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The increasing importance of thermoplastic composites, driven by their enhanced recyclability and production
efficiency, has attracted interest in continuous fibre-reinforced thermoplastic. Polyamide 6 (PA6), synthesised via
anionic ring-opening polymerisation, is particularly relevant, however, the flammability of PA6 poses significant
challenges and a critical concern for their structural application, necessitating effective flame retardancy mea-
sures. This study investigates the development of flame retardant coatings for carbon fibre-reinforced PA6
composites, employing hexaphenoxycyclotriphosphazene (HPCTP) and expandable graphite (EG), and evaluates
their efficacy in improving the flammability properties of the composites through their combined modes of
action. We investigated the impact of FRs on glass transition temperature, crystallinity, thermal stability,
monomer conversion and flammability properties. The best-performing formulations (PA6/3P%HPCTP/3%EG
and PA6/3P%HPCTP/4%EG) were applied to the surface of carbon fibre-reinforced PA6 composites by in-mould
coating. Due to the synergistic effect of HPCTP and EG, the coatings containing 3P% HPCTP and 3 % EG reduced

the maximum heat release by 33 % and the total heat release by 37 %.

1. Introduction

Nowadays, thermoplastic composites are becoming increasingly
significant, as the recyclability of traditional crosslinked composites is
limited and challenging. On the other hand, thermoplastic polymer
composites offer enhanced recyclability and production efficiency due
to their low cycle times [1]. While injection moulding and extrusion
have long been used for manufacturing short-fibre composite products,
continuous fibre-reinforced thermoplastic composites have emerged
more recently. A particularly effective method for their production is
thermoplastic resin transfer moulding (T-RTM), where a low-viscosity
monomer is injected into the mould, and polymerisation occurs be-
tween the reinforcing materials [2-4]. Polyamide 6, produced by
anionic ring-opening polymerisation of caprolactam monomer in the
presence of an initiator and activator [5], stands out as a significant
polymer that can be processed with T-RTM. One of the main applications
for products made with T-RTM is in the automotive industry, where one

of the main goals is to produce fibre-reinforced composites with short
cycle times. In the case of anionic ring-opening polymerisation, the short
polymerisation time makes the resulting products suitable for mass
production [6]. Furthermore, an additional advantage of composite
products made with T-RTM is that the thermoplastic matrix allows them
to be remelted after shredding and reprocessed using conventional
technologies (compression moulding, extrusion-compression moulding,
injection moulding) [7].

One of the drawbacks of using polymer composites is that they are
highly flammable, which can be a critical factor in structural composite
applications. This is particularly true for thermoplastic polymers that are
thermally less stable and prone to dripping, so their proper flame
retardancy is essential. However, several problems can arise during the
flame retardancy of composites. In particular, in carbon fibre-reinforced
composites, the high thermal conductivity of the carbon fibres results in
a phenomenon known as the candlewick effect. The reinforcing material
is able to transfer and return the heat of combustion to the matrix and
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Table 1
The conversion of HPCTP in PA6 samples from mass% to P%.

Sample HPCTP [g/100 g] P-content [%]
PA6/1P% HPCTP 7.46 1
PA6/2P% HPCTP 14.9 2
PA6/3P% HPCTP 22.38 3
PA6/4P% HPCTP 29.85 4

the fuels from matrix pyrolysis by capillary action to the flame, leading
to continuous and intensive burning [8]. Furthermore, carbon layers
may filter out the solid particulate flame retardants during the com-
posite manufacturing processes like infusion, resulting in an uneven
distribution of flame retardants, and consequently unpredictable fire
performance. Additionally, in the case of flame retardants acting in the
condensed phase, the formation of a protective layer may be prevented
by the reinforcing material; instead, the flame retarded matrix layers
between the reinforcements just result in a delamination, leading to the
deterioration of the post-fire mechanical properties. These problems can
be solved by applying a flame retardant coating on the surface of the
composite [9,10]. In addition to traditional coating technologies
(spraying, brushing), in-mould coating, created in a closed mould, is an
option [11]. Our recent review article details the difficulties and solu-
tions related to the flame retardancy of caprolactam-based PA6 [9].

Phosphazenes are organic-inorganic hybrid polymers consisting of a
backbone of alternating phosphorus and nitrogen atoms [12,13].
Recently, phosphazene-based compounds have been discovered to have
remarkable properties, including enhanced thermal-oxidative stability
and flame retardancy. They have a predominant gas phase flame
retardant action due to the formed phosphorus-containing radicals. At
the same time, the released inflammable gases, including CO,, NH3 and
No, dilute the oxygen supply, while the phosphates, metaphosphates and
polyphosphates generated during the thermal decomposition form a
protective layer on the polymer surface that prohibits mass and heat
transfer.; thus, the combination of various mechanisms contributes to
their flame retardant effect [14]. Hexaphenoxycyclotriphosphazene
(HPCTP) is a member of the cyclic phosphazene compounds family [15].
HPCTP exhibits good thermal stability and flame retardancy due to its
phosphorus and benzene ring structures. It is used in a variety of ma-
terials including polyethylene (PE) [16], rigid polyurethane foam
(RPUF) [17], epoxy [18] and silicone rubber [19,20]. HPCTP is an
effective flame retardant for PA6 [21,22]. Furthermore, as HPCTP is
soluble in molten CL and does not inhibit the polymerisation of capro-
lactam, it can be used as a flame retardant during in-situ polymerisation
[23,24].

Expandable graphite (EG) is a form of graphite that has undergone
partial oxidation, resulting in intercalated compounds, such as sulfuric
acid anions, between the stacked graphene layers [25,26]. Upon being
subjected to high temperatures beyond a specific expansion onset tem-
perature, expandable graphite exhibits a distinctive characteristic of
exfoliating. This property is the primary feature of this material. The
exfoliation process leads to a rapid expansion of the graphite in a
worm-like manner, resulting in the formation of graphite with a low
density [27]. EG has proven to be an excellent flame-retardant additive
in various polymers, including PA6 [28-31].

