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1. INTRODUCTION

The application area of polymer composites is continuously expanding; nowadays, the
automotive industry, the aerospace industry, wind turbine manufacturing, and many
other industries are almost unimaginable without them. Their main advantage compared
to metals is their high stiffness and strength relative to density and their outstanding
corrosion resistance. However, one significant disadvantage of polymer composites is
their flammability due to the organic polymer matrix. For safe use, regulations concerning
the flammability of raw materials are becoming increasingly strict, which makes the use
of flame retardants necessary.

In the case of composites, flame retardancy is typically achieved by adding flame
retardant additives to the composite matrix. However, additives can affect the mechanical
properties and viscosity of the matrix, which may cause problems during processing. In
addition, filtering out solid flame retardants during production may be a problem, leading
to uneven distribution of additives. Furthermore, the fibre reinforcement layers may
inhibit the mechanism of condensed-phase flame retardancy. Another solution for the
flame retardancy of composites can be using flame retardant coatings applied to the
surface of the composite.

Coatings used for polymer composites typically provide the right surface quality, but
with the use of suitable additives, the targeted properties of the coating can be modified,
giving the coating a new function and thus making it multifunctional. For example,
multifunctional flame retardant coatings can eliminate the problems of adding flame
retardants into the polymer matrix. In this way, effective flame retardancy can be achieved
without changing the properties of the composite. During burning, the external surface of
the component is the first to come into contact with fire, so the coating seals the surface
and prevents the flame from spreading.

Due to sustainability, environmentally conscious design, and the shorter production
cycle time, continuous fibre-reinforced thermoplastic polymer composites are being used
in an increasingly wide range. One of the most promising methods of their production is
thermoplastic resin transfer moulding (T-RTM), which is based on in-situ polymerisation,
during which the polymerisation of the monomer impregnated between the reinforcing
materials takes place in the mould. A typically used low-viscosity (3-5 mPa‘s) monomer
is e-caprolactam, from which polyamide 6 (PA6) can be produced via anionic ring-opening
polymerisation in the presence of an initiator and activator. The technology makes it
possible to use different continuous fibre reinforcements—such as carbon, glass, or
polyamide fibres —thus enabling the production of various types of composites, including
self-reinforced systems.

Self-reinforced composites are materials in which the reinforcing material and the
matrix originate from the same polymer family. Self-reinforced composites have several
advantages since the chemical similarity between the reinforcement and the matrix allows
good interfacial adhesion. Furthermore, they can be easily recycled by mechanical



recycling without the need for complex separation methods. This property is significant
in terms of sustainability and the circular economy.

The aim of the doctoral thesis is the development of a flame-retarded PA6 system
produced via e-caprolactam-based anionic ring-opening polymerisation, which can be
applied as a coating on the surface of long fibre-reinforced PA6 composites
manufactured using T-RTM technology. In-mould coating is used to create the coating,
and the coatings are applied to the surface of composites reinforced with carbon fibre
or polyamide 6.6 (PA6.6). Combining flame retardants with different mechanisms of
action can achieve more effective flame retardancy. Therefore, the synergistic effect of
various flame retardants is also investigated during the research. The recyclability of
flame-retardant PA6 composites is also examined as one of the objectives.



2. LITERATURE OVERVIEW, AIMS OF THE THESIS

Polymer composites are increasingly used as structural materials in the vehicle
industry, primarily due to their high stiffness and strength relative to density and
outstanding corrosion resistance. Although composites significantly reduce weight, their
application is still greatly limited by the safety risks arising from the flammability of the
organic matrix. The tightening regulations now require not only the prevention of
combustion but also the maintenance of structural integrity during fire. In this context,
increasing emphasis is placed on research on solutions that reduce flame spread and heat
release, mitigate smoke formation, and maintain the load-bearing capacity of the
composite.

Flame retardants are typically added to the polymer matrix; however, this approach is
ineffective for several reasons. On the one hand, the additives can affect the viscosity of
the matrix as well as the mechanical properties of the composite. In addition, during
injection-based composite production, the filtering out and inhomogeneous distribution
of solid additives can cause problems, and the fibre reinforcement may hinder the
formation of a protective layer on the composite surface. More and more examples of how
to solve these problems can be found in the literature. One such solution can be liquid
flame retardants and/or flame retardant coatings. While these offer promising
possibilities, their application still requires a detailed investigation of several aspects, such
as the proper adhesion of the coatings and the long-term effectiveness of their
multifunctional role.

