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Abstract

Aerospace, automotive, renewable energy and a wide range of other sectors are using
Composite materials. With almost no emissions during operation, the wind energy sector is
considered a promising solution for a future energy demand that is accompanied by more strict
regulations on sustainability and environmental concerns. However, waste from hundreds of
thousands of non-recyclable end-of-life wind turbine blades will be generated within the next
decades. The manufacturing methods used to fabricate composite materials makes it
challenging to recycle them. The non-recyclable nature of thermoset matrix composite
materials is a major parameter in this complex issue. Unfortunately, most of the proposed
recycling methods, thus far, have failed to establish a well-defined cost-effective process that is
both sustainable and scalable to the industrial level. This work studied the effect of epoxy
debris on the strength and stiffness of PLA reinforced Ground Recycled Fibres (GRF) composites
that are used in Fused Deposition Modeling (FDM) 3D printing. Three different fibre categories
(i.e. virgin, ground and pyrolyzed fibres) were examined and compared. An end-of-life wind
blade was first cut into small pieces that were then fed into a hammer-mill grinder to convert
them into short fibres and powder. Then, a multi-level sieving machine was used to sort and
grade the powder into different size ranges. Single fibre tensile tests at different gauge lengths
and pull-out interfacial strength tests were performed at the fibre-level to fully establish the
Halpin-Tsai short fibre theoretical model. Then, an ASTM D638 tensile test was performed on
different PLA coupons prepared with the three fibre categories and with different fibre
contents between 3, 5% and 10% to validate the suggested theoretical models. Compared to
virgin fibres, both recycled fibres, i.e. ground and pyrolyzed fibres, exhibit higher strength and
stiffness values. As a result, using recycled fibreglass to reinforce PLA could be not only an
environmentally promising solution, but also a competitive candidate to other 3D printing
materials in the market. More precisely, ground recycled fibres (GRF) showed higher ultimate
tensile strength compared to pyrolyzed ones. While contrarily higher stiffness values were
obtained for Pyrolyzed fibres compared to ground fibres. A significant deviation from the
theoretical model was observed on ground fibre/PLA coupons response compared to pyrolyzed
fibres. A full comparison, in terms of strength and stiffness of the different tested fibre
categories, will highlight and present the most potential feasible solution to reinforce PLA
filaments.

Keywords: Short fibre, Rule of Mixtures, Halpin-Tsai, Cox, Recycling, wind turbine blades, FDM.
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RESUME

Les matériaux composites sont utilisés pour de nombreuses applications autant dans
I'industrie automobile qu'aérospatiale que des énergies renouvelables. Avec presque aucune
émission pendant le fonctionnement, I'énergie éolienne est considérée comme une solution
prometteuse en vue de la future demande énergétique qui sera accompagnée par des
régulations de durabilité et environnementales plus strictes. Cependant, plusieurs études ont
montré que les déchets provenant de pales d'éoliennes non recyclables vont augement
exponentiellement dans les prochaines décennies. La nature éclectique de matériaux
composites représente un défi face a leur recyclage. Les matériaux a matrice thermodurcissable
ne sont pas recyclables, ce qui ameéne un défi supplémentaire a ce probleme complexe.

Les méthodes de recyclage de composites trouvées dans la littérature peuvent étre catégoriser
en plusieurs approches: mécanique, thermique ou chimique. Malheureusement, la plupart des
méthodes proposées jusqu'a maintenant ont échoué a établir un procédé abordable en terme
de colts qui puisse étre adapté au niveau industriel. Ce projet étudie |'effet de débris d'époxy
sur la solidité et la rigidité de composites en PLA renforcés par des fibres recyclées qui seront

utilisés en impression 3D.
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1. Introduction

Composite materials are a type of material composed of two main elements, matrix and
reinforcement. As a result of their high strength- and stiffness-to-weight ratios, they are used to
design structures with considerably lower energy use and lower carbon footprint [1,2].
Recently, continuing improvements in the manufacturing processes and materials processing of
composites have led to an increasingly growing use of composites in a wide variety of
applications, such as aerospace, military and sporting products. Wind energy is another major
application of composites with an extensive use of glass fibre reinforced plastics (GFRP) that
have been used for blade manufacturing [3,4]. Recently, an extensive literature review
discussed several methods for recycling GFRP. Unfortunately, the proposed recycling methods
failed to establish a well-defined practice to recycle wind blades with high commercialization
capacity. Furthermore, the wind energy sector is fairly young in such a way that there is a
limited experience on blade recycling. Landfill and incineration are the most common routes
commonly used to dispose of wind turbine blades at their end of their lifespan. While landfill is
not environmentally friendly, incineration is the mainstream route proposed in the wind
turbine blade disposal literature. Incineration has an advantage over landfill, because of the
scrap that is toxic due to the synthetic compounds used in composites manufacturing. This
toxic scrap cannot be left behind in a landfill [5-6] because landfilling blades would lead to a
major production of dangerous and harmful residue materials. Furthermore, the inorganic
ingredients result in the release of harmful flue gases, where tiny glass fibres create problems
for dust filter devices. Recently, the recycling of wind turbine blades has been considerably

investigated in the literature to resolve landfill and incineration issues [6-8]. One study showed
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that the potential applications of recyclate are limited due to the lower mechanical properties
of the recycled fibres, as well as their size [9]. More recently, chemical and pyrolysis methods
were used to extract glass fibres from the blades of end-of-life turbines [8]. Despite the lower
mechanical properties of recyclate fibres, the use of dangerous chemicals and unnecessary
expense, chemical methods still show a promising outcome in terms of commercialisation [7-
10]. A systematic analysis of the literature found a large amount of composites waste would be
available within the next three decades [11-13]. While several studies have examined turbine
blade recycling, no sustainable design practices have been suggested or implemented in the
literature that reuse the materials in applications that have high potential for

commercialisation. Thus, there is a need to solve the wind turbine blades waste issue [7].

