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This work has described the production of single-polymer composites by the film-stacking method. Two
types of single-polymer composites with different mass fractions of the polyester reinforcement phase
(10% and 20%) and the PETG matrix were investigated.  The produced composites were subsequently
recycled by injection moulding, pressing, and extrusion. Selected properties of the processed composites
were determined: density, viscosity-average molecular weight, impact resistance, and tensile strength. The
work done in this paper has demonstrated the benefits and drawbacks of each recycling method for these
materials. The selected properties of single-polymer polyester composites and single-polymer polyester
composites that were recycled by extrusion have also been compared.
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Polymer composite materials are the most promising
and evolving group of modern construction materials,
which are very popular in the domains of science,
technology, industry, and business due to their attractive
functional properties [1-2]. The widespread use of
polymeric composites in various industries (fig. 1)
necessitates that they be continuously modified, their
properties be investigated, and the materials be recycled.

recycling, or chemical recycling. Energy recovery means
the partial recover y of the energy necessary to
manufacture the product. Depending on the type of waste
and the technology applied in its production, it can be used
to obtain gaseous, liquid, or solid energy sources. Material
recycling means the physical or chemical reprocessing of
collected and sorted waste into a use-value article or
product

By contrast, chemical recycling is the recovery of
substrates used to manufacture a given article. It allows
the repeated application of raw materials for the production
of full-value materials, and the resulting waste (heavy or
light ends of petroleum) may be used as an additive to
fuels or lubricants [3-4, 9-11]. In the case of chemical
recycling, it should be borne in mind that the use of complex
apparatus, systems, varying temperature, high pressure,
and specialised equipment significantly increases the cost
of the process and limits the use of this type of recycling.
On the other hand, during the material recycling, the
product’s intended use is different from that of the original
product (with lower requirements for final products).

A suitable choice of additives or substrates allows for
highly efficient processing of recyclable materials of good
quality. This type of processing is technologically simple
when it concerns a material with a homogeneous chemical
structure, and very complicated when it comes to
composite materials. Therefore, it is very important to
constantly search for and identify the potential for recycling
polymers, especially polymeric composites, as, according
to the Directive 2008/98/EC of the European Parliament
and the Council of 19 November 2008 on waste [12], this
process is necessary and indispensable. The process of
recycling polymers and polymeric composites is a very
difficult and costly process [3-4, 13-24].

In principle, the material recycling is carried out in many
stages (segregation, shredding, chemical or mechanical
purification combined with drying the elements, forming,
and manufacture of the final product), which significantly
affects its cost. Currently, most of the polymer composite
waste is carried to landfills or municipal incinerators. The
storage of composite waste is prohibited in Germany and
is subject to additional taxes in Sweden. It is likely that in
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Fig. 1. Global shares of polymeric composites in individual
industries [3-4]

The issue of polymer composite waste management
has not yet been solved [3-4]. The problem is increasing
due to gradual decommissioning of aircraft, watercraft,
and wind turbine propellers that are made of laminates
and so on. One solution to this problem is recycling.
Recycling of polymeric materials is one of the most
important waste management issues. The total quantity
of this waste has more than doubled over the last ten years
(especially in urban clusters). The choice of waste
management method, i.e. a specific recycling method,
depends on the so-called external and internal factors. The
internal factors are the properties of the waste and the
processing capability. External factors include the
provisions of applicable laws and market needs [4-5].

The term recycling refers to a recovery operation, as
part of which waste materials are reprocessed to make
products, materials, or substances used for the original
purpose or for other purposes [4, 6-8]. In this case, the
recovery is understood as actions which do not pose a risk
to human health and life or the environment, and which
involve the use of waste in whole or in part. Recycling can
be divided into three types, i.e. energy recovery, material
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the coming years such restrictions will be adopted by other
European Union countries due to stricter environmental
regulations. Restrictions are also to be imposed on
companies producing composites, in order to introduce
other methods of managing composite waste [4, 13-16].

Incineration is the second-most-popular method of
recycling (use of waste as recyclable materials – energy
recycling) of polymeric composites, including e.g. yacht
hulls, and propellers of wind turbines. Typical composites
in these applications are polyester or epoxy matrix
composites with glass fibre reinforcement, with mass
fraction of about 50-60%. However, as a result of
incineration, the glass ends up in the slag, which contains
heavy metals, and must therefore be stored in safe pits
and landfill sites in order to not pollute the natural
environment [4, 14]. In addition, following the incineration
process the fibre remains which can be reused. However,
the recycled fibre-reinforced composite exhibits
mechanical strength properties that are at least 50% lower
than that of the primary material [4, 13-17].

