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Abstract

The wind energy industry represents one of the main application sectors for composites, where
glass fiber reinforced materials are used to manufacture turbine blades. The dramatic growth of
the wind industry over the past 20 years has resulted in an extensive amount of turbine waste,
which includes manufacturing waste, in service waste and end-of-life waste. Turbine blades
feature a life span of 20-25 years. Soon, it is predicted that the amount of end-of-life rotor blades
will increase from 50,000 tonnes in 2020 to over 200,000 tonnes in 2034. Given the non-
biodegradable nature of turbine blades, recent environmental legislation has increasingly

demanded for the recycling and replacing of them.

This thesis presents a socially acceptable reuse and recycling method for the non-biodegradable
materials in wind turbine blades. We propose to use fiberglass scrap from rotor blades as
reinforcement in thermoplastic filaments for use in fused filament fabrication (FFF) 3D printing
to achieve the following: addressing the challenging issue of wind turbine blade scrap that is
increasingly growing every year; and improving mechanical properties of 3D printed parts using

thermoplastics combined with recycled fibers.

A mechanical recycling scheme integrated with multiple classification operations are developed
and used to obtain different grades of recycled glass fiber with various dimensional properties. On
the first front, fibers featuring a length below the common nozzle size of the 3D printers are mixed
with polylactic-acid (PLA) to produce recycled composite feedstock material for the FFF process.
The developed feedstock is then used to fabricate tensile test samples with different fiber contents
following ASTM D638. The results from tensile testing show an increasing and decreasing trend
for the stiffness and strength of the samples, respectively. In addition, a comparative investigation
is performed to assess the mechanical performance of the recycled parts relative to those made

from virgin fibers, with results unveiling the higher tensile properties of the recycled parts.

On the second front, to better understand the mechanical behavior of the 3D printed recycled
samples, micromechanical analysis including single fiber tensile and pull-out tests are performed
to precisely characterize the properties of fibers recovered through mechanical and thermal
recycling techniques. These characterizations, on one hand, prove the ability of the mechanically
recycled fibers to form a stronger interface with PLA relative to pyrolyzed and virgin ones. On the

other hand, the mechanical properties of single ground fibers determine their critical fiber length,
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which is then used to properly optimize the recycling and manufacturing parameters. This
optimization lead to the preservation of fibers longer than the critical length in the 3D printed
composites and resolve the issue of strength degradation leading to structurally stronger and stiffer
parts compared with those made from pure thermoplastic filaments. A numerical model that allows
for the prediction of mechanical response of the parts made from recycled feedstock is also

developed and validated through experimental measurements.

These experiments and analyses performed in this thesis suggest that the developed methodology
can be used as a potential solution with high commercialization potential to mitigate the issue of

overwhelming quantity of end-of-life wind turbine blades.



Résumé
L'industrie éolienne représente 1'un des principaux secteurs d'application des composites, ou des
matériaux renforcés de fibres de verre sont utilisés pour fabriquer des pales de turbine. La
croissance spectaculaire de l'industrie €olienne au cours des 20 derniéres années a entrainé une
grande quantité de déchets de turbines, qui comprend des déchets de fabrication, des déchets de
service et des déchets en fin de vie. Les pales de turbine ont une durée de vie de 20 a 25 ans.
Bientdt, il est prévu que la quantité de pales en fin de vie passera de 50 000 tonnes en 2020 a plus
de 200 000 tonnes en 2034. Etant donné la nature non biodégradable des pales de turbine, les
récentes législations environnementales vont de plus en plus exigé leur recyclage et leur

remplacement.

Cette these présente une méthode de réutilisation et de recyclage socialement acceptable pour les
matériaux non biodégradables dans les pales d'éoliennes. Nous proposons d'utiliser des déchets de
fibre de verre provenant de pales de rotor comme renfort dans des filaments thermoplastiques pour
une utilisation dans l'impression 3D de fabrication de filaments fondus (FFF) pour atteindre les
objectifs suivants: résoudre le probleme difficile des déchets de pales d'éoliennes qui augmente de
plus en plus chaque année; et I'amélioration des propriétés mécaniques des pieces imprimées en
3D a l'aide de thermoplastiques combinés a des fibres recyclées. Un systéme de recyclage
mécanique intégré a de multiples opérations de classification est développé et utilisé pour obtenir
différentes qualités de fibres de verre recyclées avec différentes propriétés dimensionnelles. Sur le
premier front, les fibres présentant une longueur inférieure a la taille de base commune des
imprimantes 3D sont constituées d'acide polylactique mixte (PLA) pour produire une matiere
premiere composite recyclée pour le processus FFF. La matie¢re premiere développée est ensuite
utilisée pour fabriquer des échantillons d'essai de traction avec différents contenus en fibres
conformément a la norme ASTM D638. Les résultats des essais de traction démontrent une
tendance a la hausse et a la baisse pour la rigidité et la résistance des échantillons, respectivement.
De plus, une enquéte comparative est réalisée pour évaluer les performances mécaniques des
pieces recyclées par rapport a celles en fibres vierges, les résultats dévoilant les propriétés de

traction supérieures des pieces recyclées.

Sur le deuxiéme front, pour mieux comprendre le comportement mécanique des échantillons

recyclés imprimés en 3D, une analyse micromécanique comprenant des tests de traction et
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d'arrachement de fibre unique est effectuée pour caractériser avec précision les propriétés des
fibres récupérées grace aux techniques de recyclage mécanique et thermique. Ces caractérisations,
d'une part, prouvent la capacité des fibres recyclées mécaniquement a former une interface plus
solide avec le PLA par rapport aux fibres pyrolysées et vierge D'autre part, les propriétés
mécaniques des fibres broyées simples déterminent la longueur critique de fibre, qui est ensuite
utilisée pour optimiser correctement les parametres de recyclage et de fabrication. Cette
optimisation conduit a la préservation de fibres plus longues que la longueur critique dans les
composites imprimés en 3D et résout le probleme de la dégradation de la résistance conduisant a
des pieces structurellement plus solides et plus rigides par rapport a celles fabriquées a partir de
filaments thermoplastiques purs. Un modele numérique permettant de prédire la réponse
mécanique des pieces en matiere premicre recyclée est également développé et validé par des

mesures expérimentales.

Ces analyses et ces esssais expérimentales effectuées dans cette thése suggerent que la
méthodologie développée peut étre utilisée comme une solution potentielle a fort potentiel de
commercialisation pour atténuer le probléme de la quantité écrasante de pales d'éoliennes en fin

de vie.
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1. Chapter 1: Introduction and literature review
1.1 Background and Motivation

The wind is a clean, free and readily available renewable energy source. This source of
power generation plays an increasingly important role in the way we power our world. Wind
energy offers numerous advantages, which have made it one of the fastest-growing energy sources
worldwide over the past 20 years. The development of wind energy has the ability to free the world
from the economic dependence on fossil fuels. In addition, it is one of the lowest-priced energy
sources available today, costing between two and six cents per kilowatt-hour [1]. Certainly, wind
energy is one of the frontrunners of the technological breakthroughs that might lead to more

efficient and greener energy production.

According to the World Wind Energy Association, the total wind energy capacity has
increased from 296,581 MW in 2013 to 539,291 MW in 2017, an increase that represents 82%
growth over 4 years [2]. This development keeps continuing as wind energy is expected to
contribute to 30% of the total world’s energy resources by 2050 [3]. Canada is one of the countries
endowed with exceptional wind resources. For over one decade, Canada has utilized wind energy
as the main source for electricity production, which now contributes to around 6% of the total
electricity demand. Since the year 2000, the total installed capacity of wind turbines in Canada has

increased from 114 MW to 12816 MW.

As the wind industry grows, the size of the blades, as well as the amount of materials
required to manufacture them increases. As shown in Figure 1-1, the rotor diameter has increased
from 40 m in 1990 to 145 m in 2015, which corresponds to an increase of 260 % in the size of the
blades [4]. This significant growth of wind turbine blade size has motivated the use of composite
materials owing to their high strength-to-weight ratio, adequate corrosion resistance and high
structural stiffness. A recent survey performed in late 2017 has revealed that approximately 13.41
% of the total produced composites in the world is used to manufacture wind turbine rotor blades,

a value that is rapidly increasing every year.
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Figure 1-1: The size evolution of the wind turbine blades in terms of average rotor diameter [4].

Composite materials generally consist of two major components: a matrix and a
reinforcement. While the matrix is mainly responsible for holding the constituents together, the
reinforcement features high mechanical properties to resist against the applied loads. Besides the
wind industry, recent insights in the manufacturing technologies and material processing of
composite materials have led to extensive use of composites in many technical industries including
automotive and aerospace. Among composite materials, the superior mechanical properties of
glass fiber reinforced polymers (GFRP) combined with low cost, have made them an attractive
alternative for solid materials, resulting in 90% use in all of the composites currently produced [5].
Aircraft, automotive parts, pipes, and sports equipment are some examples of application sectors
for GFRPs [6, 7]. Recent developments in the wind energy industry have made it one of the major
application sectors for these composites, where glass fiber reinforced polymers are used to
manufacture wind turbine rotor blades. As illustrated in Figure 1-2, wind turbine blades are made
of two shells joined together by weblinkings or box beams [8]. The blades are generally subjected
to flapwise and edgewise loads, where the former arises from the wind pressure and the latter
results from the gravitational forces and torque load. Internal spar box or webs are used to resist
against the flapwise loads and the edgewise loads are taken by the edges of the cross section.
Unidirectional composites are generally used at these regions to increase the load bearing capacity

of blades against the flapwise and edgewise loads [9].