As a parallel topic, Fuse Deposition Manufacturing (FDM) is the most widely used process
for manufacturing pure plastic parts at a low price, with limited waste. In general, FDM 3D
printing is used to develop rapid experimental prototypes, despite the relatively poor
mechanical characteristics and load bearing capacities [14]. Therefore, further development of
thermoplastic parts produced by FDM is important, in order to increase their usability and
capabilities. One way to address this issue is to apply reinforcement materials like glass fibres to
the plastic materials, thus forming glass fibre reinforced 3D printing filament [15-16]. The
current project aims to define an organised approach to incorporate used end-of-life wind
turbine blade materials for use in rapid prototyping (FDM). It is intended that the incorporation
of recovered glass fibres in the filaments will boost the reliability and strength of the
components produced by FDM and it will result in widening the applications window where

those FDM materials can be applied. As mentioned earlier, the projection of re-using a huge
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amount of wind turbine blade waste would lead to a major reduction in the landfilling of
dangerous and harmful blade materials. Furthermore, this study will compare the mechanical
performance of polylactic acid/recycled glass fibre (PLA/rGF) reinforced aligned discontinuous
composites assessed experimentally and by various simple elastic micromechanical prediction
models. Several discontinuous fibre models have been developed to predict the tensile

properties of PLA/rGF, e.g., Rule of Mixtures, Halpin-Tsai and Cox models [75-80].

1.1. Motivation
The huge amount (details in section 2 of the thesis) of wind blade waste that will be

available in the near future, accompanied with more strict regulations on landfilling and living
up to the standards of circular engineering, climate change and sustainability objectives is
pushing for an urgent solution for this problem. Concurrently, the rapid manufacturing 3D
printing sector is gaining increased attention. 3D printing has a wide range of applications and it
has been utilized in several sectors. Cheap prototyping to much more advanced industries, like
medical and hybrid materials, are using 3D printing principles. Research into composite
reinforced materials for 3D printing has helped to advance the processing of new and better
materials. However, this rapidly advancing market has failed to provide high mechanical

performance materials that could be used in advanced industries at reasonable prices.

1.2. Objectives
The primary aim of this study is to address the potential of converting recycled fiberglass

waste into a more useful product by mixing the recycled fibers with PLA bioplastic in order to
produce a more advanced 3D FDM printing filament. Another goal is to define all the different

parameters that play a major rule in the compatibility issue and the final mechanical response
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of the product. In order to accomplish the objectives, a comprehensive comparison between
different pre-conditioned fibre types as well as different fibre lengths were performed to obtain
the optimal conditions and the most economical feasible solution. This study will develop a
framework for reusing scrap fiberglass, and transforming it into filaments that can be used in
the FDM process. In addition, it is intended that the incorporation of the recovered glass fibres

in the filaments will boost the reliability and strength of components produced by FDM.

1.3. Thesis organization
The thesis has been divided into five different chapters. The first chapter is the introduction

where the motivation and objectives of the thesis are discussed. The second chapter provides a
review of the work that has been carried out in the past. Third chapter has the detailed
motivation and the approach that was used. In the fourth, fifth and sixth chapters, preliminary
tests, experimental work and observations and discussion of the results were detailed,
respectively. Finally, a conclusion and what can be achieved as future work is provided.

Appendices are included to detail auxiliary information and present more results.
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2. Literature Review
Composite materials are a type of material composed of two or more primary elements:

matrix and reinforcement. Due to their high strength-to-weight and stiffness-to-weight ratios,
they are used to design structures with considerably lower energy use and less carbon footprint
[17-20]. Recently, further improvements in the manufacturing processes and materials
knowledge of composites has led to an increasingly growing use of composites in various

applications, such as aerospace, military and sporting products.

The global market for carbon fiber reinforced composites has surged approximately five
times over the last decade. by 2024, the glass fiber market will have a $10 billion projected
growth [22]. Industries like wind energy, printed circuit boards, pipes, tanks, and automotive
components are the main contributors to this growth. Specifically, the wind energy sector is a
major market of composites due to the extensive use of glass fibers in the manufacturing of

wind turbine blades [23-24].

2.1.  Wind energy

Wind energy is one of the main emerging sources of energy in the last two decades. Since
there are no emissions released during the operation, it is considered one of the cleanest
sources of energy nowadays. The total installed capacity has increased from 7600MW to
364,270MW between 1980 and the end of 2014 [25]. 14.9% of the worldwide electricity supply
was projected to be secured by wind energy in 2020, according to the European Wind Energy
Association [26]. Another less optimistic study done by (IEA) estimated that 15-18% of world’s
electricity would be supplied from wind by 2050 [27]. In the US, wind energy is expected to be
one of the fastest-growing energy sources in the next years [27].
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Moreover, the significant decrease in the cost of wind energy electricity makes it more
competitive compared to electricity generated from fossil fuels. The average KWh price for
electricity supplied by offshore wind farms had dropped by 35% in 2018 compared to 2010,
according to International Renewable Energy Agency (IREA). Although there is a huge variation
of the growth scenarios, this sector will keep growing rapidly to bridge the gaps between

energy sources and sustainability issues [28].

Following the Paris Climate Summit in 2015, 70% of carbon emissions reduction from
energy activities would be required by 2050 compared to today’s levels [29]. The growth of
renewable energy sources should accelerate to meet sustainability goals and maintain the
average global temperatures to no more than 1.5°C [29]. Deployment of low-carbon
technologies will be the critical factor for achieving effective transformation that will replace

conventional fossil fuel practices and limit their use.