The literature distinguishes three basic types of flame-retardant coatings: flame-
retardant polymer coatings, heat-reflective coatings, and intumescent coatings. Flame
retardant polymer coatings delay ignition due to their high thermal stability and low
thermal conductivity. However, their use is limited due to their maximum thickness (2-3
mm), and they only provide short-term protection in high-temperature fires. Heat-
reflective coatings improve the fire resistance of the composite even under high heat flux.
However, due to their thermal expansion coefficient significantly differing from that of
polymer composites, they can easily crack and flake off, and their thickness (10-20 mm)
can increase the weight of the composite. Therefore, these coatings are less frequently
addressed in the literature. The most widely discussed are the so-called intumescent
coatings. In their case, exposure to high temperatures creates a porous, charred layer on
the coating, which absorbs most of the heat generated by the fire. The coatings need to
result in a uniform thickness and high-quality surface. The application can be done by
brushing or spraying, but due to the open mould, the emission of organic compounds
increases. For health and environmental protection, the in-mould coating has become
widespread.

Due to shorter cycle times, more efficient production, and recyclability, thermoplastic
matrix polymer composites are increasingly important. Their manufacturing process is in-
situ polymerisation, during which low-viscosity monomer is impregnated between the
reinforcing fabrics, and polymerisation occurs inside the mould. The system studied in the
literature is caprolactam-based anionic ring-opening polymerisation, where polyamide 6
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can be produced in the presence of an initiator and an activator. In addition to the activator
and initiator, moisture, contaminants, and the initial polymerisation temperature also play
important roles. Numerous studies in the literature address the selection of the
appropriate polymerisation temperature, but these are not always consistent. Some
authors state that a too high temperature can reduce conversion, while other literature
shows the opposite trend. However, in most publications, considering monomer
conversion, crystalline fraction, and mechanical properties, the appropriate temperature
is around 150 °C. Another important aspect mentioned in several studies is the
relationship between the fibre-matrix interface and the mechanical properties. Although
the flexural strength and modulus of PA6 composites are favourable, some studies
indicate a weak fibre-matrix interface attributed to incomplete polymerisation. These
findings somewhat contradict the observation that the weak fibre-matrix interface did not
significantly affect the mechanical properties.

Polyamides melt easily in flame, which can cause dripping and rapid fire spread.
However, little research has been conducted on the flame retardancy of polyamide
produced via anionic in-situ polymerisation of e-caprolactam. Promising results have been
achieved in the literature using phosphorus-containing hexaphenoxycyclotriphosphazene
flame retardant with a heterocyclic structure, where access to the phosphorus atom is
sterically hindered. Therefore, it does not significantly interfere with the polymerisation
reaction of e-caprolactam. However, most additives successfully used for the flame
retardancy of polyamides cannot be used for the flame retardancy of e-caprolactam. One
of the most significant issues during flame retardancy is that additives often inhibit the
polymerisation reaction. Another problem is that most flame retardants are not soluble in
caprolactam. Such poor solubility can cause difficulties during processing, as it may lead
to uneven distribution of the additive and the filtering out of solid flame retardants.

The technologies suitable for producing polyamide by in-situ polymerisation are
vacuum infusion and T-RTM. The pressure gradient is created using a vacuum during
vacuum infusion, so high pressure is unnecessary. Vacuum infusion is often used for
composites with cross-linked matrices, but reactive processing is a widely spread
alternative solution. In this case, low-viscosity monomer and/or oligomer is introduced
between the reinforcing materials using vacuum, and polymerisation occurs in a one- or
two-sided mould. Numerous studies have investigated polyamide produced by vacuum
infusion. The two most important parameters during the process are the polymerisation
temperature and the infusion pressure. Based on research, the ideal mould temperature is
between 140 and 160 °C. Another commonly used technology is T-RTM. Like vacuum
infusion, the monomer and/or oligomer is introduced between the reinforcing materials,
and polymerisation occurs in 2-3 minutes. During this process, the injection pressure
ranges within a few bars.

One of the reasons for the spread of thermoplastic matrix composites is that, unlike
crosslinked composites, they are easier to recycle. According to the literature, mechanical,
thermal, and chemical recycling methods can be used for continuous fibre-reinforced
composites, through which the reinforcement and/or matrix can be recovered. One of the
main advantages of self-reinforced polymers is their near 100% recyclability, meaning that
the homogeneous base material can be fully reused by remelting the matrix and
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reinforcement. While several studies have investigated the recycling of self-reinforced
polymer composites, to the author's knowledge, no results have been published regarding
the recycling of self-reinforced polyamide composites.

