
 

  

 

CRANFIELD UNIVERSITY 

 

 

QIHONG JIANG 

 

 

 

 

SUSTAINABLE SANDWICH COMPOSITES FOR AUTOMOTIVE 

APPLICATIONS  

 

 

 

SCHOOL OF AEROSPACE TRANSPORT AND MANUFACTURING 

PhD IN MANUFACTURING 

 

 

 

 

DOCTOR OF PHILOSOPHY 

Academic Year: 2019 - 2022 

 

 

 

 

Supervisor:  Sameer Rahatekar 

Associate Supervisor: Andrew Mills 

October 2022  

 

 

  



 

 

 

CRANFIELD UNIVERSITY 

 

 

 

SCHOOL OF AEROSPACE TRANSPORT AND MANUFACTURING 

PhD IN MANUFACTURING 

 

 

DOCTOR OF PHILOSOPHY 

 

 

Academic Year 2019 – 2022 

 

 

QIHONG JIANG 

 

 

SUSTAINABLE SANDWICH COMPOSITES FOR AUTOMOTIVE 

APPLICATIONS  

 

Supervisor:  Sameer Rahatekar 

Associate Supervisor: Andrew Mills 

October 2022  

 

 

This thesis is submitted in partial fulfilment of the requirements for 

the degree of Doctor of Philosophy  

 

© Cranfield University 2022. All rights reserved. No part of this 

publication may be reproduced without the written permission of the 

copyright owner. 



i 

ABSTRACT 

The increasing regulation and demand are raising the pressure on 

manufacturing automotive components towards lighter weight and more 

recyclability. The commercial road transport industry, contributing a giant part of 

emissions, is still significantly utilising wood panels as trucks’/ lorries’/ vans’/ 

buses’ floor or side walls (of boxes), which is cost-effective and used for a very 

long time. However, with the increasing pressure on lighter weight and more 

recyclability, the wood panels that could cause deforestation, become a bio-

degradable landfill at the end of life and have a relatively high density are no 

longer the best-fit choice for the floor or side panels of such vehicles. The 

challenge is to have a floor panel design that could satisfy the increasing 

pressure and product requirements such as mechanical properties, price, and 

durability. 

This research aimed to complete such a challenge by designing sandwich 

composite structures with fibre-reinforced plastics and foam materials (foam is 

used in case thermal resistance is needed, and honeycomb materials could be 

applied when thermal insulating is unnecessary). A fully recyclable sandwich 

composite achieved using recycled carbon fibre, polypropylene, and recycled 

PET foam underwent various tests to evaluate its applicability as a commercial 

transport vehicle floor or side panel. Single fibre tensile tests were operated to 

understand the behaviour of the RCF mats. Composite mechanical properties 

were estimated from tensile and three-point bending results, and impact 

behaviour was analysed after drop tower impact testing. Fibre embedding and 

sandwich bonding were verified under SEM, and the resulting sandwich 

composite product properties were also tested using three-point bending. 

The novelty of such sandwich composite is using RCF with PP to achieve a fully 

recycled composite skin, while RCF were used mainly with thermoset resin (in 

the same ways as virgin carbon fibre fabrics). Also, thermoplastic materials 

such as PP were hard to process with fibre fabrics to form suitable composites 

due to their non-polar constitution and high viscosity. Fibre fabric would be 

squeezed together and create a layered structure with fibre rich zone at a very 
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high fibre volume fraction, while the intermedia zone mostly has resins. 

However, when RCF and PP are mixed, the randomly oriented fibre could also 

hinder the load from the viscose melt and reduce the amount of fabric pressed 

closely, forcing some of the melt to pass through inter-fibre areas to create a 

better filling. Different forms of PP (sheet, powder) were used, and their effect 

on the compression moulding process and the final product were studied in this 

research. A faster-pressing cycle was achieved, and a lower pressing pressure 

was needed for the powder PP process, but disadvantages came from the 

emission and cost side. 
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1 Introduction 

1.1 Background, Motivation, Challenge  

The European Union end-of-life vehicle directive requires all vehicles 

manufactured to be more than 95% recyclable and reusable at the end of their 

life. Many countries have announced their goal for vehicle electrification 

popularity around 2030-2050, as shown in Figure 1 (1).

 

Figure 1. Vehicle electrification goals announced by different countries (1) 

It is shown in a lot of research that the reduction in the vehicle weight could 

have long-term benefits on less emission for all types of vehicles and could 

provide more battery space/ weight for electrical/ hybrid vehicles, which enables 

them a more considerable travel distance and a longer charging cycle (2–8). 

Light weight could be achieved by a better structural design and a more suitable 
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material selection. However, in a balancing study between lighter-weight 

materials and total emission reduction for electrical vehicles, the author 

considered the cost and emission of manufacturing lighter raw materials and 

pointed out that regarding the emission only, the benefit from significantly lighter 

weight might be limited while a suitable balanced design would be the best (8). 

Thus, a balanced design to reduce vehicle weight is very important to help 

improve sustainability in automotive industries. Also, with a lighter weight, the 

electrical vehicles could have a longer travel distance and a more extended 

period between charging, which could facilitate public acceptance and help 

speed up the electrification (8). There are many other benefits of reducing the 

vehicle weight for special occasions, such as reducing the impact of energy 

during car accidents, which reduces the dangers (9) and reducing the weight of 

commercial vehicles like lorries or buses, allowing them to carry more items/ 

passengers to improve efficiency. 

The regulations on vehicle recyclability, electrification goals and the demand for 

lightweight vehicles aim to reduce overall emissions and generate a more 

sustainable environment. This direction has raised the pressure on 

manufacturing automotive components to be lighter and more recyclable. 

Carbon fibre reinforced plastic, with its extremely high mechanical properties 

and low density, is a widely researched topic for substituting heavy steel 

components in a vehicle to reduce the weight significantly (10–13), including the 

car body and chassis (10,11) and the wheels (12,13). Many other secondary 

structures in a vehicle which are not required to have an extremely high 

property could also be substituted by composite materials, as shown in Figure 

2, to maximise the weight reduction (14,15). However, such modification may 

not bring the best sustainable solution, considering the cost and emission 

needed to manufacture such composite materials compared to simple metal 

alloys (15). 
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Figure 2. Substituted components by composite materials in a vehicle (13) 

Some life cycle analysis studies show worries that lighter materials may have 

drawn back on sustainability. Although it is agreed in all research that the 

application of composite materials in vehicles could result in weight reduction 

and reduce fuel consumption and bring other side benefits, the extent of such 

benefits could be minimal when considering the emission generated during raw 

materials production and component manufacturing (16–19). The overall 

emissions could be reduced after a certain distance travelled by the vehicles 

depending on factors like the percentage of composite materials, driving 

conditions etc and a specific example showed the vehicle with CFRPs was 

more environmentally friendly once the total travel distance has over 132,000 

km (17). However, such a threshold result from experimental prediction with a 

predicted average fuel/energy consumption which may differ under different 

traffic quality. Also, only some cars could survive until such mileage. Car 

accidents, owner’s choice and habit, road quality (in different countries), system 

failure, or manufacturing/design defects could influence a car’s mileage. 

Although the average mileage of a car travelled before being scrapped should 

exceed such distance (132,000 km), the level of exceedance and the long-term 

benefit after such a threshold could be pretty limited. The benefit of using highly 

lightweight materials, mainly CFRPs, is further limited since many secondary 

structure components in vehicles do not require such a high-performance 

CFRPs, and on the other hand, more effective recycling and reusing carbon 

fibres could significantly increase the overall emission reduction benefit (19) as 
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the CFRPs are not recognised as an environmentally friendly material by the 

EU end of life vehicle directive due to the energy consumption during recycling 

(19). Thus, such CFRPs (mostly epoxy and virgin carbon fibre) could help solve 

the lighter weight target but raise the difficulty on the recyclability and 

sustainability side.  

A secondary energy absorption structure, bumper, was designed and 

manufactured using jute fibre composite, had less weight and showed more 

energy absorption than chromium-coated mild steel or aluminium (20). Using 

such natural fibre composites on secondary structure applications could have 

more benefits when considering emission reduction and weight reduction 

together than using CFRPs to replace heavy steel structures and will be further 

discussed in the following literature review chapter, “fibres in composites”. 

Although composite design and application in vehicles within the prediction of 

life cycle analysis seem to help reduce the emission in long-term strategies by 

using these lighter-weight materials, the risk of being non-sustainable in real 

applications due to insufficient lifetime travel distance is still relatively high. This 

might be one of the reasons that why the market may not be willing to take such 

a risk to accept CFRPs materials as a more sustainable, lighter-weight choice. 

A statistical result published in June 2017 by a non-profit automotive research 

organisation ‘The Centre for Automotive Research for Innovation, Science and 

Economic Development Canada’ shows that 14 significant components among 

42 mass-produced vehicles contain only 1% of CFRPs/GFRPs while different 

steel materials counted 86% in total and aluminium counted 12% as shown in 

Figure 3 (21).  
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Figure 3. Current vehicles materials among 12 significant components and 42 

significant products (21) 

Figure 4 is a prediction of materials used constituting a vehicle in 2025 based 

on previous statistical data and trends from Statista (which can be accessed via 

this link: https://www.statista.com/statistics/270252/material-use-in-car-

production/ accessed on 21 May 2021).

 

Figure 4.  Automotive material mixes of a typical vehicle in 2025 (22) 

All types of plastics and composite materials add up to only 8% of the 

composition in this prediction. It did show confidence in increasing using of 

https://www.statista.com/statistics/270252/material-use-in-car-production/
https://www.statista.com/statistics/270252/material-use-in-car-production/
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composite materials in vehicles in future compared to the 1% constitution in the 

statistic made in 2017 among old vehicles. However, to some extent, both 

statistical data indicated that the popularity of lighter-weight designs using 

CFRPs in vehicles in the actual application still needs to grow. Another possible 

reason for carbon fibre composites at such a low real application rate in 

automotive components may be due to the lack of high speed/volume and 

energy-efficient manufacturing process, and the high material cost stopped 

manufacturers from shifting towards such lighter material (23), even though they 

could significantly reduce the weight, thus saving fuel and reducing life cycle 

emissions. 

Overall, weight reduction and recyclability are the most critical concerns for 

automotive component manufacturers. However, the effect of lighter-weight 

materials is quite limited for several reasons presented above; thus, a more 

practical design that could shift the real automotive applications towards lighter 

weight and more recyclability is needed.  

Considering the effect of the global pandemic (COVID-19) during this research, 

which causes many countries to lock down for several periods, leads to 

significant emissions reduction during the pandemic (24). However, it is 

believed that such lockdowns are highly likely to cause rebounded travel and 

consumption, resulting in an increasing demand for commercial transportation 

for supply chain, goods, and passengers, which could lead to a significant 

increase in carbon emission during a short period (24–27) Besides the 

individual shopping and travel desire in the post-pandemic period, governments 

in many countries will also have different strategies to stimulate the economy’s 

recovery (25,26). These activities would lead to rebounding emissions, but 

stopping any country’s economic recovery during the post-pandemic period is 

impossible and unreasonable. Thus, reducing the effect of such rebounded 

emissions is more feasible via actions on reducing the emission of commercial 

transportation industries. 

Currently, in most commercial vehicles such as lorries, buses and small vans, 

the floor used simple panel wood materials for many years due to cost 
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efficiency and accessibility. These panels act as a secondary supporting 

surface lying on primary steel frames, as shown in Figure 5. 

 

Figure 5. Illustration of wood panels on a steel frame (chassis) 

These wood panels are cost-effectively, and their performance is enough to 

meet the needs of such secondary structure applications. However, using wood 

is easy to cause deforestation, and these woods can only become landfills at 

the end of their life, which is against the EU end end-of-life vehicle directive 

requirement. Also, wood panels are easily affected by moisture and corrosion; 

thus, the durability is limited, and new panels require frequent refit. The density 

of general wood panels is relatively high; though a thin panel around 10 mm 

could usually satisfy this floor application, the weight per area still needs to be 

higher. 

Overall, considering the requirements in shifting automotive components 

towards lighter and recyclable to satisfy the market demand and regulation, as 

well as the feasibility and the space for improvements to reduce the emission 

from automotive in actual applications, the floor panels for commercial 

transportation (lorries/ buses/ vans) is selected in this research to be improved, 

reducing the weight to reduce total life cycle emission, and allowed recyclable 

instead of bio-degradable landfill. Compared with private cars, the frequency of 

commercial vehicles will be more stable, and the final mileage threshold will be 
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easier to reach. Although, according to the above statistics (21,22), it can be 

speculated that most manufacturers are unwilling to take risks to try new 

materials; the improvement of floor panels can increase the overall weight of 

goods carried by such vehicles at the same time, which may increase the 

acceptance for both manufacturers and customers.  
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1.2 Aim & Objectives  

Current research about recycled carbon fibre (RCF) mats focused on composite 

skins but very few sandwich structures, most of which are related to thermoset 

resins by infusion process. Thus, this research aimed to manufacture fully 

sustainable sandwich composites using recycled/renewable fibres with 

thermoplastic polymers and identify potential applications for automotive 

industries to increase their sustainability. 

The most challenging part of this research is to keep the balance between two 

aspects: one is the selection and properties of the recyclable material of such a 

designed panel, and the other is the weight such design could save and the 

cost as well as manufacture/ customer’s interest for replacing traditional wood 

panels with such design. As discussed above, virgin carbon fibre is unsuitable 

for such application due to its superior properties needed as a secondary 

structure. Its life cycle emissions and price will increase the difficulty of 

achieving the aim of this project. On the other hand, recycled carbon fibre mats 

are suitable for their properties, random-oriented/ chopped fibres, and other 

unique characteristics. Rigid plastics are often used in vehicles to reduce 

weight, especially in structure designs with plastic honeycomb or foam materials 

(28). In this research, a sandwich structure that could improve mechanical 

properties and weight reduction by sacrificing the volumes is a good choice, as 

the vehicle restriction is mostly the maximum weight, not the spacing. Also, 

various core materials could provide different unique properties, such as a 

honeycomb core is extremely good at specific shear strength while foam cores 

could provide very low thermal conductivity, thus could help those vehicles 

which need heating/ cooling to maintain the temperature with the lowest energy 

consumption.  PP was used as the matrix, and the RCF to manufacture the 

sandwich skins. It has an excellent specific mechanical property among 

thermoplastic materials, and its melting point is below 200 ℃, making the 

manufacturing and recycling processes more manageable. One of the benefits 

of RCF in this application is that the process of cutting components into small 

pieces at the initial stage of recycling would not cause too many property 

changes in RCF because it is already a completely random distribution of tiny 



 

10 

fibres, while composites reinforced by RCF, compared to virgin carbon fibre 

ones, have about a quarter of the mechanical properties (29). This will be 

further discussed and compared in the following literature review chapter, 

“general recycling process of fibre composites”. 

The objectives of this research are 1. Design the target sandwich composite 

and complete material/process selection through a literature review.  2. Study 

the recycled carbon fibre (RCF) mat and understand its characteristics through 

mechanical tests and comparison with virgin carbon fibres.  3. Comparison of 

the characteristics of composite skins based on RCF mats and different 

polypropylene forms (sheet and powder) through manufacturing process 

differences and mechanical testing, modifying and implanting the pultrusion 

process for manufacturing the RCF preform tapes.  4. Integrating RCF mats/ 

renewable fibres with polypropylene matrix and recycled PET foam core to 

manufacture the fully recyclable sandwich composite, characterising and testing 

such sandwich composite.  5.  Property comparison with commercial and 

automotive materials and case study to evaluate the potential application of 

such recyclable sandwich composite. 

In conclusion, this chapter introduced some background about the demand for 

low-weight vehicle components and the regulations for more recyclable vehicle 

designs. Pointed out that private cars are still mainly manufactured from metals, 

especially various steel products though research had posted the potential of 

lightweight composites in automotive applications. This shows the motivation 

and challenge in this research to design an automotive component that could 

satisfy those demands and regulations and have more reliable improvements, 

thus better accepting the real market. 
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2 Literature Review 

2.1 Sandwich Composite Design – Structures and Materials 

2.1.1 Sandwich Composite for Automotive Application – Advantages and 

Disadvantages 

As discussed in the introduction, weight reduction for automotive components is 

a vital target to satisfy regulations and market demand (1–8). However, simply 

using lighter-weight materials like CFRPs in the actual application might not 

generate benefits as much as research simulated due to the fact that lightweight 

materials have higher costs and life cycle carbon emissions (8). Composite 

material would have relatively weaker stiffness, while overcoming by directly 

adding thickness would result in high costs and emissions. On the other hand, 

structural components like I-beam and sandwich structural could achieve the 

same bending stiffness with significant weight reduction (28,30,31) compared to 

thick composite bulk. All of such structural components are similar in that both 

contain a sheet surface (top and bottom) without homogeneously filling between 

them with the same materials as the surface. Usually, when the two surfaces 

are separated by a bar from the same materials, it could be both I-beam or C-

beam, depending on the position of the supporting bar at the middle or edge. 

When different supports between the two surfaces become complicated, they 

could be called different core materials for a sandwich structure, including 

foams, honeycombs, X / Y cores, or corrugated cores (28). These sandwich 

structures could allow one skin under tension and the other under compression 

while the core is under shear deformation, which generates more stiffness when 

the load is applied to the sandwich component along with the thickness, and the 

bonding between skins and core is strong enough. In a static testing 

environment, the composite sandwich design could reduce weight by more than 

50% while maintaining the same stiffness as the steel sheet component. The 

addition of a thin layer viscoelastic damping layer also shows much better 

efficiency when applied within a sandwich structure compared to simply adding 

onto the surface of the steel sheet component (30). The research compared 

four different structural designs (monolithic / stiffener bar reinforced / sandwich 
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insert-reinforced / sandwich plates) with different materials and also showed 

similar weight reduction at the same properties by using a sandwich plate. It 

also pointed out that using RCF or glass prepreg could achieve a 50% cost 

reduction compared to virgin carbon fibre products, and lignin-based carbon 

fibre or hemp fibre can provide more cost reduction but at relatively decreased 

mechanical properties (31). 

In terms of lighter automotive components, the sandwich composite could 

provide sufficient bending properties via structural designs, though the 

disadvantages of lighter materials (8) could not be fully avoided as most of the 

sandwich skins are made from lightweight fibre reinforced composites, 

Sandwich composite made from metal skins could further reduce such issues, 

though it would reduce thermal and chemical resistance and damping 

properties compared to fibre-reinforced plastics (32). Another limitation 

sandwich composites have is that such superior specific stiffness/properties (in 

weight) are achieved by compensation of low specific properties (in volume). 

When maintaining the bending stiffness and reduction of more than 50% weight 

by using sandwich components having a total thickness of around 10-15.5 mm 

(0.1-0.2 mm skins), the targeted metal sheet was only around 0.5-1 mm thick 

(30). Thus, the application of sandwich composites in automotive also needs to 

consider whether the volume is an essential factor for such components and 

affects the whole vehicle design.  
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2.1.2 Floor Panels 

(Ply)wood panels are widely used for lorries’ flooring with a steel frame base to 

support the whole floor structure due to their cheap price, acceptable properties, 

and weight for such application (layout as shown in Figure 3 in Introduction) 

(30). Also, it has been shown in the “Handbook of finish plywood” that such 

timber product is not only a construction material but has been broadly used as 

a floor for commercial and mass transportation (33). However, there are 

advanced sandwich composite floor panels to reduce the weight in the market, 

such as CFRPs skin plywood sandwich, GFRPs skin polypropylene 

honeycomb, or steel skin high-density polyethene foam composites (34). 

However, similar to the situation the private car industry in Canada faced (21), 

such advanced design still needs to be more popular among vehicle 

manufacturers and customers. The reason for it could be diverse, but more 

likely because of difficulty in maintaining the balance between the benefit from 

these designs against the cost and recycling regulations. Most of such 

advanced designs are still containing fibre reinforced thermoset plastics which 

could be recycled but energy intensively and resulting in products having lower 

properties (which will be discussed more in the following chapter, “composite 

material recycling”) and, thus, not recognised by the EU end of life vehicle 

directive as an environmentally friendly selection (17). This means a fully 

recyclable design like the steel / high-density polyethylene foam sandwich could 

be more attractive and easier to popularise (34). However, steel skins in such 

applications, even with hot-dipped galvanising protection, might develop 

corrosion facing moisture or chemical contaminants.  
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2.1.3 Fibres in Composite 

As discussed in previous chapters, balancing lower-weight design and 

recyclability or life cycle emissions is crucial for automotive components. Thus, 

selecting fibre materials has become the most critical topic for sandwich design. 

Carbon fibre-reinforced plastics are increasingly popular in aircraft, and Airbus 

A350-XWB contains about 52%, and Boeing 787 contains about 50% CFRPs, 

respectively. This is also because weight could be considered one of the 

dominant factors for aircraft design. However, as shown in the previous content, 

weight is just one essential factor that needs to be balanced in automotive 

component design. CFRPs have excellent specific weight properties, but it is 

widely used in racing cars or expensive sports cars only, which occupy a small 

proportion in a large number of private cars due to several reasons discussed in 

the above chapters, could hardly become popular for private vehicles. Glass 

fibres, on the other hand, are relatively too heavy which could influence the 

target to a lighter automotive component. Furthermore, the recycling process for 

both continuous CFRPs and GFRPs is not friendly in that after the cutting and 

chopping, short discontinuous random oriented fibre could cause resulted 

composite product from recycled fibre to have only about 1/4 mechanical 

properties of virgin fibre composite (which will be explained in “composite 

material recycling”).  

Natural fibre could be a more environmentally friendly selection for general 

private vehicle components (35–40) and a comparable substitution for glass 

fibres, especially when environmental issues are counted (35,36). Also, it is 

mentioned in the previous chapter that a bumper made from Jute fibre 

composite could provide better energy absorption and damping than metal 

alloys while being much less costly than CFRPs (20). A sandwich structural 

research also shows that RCF or glass could reduce costs by about 50% 

compared to virgin CFRPs, and natural fibre could reduce even more (31). 