Wind generation projections in energy scenarios

‘//— IRENA-REMAFP (2050)
TESKE (2050
v ( )

- IRENA REMAP (2040)— o GREENPEACE
- 5 « DNVEGL (2050)
—FaUINOR « SHELL-SKY (2050)

slEA- WEOQ S5DS (2040)

20%

Wind share in genemation

10%

0 10000 20000 50 000 40000 50000 B0 000 70000 BO 000

Total electricity generation (TWh)

Figure 1: Wind energy growth scenarios [28]
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2.2.  Wind energy waste

Although wind energy is believed to produce sustainable energy without any negative
environmental impacts during the operation stage, there is a down side that the energy level
used in manufacturing is massive and accompanied with extensive use of chemicals [30].
Pickering and Job showed concern related to the growth of waste as a result of end-of-life
disposal and how legalization is becoming more strict, thus prohibiting landfilling of Wind

Turbine Blades (WTB) in some European countries [31-33].

Nacelle Rotor
hub
Bade
<— Tubular
tower
Elecincal

Sysiem &
F777777%
Foundaton

(b) Schematic of WTT

Figure 2: Schematic of wind turbine assembly [34]

A typical wind turbine assembly consists of a concrete foundation, a steel or copper
tower and a nacelle attached to three blades, as shown in figure (2). However, the blades are
mainly manufactured using composite materials i.e. glass fibers and some plywood inserts. The
use of composites in manufacturing the wind blades make recycling them a difficult challenge.

In fact, thermoset matrix-based composite disposal is one of the most difficult environmental
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challenges because of the “cured” nature of composite materials, which refers to the cross-

linking phenomena that occurs between the polymeric chains in the “curing” process.

Including work on wind turbine blades, the extensive literature has discussed several
methods for recycling glass fiber thermoset composites. Unfortunately, the proposed recycling
methods failed to establish a well-defined practice with high commercialization capacity.
Furthermore, the wind energy sector is relatively young in such a way that there is a lack of
experience on blade recycling. More concerns will arise as more materials are generated with
growth of the wind energy sector. One study that was done to define the materials used in
manufacturing the blades showed that 75% of the wind turbine blade weight consists of
composites [35]. In general, vacuum-assisted resin transfer molding (VARTM) is the main

process used to manufacture the blades by infusion with a high-grade epoxy or polyester [36].

Figure 3: Disposed/ landfilled wind blades [37-38]

There is no doubt that the materials and production methods will evolve in the future. Some
case studies predict that carbon fiber will be used more increasingly in future designs, causing

further environmental effects [39]. Nevertheless, the current situation does not provide a clear
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sight of this transformation since the high price of carbon fiber and carbon processability keep

changing.

Consequently, some attempts have been performed on the environmental aspects of
wind energy precisely on the waste volume of wind turbine blades. 1.18 million tonnes volume
of waste is estimated in 2017 compared to 260,000 tonnes in 2008. Moreover, it has been
projected that for every 1KW of electricity generated by the wind sector, there is 10kg of wind
turbine blade material that will be used, such that 1MW corresponds to 1 tonne of blade
material [40]. Fifty thousand tonnes of blade waste per year was projected to be produced by
the end of the current year with a projection that the number will be more than 200,000 tonnes

by 2034 [41].

With the evolution in wind turbine blade size accompanied by the rapid transformation
of world energy supplies to more sustainable sources, more waste is predicted to be generated
in the next decades. As mentioned earlier, it has been estimated that for each 1KW of
electricity, there will be a 10kg of material that should be reused or recycled [41]. In another
study, it is estimated that 400,000 tonnes of waste per year will be produced between 2029
and 2034 [42]. Likewise, 800,000 tonnes of waste material per year will be available for
recycling by 2050. However, the previous studies failed to consider the growth of wind turbine
sizes over the next decades, which will make the estimation less representative of futuristic
waste volume. It must be mentioned that the wind energy industry will keep developing
progressively both in scope and in technology and generating more material that will need to

be recycled [11].
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Wind Turbine Blade Waste Volume:
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Figure 4: Total WTB waste in the next three decades with the geographical distribution around the world [10-13]

Clearly, the massive amount of end-of-life WT blades needs an adequate solution to deal
with this ever-increasing problem. More comprehensive studies, including the change of blade
size and geographical effects, predict a higher amount of waste generated in the future
compared to previous studies. Some researchers have provided an estimate of total waste
while considering the change of blade size and lifecycle contributing factors [39-41]. However,
a full study quantifies the total wind turbine blade waste, which includes end-of-life,
manufacturing, and service waste, which will exceed 21.4 Mt within the next three decades. It
also showed that 2Mt annual waste would be generated and disposed by 2050 raising real
concerns by governments and environmental groups [11]. With more waste being generated,
there should be more sustainable practices and methodologies for dealing with wind turbine
blade recyclability issues and that should be accompanied by more strict governmental
regulations. These restrictions on fiberglass waste are already in place in countries like

Germany and France, and will likely be in place in North America in the next few years.
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2.3.  Recycling Overview
The eclectic nature of composite materials makes them challenging to be recycled. In fact,

the thermoset polymers that are used to bond the fibers together, can not be remolded or
melted due to their cross-linked micro-composition nature, as shown in figure (5). Polymeric
chains in thermoset polymers are attached by covalent bonds, which make them insolvent,

unrecyclable nor soluble [42].

Cross link

(a) Thermoplastic (b) Thermoset

Figure 5: The difference between thermoplastic and thermoset polymers [42]

Governments and major wind turbine manufacturers currently do not have
comprehensive data about future blade waste volume. However, they still alert that end-of-life
waste needs to be addressed soon. As discussed earlier, waste generated from the wind energy
sector is likely to grow rapidly within the next three decades reaching massive volumes and
unfortunately, all the proposed recycling methods have failed to establish well-defined

recycling practices with high commercialization capacities.
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Landfill and incineration are the most common routes commonly used to dispose of
wind turbine blades. In fact, landfilling blades would lead to a major source of dangerous and
harmful blade materials that might seep into the ground and poison the water table.
Furthermore, the inorganic ingredients result in the release of toxic flue gases, so that the tiny

glass fiber sparse creates problems for dust filter devices.

