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Abstract

For environmental protection reasons and, consequently, improving people's quality of life, proper waste management is
crucial. According to the Waste Act, waste management primarily involves preventing or reducing waste generation, as
well as recovering and disposing of waste that cannot be reused. While glass waste is not problematic (it can be
reprocessed through melting), the situation is different for glass (glass fibers) obtained from wind turbine blades. The
authors of this paper decided to produce polymer (epoxy) composites with an addition of post-consumer glass. The
resulting composites were subjected to mechanical testing (flexural strength, impact strength, and hardness).
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1. Introduction

The rapid expansion of wind energy has led to a significant increase in decommissioned wind turbine blades,
primarily composed of glass fiber-reinforced polymer (GFRP) composites, creating an urgent need for
sustainable waste management solutions. Mechanical recycling—shredding, grinding, and milling—has
emerged as the most commercially viable method for processing these blades, enabling the recovery of glass
fibers and their reuse in new composite materials for applications such as construction, automotive parts, and
3D printing [1-6]. While mechanical recycling is cost-effective and environmentally preferable to landfilling
or incineration, it often results in reduced mechanical properties of the recovered fibers as a consequence of
damage and loss of surface functionality [7-9]. Nevertheless, advances in processing techniques and surface
treatments have shown that recycled fibers can significantly enhance the stiffness, strength, and durability of
new composites when properly integrated [10—13]. The environmental benefits are substantial: mechanical
recycling reduces landfill waste, lowers CO: emissions compared with virgin-material production, and
supports circular-economy principles [14—16]. Nonetheless, challenges remain regarding the economic
feasibility at scale, market acceptance of recycled materials, and optimization of composite performance

[17,18].
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1.1 Mechanical recycling processes

Mechanical recycling involves shredding or grinding wind turbine blades into smaller fragments or powders
that can be used as fillers or reinforcement in new polymer matrices. [1-4]. The process is solvent-free, more
energy-efficient compared to chemical and thermal methods, as well as scalable for industrial applications.
[9,18,19]. It should be emphasized, however, that the processes usually produce short fibers, for which a partial

reduction in tensile strength is observed resulting from damage and breakage during processing. [8,18,20].

1.2 Properties of composites containing recycled glass fibers

Composites containing glass fibers from recycled wind turbine blades have shown significant improvements
in mechanical and performance properties, including growth in stiffness by up to 74%, tensile strength by up
to 71%, modulus of elasticity by up to 147%, impact resistance by up to 95%, as well as increased
hydrophobicity, fire resistance, UV aging resistance and thermal stability compared to pure polymers or wood-
plastic composites (WPC) [1,10-12].

It has also been shown that surface treatments such as silanization or NaOH etching allow partial restoration
of the adhesion at the fiber-matrix interface lost during recycling [8,13]. Additionally, the use of coupling
agents leads to further improvement in interfacial bonding and more effective stress transfer in the composite.

[13].

1.3 Environmental impact and economic profitability

Life cycle analyses (LCA) have shown that mechanical recycling has a lower environmental impact than
landfilling or incinerating waste, mainly owing to the reduction in CO: emissions by reusing materials instead
of producing virgin raw materials [9,14-16]. The possibility of achieving economic competitiveness on an
industrial scale was also indicated, provided that a sufficiently high level of fiber recovery was achieved [9].
A comparison of the process economics is presented in Table 1.

This process is in line with the principles of a circular economy, but its further development is limited by

market barriers resulting from the lower mechanical properties of recycled fibers compared to virgin fibers

[9].
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Table 1. Assessment of economic profitability of various recycling methods. Own study based on [5,9,10,12,15,20,21]