The UD composites used in wind turbine blades are typically made of E-glass fibers with

70% reinforcement weight ratio [9] (30% matrix). In addition to E-glass fibers, other classes of
glass fibers, such as S-glass or R-glass have also been used in rotor blades with the aim of attaining
higher mechanical properties with values up to 40% higher than those of E-glass fibers. Different
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types of reinforcement fibers such as carbon fibers have also been recently used in rotor blades.
Nevertheless, despite their higher mechanical properties that could substantially reduce the size
and weight of the blades, the high price and low damage tolerance of these reinforcement materials
limit their extensive use in turbine blades [10, 11]. However, some companies such as Aarhus in
Denmark or Zamudio in Spain still use carbon fibers in structural spar caps of large blades [10].
Besides synthetic fibers, natural fibers have been also used in some cases to manufacture small
blades. Besides availability and environmental friendliness, natural fibers offer a wide availability,
high strength and stiffness, which motivate the use of them in small blades. For instance, a group
of scientists from Nepal, Denmark and Australia has investigated the applicability of wooden

turbine blades from timbers with results showing high reliability and low-cost [12-15].

In terms of matrix material, thermoset resins including epoxies, polyesters and vinyl esters
are typically used in wind blade composites, mainly due to their low cure temperature and viscosity
[9]. While polyesters were initially used in small turbine blades, following the development of
large and extra-large blades, epoxies replaced them. However, some recent studies have exploited
a new class of polyesters with higher strength, faster cure time and higher durability, which meet

all the requirements for large rotor blades and motivate the return to these matrix materials [9].

Load-carrying laminate flapwise:

compression-compression

Load-carrying laminate edgewise:

tension-compression

Load-carrying |

tension-compression Load carrying laminate flapwise

tension-tension
Figure 1-2: The cross section of a wind turbine blade [9].

The manufacturing technique used for wind turbine blades has undergone a noticeable
evolution over the years. Traditionally, wet hand layup was the most commonly used technique to
manufacture the shells of blades with small and medium lengths ranging between 35-55 m. With
this manufacturing process, the composite shells were adhesively joined by the inner webs or spars.

This process, however, was associated with a relatively high labor cost, low part quality and
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environmental impact. With the development of longer blades, the applicability of other
manufacturing techniques, such as filament winding, prepreg and resin infusion was explored to
overcome the issues associated with the conventional hand lay-up method [16]. Currently, resin
infusion is the most widely used manufacturing technique for rotor blades, particularly for longer
blades [9]. With this method, dry unidirectional fabrics of fibers are first layed down along the
length of the blades, such that most of the plies are positioned near the root of the blades and
partially around the tip. Polymer foams or balsa wood are typically used as core materials to form
a sandwich structure. Then, a low viscosity resin is injected into the mold using pressure to fill up
all the mold cavities. Finally, the component is cured at room temperature [17]. Figure 1-3 briefly
illustrates the rotor blade manufacturing steps including assemblage and bonding of the shells and

internal shear webs.

Although the introduction of resin infusion has significantly improved the manufacturing
efficiency of rotor blades, it is associated with manufacturing defects including fabric slippage and
wrinkles, which affect the final performance of the blades. As a result, a quality control operation

is usually carried out following the manufacturing process to repair the possible defects.

Figure 1-3: The schematic of the manufacturing of a wind turbine blade [9].

Despite the large volume of GFRPs used in the wind industry, the difficult recycling
process for these materials has recently turned into a stumbling block, steering this industry for
finding recycling solutions for end-of-life blades. The low price of virgin glass fibers coupled with

inherent heterogenous nature of the matrix and the reinforcement have significantly reduced the
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economical profit of GFRPs recycling, such that most of the scrap glass reinforced parts are
landfilled. However, recent strict environmental legislation has motivated the recycling and
reusing of scrap composite parts [18, 19]. Despite some recent attempts at recycling of composites,
two main bottlenecks are still recognized for the recycling process of wind turbine blades, cost
efficiency and recycled product value. The problem of cost efficiency lies in the inexpensive cost
of virgin glass fibers, which not only increases the use of these materials, but also lowers the
commercial viability of any recycling system for them. Furthermore, the location of wind turbines
in remote areas creates an expensive logistic problem for collecting end-of-life blades. In addition,
the sensitivity of glass fibers to high temperatures along with their high brittleness remarkably
reduce the mechanical properties of the recycled materials such that a value-added recycled
product can not be achieved. Therefore, the motivation of this thesis is to address the critical
challenge of growing composite waste from wind turbine blades through developing an optimum
recycling scheme integrating mechanical recycling and 3D printing to achieve the following:
improving the environmental sustainability of wind energy by recycling the rotor blades at the
end-of-their life through a life cycle approach; and improving the mechanical properties of 3D

printed parts using thermoplastics combined with recycled fibers.

This chapter first introduces the current state of art for the recycling techniques of composite
materials. Then the fused filament fabrication (FFF) 3D printing process as a potential application
sector for the recycled fibers from end-of-life rotor blades is discussed in order to define the design
requirements for FFF feedstock. Based on these requirements, the thesis underlying principal and

objectives are defined.

1.2 Recycling of Composites

The extensive disposal of composite products is leading to undesirable environmental
impact due to their high organic content such as resin and wood [20, 21]. Recent reports have
revealed that the total global production of composites has exceeded 10 million tons per year,
which at end-of-life, will require over 5 million cubic meters for disposal [22]. While the
thermoplastic wastes can be melted and remolded, the recycling process of thermoset composites
is more arduous due to the crossed-linked molecular network of these polymers. So far, various
technologies to recycle thermoset composite materials have been proposed and developed in the

literature [21, 23, 24]. As shown in Figure 1-4, the current recycling solutions for thermoset
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composites can be categorized in two distinct groups, including those that involve mechanical
comminution to resize the scarp and produce recyclates; and those that utilize thermal techniques

at high temperatures to recover energy and materials.

Mechanical Recycling Fibrous recyclate

Grinding
Shredding
Crushing

Filler recyclate

Thermal Recycling -~ Long Glass/Carbon Fibers
Recycling of Thermoset Incineration

Composites Fluidized-Bed Combustion
Pyrolysis

Resin Products

Long Glass/Carbon Fibers

Chemical Recycling

Solvolysis

Polymer Solution

Figure 1-4: Recycling techniques for thermoset composite materials.

1.2.1 Mechanical recycling

This method was first introduced in the 1990s and Currently is considered as the only
recycling technique with commercialization potential [25]. Mechanical recycling involves
techniques that work for both glass and carbon fiber reinforced composites. The technique initiates
with a suitable size reduction of the scrap by low speed cutting or crushing (50-100 mm) [25]. This
facilitates the removal of metal and wood inserts, as well as the transportation of the waste to a
recycling site. Following this initial size reduction, the size of the scrap is further reduced down to
0.05 mm to 10 mm through a hammer mill or other high-speed milling techniques for fine grinding.
Finally, a classification process is performed such that fine particles of the waste are classified into
fiber-rich (coarser) and matrix-rich (finer) fractions [23, 26]. Since mechanical grinding is not
associated with any type of atmospheric pollution, this technique offers significant environmental
and economical advantages over the other available recycling processes (see sections 1.2.2 and
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1.2.3). In addition, this process benefits from the abrasive nature of glass fibers to efficiently
reduce the size of GFRP composite waste [27]. The performance and functionality of this method
has been the focus of a significant number of studies in the literature [26, 28]. For instance, Palmer
et al. [29] used a TRIA screen-classifier type hammer mill to recover glass fibers from automotive
front fenders. They validated the applicability of a novel zig-zag air separator method to obtain
fine glass fibers featuring mechanical properties comparable to virgin fibers (Figure 1-5).

Original Material
(100 %)
|

I 1
1. Coarse: To Reprocess
(28 %)

Fine: Useful Material

[ 1
2. Coarse: Coarse fibre (A) Fine: Filler and powder (B)

1
4. Coarsc: Powder (B2)
(30 %)

Figure 1-5: Different grades of recyclate obtained through air classification of mechanically recycled
front fiberglass automotive fenders [25].

In another study, three grades of granulated recyclate from sheet moulding compound
waste with different fiber sizes were obtained and used in bulk moulding compound (BMC)
manufacturing to replace the virgin reinforcements [25]. The new BMC formulations showed
reduced mechanical properties, particularly in flexural strength. This observation was ascribed to
possible fiber damage, and poor interfacial bonding between the fibers and the new resin polymer.
A number of companies have also investigated the potential of mechanical recycling at the
industrial scale. Among them, ERCOM in Germany was established in 1990 and focused on the
recycling of dismantled automotive parts into filler for new sheet moulding compounds (SMCs)
[30, 31]. A mobile shredder was employed to perform the initial size reduction of the scrap into
pieces of about 50 mm x50 mm. Following this size reduction process, a hammer mill was used

to further reduce the size of the waste and ease the classification of the recyclate into coarse and
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fine fractions. Phoenix Fiberglass in Canada was also founded in early 1990’s with the aim of
producing non-structural automotive components, such as corvette rear deck reinforcement,
Econoline van engine cover, and Ram van interior trim package [32], out of SMC waste. The
recycling technique of Phoenix was composed of a 2-stage shredding and pulverising process

followed by grading of the recyclate through screens and air classifiers.

