copper pan, and re-weigh it. 

(A) (B) 
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8. Add weight of sample to the DSC setup screen. 

9. Place sample on the ‘sample platform’ in the DSC loading bay and place a copper 

reference pan on the ‘reference platform’. 

10. Close the lid of the DSC. 

11. Once the timer hits 6 minutes, press start on the DSC setup screen, beginning the 

experiment. 

Once the experiment had begun within the DSC, the latent heat of reaction temperature ramp 

had a method of its own. The starting temperature was approximately around 28 ºC as this was 

the ambient air temperature once the DSC lid had been opened. This method involved: 

1. Dropping the sample at 200 ºC/min to -15 ºC. 

2. Holding it isothermally for 5 minutes at -15 ºC. 

3. Commencing a temperature ramp at 10 ºC/min from -15 ºC to 180 ºC. 

The purpose for the temperature drop was to ensure that the sample had a similar starting 

temperature for all experiments, and the isothermal hold ensured that the sample stabilized at 

this temperature before the main temperature ramp began. 

In Appendix C, Figure 97 proves the exothermic curves displayed upon the DSC temperature 

ramp method represents the total cure transition for polyester resin. The first solid first line 

represents the first run of the temperature ramp from -15 ℃ to 180 ℃, which produces an 

exothermic curve. The dotted second curve represents the same DSC sample run through a 

second temperature ramp sequentially from the first. In the second curve, there is no exothermic 

peak present, indicating that the sample has been fully cured during the first temperature ramp. 

 

 

3.4.3 Viscosity Testing 

 

For viscosity testing, a sample of pure polyester resin and filled polyester resin with 20% 

weight percentage of 0 ≤ 150 µm ground fibreglass were added to closed lid containers. These 

samples can be seen in Figure 45, with the filled resin on the left and the pure resin on the right. 

For testing the viscosity at the time intervals, a Brookfield viscometer was used (Figure 41).  
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The method for testing the viscosity of these samples was as follows: 

1. Set up Brookfield viscometer by plugging in and attaching spindle number 4 (Figure 

40). 

2. Take the lid off the filled resin sample and stir the sample by hand for approximately 1 

minute. 

3. Place the filled resin sample on the platform beneath the spindle and raise it up until the 

notch on the spindle shaft is in line with the surface of the polyester resin. 

4. Turn the Brookfield viscometer on, take the reading, multiply it by a factor of 200, and 

record the result. 

5. Lower the platform until the sample is clear, and then clean the spindle of any leftover 

resin. 

6. Repeat steps 2 – 5 for the pure resin sample, minus the stirring in step 2 as it is not 

required. 

 
Figure 45 - Viscosity Testing Samples: Filled Polyester Resin on the left at 20% weight percentage of 0 ≤ 150 µm, Pure 

Polyester Resin on the right. 

 

3.4.4 Filled Resin Mechanical Testing 

 

3.4.4.1 Sample Manufacture 
 

The ground fibreglass filled polyester resin tensile samples were produced using a silicone 

mould. This is shown in Figure 46 (A) just after the resin had been poured, and Figure 46 (B) 

after an overnight cure. 
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The method to produce these samples was as follows: 

1. Weigh 100 g of polyester resin and a certain amount of ground fibreglass (depending 

on weight percentage and particle size) using a weighing balance. 

2. Mix these together using the overhead stirrer (Figure 36) at a speed of 10 for 4 minutes. 

3. De-gas the resin within a vacuum chamber (Figure 37) until all air bubbles have been 

extracted. 

4. Slowly introduce 2% MEKP hardener and hand-stir. This is based upon the weight of 

pure polyester resin. For 100 g of resin, 2 g of MEKP is required. 

5. De-gas the resin again. 

6. Pour resin into silicone mould. 

7. Wait overnight for the polyester resin to initially cure. 

8. Take the samples out of the silicone mould and let them sit at room temperature for 3 

days to ensure that they are fully cured. 

 

 
 

Figure 46 - Manufacturing of filled resin tensile samples: (A) Just after pouring resin and (B) After the initial overnight cure. 

   

To confirm that these resin samples were fully cured after 3 days at room temperature, small 

fragments of both pure polyester resin and filled polyester resin (40% weight percentage, 150 

µm ≤ 250 µm particle size) were gathered after this curing period and placed under a 

temperature ramp within the DSC. In Appendix D, Figure 97 represents the reaction curves 

from the 25 ℃ to 180 ℃ temperature ramp for both samples. It can clearly be seen that there 

is no exothermic peak for either sample, therefore they are fully cured. Because of this result, 

(A) (B) 
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curing samples over a 3-day period sufficiently cures the produced tensile specimens, making 

them satisfactory for testing.   

 

3.4.4.2 Tensile Testing 
 

All filled resin tensile samples were tested in batches of 5 on the Universal Testing Machine 

Instron 5567 (Figure 31). All testing was based upon ASTM D3039. Figure 48 shows a sample 

during tensile testing, and Figure 47 shows a batch of 5 filled resin samples that have all failed 

within the gauge length. 

 

 

Figure 48 - Filled Resin Tensile Test being completed 
within the Instron 5567 

 

3.4.5 Filled Composite Mechanical Testing 

  

Glass fibre reinforced composites (GFRC) panels were produced with ground fibreglass filled 

polyester resin using a hand layup, open mould, and vacuum bag technique. For each composite 

panel, a resin to glass ratio of 2.2:1 was used, as this is the industrial standard. 2% MEKP from 

pure polyester resin weight was used as a hardener for all composites. 

 

 

 

Figure 47 - A batch of 5 Filled Resin Tensile Samples post testing. 
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3.4.5.1 Composite Panel Manufacture 

 

The hand layup manufacturing method was chosen due to it being the easiest for the filled 

polyester resin. An infusion with filled polyester resin was tried, however the ground fibreglass 

particles clogged up within the infusion mesh, causing the resin flow to stop. The polyester 

resin filler used within this attempted infusion was the smallest particle size (0 ≤ 75 µm) at the 

smallest weight percentage (10%). Figure 49 shows how far the filled resin got through the 

infusion before stopping completely. 

 

Figure 49 - Failed Filled Polyester Resin Infusion. 

The hand layup method used to manufacture all composite panels is as follows: 

1. Cut 6 x 300 x 400 glass fibre mats from the glass fibre type being used. Also cut a 300 

x 400 peel ply sheet and perforated sheet, and a slightly larger felt breather and vacuum 

bag.  

2. Weigh the total amount of glass fibre and calculate the amount of polyester resin 

required based on the resin to glass ratio of 2.2:1. 

3. Calculate the weight of ground fibreglass filler required, based upon the total polyester 

resin weight and the filler weight percentage required.  

4. Weight out fractions of pure polyester resin and ground fibreglass filler using the scale. 

5. Mix fractions together using the overhead stirrer (Figure 36) at a speed of 10 for 4 

minutes, or until the filler is noticeably mixed. 

6. De-gas the filled resin within the vacuum chamber (Figure 37). 

7. Prepare the open composite mould (Figure 50 (A)) using a mould release wax. 
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8. Add MEKP hardener to the de-gassed filled resin, and hand stir, and then place back 

into vacuum chamber. 

9. Once the filled resin is noticeably de-gassed, hand layup the composite by laying down 

each of the 6 glass fibre mats and spreading the filled polyester resin throughout.  

10. Add tacky tape around the edges of the mould and connect the vacuum chamber tube 

(Figure 50 (B)). 

11.  Place the peel ply, perforated sheet, felt breather over the composite. Lay the vacuum 

bag around tacky tape. 

12. Turn the pump on and cure the composite overnight at full vacuum (Figure 50 (C) and 

(D)). 

 

 

 

 

 

(A) (B) 

(C) (D) 

Figure 50 – Manufacturing of filled polyester resin GFRC using a hand layup, open mould, and vacuum bag method: (A) Open 
mould (B) GFRC after hand layup, with tacky tape and vacuum chamber prepared (C) Curing composite at full vacuum (D) Vacuum 

chamber and pump 
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After each composite panel was made using this method, tensile and flexural samples were 

measured and cut using the diamond blade ryobi tile cutter (Figure 39 and 40).  

3.4.5.2 Tensile and Flexural Testing 

 

Tensile and flexural samples were tested using the Universal Testing Machine Instron 1185. 

The tensile testing was based upon ASTM D3039, and the 3-point bending flexural tests were 

based upon ASTM D7264 and D790. For the tensile testing, a static axial clip-on extensometer 

(Figure 52)) was used to measure the initial tensile strain (between 0.1% and 0.5%) of the 

tensile test. Figure 52 displays a tensile sample being tested within the Instron 1185 grips, and 

Figure 51 displays random-directional GFRC tensile samples post testing. Figure 43 (B) 

displays flexural samples being tested, and Figure 53 shows uni-directional flexural samples 

post testing. 

 

 

Figure 52 - Filled Composite tensile sample being tested, with 
Instron static axial clip-on extensometer attached 

 

 

Figure 53 - Uni-directional flexural samples post testing 

Figure 51 - Random Directional glass fibre tensile samples post 
testing. 
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4 Results & Discussion 

 

4.1 The Influence of Ground Fibreglass Filler on Polyester Resin 

 

Ground fibreglass has been introduced into polyester resin, and the effects have been studied 

from multiple aspects. The influence is characterised by two key parameters: the curing kinetic 

behaviour, and the mechanical properties of filled polyester resin. The curing kinetics are 

characterised through the latent heat of reaction (∆𝐻𝑅), onset temperature (𝑇𝑜𝑛𝑠𝑒𝑡) and peak 

temperature (𝑇𝑝𝑒𝑎𝑘).  The mechanical properties are characterised through ultimate tensile 

strength, tensile modulus, and tensile strain at break. 

 

4.1.1 Properties of Ground Fibreglass  
 

4.1.1.1 Particle Size Distributions 
 

End of Life Fibreglass was mechanically recycled, and the output from this recycling process 

was two main batches of ground fibreglass of different particle size ranges. Figure 54 (A) and 

(B) display the particle size distribution from each of the two main batches, and Table 7 

displays the particle sizes for each particle size fraction at 10%, 50% and 90% distribution.  