In light of all this, the following objectives were set in the course of this work:

Development of a flame-retarded PA6 system produced via e-caprolactam-
based in-situ polymerisation;

Investigation of the synergistic effect in case of combined use of several flame
retardants;

Application of the flame-retarded PA6 system as a coating for e-caprolactam-
based carbon fibre-reinforced PA6 composites via in-mould coating;
Investigation of flame retardancy of self-reinforced e-caprolactam-based PA6
composites;

Assessment of the recyclability of e-caprolactam-based flame-retarded PA6
composites and analysis of the effectiveness of flame retardants.



3. MATERIALS AND METHODS

3.1. Materials

For the production of PA6 via anionic ring-opening polymerisation, I used AP-
NYLON® Caprolactam type e-caprolactam (CL, L. Briiggemann GmbH & Co. KG,
Heilbronn, Germany) as the monomer. As the activator, I chose Bruggolen C20P type
hexamethylene-1,6-dicarbamoyl-caprolactam (C20, L. Briiggemann GmbH & Co. KG,
Heilbronn, Germany), which is one of the most commonly used activators. As the initiator,
I used sodium-dicaprolactamate-bis-(2-methoxyethoxy)-aluminate produced by the
company Katchem (Prague, Czech Republic) under the brand name Dilactamate (DL).

The flame retardants used and their main properties are shown in Table 1. The
difference between the two expandable graphites lies in the particle size and the degree of
expansion: in the case of the EGES100 type, 75% of the particles are smaller than 150 pm,
and the volume change during expansion is 100 cm?/g, while in the case of the EGES350
type, 80% of the particles are larger than 300 um, and the degree of expansion is 350 cm3/g.

Table 1 Characteristics of flame retardants used

Name Main component Mafluf.acturer/ Brand name P-content Appearance
Distributor [%]
RP red phosphorus Clariant Exolit RP607 | >95 red powder
MgO magnesium oxide Sigma Aldrich Magnesium | - white
oxide powder
EGES100 expandable graphite | Graphit ES 100 C10 - black
Kropfmiihl powder
EGES350 expandable graphite | Graphit ES 350 F5 - black
Kropfmiihl powder
HPCTP hexaphenoxy- Fushimi/NRC Rabitle 13,4 white
cyclotriphosphezene FP110 powder

I used PX 35 UD 300-type (CF, Zoltek, Nyergesujfalu, Hungary) unidirectional
reinforcement material for the carbon fibre reinforced composites. As the reinforcement
material for the self-reinforced composites, I used the CR-262 type satin weave polyamide
PA6.6 fabric produced by the Spanish company Sati Envirotech (Barcelona, Spain). The
fabric thickness is 0.41 £+ 0.0615 mm, and its areal density is 330 + 24.75 g/m?2. During
recycling, Tarnamid T27- type (127, Grupa Azoty, Tarnéw, Poland) PA6 base material was
mixed with the samples.



3.2. Sample preparation

3.2.1. Reference and flame-retardant polyamide 6

As the first step of my research, I investigated the effect of various flame retardants on
in-situ polymerisation and the thermal and flammability properties of PA6. For this
reason, the different flame retardants were examined in PA6 without reinforcing material.

To produce the reference e-caprolactam-based PA6, I used 87% CL, 3% C20 activator,
and 10% DL initiator. In-situ polymerisation is extremely sensitive to moisture, therefore
the raw materials were stored in a Faithful DZ-3BCI type (Faithful, Huanghua, China)
vacuum drying oven, and the flame retardants were dried at 80 °C for 4 hours before use
in a UT6 type drying oven (Heraeus Holding GmbH, Hanau, Germany). As the first step
of production, the aluminium moulds were cleaned with methanol and sprayed with
Lusin® Alro LL 261 type (Chem-Trend L. D., Howell, USA) release agent, and then the
closed mould was placed in a drying oven at 150 °C. The mould was tilted at an angle of
15° to facilitate the removal of air from the closed mould. In the next step, the monomer,
the activator, and — in the case of flame-retarded samples — the flame retardant were
accurately measured and mixed and melted using an MR Hei-TEC type (Heidolph,
Germany) heated magnetic stirrer at 120 °C. After adding the initiator, the CL system was
injected into the aluminium mould preheated to 150 °C in a drying oven, and standard
specimens for flammability tests were produced.