1.2.2 Thermal recycling

Thermal recycling refers to a recycling process where high thermal energy is utilized to
decompose the polymer from scarp composites [33]. While this process mainly aims at recycling
the reinforcement fibers, caloric energy stored in the chemical bonds of polymer composites can
be also recovered through thermal recycling. The most common thermal recycling techniques are

incineration, fluidised-bed combustion and pyrolysis.

1.2.2.1 Incineration

Incineration process focuses on the polymeric phase of the composites with the aim of
releasing the calorific value stored in the chemical bonds of the polymer. Since most of the
reinforcing fibers and fillers are incombustible, the calorific energy of composites highly depends
on the proportion of polymer. Although the inorganic residues of composites after combustion
have the potential to be used in the cement industry, incineration is not commonly classified as a
recycling technology and is considered as one of the composite waste disposal methods [21]. Also,

significant pollution results from this process.

1.2.2.2 Fluidised-bed combustion recycling process

Although incapable of recovering the valuable resin products, this technique is quite robust
against mixes and contaminated materials. Initiating by a size reduction, the process is followed
by resin decomposition at high temperatures ranging between 450-550 °C. Eventually, a separation
operation is performed to pass the fiber and filler particles into a secondary combustion chamber
for the fully oxidation of the polymer [34, 35] (Figure 1-6). This recycling process generally leads
to fibers in fluffy form with surface condition similar to that of virgin fibers. Mechanical tests on
recovered fibers have revealed degraded properties with values up to 25 % lower than those of
virgin fibers [36, 37]. The short length of the recovered fibers along with the high property

degradation associated with this method heavily reduce its economical viability for glass fiber
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composites, such that a minimum of about 10,000 tonnes/year of glass fiber composite scrap

should be recycled via this method to be considered economical [36].
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Figure 1-6: The recycling process used in fluidized-bed combustion [38].

1.2.2.3 Pyrolysis

Pyrolysis is a thermal decomposition of polymer that allows for the recovery of long, high
modulus fibers, with the process operating at high temperatures ranging from 300-800°C in the
absence of oxygen [39] (Figure 1-7). This technique has been successfully used for carbon fiber
reinforced composites. One important advantage associated with pyrolysis of carbon fibers is the
high mechanical properties of the recovered fibers, a fact that arises from the inert atmosphere
used during the process. Gusao et al. used pyrolysis to recover carbon fibers from second
generation aircraft composites, namely Boeing 787 [40]. They used a vacuum pyrolysis to limit
the exposure of the reclaimed fibers to an oxidative environment so that the fibers retain their
mechanical strength. With this technique, although a higher fiber purity was achieved, an ash layer
was still covering the surface of the fibers resulting in low surface quality. Meyer et al. used a two-
step pyrolysis method to extract fibers from carbon fiber composite waste [41]. In this study, the
fibers were first recovered at 550 °C in the presence of nitrogen. Then, an oxidative operation at
550 °C was followed to fully remove the resin residue from the surface of the fibers. The recovered

fibers retained 95 % of their tensile strength.

While partially successful, this thermal process has yet to be extended to accommodate

glass fiber composites as previous studies have documented significant degradation associated
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with the pyrolysis of glass fibers [42, 43]. For examples, Cunliffe et al. have observed a reduction
of approximately 40-50 % in the strength of E-glass fibers recovered from sheet molding

compound using pyrolysis [44].

Combustible Gases to
Heat Reactor

Hot
Scrap Feed Reactor G
preed %% Condenser
Vessel
Solid Products Solid and Liquid
(Fibers, Fillers, Char) Hydrocabon Products

Figure 1-7: Pyrolysis process [24].

1.2.3 Chemical Recycling

The chemical recycling technique uses a dissolution reagent to breakdown the matrix
polymer into high value oligomers so that the reinforcing fibers can be recovered [20, 45]. Diverse
types of solvent have been identified in the literature such as water, glycols, alcohol and acids. The
pressure and temperature required in the dissolution process highly depends on the type of the
solvent [46, 47]. For instance, high temperature and pressure under either sub or supercritical
conditions are generally required when water or alcohol are used as a solvent. This facilitates the
depolymerization process and results in a faster dissolution and higher efficiency [48, 49]. Despite
the satisfactory results of this technique, its high cost and inability to handle large quantities of
waste have highly limited the applicability and commercialization of chemical technique in large
scale. In addition, there is a chemical waste by-product created that represents another difficult

environmental problem associated with this method.

1.3 Recycling of wind turbine blades
While clean and efficient, the enormous use of wind energy comes at the expense of

widespread quantities of inorganic waste from the composite materials used in rotor blades.
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Despite the recent advances in the composite industry, a mature recycling or reusing technology
has yet to be developed for used rotor blades. As a consequence, a large portion of the blade waste
currently produced, ends up in landfills, where leachates (a product obtained by leaching) from
them can infiltrate the ground water and soil, a phenomenon associated with environmental impact
and degradation. Apart from landfill, incineration is also used to dispose of the blades at the end
of their life. However, recent studies have made it increasingly clear that the toxic substances
present in the blades affect the living organisms, as well as the environment by getting adsorbed
from the particulates generated during incineration of rotor blade materials [50-52]. The
environmental concerns of composite wastes from the wind industry grows as the amount of
composite material used in rotor blades has undergone a remarkable growth due to the increase in
blades size and numbers of blades, as shown in Figure 1-8. Although many countries have recently
imposed high environmental taxes on the landfill of organic materials, recent legislations, e.g. the
EU directive on the landfill of waste, 1999/31/EC, prohibit the landfill of materials with more than
10% organic content. As a result, composite industries that are pioneering the use of organic
materials, e.g. the wind turbine industry, are steered towards finding sustainable recycling

solutions for their scrap composites.
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Figure 1-8: The prediction of required quantities of material used for turbine blades [3].

To overcome the overwhelming volume of end-of-life wind turbines blades, recently
recycling of wind turbine blades has been significantly investigated in the literature [53-56].

KEMA and the Polish Industrial Chemistry Research Institute have studied the viability of
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mechanical recycling of turbine blades with the aim of reusing them in new composites. They have
demonstrated that due to the poor mechanical properties of the recycled fibers, as well as their
fiber size, the application of the recyclate is limited [3]. More recently, chemical and pyrolysis
techniques have been utilized to recover glass fibers from end-of-life rotor blades. While pyrolysis
led to significant property degradation in the recycled fibers, the chemical technique showed little
promise in terms of commercialisation due to the use of hazardous chemicals and excessive cost.
To this point, Larsen [3] has developed a pyrolysis process integrated with gasification to recover
glass fibers and thermal energy from end-of-life wind turbine blades. In the proposed scheme, the
blades are initially shredded into hand-sized chunks and then fed continuously into an oxygen-free
rotating furnace at a temperature of 500°C. Once the resin is fully pyrolyzed, a combustion process
in the presence of air is conducted to obtain clean fibers. Finally, the dust and ferrous metals are
removed from the recyclate through magnets. ReFiber ApS has also developed and patented a
pyrolysis-based recycling concept for wind turbine blades [57]. With this recycling technique, the
gas obtained throughout the process is burned in CHP plants used in district heating for energy
recovery. The recycled glass fibers are also processed for use in different basic applications such
as wool for insulating purposes, short fibers for reinforcing casting compounds and plastic items.
To mitigate the strength knock-down of the pyrolysis process, a two-step pyrolysis method has
been recently developed and used to recycle wind turbine blades and recover reinforcement E-
glass fibers [42]. The study resulted in an improved fiber quality, showing that the recovered fibers
exhibited higher properties compared to those recovered via the traditional one-step pyrolysis
process. However, this technique will incur an additional cost, which will adversely affect the
commercialisation potential of thermal recycling for GFRPs. The feasibility of recycling glass
fiber reinforced thermoplastic wind turbine blades was also exploited in a recent work by Cousins
et al. [22]. Using a thermoplastic resin, a spar cap component for wind blades was manufactured
and exposed to three different recycling methods including pyrolysis, dissolution and mechanical
grinding. The results from this study demonstrated that dissolution process is capable of recovering
the thermoplastic resin products and reinforcement fibers. In contrast, the pyrolysis process was
only able to recover fibers featuring lower mechanical properties compared with virgin materials.
In addition, mechanical grinding was unable to recover the valuable resin products. While
interesting, this method can be only applied to thermoplastic reinforced blades, whereas the

majority of the blades are composed of thermoset resins. Another recent research study
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investigated the feasibility of reusing the mechanically and thermally recovered fibers from wind
turbines blades to reinforce polypropylene [19]. The results from this study have revealed that the
mechanical properties of the recycled composite parts made using the shredded fibers are
comparable to those using pyrolyzed fibers. They have also shown that, as opposed to pyrolyzed
fibers, the shredded glass fibers retain the surface glass sizing, a characteristic that can influence
the interfacial properties of the recovered fibers when mixed with a new polymer. As a result,
mechanical grinding can be considered as a simple and straightforward solution to handle the glass

fiber reinforced plastics.