While landfill is obviously not environmentally friendly, incineration is also the
mainstream route proposed in the literature to deal with wind turbine blade waste. This gives
an advantage over landfills, because 60% of the scrap is toxic due to the synthetic compounds
used in composites manufacturing. Incineration is a thermal oxidation process, which is burning
the material to create heat. It is considered as a heat recovery process rather than material
recycling, which recovers the energy stored in the organic material. Ash is the main output and

it is usually disposed to landfills [43].

Figure 6: The landfilling of blades [44]
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Recently, the recycling of wind turbine blades has been considerably investigated in the
literature to resolve landfill, incineration, and other issues. The recycling processes can be
categorized into three main categories: thermal, chemical and mechanical [45]. All processes
are well-discussed in the literature with extensive work being developing in each of the three

categories.

2.3.1. Mechanical Recycling
First, Mechanical recycling starts with a low-speed cutting process reducing the blades

to suitable smaller-sized pieces that will be easier in handling and transporting the scrap and
removal of any inserts as well. In a second step, these pieces are hammer-milled or ground to

smaller pieces that are 0.05mm to 10mm in size.

Finally, the recyclate is separated into different fractions i.e. fiber-rich (coarser) and
matrix-rich (finer) recyclate fractions [46]. Sorting via sequential sieves, hydro-cyclone sorting,
electrostatic sorting, near-infrared, optical sorting and flotation sorting are the main typical
classification methods found in the literature [47-49]. One study showed that the potential
applications of recyclate are limited as a result of their lower mechanical properties. The results
showed that the recyclate fibers feature lower tensile strength compared to virgin fibers and
poor interfacial strength between the polyester matrix and the recyclate fibers was observed as
well. The quality of the fibers' surface is the reason for weakening the interfacial properties,
which prevents good bonding between the matrix and the fibers. Nevertheless, mechanical
recycling is considered to be the only mature and environmentally friendly process found in the

current market [50-51].
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2.3.2. Thermal Recycling
Thermal recycling methods are mainly used to recover pure solid residues that are the

reinforcing fibers. This is in contrast to mechanical recycling where reclaimed fibers can be still
attached to some of the matrix material. Thermal processes heat composites at high
temperatures in order to breakdown the material into constituents like gas, liquid and solid
chars (residues left behind by the thermal process) [52]. The main thermal recycling methods

are fluidized-bed combustion and pyrolysis.

2.3.2.1.  Fluidised-Bed Combustion Recycling Process
This method is effective in recycling thermoset composites with several constituents.

While this method is capable of reclaiming fibers, it is incapable of reclaiming different valuable
products from the breakdown of the thermoset matrix, i.e., monomers that could be reused as
a raw material supplies in other industries [53]. In order to recover the fibers and fillers, the size
of the scrap is reduced to 25mm sized pieces, on average, and then they are fed into a closed

chamber with circulating hot air that heats a fluidized silica sand bed as shown in figure (7).

Clean flue gas

1y

O] S Scrap FRP
Afterburner Cyclone
(to separate fibres)
Induced
draught
fan ﬁ ﬂ
Recovered 1 ~  Fluidised
fibres ?/ bed
Air preheating elements o 550 Airdistributor
- ﬁ ﬂ plate
Air inlet /
—\ —_—

Figure 7: Fluidized bed process scheme [54]
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Electric preheating elements are used to heat the air up to the 400-550°C temperature
range. Then, air is distributed while passing an air distributor plate attached to the bottom of
the silica sand bed. At this stage, the scrap is being fed into the bed and the passing air will
cause a bubbling regime that will ensure a uniform temperature distribution in the bed. The
temperature of the fluidized bed is selected to be high enough to decompose the polymer.
However, it should not be extremely high to avoid a partial degradation of the fibers. Air
temperature of 450°C has been found to be suitable for polyester resins, where epoxies tend to
need higher temperatures due to their higher thermal stability [55]. Fluidized bed is useful for
the recovery of both carbon fiber and glass fibers.

As a result of the high temperature of the bed, the polymer breaks down and volatilises
from the composite in the range of temperatures between 450-550°C. Finally, a secondary
combustion process is performed to fully dissolve the polymer by oxidation and purify the
recovered fiber and filler particles [56]. Some studies performed on the mechanical properties
of the recycled fibers showed that the reclaimed fibers suffer from a 25% drop in the tensile
strength. The final form of the recovered fibers is generally in a fluffy mat with surface
conditions similar to virgin fibers. Moreover, the recovered fibers outlined in the literature thus
showed degradation in their mechanical properties. Pickering showed in two studies that a 50%

drop in the compressive strength of fluidized bed processed SMC fibers [32, 52].

2.3.2.2. Pyrolysis Process
Even though the pyrolysis process has been used now for many decades with

carbonaceous materials, it is considered a non-conventional method for recycling synthetic

polymers. In contrast to fluidized bed process, pyrolysis is a thermochemical degradation
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process of a material in the absence of oxygen, causing a depolymerization of the thermoset
matrix which result in the formation of small organic substances that involve carbon solid char,

liguid and non-condensable gases [57].

It is quite useful for recovering reinforcing fibers with relatively high mechanical
properties. Pyrolysis is performed in the absence of oxygen to limit the probability of any
chemical reactions that could affect the mechanical performance of the reclaimed fibers.
Moreover, the captured gas and liquid resulting from decomposed polymer can be re-used as a
supply in several applications [56]. A char layer will be generated from polymer breakdown and
it will cover the surface of the fibers resulting in lower surface quality. In fact, an oxidative

isothermal process usually follows the pyrolysis leading to the dissolving of chars.