The first observation is that all distributions have a significant left skew (Figure 54), 

representing that most particles within each of them is small. This is also seen in Table 7, where 

the 50% distribution particle size for all particle size fractions are closer to the lower limit of 

the range. 

All particle size distributions fall above and below the particle size ranges that they have been 

set to, signifying that a small number of larger particles pass through the sieves, and that several 

small particles never make it through to their correct particle size range. The large particles that 

pass through possibly have an aspect ratio larger than 1, where they pass through the sieve at a 

certain angle. The smaller particles possibly agglomerate and never make it through the sieve. 

Because of this, the particle size ranges tend to have a lot of overlap within them despite the 

range limits. 
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(A) 

 

(B) 

Figure 54 - Particle Size Distribution for ground fibreglass batches: (A) First batch, three particle size ranges of 0 ≤ 75 µm, 75 
µm ≤ 150 µm and 150 µm ≤ 250 µm. (B) Second batch, 0 ≤ 150 µm particle size only. 

Table 7 - Particle Size Distribution averages at 10%, 50% and 90% distribution 

 

In Figure 54 (A), the distributions with a non-zero lower particle size limit (75 µm ≤ 150 µm 

and 150 µm ≤ 250 µm) tend to have two main peaks. There is the main peak over the correct 
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particle size range and a smaller peak that sits between 10 µm and 20 µm for each distribution. 

This smaller peak can be attributed to the agglomerations of small particles. Further evidence 

supporting this is in the distributions with zero lower particle size limits (0 ≤ 75 µm from Figure 

54 (A) and 0 ≤ 150 µm from Figure 54 (B)) which do not show the same double peak behaviour.  

 

4.1.1.2 Scanning Electron Microscope (SEM) Images 

 

Figure 55, 56 and 57 display a selection of SEM images at different magnifications of the 0 ≤ 

150 µm particle size range. 

From Figure 55 the two main components of the original composite can be observed, the long 

glass fibres that appear white, and the dispersed matrix that appears grey. The glass fibres 

appear to mostly retain their longitudinal shape after being processed and are generally much 

longer than the upper particle size limit of 150 µm. Marked in Figure 55 is a glass fibre of 

approximately 0.55 mm long. This is the longest separated glass fibre observed within the 

image, among numerous shorter ones. These longer glass fibres could explain why the particle 

size distributions tend to go above their maximum particle size ranges. When introduced to 

polyester resin, most strength when introduced to polyester resin will come from the fibre 

particles with an aspect ratio larger than 1. A higher aspect ratio produces less stress 

concentrations within a matrix material, improving mechanical properties. 

Ground matrix material can be seen throughout Figure 55 covering the greater part of the area 

shown. Most of the matrix particles are small, with fewer larger particles dispersed evenly 

throughout. This supports the data provided by the particle size distributions. The general shape 

of these matrix particles has an aspect ratio of 1. 
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Figure 55 - 130x magnification SEM Image of ground fibreglass at 0 ≤ 150 µm particle size range. 

 

 

Figure 56 and 57 represent closer images of singular matrix and fibre particles respectively. 

The matrix particle is approximately 150 µm across and has glass fibres suspended within it, 

signifying that during the grinding process, some of the matrix and fibres do not entirely 

separate. This matrix particle also has tiny pieces of glass fibres within it, shown as the white 

dots upon its surface. This shows that the glass fibres do not only retain their long shape after 

grinding but are also broken down into miniscule pieces during processing. The fibre particle 

(Figure 57) has an approximate length of 100 µm, fitting within the particle size range 

longitudinally. On the surface of this fibre, small spots of leftover bonded matrix can be seen. 

This is an indication that despite the complete separation between compounds evident in Figure 

55, the compounds do stay bonded together at a lower level once they have been processed. 
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Figure 56 - 800x magnification SEM Image of a ground fibreglass particle within the 0 ≤ 150 µm particle size range. 

 

 

Figure 57 - 2500x magnification SEM image of a separated glass fibre within the 0 ≤ 150 µm particle size range. 
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In other studies, the matrix and glass fibre fractions have been separated. Cyclones, sieves, and 

novel air separation techniques are used [27, 53] to separate ground fibreglass into finer and 

coarser fractions, representing a higher proportion of matrix and fibre contents respectively. 

The advantages of this involve a uniformization of the ground fibreglass, possibly producing 

an increase in material properties for contrasting applications. Further research is required to 

fully understand this effect. In this work, the matrix and fibre dominant fractions of ground 

fibreglass have not been separated. 

Now that we have formed an understanding of the ground fibreglass particles, we can consider 

how these particles will interact with polyester resin during curing. 

 

4.1.2 Curing Kinetics  

 

Curing kinetics of polyester resin filled with ground fibreglass was evaluated by varying filler 

weight percentage and particle size and comparing it to pure polyester resin.   

Latent heat of reaction is the total energy spent in the process of curing. The onset temperature 

is the temperature at the beginning of the curve when the resin first starts to release heat. The 

peak temperature is the temperature reached during the maximum heat flow within the 

exothermic reaction. 

Curing kinetics are important to understand due to it being significantly tied to future 

expansions from research to industry. Identifying how polyester resin cures with the 

introduction of ground fibreglass has the potential to change many processes within industrial 

scale fibreglass manufacture, such as method of resin application and pot-life curing time. 

Figure 97 in Appendix C proves that the exothermic reaction curves based upon the set 

temperature ramp represent the total cure. In Figure 97, two -15 ℃ to 180 ℃ temperature ramps 

are run sequentially on the same sample. The solid line represents the first temperature ramp, 

which produces an exothermic reaction curve. The dotted line represents the second 

temperature ramp, where there is no exothermic peak present. This indicates that the sample 

has been fully cured during the first temperature ramp. 

 

Figure 58 demonstrates the exothermic peaks produced when the particle size is varied at a 

constant weight percentage of 20%. Table 8 shows the data gathered from the undertaken 

experiments.  
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Figure 58 – Temperature Ramps for Particle Size Comparison 

 

Table 8 - Latent Heat of Reaction, Onset Temperature, and Peak Temperature for Particle Size Comparison 

 

 

The first notable feature of Figure 58 is that the pure resin curve has a significantly higher peak 

exotherm than that of the filled resin curves. This can be attributed to there being less resin 

overall in the filled samples, as the heat flow is per weight of the sample. Because there is less 

overall resin to cure in the filled samples, the peak exotherm is lower, therefore ∆HR is lower. 

Comparing each exothermic curve for the filled resins, they are mostly identical. Figure 59 

displays the ∆HR values (Table 8) for each particle size. Between the filled resin values, the 

trend is generally flat, indicating minimal difference between ∆HR values. 
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Figure 59 - Latent Heat of Reaction versus Particle Size 

 

Two-sample T-tests at a 95% confidence interval (𝛼 = 0.05) were run to see if there is a 

statistically significant difference between ∆HR for each particle size. Between 0 ≤ 75 µm and 

75 µm ≤ 150 µm µm, and between 75 µm ≤ 150 µm and 150 µm ≤ 250 µm, the p-values were 

0.1572 and 0.8418 respectively. Both p-values are larger than 0.05, leading to the confirmation 

of the null hypothesis, indicating statistically significant evidence that that there is no 

difference between ∆HR values for all filled resin particle sizes.  

From observing Table 8, 𝑇𝑜𝑛𝑠𝑒𝑡 and 𝑇𝑝𝑒𝑎𝑘 seem to have consistent values. One-way ANOVA 

tests were run at a 95% confidence interval to see if there is a difference between their values. 

Onset temperature and Peak temperature returned p-values of 0.2929 and 0.0790 respectively, 

indicating statistically significant evidence that there is no difference between  𝑇𝑜𝑛𝑠𝑒𝑡 or 𝑇𝑝𝑒𝑎𝑘 

for all filled resin particle sizes. 

From these results, we have statistically significant evidence that filler particle size has no 

effect on the curing kinetics of polyester resin. 

Figure 60 displays the exothermic peaks for variation in weight percentage at a constant particle 

size of 75µm ≤ 150µm. The filler weight percentages were varied between 10%, 20% and 40%. 

Table 9 represents the information found within the curves on Figure 60. 
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Figure 60 – Temperature Ramps for Weight Percentage Comparison 

 

Table 9 - Latent Heat of Reaction (∆H_R) for weight percentage comparison 

 Latent Heat of Reaction 
(∆𝐇𝑹) (J/g) 

Onset Temperature 

(𝑻𝒐𝒏𝒔𝒆𝒕) (℃ ) 

Peak Temperature 

(𝑻𝒑𝒆𝒂𝒌) (℃ ) 

Pure Resin 388.16 (± 6.71) 58.52 (± 0.64) 80.96 (± 0.89) 

75 µm ≤ 150 µm 10% 360.53 (± 10.23) 57.68 (± 0.78) 81.39 (± 1.17) 

75 µm ≤ 150 µm 20% 337.20 (± 3.46) 58.55 (± 0.49) 80.86 (± 0.51) 

75 µm ≤ 150 µm 40% 289.33 (± 6.11) 58.40 (± 0.39) 83.40 (± 0.66) 

 

The main observation is that as weight percentage is increased, ∆HR and peak exotherm 

decreases. Figure 61 displays the ∆HR values from Table 9 for each weight percentage. On this 

graph, the decrease in Latent Heat of Reaction can be observed as linearly proportional to 

increasing weight percentage. This due to there being increasingly less pure resin in the sample, 

as the heat flow is per weight of the sample, and the ground fibreglass filler being unreactive. 
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Figure 61 - Latent Heat of Reaction versus Weight Percentage 

 

Similar to the particle size comparison, one-way ANOVA tests were run on 𝑇𝑜𝑛𝑠𝑒𝑡 and 𝑇𝑝𝑒𝑎𝑘 

at a 95% confidence interval. The p-value was 0.3037 for 𝑇𝑜𝑛𝑠𝑒𝑡, indicating no difference 

between any of the weight percentage samples. The p-value for 𝑇𝑝𝑒𝑎𝑘 was 0.0198, which is 

below 0.05, indicating that there is a difference between values. This originates from the 40% 

weight percentage sample having a slightly higher 𝑇𝑝𝑒𝑎𝑘, as the same test run without this value 

indicates no difference.  