Despite all these early studies, which have achieved partial success in recycling of wind
turbine blades, a mature composite recycling landscape designed specifically for wind turbine
blades with high commercialization capability is still lacking in the literature and in practice. In
addition, the wind turbine industry is relatively young such that only a limited amount of practical
experience on the recycling of turbines exists. As a result, a crucial need for a viable recycling
solution that can turn the overwhelming composite wastes from wind industry to a value-added

product exists.

1.4 Fused Filament Fabrication

With the shortcomings of the thermal and chemical recycling techniques for GFRPs, the
choice of mechanical recycling could be an effective and straightforward recycling method for
these materials. However, as it is often highlighted in the literature, the viability of this method
relies on the carful separation of characterized fibers with lengths comparable to virgin fibers [25].
As a result, short fiber reinforced composites could be deemed as a superior potential application
for mechanically recycled composites. One of the recent application sectors for short fiber
composite materials, which is growing fast, is additive manufacturing (AM). AM provides an
exciting opportunity to build objects from 3D models by joining materials layer upon layer [58].
AM technologies have enabled the fabrication of large and complex prototypes that are difficult
to be manufactured through conventional methods. AM techniques include stereolithography
apparatus (SLA) from photopolymer liquid [59], fused filament fabrication (FFF) from plastic
filaments [60], laminated object manufacturing (LOM) from plastic laminations and selective laser
melting [61]. Among all these techniques, FFF is the most widely used method to fabricate pure

plastic parts with low cost, minimal wastage, and ease of material change [62]. As an emerging
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technology, many industries including automotive, medical, military and academic use FFF 3D
printing as a rapid manufacturing tool. The widespread use of 3D printing has led to a significant
increase in the value of the market for polymers used in FFF from $310 million in 2014 to $1.4

billion in 2019 [63].

Current feedstocks used in FFF are predominantly limited to thermoplastic filaments,
including acrylonitrile butadiene styrene (ABS), polycarbonate (PC), polylactide (PLA),
polyamide (PA), and the mixture of any two types of thermoplastic materials [60, 64]. The lack of
mechanical properties in parts built from these thermoplastics is the major shortcoming of the FFF
process, which restricts its applications to conceptual protypes rather than end-user functional
products. As a result, it is critical to improve the FFF-fabricated pure thermoplastic parts, thus
increasing their application and functionality. To overcome this issue, many efforts in the literature
have attempted to improve the properties of FFF fabricated parts via introducing reinforcement
materials such as glass fibers, into plastic materials to form composite reinforced 3D printing
filaments [65-67]. Tekinalp et al. [64] and Ning et al. [62] exploited the feasibility of short fiber
reinforced ABS composites as a feedstock for 3D-printing (Figure 1-9a). In an experimental study,
Zhong et al. [68] studied the processability of three different types of glass reinforced filaments
with an ABS matrix. The results showed that glass fibers are capable of improving the tensile
strength and surface rigidity of the ABS filaments. In another study, Gray et al. [67] introduced a
new class of filaments made of thermotropic liquid crystalline polymer (TLCP) fiber reinforced
polypropylene composites. They observed that longer TLCP fibers compared to chopped fibers
lead to larger tensile strength and improved functionality of the fabricated prototypes. Shofner et
al. [69] used an ABS matrix to develop nano-fiber reinforced composites through FFF. The
filaments were made of single-walled carbon nanotubes and ABS plastics. With these newly
developed filaments, they observed, respectively, 40% and 60% increase in the tensile strength

and Young’s modulus of the 3D printed parts.

Papon et al. [70] reported the fracture properties of 3D printed short carbon fiber reinforced
parts with different bead lay-up orientations. They reported that the composite parts with 0°/90°
and 45°/-45° bead orientations featured a fracture toughness that was improved by, respectively,
42 % and 38 % as compared to neat PLA. Weng et al. [71] exploited the mechanical and thermal
properties of parts made of organic montmorillonite (OMMT) reinforced ABS filament. Their
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experimental tests showed an intercalated structure formed in the 3D printed parts, which led to
improved tensile and flexural properties proportional to the reinforcement content. As well, the
composite parts showed a lower thermal expansion ratio when compared to pure ABS parts. It was
also observed that adding OMMT can contribute to enhanced thermal decomposition and glass
transition temperature as compared with pure ABS. In another experimental investigation, Dul et
al. [72] characterized the mechanical properties of 3D printed ABS parts integrated with graphene
(Figure 1-9c). Samples containing graphene with different weight fractions, namely 2, 4 and 8
wt% were printed and characterized. While an improvement in the tensile modulus of the samples
was achieved, addition of graphene led to a reduction in the tensile strength, as well as the strain
at break of the composite parts. In a more recent study, hemp hurd/PLA biocomposites were
developed as feedstock for FFF (Figure 1-9b) [73]. The rheological tests showed that increasing
the reinforcement content highly increases the viscosity of the filament. However, at high strain
rates, the polymer shows shear thinning, which improves the melt flow and thus the processability
of the filament. The mechanical tests demonstrated weaker properties for the FFF parts owing to
their higher porosity. In addition, it was shown that increasing the hemp hurd content can
negatively influence the flexural and tensile strength of the FFF parts by reducing the melt flow of
the polymer and increasing the voids formed at the interface between the filler and polymer, as

well as between the 3D printing layers.
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Figure 1-9: SEM micrographs from samples fabricated by reinforced FFF filaments: (a) carbon fiber
reinforced ABS [64]; (b) hemp hurd reinforced PLA [73]; (c) graphene reinforced ABS [74].

The latest developments in the FFF process involves the incorporation of continuous fibers
into polymer resins to 3D print continuous fiber reinforced composites. In this process, a double
nozzle FFF 3D printer is used to separately extrude the polymer and reinforcement fiber. For
example, in a study by Goh et al. [75], continuous glass and carbon fiber reinforced parts were
successfully fabricated and tested. The results showed significantly improved properties for the
glass fiber samples with values as high as 450 MPa and 7.2 GPa for the tensile strength and
stiffness, respectively. As well, carbon fiber parts showed enhanced tensile strength and stiffness
with values, respectively, 30 % and 80 % higher than those of glass fiber parts. In a more recent
study, the tensile, fatigue and creep performance of 3D printed components made of three different
types of reinforcement, namely carbon, glass and Kevlar fibers were assessed [76]. In this study,
two sets of samples featuring a concentric and isotropic infill orientation were fabricated. The
mechanical test results showed that components with isotropic infill orientation have the highest
properties. This observation was attributed to the high fiber volume fraction, as well as the more
aligned fibers in the isotropic samples. The SEM micrographs from the fractured surface of all the
samples revealed fiber pull-out, delamination and fiber breakage as the most dominant failure

modes.

All these aforementioned advances highlight the enormous potential in FFF 3D printing

process to soon emerge as a prevalent technique and replace traditional manufacturing processes.
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While the recent research trend on filament feedstock for FFF has only been focused on the use of
virgin materials, the versatility of the technique to different materials introduces an exceptional
opportunity for developing recycled composites via 3D printing. In particular, the increasingly
growing application of the FFF process in many different industries, which translates to an
extensive use of reinforced feedstock, opens up the possibility of accommodating a noticeable
amount of composite wastes in this technology to produce a new class of filament feedstock

reinforced with recycled materials.

1.5 Thesis rationale

In light of the critical need for recycling end-of-life wind turbine blades and the remarkable
growth of FFF additive manufacturing technology, the main aim of this thesis is to develop and
validate a recycling scheme for end-of-life scarp wind turbine blades via designing structurally
efficient 3D printed composite component from recycled rotor blades (Figure 1-10). To achieve
this goal, we propose a new class of FFF feedstock filament made of recycled fiber reinforced
thermoplastics. An efficient and effective recycling route is developed to extract glass fibers from
scrap blades. The recovered fibers are then characterized to obtain optimum process and design
parameters to achieve efficient strengthening and stiffening from the recycled fibers in new
composite systems. Lastly, the fibers are reincorporated into an optimized extrusion process to

produce recycled fiber reinforced FFF feedstock, which is then used to fabricate composite parts.

One important aspect required to develop composite feedstock filament is the
processability of the filament for the 3D printing process. To ensure the processability of the
filament, multidisciplinary aspects including the physical properties, mechanical behaviour as well
as the dimensional properties of the filament at micro and macro scales need to be accurately

optimized. The specific objectives of the thesis are to:

1. Develop a cost-effective method for transforming large pieces of fiberglass wind turbine
blades into fibers and particles that are suitable for the composite processing.

2. Characterize the tensile and interfacial properties of the recycled fibers to gain insight into
the design parameters required to develop effective recycled composites.

3. Develop and validate optimum extrusion process parameters to successfully produce

filaments with consistent diameter and properties as feedstock for FFF.
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4. Mechanical and thermal characterization of 3D printed parts made from pure and fiber-
reinforced thermoplastic filaments.