Economic and

Mechanical
recycling — coarse

Mechanical
recycling — fine

Co-processing in cement

techn.olofglcal fraction (50-100 fraction (<10 mm, Pyrolysis Solvolysis plants
criteria
mm) powder/fibers)
. . Grinding, Therme.ll. Chemical Fragmentation +
Process type Cutting, shredding . .o decomposition s ; . .
micronization 450-700°C depolymerization combustion/mineralization
CAPEX
(Capital Low Medium High Very high Medium
expenditures)
OPEX
(Operating The lowest Low-medium High Very high Low
expenses)
Typical ADDrox
process cost Approx. €50-150/t  Approx. €90-250/t pprox. >€1000/t Approx. €300-600/t
[€/t] €700-1000 /t
Energy Low Medium Very high High Medium
consumption
Value of . .
. Medium-high .
recovered Low Medium for CFRP High Low
product
Degradation of Medium for
fiber High High CFRP, high Low Total
properties for GFRP
Overal} The most COSt._ The bes.t Prqﬁtable Prospective, but The cheapest industrial
economic effective material cost/quality mainly for .
. expensive method
assessment method compromise CFRP

1.4 Applications and limitations

GFRP composites from recycled wind turbine blades have been utilized, among others, in building materials
(e.g. concrete reinforcement), automotive components, particleboards, wood-plastic composites (WPC),
thermoplastic granulates for injection molding and 3D printing, wind turbine nacelle covers, superhydrophobic
anti-icing coatings, geopolymers, cement additives, as well as structural elements of bridges and buildings
[9,10,22,23].

The main limitations include reduced plasticity and lower ultimate strength at high fiber contents, which is
related to the concentration of stress around fiber agglomerates or resin residues [1]. An additional problem is
the difficulty in achieving uniform material quality between subsequent production batches.

The aim of this work is to produce polymer-glass composites where the glass fraction comes from wind turbine
blade waste. The authors focused on the evaluation of selected properties of polymer composites depending

on the different sizes of the recycled glass fraction.
2. Research material
2.1. Base material and reinforcements

To produce the composite material, a polymer matrix was employed in the form of Epidian 5 epoxy resin

hardened with PAC hardener (polyaminoamide curing agent) i.e. a polyaminoamide curing agent dedicated to
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epoxy resin systems. The crosslinking system was prepared using the proportion of 100 g of resin: 60 g of
hardener, in accordance with the recommended stoichiometric ratio for the analyzed epoxy system given on
the manufacturer's packaging. The epoxy resin was selected because of its favorable adhesion properties, low
processing shrinkage in addition to high mechanical and chemical stability of the hardened matrix [24].
Waste composite material from wind turbine blades was utilized as the reinforcement phase. The waste
material was subjected to a mechanical crushing process and then to grain classification. The particle-size
ranges of the separated fractions were determined on the basis of the mesh size of the sieves used during the
sieving process. The fine fraction was defined as the material passing through a sieve with a mesh size of 0.25
mm, whereas the coarse fraction was defined as the material retained within the sieve range corresponding to
particle sizes of 2—8 mm. Therefore, the declared particle-size ranges resulted directly from the sieve mesh
sizes employed for granulometric separation. Two fractions of reinforcing material were obtained:

. fine fraction with a particle size up to 0.25 mm

. coarse fraction with a particle size in the range of 2—8 mm.

The waste material from wind turbine blades contained mainly glass fibers embedded in a hardened polymer

matrix, which allowed its use as a secondary filler and composite reinforcement.

2.2. Composite manufacturing

The composites were manufactured by means of the compression casting method [25-27]. The technological
process included preparation of the strengthening phase, preparation of the polymer matrix, homogenization
of the components and the formation of composite panels.

In the first stage, the strengthening phase was prepared by mechanically crushing waste composites from wind
turbine blades. The crushed material was sieved to obtain two given granulometric ranges: fine fraction and
coarse fraction. After grain classification, the material was dried in a laboratory dryer at a temperature of 60—
80°C. The drying process was carried out to reduce the moisture content in the reinforcement material, which
was aimed at improving adhesion at the phase boundary and limiting the formation of porosity in the finished
composite.