Energy recovery is not economically viable due to the
relatively low calorific values of resins, including polyester
(calorific value of 25-30 MJ/kg). In addition, too much ash
remains and it must be processed or disposed of later. Toxic
gases (methane, ethane, ethylene, ethylbenzene,
acetylene, carbon monoxide, etc.) are also emitted during
incineration of laminates. Therefore, it is more appropriate
to recycle these materials chemically by solvolysis
(lyolysis), which causes a slight reduction (only 50%) in
the strength of the recovered glass fibre [13-17]. Another
chemical recycling method is pyrolysis or degradation in
various solvents (esters, ketones, alkalis, and concentrated
oxidative acids) [5]. In this way, raw materials for further
processing can be obtained. However, these are expensive
methods [5,13-15].

Therefore, material recycling is the best solution to the
problem of polymer composite waste, because it does not
require a large investment outlay. The waste is shredded
to obtain fibres or fillers, which are then added to the
resulting products. This does not force the production plants
to make drastic changes to production technology [3-5, 9-
11]. Recycled materials should be cheap and have good
functional properties, and their production should be
environmentally friendly. Continued progress in the
recycling of composite materials, which were recently
considered inappropriate for reuse, encourages the search
for new and better solutions and ways to manage this
waste. This is also the reason for the search for new
materials or combinations of fibre and matrix to replace
traditional composites.

An interesting innovation that facilitates both material
and energy recycling is the suggestion to use thermoplastic
fibre reinforcement, made of the same material as the
matrix, to produce a so-called single polymer composite.
Single-polymer composites (SPC) means composites
made of fibre and matrix, produced from the same
polymeric, or very similar, material, where the components
may differ from each other in molecular weight, density, or
branching degree [25-28]. These thermoplastic
composites  do respond to the need for reinforced materials
with favourable mechanical properties. They also have a
great advantage, namely they can be easily and completely
recycled after use.

In recent years, single-polymer composites have
increasingly been the subject of scientific research. In the
literature, there is research into this type of materials and
there are descriptive examples of single-polymer
polyethylene or polypropylene composites. However, the

idea of single-polymer composites is also being
implemented for other polymeric materials, i.e. poly(methyl
methacrylate) or polyester. In industrial processes for
single-polymer composites, the following manufacturing
methods prevail: infusion of polymeric solutions or
powders, pressing of fibres or polymer tapes, pressing of
films and reinforcement phases, and injection moulding.

Methods of Producing Single-Polymer Composites with
Polyester Matrix

The literature review showed that research has been
conducted into composites based on fibres with high
crystallinity and amorphous PET films. The processing
range was expanded using materials with a high disparity
in their melting temperatures. (Donggang Yao et al. [29]).
The composite was manufactured at 180°C, for 90 s, at a
pressure of approximately 0.7 MPa. In addition, the study
also showed a correlation between the heat up rate and
the quality of the fibre-matrix bond. It was found that as
the heat up rate decreased, the properties at the matrix-
fibre interface significantly deteriorated.

Hine and Ward [30] described how to produce
composite sheets by hot compaction of PET fibres. The
examination of various processing parameters has shown
that the most important of them are temperature and
compaction time. The molecular weight determination,
using the viscosity limit, showed that hydrolytic
degradation occurred rapidly at the temperatures required
for effective compaction, leading to the fragility of the
materials obtained and the need to increase the
compaction time. The optimal production time was about
2 minutes, which caused the melting of an amount of
material sufficient for the consolidation of the composite,
with a slight change in the molecular weight. The authors
used various research techniques, including mechanical
testing, differential scanning calorimetry (DSC), and
scanning electron microscopy (SEM) to examine the
mechanical and thermal properties and the morphology of
the sheets obtained. The results of these measurements
confirmed that the properties of both components, i.e. the
original orientation of the fibre and the matrix
recrystallisation, have been combined in the composite.

Zhang et al. [31] presented the production of the all-PET
composite by the film-stacking method, prepared by laying
PET tapes and co-PET film. The processing range has been
established in a number of tests (including DSC tests) for
tapes and foils. The tensile strength of PET tapes, co-PET,
and SPC-PET films was observed and compared with the
commercially available co-extruded PP tape. The effect
of the process temperature and pressure on the tensile
strength was also determined. The aim of this research
was to optimize the processing parameters while
maintaining good adhesion at the phase boundary.