5. Develop a finite element model that enables a rapid assessment of the mechanical
properties of 3D printed recycled parts.

6. Compare the performance and price of the newly developed filament to that of
commercially available filament on the market to evaluate the viability of the proposed

recycling scheme.

1. Micromechanical analysis 2. Mecahnical recycling

Gage length

Grinder

Card tab

Super glue Recycled glass fiber

Extruder AR RIS 3 3D printed rcled part
Figure 1-10: The proposed recycling solution for used wind turbine blades.

1.6  Structure of the thesis

This thesis is manuscript-based and is composed of six chapters. The current chapter (Chapter
1) briefly introduces the general background of wind turbine blades, followed by a literature review
on the current recycling techniques for thermoset composites, including rotor blades. Additive
manufacturing, particularly, fused filament fabrication as a potential market for recycled blades,
is then extensively discussed and its merits and limitations are reviewed. At the end of Chapter 1,

the overall objectives of this thesis are presented.

Chapter 2 proposes a recycling methodology integrating mechanical recycling and 3D printing

to design and fabricate recycled 3D printed parts. FFF feedstock featuring 5 wt% fiber content are
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produced and used to manufacture tensile test coupons. The thermal and mechanical behavior of
the newly developed filaments are studied and compared with commercially available pure PLA
filament. In addition, the tensile properties of parts made from recycled fiber reinforced filament

are assessed through tensile test on samples fabricated via FFF 3D printing.

Chapter 3 describes the effect of fiber content and recycled fibers surface morphology on the
mechanical properties of 3D printed parts. Sample containing different fiber contents, including 5,
10, 15, 20 and 25 wt% are fabricated and evaluated through tensile testing. Following the tensile
tests, an SEM investigation is carried out to study the fractured surface of the samples and
characterize their void content. To study the effect of surface morphology of the recovered fibers
on the interface properties of fabricated composites, 10 wt% tensile test coupons reinforced with
virgin glass fibers featuring dimensional properties, e.g. average fiber length and fiber diameter,
identical to those of recycled fibers are manufactured and characterized. The properties of samples
made from virgin fibers are then compared with those made from recycled fibers to investigate the

interface developed between the fibers and matrix.

Chapter 4 presents a systematic investigation on the mechanical and interfacial properties of
fibers extracted from end-of-life wind turbine blades. Wind turbine blades are recycled through
two different recycling schemes, namely thermal and mechanical, and single fibers from both
recyclates are obtained and evaluated through single fiber tensile and pull-out tests. The
mechanical properties of the recycled fibers, including the strength, stiffness and strain at failure
are characterized and compared to those of virgin glass fibers. Using SEM and AFM
investigations, the surface topography of the fibers is studied. Furthermore, the interfacial shear
strength between the fibers and the new polymer system is measured and used along with the fibers
properties to calculate the minimum critical fiber length required to achieve efficient strengthening

and stiffening from the recycled fibers.

Chapter 5 combines the key elements of recycling and micromechanical analysis, obtained
from chapter 2 through 4, to introduce recycled value-added products with superior mechanical
properties. In particular, the recycling process is adjusted to preserve fibers with length above the
critical length to achieve composites with effective strengthening and stiffening. Besides the
experimental studies, this chapter also conducts a finite element (FE) modeling of the 3D printed

recycled parts, which enables a rapid prediction of the tensile properties. While modeling of all the

Page 20 of 176



micromechanical features of a 3D printed part is complex, a homogenization technique is utilized
to hierarchically evaluate the stiffness of the main building blocks of the microstructure of a 3D
printed part. The results from the FE analysis are then compared with the experimental

measurements to further evaluate the performance of the newly introduced 3D printing feedstock.

Finally, Chapter 6 highlights the main results and the main contributions of this thesis and

concludes with a brief description of possible paths for future work.
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2.1 Abstract

The wind energy industry is one of the fastest-growing application sectors of composites, where
reinforcement fibers are used in the manufacturing of light rotor blades. Considering the limited
lifetime of turbine blades, a growing number of wind turbines will start to be decommissioned.
Turbine blades are generally landfilled at their end-of-life, which highly impacts the environment.
This paper proposes a systematic scheme combining mechanical recycling and 3D printing to
recycle the valuable constituents of the scrap blades and reuse them in a Fused Filament
Fabrication (FFF) process with the aim of improving the mechanical performance of 3D printed
components. Mechanical grinding integrated with a double sieving mechanism is utilized to
recover the reinforcement fibers. Tensile test specimens with 5 wt% fiber content are fabricated
from the recycled fibers and plastic pellets and their mechanical properties as well as internal
microstructure are investigated. The results demonstrate an improvement of 16% and 10 % in the
elastic modulus and ultimate strength of the reinforced composite filament as compared to the
commercially available pure PLA filament. As well, a Young’s modulus of 3.35 GPa was observed

for the FFF fabricated samples, which is an 8% increase relative to pure PLA samples.

Keywords: A. Wind energy industry, E. Mechanical recycling, E. Fused filament fabrication, B.

Mechanical properties
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2.2 Introduction

The superior mechanical properties of composite materials provide an exiting opportunity to build
structures that are lightweight and of high strength, characteristics that have led to many
engineering applications for composites [1-4]. The wind energy industry represents one of the
fastest growing application sectors of composites, where reinforcement fibers, such as fiberglass
or carbon fibers, a plastic polymer, such as polyester or epoxy, and a core material are used to
build strong and compliant rotor blades [5]. The dramatic growth of wind industry over the past
20 years has resulted in an extensive amount of end-of-life rotor blades. Current routes to dispose
of turbine blades at their end-of-life involve landfill and incineration, methods that are associated
with environmental impact [6, 7]. Given the non-biodegradable nature of turbine blades, recent
environmental legislation has increasingly demanded for the recycling and replacing of turbine
blades in the near future [5, 6, 8]. Recent research efforts in the area of wind energy have been
focused on the development of sustainable methods for the recycling and reuse of rotor blades. To
address this pivotal challenge, scientists have resorted to chemical and pyrolysis techniques to
recover glass fibers from end-of-life turbine blades [6]. Despite the high mechanical properties of
the recycled fibers, these techniques show little promise in terms of commercialisation due to the
use of hazardous chemicals and/or excessive cost. Mechanical grinding is the only recycling
technique, which has found its way to industrial application [9]. Compared to thermal and chemical
techniques, this method offers a straightforward and economically feasible scheme for the
recycling of composites, particularly glass fiber reinforced materials [10, 11]. A recent research
study investigated the feasibility of reusing the mechanically recovered fibers from wind turbines
blades to reinforce polypropylene [12]. The results have revealed that the mechanical properties
of the recycled composite parts made of the shredded fibers are comparable to those observed for
parts made of pyrolyzed fibers. They have also shown that as opposed to pyrolyzed fibers, the
shredded glass fibers retain the glass sizing. As a result, mechanical grinding can be considered as

a simple and straightforward solution to handle the glass fiber reinforced plastics.

Recent studies have shown that composite materials can be systematically designed and used to
produce strong and stiff feedstocks for Additive Manufacturing (AM) processes [13-16]. AM
represents a class of fabrication techniques where a layer-upon-layer method is used to build a part

from a 3D model [17-19]. AM enables the fabrication of components with complex geometries,
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those that are unachievable using traditional manufacturing techniques [20]. Fused Filament
Fabrication (FFF) is the most widely used 3D printing process due to its simplicity, low cost, and
minimal wastage [21]. While extremely efficient, FFF parts are generally made of pure
thermoplastic material, which results in low strength and stiffness, dominant factors in contributing
to their limited structural performance [22-26]. The mechanical properties of the FFF
manufactured parts depend upon a multiple of factors including the filament material, extrusion
process of the filament, as well as the manufacturing process and design parameters. Recent
advances in AM involve the integration of reinforcing materials with the thermoplastic polymers
with the goal of enhancing their mechanical properties. This technique offers the possibility of

manufacturing functional parts with strong and stiff microstructure.

Corcione et al. [27] incorporated NanoHydroxyApatite powder into polylactic acid (PLA) to
produce b-tricalcium phosphate—based PLA composites as a feedstock material for FFF process.
Differential Scanning Calorimetry (DSC) analysis showed promising results in terms of the glass
transition temperature of the NanoHA/PLA filament, a crucial factor to the success of the 3D
printing process. The newly introduced filament was successfully used to print bone allografts
with higher compressive strength relative to those printed using pure PLA filaments. More
recently, Kuo et al. [28] attempted to improve the thermomechanical properties of Acrylonitrile
butadiene styrene (ABS) filaments using thermoplastic starches (TPS). ABS polymer and TPS
agents were used to produce FFF feedstock filaments. In order to increase the processability of the
filament, a plasticizer namely, glycerol/water was used. Mechanical and thermal tests performed
on the filament showed an improved thermal resistance, heat distortion temperature, flexural
modulus, impact strength, tensile strength, and flexural strength. Nikzad et al. [29] postulated that
the addition of iron powder into ABS reduce the tensile strength of the filament when compared
to pure ABS. Nevertheless, iron/ABS filament exhibited an improved thermal conductivity and

heat capacity, which ensured thermally stable 3D printed parts with high dimensional accuracy.