EG has also been combined with phosphorus-containing HPCTP in
several materials [32-35], as a synergistic effect can be achieved when
used together. The phosphorus compounds act in the condensed and gas
phases, whereas the expandable graphite acts in the condensed phase.
When combined, the flame retardants form a char layer, the main effect
of which is heat shielding, based on the increased reradiation by the
surface with a much higher temperature than non-charring burning.. In
addition, as the temperature increases, the phosphorus begins to oxidise,
and various P-containing groups are formed, which can react further
with the graphite in the char layer when exposed to oxygen and heat.
This contact prevents the formation of cracks in the protective layer.
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This research aims to develop PA6-based flame retardant coatings for
carbon fibre-reinforced PA6 composites. In our previous research [36],
red phosphorus and magnesium oxide were mixed with expandable
graphite and used as flame retardants in the coating. The coatings
reduced the maximum peak heat release by up to 27 % and the total heat
release by 37 %. However, none of the flame retardants were soluble in
the caprolactam, so soluble HPCTP was used in the present study. As a
first step of the study, the effects of HPCTP on the thermal and flam-
mability properties of PA6 and monomer conversion were investigated.
When used alone, HPCTP was effective, but did not show outstanding
results, so it was combined with EG acting in the condensed phase. The
best-performing compositions in terms of combustibility were applied to
the surface of PA6 composites by in-mould coating. Finally, we inves-
tigated the flammability of the coated composites.

2. Materials and methods
2.1. Materials

The monomer used was e-caprolactam, specifically the AP-NYLON
Caprolactam type (CL, L. Briiggemann GmbH & Co. KG, Heilbronn,
Germany). As an activator, we used the Bruggolen C20P type
hexamethylene-1,6-dicarbamoyl caprolactam (C20, L. Briiggemann
GmbH & Co. KG, Heilbronn, Germany). As for the initiator, we
employed sodium dicaprolactamato-bis-(2-methoxyethoxo)-aluminate,
commercially known as Dilactamate (DL), which was produced by
Katchem (Prague, Czech Republic). Before use, both CL and C20 were
stored under vacuum at 40 °C. The flame retardants used were hex-
aphenoxycyclotriphosphazene branded Rabitle FP-110 (HPCTP, Fushimi
Pharmaceutical Co Ltd., Japan) and ES100 CI10 type expandable
graphite (EG, Graphit Kropfmiihl, Hauzenberg, Germany). The phos-
phorus content of HPCTP is 13.4 %. For the phosphorus-containing
flame retardant, we gave the amount of the additive in the sample in
terms of phosphorus percentage (P%) instead of mass per cent (mass%).
The conversion of HPCTP in PA6 samples from mass% to P% is sum-
marised in Table 1. The chemical structure of CL, C20, DL and HPCTP
are shown in Fig. 1. We used PX 35 UD 300 type unidirectional carbon
fibre reinforcement (CF, Zoltek LtD., Nyergestjfalu, Hungary) for the
composites. The aereal weight of the CF reinforcement is 333 g/m?.

2.2. Preparation of flame retardant PA6 coating materials

The initial step involved investigating the impact of flame retardants
on the thermal properties and flammability of PA6. At first, PA6 samples
were prepared without reinforcing materials, and only the most effective
formulations were utilised as coatings on PA6 composites. The reference
PAG6, based on e-caprolactam, was prepared using 87 mass% CL, 3 mass
% C20, and 10 mass% DL. A thermoplastic resin transfer moulding (T-
RTM) was modelled with a simplified small-scale process using an
aluminium mould preheated in a 150 °C oven. The monomer, activator,
and, in the case of flame retarded samples, the flame retardant(s) were
mixed and melted at 120 °C using an MR Hei-TEC type (Heidolph,
Germany) heated magnetic stirrer. Following the addition of the initi-
ator, test specimens were prepared according to standard flammability
tests. Mass loss type cone calorimetry was conducted on samples with
dimensions of 100x100x4 mm?, while UL-94 tests and oxygen index
measurements were performed on specimens measuring 120x10x4
mm®. A flow chart of the sample preparation is shown in Fig. 2.

2.3. Preparation of carbon fibre-reinforced PA6 composites

A mould with dimensions of 100x100x2 mm® was used to produce
the composites. The unidirectional CF reinforcement was arranged in
the mould in [0]s layup. The mould, containing the reinforcing material,
was preheated in a drying oven at a temperature of 150 °C. The CL-based
PA6 matrix was formulated by combining 87 mass% CL, 3 mass% C20,
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Fig. 1. Chemical structure of e-caprolactam a), C20 activator b), Dilactamate initiator c), and hexaphenoxycyclotriphosphazene d).
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Fig. 2. Preparation of flame retarded PAG6.

and 10 mass% DL. The mixture of e-caprolactam and the activator was
melted at a temperature of 120 °C and then mixed using an MR Hei-TEC
type (manufactured by Heidolph, Germany) magnetic stirrer. Following
the addition of the initiator, the molten mixture was injected into the
closed mould using a Hamilton syringe (1025 TLL 25 ml SYR) to ensure
sufficient pressure. After 15 min, the mould was removed from the
drying oven. With this technology, we have achieved 50 mass% fibre
content. The process for the production of the composite is shown in
Fig. 3.

2.4. Preparation of flame retardant coatings on the surface of PA6
composites

An aluminium mould measuring 100x100x2.5 mm® was used to
carry out IMC. The composite material was pre-positioned within the
mould. Subsequently, the mould was sealed and preheated in a drying
oven set at 150 °C. To generate a coating with a thickness of 0.5 mm, CL
was melted at a temperature of 120 °C in the presence of an activator
and flame retardant. This process was carried out using an MR Hei-TEC
type (Heidolph, Germany) heated magnetic stirrer. Following the

addition of the initiator, the melted e-caprolactam system was intro-
duced into the sealed mould using a Hamilton syringe. After 15 min, the
mould was removed from the drying oven. The IMC process is presented
in Fig. 4.