Overall, these differences are insignificant in terms of the curing of the polyester resin, and if 

there were the same amount of pure resin within these samples, the curves would be mostly 

indistinguishable. For these reasons, we have conclusive evidence that filler weight percentage 

has no effect on ∆HR or 𝑇𝑜𝑛𝑠𝑒𝑡. The 𝑇𝑝𝑒𝑎𝑘 slightly increased at 40% filler weight percentage, 

however, did not change at 10% or 20%. This indicates that 𝑇𝑝𝑒𝑎𝑘  is possibly increased at 

higher filler weight percentages, and it is recommended that even higher weight percentage  

𝑇𝑝𝑒𝑎𝑘 values are gathered to make a conclusive statement. 
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4.1.3 Viscosity 
 

Usually stored at room temperature within drums, pure polyester resin is unreactive and can be 

safely stockpiled. Similarly, the filled polyester resin must be stored adequately if it is to be 

used industrially. It needs to be established that any residual MEKP within the ground 

fibreglass particles does not react with the polyester resin, causing it to cure. Viscosity needs 

to be consistent for a resin waiting to be used, as the method of application may change within 

an industrial setting. 

Figure 62 represents viscosities measured periodically over a month for pure and filled resin 

closed-lid samples. These samples simulate industrial storage conditions. At day 0, it is 

apparent that the filled resin has a viscosity of three times that of pure resin. This is to be 

expected when a solid particulate filler is added to a liquid resin. The day 0 viscosity will 

increase with proportionally with filler weight percentage. Throughout the first day, the filled 

resin increases in viscosity by 290 mPa.s, due to the settling in of the filler to the polyester 

resin. After this, the filled resin maintains a relatively consistent viscosity of 1500 mPa.s, until 

the end of week two, where it increases to 1600 mPa.s. This viscosity stays consistent until the 

end of the month. The pure polyester resin stays at a constant value of 400 mPa.s during the 

whole period. Overall, after the initial viscosity increase during the first day, the filled resin 

maintains an approximately consistent viscosity throughout the whole month. 

 

Figure 62 - Viscosities measured periodically over a month for closed-lid samples of pure and filled polyester resin. 
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Industrial polyester resin is considered to have a maximum shelf life of around six months but 

is mostly used within the first month of introduction to an industrial facility. From this viscosity 

testing, we can conclude that filled polyester resin has a higher viscosity than that of pure 

polyester resin, and that after the initial viscosity increase during the first day, the filled resin 

will maintain a relatively consistent viscosity. It is also concluded that any residual MEKP 

within the ground fibreglass particles do not react with polyester resin, due to there being no 

curing present within the filled resin sample.  

 

4.1.4 Mechanical Properties 

 

Tensile samples for polyester resin filled with ground fibreglass have been tested different filler 

weight percentages and particle sizes. The mechanical properties are represented by three 

variables: ultimate tensile strength (UTS), tensile modulus (E), and tensile strain at break (ℇ). 

This testing fully evaluates the influence that the ground fibreglass has on the mechanical 

properties of polyester resin. 

All tensile samples were left to cure for 3 days at room temperature. To confirm that these resin 

samples were fully cured, small fragments of both Pure and Filled Polyester Resin were 

gathered after this curing period and placed under a temperature ramp within the DSC. Figure 

98 in Appendix D represents these reaction curves. It can clearly be seen that there is no 

exothermic peak for either sample, therefore they are fully cured.  

 

4.1.4.1 Stress Strain and Fracture Surfaces 
 

Figure 63 displays the stress strain curves for a particle size of 75 µm ≤ 150 µm at varying 

weight percentages, pure resin, 10%, 20% and 40%. Another weight percentage comparison 

between 0 ≤ 150 µm at pure resin, 10%, and 20% is shown in Appendix E Figure 100, and a 

comparison between all particle sizes at 20% shown in Appendix E Figure 99. The different 

shapes at the end of each curve signifies the sample fracture point. 
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Figure 63 - Filled and Pure Resin Stress Strain Curves at different weight percentages for the 75 µm ≤ 150 µm particle size 
range. 

 

The first observation (Figure 63) is that the pure resin curve has a significantly higher tensile 

strain at break than any of the filled samples. The presence of ductility, plastic deformation and 

necking within the pure resin sample can be clearly visualised. In comparison, the filled resin 

samples have minimal non-linear plastic deformation. Since the area under the curve is equal 

to the amount of absorbed energy by the sample, the Pure Resin sample absorbed significantly 

more energy before failure than any of the filled resin samples. This evidence indicates that the 

main mechanical effect that the ground fibreglass filler had is make the sample more brittle. 

This is evident for an increase in weight percentage (Figure 63, 100) and particle size (Figure 

99). A more brittle sample represents a lower UTS and lower tensile strain at break for all 

tensile samples, and a proportional relationship between tensile modulus and filler weight 

percentage. 

Figure 64 (A) (B) (C) displays the fracture surfaces for tensile samples of Pure Resin, 75 µm 

≤ 150 µm 10%, and 75 µm ≤ 150 µm 40% respectively.  

The presence of ductility on the Pure Resin surface is clear due to the existence of a failure 

point around centre left. This failure point is the smoothest and darkest part of the fracture 

surface. This is an indication of plastic deformation and stable crack propagation within a 

ductile sample, meaning it resisted extension without any increase in stress. The filled resin 

fracture surfaces at 10% and 40% indicate brittle fracture due to having a brighter, granular 

appearance that is consistent across the surface. Brittle failures occur due to the presence of 



88 
 

unstable crack propagations during the failure mode, meaning that once crack propagation has 

started, the crack continues spontaneously without an increase in stress level. Between the filled 

samples, the 10% sample is less brittle than the 40% sample. This is signified by the large and 

bright granulated ridges on the 40% fracture surface, compared to the less pronounced ones on 

the 10%. There is also the presence of a ductile failure point on the 10% fracture surface on the 

lower right, while the 40% surface does not have this. This supports the evidence that 

increasing filler weight percentage makes the polyester resin sample more brittle.  

 

 

 

Figure 64 - Fracture Surfaces for Pure and Filled Resin Tensile Tests: (A) Pure Resin (B) 75 µm ≤ 150 µm 10% (C) 75 µm ≤ 150 
µm 40% 

 

Overall, through observing stress strain curves and fracture surfaces from tensile testing, we 

now understand that the introduction of ground fibreglass filler to polyester resin makes it more 

brittle. This is true for an increasing filler weight percentage, and an increasing filler particle 

size.  

 

(A) 

(B) 

(C) 
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4.1.4.2 Individual Mechanical Properties 
 

Table 10 displays the ultimate tensile strength (UTS), tensile modulus (E), and tensile strain at 

break (Ɛ) for all particle sizes at different weight percentages. Standard deviations are included 

for all calculated values. It was not necessary to include the results for 0 ≤ 150 µm particle size 

at 40% weight percentage, based upon the other particle size results proving that 40% weight 

percentage of ground fibreglass filler significantly detriments the mechanical properties of the 

polyester resin.  

Table 11 represents the two-way Analysis of Variance analysis of the filled resin tensile testing. 

This statistical analysis was performed to study the regression model, the effect that each factor 

has on the measured response, and to find the significant factors throughout the experiment.  

 

 

Table 10 - Pure and Filled Polyester Resin Tensile Testing Results: Ultimate Tensile Strength (UTS), Tensile Modulus (E), and 
Tensile Strain at Break (ℇ) at varying filler weight percentages and particle size. 
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Table 11 - Summary of two-way ANOVA for Filled Resin Tensile Testing 

 

 

4.1.4.2.1 Ultimate Tensile Strength 
 

Figure 65 shows the graphed results for UTS within Table 10, so that the results can be 

visualised. It can be observed that the particle size of 75 µm ≤ 150 µm produced the strongest 

UTS at 10% weight percentage, followed by 0 ≤ 150 µm at 10%. This is also observed in the 

coefficients within tensile strength (Table 11), where both 10% and 75 µm ≤ 150 µm show 

positive statistically significant values. 

All particle size ranges smaller than 150 µm produced at least one UTS that was stronger than 

the Pure Resin UTS, where the largest particle size (150 µm ≤ 250 µm) produced UTS that 

were the lowest at all weight percentages. The coefficients (Table 11) back this up, by showing 

a statistically significant negative correlation for 150 µm ≤ 250 µm. The standard deviations 

for the largest particle size (150 µm ≤ 250 µm) are notably larger than the rest of the samples. 

This can be attributed to the larger particle sizes producing larger defects throughout the 

samples, due to the larger particles producing significant stress concentrations. This is to be 

expected, due to the relationship between increasing particle size, the sample becoming more 

brittle, and the weakening of the UTS because of this.  
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Figure 65 – Filled Resin Tensile Testing: Ultimate Tensile Strength vs Weight Percentage for Particle Size Ranges 

 

It is notable that the middle particle size (75 µm ≤ 150 µm) produced stronger UTS results than 

the smallest particle size (0 ≤ 75 µm) at all weight percentages, signifying that the middle 

particle size is in an optimum window for minimising stress concentrations and maximising 

bonding of the filler throughout the polyester resin. Smaller particle sizes produce more 

particles overall per weight of the filler, creating more bonding sites between the polyester 

resin and ground fibreglass, allowing for more positions within the sample where stress 

concentrations may occur and cause failure, resulting in a weaker UTS. 