Other strategies that deal with the improvement of FFF 3D printed parts involve the incorporation
of reinforcement fibers e.g., carbon and glass fibers, into the polymeric filaments. In one
interesting study, Shofner et al. [30] used ABS matrix to develop nano-fiber reinforced composites

through FFF. The filament was made of single-walled carbon nanotubes and ABS plastic. With
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the newly developed filament, they observed 40% and 60% increase in the tensile strength and
Young’s modulus of the 3D printed parts, respectively. Zhong et al. [31] incorporated short glass
fibers into ABS matrix to produce FFF filament. Their results showed that the parts made of glass
fiber reinforced filament feature higher tensile strength relative to pure ABS. In a more recent
study, Ning et al. [21] investigated the mechanical performance of FFF 3D printed parts made of
virgin carbon fiber reinforced ABS filament. ASTM D638 standard was followed to prepare tensile
test specimens with different fiber content, i.e. 3, 5, 7.5, 10, and 15 wt%. Compared with the pure
ABS specimens, an improvement in the flexural and tensile strength was attained by increasing
the fiber content from 3 to 5 wt%. However, a further increase in the fiber content from 5 wt% to
10 wt% resulted in a reduction of the tensile strength. This reduction in properties is attributed to
the pores that develop during the extrusion and printing process of the filaments with high fiber
content. Stoof et al. [32] exploited the possibility of natural fiber reinforced Poly-propylene
composites as a feedstock for 3D-printing. Their work particularly investigated the effect of fibers
on the strength and shrinkage of the printed samples. The results showed that the tensile strength
and Young’s modulus of both the filament and the 3D printed samples have increased by 70% and
210%, respectively. It was also observed that increasing the fiber content has the potential to

mitigate the shrinkage of the 3D printed objects.

While all the studies mentioned so far focused on the use of virgin fibers, only recently have scrap
materials been used to develop FFF feedstock. For example, in an experimental study, a novel FFF
filament based on PLA and Lecce Stone (LS) scraps was successfully designed and developed
[33]. Although no mechanical study was performed, the study showed that the thermal degradation
of the newly developed filament is similar to that of the conventional pure PLA filament, thus
ensuring a high processability of the LS/PLA filament. In another study, nylone6 industrial waste,
ADLO3 and Al powder were used to achieve a filament featuring higher roughness and wear

resistance relative to commercial FFF filament material [34].

The aim of this work is to use fiber glass scrap from wind turbine blades as reinforcement in
thermoplastic filaments for 3D printing to achieve the following: addressing the challenging issue
of wind turbine blade scrap that is increasingly growing every year; and improving mechanical

properties of 3D printed thermoplastic parts without the need of adding high cost virgin fibers. In
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this paper, the ASTM D638 standard test method is followed to properly characterize tensile
strength of 3D printed parts out of pure PLA and PLA reinforced with fiberglass. In the following
sections, first, a systematic methodology is proposed integrating mechanical recycling and
filament extrusion to manufacture PLA filaments reinforced with fiberglass. Then, specimen
geometry, configuration, and testing procedure are described as per ASTM D638. Next, the
specimen manufacturing, including 3D printing process and design parameters, is described
extensively. Experimental testing is performed and the tensile strength for different filament
materials is obtained. Finally, the performance of the 3D printed specimens with pure and

reinforced PLA is discussed and recommendations for future research are presented.

2.3 Methodology

One of'the causes of environmental pollution is landfill of wind turbine blades. This work proposes
to recycle the turbine blades at their end-of-life and reincorporate them into thermoplastic FFF
filaments. The cost analysis on the landfill of wind turbine blades has shown that it is presently the
most economical feasible solution to dispose of the scrap blades. However, the EU directive on
the landfill of waste, 1999/31/EC, prohibits the landfill of Glass Fiber Reinforced Plastics (GFRPs)
and many countries are now imposing tax upon organic wastes, which are put into landfill [12].
Hence, despite the low cost of virgin glass fibers, the tighter environmental regulations that are
sure to come, will enhance the economical long-term benefits for recycling GFRPs. The major
aspects of the approach that are taken here rest on the integration of mechanical grinding and
filament extrusion to transform the recycled glass fibers into commercial FFF feedstock material.

Figure 2-1 depicts the current methodology, where the key steps are briefly described below:

1. A mechanical recycling method combining grinding and a double sieving process is
performed to recover the glass fibers from the scrap blades. Since the diameter of the 3D
printer nozzle used here is 0.4 mm, the double sieving operation ensures a supply of fibers
with a length generally below 0.4 mm, a characteristic essential for filaments with high
processability.

2. The mixture of the PLA pellets and the fibers are placed in a dehydrator machine for a drying
process of 4 hours at 60°C. This dehydrations process reduces the moisture content of the

pellets that could generate voids during the extrusion process.
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3. To generate the Recycled Glass Fiber Reinforced Filament (RGFRF) for FFF, the raw
materials obtained in step 2 are first fed into a twin-screw extruder connected to a pelletizer
to produce glass fiber reinforced pellets. Following the initial extrusion, the pellets are re-
dried and fed into a single screw extruder to produce RGFRF. The extruder screw speed, the
die temperature as well as the winder speed are tuned to attain a filament with consistent
diameter of 1.75 mm. A laser micrometer with an accuracy of £2 um is used along with the
extruder to monitor the filament diameter.

4. Tensile properties of a single filament made out of pure PLA, as a baseline, and reinforced
filaments are compared. In addition, tensile coupons are manufactured as per ASTM D638
type I out of pure PLA filament and RGFRF. Tensile testing is performed on the coupons and
the resulting mechanical properties are compared to evaluate the performance of the newly

developed filament.

PLA Pellets

Pelletizing

Tensile Test Tensile Coupons
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Figure 2-1: The proposed methodology for recycling of wind turbine blades.

2.3.1 Mechanical recycling
To avoid the consequences of landfill and incineration, one focus of this work is on the mechanical
grinding of the rotor blades, a size reduction technique for a simple and fast recovery of the glass

fibers from the scrap blades. Further, grinding with an impact and hammer mill has shown to be
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the most efficient way to reduce the size of glass fiber reinforced composites due to the abrasive
nature of fiberglass [11]. In the present study, recycled glass fibers with an average length of 0.1-
0.4 mm are obtained from grinding a turbine blade made of glass fiber reinforced epoxy composite.
Since the nozzle diameter of the printer used in this investigation is 0.4 mm, this range of fiber
length ensures a high processability for the proposed filament. Longer fiber lengths lead to the
possibility of clogging the 3D printer output nozzle. As observed in Figure 2-2, a three-stage
recycling procedure is used here to obtain the fibers for the filament extrusion: First, the blades
are cut down into 20 x 20 cm pieces using a band saw and then fed into a grinder machine (ECO-
WOLF, INC.) consisting of a hammer mill system and a classifier with a hole size of 3 mm.
Following the first granulation process, visual inspection microscopy of the recycled materials
demonstrates a mixture of resin powder and fibers, resulting in a fiber length range of 0.1-2.5 mm.
To further classify the recycled materials, a double sieving mechanism is used and two grades of
granulated material are obtained. The granulated blade obtained from the first grinding process is
sieved through a stainless-steel screen with a hole size of 0.1 mm. The larger-sized recycled
material is then re-fed in the sieve for the second sieving operation to extract more fine fibers that

are in the desirable length range.

Mechanical grinding of turbine scrap blades >
e P2 o "4

Wind turbine blades stage 1: Cuting the blades stage 2: Grinding stage 3: Sieving
Figure 2-2: The proposed three-stage grinding methodology for the mechanical recycling of wind
turbine blades.

2.3.2 Filament extrusion

The RGFRF was fabricated through a double melt extrusion process of PLA pellets (Ingeo 4043D,
Natureworks LLC, Blair, Nebraska) and 5 wt% recycled glass fibers. PLA is a hygroscopic
thermoplastic and readily absorbs moisture from the atmosphere. The presence of moisture will
hydrolyze the biopolymer resulting in void generation during the extrusion process [35].
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Furthermore, the presence of moisture on the surface of the fibers can form
fiber clusters, which prevent a homogeneous distribution of fibers within the polymer. As a
preventative measure, a dehydration process on the fibers and the PLA pellets is performed at 60
°C for 4 hours to dry the fibers and reduce the moisture content of the pellets to below 250 ppm.
Once the fibers and the pellets are dried, we feed them into a twin-screw extruder (Leistritz
ZSE18HP-40D, Nuremberg, Germany) with 8 subzones connected to a pelletizer to produce glass
fiber reinforced pellets. This process ensures a homogeneous distribution of the fibers within the
matrix, an essential factor to the dimensional accuracy of the filament, as well as the mechanical
properties of the 3D printed components. The reinforced pellets are then re-dried and fed into a
single screw extruder (FilaFab, D3D Innovations Limited, Bristol, UK) to produce RGFRF. To
increase the dimensional accuracy of the filament, a spool winder machine is connected to the
extruder, which allows for accurate control of the filament diameter. To consistently monitor the
diameter of the filament, a laser micrometer with +2 um accuracy is used. The extrusion
parameters including the screw speed, the speed of the winder as well as the die temperature are
properly adjusted to achieve a 1.75 + 0.05 mm filament, a suitable diameter and tolerance for the
3D printing process. The screw speed and the temperature of each zone during the initial and the
second extrusion processes are reported in Table 2-1. Scanning Electron Microscopy (Hitachi
UHR Cold-Emission FE-SEM SU8000) and optical microscopy (Nikon, Tokyo, Japan) are used
to characterize the microstructural features of the RGFRF namely, the fiber distribution and fiber
orientation. The filament is sectioned transversely and longitudinally, where the former is used to
monitor the fiber distribution and the latter shows the fiber orientation. For the longitudinal cross
section, the samples are potted in an epoxy resin, ground and polished in preparation for the
microstructural analysis. Grinding is done using 120 grit, followed by 220 and 600 grit sandpaper,
and polishing is performed using a 10 um diamond slurry, then a 5 um diamond slurry, and

finished with a 0.3 um alumina suspension.