Generally, natural fibres could perform better when impact properties are 

required during the composite design as they have superior damping ability 

and, thus, are very suitable for applications such as bumpers or other sacrificial 

or impact-resistant structural (38,39). Low-velocity impact resistance is a 
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significant property for commercial or vehicle floors of mass transportation; thus, 

natural fibres could perform well in such applications (40). Natural fibre 

composite is already presented in some automotive components in 

manufacturing, and Germany is the leader in such area (41). However, this 

might be due to the strictest EU regulation that to have more sustainable and 

lighter components while manufacturers need to maintain the cost at an 

acceptable level at the same time, but not a result of technology development 

(41). Nevertheless, natural fibres do have the disadvantage that they can hardly 

be recycled and could only become a bio-degradable landfill, and the 

mechanical properties are highly dependent on fibre growth conditions and 

natural factors such as weather or geographical position (41–43). Resulting in a 

distribution range of natural fibre mechanical properties (e.g., Flax modulus 

ranges from 20GPa to 80GPa) and fibre size. Furthermore, natural fibre 

generally has poor moisture resistance, and thus vehicle applications, 

significantly those commonly using air conditions like refrigerated delivery 

cargo, could absorb a significant amount of condensed water that results in 

increasing weight and decreasing mechanical properties (44,45). Even though 

moisture absorption ability is different among different types of natural fibres, 

such an issue is more or less presented among all the natural fibres (45). 

Recycled carbon fibre is another possible candidate for applications in 

automotive to satisfy the lighter weight, fully recyclable and cost requirements. 

Although most CFRPs are considered to have a long lifetime, with the 

increasing applications in aerospace industries, the CFRPs in use keep 

increasing, and up to some point, a large amount of end-of-life CFRPs would 

need to be handled (46). However, it is wasteful to landfill such superior 

materials, and the RCF can still be used to make products comparable to glass 

/ natural fibre composites (47). Generally speaking, the energy required to 

extract RCF from end-of-life CFRPs is only about 10% of the energy required to 

manufacture virgin carbon fibre. At the same time, the carbon emission will be 

reduced correspondingly, but the reduction depends on the recycling process 

and the chemicals used (47). Composites made from randomly oriented RCF 

mat at a normalised 30% volume fraction have about 30% mechanical 
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properties compared to virgin carbon fibre products (0,90 oriented) (29), 

although the recycled single carbon fibres could maintain more than 90% of the 

mechanical properties, it could be the result of both randomly oriented fibres, 

and the fibre length reduced significantly after cutting and chopping during the 

recycling process, which will be explained more in the following chapter, 

“composite material recycling”. The manufacturing process and resin selection 

also affect the fibre volume fraction, resulting in different RCF composite 

properties (now, the maximum volume fraction of around 35% could be 

achieved from compression moulding)(29,48).  
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2.1.4 Matrix Selection – Thermoplastic vs Thermoset 

The density, through-thickness mechanical properties, manufacturing technique 

and parameters such as temperature or pressure of composite material are 

primarily influenced by a matrix material. Furthermore, fully recyclable 

composite or partially recyclable is also controlled by matrix materials such as 

thermoplastic or thermoset resins (49). Thermoplastic composites are 

consistently recognised as recyclable materials as they can be heated to melt 

and extract/recycle the fibres inside and the matrix separately (49). Although the 

fibres extracted from both thermoset and thermoplastic resins could maintain 

more than 90% mechanical properties, the pyrolysis process is needed during 

the recycling of thermoset composites to burn off the resins, or intense use of 

chemicals determines such matrix non-environmentally (47).  

The process parameters should also be considered when selecting the matrix. 

Thermosetting resin generally needs to be cured for a long time but at a 

relatively low temperature (below 150 °C). At the same time, the curing 

sequence of the localised position will also affect the performance uniformity of 

the finished products (50). Thermoset resin has good flowability before the 

curing process; thus, there is no apparent limitation for manufacturing 

techniques of such matrix. On the other hand, thermoplastic composites could 

be demoulded and completed manufacturing when the temperature is suitable 

without a curing cycle. However, most thermoplastic resins are more stringent 

for the manufacturing process, which usually requires higher processing 

temperatures depending on the melting point and associating with pressure to 

overcome the low melt flow rate. Research made a comparison of thermoplastic 

and thermoset resin with carbon fibre to manufacture composite material in 

different techniques for automotive floor pan showed that even with currently 

used machines such as thermoset RTM (resin transfer mould) process, and 

presser for forging metal sheets are enough for thermoplastic composites thus 

high-pressure requirements may not be a critical parameter to stop 

manufacturers to shifting towards thermoplastic matrix (48). The temperature, 

however, could be a barrier to fibre selection. Research showed that all-natural 

fibres could have a different level of decomposition or oxygen-associated 
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oxidation under a high temperature (51–55). Below 170 °C, the effect on the 

mechanical properties of natural fibres could be negligible, while significant 

properties change is observed after 170 °C (51). Most research pointed out a 

property loss at about 20-30% around 180 °C for a certain period of treatment 

and suggested manufacturing process related to natural fibre should not exceed 

180 °C (53–55). Such property has primarily limited the matrix selection; even 

polypropylene, which generally has a melting point around 160-165 °C, could 

still be a risky combination. On the contrary, because thermoset resins do not 

require a high temperature of more than 150 °C to cure, they could be more 

suitable for reinforcement by natural fibre. Furthermore, natural fibres are hardly 

recycled but are bio-degradable; thus, combining a biodegradable resin such as 

polylactic acid could have a fully bio-degradable composite which is more 

environmentally friendly (56).  

During composite manufacturing, a coupling agent could also help to improve 

the bonding between fibres and matrix. For example, when manufacturing 

carbon fibre / PP composite, due to the fully saturated poly-propylene chain, the 

composite is just in mechanical combination that almost no chemical bonding 

between the carbon fibre and PP could form. However, when adding the 

coupling agent to form MAPP, the maleic anhydride groups will be both grafted 

on the polypropylene and form hydrogen bonding/ester bonding with the carbon 

fibres (48). Further, compared to thermoset composites which generally require 

adhesive or metal joints for connection, thermoplastic composites could be 

joined together through welding/fusion bonding (57). 
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2.1.5 Sandwich Core 

In a sandwich structure, the core material is vital to separate the two stiff skins, 

keep them apart, and provide sufficient shear strength for the whole structure 

during a through-thickness load applied, such as bending. Different sandwich 

cores are suitable for different applications; X and Y cores are often used in 

commercial vessels (58), honeycomb core is often used for applications which 

are sensitive to buckling or bending in the aerospace industry, while corrugated 

and foam cores or balsa wood has been commonly used in headliners, cabin 

floors and vehicle roofs (59). Core materials could also bring functional 

properties to the whole structure, such as thermal resistance via foam core or 

damping via viscoelastic addition layer/ cores (31)  

The topic concerned in this research is a fully recyclable lighter-weight 

sandwich component for automotive applications. Thus, the core material 

density and recyclability are also critical. Furthermore, the density of the core 

material in a sandwich structure would influence the dynamic loading properties, 

which are counted and need to be considered for automotive component 

applications (60). Thus, thermoplastic foam, honeycomb, or metal honeycombs 

would be more suitable to satisfy such requirements. The foam core seems the 

best and only suitable choice when including the thermal insulation 

requirements for applications like a refrigerated lorry.  
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2.1.6 Summary 

In conclusion, this chapter reviews the composite sandwich structure as a more 

suitable component than pure CFRPs, which do have superior density and 

properties but hardly balance the recyclability and cost at the same time, as an 

automotive application to complete the challenge posed in the introduction that 

to design a fully recyclable and lighter automotive component with a 

comparable property and cost; summarised the wood flooring widely used in 

commercial and mass-transportation vehicles and some advanced sandwich 

composite substitution, their respective characteristics, some disadvantages 

and the reason for hardly widespread usage; introduced different materials 

including fibres, matrix resin and core for sandwich composite with their 

characterisation and selection guidance. 

Overall, virgin carbon fibre is a superior material but not suitable for such 

secondary structural design and the proposes of this research, while glass 

fibres may be applicable but could riskily add weight burden. Natural fibres and 

RCF could be suitable candidates for the aim of this research. However, natural 

fibres are fragile to high temperatures and could face moisture and non-

recyclable issues, while RCF may face costly issues which need to consider 

during the panel design, respectively. Thermoplastic resins are much more 

suitable than thermoset ones in this research due to recyclability. Furthermore, 

they could generate a good combination as those randomly distributed short 

fibre RCF mats, thus simply melting and re-manufacturing new products. 

However, the higher processing temperature for most thermoplastics and their 

low melt flow rate needs to be handled well during manufacturing. Selection for 

core materials is relatively more straightforward as it just needs to base on their 

specific properties vs the cost since most core materials (those suitable for 

automotive applications) are recyclable. Also, additional care about functional 

properties such as thermal resistance could be a bonus.  
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2.2 Manufacturing Process and Design 

2.2.1 Manufacturing Techniques for Automotive Composites 

As shown in the introduction, Fibre-reinforced composites, especially those from 

carbon fibres, could significantly reduce weight for automotive components with 

similar mechanical performance. However, the applicability is limited by the 

balance between the life cycle benefits (overall energy/fuel saving and carbon 

reduction via the lighter weight) and the drawbacks, including recyclability and 

energy needed to manufacture raw materials and products. The balance in 

material selection has been discussed in previous chapters, so this chapter will 

focus on those manufacturing techniques that can modify into a suitable, rapid, 

and energy-efficient automotive manufacturing process. This chapter will not 

discuss composite manufacturing techniques with a slow manufacturing period, 

low energy, or cost efficiency (such as auto-clave). Four manufacturing 

techniques have been developed and used in recent decays to speed up the 

manufacturing cycle and reduce the manufacturing cost/energy consumption to 

successfully implant fibre-reinforced composite materials as automotive 

components. The customised design of some technologies will be a little in this 

chapter, and the customisation process for the favoured materials selected in 

this research will be discussed in the next chapter.  
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2.2.1.1 Resin Transfer Moulding 

Resin transfer moulding is one of the most appropriate manufacturing 

techniques for automotive composite components and can produce complex 

geometries. A mould with a designed shape is used to stack up dry fibres, and 

the mould is closed before liquid resin is injected inside at certain pressure 

(generally up to 10-20 bar) or just vacuum. Once the resin is cured, the mould 

can be opened, and the component can be removed. This process could 

manufacture automotive components with low capital and operational cost 

(since the hydraulic pressure is very low) at a relatively low risky level (which 

generates significantly less volatile chemical vapours due to the closed 

chamber). Furthermore, as the mould could have a perfect surface finish via 

machining, the finished product could also have a good surface finish and a 

complex shape that needs no further treatment. High volume fraction composite 

material (from 60% to 65% v.f.) could be achieved via the pressure applied too 

(61). However, this process could only use to manufacture thermoset composite 

materials as the pressure included inside the injection process is not very high, 

and high viscose thermoplastic materials could hardly be fully injected through 

the fibre and arrive all over the mould due to a similar reason, the size of 

components could manufacture by these techniques are also limited to small or 

medium. Voids and different curing zone could also affect the quality of the 

product when relatively large components are manufactured via this technique, 

and the overall manufacturing cycle is relatively long (62). 

On the other hand, high-pressure modifications (up to 150 bar) on the resin 

transfer mould process could solve those problems and are more suitable for 

some thermoplastic resins, which have a relatively higher melt flow rate (61). It 

could also slightly increase the product fibre content (up to 70% v.f.), 

significantly reducing the manufacturing cycle time and the possibility of defects 

such as voids. However, such modification with high pressure could damage 

the dry fibre before the resin has been impregnated, resulting in a high tooling 

and processing cost (63). Compression-associated resin transfer mould is 

another modification to reduce the cycle time and possibility of defects. In this 

modified process, the mould is not fully closed during the resin injection phase; 
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the gap between the mould and the un-pressed fibres reduces flow resistance, 

allowing less injection pressure. After the injection is finished, the mould is fully 

closed under compression, which behaviours more similar to the compression 

moulding and thus share similar disadvantages such as poor edge finish. This 

process could allow the resin to be evenly heated compared to the direct 

compression moulding. The fibres (when UD fabric is used) are unlikely to 

dislocate under pressure as more liquid state resin would be easier to flow 

without pushing fibres away. However, due to the low injection pressure, this 

modification is more suitable for producing thermoset composites (64–66). 

Both commonly seen modified resin transfer moulding could overcome some of 

the disadvantages of the original process and manufacture thermoset 

automotive components at a relatively low cost and fast cycling. The suitable 

number of plant machines and modification techniques depend on the target 

composites and raw materials. However, there are more suitable techniques for 

producing thermoplastic components.  
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2.2.1.2 Reaction Injection Moulding 

Reaction injection moulding, as the name shows, is a similar manufacturing 

process as the compression-associated resin transfer moulding but uses two or 

more very low viscosity liquids sources as the matrix at a specific ratio that 

could first be injected through the whole chamber, fill all dry fibres inside easier 

and mix well (after which would generally increase the viscosity before fully 

cured) and then curing or chemical reacting to form the composite component 

under compression when the mould is fully closed after the injection of liquid 

materials completed (67,68). Thermoset resin is generally used in this 

application, and a typical polyurethane (isocyanate and polyol based) is used in 

this process for structural automotive parts because of the fast reaction rate 

compared to other thermoset resins such as epoxies or thermoset polyesters 

which need a long curing cycle. However, such polyurethane has a relatively 

lower modulus and hardness (68).  

Similar to the compression-associated resin transfer process, reaction injection 

moulding could provide evenly mixed/heated resin compared to direct 

compression moulding and avoid fibre dislocation; the manufacturing cycle and 

tooling/manufacturing costs are both suitable for automotive mass production 

applications. However, it is not suitable for most commonly used thermoplastic 

materials as most polymerisation process requires extremely high pressure or 

temperature. Some uniquely designed thermoplastic material/polymerisation 

processes which involve liquid state resources without high pressure or 

temperature could be more suitable for such processes. Such as, a new liquid 

Methyl Methacrylate (MMA) thermoplastic resin, named Elium ®, is claimed to 

be able to maintain a liquid state at room temperature but ‘cured’ as a 

thermoset resin while behaviours like a thermoplastic material (69).  
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2.2.1.3 Vacuum Assistant Resin Infusion 

Vacuum-assisted resin infusion, always called vacuum bag infusion, is the most 

commonly used technique for manufacturing all different types of composite 

components at a relatively large size; it is like a more straightforward, cheaper 

version of resin transfer moulding. During this process, only a bottom mould is 

needed for placing dry fibres, and a flow-assistant medium is needed on the top 

of fibre stacks to facilitate the resin flow and a flexible plastic vacuum bag 

(sheet) to cover the whole mould with a rubbery substance to sealing the whole 

system (70). Commonly two channelling tubes are needed for resin input and 

vacuuming, respectively; thus, the resin would flow through the whole system 

and fill the fibres until reaching the vacuuming tube, and the component could 

be demoulded after curing. This process has very low tooling and 

manufacturing cost; the curing cycle could be completed while only occupying 

one single bottom mould, thus could be flexible and suitable for mass 

automotive components production. 

However, the disadvantage of this technique is evident; defects such as dry 

spots and voids could be formed when leakage point, non-completely degassed 

resin or partially cured (too viscose resin) before the infusion is completed 

happened. The overall sample surface is good on the mould side but could be 

better on the bagging side, affecting the laminate thickness/geometry accuracy. 

Composites manufactured using this technique would have a lower fibre volume 

fraction (up to 40% v.f.) compared to both resin transfer mould and reaction 

injection mould, as the vacuum pressure which pushes the resin to flow in this 

process is lower. (71,72). When the component is large enough, the thickness 

of the infused composite will decrease from the input tube toward the 

vacuuming tube as the pressure could not be evenly distributed through the 

whole component with resistance from fabrics and location. Again, this process 

is suitable for low-cost, mass-produced large thermoset automotive components 

but not thermoplastic resins. Similar to reaction injection moulding, only 

customised designed liquid thermoplastic resin could be applied in this 

technique.  
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2.2.1.4 Compression Moulding 

Compression moulding is one of the most adopted manufacturing technologies 

for the mass production of composite automotive components and a suitable 

technique for thermoplastic resins. During this process, dry fibres and resin 

materials are placed inside the mould and compressed/squeezed into a 

composite product with the assistance of heat and pressure. Solid form 

materials at room temperature, such as fibres and thermoplastics, would be 

easier to handle and more favourable in this process; in contrast, thermoset 

materials, mainly in the form of liquid form at room temperature, would require 

additional handlings, such as the assistance with resin transfer process or 

injection process (73,74). Additional fillers such as pigments, stabilisers or fire-

retardant agents could be applied with the most negligible influence on the 

manufacturing process (parameters and cycle time) during compression 

moulding compared to other above mass production technologies, affecting the 

composite design, processing, and properties (75).  

Generally, the manufacturing cycle time for compression moulding is swift for 

automotive manufacturers who could flexibly remove the mould from a 

separated chamber to heat, cool, or cure the component, while this process 

could take more time when the compression is mixed with other temperature-

related stages that all in one machine. The typical compression time is only 1-3 

minutes, while heating and cooling could largely depend on the mould size and 

heating/cooling methods (73–75). The size limit of components manufactured 

from this technique is similar to resin transfer or reaction injection moulding, at a 

relatively small or medium size, while the surface finish is similarly excellent and 

complex geometries could be achieved (75). The resulting product is similar to 

the compression-associated resin transfer moulding and could reach up to 60% 

v.f., while thermoset resins which usually have a better flowability, are used 

(64,65) but could reach up to only 40% weight fraction when thermoplastic glass 

fibre composite is manufactured directly using a press (76).  

Compression moulding can manufacture automotive components rapidly and is 

more suitable for thermoplastic applications. However, the initial tooling cost is 
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most of all other automotive composite manufacturing techniques. Furthermore, 

the manufacturing cost and energy consumption would be more by using the 

hydraulic press (73–75). The viscose thermoplastic resin would provide giant 

resistance that would produce composites at a lower volume fraction and 

require hydraulic pressure than thermoset ones to embed the fibre into the 

resin.  
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2.2.2 Manufacturing Techniques for PP Composite 

Polypropylene, one of the most commonly used thermoplastic materials 

nowadays, has a very low density of about 0.89-0.92 g/cm3 and is relatively 

strong with Young’s modulus of about 1.3-1.8 GPa. It has relatively stable daily 

usage properties and a low melting point (about 160-170°C) to process. Facing 

the situation that PP is easy to decompose under ultraviolet light, stabilisers or 

simple anti-ultraviolet coatings can also be used to solve the problem (77). 

Thus, PP is selected as the most suitable matrix candidate in this research for 

manufacturing a fully recyclable lightweight composite for lorry floor panels. 

Polypropylene is very tricky to deal with during the manufacturing of PP 

composites due to its high viscosity, rheological properties, semi-crystal, and 

thermo-oxidative degradation. Polypropylene has a very high viscosity after 

melting, showing rheological properties that its viscosity could significantly 

reduce with an increasing shear rate by stirring (78–80). The viscosity reduction 

could exceed more than 50% when the shear rate changes from 100 to 500 per 

second (78). This is why most polypropylene component manufacturing 

processes are related to extrusion, which could utilise the rheological property 

to facilitate the flow rate. Semi-crystalline is another particular property of 

polypropylene which could influence the manufacturing techniques mainly on 

the temperature and post-processing side. Pressure is needed to drive the PP 

flow, while with the pressure, even a normal air-cooling (slow) rate could lead to 

the generation of β-crystal, which would reduce the mechanical properties (79). 

Although such defects could be eliminated by annealing at 200 °C for 10 

minutes, it may raise the other concern, thermo-oxidative degradation. 

Polypropylene would have thermal degradation initiated around 280 °C under a 

nitrogen-presented environment but could have degradation with the help of 

oxygen (air) initiated around 190-200°C (81). Thus, the processing temperature 

and environment need to be secured to avoid any degradation during the 

manufacturing process when processing PP composite. 

Thermoplastic resins are primarily similar to PP resins, being a solid form at 

room temperature, request a critical environment to polymerise and are very 
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sticky (high viscosity / low melt flow rate) after melting; the currently used 

techniques to solve some problems on the manufacturer side for composite 

automotive components such as manufacturing cycle time and costs are more 

suitable for thermoset composite designs. The only suitable manufacturing 

technique, compression moulding, is also limited by the high tooling and 

operational cost, and the resulting thermoplastic composite has relatively lower 

fibre v.f. and mechanical properties. However, as shown in previous chapters, 

thermoplastic composite is becoming more and more popular for automotive 

component design due to its recyclability, satisfying the regulations, and 

bringing environmental benefits. Due to this reason, many customised 

manufacturing techniques to manufacture a perform state before applying 

compression moulding were developed to reduce the requirements on tooling 

and operational conditions. 

As mentioned above, the extruder is the most common way to overcome the 

high viscosity and extremely low melt flow rate of thermoplastic materials, 

especially PP, which has a rheological property. Thus, the simplest way to 

manufacture thermoplastic composites is using injection moulding fed by an 

extruder or co-extruders (82–84). PP added with short wood fibres, or 

lignocellulosic particles, is injected into a mould to produce short fibre 

thermoplastic composites. However, such composites primarily rely on matrix 

properties due to a low fibre volume fraction and randomly oriented short fibres 

and would be more suitable as properties enhancing techniques for traditional 

plastic components. Research on manufacturing composite from RCF and 

polyamide 66 by injection moulding after the mixing in an extruder also showed 

that, reducing the fibre length could improve the overall flowability and reduce 

the difficulty during the manufacturing process and could provide a better quality 

product (85). Such benefits were only inside one recycling cycle and the 

reduction in fibre length could increase the difficulty in product design on 

suitable application for the next recycling cycle. Similar to the injection process, 

extruders could also be used to mix thermoplastics with relatively longer fibres 

(long discontinuous fibres can be recognised as (fibres at 12-38mm (84) and 3-

25mm (86)) and extrude a molten charge as the raw material for compression 
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moulding. Compared to injection moulding, this process could allow the mixture 

to have a much lower viscosity, and be less restricted by flow rate as the molten 

charge needed to travel through any die.  