The process flow diagram of sample preparation is shown in Figure 1.

Flame retardants
Adding the initiator

Aluminium tool @jlr% I'% %
- § - §—E=E=—-

Preheating the
e [ e [m] Injection of flame retarded

tool at 150 °C Flame retarded PA6

caprolactam
system into the
reinforcing material

Mixing and melting of
caprolactam, activator and
flame retardants at 120°C

Figure 1 Production steps for flame retarded PA6

3.2.2.  Composites reinforced with carbon fibre and PA6.6

To produce the composites, I used a mould with a cavity size of 100 mm x 100 mm x 2
mm, with which I modelled the T-RTM technology on a small scale. After cleaning the
mould with methanol, it was sprayed with a release agent. In the case of carbon fibre
reinforced composites, five layers of unidirectional PX 35 UD 300-type CF reinforcement
were placed into the mould in a [0]s layup, while in the case of self-reinforced composites,
five layers of satin weave CR-262-type PA6.6 reinforcement were placed. The closed
mould containing the reinforcement material was preheated in a 150 °C drying oven at a
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15° angle. For the production of the PA6 matrix, 87% CL, 3% activator, and 10% initiator
were used. The g-caprolactam and the activator were melted at 120 °C and mixed using an
MR Hei-TEC type (Heidolph, Germany) magnetic stirrer. After adding the initiator, the
melt was injected into the closed mould using a 1025 TLL 25ml SYR type heat-resistant
glass syringe (Hamilton Company, Reno, USA) to ensure appropriate pressure. After 10—
15 minutes, the mould was removed from the drying oven and allowed to cool at room
temperature. The process flow diagram for the production of the carbon fibre-reinforced
PA6 composites is shown in Figure 2; however, the production steps for the self-reinforced
composite are identical to those presented in the figure.

Placing reinforcement
in the mould
Il |
—) T —) |° . v
|

5 layers of unidirectional Preheating the tool at 150 °C Injection of caprolactam
carbon fibre reinforcement system into the
reinforcing material
by syringe

(S l

Carbon fibre reinforced PA6

Mixing and melting of Adding the initiator .
composite

caprolactam and activator at 120°C

Figure 2 Process diagram for the production of carbon fibre-reinforced PA6 composites

3.2.3.  Composites with coating

The flame retardant coatings were created by in-mould coating on the surface of the
carbon fibre-reinforced and the self-reinforced composites. An aluminium mould with a
cavity size of 100 mm x 100 mm x 2.5 mm was used to create the coatings. After methanol
cleaning and applying a release agent, the composite to be coated was placed in the mould
in advance. After closing the mould, it was placed in a drying oven at 150 °C tilted at an
angle of 15°. To produce the 0.5 mm thick coating, the e-caprolactam was melted and
mixed at 120 °C in the presence of an activator and a flame retardant using an MR Hei-
TEC type (Heidolph, Germany) heated magnetic stirrer. After adding the initiator, the
molten e-caprolactam system was injected into the closed mould using a 1025 TLL 25ml
SYR heat-resistant glass syringe (Hamilton Company, Reno, USA). After 10-15 minutes,
the mould was removed from the drying oven and allowed to cool at room temperature.

The steps of the flame retardant coating preparation are shown in Figure 3.
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Figure 3 Flow chart for the production of PA6 composite with flame retardant coating

3.2.4. Recycling of coated composites

As the first step in the recycling of the self-reinforced composites, the reference and
flame retardant-coated composites were cut into 20 mm x 20 mm pieces using a Mutronic
type cutting device (Mutronic Prazisionsgeratebau GmbH & Co. KG, Reiden, Germany),
then ground with a Fritsch 4ERKK90-type grinder (Fritsch GmbH, Germany). 50% T27
type virgin PA6 was mixed with the ground material using a Brabender Lab-Station type
internal mixer (Brabender GmbH & Co., Germany) at 205 °C to facilitate processability.
Before mixing, the raw material was dried for 6 hours in a drying oven at 80 °C. The
temperature of 205°C and the shear force during mixing were sufficient to melt the
material and achieve a homogeneous blend. New test specimens were produced using a
T30-type hydraulic press (Metal Fluid Engineering s.r.1,, Italy). The following parameters
were applied during pressing: 0 bar for 5 minutes, 100 bar for 5 minutes, and 200 bar for 5
minutes. The temperature used during the pressing was 220 °C and cooling was achieved
by water cooling built into the equipment. The machine has a 60 mm diameter piston, so
the 140 mm x 140 mm specimens were pressed with a surface pressure of 28 bar. The
sample without flame retardant was 2 mm thick, while the samples containing flame
retardant were 2.5 mm thick to compare the recycled samples with the virgin ones
properly.