In the next stage, the resin system was prepared. Epidian 5 epoxy resin was mixed with PAC hardener in a
ratio of 100:60 by mass. Mixing was carried out until a homogeneous mixture was obtained with the hardener

distributed as evenly as possible in the resin volume (Fig. 1a).
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Fig. 1. Composite manufacturing a) prepared matrix material; b) preparation of reinforcement material

An appropriate amount of reinforcing material was introduced into the prepared epoxy matrix (Fig. 1b), and
then the whole mixture was mechanically homogenized to obtain the most uniform distribution of the waste

composite particles in the resin volume. The mixture thus prepared was placed in a mold (Fig. 2).

Fig. 2. Composites in molds

The forming process was conducted by means of casting. After casting, the material was compressed in the
mold. The parameters of the compression casting process were selected experimentally. The pressing pressure
was 2 MPa and the curing time was 30 min. The parameters were selected to ensure effective consolidation of
the epoxy composites containing fine and coarse fractions of wind turbine blade waste. The applied pressure
enables a reduction in porosity, improvement in wetting of the waste particles by the resin and better contact
at the matrix-filler interface, without excessive resin flow from the mold or additional degradation of the
fragmented glass reinforcement [25,28—30]. The time of 30 minutes ensures sufficient progress of the epoxy
resin cross-linking reaction and stabilization of the sample shape while maintaining efficiency of the
technological process. The selection of these parameters is a compromise between the required quality of the
composite structure, the limitation of technological defects and the production cycle time. After the curing
process was completed, composite plates were obtained, from which specimens were cut for mechanical
testing.

As part of the research, material mixtures were prepared as shown in Table 2.
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Table 2. Designations of research materials

Contribution of Sh?re of
strengthening phase matrix phase
Material o [wt%]
. . [wt%]
designation
Fine Coarse
fraction fraction
EO0 0 0 100
E+G 0 10 90
E+D 10 0 90
E+G+D 5 5 90

3. Research methods

3.1. Bending strength test

Three-point bending tests were performed utilizing a Quasar 600 universal testing machine equipped with a
force and displacement recording system. The test was carried out in accordance with ISO 178 for polymer
materials and polymer composites. The tests were conducted using a universal testing machine equipped with
a force and displacement recording system for the loading beam.

Specimens with dimensions of 80x10x4 mm were prepared for testing.

3.2. Impact test

Impact tests were performed by means of the Charpy method employing a LabTest CHK 50J pendulum impact
tester. The tests were conducted in accordance with the PN-EN ISO 179 standard using a pendulum hammer.
The aim of the research was to determine the material's ability to absorb energy during dynamic impact loading.
Specimens with dimensions of 80x10x4 mm were prepared for testing. The tests were carried out on unnotched

specimens.

3.3. Hardness test

Hardness measurements of the polymer composites were performed using the Shore D method. Shore D
hardness measurements were conducted utilizing a Sauter Shore durometer. The measurements were carried
out in accordance with ISO 868. The indenter was applied perpendicularly to the tested surface, and the
hardness value was read after a stabilization time of 15 s. The method was selected due to the nature of the
studied materials and the possibility of assessing the surface resistance to local deformation.

Specimens with a minimum thickness of 4 mm and a flat measuring surface were employed for the tests.
Before starting the measurements, the specimens were conditioned at room temperature for 24 hours.

The measurements were carried out by pressing the hardness tester indenter perpendicularly to the specimen

surface. The hardness value was read after a stabilization time of 15 s. For each specimen, at least five
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measurements were made at different points on the surface, maintaining the minimum distance between the

impressions and from the edge of the specimen.

4. Research results and analysis

Based on the static bending strength results (Fig. 3), it was found that the E0 matrix material reached a value
of 85 = 4 MPa. The addition of 10 wt% of the coarse fraction (E+QG) resulted in a reduction in the strength to
76 £ 5 MPa, i.e. by approximately 10.6% compared to the unmodified material. This may indicate that the
coarse fraction particles acted as local stress concentrators [31,32]. In the case of the E+D composite, a rise in
strength of approximately 5.9% was observed compared to EQ. The highest value was obtained for the E+G+D
material, for which the strength was 93 + 4 MPa, i.e. approximately 9.4% higher than the matrix. This can be
attributed to a more favorable packing of particles with different granulation in addition to more effective load
transfer by the matrix-filler system. The dependence of the properties of the particle composites on the particle
size, filler content and adhesion at the interface is described in the literature as one of the key mechanisms

shaping the strength of such materials [33,34].
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Fig. 3. Static bending strength test results