The pultrusion process is another technique to rapidly manufacture continuous 

fibre-reinforced thermoplastic composite preforms, including, as the name 

shows, a pulling process of fibres with extrusion. A technique named DRIFTtm is 

used to manufacture composite pellets at a high production rate, as shown in 

Figure 6, by pulling continuous fibres through a molten resin die with a 

controlled resin rate to form impregnated fabrics which will be followed by a 

chilling and chopping process to produce reinforced composite pellets. 

 

Figure 6. DRIFTtm process (87) 

Such pellets could be then melted in a mould or extruder (which could provide 

homogeneous pressure and reduce the chance of thermo-oxidative 

degradation) and transferred into a compressor to be pressed into automotive 

components. This process could manufacture long fibre thermoplastic 

composites at a rapid rate for automotive industries when suitable system 

management and moulding units are utilised with the DRIFT process (87). 

Although the fibre used in this technique is still discontinuous and would be 

randomly oriented under pressure, the overall composite properties could be 

primarily enhanced compared to previous injection components. Also, due to 

the discontinuous and randomly oriented fibre, it is believed that the resulting 

product from this technique could be chopped again into small pellets after 
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being scrapped and go through melting and compression again to manufacture 

new products for recycling while maintaining most mechanical properties. 

However, the product mechanical property would reduce continuously through 

such a recycling process with the increase of the remanufacturing cycles due to 

thermoplastic characteristics which would be further discussed in chapter 2.4.2 

On Recycling: Thermoplastic vs Thermoset. On the other hand, with proper 

settings, the extrusion process can produce composite materials containing 

continuous fibres, which pull the continuous fibre bundles through a resin bath 

and is followed by a hot roller or presser to manufacture thin-layer composites. 

Such layered thermoplastic product is often known as a thermoplastic 

composite tape which could be used similarly to thermoset prepregs as 

preforms for compression moulding to improve manufacturing efficiency for 

thermoplastic composite materials significantly. However, compared to 

manufacturing prepregs from thermoset resin which is low-viscosity liquid 

materials at room temperature before curing, the thermoplastic pultrusion 

process would be more challenging to impregnate fibres inside the resin 

(88,89).  

Film stacking is another innovative way of manufacturing thermoplastic 

composites using continuous fibres (90). As shown in Figure 7, A mandrel with 

a release agent is used as a mould for glass fibres and thermoplastic film to be 

winded/stacked together layer by layer in this technique. The resulting preform 

would be moving into a hot press to manufacture the thermoplastic composite 

with continuous fibres. In this research, the resulting product is in elementary 

geometries as a panel, while with the help of mould design, this technique can 

manufacture geometries as complex as regular compression moulding products 

(90). In this study, the author also conducted a comparative experiment with 

and without maleic anhydride in the PP film and pointed out that because the 

non-polar properties of polypropylene have been improved, the composite 

material of maleic anhydride polypropylene and glass fibre will have better 
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bonding as well as modulus and fatigue resistance (90). 

 

Figure 7. Manufacturing of unidirectional laminates by the film stacking (90) 

Filament winding is a similar technique as the film stacking above to 

manufacture continuous fibre thermoplastics, also winding fibres onto a mandrel 

(93). However, instead of using a thermoplastic film for stacking, melted 

thermoplastic is fed onto the fibre before it is winded, similar to manufacturing 

short-fibre composite pellets. Because the molten plastic would be solidified on 

the mandrel, this process does not require further compression and usually 

produces cylindrical products (as fibre could be considered winding on a 

cylinder). This process could rapidly manufacture thermoplastic composites 

while the product geometries are primarily limited (91). Also, compared to a 

composite tube manufactured with woven layers, such a cylinder would have 

much lower mechanical properties due to the orientation of the fibres. However, 

it can affect rapid manufacturing and thus could be a suitable technique for 

manufacturing unidirectional continuous fibre-reinforced thermoplastic prepregs 

(thin pre-impregnated layer), which are then combined with compression 

moulding to manufacture automotive components. 

Commingled manufacturing was also used for manufacturing continuous fibre-

reinforced thermoplastics (92). As the name shows, it is a method that produces 

a fabric with thermoplastic and reinforcement fibre. The fabric would be cut into 

the required size, then heated and moulded into desired composite 

components. It is very similar to the prepreg method in the thermosetting 

composite material production process in the initial steps, although the 
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thermosetting resin often needs to undergo curing afterwards, while it often 

requires hot pressing and moulding to form the final products. This technique 

could help improve the bonding and impregnation; however, due to the fibres 

already having a commingled state, the prediction of the melt flow could be 

complicated (92). 

Ye and Friedrich (93) have pointed out in their research that there is 4 primary 

cost-effective way to prepare thermoplastic composite preforms, as shown in 

Figure 8, which are all involved in the thermoplastic composite manufacturing 

methods discussed above. Thus, the preform manufacturing technique in this 

research will be designed based on these techniques. The component 

manufacturing technique used in most research above is compression moulding 

(or simply hot press) which is understandable due to the high viscosity and low 

melt flow index; processes such as resin transfer moulding or vacuum infusions 

could quickly develop troubles when introduced thermoplastic matrix. The 

compression moulding requires the preform to stay at a specific limited region 

and only press it down through thickness, which vastly reduces the distance 

thermoplastic needs to travel and thus reduces the difficulty of manufacturing 

(82–84,86,87). However, due to the limited distance to travel, the mould needs 

to be appropriately designed to avoid incomplete filling and trapped air bubbles. 

 

Figure 8. Cost-effective material preforms for thermoplastic composites (93) 
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2.2.3 Manufacturing Parameters 

The manufacturing parameters for a thermoplastic composite component need 

to satisfy both the fibres and matrix. The main parameters are the processing 

temperature related to matrix melting and pressure related to the filling of the 

composites.  When using glass or carbon fibres, no matter the random long-

fibre distribution or continuous state, manufacturing temperature and pressure, 

when using PP, would not have too much influence on the results. However, 

when a natural fibre has been introduced, as mentioned above, a significant 

mechanical property decrease could be observed in natural fibre beyond 170 °C 

with the presence of air (51), the maximum temperature needs to be controlled; 

thus, the choice of the thermoplastic matrix is limited by such temperature. Also, 

PP could develop thermal-oxidative degradation after 190 °C in the presence of 

air too (81) while having a melting point around 160 °C -170 °C which could be 

a suitable combination with natural fibres to avoid property loss, the control of 

temperature also depends on the mould design as the presence of air or not 

could influence the temperature when oxidative degradation could initiate, and 

the time exposed to the air could influence the degradation level. The preform 

stage would generally have a long period of the presence of air; thus, should 

limit the temperature to 170 °C when using natural fibres and below 190 °C 

when using other fibres with PP. When compression using a molten charge or 

preform, the preforms would only have its surrounding layer exposed in the air 

at a limited time before forming the component and cooling process; thus, the 

temperature could stay relatively higher (170 °C -195 °C used in the extruder 

(82), 200 °C used in extruder (83) and 200 °C used in press for preform (90)). 

Pressure is another crucial parameter that needs to be considered to overcome 

the high viscosity and low melt flow index of thermoplastic materials to fully fill 

the desired composite component. Inside a closed extruder injection process, 

the pressure applied was 1200-1500 psi (83) (about 8.3-10.3 MPa) to push the 

PP fully filled the mould chamber. When using a compression mould with limited 

matrix travel distance needed, the pressure applied was usually lower than 

inside an extruder, 25 bar pressure (about 2.5 MPa) was used during a hot 

press for a PP/glass preform (90). A research study conducted to manufacture 
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thermoplastic composite from commingled glass and PP yarn by using 

compression moulding aimed to indicate the ability of different tooling factors 

(tool design, tool temperature, comingled fabric pre-heat temperature, pressure, 

and time at certain pressure) to influence the product properties (94). Although 

too many variables were included in that study thus, not every combination of 

these variables had been studied, it is enough to show the relationship between 

applied pressure and the product void content. When rigid mould on both sides 

is used, a very low pressure (0.2MPa) will result in a very high porosity as high 

as 47.8%, while sufficient pressure will produce a more or less similar porosity, 

1.6% (1MPa), 0.6% (2MPa), 3.4% (4MPa) despite the fact that other 

parameters (mould temperature, preheating temperature) in these controls are 

not completely conserved and may lead to a decrease in accuracy (94). 

However, they also showed that when soft mould (rubber etc.) was used, the 

pressure would no longer significantly influence the product quality. One of the 

reasons for this effect could be due to the high viscosity and low melt flow ability 

of PP; thus, only a more uniformly distributed load could help it to move evenly 

and fill the cavity better; thus, a relatively soft mould with relatively low pressure 

could be a strategy to manufacturing thermoplastic composites especially PP 

which has a low melting point. The pressure of 5 MPa was used to successfully 

manufacture high-quality jute fibre reinforced PP composite skin during a 

double-side rigid compression moulding (95). A study of thermoplastic ribs and 

hinges manufactured under different pressures (0.5/2/4 MPa) shows that when 

other variables are fixed, the pressure would be inversely proportional to the 

time that pressure was applied in order to achieve a certain quality product 

(certain porosity level) (96). Thus, the manufacturing time and the pressure for 

thermoplastic composites need to be balanced in order to achieve vast 

manufacturing for automotive industries at the lowest consumption level.  
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2.2.4 Combination Techniques with Sandwich Core 

The combination of thermoplastic composite skin and various core materials is 

a critical step; unlike thermosetting resins that themselves are often used as 

various metal/wood adhesives, thermoplastic resins such as PP are mostly not 

able to bond with metal/wood directly (97). Besides physical connection 

methods such as rivets, there are two main commonly used bonding methods, 

adhesives, and fusion to join thermoplastic sandwich composites (97,98). 

Adhesives, including both thermoplastic and thermoset glues, are always used 

to improve the bonding between skins and core when some materials are 

expected to have a low adhesion property, such as the non-polar PP (97). 

There is no difference from the standard glue principle; most of such bonding is 

through the intermediate materials with better surface adhesion, forming a layer 

of connection between the skin layer and the core. Fusion bonding, also named 

plastic welding, is more direct than adhesives, does not require a third material 

to help improve the adhesion but is mainly used only for a fully thermoplastic 

sandwich composite (both skin and core materials are thermoplastic). As the 

name shows, this technique would slightly melt the surface of both skin and 

core materials to allow them to diffuse and thus consolidate together after 

cooling. Such bonding techniques could be achieved in various processes, 

including a heated vacuum bag, compression moulding or physical (friction) 

connection tools (97,98). 

In Karaduman and Onal’s research, fusion bonding using compression 

moulding at only 1 bar pressure (0.1 MPa) with a temperature of 185 °C was 

successfully bonded PP composite skins with both PP honeycomb and PET 

foam core, and no failure related to bonding was founded in their followed 

mechanical bending testing (95). Another study used a controlled group to join 

sandwich composites of PP/glass skins and PET foam cores by vacuum bags 

or compression moulding and with or without additional adhesive film (BEMIS-

5250 polyester-based co-polymer). The pressure applied in all their experiments 

was 1 bar (0.1 MPa), and the temperature applied was 180 °C without adhesive 

film and over 150 °C with the film. The adhesive film did show the ability to 

improve the bonding quality that the overall sandwich composite with a 
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relatively weaker skin (which may be due to uncertainty during skin 

manufacturing) modulus shows a better sandwich strength compared to those 

samples having a stronger skin but no presence of adhesive film (99). However, 

due to the limited number of samples for comparison in their experiment and 

their slightly lower temperature (over 150 °C vs 180 °C) when applying the 

adhesive layer, such higher sandwich quality might come from the effect of less 

damage developed in the PET foam during the joint process at a lower 

temperature. Although PET foam has a softening temperature of around 80 °C, 

there were no significant properties lost found in all samples (101), and thus 

was believed that 1 bar pressure would not damage the PET foam structure 

after softening temperature at a short time period for composite join.  
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2.2.5 Summary 

In summary, this chapter first surmised some commonly used technologies for 

the rapid manufacturing of composite materials in the automotive industry and 

pointed out that most of these technologies lack the applicability of 

thermoplastic composite materials and are more used for thermosetting resins 

with better fluidity. Secondly, this chapter introduces some production methods 

developed for manufacturing thermoplastic preforms which could then be fitted 

with some of those rapid manufacturing techniques for thermoplastic 

composites. Considering the requirements needed for the challenge in this 

research, to have rapid manufacturing of fully recyclable and lighter composites 

at compatible costs and properties for automotive components, simple preform 

preparation and direct composite manufacturing should be applied. The 

compression moulding for preforms such as simply stacking, molten charge or 

pultruded tape should be a more suitable choice. However, one of the 

significant parts of the pultrusion process is pulling the fibres, which could not 

be suitable for recycled carbon fibres due to their discontinuity. Thus, 

modification of this process would be required for manufacturing the RCF / PP 

composite tapes. Different from the manufacture of thermoplastic composite, 

the joint techniques for fully thermoplastic skins/cores with or without the help of 

adhesive film could be easy under low pressure with either vacuum bagging or 

compression moulding.  



 

40 

2.3 Testing and Standards 

This chapter will introduce some testing that could be used to evaluate the 

property of the sandwich composite designed and manufactured in this 

research. Property testing and evaluation is an essential part of this research to 

help identify whether the raw materials had been shaped into products properly 

during the manufacturing process, to reflect any defects generated by 

comparing the theoretical property of the finished product and its actual 

performance to establish a complete production process to reduce random 

errors and avoid defects in finished products. Performance evaluation can also 

be used to analyse the material's applicability in subsequent applications and 

help product design maximise the use of the material.  
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2.3.1 Calculations in Sandwich Composites 

The simplest case in which composite properties could be directly calculated 

from the mixing rule using fibre/matrix properties and their volume fraction, 

respectively, is that all the fibres are perfectly aligned in a single direction, and 

the load applied to this composite is perfectly parallel or perpendicular to the 

fibre direction. However, due to the orthotropic properties, these two situations 

would present an upper and lower property when the fibre volume fraction is not 

0 or 100%, which reflects the maximum (parallel) and minimum (perpendicular) 

properties this composite material could have under an applied load direction. 

The properties of this composite could range between this upper and lower 

band when the load applied was between parallel and perpendicular to the fibre 

direction, and usually, a correction regarding the angle of applied load or 

different layer of fibre oriented need to be applied to have an accurate 

prediction of composite properties (100). Due to the random orientation and 

discontinuity, a recycled carbon fibre mat would have properties hard to predict 

fully. However, from the results mentioned in the above chapter, ‘fibre in a 

composite’(that composites made from RCF mat at a normalised volume 

fraction have about 30% mechanical properties compared to virgin carbon fibres 

products (0,90 oriented) (29)), RCF mats could be estimated to have about 70-

80 GPa modulus along the mat direction (assuming that both x / y directions 

have identical properties, in which the z-direction shows weakness the same as 

other carbon fabrics). Also, in actual application, due to the random orientation, 

such modulus of RCF mats is expected to have a specific wilder distribution 

than other fibre materials. 

The calculation of sandwich composite properties could not be treated as 

standard bulk materials due to composite skins' orthotropic properties and a 

different core property. Structural sandwich composites such as I-beams with 

homogeneous materials could be evaluated by applying the cross-sectional 

effects (second moment of area), and thus sandwich composites with a different 

core material could be similarly transferred into a sort of homogeneous I-beam. 

The adequate thickness of the I-bar after such conversion could be calculated 

from the product of the original thickness and the ratio of core modulus to skin 
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modulus (101). After adding the cross-sectional corrections, sandwich 

composite properties such as bending strength and modulus could be 

calculated similarly to bulk materials. Further calculations and equations related 

to the property evaluation in this research will be conducted in the methodology 

part.  
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2.3.2 Three Point Bending Testing 

Bending tests are commonly used to evaluate the bending properties of 

thermoplastic sandwich composites (102–104), including bending modulus, 

strength, or stiffness. Unlike simple uniaxial tensile or compression tests that 

are only carried out under a single stress environment, the sample for the 

bending test is usually subjected to combined loading, such as tension, 

compression, and shear together. Such combination loading could help 

estimate whether materials are suitable when needed in a complex loading 

application such as the lorry floor panels. The test would usually destroy the 

sample to show the complete change of the sample during bending, from the 

linear change of the loading vs displacement (elastic deformation) at the 

beginning to where elastic-plastic damage is initiated, which brings non-linear 

changes, and then the maximum load will be reached, after which the force is 

significantly reduced, and eyes could inspect visible macro cracks (102–104). 

Bending testing requires simple sample geometries such as a tube or flat pane 

and could be operated using a universal tensile / compression machine by 

applying a flexible bending fixture (105–107). The sample is usually placed on 

two high columns with bearings on the bottom support, which can provide point 

contact and sufficient sample displacement space. During the bending process, 

the bearing can provide the sample with a certain degree of movement to 

ensure that the maximum load is always applied to the centre of the sample. 

The loading (top) fixture typically contains a single bearing which is for three-

point bending, and two bearings separated from a certain distance (usually a 

quarter of the maximum supporting span) which is for four-point bending (102–

107). Other unique loading fixtures such as 1/3 load span, one loading head at 

1/4 position and one head at 1/3 position or even uniform loading over the 

whole sample could all be used while a correction is needed to fix the geometry 

effect via mechanical calculations (106,107) though three-point bending, and 

four-point bending are the mainly used two testing methods.  

The numerical calculation after the bending test has been established by ASTM 

and other standard systems (105–107). The performance of the test sample can 

be calculated according to the standard formula, and the data acquired is 
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stipulated by different standards. At the same time, some custom parameters 

and the changes brought by them can be corrected, just like the custom top 

fixtures (105–107). Such equations could also be used to predict the 

performance of the samples by using raw material properties. However, due to 

some reasons in actual tests (elastic-plastic deformation, movements under 

high bending displacement, flexible fixture connection, sample geometries, 

bearing size), such prediction is only valid for a limited region before significant 

displacement takes place (elastic-plastic deformation) (103,104).  A more 

accurate prediction of the non-linear sandwich composite behaviour under 

bending testing could be made by well-controlling these variables and 

introducing the non-linear change for elastic-plastic behaviour (103,104). Three-

point bending test would focus more on a single-point load which would have a 

minimal region of uniform stress just under the loading fixture head, while four-

point bending usually contains a specific region of uniform stress between the 

two heads. Three-point bending is more likely to produce more significant errors 

due to manufacturing differences in different regions of the sample, while four-

point bending can more accurately measure the bending properties of the 

material. However, in comparative research of both bending techniques using a 

large number of identical samples, three-point bending did show more accurate 

(fewer deviations among all samples) results compared to four-point bending 

(108). Again, the reason for this could be those real test issues, such as four-

point bending consisting of a more complex loading head which would hardly 

maintain consistency during the test for all samples. The bearing was used aim 

to provide perfect point supports, but during sample deformation, such point 

contact would transfer to a surface contact; thus, different bearing diameters 

would also influence the accuracy with different materials or geometries. Also, 

the sample movements caused by large deflection would influence the accuracy 

as the loading span / supporting span changed. Overall, this influence would 

have more effects on four-point bending testing due to its more complex loading 

unit (108).  
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2.3.3 Drop Tower Impact Testing 

Impact testing is usually used to understand the impact resistance of materials 

by comparing the different amounts of energy absorption during the fracture and 

would be very important for automotive applications such as energy absorption 

structures or protection layers for goods (109–113). In South Korea, maintaining 

sufficient impact resistance is vital for bus floor panels after the government 

published restrictions to limit the bus panel weight, and mostly sandwich 

composites have become the only candidate for such applications (40). This 

research studied the impact resistance for several sandwich designs at a similar 

weight and showed the results that fibre reinforced plastics skins could provide 

a much stronger impact resistance compared to metal skins when maintaining 

the same weight (40), and such composites would be a more suitable candidate 

as bus floors. All impact testing techniques could be described as using a 

specific energy impact head to collide with the sample, and the impact 

resistance of the material is evaluated through the residual energy of the head 

after the impact and the damage level of the sample (109–113). Different impact 

head geometry, such as round or hammer shape and initial energy and impact 

speed, will lead to different impact results. Due to the ease of manufacturing the 

panel structure required for the experiment and adjusting the impact 

energy/velocity (low-speed/low-energy impact was considered the most 

dangerous for composite materials to cause delamination), drop tower impact is 

always used for composite sandwich materials to evaluate the impact properties 

(109–113). In the drop tower test, an impact holder with a customised head 

(round, hammer, or even penetrative knives) would be levelled up inside the 

tower controlled by a computer to a certain height (energy) and dropped freely 

to hit the sample, which would generally be placed on a hollow supporting 

platform under the tower.  

During a low-velocity impact, it is shown in much research that thermoplastic 

composites could have more resistance to delamination and would have 

developed lesser damage compared to thermoset composites (109–111). 

During one impact test, although the maximum contact load of the thermoplastic 

composite was only about half of the thermoset composites, the deformability of 
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thermoplastic took the total energy absorption to the same level as thermoset 

ones (112); the; the author also pointed out that in some suitable applications 

such as a wave impact which could highly cause delimitations, thermoplastic 

could show more impact resistance. The research evaluated the impact 

behaviour of several sandwich composites with the same skins, but different 

foam materials and showed that the core shear modulus would primarily affect 

the maximum impact load and the failure mode under constant impact energy. 