2.5. Characterisation

The glass transition temperatures and the crystalline fraction of the
reference and flame retarded PA6 samples were measured using a TA
Instruments Q2000 (New Castle, DE, USA) differential scanning calo-
rimeter (DSC). Samples of 5-10 mg were analysed in a 50 ml/min Ny
flow. Heating-cooling-heating cycle measurements were performed at
25-250 °C. The heating and cooling rate was 10 °C/min.

Thermogravimetric analysis (TGA) was used to study thermal sta-
bility and monomer conversion. TA Instruments Q500 (New Castle, DE,
USA) device was used for the test, with a 30 ml/min flow rate under the
N, atmosphere at a heating rate of 20 °C/min between 30 and 600 °C.
5-10 mg of samples were used in the tests.

In UL-94 flammability testing (ISO 9772, ISO 9773), the flame spread
rate was determined in the horizontal arrangement (H-type) and the
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flammability classification in the vertical arrangement (V-type). The
samples used for the test were 120x10x3 mm®.

We performed oxygen index tests (LOI) according to ISO 4589-1 and
ISO 4589-2 standards. The oxygen index is the minimum oxygen con-
tent by volume of an oxygen-nitrogen gas mixture flowing at a specified
velocity in the test sample that is still burning. The dimensions of the
samples used for the test were 120x10x3 mm®.

Mass loss type cone calorimetry (MLC, Fire Testing Technology, East
Grinstead, UK) was used to determine the complex combustion char-
acteristics of the samples. Samples with a surface area of 100x100 mm?
were subjected to a heat flux of 50 kW/m2 When testing the reference

and flame retarded samples without reinforcement (the coating com-
positions), the sample size was 100x100x4 mm?, while the reference
PA6 composite size was 100x100x2 mm?, and the coated composites
were 100x100x 2.5 mm?3. A spark ignition unit assisted in the ignition of
the specimen surfaces. We determined the time to ignition (TTI), total
heat release (THR), peak heat release rate (pHRR), and the time to
PHRR, total burn time, and residual mass.

We investigated the residue of the reference and flame retarded
samples after the MLC measurements using a JEOL JSM 6380LA type
scanning electron microscope (SEM, Jeol Ltd., Tokyo, Japan). The SEM
samples were coated with gold with a Jeol JPC1200 cathodic sputtering
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Table 2

The results of DSC for reference and flame retarded PA6 samples (Tg: glass
transition temperature; Ty,: melting temperature; AH,,: melting enthalpy for the
first heating; AH,: enthalpy of crystallisation; X.: crystalline fraction; Average

standard deviation of the temperature measurements: + 0.5 °C).

Sample T [°C]  AHm [J/g]  Twm[°C]  AH.[V/g] X [%]
PA6 49 78.6 216 45.9 42
PA6/1P%HPCTP 48 86.9 217 44.8 50
PA6/2P%HPCTP 49 78.4 216 39.2 49
PA6/3P%HPCTP 48 76.0 215 39.0 52
PA6/4P%HPCTP 47 62.2 215 34.4 47

gold plating device.
3. Results and discussion

As a first step of the research, the effects of different flame retardant
compositions on the glass transition temperature, crystallinity, thermal

Polymer Degradation and Stability 230 (2024) 111017

stability, monomer conversion and flammability of PA6 were investi-
gated. The best-performing compositions were applied as coatings on
the surface of carbon fibre-reinforced PA6 composites.

3.1. PAG6 coatings containing HPCTP

Based on the literature [23], the access to the P atom in heterocyclic
HPCTP is sterically hindered; therefore, it does not significantly inter-
fere with the polymerisation reaction of CL. In addition, it is soluble in
molten CL and thus can be appropriately used as a flame retardant
during its in-situ polymerisation. Based on these results, PA6 samples
containing HPCTP at different concentrations were investigated as the
first step of this study.

3.1.1. Glass transition temperature and crystallinity

The effect of HPCTP on the glass transition temperature, the melting
temperature and the crystallisation was investigated by DSC. The results
obtained are summarised in Table 2, and DSC curves are shown in Fig. 5.
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Fig. 5. DSC curves of HPCTP containing PA6, where (a) is the first heating, (b) is the cooling and (c) is the second heating.
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Table 3

The results of TGA for PA6, caprolactam and flame retardants (T.se,: the tem-
perature at 5% mass loss; T.5g0: the temperature at 50 % mass loss; dTGpax:
maximum decomposition rate; Tyrgmax: the temperature at the maximum
decomposition rate; Average standard deviation values: temperature measure-
ments: + 0.5 °C, mass measurements: = 1 %).

Sample T.s0 T.s0% dTGmax TdrGmax Char yield at 600 °C
[°Cl [°C] [%/ °C] [°C] [%]
PA6 241 341 2.2 338 2.0
CL 117 164 2.8 179 0.1
EG 228 - 0.4 228 75.7
HPCTP 311 371 1.7 381 0.5
100 7 — - - —_—
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Fig. 6. TGA a) and DTG b) curves of e-caprolactam (CL), polyamide 6 (PA6),
expandable graphite (EG) and hexaphenoxycyclotriphosphazene (HPCTP).

Table 4

The results of TGA for flame retardant and reference PA6 samples (T.so,: the
temperature at 5 % mass loss; T_so,: the temperature at 50 % mass loss; dTGpax:
maximum decomposition rate; Tgrgmax: temperature corresponding to the
maximum decomposition rate; Average standard deviation values: temperature
measurements: + 0.5 °C, mass measurements: + 1 %).