The lower weight percentages of 10% and 20% generally produced stronger UTS results than 

the 40% weight percentage samples. This is also shown by the 40% weight percentage 

producing a negative statistically significant correlation to UTS in the coefficients in (Table 

11). Another evident trend is that the smaller the particle size, the stronger the UTS at 20% 

weight percentage. At the smallest particle size (0 ≤ 75 µm) the 20% weight percentage has the 

strongest UTS, but for all other particle size ranges the 10% weight percentage has the strongest 

for filled samples. This indicates that a smaller particle size can maintain a strong UTS with a 

higher weight percentage of filler. 
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Within Table 11, UTS is categorically represented by Tensile Strength. Both particle size and 

weight percentage have P-values smaller than 0.05, leading to the rejection of the null 

hypothesis, signifying that both weight percentage and particle size have a statistically 

significant effect on the UTS result. The main effects plot for UTS, Figure 66, indicates that 

the optimal ground fibreglass filled polyester resin sample for maximising UTS is a 75 µm ≤ 

150 µm particle size filled at 10% weight percentage. A close equal is the 0 ≤ 150 µm particle 

size, where there is minimal difference in values as indicated by the UTS means (Figure 66). 

 

Figure 66 - Main Effects Plot for Ultimate Tensile Strength based on Data Means 

 

The low predicted 𝑅2 value of 38.95 % (Table 11) indicates that the model does not predict 

new observations as well as it fits the sample data, therefore the model should not be used to 

generalize beyond the sample data. The normal probability plot can be seen in Appendix A, 

Figure 89, which show the residual having slight deviations from the straight line at the 

extremes, indicating that the results are non-normally distributed. However, ANOVA test 

results are often robust to violations of this assumption. 

Based upon found results and statistical analysis, there is conclusive evidence that a 10% 

weight percentage replacement of ground fibreglass filler in polyester resin with a particle size 

of either 75 µm ≤ 150 µm or 0 ≤ 150 µm produces an optimal UTS value, and most notably a 

higher UTS value than that of Pure Polyester Resin. 
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4.1.4.2.2 Tensile Modulus 
 

Figure 67 shows the response values for tensile modulus versus filler weight percentage, for 

each particle size range. As a general trend, increasing weight percentage increases the tensile 

modulus for all particle sizes. A higher tensile modulus indicates that the sample took more 

energy to deform under tensile loading. This is also evident within the main effects plot for 

tensile modulus (Figure 68) where an increasing weight percentage is directly proportional to 

the tensile modulus means. In Table 11, the tensile modulus p-value for weight percentage is 

at 0, indicating that the results are highly statistically significant, and that weight percentage 

has a large effect on the tensile modulus of the filled resin samples. 

 

 
Figure 67 - Filled Resin Tensile Testing: Tensile Modulus vs Weight Percentage for Particle Size Ranges 

 

Within Figure 67, all particle sizes follow a linear increase in tensile modulus with weight 

percentage apart from the largest particle size (150 µm ≤ 250 µm) which has similar values at 

20% and 40% weight percentage. This is due to large particles needing to be deformed within 

the sample. The larger particle size produces worse mechanical properties at the failure point 

of the sample, such as UTS. However, at the start of loading where tensile modulus is measured, 

the mechanical properties are improved with a larger particle size. This is evident in the tensile 
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modulus coefficients (Table 11), where the largest particle size (150 µm ≤ 250 µm) has the 

only statistically significant and positive effect. 

Out of the particle size ranges below 150 µm, the smallest particle size (0 ≤ 75 µm) has a 

slightly stronger tensile modulus. This is also shown in the main effects plot (Figure 68). This 

indicates that having a small particle size within the filled resin sample improves tensile 

modulus most likely due to there being a larger number of particles distributed throughout the 

sample, making it more consistent materialistically, increasing the overall strength required to 

deform. 

 
Figure 68 - Main Effects Plot for Tensile Modulus based on Data Means 

 

The tensile modulus p-value (Table 11) for particle size is 0.053, just outside the significance 

level of 0.05. This is right on the border between being statistically significant and insignificant, 

telling us that particle size has not too much of an influence on tensile modulus. Most of this 

statistical significance comes from the largest particle size (150 µm ≤ 250 µm) being an outlier 

to the rest of the particle size ranges, as indicated in the coefficients table as the only statistically 

significant value.  

Despite this, on the main effects plot Figure 68, for the 3 particle size ranges below 150 µm it 

is interesting that 0 ≤ 150 µm has the worst effect on tensile modulus. This could indicate that 

the larger a particle size range, the lower the tensile modulus. This is due to there being a wider 

range of particles at different sizes within the filler sample creating material inconsistencies. 
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To fully understand this effect for particle size ranges below 150 µm, further studies are 

required. 

The relatively high predicted 𝑅2 value of 71.82 % indicates that the model predicts new 

observations relatively well compared to how it fits the sample data, therefore the model can 

be used to generalize beyond the sample data. The normal probability plot can be seen in 

Appendix A Figure 90, which show the residuals having slight deviation from the straight line 

mainly at the positive extreme. 

The main effects plot for tensile modulus indicates that if you wanted to produce a filled resin 

sample that maximises tensile modulus, you would take the maximum weight percentage of 

40%, and largest particle size of 150 µm ≤ 250 µm. Because of these values, a higher tensile 

modulus comes at the detriment to UTS and tensile strain at break. From the main effects plot 

and statistical analysis, we have conclusive evidence that tensile modulus increases with filler 

weight percentage, and that the largest particle size (150 µm ≤ 250 µm) produces the maximum 

tensile modulus within the filled polyester resin samples. 
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4.1.4.2.3 Tensile Strain at Break 
 

Figure 69 represents the changes in tensile strain at break of variations in filler particle size and 

weight percentage. A lower strain at break represents a more brittle sample, as there is less 

plastic deformation.  

 
Figure 69 - Filled Resin Tensile Testing: Tensile Strain at Break vs Weight Percentage for Particle Size Ranges 

 

The most obvious trend is that increasing weight percentage reduces the tensile strain at break 

for all particle size ranges. This is supported through the Analysis of Variance (Table 11), 

where weight percentage has a p-value of 0. This indicates that weight percentage has a large 

and statistically significant effect on tensile strain at break. The main effects plot (Figure 70) 

shows that for the filled resin samples, the 10% weight percentage produces the highest tensile 

strain at break, with 20% and 40% producing about the same. This indicates that above 20% 

weight percentage, the tensile strain at break does not decrease any further, due to the 

maximisation of brittle fracture. 

The largest tensile strain at break by a significant margin was the Pure Resin sample at 8.65 %, 

with the second largest being the smallest particle size 0 ≤ 75 µm at the lowest weight 

percentage at 10% at 4.21%. This is notably below half of the Strain value produced by the 

pure resin, indicating that any filler amount has a large and significant effect on the tensile 

strain at break. 
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Figure 70 - Main Effects Plot for Tensile Strain at Break 

 

The tensile strain at break Analysis of Variance (Table 11) displays a p-value of 0.03, based on 

a 95% confidence interval. This indicates that particle size also has a statistically significant 

effect on the tensile strain at break.  From the filled resin samples, the lowest particle size of 0 

≤ 75 µm produced the highest strain at break values consistently throughout all weight 

percentages. The second largest is the 75 µm ≤ 150 µm particle size, the third is from the 0 ≤ 

150 µm, and the lowest values comes from the largest particle size of 150 µm ≤ 250 µm. This 

indicates that the larger the particle size, the more brittle the sample becomes. The larger the 

particles, the greater stress concentrations throughout the sample as it is loaded. This makes 

them more susceptible to failure propagations throughout the polyester resin, producing brittle 

fractures at lower strain values. 

Within Table 11, the 𝑅2 value of 98.45 %, adjusted 𝑅2 value of 97.29 % and predicted 𝑅2 of 

94.86 % are all exceedingly high, indicating that the model is a good fit for the tensile strain at 

break data. The normal probability plot can be seen in Appendix A Figure 91, which indicates 

a normal distribution. 

The main effects plot for tensile strain at break (Figure 70), indicates that the optimal particle 

size and weight percentage for maximising Tensile Strain at Break is 0 ≤ 75 µm or 0 ≤ 150 µm 

at the lowest filler amount possible. Based upon statistical analysis and the dataset, we have 

conclusive evidence that tensile strain at break is reduced by increasing weight percentage and 
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particle size. This is mainly due to the increasing presence of brittle failure. If a ground 

fibreglass filled polyester resin is required to maximise tensile strain at break, it is not 

recommended to use any ground fibreglass as filler as it has a significantly negative influence 

under any conditions.     

 

4.1.5 Summary 

 

The influence of ground fibreglass filler on polyester resin has been thoroughly researched 

through particle analysis of ground fibreglass, curing kinetics, viscosity differences, and 

mechanical properties of pure and filled polyester resin.    

Ground fibreglass was found to have two main fractions of long glass fibres and matrix material 

mostly at an aspect ratio of 1. Most particles were small matrix particles. The ground fibreglass 

filler was found to have minimal to no effect on the curing kinetics of polyester resin. The 

viscosity of the filled polyester resin was found to be significantly higher than pure resin and 

increased in value after 1 day of filler introduction. After this, the viscosity stabilized, and no 

curing in the polyester resin due to residual MEKP within the ground fibreglass was evident.  

The mechanical properties were found to be more brittle with the introduction of ground 

fibreglass filler at increasing weight percentage or particle size. The mechanical properties of 

polyester resin were found to be improved with filler particle sizes of 0 ≤ 75 µm and 0 ≤ 150 

µm at 10% weight percentage.  

Throughout the remainder of this research, a ground fibreglass particle size of 0 ≤ 150 µm will 

be used as a filler for glass fibre reinforced composites. This particle size was chosen as 

optimal, due to the economic advantages that a wide particle size range can have when ground 

fibreglass is being produced within industry. 
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4.2 The Influence of Ground Fibreglass Filled Polyester Resin introduced into Glass 

Fibre Reinforced Composites 
 

Ground fibreglass filled polyester resin has been introduced to glass fibre reinforced 

composites (GFRC) for uni-directional, cross-directional, and random-directional fibre types. 