The maximum load would increase with an increasing core modulus; core shear 

cracking is the primary failure mode when a weak core was used, while skin 

bulking showed more with median moulds cores, and delamination became the 

dominant failure with strong modulus cores (111). However, this research has 

fixed the sandwich skins; thus, with different foam cores, the ratio of the 

sandwich skin to core properties is different, and this difference should be the 

factor in determining the failure mode of sandwich composites. Compression 

after impact is an additional technique to help evaluate the damage level of 

composite materials after a low-velocity impact test since damages like 

delimitation could hardly be visible (112,113). This is accomplished by operating 

a compression testing on the samples after impact and measuring the residual 

strength. As mentioned above, natural fibre composites do have a better impact 

resistance (38,39), and hybrid fabric with natural fibres could also improve 

impact resistance (114). However, due to the difficulty of recycling, this design 

will be retained in this study but will not be the primary consideration.  
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2.3.4 Microscopy Image 

Microscopy is a mature technology that can observe objects on a microscopic 

scale that is invisible to the naked eye. Materials scientists often use it to 

understand the microstructure of samples for better analysis of sample 

properties. Microscopy always needs a source to interact with the samples and 

sensors to receive the required response from such interaction and analysis into 

desired images, like the simplest version, the optical microscope, which usually 

uses visible light as a source and naked eyes as a detector for receiving the 

rebounded light from the sample (115). During this process, additional 

equipment is always needed, such as the lenses in an optical microscope to 

help magnify the sample image for the eyes. There are several types of 

microscopy techniques, by different detecting sources, which could be divided 

into an optical, electron, scanning probe or even x-ray, which could be further 

separated by a different response such as scanning electron microscopy 

(SEM), which uses reflected electrons to generate image and transmitted-

electron microscopy (TEM) which using electrons passed through samples to 

create the image (115). In this research, composites would be studied and 

analysed using microscopy; thus, details about microscopies would not be 

further discussed, and specific microscopy techniques that could help 

understand composite materials more would be included. 

Studying the microstructure of composite materials can help verify whether the 

selection and manufacturing process of the laminate is reasonable and whether 

the structure of the composite material is the same as in the design at the 

microscopic level. At the same time, are there any potential weaknesses, such 

as fibre discontinuity (the specific region with too much resin and the fibres from 

different slices are not entirely covered) or voids during the manufacturing 

process. These analyses, as well as whether fibre is bonded into the matrix 

properly, could all be achieved just through an optical microscope (116). SEM 

using mainly reflected electrons is suitable for sandwich composite materials; it 

could show detailed surface information as well as a clear interface between 

similar materials (117) (such as the Polypropylene matrix and the PET foam or 

other polymer adhesive included). When using microscopy to analyse a cross-
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section of composite materials to reveal the microstructural and defects, digital 

microscopy could also be used to help the analysis through different assisting 

tools (118).   
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2.3.5 Summary 

In conclusion, this chapter reviews the conversion of heterogeneous sandwich 

composites into a homogeneous beam during mechanical calculations and 

some techniques that are often used and will be used in this research to 

evaluate the property of composite sandwich materials. Three-point bending 

could be the most straightforward test to reveal the mechanical properties, such 

as strength and modulus, of the sandwich composite manufactured in this 

research. Drop tower impact testing could be utilised when manufacturing 

simple flat panels as the samples to indicate the impact resistance and to show 

whether such a design could be sufficient for lorry floor panels to replace the 

wood panels. SEM or optical microscopy would be used to reveal the fibres 

embodied inside the matrix, any defects formed during the manufacturing 

process and the bonding quality between sandwich skins and core.  
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2.4 Composite Material Recycling 

To avoid adverse effects on the government’s goal to become more sustainable 

in the automotive industry, the recycling process of lightweight composite 

materials is vital to be studied. Understanding the recycling of composite 

materials can help reduce the environmental impact of widely used thermoset 

composite materials and the correct use of thermoplastic matrix in future 

applications to further sustainability. This chapter will review the techniques to 

recycle existing composite materials products and compare thermoset 

composites and thermoplastic ones on their difference in the recycling process 

and the product properties after recycling.   
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2.4.1 General Recycling Process of Fibre Composites 

Since most of the resin of the thermoplastic composite material can be melted 

by heating, recycling of fibres inside could be much more straightforward 

compared to thermoset ones, and different raw materials could be added during 

the heating to reprocess into new products. However, due to the limitation of 

recycling chamber size, the energy needed to heat and costs, big thermoplastic 

composite components would still need to undergo the cutting and chopping 

process the same as thermoset ones for recycling (119–122). Generally, all 

composite materials need to be cut and chopped by slow speed cutter or 

crushing mill before the fibre recycling process takes place to obtain the 

required size to fit into the following process and remove any other materials, 

such as metal inserts, and this process is when fibres length mostly reduced (to 

about 5 – 50 mm) and become long discontinuous fibres and would typically 

take places for all composite recycling (122–126). 

The following steps to recycle the fibres would be separated based on 

thermoplastic and thermoset resins; for thermoset resins recycling process 

could separate into two general categories, mechanical recycling or fibre 

reclamation (123,127). Mechanical recycling could be used for most composites 

with either glass or carbon fibres but is mainly focused on glass fibres due to 

significant properties lost. In this process, the cut or crushed composite waste 

that has undergone the initial size reduction process will be further reduced in 

size by a hammer mill or high-speed mill into particles around 10 mm to 50 mm. 

These result particles would be a mixture of material containing both fibres and 

polymers. The finer grade particles could be used as a filler material, and larger 

particles have a high aspect ratio and do show a fibrous nature, so has the 

potential to be used as reinforcements (127). Fibre reclamation is a recycling 

technique that has attracted more research, and it is also more popular with the 

carbon fibre recycling industry because it can remove impurities as much as 

possible, retain the most outstanding fibre properties, and able to obtain 

relatively long recycled carbon fibres (127,128). It can be further divided into 

pyrolysis, fluidised bed, or chemical assistant process, but in simple terms, it is 

a method that tries to remove the thermosetting resin in the composite material 
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by the use of primarily thermal energy or sometimes chemicals to extract the 

fibre, and different subdivision processes are just the difference in the 

operations (123). Without the help of any catalysts or solvents, the energy 

needed to remove most thermoset resins would be significant, and the 

temperature during such a process would be high enough to damage carbon 

fibres which would lead to a lower recycled fibre property. Research on the 

effects of thermal treatment on carbon fibre-phenolic composites (129) has 

shown that without the help of any chemicals, resins could be entirely removed 

at a relatively high temperature, starting at around 400 °C. However, at a 

temperature above this, the recycled carbon fibres would show a reduced 

diameter due to the initiation of degradation, causing a lower mechanical 

property. Composites made from recycled carbon fibre, which underwent pure 

thermal treatment at 400 °C, showed the best mechanical property among all 

samples, which was concluded in their research. Similar results were also 

shown in another research that treatment at 450 °C for 1 hour could entirely 

remove polyester resin in composites without apparent fibre degradation found 

(130). With the help of chemical treatment, the recycling temperature could be 

much lower for thermoset composites, with only 90 °C temperature and the 

application of a mixed solution of peroxide hydrogen and N, N-

dimethylformamide (at 1:1 volume ratio and both solutions of 30% 

concentration) for 30 minutes, more than 90% of the epoxy inside composite 

could be removed, and the extracted carbon fibre retains 95% of original tensile 

properties, the same process with a higher temperature at 100 °C could fully 

remove the resins and improve the retained properties up to 98% (128). 

Normally, without further treatment, the product would be agglomerated 

recycled fibre that could be directly pressed into the RCF mat after the thermal 

process. Compared to mechanically recycled fibres which could mainly be used 

as a filler material, the thermal process could extract the fibres and retain more 

properties.  

All the processes above for thermoset composites could also be utilised for 

thermoplastic ones. However, it is not necessary to do so to consume more 

energy and produce chemical pollution. The thermoplastic composite could 
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undergo a unique recycling process after the cutting and chopping stage, which 

could be simply analysed as melting and remoulding (119–122).  A glass fibre 

reinforced polypropylene composite used in a boat was recycled through cutting 

and chopping, followed by a manufacturing process to produce composite 

granules. Such composite granules were then used as the raw material for 

injection moulding. The results showed that this is a suitable way to recycle 

thermoplastic composite materials and the recycling of different parts (including 

paint and other contaminants or not) proved that a small number of impurities 

carried by the scape component would have little effect on the recycled product 

properties (119). Another research (120) with glass fibre-reinforced, 

thermoplastic composites utilised the same method for recycling and applied 

compression moulding for comparison, which went through the same cutting 

process, but the reduced-sized product was used as raw materials directly in 

compression moulding. Their results showed that, although the compression 

moulding products had a higher fibre volume fraction (27.8%) compared to the 

injection product (19.6%), the tensile strength and modulus were even lower 

than the injected product, but the notched impact properties on both samples 

did reach the estimation with compressed sample approximately twice the 

impact strength. They pointed out the fact that due to inappropriate 

manufacturing parameters (insufficient temperature and pressing time under 

that temperature), the compression samples contain many micro-cracks, which 

could primarily affect the tensile properties; however, due to the impact, testing 

was operated under a notched sample, as well as higher average fibre length 

could be reached in compression moulding, the impact properties of the 

compressed sample could be much higher (120). A novel recycling solution for 

thermoplastic composite published recently in 2020 (131) had successfully 

recycled chopped scarped into a molten and mixed dough which was used as a 

source for manufacturing moulded composite panels. The compression 

moulding with appropriate parameters and operation did not result in any micro-

cracks, which would affect the tensile properties as previous research did (120). 

It is promising that with appropriate manufacturing parameters, compression 

moulding could be used directly to recycle thermoplastic composite materials 
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resulting in products at a relatively higher volume fraction and longer fibre 

length to maximise the recycled properties. Another possible technique which 

could be named dissolution to recycle thermoplastic composites could also be 

achieved by chemicals which can recycle fibres at full length (which only 

depends on container size, and scrap composites do not need to be cut and 

chopped into small pieces) (132). A glass fibre reinforced Elium thermoplastic 

composite was recycled in a glass pan when immersed inside chloroform, the 

fibres are fully retained, and about 90% of thermoplastic resin was retained by 

precipitating from the chloroform into methanol (incomplete precipitation and 

manual operation caused the loss) (132). In their research, the glass fibre 

extracted by dissolution showed almost no decrease in tensile properties, about 

86% stiffness remained after the recycling, and the whole process did not need 

any thermal energy. This technique's advantage is maximising the properties 

and keeping the continuity of fibres, which could significantly improve the 

composite properties made from such recycled fibres. However, they used 5.96 

kg chloroform to wash away all the thermoplastic resin in a 0.924 kg composite 

sample. The dissolved resin could not be entirely precipitated in methanol; thus, 

a further purification process would occur be required. Also, the time needed to 

recycle this composite sample entirely was more than 72 hours (132).   
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2.4.2 On Recycling: Thermoplastic vs Thermoset 

For both thermoplastic and thermoset composites, the recycling process to 

extract fibres or reuse fibres from a scrapped continuous fibre reinforced plastic 

would always cause significant properties to lose. Although many studies 

mentioned above have shown that the recycled fibres (single fibres) can retain 

their mechanical properties to a large extent, when the recycled fibres are used 

for reinforcement again, the performance will inevitably be significantly reduced, 

regardless of a thermosetting or thermoplastic matrix. However, the recycling 

process would need to cut and chop down the scrap composite into small 

pieces for further treatment, which causes the fibres inside to no longer be 

continuous. At the same time, the composite material recycling industry will not 

and cannot only recycle single fibres when processing because the energy 

efficiency of doing so is significantly low. Therefore, the recycled fibres will 

mostly be randomly oriented if no special treatment is applied, and such 

aggregated recycled fibre cannot provide the maximum mechanical property 

with orientation like virgin carbon fibres. Thus, even a single fibre extracted from 

the aggregated recycled fibre could have more than 90% of its original 

mechanical properties, the overall composite would having much lower 

performance. Studies report that three different composite samples with volume 

fractions of about 6%;12%;18% made from recycled carbon fibre mats and 

polypropylene matrices, have flexural moduli of about 1.4;5.5;8.6 GPa 

respectively (29). The best performance one from these samples only showed 

about 22.6% effective modulus compared to the original continuous carbon fibre 

composite of the same design (moduli can reach 13.4; 25.7;38 GPa 

respectively, according to a typical carbon fibre modulus of 228 GPa and 90% 

remained after recycling through the composite modulus mixing rule (will be 

introduced as Equation 1 in 3.3.5.2 Mixing Rule for Composites). The data 

sheet for commercial recycled carbon fibre non-woven mat (G-TEX M-SM45-

200-1200) also shows a modulus of 25 GPa at a 30% volume fraction in a 

polypropylene matrix, whereas the value for virgin carbon fibre might be 67.1 

GPa uses the same estimation technique. Recycled composites based on 
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recycled carbon fibres could have up to 37% effective mechanical properties 

compared to continuous virgin composites. 

Further treatments on the aggregated recycled fibre could improve the 

mechanical properties within the products, such as using an air classifier and 

sieving techniques to obtain oriented chopped recycled fibre from the 

aggregated recycled fibre (123) or surface cleaning to remove carbon dust 

during the recycling process (133). Modification on the matrix could work too, 

such as using maleic anhydride to improve the bonding with the recycled 

carbon fibre when the PP matrix was used (134). 

Currently, thermoset composites are not recognised as an environmentally 

friendly material by the EU end-of-life vehicle directive as the energy needed to 

recycle the fibres is significant and also thermoset matrixes could hardly be 

recycled (17). Mechanically recycled thermoset composites do not need 

significant energy consumption but could not maximise the retaining properties, 

and the fibre in recycled products would still be covered by some resin, which 

would have limited applications. Thermal processing could retain more fibre 

properties and remove most of the resins at a temperature unlikely to cause 

carbon fibre degradation. However, this process combined high temperature 

and a long cycle time (400°C for 2 hours to remove epoxy resin (129) or 450°C 

for 1 hour to fully remove polyester resin (130)) could consume a significant 

amount of energy. With the help of chemicals, the temperature and recycling 

cycle could become more acceptable (100°C and 30mins to fully remove epoxy 

resins and retain fibre properties up to 98% (128)). However, during this 

research 30ml chemical solution was used for extracting carbon fibre from 0.2 g 

composite samples. Although the amount of the solution was believed to be 

excess for such purpose, a fully immersed recycling process for thermoset 

composites using this technique could generate a significant amount of waste 

solution, which would be tricky to deal with in a very environmentally friendly 

manner. 

Although most of the existing thermoset composite material recycling 

technologies seem to be less energy-efficient and environmentally friendly, it is 
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essential to extract carbon fibre from the thermoset composite material because 

thermoset carbon fibre occupies a large part of the existing fibre-reinforced 

plastics currently. Also, the energy consumption of recycled carbon fibre 

materials compared to virgin carbon fibre manufacturing is still worthwhile, and 

landfills or burning of such composite materials would be causing more damage 

to the environment (135). Compared to thermosetting resin, the thermoplastic 

resin will become a more advantageous competitor in future when considering 

the difficulty of recycling as they can be remanufactured at the end of life, which 

would consume less energy. However, thermoplastic materials also have 

limitations when using their unique recycling processes. 

Chemical dissolution can recycle fibres with very high mechanical properties 

and does not require thermal assistance simultaneously. The most charming 

result of this technique is the maintaining of continuous fibre, which is a 

significant factor that affects the properties of composites made from recycled 

fibres, as most other techniques which need a thermal treatment all require 

cutting or chopping the scrap composite into small pieces when fibre inside 

would be reduced in length significantly at the same time. It is similar to the 

method of recycling thermoset composites with chemical reagents. However, 

unlike thermoset recycling, this process is a physical reaction that does not 

change the matrix and can recycle them simultaneously. However, similar to the 

thermoset recycling process, this method also requires a lot of chemicals and is 

time-consuming. Considering the environmental impact of such a high chemical 

consumption rate and high recovery time, whether this technology can help this 

research to faster and more environmentally friendly production of fully 

recyclable lightweight composite materials for automobiles remains unclear. 

The thermal recycling process would need to cut and chop scarp composite, 

which would reduce the fibre when continuous virgin fibres were used, however, 

if the original composite is made from recycled fibres which already contain a 

specific average length distribution, the effects from cutting and chopping could 

be little [126] and such recycling process can be used again when the recycled 

product goes to end of life again. However, the energy consumption by this 

recycling method is mainly dependent on the matrix material. When a higher 
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temperature is required for melting, the energy consumption will be more, such 

as PEEK (Polyether Ether Ketone) than PP. Also, recycling involves mostly 

melting and solidification cycles that would affect the structure of thermoplastic 

materials, causing a mechanical property reduction through chain scission. 

Research on the recycling of PP has revealed the microstructure change during 

thermal cycles even without thermal assistant degradation, which was 

mentioned in previous chapters (51–55), the polymer chain would cause 

scission during the thermal cycle, which would cause average molecular weight 

reduction, thicker lamellae are more likely to form and a higher crystallinity 

degree (136–138). In addition, recycling may significantly increase the ageing of 

the polymer and there may be contaminants during the process, which further 

affects the performance of the recycled product (137). Research on highly 

recycled polyethene and PP showed that highly recycled PP would have about 

a 15% decrease in tensile properties and a 35% decrease in the elongation 

before fracture, while polyethene would have a higher properties reduction 

(high-density polyethene tensile properties had a 24% reduction and low-

density polyethene tensile properties had 36% reduction) (138). The irreversible 

ageing characteristics of plastics originate from various influences, including 

ultraviolet lights, thermal cycles, environmental factors, loading, or chemicals 

that may affect the performance of thermoplastic composite materials and 

directly recycling them using melting and remanufacturing could cause product 

properties from different batches inconsistent (139).  
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2.4.3 Summary 

In summary, this chapter introduces standard recycling technologies for 

composite materials (except for non-recycling-related topics such as landfill or 

energy recovery), specifically discusses some unique methods for thermoplastic 

composites, and compares thermoplastic and thermoset composites from their 

difference in process as well as the difficulty in recycling. The characteristics of 

recycled fibres and the processing parameters required by different recycling 

processes were also compared, among which the thermoplastic matrix showed 

a more straightforward process with less energy consumption than the 

thermoset matrix. However, most composite materials in use currently are 

thermoset ones. Thus, developing techniques to recycle and reuse them is also 

very important. Thermoplastic composites are more suitable for industries that 

need to take recycling as an essential factor into consideration. At the same 

time, thermoplastic composites made of recycled discontinuous fibres have the 

potential to be directly reprocessed into new products without causing too much 

damage to the fibres. However, what must be addressed is the degradation of 

the performance of the plastics due to the ageing during the use of the product 

and the repeated recycling cycles. In remanufacturing, mixing recycled / virgin 

matrix at a specific ratio to compensate for the diminished property could be 

very important in future thermoplastic composite materials recycling 

applications.  
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2.5 Overall Research Gaps and Their Significance 

The popularity of using carbon fibre composite materials in automotive 

industries in real life in daily vehicles (excluding special vehicles such as racing 

cars or heavy-duty construction vehicles) is not very wide, although many 

studies have shown that the application of carbon fibre composites can 

significantly reduce the weight of vehicles. Some of the primary reasons could 

be that most of the commonly used thermosetting resins on the market could 

not be regarded as recyclable materials, the price of carbon fibre is often costly, 

and the energy required to produce virgin carbon fibre is significantly high. 

Based on the works of literature, there is no research on the application of 

carbon fibre materials in automotive industries that can simultaneously consider 

meeting the recyclable requirements of the government and the need for 

lightweight, low-cost, and efficient manufacturing of the automobile industry. 

Therefore, this study sets the secondary structure of the lorry floor as the target 

for improvement because most of the panels currently on the market cannot 

fully meet all the requirements of the above restrictions. One of the aims of this 

research is to manufacture a fully recyclable composite material substitute that 

can replace the commonly used plywood laminates on the market and combine 

all the above requirements. 

It takes a lot of energy to manufacture carbon fibre, and because of its superior 

performance, it is wasteful to landfill composites directly. However, due to the 

cutting and chopping required for most of the recycling process, the recycled 

carbon fibre is mainly in the form of a completely random-oriented mat mixed 

with long discontinuous fibres and short fibres. The mechanical performance of 

RCF mat inside a composite was not sufficient for applications as primary 

loading components in vehicles where mostly virgin carbon fibre composites 

were used. Therefore, research on recycled carbon fibbers reusing in composite 

materials has remained at the laboratory-level composite material performance 

comparison, and no potential application was made for automotive applications. 

However, such recycled RCF mat still has comparable mechanical properties to 

virgin glass fibres with a much smaller density; thus, secondary structures in 

automotive components could still be a potential application. In this research, 
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the lorry floor panel (secondary supporting panels on metal frames), which does 

not need superior performance, requires improvements in recyclability, 

maintaining a low cost and being light-weighted could be a suitable application 

in automotive industries for RCF materials. At the same time, because recycled 

carbon fibre has not appeared in the market for a very long time, there are few 

studies on the hybrid use of RCF and other fibre materials. Since most carbon 

fibres tend to lose more stiffness than their tensile properties after being 

recycled, adding natural fibres with superior damping properties to combine with 

RCF to make hybrid composite materials will also be a worthy research 

direction. 

Finally, the current composite preform tapes (thin layer fibre reinforced 

thermoplastic composite) are all manufactured through the pultrusion process of 

virgin fibres due to the puling needed in this process, and there is no research 

established any customised pultrusion process suitable for RCF tapes. 