The flexural modulus (Fig. 4) grew after the introduction of each type of additive. For the EO matrix it was
2.75 £ 0.12 GPa, while for E+G it increased by about 10.9%. For the E+D composite, 3.25 + 0.14 GPa was
obtained. The highest stiffness was demonstrated by the E+G+D material, for which the modulus was 3.35 +
0.15 GPa, i.e. approximately 21.8% higher than the matrix. These results indicate that the addition of particles

limited the deformability of the matrix during bending, causing the material to become stiffer [31-34].
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Fig. 4. Flexural modulus test results

The greatest changes were observed in the case of impact strength (Fig. 5). The EO material obtained a value
of 15.5 + 1.2 kJ/m?. For E+G, the impact strength rose by approximately 38.7%. For E+D 18.0 + 1.5 kJ/m?
was achieved. The highest impact strength was obtained for E+G+D, where the value was 23.0 = 2.0 kJ/m?,
i.e. about 48.4% more than for the matrix. This effect may indicate a beneficial effect of the fraction mixture
on the mechanism of fracture energy absorption. It is possible to observe the crack path deflection, local

blocking of crack propagation and greater energy dissipation in the composite structure [34-37].
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Fig. 5. Impact test results

The Shore D hardness (Fig. 6) also increased after matrix modification. For EQ it was 78.0 + 1.1 Sh D, while
for E+G it grew to 80.5 £ 1.3 Sh D, i.e. by about 3.2%. For E+D, 81.8 £ 1.0 Sh D was obtained, which
corresponds to a rise of approximately 4.9%. The highest hardness was measured for E+G+D, where the value
was 82.6 = 1.2 Sh D, which is about 5.9% higher than for the matrix material. This means that the presence of

the particles increased the surface resistance of the material to local deformation under the influence of the
indenter [38,39].
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Fig. 6. Hardness test results

5. Conclusions

Based on the conducted research and analysis of the obtained results, the following conclusions were drawn:
- Waste composite material from wind turbine blades can be effectively utilized as a secondary reinforcing
phase in epoxy composites, which is an ecological alternative to landfilling GFRP waste and fits into the
assumptions of a circular economy.

- The mechanical properties of the composites are closely related to the recyclate particle size. Using only the
coarse fraction (2—8 mm) reduces the flexural strength (10.6% decrease), which is due to the role of large
particles as local stress concentrators.

- The most favorable mechanical parameters were obtained for the hybrid system (5% by weight of fine fraction
and 5% by weight of coarse fraction). This material showed an increase in flexural strength by 9.4% and
modulus of elasticity by 21.8% compared to pure resin.

- The introduction of a mixture of fractions (E+G+D) resulted in a dramatic rise in the impact strength — by
48.4% compared to the reference material. This is attributed to the ability of the recyclate particles to dissipate
energy by deflecting and blocking the crack propagation path.

- The addition of recyclate increased the Shore D hardness of the material (maximum by 5.9% for E+G+D),
which suggests better surface resistance of the composite to local deformations.

- The mechanical recycling of turbine blades is a low-cost and easily scalable method. Using the mixed fraction
is particularly cost-effective because it eliminates the need for expensive fraction separation or energy-
intensive chemical fiber recovery processes.

- In order to further optimize the material, it is advisable to conduct research on surface modification of the
recyclate (e.g. silanization) in order to improve adhesion at the phase boundary and to analyze the resistance
to environmental aging of the finished products.

- It should be noted that the present study was focused on the evaluation of selected mechanical properties of
epoxy composites containing recycled wind turbine blade waste. Microstructural observations were not

included in the current experimental scope. Therefore, further research should include microstructural analysis
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of the composites, especially assessment of the recycled fraction distribution in the epoxy matrix, matrix—filler

interfacial adhesion, porosity, and fracture surface morphology after mechanical testing.
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