For each fibre type, the filler weight percentage and density of glass fibre were varied. The 

effect of ground fibreglass filler was justified through observations from manufacturing, the 

location of filler particles within the composite, and the effect that the filler had on the 

mechanical properties of each fibre type. 

 

4.2.1 Manufacturing 

 

During GFRC manufacture, it was observed that as the filler weight percentage increased, the 

viscosity of the resin increased, making manufacture significantly more difficult. This was 

because the filled resin would not spread evenly over the surface of each glass fibre layer or 

permeate easily into the glass fibre during the hand layup process. This was especially true for 

uni-directional and cross-directional glass fibres, as their fibre bundles made it difficult for the 

filled resin to permeate. For random-directional fibre types, permeation was easier as the glass 

fibre layers soaked up the filled resin. The higher viscosity resin also made the de-gassing 

process more difficult. 

As filler weight percentage increased, there was less overall resin available to make the GFRC. 

This became a significant issue for all fibre types, but especially random-directional glass 

fibres, as the layers need to soak up the polyester resin. Because of this, a shortage of resin was 

found during the manufacture of high weight percentage random-directional composites. For 

this reason, it is recommended that random-directional composites do not go to high filler 

weight percentages, because there will not be enough resin to manufacture the composite. 

4.2.2 Location of Filler Particles 
 

Through SEM images, we can understand where the ground fibreglass filler particles end up in 

the final GFRC. Figure 71 (A) and (B) show a comparison between high density uni-directional 

GFRC at 0% and 40% filler weight percentages. From this, the particles within the filled resin 

can be seen as white specs and are clearly evenly distributed throughout the resin. Some 

particles are shown to be between the glass fibre bundles, as indicated by the red circle (Figure 

71 (B)).   
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Figure 71 - SEM Images at 54x magnification of Uni-Directional High Density Fibreglass Composites: (A) 0% Ground 
Fibreglass Filler weight percentage (B) 40% Ground Fibreglass Filler. 

(A) 

(B) 
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Figure 72 shows a high density cross-directional GFRC at 10% weight percentage. For the 

lower weight percentage, we can see that the particles within the filled resin have agglomerated 

left, towards the direction of gravity during manufacture. It is significant how this happens in 

a 10% filled GFRC, but not in the 40% filled GFRC in Figure 71 (B). The reason for this is 

that within 10% filler weight percentage, there is a lower viscosity, so the particles can move 

around more easily. Out of all filled resin weight percentages, this gravity effect seems to only 

happen to 10%, with 20% and 40% showing even distribution throughout the polyester resin. 

 

 
Figure 72 - SEM Image at 55x magnification of high density cross-directional GFRC at 10% weight percentage. 

 

 

Figure 73 displays high density random-directional GFRC at 20% weight percentage. The 

particles can be seen as the miniscule white specs dispersed among the larger, rounder glass 

fibres. Within this image, the particles seem to have been evenly distributed throughout the 

composite, with no presence of agglomerations. They are present in between glass fibres and 

in patches with no glass fibres at all, further confirming even distribution.  
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Figure 73 - SEM Image of 25x magnification high density random-directional GFRC at 20% weight percentage. 

 

4.2.3 Composite Mechanical Properties 
 

The influence of ground fibreglass filler within polyester resin on the mechanical properties of 

glass fibre composites has been studied through tensile and flexural testing. Three glass fibre 

types, uni-directional, cross-directional, and random-directional have been tested. Within each 

of these glass fibre types; the fibre density and filler weight percentage have been varied based 

upon the Taguchi experimental design.  

Table 12 and 13 display the statistical analysis from the tensile and flexural testing respectively. 

The P-values represented within this table were compared to a 90% confidence interval (α of 

0.1) to define whether the observed results were statistically significant.  

The analysis of variance within both tables displays fibre type having a p-value of 0 or 

approximately 0 for all mechanical properties except tensile strain at break. This indicates that 

there is a large and statistically significant difference between the mechanical properties of 

each fibre type. This result is expected due to the different fibre orientations. Because of this, 

the forthcoming discussion has been structured around the mechanical properties within each 

fibre type. 
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Table 12 - Analysis of Variance and Coefficients for tensile strength, tensile modulus, and tensile strain at break from 
ground fibreglass filled GFRC tensile testing 

 

 

Table 13 - Analysis of Variance and Coefficients for flexural strength, and flexural modulus from ground fibreglass filled 
GFRC flexural testing 
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4.2.3.1 Uni-Directional Glass Fibre 
 

Figure 74 represents the stress strain curves for each uni-directional composite tensile test, at 

varying fibre densities and weight percentages. Each failure point is represented by a different 

shape. Table 14 displays the values for each mechanical property from tensile and flexural 

testing.  

As a general overview, all the stress strain curves have no plastic deformation and are linear 

until failure. It can also be observed that the low-density glass fibre samples have a better UTS 

and tensile strain at break than the high-density glass fibre samples.   

For the high-density samples at 0% and 40% filler, it can be observed that the filled resin 

significantly reduced the ultimate tensile stress, tensile modulus, and tensile strain at break. 

Because the area under a stress strain curve is the energy absorbed by the sample, it can be said 

that the 0% sample absorbed more energy before failure than the 40% sample. For the low-

density samples at 10% and 20%, all tensile properties reduce with filler increase but tensile 

strain at break. This indicates a reduction in mechanical properties with filler weight percentage 

increase. 

 

Figure 74 - Tensile Stress Strain Curves for uni-directional GFRC samples at different fibre densities and ground fibreglass 
filler weight percentages. 
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Table 14 - Mechanical Properties for Uni-directional GFRC with varying fibre density and weight percentage of ground 
fibreglass filler 

 0 % 10 % 20 % 40 % 

UTS (MPa) 

HD 389.7 (± 19.0)     236.3 (± 29.4) 

LD   486.8 (±49.8) 402.5 (±27.2)   

Tensile 
Modulus 

(GPa) 

HD 25.33 (± 1.54)     18.75 (± 1.71) 

LD   22.50 (± 0.58) 19.0 (± 1.15)   

Tensile Strain 
at Break (%) 

HD 1.64 (± 0.06)     1.33 (± 0.21) 

LD   2.1 (± 0.10) 2.05 (± 0.12)   

 

Flexural 
Strength 

(MPa) 

HD 528.80 (± 27.50)     412.60 (± 19.65) 

LD   527.33 (± 37.11) 451.00 (± 21.21)   

Flexural 
Modulus 

(GPa) 

HD 18.62 (± 2.92)     13.9 (± 0.46) 

LD   19.27 (± 0.63) 14.68 (± 0.97)   

 

 

 

4.2.3.1.1 Ultimate Tensile Strength & Flexural Strength 
 

As the filler weight percentage was increased within the unidirectional composites, the UTS 

and flexural strength showed an optimal value at 10% weight percentage. The main effects plot 

for UTS (Figure 75) shows a steady decrease with an increasing weight percentage for all fibre 

types, however within the interaction plot for UTS (Figure 76), the top right plot indicates the 

10% weight percentage having optimal properties for unidirectional fibre. Between the main 

effects and interaction plots for flexural strength (Figure 77 and 78), a 10% weight percentage 

is shown as optimal within both, with there being minimal difference between 0% and 10% in 

the interaction plot. Based upon this result, the 10% weight percentage advantage is more 

pronounced for UTS than flexural strength.  
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Figure 75 - Main Effects plot for Ultimate Tensile Strength (UTS) 

 

 
Figure 76 - Interaction plot for Ultimate Tensile Strength (UTS) 

 

Within the statistical analysis tables (Table 12 and 13), the analysis of variance for weight 

percentage displays p-values of 0.068 and 0.007 for UTS and flexural strength respectively. 

This indicates that the weight percentage is a statistically significant factor for both, as they are 

below 0.1, with the flexural strength being more influenced than the UTS.  

The flexural strength is expected to be higher than UTS for all composite materials due to 

tensile testing failing when the weakest fibre is at the largest stress, and flexural samples failing 
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when stronger fibres fail around the inner and outer edges of the loading point. Because of this, 

10% weight percentage producing more pronounced results for UTS indicates that the filler 

improved the tensile properties of the weakest fibres within the unidirectional composite. On 

the other hand, since there is minimal difference between 0% and 10% weight percentages for 

flexural strength, the stronger fibres are not as influenced by the filler. 

 

 

Figure 77 - Main Effects plot for Flexural Strength 

 

 
Figure 78 - Interaction plot for Flexural Strength 
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Between the densities of uni-directional composite, both UTS and flexural strength show 

superior values with low density glass fibres. These results are dictated upon how well the 

increasing filler weight percentage within the resin bonds to the different densities of 

unidirectional glass fibre. The analysis of variance in the statistical analysis (Table 12 and 13) 

for density show similar p-values below 0.1 for UTS and flexural strength, indicating that the 

density has a statistically significant effect on the outcome of both. The main effects and 

interaction plots for UTS (Figure 75 and 76) indicate that low density unidirectional glass fibre 

produces superior UTS values. The main effects plot for flexural strength (Figure 77) shows a 

small advantage to high density glass fibres for all composites, however the interaction plot for 

flexural strength (Figure 78) indicates that for unidirectional composites the low-density glass 

fibre produces a superior flexural strength. 

This result is unusual as it would be expected that the higher density fibre would produce 

superior UTS and flexural strengths, due to more glass fibres being present. This demonstrates 

that the filled resin bonds better with the low-density glass fibres for unidirectional fibreglass. 

Within the interaction plots for UTS and flexural strength (Figure 76, 78), the lower right 

graphs indicate that the low-density fibre type maintains its UTS and increases its flexural 

strength for 10% and 20% filler weight percentages. For the same graphs, the high-density 

glass fibres show a steep decline in UTS and flexural strength for the same weight percentages. 

This supports the result that the filled polyester resin produces a stronger matrix to fibre bond 

in low density glass fibres compared to high density glass fibres. 

The cause of this is the increased viscosity of the filled resin not permeating the unidirectional 

glass fibre bundles, which is more present in the high-density glass fibre as it is in the low 

density. As the filler weight percentage increases, the viscosity of the polyester resin increases, 

further reducing the permeation of the glass fibre bundles.  