However, with the increasing amount of existing composite materials reaching 

their end of life in the future and the increasing need to maintain sustainability, 

the amount of RCF in the market is expected to increase continually. Thus, 

modifying the pultrusion process for manufacturing RCF composite tapes could 

be worthwhile in this research. A successful result could improve the 

manufacturing cycle, which would benefit RCF to fit the rapid manufacturing in 

automotive industries. Also, there needs to be research about directly 

remanufacturing from end-of-life RCF composites. It is believed that the 

significant reason for properties lost in carbon fibres during the recycling is the 

cutting and chopping stage, when continuous fibres become long discontinuous 

fibres, while such a process is believed to have limited effects on RCF 

composites. Research on recycling RCF composites is also one of the aims of 

this research to figure out how many properties could remain in the composite 

made directly from molten chopped RCF composites and the potential of 

multiple direct recycling and remanufacture cycles of RCF composite materials.  
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3 Methodology 

This chapter introduced the design of the fully sustainable sandwich composite, 

which could improve the lorry panel sustainability but satisfy other required 

properties at the same time, listed the materials needed for manufacturing such 

composites and the experiments involved in this study to manufacture the 

samples and the corresponding testing methods are introduced, as well as the 

utilisation and calculation of the experimental data to obtain desired material 

properties.  
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3.1 Design and Materials 

The primary materials included in this research were the RCF mat, 

polypropylene, and the PET foam core. A random-oriented RCF mat, as shown 

in the Figure 9 was used, which was sourced from ELG Carbon Fibre Ltd, which 

was renamed Gen2 carbon now (Cannon Business Park, Darkhouse Ln, 

Coseley, Bilston WV14 8XR, UK; density 1370 kg/m3). The recyclable fibre was 

obtained by chopping carbon fibre composites end of their life, followed by a 

pyrolysis process to remove the thermoset resin and the remaining gathered 

recycled fibres were compressed into the mat. Two types of polypropylenes 

were used as the matrix for the RCF mat in this research, one in the form of 

sheets (1 mm PP sheet; source: SIMONA PP-H natural) with a melting point of 

161 °C and recrystallisation temperature of around 122 °C, the elastic modulus 

of 1.2 GPa and density of 950 kg/m3. And the other polypropylene powder 

(source: HAI HANG Industry CO., Ltd. China) also with a melting temperature of 

around 160 °C and recrystallisation temperature of around 121 °C, an elastic 

modulus of 1.1 GPa and a density of 940 kg/m3. Both polypropylenes had a low 

melt flow rate of 5g as presented in data sheet. A recycled 10 mm thick PET 

foam manufactured from recycled plastic bottles (Armacell company) with a 

shear modulus of 18 MPa and a density of 100 kg/m3 was used as the core for 

the sandwich structure designed as the truck panels.

 

Figure 9. Raw materials 

Other materials included in this research are, A virgin carbon fibre, ZOLETK 

PX35 continuous tow, which has a diameter of 7.1 micrometres, similar to the 

average diameter of 7.2 micrometres of RCF, was selected as a reference 

comparison to be tested using the single fibre approach. The datasheet shows 
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that the PX35 has an average tensile strength of 4137 MPa and an average 

tensile modulus of 242 GPa. A polyester-based copolymer adhesive film 

(BEMIS-5256) with a low glue line temperature (148 °C to 181°C) to enhance 

the bonding between the PP skins and the PET foam core of the sandwich 

structure, Flax fibre (unidirectional fabrics; density 1290 kg/m3) with average 

tensile modulus around 50 GPa were utilised as reinforcements for the 

composite skin in some comparative designs. Woven glass fibre (70GPa 

modulus) reinforced epoxy (RS-135M) with a fibre volume fraction of 35% 

manufactured by vacuum infusion was used during the impact property 

comparison with the RCF composite design in this research. 

As proposed in the introduction and literature review, this research aims to 

develop a fully recyclable sandwich composite at a rapid manufacturing rate for 

automotive industries (as flooring/side panels for lorries/vans) to satisfy the 

need for lightweight and regulations. Other essential parameters, including 

costs, mechanical properties, impact properties, thermo-resistance or 

environmental resistance, were considered too, but not all of these parameters 

were tested and verified in this research. 

This study achieved the goal of being completely recyclable using the 

thermoplastic matrix (PP) and the carbon fibres (recycled ones). The main 

sandwich design in this research was RCF / PP composite skins with recycled 

PET foam, which allowed a fully recyclable component at a very low density 

(density would vary with different skin/core thickness ratios and designs, as 

shown in Table 1). About 3 mm skin samples were used in this research due to 

the cavity size of the compression mould, and 10 mm foam cores were used as 

the supplier provided. Unidirectional flax fabric was also used to manufacture a 

self-sandwich skin manufactured from the stack of outer layer RCF with flax in 

the middle, which is designed to compare with the pure RCF skins as flax was 

believed to enhance the damping properties of the sandwich composite and 

RCF outer layer was believed able to protect the flax from moisture. All the 

mixed skin design were manufactured and cut in the way to keep the flax fibres 

all line directed to the length of the samples. 
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Table 1. The density of different thickness designs (skin fibre volume fraction at 20%) 

Single skin/core 
thickness ratio 

3:10 3:20 3:40 5:10 5:20 5:40 

Skin thickness (mm) 3 3 3 5 5 5 

Overall density 
(Kg/m3) 

450 316 222 567 411 287 

Area density (Kg/m2) 7.2 8.2 10.2 11.34 12.34 14.34 

 

The goal of rapid manufacturing in this research was aimed to be achieved by 

using the compression moulding technique. In the initial experimental stage, the 

stacked PP sheet / RCF was directly heated in the mould cavity inside the 

compression machine and then compression moulded. However, the heating-

cooling cycling of the compression chamber and the mould and the heating of 

the stacking materials in the mould is very time-consuming. This temperature 

cycle for the compressor units was unnecessary and is different from the actual 

industry application, where multiple moulds could be used to separate the 

heating and cooling cycle from the compression machine and speed up the 

whole process.  
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3.2 Sample Manufacturing 

3.2.1 Composite Skins Manufacturing 

Figure 10 shows the example results of the DSC test for the PP samples, which 

is similar to the behaviour of PP in most literature and had a melting point of 

around 160 °C. The samples started to absorb a significant amount of heat 

above 150 °C, which was maximum at 161 °C; thus, the target of this research 

was to achieve material temperature at about 161 °C when processing the PP 

materials. The colling was done slowly after the processing until it reached 110 

°C and below when the recrystallisation was believed to be completed, and 

rapid water cooling would be introduced. 

 

Figure 10. DSC result example for PP sample with melting and recrystallisation 

peak 

The compression moulding process of stacked PP and RCF mat was used to 

manufacture the composite skins. The procedure for the process was as shown 

in Figure 11, with materials placed inside the mould, which had a chamber with 

150 * 100 * 25 mm dimensions. The mould with stacked PP and fibre layers 

inside was placed in the compressor, which provided pressure and temperature 

to melt and push the PP to impregnate the fibre mat. During the initial stage, a 

PP sheet at 1 mm thickness was used for manufacturing the composite skins. 

The temperature on the compressor was set at 180-185 °C (it was aimed to 
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achieve 165 °C on both mould plate surfaces where the thermocouple was 

attached and believed the mould chamber had a temperature of around 161 

°C). The pressure applied was the same as most pieces of literature for PP 

composite compression at 5 MPa (75 kN for the mould used in this research) 

throughout the process. The relative position of the top and bottom plate could 

be read from the control panel of the compressor to indicate the thickness when 

compared with the position when the mould was fully closed.           

 

Figure 11. Mould plates and the compression machine 

During the process, materials were first stacked, as Figure 12 shows and 

placed in the mould in the compressor, and the temperature was raised 

afterwards up to the set values. Once the mould temperature reached the 

required temperature, the pressure was applied and held for about 15-20 

minutes until the composite skin was pressed entirely (when the relative 

position of the top-bottom compressor plate was stable at desired value). After 

the required thickness is achieved, air cooling reduces the temperature slowly 

until the recrystallisation is finished. Water cooling faster was applied 

afterwards, and the PP composite skin was de-moulded below 50 °C. 
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Figure 12. The schematic diagram for the stacking and compression process 

Powder PP was used to manufacture the skins in similar procedures as the 

sheet PP ones, to improve the filling quality and volume fraction and to reduce 

the manufacturing cycle time and pressure needed for the RCF composite skins. 

The details about the improvements by using PP powder and tape composite 

will be discussed in the following chapters in the results and discussion sections. 

When the PP powder was used, the procedures were the same, but the 

stacking was formed by more evenly distributed 5 layers of PP powder covering 

each RCF mat, including the top and bottom surface, instead of 3 layers of 1mm 

PP sheet inside 4 RCF mats.  
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3.2.2 Sandwich Composite Manufacturing 

The mould was used again when bonding the sandwich composite without the 

compression machine needed. As the datasheet suggested, a shallow pressure 

below 0.1 MPa was enough for the adhesive to bond the skins and core 

together. Thus, the process also worked by using the mould at the required 

temperature with heavy weights (around 100 kg in total, including the top 

mould), which could provide sufficient pressure to the adhesive layers inside the 

mould as shown in Figure 13. 

 

Figure 13. The schematic diagram for composite join 

The core materials were cut into a size that was slightly smaller than the mould 

for fitting and placed inside two manufactured composite skins with BEMIS 

5256 adhesive film (4 layers, 0.12mm thick at each side) between them. This 

stack was put back into the mould with the temperature set at 160 °C (to reach 

the film melting temperature above 150 °C as the datasheet suggested). Once 

the required temperature was reached, the top mould was placed on top of the 

stacked materials, and additional weights were applied to provide pressure to 

the adhesive layers. This pressure must be maintained for less than 1 minute, 

and the whole composition could be cooled afterwards. Identical to the 

manufacturing of the composite skins, slow air cooling was needed to reduce 

the temperature below the recrystallisation temperature, and water cooling 

would be introduced beyond this point.  
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3.3 Testing Techniques and Equations 

This chapter will introduce the testing techniques included in this research and 

the following calculation methods to obtain mechanical properties from the 

testing results.  
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3.3.1 Single Fibre Tensile Comparison 

Tensile properties (strength and modulus) were tested to compare the single 

fibres sourced from the RCF mat and those from virgin fibre tows with a similar 

average diameter. The comparison was aimed to improve the understanding of 

the RCF mats and to prove assumptions as well as literature results that the 

recycling process might have limited reduction on fibre properties but the 

chopping and cutting significantly reduced the fibre length and eliminated the 

continuity resulting in RCF composite properties only around 30% of virgin 

carbon fibre (VCF) composites. 

With the help of a smooth plastic board and the static electrons to attract carbon 

fibres, Single fibres from the RCF mat and the chopped virgin fibre tow (PX35) 

were randomly selected manually. As Figure 14 (a) shows, these randomly 

selected fibres would be mounted between two paper sample holders and 

bonded with glues. The sample fibres could be seen with the help of illuminating 

lights within the window region, which is reserved for the tensile testing at the 

original length of 10.2mm. 

 

Figure 14. (a) Fibre sample mounted in between two papers with a testing 

window; (b) Tensile testing equipment; (c) Monitoring of fibre under a 

microscope. 

The prepared samples mounted inside the paper holder would be cut smaller to 

allow fixing on the tensile tester’s clamp, as shown in Figure 14 (b). Screws 
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would be used to fix the two ends of the fibre to prevent slips, and the two sides 

of the paper holder parallel to the fibre would be sheared to ensure that only the 

fibre experiences the stress during the tensile test. Figure 14 (c) shows the 

screen of an external microscope which was used to zoom up and record the 

window region to monitor the tensile testing. All the tensile tests were performed 

with a tester screw rate of 0.1 mm/min to ensure enough data points were 

recorded, and a 5N load cell was utilised to provide a maximum force 

resolution. All the tensile tests were performed until the fibre broken with the 

displayed load dropped significantly. However, due to the very brittle nature of 

carbon fibre, all the carbon fibre just collapsed and disappeared; thus, no 

sample fracture image could be captured. With a standard camera or 

microscope, which had a limited frequency, the moment carbon fibre fractured 

and flew away could not be captured. 
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3.3.2 Tensile and Three Point Bending Test of Pure RCF Composites 

It is commonly known that nearly all composite materials with a layered 

structure would show different tensile and bending properties. Thus, to relate 

the results of single fibre tensile properties and the final sandwich composite 

application, which focused more on bending properties, this research included 

both tensile and bending tests on the pure RCF composite skins to 

comprehensively understand their behaviour in both cases. Also, further 

comparison between the tensile properties of composite and single fibre could 

be used to show how many residual properties (effective properties) the RCF 

mats could have inside the composite to show the level of property reduction 

from the recycling process (fibre length reduction and fibre discontinuity).  

The tensile test was carried out according to the standard for general composite 

tensile properties evaluation, ISO 527-4:2021. Due to the compression mould 

size limit in this research (150*100mm), the dumbbell-shaped tensile samples 

with an overall length of 150mm were selected, as shown in Figure 15. Due to 

the low hardness of PP, manual controlled saw cutting was not able to make 

samples into such shape. Thus, CNC machining was used to manufacture the 

composite tensile samples. The three-point bending test measured the strength 

and modulus of RCF composites. It can also be compared with the previous 

single fibre test results to improve the understanding of RCF mats further and 

prove previous views on the main reasons for the loss of performance of 

recycled carbon fibre mats. The bending test of the RCF composite is carried 

out according to the standard of ASTM D7264, and the composite skin 

produced by compression moulding will be cut to the appropriate size 

(120mm*13mm*thickness strips). Due to the low hardness of PP, the blade is 

easily deflected at a fixed slight angle when cutting, so most samples will have 

an average width in the middle and different widths at both ends. Also, the area 

weights of the RCF mat were not perfectly constant with that moulding area 

(150mm*100mm) and varied between 4g to 4.4g; the composite skins would 

have a thickness varying between 2.8mm - 3.1mm to keep a constant volume 

fraction at about 20%. All the dimensional differences would be normalised 
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during the property calculation, as shown in the equations in the chapter 

“formulas and calculations”.  

 

 

Figure 15. (a) tensile sample dimensions; (b) three-point bending setup; (c) 

tensile test setup with laser extensometer  

Both tensile and bending test was performed using the Instron 5500R 

tensile/compression machine, and the setup for both tests can be found in 

Figure 15 (b) and (c). The sample strips prepared for the bending testing would 

be placed between the supporting roller at a span of 95mm. A load head roller 

was located right in the middle of the supporting span; press the sample at a 

rate of 2 mm/min to operate the bending. A 5 kN load cell, one level above the 

100N cell, was used as most samples experienced a maximum load over 100N. 

Each experiment would be stopped once the load had dropped more than half 

of the maximum load achieved; this is because samples made from high 

deformability of PP and non-continuous RCF mats were difficult to fracture fully. 

After the experiment stopped, the load vs displacement data from the tensile 
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machine would be recorded and used for stress/modulus evaluation and 

analysis; these processes will be explained more in the chapter “formulas and 

calculations”. For the tensile test, two sample clamper was used to hold the 

sample instead of the support and loading rollers. The samples were estimated 

to have a maximum load of around 2-3 kN; thus, again, the 5 kN load cell was 

used, and according to the standard for tensile test, a 2mm/min rate was also 

applied. The bending experiments had a negligible difference between the 

actual sample deflection and load head displacement and could utilise the load 

head displacement directly as sample deflection. However, for the tensile test, 

the eligible elongation was only around the thin tested area due to the different 

cross sections, and thus a laser extensometer was needed to measure the 

actual displacement between the two clamps with reflective tape on the sample 

thin tested area.  
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3.3.3 Three Point Bending Test of Sandwich Composites 

The bending testing of sandwich composites was according to the standards 

ASTM D7249 and ASTM D7250, with most steps the same as in the previous 

chapter about composite skin bending. Place the sandwich composite between 

a support span of 100mm and the bending head in the middle of the sandwich 

sample, which provides the load. The load cell applied was still 5kN, as most 

samples experienced a maximum loading of around 1000N, and the loading 

head rate was still moving at 2 mm/min. Like the previous RCF composite 

testing, half of the maximum load dropped was considered the point to stop 

each experiment. The load vs displacement data would be recorded for further 

property calculation, which will be explained in the chapter “formulas and 

calculations”. 

However, some differences are still applied, including sample dimensions, 

related property calculations and deflection measurement techniques. The 

sandwich plates were cut into beams with a width equal to two times their 

thickness which is the minimum value required in the standards; the length was 

not modified, maintaining the 150mm. Also, since the sandwich composite 

samples were much thicker (around 15.6mm to 16.4mm) than those 3mm RCF 

composite samples, the built-in deflection measurement of the load head was 

not able to measure the accurate deflection as composite sandwich deformation 

would also take place during the test, but the actual deflection of the sample 

was on the bottom skin. Thus, a reflective tape was used on the middle of the 

sample bottom skin, and a reference point was fixed on the span holder. A laser 

displacement meter was used to measure the relative position of these 

reflective tapes during the test, and the displacement was considered the actual 

deflection of the samples and recorded together with the load data for further 

calculations.  
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3.3.4 Drop Tower Impact Test 

As mentioned in the introduction, one of the current popular advanced truck 

panel materials is the sandwich composite with glass fibre-reinforced plastic as 

skins and polyurethane or polyvinyl chloride foam as a core structure; a drop 

weight test machine is used to make a comparison of the impact resistance 

between woven glass fabric reinforced epoxy and the RCF composite skins to 

show how the RCF composite design could be applicable for truck panels in 

terms of impact properties. The setup of the drop tower is shown in Figure 16; a 

platform at the bottom part of the machine was used to clamp and hold the 

sample panels and prevent any fluctuation after the impact. The test pin was 

attached to a drop weight connected to the track system on the drop tower 

tunnel on the top. The big metal rod with a spring on it was used as safety 

equipment to stop the whole dropping component damage the sample or 

injuring the operator during reloading when the chamber was opened, and the 

smaller one below it was used to catch the impactor after the impact to make 

sure that only one collision taken placed during the experiment for one sample. 

During one experiment, the impactor would be first lifted to the desired height to 

gain a desired potential energy and would convert to specific kinetic energy, 

which controls the amount of desired impact energy. After the collision, the 

impactor would be rebounded at a certain height and then be captured by the 

small safety rod to finish that experiment; the rebound height could reveal the 

residual energy impactor have and the difference between the original high and 

rebound height would be utilised by the machine software to show the impact 

energy absorbed by the test sample. 
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Figure 16. Drop tower impact tester 

As most impact damage to the lorry-related panels was slow-speed impact 

coming from human step pressure, items dropping or heavy items fluctuating on 

a bumpy road, the low-speed impact was performed in this research and the 

velocity was always below 3m/s (40). Also, it could be imagined that the impact 

energy of any collision that could take place to a floor or side panel of 

commercial lorries/vans would be very limited, thus, small energy would be 

enough to show the comparison of different panel materials as such application 

(40). However, as it is shown in this similar work with bus floor panel impact 

research (40) That minimal energy, such as 1.31J or 2.26J, would not leave any 

visible damage on the sample, so it was decided to use their largest impact 

energy, 6J, for the tests in this research to show a clear damage pattern to 
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make a comparison together with the energy absorption rate. This energy would 

equal to an object weight of 0.6 kg free falling from one meter hight, which is 

already a relatively rare example of a significant impact in reality for such panel 

materials in vehicles. 

All the samples for impact testing were cut into the dimensions of 

thickness*150*100mm, the same as the compression moulding. The samples 

were tried to maintain a constant thickness for comparison, but due to the 

inconsistency of the RCF mats, all the RCF composites still had a variation from 

2.8-3.1mm thickness, while all the glass fibre composites were maintained at 

2.9mm thick. Three sandwich composites (the final product design in this 

research with pure RCF composite skins) with the PET foam core were also 

tested under the drop tower compared to the RCF composite skins. However, 

due to the overall thickness of these sandwiches, only the energy absorption 

could be compared, and the burst damage on the rear side of the impact test 

could not be shown.  The comparison made from the impact test results was 

only focused on the energy curve changed with time. Corresponding velocity 

and force were not deeply studied as the energy could show the material 

energy absorption rate most straightforwardly. Also, the visible damage on both 

sides of the sample was used together with the energy absorption rate to show 

the sample characteristic under such an impact.  
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3.3.5 Formulas and Calculations 

In the research, the load vs displacement data is one of the most important 

results obtained from single fibre tensile tests, RCF composite tensile/bending 

tests and sandwich composite bending tests. Although all these data would 

show similar appearance and post-processing techniques for calculating the 

strength and modulus values, the related equations would be significantly 

different.   
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3.3.5.1 Calculating Tensile Properties, Single Fibres & RCF Composites 

Calculating the strength and modulus of the single fibre samples from their 

tensile results was the most straightforward one, which does not need specific 

equations for explanations as stress could be obtained from the load and the 

fibre diameter directly while the strain could be obtained from the displacement 

and the original fibre length within the testing window. The results obtained from 

the single fibre tensile testing may contain a ‘flat’ region with only displacement 

to increase due to the fibre bonded inside the testing window not being perfectly 

straight, and the sample fibre would be pulled straight before the actual tensile 

test has taken place. However, as the carbon fibres were perfectly elastic during 

the test, a nearly straight load vs displacement plot could always be obtained, 

and thus, the calibration to eliminate that ‘flat’ region only required a shifting of 

the data to the left onto the origin point and recalculating the actual original 

length of fibre for actual strain calculation. The strength of the tensile data could 

be obtained using the maximum stress of the fibre experienced before breaking 

with the strain at that particular point, and the modulus would be calculated 

using the slope of the stress-strain curve (nearly a straight line for a single 

carbon fibre). 

Similar to the single fibre tensile calculations, obtaining the RCF composite 

tensile properties from the tensile test is also straightforward. The stress could 

be calculated simply by the thin testing region's force and the original cross-

sectional area. The strength of the sample could be obtained from the maximum 

stress and the elongation at any moment from the calculations of the current 

position difference of the two reflective tapes and their starting position 

difference. When plotting all the stress and elongation, the initial straight line 

(when elastic deformation takes place) could be used to obtain the tensile 

modulus of the RCF composites.  
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3.3.5.2 Mixing Rule for Composites 

The actual properties of the sandwich composite skins could be complex to 

estimate due to the random orientation and random length of carbon fibre in the 

RCF mat; However, the calculation for it was straightforward. In this research, 

the properties of PP / RCF composite were estimated by mixing rules as shown 

in Equation 1 with the assuming unidirectional property of RCF was around 30% 

of virgin carbon fibres (typical carbon fibre modulus value of 228 GPa) at about 

70 GPa as they showed around 40% of woven virgin carbon fibre properties in 

composite (29).  