Rojanapitayakorn et al. [32] produced a single-polymer
composite from PET by compacting stacked PET fibres
under pressure, at a temperature slightly below the melting
temperature of the composite’s components. The research
has shown an increase in the crystallinity of fibre bundles
that originally were white, and a parallel increase in their
translucency following the forming process. Crystalline
orientation was investigated using the Hermans orientation
parameter from WAXD data. No significant loss of
orientation of the crystal phase was recorded during
pressing. The mechanical characteristics of the material
indicated that as the compaction temperature increased
from 255 to 259°C, the modulus of elasticity (9.4–8.1 GPa)
was reduced and the tensile strength increased at the
same time. This change was accompanied by a loss of
optical transparency and a change in the arrangement of
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the amorphous phase, as found in the SEM tests. The
mechanical properties of SPC-PET were influenced by the
orientation of the amorphous phase, rather than the
crystalline phase. The Charpy impact test (performed with
a special hammer) showed a drop in the notch impact
strength as the process temperature increased.

Duhovic et al. [33] using the experience gained in the
development of nanofibre-reinforced polymeric
composites, attempted to produce PET/PET-nanofibre
composites. For this purpose, PET nanofibre was placed
between the PET films, with a lower melting point than
the fibre, to produce the composite by pressing at a
temperature of 120°C. The obtained composites showed
an improvement in tensile strength and an increase in the
modulus of elasticity compared to the matrix materials.

J. C. Chen et al. [34] described the production of
poly(ethylene terephthalate) (PET) composite using a
modified film pressing technique. The components making
up the product were the high-strength PET yarn and the
matrix: a biodegradable polyester material with a low
melting point. The difference between the melting points
of the two components was approximately 56°C.  The
produced sheets were tested at different temperatures
(215, 225, and 235°C) with both a constant process time
(6.5 min) and with varying process times (3.5 and 10 min)
but at a constant process temperature of 225°C. Analysing
the results of the tests, significant improvements in the
mechanical properties of obtained composites, compared
to the matrix material, were observed.  Therefore, the basic
methods of producing single-polymer polyester composites
include:

Infusion of polymeric solutions or powders
This is a variant of infusion, the conventional method of

production of polymeric composites. It consists of
saturation of the reinforcement with plasticized polymeric
material, which is the SPC matrix [30]. This process is
characterized by low efficiency, because it takes a long
time for the matrix reinforcement to become saturated
with the liquid polymer. One of the basic limitations of the
infusion method is the possibility of partial thermal
degradation of the reinforcing phase and the subsequent
deterioration of the mechanical properties of the
composite.

Hot compaction of polymeric fibres or tapes
The hot compaction of polymeric fibres or tapes consists

of production of boards and sheets by heating up a bundle
of highly oriented parallel fibres or polymer tapes and then
pressing them together and cooling them down. The matrix
material is the outer molten layer made of the fibre or tape,
and the non-molten fibre core will be the reinforcement.
The difference between the minimum compaction
temperature and the melting temperature of the fibre/tape
is usually around 5°C, which makes it difficult to process
the material efficiently [30]. Too high a process
temperature may result in the deterioration of the functional
properties. One of the greatest advantages of this
production method is that it maintains the continuity of the
material at the molecular level, which results in a strong
bond between the matrix and the reinforcement [27].

Injection moulding
Injection moulding is one of the most important

processing methods for thermoplastics, but it is an
uncommon method for production of SPC. The reasons for
this are mainly technological limitations resulting from
degradation and destruction of the reinforcement phase
during transport in the plasticizing system, as well as the

necessity to prepare the composite intermediate in
granulate form [26-28].

Film-stacking
One of the oldest methods of producing SPCs is the

film-stacking method invented by Capiati N.J. and Porter
R.S. [26].  It involves positioning the reinforcing phase
between the two films (matrix) made of a polymer identical
to the reinforcing component, but with a lower melting
point, and then hot compaction of the so prepared material
in conditions which allow plasticizing of the film, without
even partial melting of the reinforcing phase. The
compaction pressure must be sufficiently high to allow
the molten polymer matrix to completely fill the free space
that exists between the polyester fibres.  In addition, in
order to avoid deterioration of the reinforcing fibre
properties, very short heating and cooling times should be
used [26].