This effect can be confirmed through SEM images of the unidirectional glass fibre bundles. 

Figure 79 (A) and (B) display SEM images of fibre bundles within the unidirectional high 

density GFRC, for pure resin and 40% filler respectively. From comparison we can clearly see 

that the permeability and matrix to fibre bonding within the 0% composite is significantly better 

than the 40% sample. Within the 0% sample, the presence of white and flat glass fibres with 

distinct dark grey polyester resin between them indicates strong permeability and bonding. In 

comparison, the 40% sample shows separation between the individual glass fibres and matrix, 

and voids within the fibre bundle. All of this indicates poor permeability and bonding between 

fibre and matrix.  
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Figure 80 (A) and (B) show SEM images of the fibre bundles for both unidirectional low-

density composites, at 10% and 20%. Compared with both high-density fibre bundles, both 

composites display significantly better permeability and fibre to matrix bonding than the 40% 

samples, and more closely resemble the 0% fibre bundle. For these reasons, the 10% and 20% 

weight percentage samples show strong permeability and fibre to matrix bonding. 

The 𝑅2 value is at 95.51 % for tensile strength and 98.95 % for flexural strength. These are 

exceptionally high values, meaning that the model explains a high amount of the variability 

around the response data. The normal probability plot for UTS and flexural strength  (Appendix 

B, Figure 92 and 93) which show the residuals having minimal deviation from the straight line, 

indicating that the results are normally distributed. This indicates the validity of the results 

gathered for uni-directional GFRC. 

Overall, the UTS and flexural strength showed an optimal value for unidirectional glass fibre 

at 10% weight percentage and low-density glass fibre. This is due to 10% weight percentage 

filled resin having a low enough viscosity to permeate the unidirectional glass fibre bundles, 

and the low-density glass fibre bundles allowing this permeation to happen easier. Easier 

permeation of fibre bundles allows for better fibre to matrix bonding, increasing the UTS and 

flexural strength. 
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Figure 79 - SEM Images at 250x magnification of Uni-Directional High Density Fibreglass Composites: (A) 0% Ground 

Fibreglass Filler weight percentage (B) 40% Ground Fibreglass Filler weight percentage 

(A) 

(B) 
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Figure 80 - SEM Images at 250x magnification of Uni-Directional Low Density Fibreglass Composites: (A) 10% Ground 

Fibreglass Filler weight percentage (B) 20% Ground Fibreglass Filler weight percentage 

(A) 

(B) 
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4.2.3.1.2 Tensile Modulus & Flexural Modulus 
 

Within the statistical analysis (Table 12 and 13), the analysis of variance shows statistically 

insignificant p-values for weight percentage and density in tensile and flexural modulus. This 

indicates that they have a minimal and statistically insignificant effect on the outcome of either 

tensile or flexural modulus. The p-value for fibre type are 0, meaning that the type of glass 

fibre has a large and statistically significant effect on the outcome of tensile and flexural 

modulus, indicating that the result is fibre dominant within the composite. Because of this, the 

introduction of ground fibreglass filler to the matrix has no effect on the tensile or flexural 

modulus of a unidirectional GFRC. 

 

4.2.3.1.3 Tensile Strain at Break 
 

Within the analysis of variance (Table 12), the tensile strain at break displays statistically 

significant values for glass fibre density and filler weight percentage but does not show 

statistically significant value for between fibre types. This indicates that the results will be the 

same for tensile strain at break between all three fibre types, but the ground fibreglass filler 

influences the tensile strain at break of the composite. 

Based upon main effects plot for tensile strain at break (Figure 81), low density glass fibre 

produces optimal values, and the tensile strain at break tends to decrease with increasing filler 

weight percentage. It is strange that the main effects plot displays a 20% weight percentage 

producing a higher tensile strain at break than 10%, however the coefficients for weight 

percentage (Table 12) suggest that both filler amounts have a statistically insignificant effect 

on tensile strain at break compared to 0% or 40% weight percentage. Because of this, it can be 

said that tensile strain at break reduces with increasing weight percentage. 

The main effects plot (Figure 81) and interaction plot for tensile strain at break (Figure 82) 

indicate that the low-density glass fibre has a higher strain result than high density glass fibre. 

This is expected, as the low-density glass fibre has less fibres within it, therefore will undergo 

more tensile strain before breaking. On the lower right graph of the interaction plot (Figure 82), 

it is shown that low density glass fibre is more influenced by increasing weight percentage than 

high density glass fibres. This can be seen through both fibre densities having a large difference 

at 0% weight percentage that is slowly decreased with increasing weight percentage, ending up 

at similar strain values for the 40% weight percentage.  
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The 𝑅2 for tensile strain at break (Table 12) is not as high as all other mechanical properties. 

This shows that compared to the other mechanical properties, the model explains a less amount 

of the variability around the response data. The normal probability plot for tensile strain at 

break can be seen in Appendix B Figure 96, showing the distribution of residuals. 

Overall, it can be said that the ground fibreglass filler influences the outcome of tensile strain 

at break for uni-directional GFRC. As the filler weight percentage is increased, the tensile strain 

at break is reduced, which has a larger effect for low density fibreglass as it does for high 

density. This result will be the same for all fibre types, as the analysis of variance (Table 12) 

states that the fibre type is statistically insignificant for tensile strain at break. 

 

 
Figure 81 - Main effects plot for tensile strain at break 

 
Figure 82 - Interaction plot for tensile strain at break 
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4.2.3.2 Cross-Directional Glass Fibre 
 

Figure 83 displays the tensile stress strain curves for all four different cross-directional fibre 

composites, at varying fibre densities and weight percentages. From this graph, we can explore 

the direct effect that filler weight percentage and density of fibreglass had on the cross-

directional fibreglass. Table 15 shows the values of mechanical properties from the tensile and 

flexural testing.  

All cross directional stress strain curves seem to be linear and have no plastic deformations. It 

can be observed that the low density cross-directional fibreglass displays superior mechanical 

properties to that of the high-density fibreglass, having a larger tensile strength and tensile 

strain at break on both samples. For both fibre densities, an increase in filler weight percentage 

produces significantly worse mechanical properties, having a lower ultimate tensile strength, 

tensile modulus, and tensile strain at break. 

 
Figure 83 - Tensile Stress Strain Curves for cross-directional GFRC samples at different fibre densities and ground fibreglass 

filler weight percentages. 
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Table 15 - Mechanical Properties for cross-directional GFRC with varying fibre density and weight percentage of ground 
fibreglass filler 

 0 % 10 % 20 % 40 % 

UTS (MPa) 

HD   168.25 (± 9.43)   99.93 (± 13.68) 

LD 270.40 (± 2.70)   182.20 (± 6.06)   

Tensile 
Modulus 

(GPa) 

HD   12.5 (± 1.0)   10.0 (± 1.76) 

LD 12.80 (± 1.48)   10.08 (± 0.54)   

Tensile Strain 
at Break (%) 

HD   1.29 (± 0.04)   1.06 (± 0.14) 

LD 2.08 (± 0.08)   1.68 (± 0.04)   

 

Flexural 
Strength 

(MPa) 

HD   272.75 (± 8.42)   133.25 (± 9.00) 

LD 186.80 (± 9.55)   176.80 (± 2.77)   

Flexural 
Modulus 

(GPa) 

HD   12.0 (± 0.96)   8.47 (± 0.30) 

LD 10.62 (± 0.25)   8.96 (± 0.12)   

 

 

 

4.2.3.2.1 Ultimate Tensile Strength & Flexural Strength 
 

For cross-directional GFRC, an increasing ground fiberglass filler amount shows a reduction 

in UTS, meaning that 0% weight percentage showed optimal properties. For flexural strength, 

an increasing filler weight percentage showed an optimal value at 10%. Within the analysis of 

variance for weight percentage (Table 12 and 13), both UTS and flexural strength showed p-

values below 0.1, indicating that filler weight percentage has a statistically significant effect 

on both UTS and flexural strength for cross-directional GFRC.  

The main effects plot for UTS (Figure 75) indicates that an increase in weight percentage 

produces a steady decrease in UTS result for all fibre types. Using the interaction plot for UTS 

(Figure 76), we can see that cross directional fibreglass also has a steady reduction in UTS with 

increasing weight percentage, with a significant drop from 0% to 10% and 20% weight 

percentages, and then an even further drop for 40%. The main effects plot for flexural strength 
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indicates that a 10% filler weight percentage produces optimal properties, with the interaction 

plot for flexural strength (Figure 78) showing a similar trend for cross-directional fibre type. 

Between the densities of cross-directional GFRC, UTS shows superior values with low density 

glass fibres and flexural strength shows neutral values between densities. These results are 

dictated upon how well the increasing filler weight percentage within the resin bonds to the 

different densities of cross-directional glass fibre. The density for UTS and flexural strength 

also have p-values below 0.1 in the analysis of variance (Table 12 and 13), indicating that the 

density has a statistically significant effect on UTS and flexural strength for cross-directional 

GFRC. The main effects plot for UTS (Figure 75) indicates that low-density produces optimal 

properties for UTS for all fibre types, with the interaction plot for UTS (Figure 76) showing 

the same trend for cross-directional fibre. For flexural strength, the main effects plot (Figure 

77) indicates an advantage towards high density fibreglass, however the interaction plot (Figure 

78) indicates a neutral effect between densities for cross-directional glass fibre.  

Cross-directional is of very similar structure to uni-directional glass fibre, with the only 

difference between them being the orientation of the fibre bundles. Because of this, it would 

be expected that they would react similarly under the effect of ground fibreglass filler. Based 

upon the low-density glass fibre and minimal filler weight percentage producing a optimal UTS 

values, the cross-directional glass fibre can be said to have a similar response to unidirectional 

glass fibre with the introduction of ground fibreglass filled polyester resin. 