𝑬𝒄𝒐𝒎𝒑𝒐𝒔𝒊𝒕𝒆 = 𝑬𝒇𝑽𝒇 ∗  𝑬𝒎𝑽𝒎                             Equation 1: Composite mixing 

rule 

Where Ecomposite is the overall composite modulus estimated, Ef and Em are 

moduli of fibre and matrix, respectively; Vf and Vm are volume fractions of fibre 

and matrix, respectively. 

Thus, the RCF skin modulus was assumed to be around 15 GPa (20%*70 + 

80%*1.2) when the fibre volume fraction was about 20%. The modulus of mixed 

composite skin when other unidirectional fibres were involved, such as the flax 

fibre / RCF self-sandwiched skin, was also predicted in the same way where the 

self-sandwich effect was assumed not significantly influence the overall 

properties. Thus, a mixed skin designed to contain about 60% flax fibres and 

40% RCF fibres by volume at a total fibre volume fraction of around 30% was 

assumed to have a modulus around 18.2 GPa (18%*50 + 12%*70 + 70%*1.2).  

On the other hand, Equation 1 was also used to calculate the effective modulus 

of the actual RCF mat from the composite modulus obtained via the bending 

test of RCF composite samples.   
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3.3.5.3 Calculations Related to Bending Results 

Calculating sandwich mechanical properties from bending test results involves a 

transformation process that converts the low modulus core materials into the 

same composite skins at a lower modulus, as shown in Figure 17 (101). 

 

Figure 17. Schematic diagram to illustrate effective core width 

Thus, an adequate width would be needed for further calculation and could be 

obtained through Equation (2). 

𝒃𝒆𝒇𝒇𝒄𝒕𝒊𝒗𝒆 =
𝑬𝒄

𝑬𝒔
 𝒃𝒔𝒂𝒏𝒅𝒘𝒊𝒄𝒉  Equation 2: Effective width for sandwich composites 

Where beffective is the effective width of the converted I beam, Ec and ES are core 

and skin modulus, respectively, and bsandwich is the overall sandwich width 

before conversion. 

After the conversion, such I beam could be considered to have an overall 

thickness of t mm, the core thickness of c mm, also known as the distance 

between the two skins, the overall width b mm, and the effectiveness width be 

mm of the I bar. Thus, the second moment of area I, also known as the area 

moment of inertia for this converted beam on the x-axis (which is located in the 

middle of the sample, parallel to both skins. For the case in this research where 

loading was applied perpendicular to the area formed by width and length, went 

through the thickness) could be calculated through Equation (3) (140).  

𝑰𝒙 =  
𝒃𝒆𝒄𝟑

𝟏𝟐
+ 

𝒃

𝟏𝟐
(𝒕𝟑 − 𝒄𝟑)  Equation 3: Second moment of area after effective 

width conversion 

However, due to the very low core elastic modulus compared to the skins, the 

effective width is minimal, which could be neglectable. This is understandable 

as one of the primary functions of the core materials was to separate and hold 
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the two composite skins apart, which allowed a higher bending property and 

stiffness and the main loading experienced in the core was the shear stress. 

Thus, the first term for calculating the second moment of inertia could be 

ignored, and for this converted sandwich beam, “Ix” could be only related to 

width, core thickness, and skin thickness. 

The result obtained from the bending test was mainly a curve of loading against 

displacement, which could be used to determine the overall sandwich 

composite flexural strength and modulus. It is known that for a beam under 

bending conditions, the flexural strength (σ) could be calculated through 

Equation (4): 

𝝈 =  
𝑴𝒚

𝑰𝒙
                            Equation 4: Flexural strength 

Where M is the bending moment (N.mm), and y is the distance from the nature 

axis (mm) (y is equal to half of the thickness). Thus, to calculate sandwich 

flexural strength, Equation (3) could be input into Equation (4) which would 

become the following state.  

𝝈 = 𝑴𝒚
𝟏𝟐

𝒃(𝒕𝟑 − 𝒄𝟑)
 

To solve this equation, the relationship between the moment and the supporting 

span during a three-point bending needs to be included, as shown in the Figure 

18, which shows the loading state during a three-point bending test. When a 

loading F was applied in the middle of the beam, the overall load for the beam 

was balanced as no velocity was presented (deformation was not counted). 

Thus, each supporting point would provide ½ F for the conservation. Ignore the 

presence of the sandwich beam out of the supporting point (Though the length 

of this part could also affect the shear behaviour under bending to some extent, 

this effect could be ignored when the length of this part compared to the overall 

supporting length is insignificant.) and set the left support point as an origin, x 

as the length at this beam (x = 0 on left supporting and x = S on the right 

supporting). When x < ½ S, the overall moment would be equal to ½ Fx towards 

the upside, when ½ S < x < S, the overall moment would be equal to ½ (FS-Fx), 
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which showed that the beam moment would be maximum at the middle point (½ 

S) equal to ¼ FS.  

 

Figure 18. Loading state during the 3-point-bending test 

 

Applied the maximum moment for the above calculations, Equation 5 could be 

derived to calculate bending strength. 

𝜎 =  
𝐹𝑆

4
∗ 

𝑡

2
∗

12

𝑏(𝑡3 − 𝑐3)
 

𝝈 =  
𝟑𝑭𝑺𝒕

𝟐𝒃(𝒕𝟑−𝒄𝟑)
    Equation 5: Strength for sandwich composite 

Where F is the force applied (N), S is the supporting span length (mm), t, b & c 

are sandwich thickness, width and core thickness respectively 

Deflection of three-point bending could be calculated by following Equation as 

showed in the Cambridge Structures Databook (141) when maximum load is 

acquired from test and the modulus was from materials data sheet. 

𝐷 =  
𝐹𝑆3

48𝐸𝐼
 

Thus, when the deflection was obtained from the bending test, overall modulus 

for the sandwich composite could also be calculated using Equation (6) which is 

derive from above Equation with the application of Equation (3) together: 

𝐸 =  
𝐹𝑆3

48𝐷𝐼𝑥
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𝐸 =  
𝐹𝑆3

48𝐷
∗

12

𝑏(𝑡3 − 𝑐3)
 

 𝑬 =  
𝑭𝑺𝟑

𝟒𝑫𝒃(𝒕𝟑−𝒄𝟑)
    Equation 6: Modulus for sandwich composite 

For the case when PP/ RCF composite skins were tested only under the 

bending, all the calculations could remain the same but just a difference in the 

second moment of area (Ix) which turned into bt3/12 for the rectangular cross-

section with width b and thickness t. 

Equations (5) and (6) could be used to calculate the strength and modulus, 

respectively. Although it seems like these two equations were fully customised 

for sandwich composite calculations only, they could also be utilised for RCF 

composite skins to determine the strength and modulus. As both sets of 

experiments were three-point bending, the coefficient, width, displacement, and 

load would be used the same way for both sandwich composites and the RCF 

skins. However, due to the present core materials in sandwich composite, 

thickness and second moment of inertia related parameters would be different. 

Thus, when using the Equation (5) for RCF skin strength calculation, core 

thickness is equal to zero, and one thickness appeared both on the numerator 

and denominator could be eliminated, which forms the following equation: 

𝝈 =  
𝟑𝑭𝑺

𝟐𝒃𝒕𝟐
    Equation 7: Strength for RCF composite skin 

And when using the Equation (6) for the RCF skin modulus calculation with the 

help of an addition rectangle Ix value bt3/12 could be written in following form: 

𝑬 =  
𝑭𝑺𝟑

𝟒𝑫𝒃𝒕𝟑
   Equation 8: Modulus for RCF composite skin 

Both results obtained for RCF skin and sandwich samples were in similar styles 

as load vs displacement plots. Some results would contain a tiny curved “tip” 

region at the beginning, but other results would be directed straight from the 

origin point. This was due to the contact between the sample and 

supporting/loading roller that some samples may have their position slightly 
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adjusted when the pressure was applied until they had been ‘stuck’ between the 

rollers. 

3.3.5.4 Prediction and Simulation of Sandwich Bending 

Sandwich composite behaviour under the three-point bending was predicted by 

both equation calculations and simulation from FEA analysis. Sandwich 

composite with identical skins under three-point bending test, the deflection 

could be calculated through the follow Equation (9) regarding to ASTM standard 

D7250 (107) 

 𝑫 =  
𝑭𝑺𝟑

𝟒𝟖𝑬𝑰
+

𝑭𝑺𝒄

𝟒𝑮𝒃(𝒄+𝒕𝒇)
𝟐   Equation 9 prediction of sandwich bending behaviour. 

  

Where F, S, c, and b had come across on the above equations as loading, 

supporting span, core thickness and sandwich width, respectively; D is the 

deflection under load (mm), EI is the flexural stiffness (Nmm2) (rigidity, product 

of moment of inertia and skin modulus), G is the core shear modulus (MPa or 

N/mm2), tf is the (single) skin thickness (mm) 

The two parts contributing to the sandwich deflection in this equation were 

independently relaying skin bending rigidity and core shear modulus. During a 

sandwich bending process, there could be almost no skin shear, and the core 

elastic modulus is too small to contribute to the core bending; thus, both could 

be ignored. This equation could be used to calculate the skin rigidity and core 

shear modulus, respectively, with different sets of loads and displacements; 

however, due to the fact that sandwich composites would have relatively large 

plastic deformation zones especially common in thermoplastics. The skin rigidity 

and core shear modulus results would have relatively significant fluctuations; 

thus, statistical analysis is required. Equation (9) could also be used to predict 

the sandwich deflection under an increasing loading with known material 

properties (skin moduli/geometries and core shear modulus). However, such 

prediction would be a linear relation and thus become inaccurate when the 

plastic deformation appeared during the test. 
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Finite element analysis was also used to simulate the sandwich composite 

sample beams. The following assumption was made to reduce computation 

time and improve the numerical efficiency: (1) core materials were perfectly 

homogeneous and isotropic; thus, shell elements could be applied to the model. 

(2) Bonding between the composite skins and core materials was strong 

enough; thus, the failure would not occur due to poor bonding strength. (3) 

Skins are stiff enough so the distortion of core cells would not disrupt the skin’s 

in-plane deformation. Properties of skins and cores used in the FEA models can 

be found in Table 2 which was calculated via row material property and 

composite mixing rules. Both models of the pure RCF and mixed skin samples 

were subjected to two boundary conditions: Simple support at the ends and 

force at the centre of the beams. 3-point bending analysis was performed to 

obtain deformation responses at different load levels and recorded together for 

load-displacement plots. As a simple linear prediction was performed, thus only 

the elastic behaviour of the samples could be analysis and compared. The solid 

186 (20 nodes) were used to build both sandwich samples and total nodes of 

6034 and 6938 were presented in the pure RCF and mixed skin samples 

respectively. The degree of freedom was allowed in both x, y and z directions.  

Table 2: Materials properties used for FEA 

Type of 
Material 

E1 (GPa) E2 (GPa) 
G12 

(GPa) 
G13 

(GPa) 
G23 (GPa) μ12 

Density 
(kg/m3) 

RCF  
skin 

14.96 1.49 0.52 5.72 0.50 0.4 1034 

Hybrid  
skin 

15.24 1.51 0.6 8.07 0.61 0.41 1085 

PET  
foam 

0.12 0.12 0.018 0.018 0.018 0.43 100 
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4 Results: Single Fibre Tensile Tests 

This research aimed to design and manufacture a fully sustainable sandwich 

composite and identify its potential application in automotive industries. Thus, in 

this chapter, various testing results will be presented, some valuable 

observations during sample manufacturing and testing will be included, and a 

comparison of this panel design with commonly used vehicle panel materials 

either from literature results or a case study will be presented for evaluating the 

potential application. 

As the objectives presented in the introduction chapter, there were five main 

targets in this research: literature review, single recycled fibre evaluation, RCF 

composite skin evaluation, fully recyclable sandwich evaluation and potential 

applications in automotive. Thus, except for the literature review presented in its 

chapter, the rest four topics with an additional testing comparison part would be 

presented in the following chapters. 

First of all, experiments related to RCF mat were operated to have a better 

understanding of the behaviour of this material, including the study of single 

fibre properties to see the influence of the recycling process in this chapter and 

the study of the composite tensile/bending to see the overall fabric (mat) 

performance inside a polymer matrix in the next chapter.  
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4.1 Single Fibre Tensile Results 

The results of the single fibre samples are shown in Figure 19. Some examples 

of the image captured during fibre diameter measurement were shown on the 

top. The overall diameter distribution of all effective samples (those samples 

failed during handling and cutting to fit in the tester appropriately) for both the 

recycled carbon fibre and virgin one (PX35). The data obtained from the tensile 

test (load vs displacement) was converted into stress vs strain with the help of 

fibre diameter and original length (after calibration). The maximum stress in 

each data represents the samples' strength, and the best-fitted line slope in the 

stress-strain curve represents the modulus. The strength and modulus of all 

valid samples were counted, and their distribution was shown in figure 19 with 

the average value and standard deviation. Except for the virgin carbon fibre 

sample strength distribution, which has only 21 data points due to five invalid 

results with an abnormal elongation value (from 0.3%-0.7%, which could be a 

result of damage during handling), all other distributions include 26 valid results 

as no abnormal elongation was not found in RCF fibre samples, and it would 

not affect the modulus results for both fibre types. 
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Figure 19. Single fibre samples diameter examples and the distribution with 

average values and variations (a)i&ii, diameter distribution (b)i&ii, strength 

distribution (c)i&ii. modulus distribution   
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4.2 Discussion on Single Fibre Results 

The single fibre tensile test results and average values of fibre diameter and 

mechanical properties are shown in Figure 19. As mentioned before, two types 

of fibres were included in this comparison, recycled carbon fibre and a 

comparison group of virgin fibre PX35. The fibre properties of the PX35 were 

listed in the materials section in “Methodology”, the average fibre diameter of 

7.1mm, a strength of 4137 MPa and a modulus of 242 GPa. The resulting 

distribution of the virgin PX35 fibre was utilised for comparison with RCF single 

fibres, and the average values were used as a reference for the accuracy of the 

tensile tester. As shown in figure 19, the strength (3710 ± 490 MPa) and 

modulus (256.3 ± 24.2) of the virgin fibre did cover the value suggested in the 

datasheet, which could indicate that the results tested from the tensile tester are 

accurate and reliable. The variation coefficients,13.2% for strength and 9.4% for 

modulus, are also proof of reliable data tested. On the other hand, the 

distribution of the results indicated that even with commercially available virgin 

carbon fibres, the consistency between single fibres could still be limited. Even 

the diameter of the virgin fibre samples showed an average value of the same 

as the datasheet suggested at 7.1 mm, which is still distributed with a wide 

range from 6 to 9 micrometres. 

The recycled single fibres had a variation coefficient of 19% for strength and 

24% for modulus, which is still acceptable to say these data were reliable. 

However, more samples would be preferred when having such single fibre 

tensile testing for RCF fibres, such as double or triple the samples tested in this 

research, to improve the accuracy and reduce the variations. The RCF fibres 

showed a similar average diameter as the virgin ones, and the average strength 

and average modulus were also similar. A slight difference in the distribution 

could be found that the RCF fibres showed a relatively broader range in both 

strength and modulus, although such a difference was not very obvious due to 

the limited number of samples tested and only several data presented in that 

broader range. Also, the standard deviation of all the properties from the RCF 

fibres was relatively more than those from the virgin fibres, indicating the RCF 

fibres have a broader range of distribution in properties. Such difference was 
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expected as the recycled carbon fibre should contain a range of different fibres 

with different mechanical properties as the fibre was randomly recycled from 

end-of-life composites which may come from different applications; however, 

due to the limited amount of RCF samples tested in the research, as well as the 

random fibre distribution characteristic and a wide variety of sources for the 

RCF mat. The distribution of these fibre samples picked from the RCF mat may 

only represent a limited area of the RCF mat, but other locations might contain 

different fibres having a broader range of properties. The similar single fibre 

mechanical properties between the RCF fibres and virgin fibres could prove that 

the recycling process did not have a significant influence on fibre properties, but 

the chopping and cutting process before the recycling was the main factor that 

significantly reduced the RCF mat properties. With only the single fibre tensile 

results, such conclusions were not that solid, but the difference would be more 

noticeable when including the behaviour of RCF inside the polymer matrix, 

which would be shown and discussed in the following chapters.  
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5 RCF/PP Composite Properties 

5.1 Effective Modulus Calculation 

Before presenting the results of the RCF/PP composites, the simple composite 

mixing rule needs to be mentioned again to facilitate the understanding of this 

chapter. It is well known that simple mixing rules were used for evaluating or 

estimating the composite modulus based on fibre/matrix volume fraction and 

their modulus. This method would be accurate enough when calculating 

uniformly distributed continuous fibres but could not predict randomly distributed 

discontinuous fibres. To make a simple comparison between the single fibre 

properties and the RCF mat properties inside a matrix, an ideal of effective 

modulus was utilised in this research based on the simple mixing rules, which 

assumed that the RCF fibre could fully be aligned and fully continuous and thus 

should have the same modulus as the simple mixing rule prediction of same 

fibre and thus, for example, a composite of 20% fibre volume should have an 

ideal 100% effective modulus of 49.22 GPa calculated from mixing rule 

0.2*241.3 (from single fibre tensile results in the last chapter)+0.8*1.2.  

However, the RCF mat would not have a fully aligned and continuous fibre 

inside. Thus, the assumption was that all the properties differences caused by 

the alignment and continuity were assumed to come from the original fibre 

modulus and, thus, where the effective modulus comes from. For example, if 

one RCF/PP composite modulus was tested as 24.61 GPa, which is 50% of the 

ideal model, the reason causing this was the alignment and continuity, while 

single fibre picked out from the RCF mat should still have an average of 241.3 

GPa. When using the compelling modulus ideals here, the effective fibre 

modulus would be calculated as 118.25 GPa ((24.61-0.8*1.2)/0.2) and would be 

considered to have an effective modulus of 49% (118.25/241.3). The effective 

modulus in this research needed to be used to evaluate the behaviour of the 

RCF mats, and thus it’s a comparison of fibre modulus. Such effective fraction 

could help to clearly show how much property reduction the alignment and 

discontinuity could have on the behaviour of carbon fibre inside a matrix 

compared to the modulus tested without the presence of matrix.  
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5.2 Composite Skin Tensile Results 

Due to the difficulty of cutting the RCF composite plate into the desired tensile 

specimens, only 12 samples were manufactured and tested. Three samples 

were fractured outside the required thin tested region and thus could not be 

counted as valid results, and in total, 9 samples with their results were shown in 

Figure 20. The variation coefficient of elongation, modulus and strength were 

16.9%, 3.5% and 12.7%, respectively, which shows sufficient data reliability. 

Also, one set of example plots of stress against strain and load against 

displacement from the tensile results; these two plots were identical but with 

different axis units. 

 

Figure 20. Example plot of PP/RCF composite (20% v.f.) tensile results and the 

table of overall results  

Research had three types of RCF/PP composite samples at a volume fraction 

of 6%, 12% and 18%, which showed an effective modulus calculated using the 

way in this research of around 13%, 20% and 22.6%, respectively (29). In our 

research, samples showed an average tensile modulus around 10.5 GPa, which 

could use same way (10.5 -1.2 (pp)*0.8 (pp v.f.))/0.2 (RCF v.f.) to evaluate the 

effective RCF mat modulus in composite as about 47.7 GPa which was around 
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19.8% of single fibre modulus 241.3GPa. Comparing these results and the 

research work (29), it could be considered that they were in line to show that 

RCF mat could have an effective modulus around 20% of original single fibre 

modulus during the composite tensile behaviour. Such value showed significant 

property reduction compared to the single fibre tensile test results. Thus, a 

conclusion could be drawn that even the carbon fibres could maintain a very 

good mechanical property after recycling process in the form of single fibre, the 

fibre length reduction, discontinuity and random orientation in the mat would 

have significant property reduction on the tensile behaviour within the 

composite. 
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5.3 Three Point Bending Results 

It was well known that tensile and bending properties could be different for layer 

materials, including these RCF/PP composites. Also, bending behaviour would 

be vital for potential panel applications in automotive. Thus, three-point bending 

testing of these composite skin samples was also included. As described in the 

"Methodology" chapter, most RCF composite sample strips for the bending test 

were 2.8mm to 3.1mm thick and tested with support lengths of 95mm. Although 

most samples were not uniform in width at both ends, thanks to straight cuts, all 

samples had an average width just in the middle, ranging from 12.3mm to 

13.5mm. The raw data obtained from the bending testing for the RCF composite 

skin sample strips would be a set of loads against displacements that could be 

plotted as shown in Figure 21 (a). Similar to the single fibre tensile results, the 

maximum load would be used in Equation (7) for calculating the strength of 

each sample. The modulus, on the other hand, is related to the slope of the 

linear region (between the two red dashed lines), and the difference between 

the span and displacement of the two sets of points selected in this linear region 

will be applied in Equation (8) to calculate the modulus of the sample. The 

calculated strength and modulus of all samples were counted, and the 

distribution, average values and deviations were shown in Figure 21 in sections 

(b), (c) and (d). In total, 58 sets of valid results with sample volume fraction 

controlled with 19% to 21% were obtained, with 30 from sheet PP samples and 

28 from powder PP samples; thus, the total and separated distribution were 

presented to see the effects on the results of these two raw materials forms. 
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Figure 21. (a) example of RCF composite sample bending result; (b) mechanical 

properties distribution of RCF composite samples: overall distribution of 

strength (i) and modulus (ii); (c) mechanical properties distribution of PP-sheet 

samples strength (i) and modulus (ii); (d) mechanical properties distribution of 

PP-powder samples strength (i) and modulus (ii)   

The RCF composite bending results were mostly in the style as the example 

shown; this was because the highly ductile polypropylene was used as the 

composite matrix as well as a limited sample total elongation could be 
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experienced with those rollers that supported the bending samples; thus, more 

deflection could be achieved without the matrix being fully fractured, and the 

load would not drop to zero immediately after the failure occurred as single 

carbon fibre did. Instead, a continuous dropping loading with more displacement 

would be presented in the testing of RCF composites, and a much longer time 

was needed to break the sample entirely apart. Also, just like what is shown in 

the image after the maximum load was achieved, there was a slight drop in the 

load but it raised again, which was due to the semicrystalline characteristic of 

polypropylene. Sometimes, such a second peak was lower than the first one, as 

this example image shows, but in other cases, this peak could either disappear 

or high than the first maximum load, and this was why the test needed to be 

stopped manually once the load dropped more than 30-50% of the maximum 

load achieved to both saving the testing time and ensure the maximum load has 

appeared. 