The recycling steps are shown in Figure 4.



Grinding of samples

<~
PA6
composite with flame Cutting the samples into
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Mixing and homogenisation

PA6 composite at205°C

Figure 4 Recycling steps for PA6 coated composites
3.3. Test methods

The effect of flame retardants on the glass transition temperature (Tg) and the crystalline
fraction was investigated using differential scanning calorimetry (DSC). The tests were
performed on a TA Instruments Q2000 device (New Castle, DE, USA), and the TA
Universal Analysis software was used for evaluation. 5-10 mg samples were tested in a
nitrogen atmosphere with a flow rate of 50 ml/min. Heating-cooling-heating cycle
measurements were performed in the 25-250 °C temperature range with a heating and
cooling rate of 10 °C/min.

The monomer conversion, sedimentation of additives, and thermal stability were
examined using a TA Instruments Q500 thermogravimetric analyser (TGA) (New Castle,
DE, USA). The tests were carried out on 5-10 mg samples in a nitrogen atmosphere with
a flow rate of 30 ml/min at a heating rate of 20 °C/min in the 30-600 °C range. The TA
Universal Analysis software was used for evaluation.

In the UL-94 test, according to ISO 9772 and ISO 9773 standards, the flame propagation
rate can be determined in the horizontal arrangement (H-type), while the flame retardancy
level of the tested material can be determined in the vertical arrangement (V-type). Test
specimens of 120 mm x 10 mm x 3 mm were used for the measurement.

Oxygen index tests (LOI) were performed according to ISO 4589-1 and 4589-2
standards. The oxygen index expresses the minimum oxygen content, in volume per cent,
in which the tested sample still burns in a defined oxygen-nitrogen gas mixture. The test
specimen size was 120 mm x 10 mm x 3 mm.

A mass loss type cone calorimeter (Fire Testing Technology, East Grinstead, UK) was
used to determine the complex combustion characteristics of the samples. This method
allows the simulation of real fire conditions, under which the ignition time, heat release,
and mass loss of the sample can be evaluated. The test was carried out according to ISO
13927, and the samples were exposed to 50 kW/m? radiant heat. The sample size used for
examining the coating compositions was 100 mm x 100 mm x 4 mm, while the size of the
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reference uncoated composites was 100 mm x 100 mm x 2 mm, and that of the coated
composites was 100 mm x 100 mm x 2.5 mm.

The combustion residue of the flame retardant coatings after the MLC test was analysed
using a JEOL JSM 6380LA scanning electron microscope (SEM) (Jeol LTD., Tokyo, Japan).
The samples were gold-coated to avoid charging using a Jeol JPC1200 sputter coater (Jeol
Ltd., Tokyo, Japan). The char residues were mapped at 500x magnification using scanning
electron microscopy with energy-dispersive spectroscopy (SEM-EDS).

The size distribution of the flame retardants was determined using a LA 950 A2
(HORIBA, Ltd., Kyoto, Japan) laser particle size analyser. For HPCTP and expandable
graphite, ethanol was used to prepare the suspension, while water was used for red
phosphorus and magnesium oxide. Ultrasonic mixing was used to ensure proper
homogeneity.

To detect the gases generated during the combustion of the coatings, laser pyrolysis —
Fourier-transform infrared spectroscopy (LP-FTIR) was applied. The samples were
pyrolysed using a SYNRAD 48-1 type adjustable-power CO: laser (Novanta Inc., Bedford,
USA), and the spectra of the resulting gases were recorded using a Bruker Tensor 37 FTIR
instrument (Bruker, Billerica, USA). The samples were pyrolysed for 1 minute at a power
of 1 W. The sample size was 20 mm x 10 mm x 2 mm.