Sample T. T. dTGpax TdarGmax Char yield Monomer
50 50% [%/ [°C] at 600 °C conversion [%]
[°Cl [°C] °C] [%]
PA6 241 341 2.2 338 2.0 97.5
PA6/1P% 210 362 1.3 341 3.5 97.2
HPCTP
PA6/2P% 214 351 1.7 339 1.6 97.5
HPCTP
PA6/3P% 232 355 1.4 344 1.7 98.0
HPCTP
PA6/4P% 258 347 1.3 341 1.3 98.8
HPCTP
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Fig. 7. TGA (a) and DTG (b) curves of polyamide 6 (PA6) with hexaphenox-
ycyclotriphosphazene (HPCTP).

Table 5
The results of UL-94 and LOI for reference and flame retardant coating materials
(Average standard deviation of the LOI: +1 vol%).

Sample UL-94 ranking (burning rate) LOI [%]
PA6 HB (24 mm/min) 21
PA6/1P%HPCTP HB (18.9 mm/min) 22
PA6/2P%HPCTP HB (10.3 mm/min) 22
PA6/3P%HPCTP HB (6.9 mm/min) 24
PA6/4P%HPCTP HB (6.1 mm/min) 25

For the DSC measurements, the glass transition temperature (Tg), the
melting temperature (Ty,), the melting enthalpy (AHp,), the enthalpy of
crystallisation (AH,) and the crystalline fraction (X.) were determined.
We calculated the crystalline fraction (X.) with Eq. (1), where AHy, is
the enthalpy of crystallisation of the first heating curve, AHjggo, is the
enthalpy of the melting if the polymer is 100 % crystalline, which for
PA6 is AHj009%=188 J/g [37], and «a is the flame retardant content.

X AHp,

=——-100 1)
¢ AHyou(1 — a)

The glass transition temperature of the reference PA6 was 49 °C,
while the melting temperature was 216 °C. DSC studies showed that
neither the T; nor the Ty, was significantly affected by HPCTP. 1 P%
HPCTP caused a slight increase in the melting enthalpy compared to the
reference, but a decreasing trend in AHy, values was observed with
increasing the amount of HPCTP. The melting enthalpy of the sample
containing 4 P% HPCTP is 62.2 J/g, which is 21 % lower than that of the
reference (78.6 J/g). A decrease in crystallisation enthalpy is also
observed with increasing the amount of HPCTP due to the decreasing
amount of PA6. The AH, decreased from 45.9 J/g in the reference to
34.4 J/g with 4P% HPCTP. The crystalline fraction was lowest for the
reference (42 %), with HPCTP increasing its value in all cases. According
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Table 6
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The results of MLC for reference and flame retardant coating materials (TTI: time to ignition, pHRR: peak heat release rate, THR: total heat release, FRI: flame
retardancy index, MARHE: maximum average rate of heat emission, EHC: effective heat of combustion; Average standard deviation of the measured mass loss

calorimeter values: TTI: +3; pHRR: +30; time to pHRR: +5; residue: +2).

Sample TTIL pHRR time to pHRR THR Residue FRI MARHE EHC [MJ/kg]
[s] [kW/m?] Is [MJ/m?] [%] [ [kW/m’s]
PA6 19 1019 218 213 1.5 - 638 17
PA6/1P%HPCTP 20 975 210 197 0 1.2 602 16
PA6/2P%HPCTP 21 957 205 188 0 1.3 597 15
PA6/3P%HPCTP 23 987 202 182 0 1.4 557 14
PAG6/4P%HPCTP 27 750 219 160 1.4 2.6 469 13
CL monomer in PA6 during anionic ring-opening polymerisation.
1200 ~ Exploring the residual monomer content is crucial, given that the low
= molecular weight CL possesses plasticising properties that could
£ 1000 1 potentially impact the mechanical characteristics of the end product.
E 800 A Therefore, we investigated first the possible overlap between the
g decomposition temperature of the flame retardants used in this research
5 600 4 (HPCTP and EG) and the decomposition temperature of CL. The
g — decomposition process of the flame retardants in the absence of PA6 was
2 studied. Fig. 6 and Table 3 present the TGA results for CL monomer, PA6,
B 500 - HPCTP and EG.
* — The thermal decomposition of CL occurs within the temperature
0 T T T T T 1 range of 100-190 °C. The temperature at 5 % mass loss (T.5¢,) of CL is
0 100 200 300 400 500 500 117 °C, and the temperature at the maximal decomposition rate
Time [s] (TdrGmax) is 178 °C. On the other hand, the degradation of the reference
PA6 commences at approximately 240 °C, leading to the breakage of the
—PA6 ——PA6/1P% HPCTP  ——PA6/2P% HPCTP

-PA6/3P% HPCTP = PA6/4P% HPCTP

Fig. 8. The heat release rate of reference and flame retarded polyamide 6 (PA6)
with different hexaphenoxycyclotriphosphazene (HPCTP) content.

Table 7

The results of DSC for reference and flame retarded PA6 samples (Tg: glass
transition temperature; AH,,: melting enthalpy for the first heating; Tr,: melting
temperature; AH.: enthalpy of crystallisation; X.: crystalline fraction; Average
standard deviation of the temperature measurements: + 0.5 °C).

Sample Tg[°Cl  AHpy [J/ Tm[°Cl  AH. [J/ X [%]
gl gl

PA6 49 78.6 216 45.9 42

PA6/3P%HPCTP 48 76.0 215 39.0 52

PA6/3P%HPCTP/1% 49 72.5 215 38.8 43
EG

PA6/3P%HPCTP/2% 49 65.5 215 36.4 53
EG

PA6/3P%HPCTP/3% 47 62.0 215 36.5 49
EG

PA6/3P%HPCTP/4% 48 60.2 216 33.2 45
EG

PA6/3P%HPCTP/5% 49 61.7 214 38.0 51
EG

to the literature [22], even small amounts of HPCTP can be effective
nucleation sites for PA6 molecules during crystallisation. HPCTP acts as
a heterogeneous nucleating agent during this process, leading to the
crystallisation of chain segments in the non-crystallisation region of PA6
and an acceleration in the crystallisation rate.