Figure 8: The pyrolysis processing scheme [58]

Epoxies, vinyl esters and polyesters are the main typical matrix materials used to make
thermoset composites. Due to the strong bonds of cross-linked polymeric chains, higher

temperatures are needed to decompose the matrix. In a recent study, Cunlie [59] found 50-60%
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tensile strength drop in recycled fiberglass recovered from oriented circuit boards by pyrolyzing
and dissolving the polymer [59]. Nevertheless, pyrolysis is considered one of the most effective
and capable technologies for recycling thermoset composites with minimum effect on the

quality of the reclaimed fibers.

2.3.3. Chemical Recycling
Several chemical techniques have been recently developed investigating the ability to

depolymerize thermoset resins in order to be able to separate the fibers. Recently, polymer
chemical recycling has received significant consideration [60]. The thermoset matrix is
decomposed using a chemical dissolvent agent. The polymer is broken down into high-value
oligomers. In other words, resins dissolve after the depolymerization process and inorganic
substances such as metals inserts, glass fiber (GF) and carbon fiber (CF) can be recovered. The
dissolution process can be very reliable, depending on the type of the solvent used and the
process parameters like temperature and pressure [61]. For example, when water or alcohol is
used as a solvent, high temperature and pressure are generally required, under either sub- or
supercritical conditions. A supercritical fluid is a state where substance behaves like a gas. This
makes the depolymerization process easier and results in faster dissolution and greater

efficiency [62].
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Figure 9: The hydrolysis process as an example of chemical recycling [63]

Due to its excellent processability and crosslinked nature, epoxy resin is considered a
great candidate for several composite applications. In terms of recycling epoxy, several studies
showed the low resistivity of epoxy in acidic medium at high temperature resulting in the
possibility of complete matrix removal using some acidic agents [64]. These studies are
promising finding as possible solutions to the recyclability issue of epoxy composites. However,
despite the efficiency of separating fibers, the extensive use of dangerous chemicals and
unnecessary prolonged methods limits the possibility of scaling these methods to an industrial
commercialization level. The resulting dangerous waste chemicals negate the whole purpose of

finding a sustainable recycling solution.

2.4. Additive Manufacturing
Additive manufacturing (AM) refers to any processes that involve "adding" material

layer-by-layer to form a new 3-Dimensional object. AM technologies have made it possible to
produce vast and diverse models that are too complex to be manufactured by conventional

methods [65]. Stereolithography (SLA), laminated object manufacturing (LOM) and Fused
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deposition modeling (FDM), are the main AM techniques available in the market [66-68]. SLA
uses photopolymerization to create a solid 3D object by cross-linking the polymers. In more
detail, a vat of photopolymer resin is solidified by focusing an ultraviolet laser that creates the
shape layer-by-layer according to computer-aided design (CAD). SLA is frequently used to make
3D plastic or resin structures and can also be used for tissue engineering applications with soft

materials like hydrogels [67].
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Figure 10: Stereolithography [69]

FDM is considered the most widely used process for manufacturing pure plastic parts at
low prices. FDM is 3D printing method that is accomplished by depositing a melted layer of a
thermoplastic filament using a moving depositing nozzle to create an object. A thermoplastic
filament is heated by a printer head that is capable of melting the filament to create a structure
from the bottom upwards. The printer nozzle moves back and forth accordingly to the STL file,
adding layer over layer until completion of the desired structure. The most commonly used

materials in FDM are thermoplastic polymers, i.e., Polylactic Acid (PLA), Acrylonitrile Butadiene
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Styrene (ABS) and polyurethane. A pre-fabricated filament spool is loaded to the machine in the
process, as shown in figure (11). Once the nozzle reaches the specified temperature, i.e., close
to the polymer's melting temperature, the filament is fed into the extrusion head, then into the
nozzle. In general, FDM 3D printing is used to develop experimental prototypes with relatively
low mechanical properties [65]. Therefore, the development of stronger thermoplastic parts
produced by FDM is important because it will enhance their usability and capabilities. One way
to address this issue is to apply reinforcement materials like glass fibers to thermoplastic

materials to produce a glass fiber reinforced 3D printing filament.

Heater

11

PLA
filament

Filament spool

I
3D print
Printing platform

Figure 11: Fused deposition Modelling FDM [70 ]

Many works in the literature investigated the possibility of incorporating short and long
fibers within thermoplastics for making FDM filaments. Halil investigated the processability,
microstructure and mechanical performance of ABS samples reinforced with 0.2-0.4mm

(chopped Hexcel AS4) carbon fibers [71]. He found that the tensile strength and modulus of 3D-
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printed samples increased by 115% and 700%, respectively. In another detailed study carried
out on the effect of nozzle temperature, infill speed and layer thickness effects on the
mechanical performance of carbon fiber/ABS composites were studied. It has been shown that,

at higher nozzle temperature and infill speeds, lower tensile strengths were observed [72].

The capability resulting from the use of glass fibers in reinforcing ABS matrix was studied by
Farahikia. He showed that glass fibers could improve the tensile strength and stiffness of the
ABS filaments. In another study, Gray developed a new filament made from polypropylene (pp)
composites reinforced by thermotropic liquid crystalline polymer (TLCP) fibers [73]. They
reported that filament with longer TLCP fibers had higher tensile strength compared to filament
with the chopped fibers. However, both resulted in more strength and improved prototype
functionality than without TLCP reinforcement. Moreover, Shofner reported 40% and 60%
enhancement in tensile strength and young modulus, respectively, in ABS filament made from

single-walled carbon nanotubes [74].