Pyrolysis combustion flow calorimetry (PCFC, Fire Testing Technology, East
Grinstead, UK) was used to characterise the flammability of the coatings. The test was
conducted according to ASTM D-7309 with a heating rate of 1 °C/s on 8-10 mg samples.
The maximum pyrolysis temperature was 750 °C, and the combustion temperature was
900 °C. During the test, the nitrogen flow rate was 80 ml/min, and the oxygen flow rate
was 20 ml/min.

The porosity of the flame-retarded and reference samples was measured using a
Sartorius Quintix precision balance (Sartorius, Gottingen, Germany). In the porosity test,
the density calculated from the dry weight at 23 °C and in distilled water (density: 0.99756
g/cm?®) was compared with the theoretical density calculated from the composition. For
composites, the fibre content was determined from the weight of the reinforcing materials
measured before production and the final weight of the composite. In the case of coated
composites, it was assumed that the composite thickness was 2 mm and the coating
thickness was 0.5 mm. Based on this, the theoretical density of the coated composite was
divided into an 80-20% ratio between the composite and the coating.

Water absorption of the samples was measured according to MSZ EN ISO 62 on test
specimens of 40 mm x 40 mm x 2 mm thickness. In the test, both Method 1 (immersion in
23 °C water) and Method 2 (immersion in hot water) were used to assess the moisture
uptake capacity of the reference and flame-retarded samples. Distilled water was used for
the tests.

The Shore D hardness of the reference and flame retardant coatings was determined
using a Zwick H04.3150.000 type hardness tester (Zwick GmbH & Co. KG, Ulm, Germany)
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according to ISO 48-2:2018. The measurement was carried out on 6 mm thick samples with
a 50 N load. Ten measurement points were recorded on each coating, and the indentation
time was 3 seconds.

The flammability of the reference and coated composites was characterised by the
glow-wire flammability index (GWFI). A T4-08 type device (Testing d.o.o., Slovenia) was
used for the test, performed according to IEC 60695 on samples with a surface area of 60
mm x 60 mm. The reference composite thickness was 2 mm, while the coated samples had
a thickness of 2.5 mm. The GWFI indicates the highest temperature at which the material
self-extinguishes within 30 seconds after being exposed to a glowing wire for 30 seconds.

A pull-off adhesion test evaluated the adhesion between the composite and the flame
retardant coating. The test was carried out according to ISO 4624:2016 using a DeFelsko
PosiTest AT-M device (DeFelsko, New York, USA). The test dollies had a diameter of 20
mm. Before glueing, both the coating and the dolly surfaces were cleaned with methanol.
The dollies were then fixed to the coating using Araldite 2011 two-component adhesive
and left to cure for 24 hours. Afterwards, the dollies were cut around using the tool
supplied with the device, and the test was performed. Based on the diameter of the dolly,
the device provided the adhesion strength between the composite and the coating in MPa.
A pre-load of 0.7 MPa was taken into account during the test.

An optical microscope Keyence VHX-500 (Keyence Corporation, Mechelen, Belgium)
was used to examine the reference and flame retardant-coated PA6 composites. The
samples were analysed at 40x magnification.

Three-point bending tests of the flame retardant-coated and recycled composites were
performed using a Zwick Z005 universal testing machine (Zwick GmbH & Co. KG, Ulm,
Germany) following the DIN EN ISO 14125 standard. Test specimens of 80 mm x 10 mm
x 2.5 mm were bent at a speed of 2 mm/min with a support span of 64 mm, ensuring that
the coating was always positioned on the compression side. The test was performed up to
the limit deflection, which was 10% of the support span, i.e., 6.4 mm.

For dynamic mechanical analysis (DMA), a TA Instruments Q800 device (New Castle,
DE, USA) was used, and the 60 mm x 10 mm x 2 mm specimens were subjected to three-
point bending (with 50 mm support span). The tests were conducted at a loading
frequency of 1 Hz and a strain amplitude of 0.1%, in the temperature range of 25-200 °C
with a heating rate of 3 °C/min. Deformation-controlled excitation was applied during the
measurement. Using the instrument’s software (TA Instruments Universal Analysis 2000
version 4.7A), the temperature dependence of the storage modulus of the composites was
determined, and the glass transition temperature (Ts) was established from the peak
temperature of the tand [-] curves. The storage modulus was evaluated at temperatures
below Tz (35 °C) and above Tg (80 °C).
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4. SUMMARY