From the above considerations it follows that it is
possible to produce single-polymer polyester composite
materials with different forms of the reinforcing phase and
by different techniques, and thus change the properties of
the products. The objective of this paper was to conduct
research associated with choosing the best method of
processing these materials.

Choosing a Recycling Method for Single-Polymer Polyester
Composites

The aim of this paper was to produce single-polymer
composite materials by the film-stacking method and
subsequently recycling them by pressing, injection
moulding, and extrusion in order to determine the most
effective method of reprocessing these materials (fig. 2.).
The purpose of this process was to obtain a product in a
form of film with a homogeneous structure and substrate-
like properties, which at a later stage can be used for the
fabrication of certain products.

Fig. 2. The choices of recycling method for single-polymer
polyester composites

The following constituents were used for the fabrication
of single-polymer polyester composites:

-reinforcement made of high-strength poly(ethylene
terephthalate) [PET] fibres from TORLEN SPÓ£KA Z O.O.
The fibre was polyester silk (pre-oriented), which is an input
raw material for the production of silk spun from the semi-
matt polymer (186/24 [dtex/f]). Its strength is defined as
elongation at break ~ 126% ~ 19 cN/tex, and purchased
in spools with a length of 205 mm. In the research, the
reinforcing phase was formed by roving (into arranged
filament fibres, fig. 3).
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-the matrix in the form of a 0.5 mm thick commercial
film made of glycol-modified poly(ethylene terephthalate)
[PETG] from VIVAK. The commercial film was supplied in
2050x1000x0.5 mm sheets. The film was prepared by
cutting it with a ream cutter to a size corresponding to the
dimensions of the mould cavity and degreasing the
material.

The reinforcement and matrix materials were prepared
in laboratory conditions at ambient temperature. Ten
kilograms of input products were used in this paper.

The composites were made by the film-stacking method
(process parameters are shown in table 1). Single-polymer
polyester composites with a reinforcement phase mass
fraction of 10% and 20% and PETG matrix were recycled
using the methods presented in figure 2 (injection,
extrusion, pressing). The markings of the examined
materials are presented in table 2.

Recycling of Single-Polymer Polyester Composites by
Pressing

Pressing is a method of processing that involves cyclic
introduction of the material into a closable mould cavity,
plasticizing, melting, and then solidification of the material.
Finally, the finished object, called in this case the press-
moulded piece, is removed from the cavity. The pressing
process takes place in or without presses, but always
occurs with the use of a tool, which is a press mould with
a mould cavity. The pressing process can be divided,

according to the way in which the material is delivered to
the mould cavities, into compression moulding and
transfer moulding. The parameters that characterize press
moulding are pressure, temperature, and duration of the
process [25-30].

Compression moulding was used in the recycling
process. Regranulate was evenly placed in the mould cavity
and then pressed at temperatures above the softening point
of the fibre. The process parameters are shown in Table 3.
The material was cooled down in the press using special
plates with a water-cooling system. The resulting press-
moulded piece was a thinfilm, from which sections
corresponding to the dimensions of the mould cavity were
cut out on the ream cutter.

An example of a moulded piece is shown in figure 4.

Fig. 3. The microstructure of the phase reinforcing the filament fibres
in the polyester matrix

Table 1
FILM-STACKING METHOD PROCESS PARAMETERS

Table 3
PARAMETERS OF RECYCLING BY

PRESS MOULDING

Table 2
MARKINGS OF MATERIALS

USED IN THE PAPER

Fig. 4. An example of a moulded piece from recycling (press
moulding)

Recycling of Single-Polymer Polyester Composites by
Injection Processing

Injection processing consists of cyclic plasticizing, and
then melting the material in the plasticizing system,
pressing it into a closed mould cavity, solidification, and
then removal of the object, called an injection-moulded
piece, from the cavity (fig. 5). The injection moulding
process is  carried out  in  injection  moulding  machines,
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Fig. 5. Diagram of the injection process
Stage I  -closing both halves of the mould and arrival of the plasticizing
system, Stage II  -injection of the material into the mould, Stage III  -
opening both halves of the mould, removal of a moulded piece,
departure of the plasticizing system, taking a new dose of the material
(granulate)

where the tool is an injection mould with a mould cavity
[25-30].