3.1.2. Thermal stability and monomer conversion

We investigated the thermal stability and the monomer conversion of
PAG6 samples containing HPCTP by TGA. The results obtained are shown
in Table 3, including the temperature corresponding to 5 % and 50 %
mass loss (T.sy, and T_sg9), the maximum decomposition rate (dATGpax)
and the corresponding temperature (Tqrgmax), and the char yield at 600
°C.

The monomer conversion reveals the potential presence of residual

polymer chain. The T.s5y, is 241 °C, and the Tgrgmax for PA6 is around 340
°C. The decomposition of expandable graphite starts above 200 °C, with
the Tgrgmax Occurring at 227 °C. The TGA tests also indicate the mode of
action of the flame retardants, especially for condensed-phase flame
retardants, as forming a charred protective layer reduces the mass loss
rate. In the case of the condensed phase flame retardant EG, the mass
loss of the sample clearly shows that at 600 °C, 75.7 % of the sample
mass is retained due to the formation of a charred protective layer.
HPCTP is a flame retardant acting mainly in the gas phase, so the re-
sidual mass is 0.5 % at 600 °C. The decomposition of HPCTP takes place
between 300 and 450 °C, and the T4rgmax is 381 °C.

As stated in the literature [38], above 200 °C, the detectable CL re-
sults from the decomposition of PA6 rather than from any unreacted
residue. Therefore, the investigation of residual monomer content in the
flame-retarded samples was conducted within the temperature range of
100-190 °C. The TGA analysis of the flame retardants reveals that the
decomposition range of the flame retardants does not coincide with the
decomposition range of CL. In the conversion calculation, we reduced
the total mass by the mass of FRs. As it can be seen in Table 4, the
monomer conversion of the reference and HPCTP-containing samples is
between 97 and 98 %. Table 4 shows the TGA results for reference and
PA6 with HPCTP. The TGA and DTG curves of PA6 with HPCTP are
shown in Fig. 7.

HPCTP decreases the T 5o, value compared to the reference, but the T.
50, value can be increased by increasing the amount of the FR. With 4P%
HPCTP, the T.5¢, value reached 258 °C. In contrast, the temperature at
50 % mass loss was higher than in the case of PA6 reference in all flame
retarded samples. The increase may be explained by the fact that the T.
50% of HPCTP (371 °C) is 30 °C higher than that of the reference PA6
(341 °C). Thus, T_50 is also shifted towards higher temperatures for PA6
samples containing HPCTP. The value of T_5¢¢, can be shifted by up to 21
°C with 1P% HPCTP. Tqrgmax increased only by a few degrees Celsius
compared to the reference, while the dTGpax significantly decreased
with HPCTP by up to 41 %. HPCTP mainly acts in the gas phase, which
can be seen from the residual mass, as only PA6/1P%HPCTP showed an
increase in residual mass compared to the reference.

3.1.3. Flame retardancy
The effect of HPCTP on the flammability of PA6 was investigated by
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Fig. 9. DSC curves of PA6 with HPCTP and EG, where a) is the first heating, (b) is the cooling and (c) is the second heating.

UL-94 testing, LOI and MLC. The results of UL-94 and LOI are sum-
marised in Table 5, while the results of MLC are shown in Table 6 and
Fig. 8. For the MLC measurements, we determined the time to ignition
(TTI), the peak heat release rate (pHRR) and the corresponding time
(time to pHRR), the total heat release (THR), the residue, and the flame
retardancy index (FRI) related to the reference PA6.

In the UL-94 test, all samples achieved an HB rating, but the burning
rate decreased as the amount of HPCTP was increased. The burning rate
was calculated using Eq. (2):

L
v =60 ®))

where v is the burning rate [mm/min], L is the burning distance between
the two marks (25 mm and 100 mm from the ignition point)[mm], and t
is the burning time [s].

In addition to the decrease in the burning rate, it was observed that

the damaged zone was also reduced. Also, the oxygen index value
slightly increased by increasing the amount of the flame retardant.
The reference sample had peak heat release rate (pHRR) and total
heat release rate (THR) values of 1019 kW/m? and 213 MJ/m?,
respectively. Only 4 %P HPCTP caused a significant decrease in pHRR of
PA6, with the lowest pHRR value of 750 kW/m?, equivalent to 26 %
reduction. But this high amount of HPCTP led to an uneven sample
surface and the sample could be easily broken by hand due to the
plasticising effect of HPCTP. The THR values decreased by increasing
the amount of flame retardants, with a reduction of up to 53 MJ/m? with
4P% HPCTP. In almost all cases, the ignition times for the samples
containing HPCTP were practically identical to the reference sample.
Only 4P% HPCTP showed a more significant increase in TTI (8 s). As
with the TTI, no significant increase in pHRR time was observed, and
except for 4 P% HPCTP, the TTI is reduced. The literature [23,24]
suggests that HPCTP exerts its effects in condensed and gas phases.
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Table 8

The results of TGA for flame retardant and reference PA6 samples (T.so,: the
temperature at 5% mass loss; T_sg,: the temperature at 50% mass loss; dTGax:
maximum decomposition rate; Tgrgmax: temperature corresponding to the
maximum decomposition rate; Average standard deviation values: temperature
measurements: + 0.5 °C, mass measurements: + 1%).