The overall modulus of RCF composite from both matrix forms (sheet or 

powder) could be used together with those single fibre tensile data to provide a 

better understanding of the RCF mat. The variation coefficient of the overall 

modulus was 11.1% which means this set of data was reliable. However, this 

value significantly differs from the single fibre properties (241.3 GPa) tested 

during the tensile. By comparing the effective modulus and the average single 

fibre modulus in the RCF mat, it could be concluded that after the reduction in 

the fibre length and became discontinuity and randomly oriented, the recycled 

carbon fibre mat only shows a ‘remaining’ bending modulus of around 31.5%. 

This comparison could indicate that despite some damage that may occur 

during the recycling process, the loss of fibre length, continuity and orientation 

during the cutting and chopping stage before the recycling could be the 

significant property deduction stage for the fibres. This conclusion was slightly 

lower than the data sheet information which the RCF mats could show about 

37% effective modulus in transverse direction inside a composite. 

Also, an interesting result was noticed, showing that the polypropylene and RCF 

mats were a better combination for bending and compression applications than 



 

100 

tensile applications as the composite tensile property were only about 2/3 of 

their flexural ones. The reason for this will be concluded from their failure 

difference shown in Figure 22 in the chapter 5.5 ‘failure of samples’ as only tiny 

cracks could be founded on the bent samples at their rear side; these 

composite samples would not fracture into pieces, and the matrix still holds 

most fibre inside to help transfer and distribute the load. It has been mentioned 

in this report that the RCF mat contained chopped fibres at a limited length; the 

matrix is a significant element in connecting all the random fibres when taking 

the load. Thus, the bent samples having most matrix still connected survived 

from a relatively more minor total elongation under the sample deflection state 

could help the whole sample to take more load. On the other hand, the tensile 

samples that experienced a direct elongation could have matrix easily fractured, 

thus not able to take any load even if the fibre inside was not broken. 

In conclusion, this section generally presented and discussed the flexural and 

tensile testing of RCF/PP composites, as well as a comparison of some 

literature results to better understanded the RCF mats in both their single fibre 

state and the overall performance in matrix. With the results and discussion 

presented in last chapter about the single fibre tensile testing, one of the main 

conclusions could be drawn that the recycling process to extract fibre from the 

composite materials did not cause too much fibre property loss, which is 

consistent with literature results, at least these recycled fibres were at the same 

properties magnitude compared with the virgin fibres. The RCF mat compared 

with continuous unidirectional carbon fibres inside a matrix, does lose a lot of 

mechanical properties that it only has 31.5% residual flexural modulus and 

about 20% tensile modulus under the same matrix and volume fraction. The 

leading cause of such significant performance loss is identified as the result of 

the cutting and chopping stage before the actual recycling, which significantly 

reduced the fibre length and caused discontinuity and randomly orientation.    
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5.4 Controls of the RCF/PP Composite Manufacturing Process  

Before the actual manufacturing process using the compression moulding of 

composite samples, a small tablet test was conducted to help understand the 

RCF and PP under compression and the processing temperature. A cylindrical 

hole with a diameter of 20 mm was drilled in the middle of a cylindrical steel 

column, and two round steel bars with a diameter of 20 mm were inserted into 

this hole from two sides to act as the two moulding plates for the compression. 

The area was calculated, and some weights were placed on the top of one steel 

bar to provide the pressure needed for the compression process. This small test 

rig was aimed to mainly verify the best-fitted temperature and pressure for 

manufacturing the RCF-PP composites. Although the reference temperature in 

the DSC results suggested the melting temperature (peak) at around 161°C, 

these results were obtained within a fully closed chamber in good thermal 

insulation conditions. The actual temperature needed for the compression 

moulding with gaped at mould edges that allowed trapped air bubbles and 

excess matrix to flow out might be different. The pressure needed for the RCF-

PP composite manufacturing was selected from the literature at 5 MPa, but it 

turns out that this value could again be different based on different 

polypropylene forms and different RCF mat thicknesses. 

In this small tester, some interesting results have been discovered. First of all, 

due to the design of this instrument, to avoid the steel bars at both ends being 

stuck and unable to be taken out, there was no set of gaps. The steel bar wall 

and the inner wall of the steel column are tightly fit, so the tablet composites 

produced contain large air bubbles that cannot be expelled. This implies why 

the actual composite manufacturing mould needs to have a larger gap on the 

sides to allow the elimination of trapped air. Through experiments on this test 

rig, it was also found that when powdered PP is used as the matrix, the 

pressure required to press the composite is much less than that of sheet PP 

(only around 1MPa was needed). The temperature was also studied through the 

small test rig, and it was found that about 161°C in the materials would be 

sufficient for the compression process. However, to achieve such a 

temperature, the mould (steel test rig components) temperature would be more 
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than 165°C due to the thermal energy lost to the surrounding environment. Also, 

due to the small test rig having a nearly closed chamber, air bubbles would 

remain inside the samples as well, but no air from the surrounding environment 

could contact the sample during the compression process. An extremely limited 

amount of oxygen was presented within the chamber, and thus, it was founded 

that there was no noticeable polypropylene degradation (clean samples with no 

yellowish found by the naked eye) even with a temperature up to 250°C inside 

the small test rig. It has been found through small test rigs that during 

compression with only load from the vertical direction, a very small number of 

fibres will be displaced along the in-plane direction, which could be negligible 

because the fibres inside the RFC mat were entangled together. Thus, in this 

research, the fibre’s initial and final composite weight were utilised with the 

density of both fibres and polypropylene to calculate the fibre volume fraction 

and overall density. Also, due to this method used in this research for controlling 

the RCF composite volume fraction, a range of RCF mat weight causes the final 

RCF composite samples to have a range of thickness with the same volume 

fraction. 

After testing on a small test rig, the actual fabrication of RCF composites started 

as in the methodology section, the manufacturing initiated with sheet PP and 

the RCF layer (around 0.7mm at normal state and around 0.4mm after press). 

Most samples were controlled at a 20% volume fraction but had a range of 

thickness from 2.8mm to 3.2mm due to the different area weights of the RCF 

mats selected. With the help of the edge gaps between the male and female 

mould, excess polypropylene and air bubbles could be eliminated. They can be 

told through the observation of the side excess PP walls on the sample plate 

manufactured that big bubbles on the sides indicate a poor quality inside the 

composite as there was not enough displacement of PP to the sides, and air 

bubbles can still be trapped inside the matrix (due to the high viscosity of PP, a 

large amount of air bubble would tend to move together with PP flow). In 

contrast, tiny air bubbles in the side walls indicate a good filing inside the 

composite. An excess amount (about 20-30%) of PP was needed during the 

manufacturing to ensure it was enough to squeeze out the air presented inside 
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the RCF mat. Also, the side walls formed by the excess PP could be used to tell 

any significant degradation that could be noticed through naked eye observation 

as the yellowish colour would be presented with degradation of polypropylene 

and the excess side wall region having a best air exchanging condition where 

the degradation would be most likely to initiate. It was noticed that different from 

the small rig test, which had a nearly closed chamber and did not show any PP 

degradation at 250°C, the PP inside the compression moulding process would 

start to show degradation at around 180°C, and the further temperature seems 

to speed up the degradation process, a longer processing time after 180°C 

could also increase the degradation level. Thus, in this research, when placed 

the samples inside the mould and started to heat, the manufacturing needed to 

be carefully controlled to just above 161°C before the compression load was 

applied, and the processing time was preferred to be fast, both reducing the 

degradation risk and improve the manufacturing cycles for industrial rapidity 

need. This degradation temperature was in line with the literature that PP would 

start to degrade only above 280°C but could have thermal assistant oxidation 

around 180°C. 

As a comparison, a fine powder PP (around 30 micrometres) was used as the 

matrix material for manufacturing the RCF composites in similar stacking and 

compared to the sheet PP products. The mechanical properties, strength and 

modulus distribution of both samples can be found in the results section in 

figure 21. The variation coefficients of all results lay between 9.8% and 15.1%, 

indicating that all results were reliable. However, with the difference in average 

strength and modulus between the two types of RCF composite samples, no 

solid evidence could be found to say any possible difference between the 

powder samples and sheet samples in modulus, but the overall strength of the 

powder samples was a bit smaller. The smaller strength could be a result that 

some tiny air bubbles may remain in some samples as the quality of the 

composite was determined using the side walls, but powder samples tend to 

have a lot of tiny air bubbles on the side wall due to the powder characteristic 

and not related to the filling quality. Some powder may not fully melt and 

resolidify together as when entirely breaking the powder PP samples apart; a 
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tiny white mist could be found, which was considered some powder particles. 

This could be further indicated from the bending results that both the strength 

and modulus for the sheet PP sample had a similar variation coefficient of 

around 13-14% in modulus, but the powder samples had a noticeable difference 

(around 5%) in the strength compared to the sheet ones. As defects would tend 

to have more effect on the tested strength compared to modulus, it was 

considered that such variation difference was formed by the minor defects, 

including air bubbles or non-sintered particles.  

Such an issue would not be faced by the sheet PP samples, but the 

manufacturing process related could be more complicated as the low flowability 

of melted PP. In this study, due to the difficulty of filling, the sheet-like PP needs 

a pressure of about 5MPa to achieve a better-finished product, while the 

powder usually only needs a pressure of about 1MPa. When the pressure is 

applied after the mould reaches a suitable temperature, the sheet PP samples 

often require 20-30 minutes to reach the desired thickness, while the powder 

sample usually can be pressed within 5 minutes. When considering the 

processing time, it must be mentioned that the time loss is significant when the 

compression machine is used to heat up and cool down in this experiment. It 

usually needs about 40-60 minutes to heat the whole component to the required 

process temperature, and another 30-50 minutes would be needed when 

cooling is applied. This time consumption is very high, but, understandably, the 

conditions of this experiment are based on laboratory benchmarks, and the 

moulds and instruments are not designed for mass production. When such 

production is carried out in the actual industry, alternate heating and cooling of 

multiple moulds can be used, and the cavity of the compression machine can 

be maintained at the required processing temperature to reduce energy loss 

and speed up production efficiency.  

In this research, some chopped virgin fibre tended to be used to compare with 

the RCF composites similar to those single fibre tensile comparisons. However, 

due to the issues encountered during the manufacturing, imperfect composites 

were produced, and their results could not be utilised to make a property 
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comparison with those RCF composites. The chopped virgin fibre tows were in 

the form of randomly oriented bundles but were not entangled together. Thus, 

when the chopped fibre was spread inside the module, it tended to form a state 

like a paper formed from the fibre suspension and mainly packed up along the 

in-plane direction. No fibre could be aligned along the vertical direction and thus 

would produce a fibre layer thickness that could not be reduced by 

compression. This is different as that entangled fibre in RCF mats produced 

some level of support in the vertical direction, allowing more PP to flow (under 

compression) through the mats and provide a better filling. As well, there was 

only vertical compression with such a manufacturing technique. Some other 

techniques which provide a flow or pressure along the fibre direction, such as 

vacuum infusion, could be more suitable with the chopped fibres, but with the 

low flowability PP and compression moulding, the composite material produced 

would be similar to some pieces of paper inserted between polypropylene 

layers, which do not have a well mixing and forming a structure similar to a 

sandwich, with pure PP layers and pure fibres layers being physically bonded 

together. Thus, such results would not present well-mixed and filled sandwich 

composites and thus did not include in any comparison. Of course, these 

composite material samples can prove from the side that RCF mats and PP and 

compression moulding are a more suitable combination. However, RCF in other 

production techniques such as vacuum injection moulding, this support 

force/fibres in the vertical direction will become a disadvantage hindering the 

flow/filling. 

In general, this section discusses the impact of various parameters and 

materials on the production process, from the initial small test rig to the 

compression moulding used in formal production, including the temperature, 

pressure and process time required. At the same time, this chapter also 

discusses some possible effects of various parameters on sample quality and 

performance. Finally, this chapter could make some conclusions that the 

powder PP samples had a smaller flexural strength, but no significant modulus 

difference compared to the sheet PP samples but required a much lower 

processing pressure and time. A more detailed comparison between the overall 
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life cycle benefits and drawbacks of using powder or sheet PP will be discussed 

in the Life cycle analysis section.  
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5.5 Failure of Samples 

Figure 22 shows some examples of RCF composite skins samples (a) after the 

three-point-bending test and (b) after the tensile test. The top face failure areas 

where contacting with the load head during the bending test and were circled in 

blue with the magnified image on the right hand side next to the blue circle 

mark. The failure areas on the bottom face of the bending tested samples were 

circled in red and the magnified image on the right hand side next to the red 

mark as well. The bottom was where maximum tensile strength occurred during 

the bending test while the top experienced the maximum compression strength, 

thus it could be founded that the red area showed more polypropylene 

elongation (turning white) and cracks while the blue area showed some 

buckling. Overall, the displacements in bending samples were smaller than 

tensile samples. A clearer polypropylene elongation region and a more 

apparent crack could be found in the tensile samples, as shown in Figure 22 

(b).

 

Figure 222. (a) RCF composite samples after the three-point bending test, (b) 

RCF composite samples after tensile test 

Except the randomity of the RCF mats and thus a not perfectly uniformed 

compression, such failure difference was considered to be one of the major 

reasons to cause the difference of the bending and tensile properties of the 
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RCF/PP composite skins. As less displacement inside the bending samples, 

polypropylene could still hold the sample together and transfer the load onto the 

fibres that allowed such composite to have a better bending performance.  
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6 Sandwich Composite Properties 

6.1 Sandwich Bending Results 

The results of the two types of the sustainable sandwich composite were 

treated the same way as those RCF composites. Figure 23 shows a set of load 

vs displacement data examples of (a) pure RCF skins samples and (b) mixed 

skins samples with an example of the FEA simulated results. The difference 

and layup for the two sandwich composite (skins) were explained in chapter 

3.2.1, ‘Composite skin manufacturing’ in Figure 12. The pure RCF composite 

skins were at a volume fraction of 20% same as those samples tested in RCF 

composite results. The mixed skin was at a volume fraction of 30%, with 12% of 

them from the RCF mat and 18% of them from flax fabric.  The example plot 

contains the actual experimental result in blue (till the maximum load was 

reached), the analytical prediction made from the calculation through Equation 

(9) in red, the FEA analysis in yellow and a black dotted recalibration line to 

eliminate the initial curved ‘tip’ from sample aliment when the testing started. 
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Figure 233. Sandwich beam bending result example: (a) pure RCF skin 

samples, (b) mixed skin samples  

There were only 5 valid results from the mixed skin sandwich composites 

(16.2-16.2mm thick) and 6 valid results from the pure RCF ones (15.3-

15.6mm thick). Thus, no distribution diagram was utilised for the sandwich 

beam bending results, but a list of average values in Table 3, including the 

calculated strength from Equation (5) and modulus from Equation (6), total 

material cost and density. The material cost was estimated from particular 

materials costs per unit weight and the weight constitution of the sample 

composite. The density was estimated from initial fibre weight, final product 

weight and raw material densities, which were kept constant during the 

manufacturing (some PP would be pressed out as excess to allow better 

filling in the product; thus, the matrix weight would not keep constant during 

the process). 

Table 3: Sandwich composite properties 

Sample 
Property 

Flexural 

strength (MPa) 

Sandwich bending 

modulus (GPa) 

Material cost  
(£/kg) 

Density 
(kg/m3) 

Density 
(kg/m2) 

RCF skin 
sandwich 

76.7 ± 8.8 2.21 ± 0.31 7.1 562 6.8 

mixed skin 
sandwich 

41.9 ± 6.8 1.15 ± 0.21 6.7 551 8.0 
 

There were only 5 to 6 samples tested for the two types of sandwich composite 

samples, the pure RCF skins sample and the mixed skins sample. Thus, no 

distribution diagram was created for the composite samples, and the properties 

were directly presented in Table 3 with their average values and standard 

deviations. In figure 23, an example of both sample types was shown with their 

actual experimental plot of load against displacement, (modulus) correction line, 

FEA results and the analytical prediction made from material properties with 

Equation 9 were also presented together. The blacked dotted line was the 

correction line used to modify the small ‘tip’ that appeared in the initial 

experimental results due to the sample rearranging itself under the load to be 

fully ‘clamped.’ The correction would affect the actual displacement; thus, both 

predictions were moved to the same intersection point between the correction 



 

111 

line and x-axis. The actual displacement is a factor included in the calculation of 

sandwich modulus in Equation (6), and same as previous treatments, 2 

separated points would be selected within the black dotted line for calculating 

the sample modulus. The sandwich strength, calculated using Equation (5), was 

only related to the maximum load achieved and thus would not be affected by 

this correction. All the samples were kept tested until the load was dropped 

more than 50% of the maximum load, the same as other bending experiments 

but due to the limitation in the image size. However, it was not meaningful to 

show a continuous line kept flat till 20-30 mm deflection until failure; thus, only 

the initial part of the diagram, as shown in the example results graph. 

By comparing different lines in the load and displacement plot, it could be 

concluded that the prediction made from the calculation using raw material data 

in Equation (9) and the prediction from the FEA were similar. As the FEA was 

simulated based on a static loading condition with the foam material assumed 

as elastic elements, thus it was not able to predict the actual deformation when 

the whole sandwich beam stepped into the plastic zone, which was those nearly 

flat regions. Similarly, the equation for predicting the sandwich behaviour was 

related to the effective modulus that turned the sandwich composite into an 

effective I beam, which, again, elastic properties were input inside the equations 

and thus unable to predict the further deformation behaviour. Both predictions 

show an underestimation compared to the modified line, representing the 

sandwich composite's modulus. However, the underestimation for the pure RCF 

samples was more than for the mixed samples, which can tell from the broader 

gap in RCF samples even with a broader displacement range shown on the x-

axis. This was believed to be a result of underestimating the RCF mat effective 

modulus as the prediction was made before the result analysis, which assumed 

only at 70GPa but was calculated to be around 76GPa from the RCF composite 

bending results in the previous chapters. The pure RCF skin contains 20% RCF 

mats in volume while the mixed skin contains only 8%; thus, the 

underestimation was more in the pure RCF sandwich samples. Despite the 

lower effective modulus of RCF mats used for prediction, both simulations did 

show a relatively accurate prediction of the sandwich behaviour before the 
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plastic deformation shows where the actual results plot starts to show a 

decreasing slope. 

Table 3 shows the calculated properties of both sandwich composite samples. 

The material costs and densities were estimated using the average value or the 

middle point of ranged values; thus, no variation was included. The strength and 

modulus were calculated from the test data by equations 5 and 6. Similar 

overall density was presented in both samples, but a much lower area density 

was shown in the pure RCF sandwich samples. This was due to the thickness 

difference that the RCF skins were at 2.8mm, but the mixed skins were at 

3.2mm. The effect of the skin and core thickness ratio on the overall density and 

area density can be founded in Table 1. As this research was aimed to replace 

currently used panel materials in vehicles for more sustainability, thus the area 

density was included in the property, which could be more straightforward to 

compare the materials for such applications. The material cost, on the other 

hand, would not show inconsistency difference as RCF was more expensive 

while the flax fibres were at a low cost and thus, the area costs were not 

explicitly listed. Both strength and modulus results, again, did show variation 

coefficients of 11.5%, 14%, 16.2% and 18.3% for both samples, respectively. 

These values are still within the reliability range but relatively high due to the 

limited sample size. Also, neither sample has a consistent thickness due to 

maintaining a controlled volume fraction, but this may lead to some properties 

differences as all tests were under the same conditions, including the flexural 

span, but these parameters do not have the same index level (according to the 

formula 5, 6) can therefore produce unpredictable differences. The average 

modulus and strength of the mixed skin sample were much smaller than the 

pure RCF composites; it could be a result of the unidirectional flax fabric was 

not suitable for combination with PP under the compression, just like what 

happened to the chopped fibre tows discussed in the last chapter and would be 

explained more with the help of the SEM images in the next chapter.   
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6.2 SEM Results of The Sandwich Composites 

Figure 24 shows example images from the SEM of the sandwich composite 

samples, including the main interest areas, the bonding interface, and the fibre 

filling. Background scattering electrons were used in these captured images as 

they could show a better contrast of different substances to check the filling and 

bonding quality. The magnification and scale could be found in all images. The 

interface between the RCF composite skin and the foam was shown in Figure 

24 (a)i with hollow foam bubbles and an adhesive layer with a thickness of 

around 200 micrometres. The further magnified image in the same region as 

shown in (a)ii shows the skeleton of the foam structure underneath the adhesive 

layer, and some adhesive enters the composite skin zone and is mixed with the 

PP matrix. All the images were captured using a tested sample; thus, cracks 

could be founded propagated along the flax composite zone as shown in (b)i. 