For cross directional GFRC, the increased viscosity of increasing filler weight percentage 

within the polyester resin does not permeate the cross-directional fibre bundles as well. This 

effect is more present in high-density glass fibres than low density, due to there being less space 

within the bundles. As the filler weight percentage increases, the viscosity of the polyester resin 

increases, further reducing the permeation of the glass fibre bundles. Overall, as the weight 

percentage and density increase, the permeability gets worse and fibre to matrix bond becomes 

weaker within the cross directional fibres, producing a reduction in UTS and flexural strength. 

This effect can be observed through SEM images of all cross-directional GFRC produced. 

Figure 84 (A) and (B) display high density cross directional composites at 10% and 40% weight 

percentages. On both images, the crossover of the different orientation glass fibres bundles is 

shown. In comparison, the 10% weight percentage sample shows significantly better 

permeability and fibre to matrix bonding, indicated by the lack of voids within the fibre bundles 

and the presence of dark grey polyester resin between them. On the 40% sample, there is large 

presence of voids between the different orientation fibre bundles and between the fibre bundles 



117 
 

themselves. This increased viscosity of the 40% weight percentage sample cannot permeate the 

space between the different orientation glass fibre bundles, producing worse mechanical 

properties for the cross-directional composite. 

Figure 85 (A) and (B) show similar SEM images to the previous, however are for the low 

density cross-directional GFRC at 0% and 20% weight percentages. Comparing these images 

to the high density GFRC, the low density shows superior resin permeability and matrix to 

fibre bonding. This is the reason why the low-density glass fibre produces a superior UTS value 

than high density for the cross-directional fibre type.  

The 𝑅2 values for UTS and flexural strength are exceptionally high, meaning that the models 

explain a high amount of the variability around the response data. The normal probability plot 

for UTS and flexural strength can be seen in (Appendix B, Figure 92 and 93 ) show the residuals 

having minimal deviation from the straight line, indicating that the results are normally 

distributed. This indicates the validity of the results gathered for cross-directional GFRC. 

Overall, the UTS and flexural strength showed an optimal value for cross directional glass fibre 

at minimal weight percentage and low-density glass fibre.  Between pure polyester resin and 

10% weight percentage, coefficient p-values for UTS and flexural strength (Table 12 and 13)  

indicate that there is minimal difference between the mechanical properties of these GFRC. 

Because of this, 10% filler weight percentage can be used for optimal mechanical properties. 

With an increase in weight percentage and density, the permeability between the overlapping 

glass fibre bundles gets worse, and the permeability of inside the glass fibre bundles gets worse, 

overall reducing the strength of the fibre to matrix bond within the cross directional fibre type. 

This produces a reduction in UTS and flexural strength. 

 

 



118 
 

 

 

 

 
Figure 84 - SEM Images at 250x magnification of Cross-Directional High Density Fibreglass Composites: (A) 10% Ground 

Fibreglass Filler weight percentage (B) 40% Ground Fibreglass Filler weight percentage 

(A) 

(B) 
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Figure 85 - SEM Images at 250x magnification of Cross-Directional Low Density Fibreglass Composites: (A) 0% Ground 

Fibreglass Filler weight percentage (B) 20% Ground Fibreglass Filler weight percentage 

(A) 

(B) 
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4.2.3.2.2 Tensile Modulus & Flexural Modulus 
 

Because the p-values for weight percentage and density for tensile and flexural modulus are 

statistically insignificant (Table 12 and 13), but the p-value for fibre type is highly statistically 

significant, the effect of ground fibreglass on cross-directional GFRC is the same as the other 

two fibre types. This indicates that the result of tensile and flexural modulus is fibre dominant 

within the composite. Since the ground fibreglass is filler within the matrix, its presence has 

no effect on the tensile or flexural modulus of a cross-directional GFRC. 

 

4.2.3.2.3 Tensile Strain at Break 
 

The analysis of variance (Table 12) for the tensile strain at break displays statistically 

significant values for glass fibre density and filler weight percentage but shows a statistically 

insignificant value for fibre types. Because of this, the discussion based upon the effect of 

ground fibreglass filler on tensile strain at break will be much the same between cross-

directional, unidirectional fibre types and random-directional fibre types. 

Overall, it can be said that the ground fibreglass filler influences the outcome of tensile strain 

at break for cross-directional GFRC. The tensile strain at break is reduced with an increasing 

weight percentage, which has a larger effect for low density fibreglass as it does for high 

density. This result is the same for all fibre types, as the analysis of variance (Table 12) states 

that the fibre type is statistically insignificant for tensile strain at break.  
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4.2.3.3 Random-Directional Glass Fibre  
 

Figure 86 displays the tensile stress strain curves for all random-directional fibre composites, 

at varying fibre densities and weight percentages. From this graph, we can explore the direct 

effect that filler weight percentage and density of fibreglass had on the random-directional 

fibreglass. Table 16 shows the values of mechanical properties from the tensile and flexural 

testing. 

From Figure 86, between the low-density and high-density fibre types there is not a major 

difference in all mechanical properties. This is a different result for random-directional 

fibreglass than the other two fibre types, as the density can be seen as making a significant 

difference in their respective stress strain curves (Figure 74, 83). For both fibre densities, an 

increasing filler weight percentage tends decreases tensile strength, tensile modulus, and tensile 

strain at break. 

 

 
Figure 86 - Tensile Stress Strain Curves for random-directional GFRC samples at different fibre densities and ground 

fibreglass filler weight percentages. 
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Table 16 - Mechanical Properties for random-directional GFRC with varying fibre density and weight percentage of ground 
fibreglass filler 

 0 % 10 % 20 % 40 % 

UTS (MPa) 

HD 135.8 (± 8.58)   96.72 (± 4.23)   

LD   110.75 (± 1.50)   84.2 (± 7.14) 

Tensile 
Modulus 

(GPa) 

HD 7.96 (± 0.62)   6.74 (± 0.69)   

LD   7.45 (± 0.85)   6.90 (± 0.28) 

Tensile Strain 
at Break (%) 

HD 1.69 (± 0.09)   1.54 (± 0.09)   

LD   1.42 (± 0.13)   1.21 (± 0.14) 

 

Flexural 
Strength 

(MPa) 

HD 218.4 (± 7.44)   214.4 (± 10.36)   

LD   187.4 (± 8.76)   122.75 (± 12.84) 

Flexural 
Modulus 

(GPa) 

HD 7.66 (± 0.45)   7.92 (± 0.43)   

LD   6.00 (± 0.31)   5.53 (± 0.50) 

 

 

4.2.3.3.1 Ultimate Tensile Strength & Flexural Strength 

 

Within random-directional GFRC, increasing filler weight percentage reduces UTS, and 

flexural strength is maintained at weight percentages 20% and below. The UTS trend is 

indicated through the main effects plot for UTS (Figure 75) for all fibre types, and the 

interaction plot for UTS (Figure 76) for random-directional fibre. The main effects for flexural 

strength (Figure 77) indicates a 10% weight percentage being optimal, however for the 

interaction plot for flexural strength (Figure 78), there is minimal difference between pure 

resin, 10% and 20% filler weight percentages. 

Between densities the random-directional GFRC displays mostly neutral values for UTS, and 

an increase in flexural strength for the high-density composite. This trend is shown in the 

interaction plot for UTS (Figure 76), where there is minimal difference in UTS between 

densities. This is a contrasting result to compared to the other two fibre types. For flexural 
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strength, the interaction plot (Figure 78) indicates the high-density glass fibre having a slight 

advantage towards the flexural strength for random-directional GFRC. 

The analysis of variance (Table 12 and 13) for weight percentage and density in UTS and 

flexural strength display p-values below 0.1. This indicates that the filler weight percentage 

and glass fibre density both have a statistically significant effect on the UTS and flexural 

strength of random-directional GFRC.  

For random-directional glass fibre, the individual glass fibres are woven together at random 

orientations. Noticeably, there are no fibre bundles like that of the other fibre types tested. This 

produces consistent material that the polyester resin can soak into, as observed when 

manufacturing the composites. Because of this, the filled polyester resin can permeate the 

random-directional glass fibre better than the other fibre types for an increasing weight 

percentage. An increasing filler weight percentage increases the viscosity of the filled polyester 

resin, making it more difficult for the resin to permeate. An easier permeation during the 

manufacturing process produces better matrix to fibre bonds throughout the final composite, 

increasing the UTS and flexural strength. 

This effect can be seen through the interaction plot for UTS (Figure 76), where the reduction 

in UTS with increasing weight percentage is significantly less pronounced than the other fibre 

types. This indicates that increasing filler weight percentage has less effect on random-

directional GFRC, when compared to the other fibre types with fibre bundles within them. The 

interaction plot for flexural strength (Figure 78) also shows that an increasing weight 

percentage has less effect for random-directional glass fibre. 

The densities also show this effect, by having minimal influence on results for random 

directional within the interaction plots for UTS (Figure 76) and flexural strength (Figure 78). 

This indicates that both densities have equal permeability despite their differences, as their 

mechanical properties are similar. 

Although there is a smaller effect compared to other fibre types, there is still a reduction in 

mechanical properties with increasing filler weight percentage for random-directional glass 

fibre. This can be attributed to the increasing weight percentage producing a higher viscosity 

resin, which creates an increase in voids throughout the random-directional GFRC. 

This effect can be observed through SEM images of all random-directional GFRC produced. 

Figure 87 (A) and (B) displays images of high density random-directional GFRC for pure 

polyester resin and 20% weight percentages. Between these images, a larger quantity of voids 
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can be seen within the 20% weight percentage composite. These voids are indicated by the red 

circles in Figure 87 (B). Figure 88 (A) and (B) display low density composites at 10% and 40% 

weight percentages respectively. Once again, the higher weight percentage of 40% displays the 

larger quantity of voids as indicated by the red circles. This supports the evidence that an 

increasing weight percentage increases the quantity of voids within the sample. From these 

SEM images, there is no indication density influencing the quantity of voids present within the 

composite. This is because both densities and all weight percentages show the presence of 

voids. 