Sample T. T. dTGpax TarGgmax  Char Monomer
5% 50% [%/ [°C] yield at conversion
[°C] [°Cl] °C] 600 °C [%]
[%]
PA6 241 341 2.1 338 2.0 97.5
PA6/3P% 232 355 1.4 344 1.7 98.0
HPCTP
PA6/3P% 216 351 1.3 334 2.4 98.0
HPCTP/
1%EG
PA6/3P% 216 346 1.3 341 2.8 98.0
HPCTP/
2%EG
PA6/3P% 232 352 1.3 342 3.4 97.6
HPCTP/
3%EG
PA6/3P% 224 356 1.4 347 4.0 97.9
HPCTP/
4%EG
PA6/3P% 229 377 0.9 349 10.8 98.0
HPCTP/
S5%EG
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Fig. 10. TGA a) and DTG b) curves of PA6 with HPCTP and EG.

However, the residual mass indicates it is more effective in the gas
phase. During the decomposition of PA6 containing HPCTP, the main
chain of PA6 is breaks at elevated temperatures and free radicals are
formed from HPCTP. Nitrogen-containing fragments are produced
through intricate free radical reactions, leading to the formation of
incombustible NHs. Hydrocarbon pyrolysis and thermal oxydative

Polymer Degradation and Stability 230 (2024) 111017

Table 9
The results of UL-94 and LOI for reference and flame retardant coating materials
(Average standard deviation of the LOIL: +1 vol%).

Sample UL-94 ranking (burning rate) LOI [%]
PA6 HB (24 mm/min) 21
PA6/3P%HPCTP HB (6.9 mm/min) 24
PA6/3P%HPCTP/1%EG HB (10 mm/min) 24
PA6/3P%HPCTP/2%EG HB 26
PA6/3P%HPCTP/3%EG HB 25
PA6/3P%HPCTP/4%EG HB 25
PA6/3P%HPCTP/5%EG V-0 28

decomposition also generate HO and CO», reducing combustible gases
and oxygen concentration and producing a diluting effect [24].

The Flame Retardancy Index (FRI) of the samples was calculated to
compare the flammability properties of each sample. The FRI was
calculated using Formula 3:

THR-pHRR
TTI
reference

(THRpHRR)
TTI
modified

Where THR [MJ/m?] is the total heat release, pHRR [kW/m?] is the
peak heat release rate, and TTI [s] is the time to ignition.

The FRI is a dimensionless parameter widely used in the literature
[39] to compare flame retarded and reference polymers. The FRI values
were solely used for comparative purposes, with the flame retarded
samples being compared to the reference. We used FRI solely to compare
the samples containing HPCTP to the reference PA6. The FRI of the
flame retarded samples increased slightly with the amount of HPCTP,
but all together, the effect was modest.

From the MLC test results the maximum average rate of heat emis-
sion (MARHE) was determined. Compared to the reference value (638
kW/m?s), HPCTP can reduce MARHE by up to 27 %. It was observed that
the MARHE value showed a decreasing trend with the increase in the
amount of flame retardant. A similar trend is observed for the effective
heat of combustion. The EHC value decreases by 24 % with 4P% HPCTP
(13 MJ/kg) compared to the reference (17 MJ/kg). The decrease in EHC
is proportional to the increase in the amount of flame retardant.

FRI = 3

3.2. PAG6 coatings containing HPCTP and EG

The flammability tests revealed that HPCTP was effective as a
standalone flame retardant additive, but did not show exceptional re-
sults. The sample containing 4P% HPCTP performed the best, but this
amount of flame retardant was already visibly degrading the properties
of PAG6. For this reason, and to leverage the synergistic effects achievable
through different modes of action, we combined 3P% HPCTP with
expandable graphite.

3.2.1. Glass transition temperature and crystallinity

The effect of HPCTP and EG on the glass transition temperature,
melting temperature and crystallinity was investigated by DSC. The
results obtained are summarised in Table 7. The heating and cooling
curves are shown in Fig. 9.

Based on the DSC results, it can be concluded that the combination of
HPCTP and EG did not affect Ty and Ty,. Ty was between 47 and 49 °C,
while Ty, was between 214 and 216 °C. By increasing the amount of EG,
the AHp, gradually decreased. In general, AH, increased as well, but no
clear tendency could be observed; the crystalline fraction fluctuated
between 43 and 53 %. Literature [40] suggests that EG may be a crys-
tallisation site in PA6, increasing the crystalline fraction.

3.2.2. Thermal stability and monomer conversion
The thermal stability and monomer conversion of the mixed
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Table 10
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The results of MLC for reference and flame retardant coating materials (TTI: time to ignition, pHRR: peak heat release rate, THR: total heat release, FRI: flame
retardancy index; Average standard deviation of the measured mass loss calorimeter values: TTI: +3; pHRR: £+30; time to pHRR: +5; residue: +2).

Sample TTI pHRR time to pHRR THR Residue FRI MARHE EHC [MJ/kg]
[s] [kW/m?] [s] [MJ/m?] [%] [] [kW/m?s]
PA6 19 1019 218 213 1.5 - 638 17
PA6/3P%HPCTP 23 987 202 182 0 1.4 557 14
PA6/3P%HPCTP/1%EG 27 489 302 174 3.3 3.6 360 31
PA6/3P%HPCTP/2%EG 22 399 360 168 5.3 3.7 286 30
PA6/3P%HPCTP/3%EG 42 400 375 166 7.8 7.2 265 30
PA6/3P%HPCTP/4%EG 26 327 353 151 9.8 6.0 203 27
PA6/3P%HPCTP/5%EG 26 336 345 151 7.6 5.9 264 27
PA6/4%EG 19 771 395 206 2 1.5 347 37
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Fig. 11. The heat release rate of reference and flame retarded polyamide 6 with
3P% hexaphenoxycyclotriphosphazene (HPCTP) and different expandable
graphite (EG) content.

composition samples were investigated by TGA. The results obtained are
summarised in Table 8. The TGA and DTG curves of PA6 containing
HPCTP and EG are shown in Fig. 10.