The basic processing parameters are: injection
pressure, processing temperature, clamping time, and
cooling down time. Each of the above parameters affects
the duration of the piece moulding. A single screw injection-
moulding machine was used in the recycling process. The
composite regranulate was placed in a loading hopper and
plasticized at a temperature close to that of the fibre
softening point. The process parameters are shown in table
4. The material was cooled down in the mould using the
water cooling system. An injection moulded piece was
obtained and then used as strength-testing samples, which
were then ground and pressed into a thin film using a
hydraulic press.

Recycling of Single-Polymer Polyester Composites by
Extrusion Processing

Extrusion moulding is one of the methods used for the
processing of thermoplastics. It is a continuous process
and consists of pressing the plasticized material in the
plasticizing system with a moulding tool called a head.
The schematic of the extrusion machine is shown in figure
6.

This method is used to fabricate pipes, hoses, plates,
films, rods, sectional material, mesh sleeves, and other
profiles. It is possible to produce these articles in a multi-
layer or multi-colour form (multi-component extrusion).
The extrusion process can be divided into single- and multi-
screw extrusion by the type of plasticisation system. The
basic technological parameters in the process of extrusion
of a specific product, with a screw type suitable for a given
material, are head temperature and the temperature of
the individual extruder zones [23-30]. A single-screw
extruder was used in this recycling process. The composite
granulate was placed in a loading hopper, and subsequently
plasticized at a temperature close to the fibre softening
temperature. The process parameters are shown in table
5. Water-cooled rollers were used for cooling. The resulting
extruded line was ground and then pressed into a thin film
on a hydraulic press.

Table 4
PARAMETERS OF
RECYCLING BY

INJECTION
PROCESSING

Fig. 6. Schematic diagram of
classical extrusion

Table 5
PARAMETERS OF
RECYCLING BY

EXTRUSION PROCESSING
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Research Findings and Overview
In order to determine the most effective method of

processing these materials, their basic physical and
chemical properties have been determined.

The density of the composites was determined by the
hydrostatic method according to the PN-EN ISO 1183-
1:2013-06 standard. The test was carried out at 23°C.  The
Charpy impact strength was determined in accordance
with the PN-EN ISO 179-1:2010 standard. It was carried
out for samples without the notch in the form of a type 2
bar. The viscosity-average molecular weight was
determined in order to ascertain the degradation of the
material that occurred during processing.

The results of the measurements are shown in figures
7-9.

From the analysis of the results of the density
measurement it follows that the greater the fraction of the
reinforcement phase in the substrate, the higher the density.

Fig. 7. Comparison of the measured density for the tested
materials Fig. 9. Comparison of the impact strength of the tested materials

The material with the highest density was obtained by press
moulding and the lowest by injection moulding. This is
most likely related to the degradation of the
macromolecules, which was confirmed by the results of
the determination of the viscosity-average molecular
weight. The determination of the viscosity-average
molecular weight was achieved for the recyclable film
obtained by the various technological processes. The
results are shown in figure 8.

The decrease in the molecular weight of the tested
materials, which were subjected to processing, may be
influenced by temperature, pressure, humidity, and time.
From the analysis of the obtained results, it can be
concluded that the lowest degradation of the
macromolecules, as a result of the processing, was found
in the press-moulded film and the highest value was found
in the injected material. Shear forces that arise during
plasticization and high pressure during the injection
process are the cause of this. Figure 9 shows the impact
strength test results of single-polymer polyester composites
that were recycled by the different methods.

The analysis of the results of the impact strength test
showed that it was not only degradation of the
macromolecules that had an impact on the mechanical
properties of the polymer. Despite the least amount of
degradation of the press-moulded film, it exhibited the
lowest impact strength among the tested materials. This
was caused by the inhomogeneity of the resulting structure
[26-30].

Table 6
SUMMARY OF THE DISADVANTAGES AND ADVANTAGES OF PETG MATRIX RECYCLING METHODS

Fig. 8. Viscosity-average molecular weight of the tested materials
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Conclusions
As a result of the work carried out into the recycling of

single-polymer polyester composites, it was found that
each of the selected methods for the production of SPCs
(injection, press moulding, and extrusion) can be used for
the processing of these materials while maintaining
appropriate process parameters. A chart of the advantages
and disadvantages of these methods has been developed
and presented in table 6.

It was found that the optimal method of recycling is
extrusion and composites processed in this way were
characterized by good quality (fig. 10), stable functional
parameters, and were the ones most similar (in
comparison with the methods of processing by injection,
pressing, and injection moulding) to the original
composites (table 7).
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