Page 36 of 176



Table 2-1: The single and twin-screw extruders parameters.

Screw speed (rpm) 90

Subzone 1-2 (Temp °C) 190

Subzone 3(Temp °C) 185

Twin screw pelletizer Subzone 4(Temp °C) 180

Subzone 5(Temp °C) 175

Subzone 6-8(Temp °C) 170

Screw speed (rpm) 25

Single screw filament Die temperature (Temp °C) 210
maker Winder speed (rpm) 1

To study the effect of the recycled fibers on the physical properties of the filament, in particular,
the glass transition temperature and the crystalline content, DSC analysis is performed on the
RGFRF and the pure PLA filament. Samples weighing in the range of 6-10 mg are extracted from
the filaments and loaded into the DSC instrument (DSC Q100, TA Instruments, USA). The thermal
history of the samples induced during the filament preparation is first removed with a heating
procedure. Following the initial heating ramp, the samples are cooled down to ambient temperature
at a rate of 5 °C /min and then held isothermally for 3 minutes. After the removal of the thermal
history, the temperature is then ramped at a rate of 5 °C/min up to 200 °C to capture the glass
transition temperature, as well as the melting peak of the samples. The DSC analysis is performed

at least three times for each sample to verify the accuracy of the results.

The mechanical properties of the RGFRF, as well as the interface between the recycled fibers and
PLA are assessed by performing tensile tests on both the RGFRF and the pure PLA filaments. A
set of lifting thimbles with an inside diameter of 7/8 inch is used to clamp the filaments in the
tensile machine. To ensure the validity of the results, the test is repeated five times and the average

results are reported.

2.3.3 Specimens design and manufacturing

ASTM D638-14 standard is followed here to characterize the tensile properties of 3D printed parts
made of RGFRF and pure PLA. As per ASTM D638, five different types of tensile test specimen
are suggested. Type I is the preferred specimen for a thickness of less than 7 mm. Hence, type I is
selected here, and a 3D model is created in SolidWorks (Dassault Systems, Waltham, MA) as per
the geometry and dimensions given in the standard. Although manufacturing process and design
parameters such as nozzle temperature, bed temperature, layer thickness and infill percentage play
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a major role in the structural performance of FFF 3D printed parts, in this work the influence of
the feedstock material is studied. To do so, the manufacturing process and design parameters are
kept identical for all the specimens and a relative comparison is performed based on their tensile
properties. As a result, five pure PLA and reinforced specimens with a total thickness of 3.36 mm
and 0° raster orientation are prepared using a Prusa i3 Mk2S printer for the test. Manufacturing
process and design parameters are summarized in Table 2-2. The mass value of the specimens is
measured by a precision balance. Tensile tests on the 3D printed samples are conducted in a test
machine (312 Q tensile machine, Testresources) with a 10 KN force transducer capacity and a 5

mm/min testing speed.

Table 2-2: Manufacturing and design parameters for specimen 3D printing.

Manufacturing parameter Value Manufacturing parameter Value
Print direction XYZ Nozzle diameter (mm) 0.4
Raster angle 0 Nozzle temperature (°C) 215
Layer height (mm) 0.14 Cooling No fan cooling
Bed temperature (°C) 60 Infill (%) 100
Print speed (mm/min) 2400 Filament diameter (mm) 1.75

2.4 Results and discussion

This section summarises the results from mechanical grinding, filament fabrication, and tensile
testing of filaments and 3D printed specimens. Three sets of results are herein presented. The first
describes the mechanical recycling of the scrap rotor blades. The second discusses the filament
fabrication and its performance, namely tensile and physical properties. Finally, the third describes
the mechanical properties of the 3D printed tensile coupons made of RGFRF, which are then

compared to coupons made from the conventional pure PLA filament.

2.4.1 Mechanical grinding

The methodology described in Section 2.3 is applied here for the mechanical recycling of wind
turbine blades. Approximately, 60 % of the ground recycled material has come out of the sieve
and is usable for the 3D printing process. However, the remaining sieved residue could be either
reground and used in the same recycling system or processed with larger nozzle diameters. Figure
2-3 illustrates the probability distribution of the fiber length evaluated by measuring the length of
at least 300 fibers from each grade of granulated material. As seen, after the second sieve operation,
most of the fibers feature lengths in the range of 0.15-0.18 mm, thus ensuring the processability of
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the fibers for the use in the FFF process. Although it is difficult to differentiate the fibers in terms
of shape characteristics, it could be concluded from visual inspection that after the second sieve
operation, fiber bundles are separated, and fibers are in a better refined state. Resin residue in the
form of powder is also visible in the recyclate. In some sections of wind turbine blades, balsa wood
is generally used as core to reduce the production costs. In the present study, only pure fiberglass
sections of a rotor blade are used to recover the glass fibers. Therefore, no wood powder is present
in the fiberglass compound and it includes only matrix powder and fiberglass. In particular, this
work did not consider the effect of the wood powder on the properties of the 3D printing composite
filament. In addition, the recovered fibers, featured a dimeter ranging between 16 — 20 um, which

represents the diameter of E-glass fiber, the most commonly type of glass fiber used in wind

turbine blades.
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Figure 2-3: Probability distribution for fiber length of three grades of recycled fibers obtained from (a)
grinding of blades; (b) first sieve operation; and (c) second sieve operation.

One of the main challenges that limits the use of the recycled fibers obtained from mechanical
recycling, is traces of old resin, which might contribute to a weak interface between fibers and

matrix. Wind turbine blades are generally made of glass fiber reinforced epoxy composites [36].
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Figure 2-4 illustrates an example of the morphology of the recycled fibers. As seen, the epoxy
residue still covers some parts of the surface of the fibers. The epoxy resin is characterised by the
possession of more than one 1,2-epoxy groups per molecule, which are highly reactive with many
substances, particularly those that are known as proton donors such as PLA [37]. This leads to the
possibility of favorable interactions between functional groups of PLA and epoxy via hydrogen
bonding. Such reactions allow for molecular chain extensions, which can improve the interfacial
strength between the PLA and the recycled fibers without the need for expensive thermal or
chemical treatment processes to remove the old resin. Further, the matrix residue on the surface of
the fibers increases the fibers roughness, which could contribute to the mechanical interactions

between the fibers and the PLA molecules.

Roughness

Figure 2-4: The residue of epoxy on the surface of the recycled fibers.

2.4.2 FFF 3D printing filaments
Figure 2-5 shows the pure PLA filament and RGFRF with 5% wt fiber content.
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CHAPTER 2: RECYCLING OF FIBERGLASS WIND TURBINE BLADES INTO REINFORCED FILAMENTS FOR USE IN ADDITIVE

MANUFACTURING

Figure 2-5: (a) The pure PLA filament; (b) the RGFRF with 5% fiber content.

A typical stress-strain curve for both the pure PLA filament and RGFRF, along with their tensile
properties, are shown in Figure 2-6. The results demonstrate an increase of 10% in the Ultimate
Tensile Strength (UTS) from 51.66 (¢ =0.58 and CV =1.1%) to 56.63 (¢ = 5.55 and CV = 9.8%)
MPa and 16% in tensile modulus from 3.17 (¢ = 0.1 and CV = 3.2%) to 3.6 (c = 0.09 and CV =
2.5%) GPa for RGFRF relative to pure PLA filament. We recall that ¢ and CV represent the
standard deviation and the coefficient of variation of the results, respectively. A larger variability
is observed for the strength results of the reinforced composite filament, which could be ascribed
to the diameter variations in the filament as well as, variations in the surface quality of the filament
due to the presence of long fibers in the compound. On the other hand, the variability of the
stiffness results for the composite filament is comparable to that of the pure PLA filament and all
the samples showed higher stiffness relative to the pure PLA samples. The precise control of the
filament diameter and carefully separating the fibers longer than the 3D printer nozzle diameter

could result in lower variations in tensile strength.
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Figure 2-6: The tensile properties of the extruded pure PLA filament and reinforced filament: (a) test
set-up; (b) stress-strain curve; (¢) UTS; (d) Young’s modulus.