Nowadays, thermoplastic composites are gaining increasing importance in various
industrial sectors (automotive, electrical and energy industries), as the recyclability of
conventional cross-linked composites is limited and challenging. While injection
moulding and extrusion have long been used to produce short fibre-reinforced composite
products, long fibre-reinforced thermoplastic composites have only recently emerged. A
particularly efficient method for their production is thermoplastic resin transfer moulding
(T-RTM), in which a low-viscosity monomer is injected into the mould in the presence of
an activator and an initiator, and polymerisation takes place in-situ, between the
reinforcing materials placed inside the mould. One of the most commonly used matrices
is polyamide 6, for which the starting material is the e-caprolactam monomer. When used
as structural materials, the flammability of the organic matrix can be a critical issue; thus,
the flame retardancy of the composites is particularly important in meeting safety
regulations.

From the literature review, I concluded that the best solution is to apply flame
retardants as a coating on the surface of the composites. The in-mould coating is the most
suitable method for using the coating, and it can be implemented in T-RTM technology.
Anionic ring-opening polymerisation is highly sensitive to moisture and various
additives. Therefore, many flame retardants that are used for conventionally produced
PA6 cannot be applied. Based on the literature, I used hexaphenoxycyclotriphosphazene
(HPCTP), magnesium oxide (MgQO), red phosphorus (RP), and two types of expandable
graphite with different particle sizes (EGES100 and EGES350) in my research.

As the first step of my research, I investigated the effect of flame retardants on anionic
ring-opening polymerisation, the glass transition temperature of PA6, the crystalline
fraction, thermal stability, and flammability. Initially, I produced samples containing only
one type of flame retardant. The manufacturing process was a small-scale model of T-RTM
technology. Regarding flammability, the PA6/10%EGES350 sample performed best;
however, significant sedimentation was observed due to the large particle size. Therefore,
I subsequently examined mixed compositions. These significantly reduced the peak heat
release rate. The best-performing formulations in terms of flammability were the
following:  PA6/5%MgO/5%EG, PA6/5%RP/5%EG, PA6/3%HPCTP/3%EG, and
PA6/3%HPCTP/4%EG. For the selected samples, I examined the post-combustion residues
using SEM-EDS. I concluded that in mixed formulations, a stable outer protective layer
rich in phosphorus or magnesium forms during combustion, along with an inner layer
containing mainly expandable graphite. The gas-phase mechanism was investigated using
FTIR-coupled laser pyrolysis. Furthermore, the samples were analysed with PCFC and
TGA. Based on the results, I found that the MgO and EG-containing sample acts primarily
in the condensed phase, while the others show a combined mechanism. My research
demonstrated a synergistic effect between HPCTP and EG, and their combined use can
reduce the peak heat release by up to 68% and the total heat release by nearly 30%.

In the next step, the selected formulations were applied to the surface of carbon fibre-
reinforced PA6 composites using in-mould coating. The coatings reduced the peak heat
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release by up to 33% and the total heat release by 37%. The mixed flame retardant coatings
effectively reduced the flammability of the carbon fibre-reinforced PA6 composites, while
the mechanical properties did not deteriorate or only slightly. A significant advantage of
the coatings is that the fibre reinforcement does not hinder the solid-phase mechanism.

In the following research phase, the coatings were applied to the surface of PA6
composites reinforced with PA6.6 fibres (APCs). Similarly to the carbon fibre-reinforced
composites, the coatings performed excellently in flammability. However, the mechanical
properties of the APCs were weak, primarily due to the nature of the reinforcing material.
Subsequently, new samples were produced from the APCs by mechanical recycling. After
grinding, 50% virgin material was added, and short fibre-reinforced recycled composites
were produced by compression moulding. Despite adding virgin material, the peak heat
release significantly decreased compared to recycled and non-recycled reference
composites. The applied flame retardants retained at least 60% of their effectiveness. The
results contribute to sustainable material use and waste reduction while offering
promising possibilities for improving fire safety. Recycled samples can help substitute
primary raw materials in the transport and E+E industries in areas where flame retardancy
is a priority.