2.5. Theoretical Modelling of Composite Tensile Properties
In general, the variation of fibre lengths and their orientations results in more complexity in

predicting the strength and Young’s modulus for discontinuous fibre composites compared to
aligned continuous fibre composites. Mainly, the shearing mechanism, which is at the
fibre/matrix interface, is responsible for transferring the applied tensile load via the matrix
between the reinforcing fibres. The matrix usually has a longitudinal strain that is higher than
the reinforcing fibres and by assuming an ideal bond between the two constituents, the
longitudinal strain difference will create a shear stress distribution across the fibre/matrix

interface as shown in figure (12). Also, by neglecting the stress transfer at the fibre end cross-
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sections and the interaction between the neighboring fibres, the normal stress distribution in a
single fibre can be calculated as follows, by considering an infinitesimal cylindrical object with

length dx located a distance x from one fibre end, the equilibrium equation can be written as:

(% d/%) (o7 + doy) — (% d]%) o — (mds dy )t =0 (1)
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Figure 12: The equilibrium FBD of infinitesimal cylindrical volume [75]

And by doing some simplifications:

dog 4t (2)
)= \a)

where,

oy fibre longitudinal stress a distance x from one of the ends.
T: shear stress at the fibre/matrix interface.

df: fibre diameter.
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By recalling the assumption of no stress transfer at fibre ends, gy = 0atx = 0,L, and by

integrating equation (2), the fibre stress distribution can be written as,

4\ * (2%)
oF = <d_f)J(; Tdx.

and by assuming a constant shear stress 1;,

_ 4Ti (3)

The fibre stress is not uniform in a composite lamina containing discontinuous fibres. Precisely,
it is equal to zero at fibre’s end and it increases linearly reaching maximum value as we
approach the middle sections of the fibre. The maximum stress occurs at the center of the fibre

and it can be calculated at a given load by:

4
(O-f)max =2 Tid_; @)

where x = lz—t, which is known as the load transfer length from the fibre end. Thus, [; is the

minimum length required to achieve the maximum fibre stress for known fibre diameter and
fibre/matrix interfacial strength. The critical length [. can be calculated using the following

equation:

Ofu d (5)
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0fy,: ultimate tensile strength of the fibre.
T;: shear stress at the fibre/matrix interface.
l.: critical length, the minimum length required in order to achieve maximum stress at a given

load.
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Figure 13: Stress distribution within the fibre based on x-distance from one fibre end [75]

Based on the length of the reinforcement fibres, several failure mechanisms can be observed:

e Forlf <., the maximum fibre stress will never reach the potential fibre strength. In this
case, the fibre-matrix interface will fail first before any fibre reaches its ultimate

strength. The average tensile stress in the fibres can be written as a function of

. . . . — l )
interfacial strength and the aspect ratio of the fibres of =Tid—f. The composite
f

longitudinal strength can be calculated using the following equation:

Ly
Ortu = Tid_fvf + Gmu(l - Uf)

where 0g,,,,: matrix ultimate tensile strength.
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e For lf > [, the maximum fibre stress reaches the ultimate fibre strength. Moreover,
over a distance equal to . / 2 from each end, the fibre remains less effective as shown
in figure (13). The longitudinal tensile strength of a unidirectional discontinuous fibre

composite is calculated by equation (6a):

! , (6a)
Oty = afu(l — i)vf + amu(l — vf)

where,
Omy: Matrix tensile strength at the fibre failure strain.

Oy is the tensile strength of the fibre.

The value of I, can be controlled by the value of t; for a given fibre diameter and
strength. For example, using a coupling agent could boost the t; value, which will lower the
required value of [.. Also, [.can be reduced by applying a proper fibre surface treatment. In
other words, increasing reinforcement effectiveness can be obtained without the need to use
longer fibres. The volume fractions of fibre and matrix are noted by vs and vm which can be

found using equations (7a-7b):

. Ve (7)
T\ + Vi
my (7a)
_ Pr
vf B ﬂ + %
Pr Pm
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vm = (1 —vy) (7b)

where, v, m and p are the volume fraction, mass and the density, respectively, while f and m

subscripts represent the fibre and matrix.

2.5.1. Rule of Mixtures Model (Parallel)
The Rule of Mixtures (RoM) is one of the most popular models to predict the

longitudinal and the upper and lower limits for strength and stiffness of unidirectional
continuous fibre composites. With an iso-strain condition, which neglects the difference in fibre
and matrix individual strains, RoM is considered to be the simplest prediction model available.
The format is a direct summation of different weighting of individual constituent properties by
their volume fraction. It should be noted that this model assumes a perfect interfacial bonding
between the fibre and the matrix [75-77]. According to this model, Young’s modulus and

strength can be found using the following equations:

Longitudinal direction:

O¢c = 05Uy + 0V (8)

E. = Efvy + Eoy, (9)
where, E, ¢ and v are Young’s modulus, strength and volume fraction, respectively, while the
subscripts ¢, f and m are referring to composite, fibre and matrix, respectively. Even though the
model has demonstrated to have a good approximation for predicting composite properties, it
should be noted that porosity content is assumed to be equal to zero. Besides the effect of

lowering the composite load bearing volume, porosity affects the composite mechanical
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properties by introducing stress concentrations into the material. A further theoretical study
was done by MacKenzie [78] on porosity effects on the tensile properties of the composite. He
qguantified the effect by adding spherical holes into the geometry and introduced an

approximation which can be calculated using:

Xp = Xq(1 - vp)? (10)
where p and d denote the porous and the fully dense geometries, respectively, while X could be
E or o. The following equations are the modified rule of mixture models for short fibres

reinforced composites with porosity effect considered:

Longitudinal direction:

oc = (07Vf + O V) (1 — vp)? (10a)

E. = (Epvs + Epup) (1 — vp)? (10b)

2.5.2. Halpin Tsai
This model has been used extensively for modelling and predicting the properties of

short fibre reinforced composites in a wide range of applications. Due its semi-empirical nature,
it can give a very accurate estimation of the mechanical response of several mixtures. This
model was first introduced in 1969 by Halpin and Tsai and it was mainly proposed to a specific
context [75-79]. Subsequently, extensive work done was performed by other researchers to
extend and to widen the scope of the model. The semi-empirical nature of this model can be

applied to predict the tensile strength and Young’s modulus of aligned discontinuous fibre
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reinforced composites, resulting in more precise predictions compared to the Rule of Mixtures

model [79].