The microstructures of the pure PLA filament and RGFRF along the transverse and longitudinal
directions are shown in Figure 2-7. As it can be seen, the PLA filament shows smooth and round
edges with no visible air bubbles, indicating the successful removal of the moisture content during
the dehydration process. The RGFRF, on the other hand, contains relatively small internal voids
that are distributed throughout the filament. The double extrusion process increases the likelihood
of moisture absorption by the PLA and consequent air bubble formation probability during the
extrusion process. As observed in the transverse cross section of RGFRF, glass fibers are visible
in the reinforced filament and are well distributed throughout the cross section. The longitudinal
cross section reveals that the fibers are generally well aligned in the directions of extrusion. This
observation suggests that the RGFRF can be treated as a short glass fiber reinforced composite.
Halpin-Tsai [38] has shown that the elastic modulus of short fiber reinforced composites along the

fiber direction can be expressed as:

ﬂ _ 1+ (ZI/d)T]LVf (2_1)
Em 1-— ULVf ’

Ef/Em -1
nL = Ef—'

g, +t2/d) (2-2)

where / represents fiber length, d is the fiber diameter, Vris the volume fraction of the fibers, Eris

the elastic modulus of the fibers and £, is the matrix modulus.
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Based on the probability distribution analysis, the Young’s modulus of RGFRF can be estimated
assuming a uniform fiber length and fiber diameter of, respectively, 0.15 mm and 0.02 mm
throughout the filament. The value of elastic stiffness for PLA and fiberglass is respectively 3.6
GPa and 72 GPa [39]. Therefore, the elastic stiffness of a short fiber reinforced composite with
5% wt fiber content can be predicted to be 4.3 GPa, which is larger than the average modulus
observed for RGFRF. The discrepancy between the stiffness of RGFRF and the theoretical
stiffness of short fiber reinforced composite can be attributed to the presence of voids, orientation
of fibers within the filament structure, and variation in fiber length and filament diameter. The
theoretical model of Halpin-Tsai indicates an elastic modulus 1.2 times greater than that of
conventional PLA plastic. However, the average elastic modulus observed for the RGFRF is lower
than the predicted stiffness, at approximately 1.14 times the average stiffness of the pure PLA

filament.

Figure 2-7: SEM images of pure PLA filament and RGFRF: (a) The transverse cross section of pure
PLA filament; (b) the longitudinal cross section of pure PLA filament; (c) the transverse cross section
of RGFRF; and (b) the longitudinal cross section of RGFRF.

The DSC curves shown in Figure 2-8 illustrate the heat flow versus the temperature scan of RGFRF
and the pure PLA filament. The glass transition temperature of each filament is evaluated from the
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inflection point of the step transition using commercial software (TA Universal Analysis). The
results are reported in Table 2-3. As seen, no significant change was observed in the glass transition

temperature of RGFREF relative to the pure PLA baseline.
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Figure 2-8: The DSC thermograms of the PLA filament and RGFRF.

To further investigate the effect of recycled glass fibers on the physical properties of the filament
here introduced, we also computed its crystalline content and compared to that of the pure PLA
baseline. The enthalpy of melt crystallisation represents the amount of crystalline content of a
substance. As a result, the degree of crystallinity of a substance can be expressed as

_ AHp—-AH¢

= P % 100, (2-3)

where AH,, is the enthalpy of fusion, AH, is the enthalpy of cold crystallisation, AH; is the
enthalpy of fusion of 100% crystalline PLA, which is selected to be 93.1 J/g [40], and W, is the
weight fraction of fibers in the polymer. Although low degree of crystallinity was observed for
both samples, we observed that the reinforced filament is less amorphous as compared to pure
PLA filament. The higher crystallinity of the reinforced filament could contribute to higher

stiffness and lower degradation rate.
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Table 2-3: The glass transition temperature and crystallinity of the pure PLA filament and RGFRF.

Specimen T, (°C) Tu(°C) A (/9)  AH,U/9) A (%)
Pure PLA 57.2 150.7 15.84 18.11 24
RGFRF 57.87 151.5 24.31 26.74 2.7

Another dominating property in the processability and performance of 3D printing filaments is the

melt flow index, which is inversely proportional to viscosity. The viscosity of the RGFRF is

evaluated by a rheometer (AR2000, TA instruments, USA) using a plate-plate configuration at 210

°C for shear rates ranging 0.01-10 1/s. The temperature used for the viscosity evaluation represents

the temperature used in the 3D printing process. As illustrated in Figure 2-9, the results

demonstrate a higher viscosity for the reinforced filament at low shear rates. However, as the shear

rate increases, the links between the fibers and the PLA molecules break, leading to lower

viscosity. This suggests that at the shear rates used in the 3D printing process, the effect of

fiberglass on the rheological properties of the filament is minimal and negligible.
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Figure 2-9: Rheological curves of the pure PLA filament and RGFRF.

2.4.3 FFF 3D printed coupons

1

The FFF 3D printed tensile test specimens are shown in Figure 2-10. The tensile test coupons are

comprised of 24 layers with a unidirectional bead orientation.
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Figure 2-10: (a) the pure PLA tensile test coupons with unidirectional bead orientation; (b) the
reinforced coupons with unidirectional bead orientation.
Figure 2-11 shows the representative engineering stress-strain curves for the tensile test samples.
Due to diameter variations in the RGFRF, lower density values with respect to pure PLA samples
were observed for the composite samples. To compensate for this, the UTS results of the composite
samples are scaled-up with respect to the density of pure PLA specimens. It was observed that the
3D printed composite samples feature a Young’s modulus enhanced by about 8% from 3.12 (¢ =
0.15and CV =4.8%) to 3.35 (6 =0.12 and CV = 3.6%) GPa compared with pure PLA specimens,
while there was no meaningful increase in UTS. The elastic stiffness of the 3D printed specimens
is slightly lower compared to the individual filaments, e.g. 1.5% and 7% reduction for pure PLA
and composite coupons, respectively. The discrepancy between the filaments and the coupons
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could be attributed to the 3D printing process that introduces some defects and higher quantity of
large voids, e.g. interlayer voids, within the samples [2, 41, 42]. As observed in Figure 2-12, while
a brittle failure plane normal to the load axis was observed in pure PLA samples, the composite
specimens failed due to interlayer delamination and debonding of adjacent beads. This could be
due to the presence of voids distributed throughout the long axis of the reinforced coupons, which
causes the failure to evolve with the propagation of cracks along the beads. Such porosity
distribution may be the cause of the low ultimate strength for the composite specimens. Moreover,
this type of failure highlights the fiber bridging phenomena, which directs the crack propagation

in the longitudinal direction.
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Figure 2-11: The tensile properties of the pure PLA and composite tensile test specimens: (a) test set-up; (b)
stress-strain curve; (¢) UTS; (d) Young’s modulus.
To explore the porosity of the coupons, SEM images from the fracture surface of the pure PLA
and reinforced specimens are examined. As seen in Figure 2-13, the reinforced samples feature
larger internal voids, which are likely a result of nozzle clogging due to the presence of fibers with
larger length compared to the nozzle diameter. The presence of ruptured fibers demonstrates an
effective load transfer capacity between the PLA matrix and the recycled fibers. The SEM images
show that some fibers have been pulled out of the PLA due to insufficient interfacial strength. This
could be attributed to the variation of the epoxy residue on the fibers surface, which lowers the
possibility of the molecular interactions and thus hydrogen bonding at the interface of the pulled-

out fibers and PLA.
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MANUFACTURING

Figure 2-12: Failed samples: (a) pure PLA, and (b) recycled glass fiber reinforced PLA.

Page 48 0of 176



Figure 2-13: The fracture surface SEM of the 3D printed specimens: (a) pure PLA; and (b) with
recycled glass fibers.
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2.5 Conclusion

This study describes and validates a methodology integrating mechanical recycling and FFF 3D
printing as a potential solution to the problem of composite waste from wind turbine blades. The
scrap turbine blades are first ground and sieved to obtain processable recycled glass fibers for
application in 3D printing. The ground fibers are then mixed with PLA, a biodegradable polymer,
to extrude glass fiber reinforced filament. To demonstrate the mechanical performance of the
newly developed filament, tensile test specimens with 5 wt% fiber content are fabricated and the
effect on tensile properties, namely Young’s modulus and tensile strength, are studied. The
reinforced filament features a glass transition temperature comparable to that of pure PLA
filament. However, a slight increase in the crystallinity of the reinforced filament is observed with
respect to pure PLA filament. The results show that the addition of 5 wt% recycled fibers leads to
an increase of 16% and 10% in the Young’s modulus and strength of the pure PLA filament,
respectively. Considering variability in tensile strength results, further experimental studies and

larger sample sizes are required to validate potential improvements in strength.

Mechanical tests on FFF fabricated coupons demonstrate an increase of 8% in the Young’s
modulus relative to pure PLA samples, while there is no significant improvement in tensile
strength. This level of performance would translate in the potential of application of recycled glass
fibers from wind turbine blades into the 3D printing industry. SEM micrographs from the fracture
surface of FFF composite samples show the presence of ruptured fibers confirming an effective
load transfer between the PLA matrix and the recycled fibers. To better understand the interfacial
strength between the recycled fibers and the thermoplastic matrix, further study is required to
compare the interface of PLA with virgin and recycled fibers. Another aspect that requires further
investigation is the effect of fiber content on the interfacial bonding and the mechanical properties

of the 3D printed samples.
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