Compared to the reference value (241 °C), the T.sy, values were
reduced by the flame retardants. With the combination of HPCTP and
EG, the decomposition starts relatively early (216-232 °C), possibly due
to the formation of a protective layer [35]. The improvement in thermal
stability is suggested by the fact that T.50, was shifted by up to 36 °C
compared to the value of the reference sample (341 °C). 3 P% HPCTP
and 1 % EG resulted in a slight decrease in Tqrgmax, DUt increasing the
amount of EG led to a Tgqrgmax Of up to 349 °C, which is 11 °C higher than
the relevant value of the reference. In addition, the drgmax Was also
reduced by the combined application of the FRs. The observed increase
in the residual fraction indicates an improvement in thermal stability,
which can be attributed to the increasing expandable graphite content.
Using 5 % EG, a residual mass of 10.8 % was achieved. Monomer con-
version was not affected by HPCTP and EG, leading to a conversion rate
of 97-98 %.

3.2.3. Flame retardancy

The flammability of samples containing HPCTP and EG was tested by
UL-94, LOI and MLC. The results of the UL-94 and LOI tests are sum-
marised in Table 9. The MLC test results are given in Table 10, and the
heat release curves are shown in Fig. 11.

Compared to the LOI of the sample containing only 3P% HPCTP (24
%), increasing the amount of expandable graphite further increased the
LOI from 2 % EG content. The best result (28 %) was obtained with the
PA6/3P%HPCTP/5 % EG sample, which also received the best V-0 grade
according to UL-94. Only the PA6/3P%HPCTP/1 %EG sample burned
until the first signal, and the others extinguished before, so we could
only measure the burning rate for these samples. However, in the

vertical test, all samples burned until clamping except the PA6/3P%
HPCTP/5 % EG sample. Significant "worm-like" char formation was
observed in both tests.

As shown in Fig. 11, the heat release of the reference PA6 sample and
the sample containing 3 P% HPCTP after ignition increased significantly
and a sharp peak at the maximum heat release was observed. In contrast,
the heat release curves became flattened by the influence of EG, and the
sharp peak at the maximum heat release was no longer observed. The
time to ignition for all flame retarded samples was longer than in the
case of the PA6 reference. The ignition was delayed by up to 23 s in PA6/
3P%HPCTP/3 %EG sample compared to the TTI of the reference (19 s).
The pHRR of the reference was 1019 kW/m?, compared to which the
flame retardants significantly reduced the maximum heat release in
mixed compositions. The best-performing sample contained 3 P%
HPTCT and 4 % EG ES100, with a maximum heat release of 327 kW/m?>.
We further observed that the pHRR time of the specimens containing
expandable graphite improved by more than one minute compared to
the reference. The lowest THR values were obtained using HPCTP and 4
and 5 % expandable graphite. The total heat release of these samples
was almost 30 % lower than that of the reference. The addition of EG led
to a decrease in both the pHRR and the THR compared to the sample
containing 3P% HPCTP alone, indicating the potential for a synergistic
effect. By using a combination of EG and P-containing flame retardant,
the P-containing flame retardant strengthens the char structure and
provides an excellent protective layer against external heat flux for the
unburnt raw material [34]. FRI values also improved compared to the
sample with HPCTP only, with the best value obtained for PA6/3P%
HPCTP/3 %EG. The sample containing 3 P% HPCTP and 4 % EG pro-
vided the highest amount of residue in the study, which was 9.8 % of the
original total mass. Literature [41] suggests that by combining P-con-
taining flame retardants with EG, phosphorus-containing products
formed during their pyrolysis can increase the adhesion of EG bundles
and the worming of EG-containing residues. A sticky coating is formed
on the expandable graphite, limiting the volume increase and the me-
chanical stability of the refractory residue. High expandable graphite
content is required to achieve the most efficient protective coating to
provide an insulating volume increase.

In the case of MARHE, it can be observed that mixed compositions
have also reduced the value compared to the reference. For PA6/3P%
HPCTP/4 %EG samples, this reduction can be as high as 68 % compared
to the reference PA6 (203 vs. 638 kW/m?2s). The significance of the
combination of the two flame retardants is further demonstrated by the
fact that MARHE was reduced by 36 % compared to the PA6/3P%
HPCTP sample by the addition of only 1 mass% EG. In the case of EHC,
an increase was observed with the addition of EG compared to both the
reference PA6 and the PA6/3P%HPCTP sample. The addition of 1 mass
% EG caused the EHC to increase by more than twofold compared to the
PA6/3P%HPCTP sample.

For a proper comparison, the MLC results of the mixed composition
coatings were compared with the sample containing only EG. Specif-
ically, the sample containing 4 % EG was chosen for comparison because
the PA6/3P%HPCTP/4 %EG sample had the lowest pHRR value of 327

10
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f)

Fig. 12. Photographs taken after the MLC of PA6/3P%HPCTP/3 %EG a) and PA6/3P%HPCTP/4 %EG b), and SEM images of the outer part of the combustion residue
for PA6/3P%HPCTP/3 %EG c) and PA6/3P%HPCTP/4 %EG d), and the inner part of the residue for PA6/3P%HPCTP/3 %EG e) and PA6/3P%HPCTP/4 %EG f).

Table 11

The results of MLC for reference and PA6 composite with flame retarded coating
(TTL: time to ignition, pHRR: peak heat release rate, THR: total heat release;
Average standard deviation of the measured mass loss calorimeter values: TTIL:
+3; pHRR: £30; time to pHRR: +5; residue: +2).