Longitudinal direction:

where,

l 11
1+ Z(d—;)mvf (11)

1—n,vf

EL = Em

e, 12
1+ Z(d—’;)nva (12)

1—nvs

O-L:

_(@)_1 (11a)

(Z)-1 (12a)

where, ny and 17, are two geometrical factors that take into account the relation between the

mechanical properties of the constituents, and ¢, which is a shape fitting parameter that is
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usually given by 7 = %l or 2, for the transverse direction. L and d are the average values of fibre

length and diameter, respectively.

Fibre aspect ratio is defined as the fibres’ average length [; divided by fibres’ average
diameter ds. E; and Er are derived from the Halpin-Tsai equations and they are valid under
the following conditions:

e Fibre cross section is circular.

Fibres are arranged in square arrays.

Fibres are uniformly dispersed throughout the matrix.

Perfect bonding at fibre/matrix interface.

Matrix is free of voids.

However, for the second assumption of the fibre arrangement, further work has been done
by Nielsen by introducing factor ¥ which considers the different arrangement-packing shapes,

enabling a better estimation:

! (11%)
1+ Z(dl)nva
E, = L E,,
1—nyvy
1-6 11*
l/)=1+[ Hzmax]vf ( a)
max

where 0,4, is the maximum packing fraction of the fibres for a specific fibre arrangement,
which is equal to 0.907, 0.785, 0.82 for hexagonal, square and random fibres arrangements,

respectively [18].
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2.5.3. Cox Model
The Cox model is one of the earliest models adopted to predict the tensile strength and

Young’s modulus of discontinuous aligned reinforced composites. Like the Halpin-Tsai model,
this model assumes the existence of a perfect bond at the fibre/matrix interface. Shear lag
theory is the backbone of the development of this model, which assumes stress transfers to
fibres by shearing load introduced at the fibre/matrix interface. Both the matrix and the fibre
are assumed to be elastic and isotropic. In general, shear stress reaches the maximum at the
fibre ends and decreases reaching zero at the fibre centre [79-80]. For shorter fibres, fibre
failure does not occur. In this instance, debonding would be expected, which will lead to fibre

pull-out during composite failure.

l 1
tanh(ﬁz—f) 13}
o = o5vr |1 _ﬁ—lf + OmVnm
2
l 14
tanh(% (14)
E. = Efvs |1 _ﬁ—lf + Ep v
2
(15)
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Blg
. . . tanh(=-) _
The value of reinforcement effectiveness reduction factor ll — sz approaches unity if

2

Bl

% is large enough, which brings the model back to the simple Rule of Mixtures model, but if .

is small, it tends to zero.

(15a)

Rhexagonal =

(15b)

quuare =T

Summary
The above-mentioned theoretical models will be evaluated and used in comparison with

experimental results to be presented in the following section.
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3. Experimental Method
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Figure 14: Process cycle scheme (a) wind turbine blade, (b) mechanical grinding, (c) sieving, (d) filament extrusion, (e) 3D

3.1.

Due to

Mechanical recycling

its high-volume vyield, versatility,

printing resting coupons and (f) mechanical testing

low energy requirement and small

environmental footprint, mechanical recycling is the best choice for this project, compared to

other recycling methods. It can be defined as a size reduction process by applying a mechanical

force, i.e., shredding, grinding and/or crushing. In general, mechanical recycling does not

generate any waste or any harmful chemical materials during the process. Moreover, it is

considered to be the only method widely used in industry so far compared to other methods

that are still at the laboratory scale [81]. Nevertheless, the final yield is a mix of fibers and resin

in the form of powder, which lowers the final market value of the fibers.
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Figure 15: Grinder assembly (left) and the final ground wind turbine blade material (right) [Eco-wolf]

In this study, mechanical recycling is used to convert reinforced wind turbine blades into
reduced-size fibers/resin powder. Firstly, 20 x 20cm parts are cut from bigger blade sections
that do not include any core materials. Secondly, these parts are fed into a hammer mill grinder
(ECO-WOLF, INC., Edgewater, FL, USA) breaking the pieces down into fibers/resin powder that
is collected in a sealed bag. A visual inspection reveals that the final mixture has a combination
of short and long glass fibers as well as resin particles and powder. A photo of the grinder and

collector is shown in figure (15).

3.2.  Sieving and Separation
Sieving is an essential process to separate the grinder output (recyclate) into different
size grades. In this study, the process is performed using a Humboldt, Economy Sieve Shaker

with 8" diameter multi-level sieves (figure 16). The sieves are stacked on the top of the cradle
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frame by placing the finest sieve at the bottom followed by increasingly coarser sieves with the
coarsest being on top. Then, the recyclate batch is loaded to the top sieve and covered and
secured using the attachment screws. The shaker applies a vibration to promote the separation.

The duration of each run is 30 minutes to fully separate the material.

H-4325

Figure 16: Humboldt, Economy Sieve Shaker (left) with 8" Dia., No. 140 (106um) Brass Frame Stainless Mesh (right) [82]

The lowest sieve has openings at the smallest range, which restricts it to particles that
are less than 0.4 mm in diameter. This size is equal to the 3D printer nozzle diameter ensuring
that no-blockage can occur later on when these particles are used in the FDM 3D printing
process. Even with multiple and/or prolonged sieving runs, used to ensure the effectiveness of

the separation process, there are still some long fibers found in the finest sieved material.
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3.3. Fiber length and diameter characterization
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Figure 17: Nikon e200 microscope, details of its components, used in the visual inspection [83]

After the repeated sieving process, the material from the final sieve was characterized
to define the aspect ratio of the reclaimed fibers of this sieve. Firstly, 10 random samples were
taken from the sieved material, to remove any bias in the results. Subsequently, they were
placed on (FisherbrandTM) plain microscopic glass slides and they were visually observed and
recorded using an (Nikon-e200) optical microscope as seen in figure (17). 10um magnification

power was sufficient to capture and show both short and long fibers in a single picture.