Some flax agglomerate knots could be found in the image, and a magnified 

image of them is shown in (b)ii, with a reference of the RCF composite zone at 

the same magnification shown in (b)iii.  
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Figure 244. (a)i SEM image of the sandwich bonding interface; (a)ii magnified 

interface region; (b)i SEM image of the flax composite region in the mixed skins; 

(b)ii magnified flax fibre agglomerate; (b)iii comparison of RCF carbon fibre 

gathering at the same magnification 
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Figure 24 (a) shows the SEM image example of the bonding area between the 

sandwich skins and the PET foam core. The hollow foam bubbles were shown 

on the right-hand side of image (a)i, while some RCF composite was shown on 

the left side. The light grey dots and lines were the carbon fibres, and the dark 

grey region was the PP matrix that covers the carbon fibres. This image was 

captured from the cross-section of the sandwich beam, and it could be told from 

the stack of materials that from left to right of this image was the through-

thickness direction of the samples. It can be said the fibre was all pressed to 

oriented in-plane due to the pressure of compression moulding during 

manufacturing, which can be proved from the image too that no fibre was lined 

in the through-thickness direction. By the magnified image (a)ii, it can be told 

that some of the foam bubbles were filled by the adhesive as the foam skeleton 

could be found underneath the adhesive region, which was good for better 

bonding strength. In general, no apparent defects could be found inside this 

image and the bonding region and RCF composites region of other images, 

which was not shown. Thus, the filling of the RCF composite and the bonding 

could be considered good quality. 

On the other hand, the SEM image of the flax composite region from the mixed 

skin composite sample could tell some different stories. First, the image was 

captured after the sample was tested, and an obvious crack propagated through 

the flax composite could be found. This, together with the information from the 

Figure 23 and Table 3 of the tested samples, it could be concluded that the 

mixed skin samples were different from the pure RCF samples, do not have a 

core failure but damage occurred in the skins. The reason for this could be a 

result of poor flax filling, as it could be told from the image that the flax 

composite was not a well-mixed product; the middle region where flax fibres 

presented could have a flax volume fraction of more than 70%, but a thick pure 

matrix region was on the sides. These poor-mixed composites could have a 

lower mechanical property than expected as stress could not be well distributed 

in such composites. Thus, the stress concentration area would be similar to 

defects which cause a reduction in mechanical performance. One of the 

reasons that caused such poor mixing was the characteristic of the flax fabrics 



 

116 

as natural fibres were not grow into infinite length, and most long natural fibre 

(fabric) was formed by twisting fibres together at the ends to splice. Another 

reason was the manufacturing process similar to chopped short fibre, which 

could not provide a good quality composite under compression moulding with 

PP; the flax fabric was unidirectional and did not have support in the through-

thickness direction. Thus, with the compression pressure and the low flowability 

PP, the flax fabrics would be quickly pressed together closely, and the matrix 

would be more likely to be pressed out from the side but not through the fabrics. 

Also, flax fibre could experience slight degradation with the presence of oxygen 

at high processing temperature as a light caramelisation smell had appeared 

after the mixed skin compression during the experiments. So, for processing 

flax fabrics with PP matrix, a fully closed mould that holds the fabric and molten 

PP injected with the pressure might be a better manufacturing technique. 

In general, the mixed skin composites did not show the expected properties in 

this research because of the incompatibility between the materials, 

manufacturing techniques and manufacturing parameters (moulds), while the 

RCF mat did show good compatibility with PP under compression moulding. 

Also, the adhesive BEMIS-5256 was suitable for bonding PP, and PET foam 

surfaces as for both types of sustainable composite samples, the failure under 

bending was unrelated to the bonding.  
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6.3 Failure of The Sandwich Samples 

Figure 25 (a) shows one example of sandwich composite (with pure RCF skins), 

which showed core failure under the bending (the region with red marks). 

However, such core failure was only shown in the pure RCF samples, while the 

mixed skin samples experienced some level of skin buckling, as shown in the 

blue circle region of Figure 25 (b), and no other visible damage could be 

founded.

 

Figure 255. (a) pure RCF skins sandwich foam core failure at three-point bending 

test, (b) mixed skins sandwich skin buckling failure 

Compared to the maximum deflection of around 6-10mm when the RCF 

composites skin would be broken apart, the sandwich composite had a much 

higher deflection of around 20-30mm at the same support span. Such high 

deflection without broken apart could be a result from the sandwich core, which 
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was well bonded with the skins and supported them from being broken apart. 

Also, as mentioned previously, all the sandwich samples were not fully broken 

apart during the test, which stopped a significant load reduction when failure 

occurred, such sandwich composite still able to take some load after failure and 

samples were maintained in a complete beam structure after the test. An 

interesting scene happened when the test was completed that although the 

elastic deformation region (the initial straight lines) in the result plot was very 

small, all the samples almost returned to their original shape slowly (some 

hours) after the tests like a rubber material. However, it can still be seen in 

Figure 25 (b) inside the blue circle that the hybrid skin sample still experienced 

some permanent buckling which cannot be recovered after the test. Different 

failure modes could also be found in this Figure from the two types of sandwich 

samples. A skin failure in the mixed sandwich composite occurred due to the 

crack formed and propagated inside the flax region in the top composite skin 

which contacted the load head. This will be explained more in the next chapter 

with the help of SEM images. On the other hand, the pure RCF sandwich 

samples failed due to the core failure, while the RCF composites skins could 

still stand more load. This could also be found in Figure 25 (a) that some small 

cracks were shown in the foam after the testing.   
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6.4 Impact Comparisons Between GFRP, RCF/PP Skins and The 

Sandwich Composite 

As mentioned in the methodology, two different materials were tested through 

the drop tower impact machine, which can be further divided into 4 different 

types, glass fibre reinforced epoxy, RCF/PP composite skin (powder PP), 

RCF/PP composite skin (sheet PP) and a sandwich composite of RCF/PP skins 

and PET foam core while these skins in sandwich samples were also made 

from powder PP. In total, 3 samples were tested in each type, and the resulting 

impact energy results are presented in Figure 26. However, due to the 

thickness of the sandwich sample approaching the limit of the 4 stable clamps, 

as shown in Figure 16 in chapter 3.3.4 “drop tower impact test”, thus the 

sandwich samples were not fully fastened, and one sample experienced the 

force from the base during the impact and experienced fluctuating data thus 

only two valid results were shown for the sandwich samples. When the impactor 

was at the starting position, the energy shown was 0, which means all the 

energy were stored in the form of potential energy at that moment, and the 

maximum energy shown in all images around 6J was the moment of impact. 

Afterwards, due to the rebounding and gaining height, the kinetic energy would 

be converted to potential energy again. However, because the tested material 

absorbed some energy, the impactor could not return to its original position. 

Thus, the energy difference between the starting and ending positions would 

equal the amount of energy the material absorbed. In this case, starting with 0J 

in the plot, the final energy would equal the energy absorbed. With the 

maximum impact energy, the energy absorption rate of a particular sample 
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could be calculated, which is also shown next to the legend of each curve.

 

Figure 26. Results of impact energy against time from drop tower tester 

As shown in Figure 26, the final energy shown for each sample is equal to the 

energy absorbed by the sample during the test. Therefore, it can be seen that 

the RCF/PP composite samples can absorb more impact energy than GFRP, 

which can bring benefits of reducing cargo vibration in the application of 

lorry/van panels. The percentage next to the legend shows the proportion of the 

final absorbed energy of the sample to the total impact energy, which also 

reflects the difference between RCF/PP composites and GFRP in terms of 

absorbed energy. However, on the other hand, neither the shape of the energy 

curve itself nor the energy absorption percentage can tell the difference 

between the samples made of powdered PP and those made of sheet PP. 

Meanwhile, although sandwich composites with foam cores were expected to 

absorb more impact energy, actual data did not show any significant difference 

between them and pure RCF/PP skins. The only noticeable difference between 

the sandwich and the skin is that the impact time of the two sandwich samples 

will be slightly less than any other skin samples; this difference may be due to 

the difference in the machine reaction time caused by the difference in sample 

thickness, or the adding of the foam material changed the overall elasticity. 

However, no further information was found that might have caused this effect. 
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The following Figures 27,28 and 29 also shows the corresponding impact 

damage. Since the impact was hitting the upper surface of the sample, the 

impact energy was also spread to the inside of the sample, and the thickness of 

all the samples except for the sandwich structure was about 3 mm. So, the 

sample exhibited a minor dimple on the top surface but a more significant 

busted blemish on the rear side. Also, the sandwich samples only show similar 

top surface damage as the RCF/PP composite skins, while due to a thicker core 

and bottom composite skin layer, no damage could be found at the rear side at 

all and thus, the image of sandwich samples was not presented. 

 

Figure 27. Top and rear side image of GFRP samples after impact 
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Figure 28. Top and rear side image of RCF & powder PP samples after impact 



 

123 

 

Figure 29 Top and rear side image of RCF & powder PP sample 6 compared to 

RCF & sheet PP sample 7 after impact 



 

124 

By comparing the damage caused by the impact test, as shown in Figures 27 

and 28, it could be seen that under the impact of 6j energy, all samples except 

the excessively thick sandwich structure exhibited minor upper surface damage 

and a more significant back burst damage which formed from the spade of the 

impact shockwave. Although the figure was not particularly obvious, the actual 

GFRP samples are slightly different from the RCF/PP samples. Their upper 

surface still maintains a relatively smooth and level morphology. Without the 

help of the changed colour, it was almost impossible to find that the samples 

had been damaged. This common phenomenon is found in most epoxy 

composites when impacted. However, the hardness, strength and modulus of 

PP were slightly smaller than that of epoxy, and a small dent left after being 

impacted on the upper surface could be founded in all RCF/PP samples. Due to 

this characteristic of epoxy, the same back burst damage will appear slightly 

smaller than that of RCF/PP on the GFRP sample, but when the GFRP sample 

was observed obliquely from the side by light reflection, it could be found that 

the GFRP sample had a damaged area at almost the same size as most of the 

RCF/PP sample. Due to the inhomogeneity of the RCF mats, a few samples 

also showed huge continuous cracks; like the upper skin of sample 5, shown in 

Figure 28, it can be seen that there is a strip that occupies almost half of the 

total sample length of large cracks. In contrast, the damage to the GFRP 

samples under impact was very consistent. The sandwich sample is too thick, 

there is no more information to show other than the upper surface dents 

consistent with other RCF/PP samples. However, there is no significant 

difference between the samples produced with sheet PP and the powder PP, as 

shown by the comparison in Figure 29. The damage in all the sheet PP samples 

was more consistent and similar to Sample 7. The most significant difference 

between the two different PP raw material samples after impact testing can be 

seen from the comparison in Figure 29. The sheet PP samples appeared more 

compact, and only a few prominent white cracks appeared, while the powder 

sample appeared looser so that many white spots could be found in the 

damaged area. An interesting phenomenon was noticed in the difference 

between powder and sheet PP samples during the impact test and the sample 
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cutting and bending test. The samples produced from powder PP will be looser 

than the sheet raw materials. This looseness is reflected in the connection 

between the matrix materials. The matrix in the samples manufactured from 

sheet PP was entirely connected, while the powder samples often contain a 

small amount of PP that is not entirely connected to the entire matrix but is 

wrapped inside some fibres, so a few scattered PP particles were found after 

cutting and breaking the samples. 

Generally saying, regarding impact behaviour, the RCF/PP composite skins 

designed in this research could compete with the typical side panel skin of glass 

fibre and epoxy in terms of the damaged area under same impact level but a 

much better energy absorption rate.  
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7 Recyclable Sandwich Composite for Van Side Panels: 

A Case Study 

A schematic diagram of a refrigerated van (Mercedes Sprinter Luton) is shown 

in Figure 30 (a) as for a case study to evaluate the feasibility of using the 

sustainable sandwich composite design in this research as a side panel for 

vans. This panel is a secondary structure in refrigerated vans as most of it 

would be supported by the metal framework on the side as well as some middle 

supporting bars. Thus, these panels were required only to provide adequate 

strength and thermal insulation at a relatively low density. Common panel 

materials for such panels are mainly sandwich composites of GFRP skin and 

non-renewable/non-recyclable PVC or PU foam core; some sandwiches also 

include metal, plywood or block plastics. These materials currently used as the 

van panel were not fully recyclable; therefore, the composite sandwich design in 

this research should be beneficial for expanding the overall vehicle 

sustainability. The lorry box size was 4.1 x 1.9 x 2.25m, and a total payload of 

1000kg was assumed in this study, and the deflection was predicted from 

Equation (9) in the methodology. Wind loads were estimated to be 

perpendicular to the side panels and uniformly distributed, as shown in Figure 

30 (b) because the wind could provide the maximum bending moment to the 

panels at such an angle. The pressure caused by the dynamic wind flow during 

the driving was not considered as it would be directed outwards, and the 

estimated overall drag force would be smaller than directly perpendicular wind 

pressure at a smooth surface. It can be observed from Figure 23 that the 

experimental deflection result of the sandwich composites before the plastic 

deformation occurred was 1.5% of the maximum length. This part could be 

described as the linear elastic deformation region within which the deflection 

prediction made from Equation (9) with material properties could be in line with 

the actual results. Thus, it can be safely deduced that plastic deformation would 

not occur before a deflection of 1% of the maximum length. Two scenarios were 

considered in this case study, as shown in Figure 30 (b): (i) Only two side edges 

support the panel. (ii) The panel is supported by two side edges and one middle 

bar. Such scenarios also assumed that the edges and middle bar had 
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significantly higher mechanical properties than the panels, which could then be 

assumed to be solid/rigid support for these panels. The prediction of the lorry 

side panel behaviour under the perpendicular wind load can be graphically 

visualised in Figure 30 (c). Such a lorry panel with only two side supports could 

be used in applications exposed to the UK wind weather having an average 

wind speed of 23 m/s. Besides, this panel can survive a vehicle turning speeds 

below 15m/s when the lorry is fully loaded, and all the pressure from the items 

is perfectly focused on the middle point of the panel. The analysis illustrates that 

the two-point support (blue line) can also endure the average UK storm speed 

(36 m/s), shortly beyond which it fails. Moreover, the three-point support (red) 

offers much less deflection for all wind speeds, even tolerating the wind speed 

of a typhoon (43 m/s). Also, in actual application, not only the two ends of the 

panel but also the two sides on top and bottom of the panel would be supported 

as well. Thus, the ability of such a lorry panel to stand a wind load could be 

even more. 
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Figure 30. (a) Schematic of a truck with grey side panels and blue supportive 

frames; (b) Wind load and supporting system illustration (c) Flexural behaviour 

prediction of truck panel with sustainable design 

CES EduPack software was utilised to compare the sustainable panel design 

(pure RCF sandwich one) in this research with some commonly used panel 

materials in the market in terms of specific flexural properties and density, as 

shown in Figure 31. 

 

Figure 31. Specific flexural modulus vs Specific flexural strength to compare 

currently used truck panel materials with current sustainable design (Source: 

CES EduPack software) 

The variables for all the sandwich panels were controlled at uniform load testing 

with simple end support; 4 m span length; 5 mm/ 50 mm/ 5 mm sandwich 

design similar to the previous lorry panel case study; 35% volume fraction 

GFRP skins and 20% volume fraction RCF/PP skins were used for comparison 

to match the impact test samples. Considering the specific flexural performance 

of the current sandwich design (pure RCF skins) as per the plot in Figure 31, it 

is evident that the design proposed in this research displays better mechanical 

properties than most of the candidates in the market. The mixed skin design 

with flax fibres faced two significant problems in this research, as mentioned in 

the discussion section for sandwich properties in chapter 5.3. The first issue 
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was the reduction in mechanical properties during the high-temperature 

treatment. Upon comparing the flexural rigidity of the experimental and 

theoretical predictions, flax fibre had lost about 20% to 30% of its mechanical 

property (modulus) after a temperature treatment of 180 ℃ for 20 minutes 

which was in line with most research about the temperature effect on flax fibre 

properties (51–53). The second issue was a weak affinity of natural fibres with 

the PP matrix and compression moulding process, thus its inability to attain 

100% performance without surface treatments. It could be noticed in the SEM 

results in chapter 4.5 that the flax fibre would tend to be pressed together 

before the PP could enter such a location and comprehensively cover all fibres. 

These two problems need to be resolved before the recycled sandwich 

composite design with flax in this research can be used for lorry panels while 

the pure RCF/PP skins sandwich composite showed itself as a good candidate 

for such applications.  
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8 Conclusion and Future Research 

In conclusion, this study addressed an aim to manufacture a fully recyclable 

sandwich composite that utilising the recycled carbon fibre mat and 

polypropylene and also intended to resolve the need for lightweight and 

recyclable materials in the automotive and transportation industries and 

proposed an application that could be improved by the sandwich design in this 

research which still relies heavily on non-recyclable materials: the secondary 

panel for trucks/lorries. 

The first objective of designing such a fully recyclable sandwich composite has 

been completed with the help of the literature review.  

The second objective to better understand the recycled carbon fibre was 

completed through the single fibre tensile test, which results were presented in 

chapter 4, the randomly selected single recycled carbon fibre from the RCF mat 

had comparable mechanical properties as those randomly selected virgin PX-35 

fibres, but relatively wider property range due to more type of sources 

presented. A further conclusion could be made, which was in line with most 

research on carbon fibre recycling, that the commercial recycling process did 

not significantly affect the mechanical properties of the fibre, although a specific 

performance loss ratio cannot be given due to the unknown source of the 

recycled carbon fibres. Recycled fibres are at least maintained at the same 

order of magnitude as the virgin carbon fibres, with moduli around 240GPa. 

The third objective was more complicated and included more content, so this 

research partially completed this objective by studying the different kinds of 

RCF/PP composite skins, which results were presented in chapter 5. Compared 

with the previous single fibre mechanical results, the RCF/PP composite skins 

show an effective modulus at up to 31.5% at three points of bending and 19.8% 

at tensile, and the major conclusion was that instead of the worrying recycling 

process which mostly studied, the chopping and cutting process of end-of-life 

composite to fitting the recycling process might causing the fibre to have more 
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significant property lose. Also, it is suggested for more bending loading 

application when applying polypropylene as the matrix for the RCF mats due to 

a better performance resulting from the limited deformation in bending than 

tensile, which allowed more load to be continuously transferred after the failure 

occurred. Impact testing revealed that the RCF/PP composite design in this 

study had similar impact resistance to GFRP materials commonly found in 

similar van panels; with the same impact energy used, most RCF/PP exhibited 

a similar damage size as GFRP. However, the specific residual properties after 

impact were unknown due to the lack of a dedicated instrument for post-impact 

compression testing. At the same time, the RCF/PP samples showed slightly 

poor consistency in the impact test, but on the contrary, their energy absorption 

rate was significantly higher than that of GFRP, so it can greatly reduce the 

impact of vehicle bumps in the application of lorry/van panels to protect some of 

the more fragile goods better. 

The fourth objective, to Integrate the flax fibre inside the RCF/PP composite 

skins and to manufacture the fully recyclable sandwich design with the recycled 

PET foam core, followed by mechanical testing and characterising, was 

completed and presented in chapter 6. In conclusion, both types of the 

sandwich composite had been successfully manufactured and tested; the 

BEMIS-5256 was successfully bonding the PP and PET surface together and 

provided sufficient adhesion that caused the core to crash first during the 

bending test. The pure RCF/PP skins achieved similar properties as predicted 

and were sufficient for further application as van-side panels. The impact 

properties did not differ much from pure RCF/PP composite skins due to the 

limited impact energy and the sample thickness, but they are still sufficient to be 

considered a better candidate for GFRP composites as a flooring panel. The 

SEM images revealed a good filling in RCF/PP composites and a good 

adhesive zone, on the other hand, the SEM also revealed a flaw of the flax 

fibres in the mixed skin design, which were agglomerated by the pressure of the 

hot press before the PP was sufficiently wetted, resulting in imperfect packing 

and thus a lower mechanical property. 
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The final objective was completed through the case study and current panel 

materials comparison in the chapter 7. By the performance from previous 

testing, the estimation in the truck side panel case, and the comparison with 

other common materials. It can be seen that the sandwich of pure RCF/PP 

composite skin (with sheet PP) and recycled PET core proposed in this study 

has good mechanical properties to be a candidate for the desired application. 

The design has specific mechanical properties similar to the best products on 

the market today, with better energy absorption and the possibility of full 

recovery due to using adhesive with a lower melting point than the core and 

skin melting temperatures. Therefore, the separation of the skin and the core 

and the melting and remanufacturing of the skin can be both achieved at a low 

temperature (both below 200 degrees Celsius). On the other hand, the design 

of incorporating flax and the use of powder production has certain 

disadvantages. Adding flax will not only make the entire cortex material more 

complicated but also increase the difficulty of recycling (unlike pure PP/RCF, 

which can be directly melted and softened and then reproduced directly, flax 

also needs to worry about decomposition over time, so it is often impossible to 

recycle and reuse directly), while the overall mechanical properties are reduced 

due to the production process. Powder PP can improve production efficiency 

and significantly reducing the time required for heating and material flowing 

after melting. However, powder PP requires more energy and brings a certain 

degree of performance instability. It can be seen that the consistency of powder 

samples is slightly worse than that of sheet PP in all experiments. Therefore, 

which raw material is better may require further comprehensive comparison and 

evaluation in the future. 

Thus, the future work that needs to be done is also clear from the conclusions. 

First, the uncompleted design and improving the pultrusion process in objective 

three was necessary for research in future as its benefit could be significant in 

improving the reusing the carbon fibres. Second, compression after impact test 

was also necessary to show the difference between the GFRPs and RCF/PP 

composites more comprehensively. Third, a better design and manufacturing 

process to bring the flax fibre into such a recyclable design was necessary as 
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the current compression process was unsuitable for manufacturing flax fibre 

composites with a PP matrix. And finally, a more comprehensive life cycle study 

on how such change in material weight could affect fuel consumption and the 

energy needed to transition to such a new design would be necessary for future 

analysis. 
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