In summary, it can be stated that the developed flame retardant coatings can be
effectively applied for the flame retardancy of PA6-based composites without significantly
affecting the mechanical properties, and the reinforcement material does not filter out the
flame retardants during processing.
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5. THESES

Theses 1

The combined use of hexaphenoxycyclotriphosphazene (HPCTP) and expandable
graphite (EGES100) effectively reduces the flammability of polyamide 6 (PA6)
produced via anionic ring-opening polymerisation of e-caprolactam. Due to the
synergistic effect between the two flame retardants, their combined application is more
effective than when used separately. The explanation is that HPCTP, which acts
primarily in the gas phase, functions as a reactive radical scavenger, while EGES100,
which acts in the solid phase, forms a charred protective layer. At 3P% HPCTP and 4%
EGES100 content, the peak heat release rate decreases by 68% compared to PA6
without flame retardant, by 67% compared to the sample containing only 3P% HPCTP,
and by 54% compared to the sample containing only 3% EGES100. The total heat
release is reduced by 29% compared to PA6 without flame retardant, by 17% compared
to the sample with 3P% HPCTP, and by 27% compared to the sample with 3%
EGES100, as a result of the combined use of the two flame retardants. This statement
is supported by mass loss type cone calorimetry, scanning electron microscopy
combined with energy-dispersive spectroscopy (SEM-EDS) of the combustion
residues, and laser pyrolysis — Fourier-transform infrared spectroscopy (LP-FTIR)
analyses [1,4,9].

Theses 2

During the anionic ring-opening polymerisation of e-caprolactam, the combined
application of expandable graphite and other flame retardants containing heteroatoms
(magnesium oxide, red phosphorus, hexaphenoxycyclotriphosphazene) results in the
formation of a stable outer protective layer enriched in heteroatoms (phosphorus and
magnesium) on the surface of the sample during combustion, which is advantageous
for flame retardancy. The inner part of the combustion residue consists of a layer
mainly containing expandable graphite, within which a smaller amount of
heteroatoms can be found between the layers. This layered structure can be explained
by the sedimentation of the larger particles of expandable graphite within the coating
— which I confirmed using optical microscopy — thus, upon exposure to heat, the
expansion primarily occurs in the interior of the sample rather than in the surface layer.
The enrichment of phosphorus and magnesium in the outer foamed layer was
demonstrated using scanning electron microscopy combined with energy-dispersive
spectroscopy (SEM-EDS) [1,5-7,9].
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Theses 3

In the case of polyamide 6 produced via anionic ring-opening polymerisation of -
caprolactam containing hexaphenoxycyclotriphosphazene (HPCTP) and expandable
graphite (EGES100), when 3P% HPCTP is used, the content of EGES100 above 4%
leads to a deterioration in flame retardant properties. The explanation for this is that
above 4% EGES100 content, the intense foaming of the expandable graphite damages
the formed stable, protective structure, resulting in a decrease in the residual mass, a
reduction in the phosphorus content of the protective layer, an increase in the peak
heat release rate, the maximum average heat release rate, and the effective heat of
combustion. This statement was supported by mass loss type cone calorimetry,
scanning electron microscopy combined with energy-dispersive spectroscopy (SEM-
EDS), and a two-factor experimental design [1,4,9].

Theses 4

The polyamide 6-based coating with a thickness of 0.5 + 0.1 mm, produced via in-
mould coating using anionic ring-opening polymerisation of e-caprolactam,
effectively reduces the flammability of carbon fibre-reinforced polyamide 6 (PA6)
composites through the combined application of hexaphenoxycyclotriphosphazene
(HPCTP) and expandable graphite (EGES100). The flame retardant coating containing
3 mass% phosphorus from HPCTP and 4 mass% EGES100 reduces the peak heat
release rate of the PA6 composite by 25% and the total heat release by 40% compared
to the reference PA6 composite without flame retardant coating. As a result of the
addition of flame retardants, the adhesion of the coating increases by 15-65%
compared to the coating without flame retardants, and the coating remains on the
composite surface even after three-point bending [1,8,9].

Theses 5

The combinations of expandable graphite and other flame retardants containing
heteroatoms (magnesium oxide, red phosphorus, hexaphenoxycyclotriphosphazene)
retain 60-100% of their flame-retardant effectiveness after mechanical recycling, even
though, due to the higher melting point of PA6.6 compared to caprolactam, the
mechanical recycling of composites reinforced with PA6.6 fibres in a caprolactam-
based PA6 matrix can only be carried out at a higher temperature than that used
during the original composite manufacturing process. During mechanical recycling,
the storage modulus measured at 35 °C can increase by up to 40%, while the storage
modulus measured at 80 °C can increase by up to 30%. This statement was supported
by mass loss type cone calorimetry and dynamic mechanical analysis [2,3,9].
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