In total, 465 ground fibers were observed under the microscope and their associated
lengths and diameters were documented and sorted using Dijimizer software. A statistical
distribution and normality test were performed on the data collected using (MinTab2017)

software to identify the existence of distinct groups within the reclaimed material. In other
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words, having more than one peak in the generated histogram will indicate more than one

distinct fiber group is used in the manufacturing of the wind blades.
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Figure 18: General view of scanning electron microscope components [Wojciech 2018]

Additionally, the surface morphologies of the different fiber batches, i.e., virgin, ground,
and pyrolyzed fibers, were examined using a (Hitachi UHR Cold-Emission FE-SEM SU8000)
scanning electron microscope. The process started with mounting fibers on aluminum pin
stubs. Then, a 6nm platinum layer was applied to coat the fibers in order to get more refined
pictures. Finally, fiber surfaces micrographs were recorded using a (5k accelerating voltage)
secondary electron detector placed in a vacuum chamber. The fiber micrographs for the

different fiber batches are reported and summarized in the results section.
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3.4. Fibre Weight Fraction and Degradation Temperature Analysis
Thermalgravimetric analysis (TGA) is a thermal-analytical method where a sample mass
is monitored over time while the temperature is changing. This analysis is carried out by a
device usually called thermogravimetric analyzer which has a precision balance attached to a
pan located inside a furnace with a programmable control temperature. TGA is considered to
be a convenient analysis method to define certain information regarding certain aspects of
material behaviour, namely: mass change, oxidative and thermal stability, and material

constituent’s breakdown [84-85].

This analysis offers direct indication of polymer thermal breakdown temperature and
purity. Usually, controlling parameters like purge gas flow rate, temperature and atmosphere
gases are used to fully characterize different material behaviour under different conditions.

Figure (19) shows a typical TGA graph for Polylactic PLA plastic.
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Figure 19: TGA graph for PLA %mass vs. temperature [84]
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Thermogravimetric analysis (TGA) was performed to characterize the recycled materials.
This analysis was conducted to find the total amount of epoxy residue within the recycled
material. Several replicate samples with weight ranging between 10 to 23 mg were used from
the different sieved materials to quantify the proportions of fiber and epoxy within the
different sieving grades. In this study, the tests are first performed using the Q500 from TA
Instruments, (New Castle, DE, USA) and then the results are analyzed using TA universal

analysis software.
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Figure 20: Schematic of TA Q500 TGA Download Scientific Diagram [85]

The samples were heated to 550°C at a heating rate of 25 °C/min. All runs were carried
out in a nitrogen atmosphere to limit the chemical reactions that can occur during the process.
Subsequently, the remaining material was held at 550°C for 20 min to guarantee a full
decomposition of the char layer that was produced during epoxy molecular chain breakdown
during the first temperature ramp. The main goal of performing the tests was to find the

proportions of epoxy within the recyclate. Moreover, another goal was to define the lowest
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temperature needed to fully decompose the epoxy residues, which will be used later in the

pyrolysis study on one fiber batch.

3.5. Recyclate Thermolysis

Figure 21: Pyrolysis steps: ground fiber sample (a), distributed fibers in small ceramic crucibles (b), placing them in the furnace
(c), pyrolyzed fibers with char layer (d), pyrolysis oven (e), fibers after the oxidative stage (f), reclaimed samples after the

thermolysis process (g, h).

The crosslinking behaviour of the thermoset matrix molecules is the main challenge
since the material can not be remolded or re-melted. Unlike mechanical recycling of thermoset
composites, which generates a mixture of fiber and resin powder, thermolysis processes, e.g.,
pyrolysis and fluidized bed are more applicable to separate the different constituents efficiently

and isolate the fibers.
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In this study, 400g of the sieved ground fibers were pyrolyzed using the F200 PYRADIA,
Quebec, Canada furnace. Firstly, the samples were distributed into 10 (Eisco Labs) ceramic
crucibles that were placed inside the furnace, as shown in figure (21). With a nitrogen
atmosphere, these crucibles were maintained at 550°C for 45min. Finally, an isothermal
oxidative stage at the same temperature for 15min was used to remove the char layer resulting

from resin breakdown found on the surface of the pyrolyzed fibers.

Furthermore, to perform the single fiber tensile and pull-out tests, some long individual
fibers were separated from the ground and pyrolyzed fiber bundles which were taken from the

unsieved recyclate, as shown in figure (22).

Figure 22: Bundles of long fibers: ground fibers (a), pyrolyzed fibers (b)
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3.6. Single Fibre Tensile Test
In the present work, the Tensile Strength and Young’s Modulus for High-Modulus Single-
Filament Materials (ASTM-D3379-75) test procedure was performed to measure fiber tensile
properties. The specimen preparation started by isolating a thin single fiber from a bundle of
fibers, which required a tremendous effort. After that, each fiber end was glued into a plastic

tab, as shown in figure (23).
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Figure 23: Single fiber tensile test specimen preparation [90]

Then, the samples were loaded into a 10N-load-cell (Instron Model 3342 universal
testing machine) to perform the test at a loading rate equal to 0.1 mm/s. A special
extensometer was used to capture the extension of the fiber. The load was applied gradually to
the fiber failure load. Load vs. displacement curves were recorded and the data was extracted
and analyzed. The stress vs. strain graphs and strength, stiffness and failure strain results are

presented in the results section.
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Figure 24: Instron Model-3342 universal testing machine

3.7. Single Fibre Pull-Out Test
The fiber/matrix interface has a critical effect on the mechanical properties of
composites. Although there are many tests used to characterize the interface, like single fiber
pull-out, single fiber fragmentation and fiber push-out tests, thus far it remains a difficult

challenge to characterize the interface for a couple of reasons.
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