The 𝑅2 values for UTS and flexural strength are high, meaning that the models explain a high 

amount of the variability around the response data. The normal probability plots for UTS and 

flexural strength (Appendix B, Figure 92 and 93) indicate the results are normally distributed. 

This indicates the validity of the results gathered for random-directional GFRC. 

Overall, increasing filler weight percentage reduces UTS, and the increase in density has 

minimal effect on the mechanical properties for random-directional fibreglass. The reduction 

in mechanical properties with increasing weight percentage is based upon the higher viscosity 

resin producing more voids within the composite. These voids create weak points within the 

composite, reducing mechanical properties. Between pure polyester resin and 10% weight 

percentage, coefficient p-values for UTS and flexural strength (Table 12 and 13) indicate that 

there is minimal difference between the mechanical properties of these GFRC. Because of this, 

10% filler weight percentage can be used for optimal mechanical properties of the composite.  
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Figure 87 -SEM Images at 55x magnification of Random-Directional High Density Fibreglass Composites: (A) 0% Ground 

Fibreglass Filler weight percentage (B) 20% Ground Fibreglass Filler weight percentage 

(A) 

 

(A) 

(B) 

 

(B) 
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Figure 88 - SEM Images at 53x magnification of Random-Directional Low Density Fibreglass Composites: (A) 10% Ground 

Fibreglass Filler weight percentage (B) 40% Ground Fibreglass Filler weight percentage 

(A) 

 

(A) 

(B) 

 

(B) 
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4.2.3.3.2 Tensile Modulus & Flexural Modulus 
 

The effect of ground fibreglass on random-directional GFRC is statistically insignificant based 

on the analysis of variance having p-value below 0.1 for weight percentage and density. Only 

the fibre types has a statistically significant p-value.  This indicates that the result of tensile and 

flexural modulus is fibre dominant within the composite. Within the filled polyester resin 

tensile testing without glass fibres, the filler weight percentage had a large effect on the 

outcome of the tensile modulus. We can attribute this to the small changes in modulus with 

increasing weight percentage for GFRC. Overall, the presence of ground fibreglass filler within 

the polyester resin has no effect on the tensile or flexural modulus of a random-directional 

GFRC. 

 

4.2.3.3.3 Tensile Strain at Break 
 

The analysis of variance (Table 12) for the tensile strain at break displays statistically 

significant values for glass fibre density and filler weight percentage but shows a statistically 

insignificant value for fibre type. Because of this, the discussion based upon the effect of 

ground fibreglass filler on tensile strain at break will be much the same between cross-

directional, unidirectional fibre types and random-directional fibre types. 

Just like the other fibre types, it can be said that the ground fibreglass filler influences the 

outcome of tensile strain at break for random-directional GFRC. As the filler weight percentage 

is increased, the tensile strain at break is reduced, which has a larger effect for low density 

glass fibre as it does for high density. This result is the same for all fibre types, as the analysis 

of variance (Table 12) states that the fibre type is statistically insignificant for tensile strain at 

break. 
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5 Conclusions 
 

This research aimed to demonstrate the feasibility of mechanically recycling glass fibre 

reinforced composites. End of life fibreglass was mechanically recycled and used as a filler 

material for polyester resin and thermoset glass fibre reinforced composites (GFRC). 

Firstly, the research aimed to understand the influence that ground fibreglass filler had on 

polyester resin. This was to be understood through experimentation for the curing kinetics and 

mechanical properties of polyester resin. The filler weight percentage and particle size were 

varied during these experiments.  

The curing kinetics were studied through exothermic reaction curves. Conclusive evidence was 

found that a variation in filler particle size had no influence on the curing kinetics of polyester 

resin. Conclusive evidence was also found that the filler weight percentage had no influence 

on the latent heat of reaction or onset temperature of the curing reaction. The peak temperature 

was slightly increased with the maximum weight percentage of 40%, however did not change 

between pure resin, 10% and 20% weight percentages. Because of this, it is recommended that 

higher weight percentage peak temperature values are gathered to make a definitive statement.   

The mechanical properties were studied through filled polyester resin tensile testing. The 

studied mechanical properties were ultimate tensile strength (UTS), tensile modulus, and 

tensile strain at break. It was firstly found that the introduction of ground fibreglass to polyester 

resin makes it more brittle, which is true for an increasing filler weight percentage and particle 

size. For ultimate tensile strength (UTS), we have conclusive evidence that a 10% filler weight 

percentage of ground fibreglass in polyester resin with a particle size of either 75 µm ≤ 150 µm 

or 0 ≤ 150 µm produces an optimal result. This UTS result is noticeably stronger than pure 

polyester resin. For tensile modulus, we have definitive evidence that it increases with filler 

weight percentage, and that the largest particle size (150 µm ≤ 250 µm) produces the optimal 

result. For tensile strain at break, we have conclusive evidence that it is reduced by increasing 

weight percentage and particle size. The optimal particle size and weight percentage for 

maximising tensile strain at break is 0 ≤ 75 µm or 0 ≤ 150 µm at the lowest filler amount 

possible. Based upon these results, tensile mechanical properties were found to be optimised 

at a particle size of 0 ≤ 150 µm at 10% filler weight percentage. 

The research next aimed to understand the influence of the ground fibreglass filler within 

polyester resin once it had been introduced to thermoset GFRC. This was understood through 

how it affects the manufacturing processes, where the ground fibreglass particles end in the 
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final composites and understanding the influence that the ground fibreglass filler has on the 

mechanical properties of the thermoset GFRC.  

For the effect on manufacturing processes, it was found that increasing filler weight percentage 

increased the viscosity of the resin, making manufacturing more difficult as it would not easily 

permeate the glass fibre mats. For the location of the ground fibreglass particles, it was found 

that generally the ground fibreglass particles end up evenly distributed throughout the matrix, 

including in-between the glass fibres. For a weight percentage of 10% however, the particles 

end up moving towards the direction of gravity as the filled resin viscosity is lower enough to 

allow this to happen.  

For the mechanical properties, three fibre types were researched for tensile and flexural 

properties: uni-directional, cross-directional, and random-directional at varying glass fibre 

densities and filler weight percentages.  

It was found that for uni-directional fibreglass, the UTS and flexural strength showed optimal 

values at 10% filler weight percentage, and at low density glass fibre. This was due to 10% 

weight percentage filled resin having a low enough viscosity to permeate the unidirectional 

glass fibre bundles, and the higher permeability of low-density glass fibre bundles compared 

to high density glass fibre bundles. Easier permeation of fibre bundles allows for better fibre 

to matrix bonding, increasing the UTS and flexural strength. 

For cross directional fibreglass, it was found that UTS and flexural strength showed optimal 

values at minimal filler weight percentage, and at low density glass fibre. This result was 

similar to uni-directional glass fibre. With an increase in weight percentage and density, the 

permeability between the overlapping glass fibre bundles and inside the glass fibre bundles 

gets worse, overall reducing the strength of the fibre to matrix bond within the cross directional 

GFRC. This produces a reduction in UTS and flexural strength. 

It was found that for random directional fibreglass, increasing filler weight percentage reduces 

UTS, however to a lesser extent than the other two fibre types. The flexural strength maintains 

similar values at all weight percentages but 40%, and an increase in density had minimal effect. 

The reduction in mechanical properties with increasing weight percentage is based upon the 

higher viscosity resin producing more voids within the composite. These voids create weak 

points within the composite, reducing mechanical properties. 

For all fibre types, the filler weight percentage and density had a statistically insignificant effect 

on tensile and flexural modulus, indicating that the result is fibre dominant within the GFRC. 
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Tensile strain at break was found to not vary between fibre types, and indicated optimal values 

with minimal weight percentage at low density glass fibres. 

Overall, this study the demonstrated the feasibility of using up to 10% weight percentage of 

ground fibreglass filler at a particle size of 0 ≤ 150 µm within GFRC. For all glass fibre types, 

the difference between the pure polyester resin and 10% ground fibreglass filler weight 

percentage was negligible, making it a suitable avenue for composite recycling. 

 

5.1 Recommendations for Future Work 

 

For further research, it would be ideal for the ground fibreglass filled composite testing to be 

taken into industry. With each recommendation based through the fibre types, particular 

fibreglass applications can be manufactured and tested with ground fibreglass filler within the 

polyester resin. With each industrial application, the addition of ground fibreglass filler will 

bring about its own set of challenges based upon factors that need to be tested for, such as 

manufacturability and longevity. 
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6 Appendices 
 

A  Filled Resin Normal Probability Plots 

 

 
Figure 89 - Normal Probability Plot for Ultimate Tensile Strength within Filled Resin Testing 

 

 
Figure 90 - Normal Probability Plot for Tensile Modulus within Filled Resin Testing 
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Figure 91 - Normal Probability Plot for Tensile Strain at Break within Filled Resin Testing 
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B  Filled Composite Normal Probability Plots 

 

 
Figure 92 - Normal Probability Plot for Tensile Strength within Filled Composite Testing 

 
Figure 93 - Normal Probability Plot for Flexural  Strength within Filled Composite Testing 
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Figure 94 - Normal Probability Plot for Tensile Modulus within Filled Composite Testing 

 

 
Figure 95 - Normal Probability Plot for Flexural Modulus within Filled Composite Testing 
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Figure 96 - Normal Probability Plot for Tensile Strain at Break within Filled Composite Testing 
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C  Proof of Cure Latent Heat of Reaction Temperature Ramp 

 

 
Figure 97 – Double -15 ℃ to 180 ℃ Temperature Ramp Proof of Cure Graph 

 

 

D  Proof of Cure Filled Resin Tensile Samples 
 

 
Figure 98 - Filled Resin Tensile Samples Proof of Cure for Pure Resin and Filled Resin 
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E  Stress Strain Graphs Filled Resin Tensile Testing 

 

 

Figure 99 - Filled Resin Stress Strain Curves Comparing all particle sizes at 20% weight percentage 

 

 

Figure 100 – Filled Resin Stress Strain Curves Comparing all 0 ≤ 150 µm particle size tensile samples 
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