Sample TTI  pHRR time to THR Residue  FRI
[s] [kwW/ pHRR [MJ/ [%] [-]
m?] [s] m’]

PA6/CF 17 347 164 95 32.5 5.9

PA6/CF/3P% 22 231 165 60 41.6 18.1
HPCTP/3%EG

PA6/CF/3P% 36 261 92 57 41.5 27.7
HPCTP/4%EG

PA6/CF/4%EG 25 295 78 99 44.9 9.8

11

kW/m?2.) Although the PA6/4 %EG sample ignited 7 s earlier than the
PA6/3P%HPCTP/4 %EG sample, the pHRR time was shifted towards
higher values (395 s). The pHRR of the mixed composition was 54 %
lower than that of the PA6/4 %EG sample and 67 % lower than that of
the PA6/3P%HPCTP sample. The post-combustion residue of the PA6/4
%EG sample is 2 %, the residue of the PA6/3P%HPCTP sample is 0 %,
but the residue of the PA6/3P%HPCTP/4 %EG sample is 9.8 %. This
suggests that HPCTP exhibits additional condensed phase effect when
combined with EG. The MARHE value of the PA6/3P%HPCTP/4 %EG
sample decreased by 42 % compared to PA6/4 %EG, while EHC
decreased by 27 %.

Overall, the mixed composition samples can be used effectively to
inhibit the combustion of caprolactam-based samples. Combining FRs
with different modes of action can achieve a synergistic effect, and both
maximum and total heat release can be significantly reduced.
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Fig. 13. The heat release rate of reference and flame retarded polyamide 6
composites with coatings containing hexaphenoxycyclotriphosphazene
(HPCTP) and expandable graphite (EG).

After testing the different flame retardant formulations, two com-
positions that exhibited superior fire performance were chosen for
further tests: PA6/3P%HPCTP/3 %EG and PA6/3P%HPCTP/4 %EG.

Photographs and SEM images of the two selected compositions after
MLC are shown in Fig. 12.

In both samples, a more stable structure was observed on the outer
side of the char, while the worm-like formations characteristic of
expandable graphite were observed on the inside of the residue.

3.3. PA6/CF composites with flame retardant coatings

3.3.1. Flame retardancy

We applied the best-performing coatings on PA6 composites and
tested the flammability of the coated samples by MLC. To investigate
potential synergistic effects between HPCTP and EG, we also tested a
composite coated with a formulation containing only EG. The results are
shown in Table 11 and Fig. 13.

The reference uncoated carbon fibre-reinforced PA6 composite
ignited in 17 s, while the TTI could be shifted by up to 19 s with the
flame retardant coating. The sample with the coating containing 3 P%
HPCTP and 4 % EG achieved the longest ignition time (36 s). The pHRR
of the reference was 347 kW/m?, compared to which both mixed coat-
ings significantly reduced this value. The best-performing coating was
the 3 P% HPCTP and 3 % EG, which reduced the pHRR of PA6 reference
composite to 231 kW/m?, equivalent to 33 % reduction. The coatings
with mixed formulations reduced the total heat release of the composite
samples by up to 37 %. The rerefence uncoated composite had a residual
mass less than its original carbon fibre content (50 %), which may be
explained by the fact that a hole was formed in the aluminium tray due
to high heat emission. The coated samples have an increased residual
mass compared to the reference, but even here, the residue does not
reach 50 % because the fibre content is related to the uncoated com-
posite and not to the total coated composite. The FRI of the samples was
compared to the reference PA6 sample without fibre reinforcement. The
mixed coatings significantly increased the FRI compared to the PA6/CF
sample, the highest FRI was obtained for sample PA6/CF/3P%HPCTP/4
%EG (27.7). The flammability of the composite samples with mixed
coatings was also compared to the PA6/CF/4 %EG sample without
HPCTP. Given that we applied the coatings only in 0.5 mm thickness the
differences are less pronounced than in the case of the coatings tested
individually, still the benefits of the common application of HPCTP and
EG are evident: The PA6/CF/3P%HPCTP/4 %EG sample ignited 11 s
later than the PA6/CF/4 %EG sample and the pHRR occurred 14 s later.
Compared with the PA6/CF/4 %EG sample, pHRR was reduced by 12 %
and the THR by 43 % due to the effect of 3 %P HPCTP.

12
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4. Conclusions

In our research, we developed flame retardant coatings for carbon
fibre-reinforced e-caprolactam-based PA6 composites. First, we inves-
tigated the effects of hexaphenoxycyclotriphosphazene (HPCTP), a
flame retardant additive soluble in e-caprolactam and not affecting its
polymerisation, on the glass transition temperature, melting tempera-
ture, crystalline fraction, thermal stability, monomer conversion, and
the flammability of PA6. The reference and flame retardant coating
compositions were prepared by anionic ring-opening polymerisation of
e-caprolactam. The HPCTP did not significantly affect the glass transi-
tion temperature, the melting temperature, and the monomer conver-
sion, but the crystalline fraction and thermal stability were increased.
HPCTP as sole additive was effective, but did not exhibit exceptional
flame retardancy, so it was combined with expandable graphite acting in
the condensed phase. By combining HPCTP and EG, the maximum heat
release was reduced by up to 68 % and the total heat release by 29 %
compared to the PA6 reference. The results suggest that HPCTP exhibits
additional condensed phase effect when combined with EG. Their joint
application leads to a stable protective char layer upon ignition, which
effectively insulates the material from the heat source and retards
further combustion. The best-performing combined flame retardant
formulations (PA6/3P%HPCTP/3 %EG, PA6/3P%HPCTP/4 %
EGES100) were applied in 0.5 mm thickness on the surface of carbon
fibre-reinforced PA6 composites by in-mould coating. With 0.5 mm
coatings, the maximum heat release of PA6 composite was reduced by
33 % and the total heat release by 37 %. These findings highlight the
potential of tailored flame retardant coatings in enhancing the safety
and performance of thermoplastic composite materials, paving the way
for their broader application in various industries.
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