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Abstract

We explored the combined effect of two flame retardants (FR) containing phosphorus—ammonium polyphosphate (APP)
and resorcinol bis(diphenyl phosphate) (RDP)—on the fire performance of coated carbon fibre-reinforced composites. We
prepared epoxy gelcoats with 10% total phosphorus content with different ratios of APP and RDP and characterised by
DSC, TGA, rheometry, limiting oxygen index, UL-94 test and mass loss calorimetry (MLC). The increasing ratio of liquid
RDP led to a significant reduction in viscosity: gelcoats over 3%P RDP content became sprayable without any diluents. The
gelcoat with 7%P APP and 3%P RDP had the best fire performance (pHRR of 141 kW m™2), followed by the gelcoat with
6%P APP and 4%P RDP (pHRR of 171 kW m~2). We prepared flame-retarded and reference epoxy/carbon fibre-reinforced
composites by hand lamination, wet compression and vacuum infusion. The flammability of the laminates decreased with
increasing fibre content due to the reduction in resin content; therefore, the vacuum-infused sample performed the best.
However, due to the more compact structure of the vacuum-infused sample, the reduction in total heat release was greater
than expected from the fibre content alone. The MLC results of the coated composites indicated that it was not necessary to
incorporate 3%P RDP in the composite matrix of the coated composites, as FRs in the coating alone are sufficient to protect
the composite. The adhesion between the composite and the gelcoat was influenced by the presence of the FR additives in
the resins, and adhesion was stronger when the composite matrix and the gelcoat contained the same FR.

Keywords Flame retardancy - Flame-retardant gelcoat - Composite and gelcoat manufacturing - Carbon fibre—reinforced
epoxy composite - Vacuum infusion - Spraying

Introduction

Multifunctional gelcoats have become widespread in many
sectors, such as the automotive or the aircraft industry, where
a high-quality surface finish is needed on a composite part.
Their primary function is to provide aesthetic appearance
and protection to the composite; however, these coatings
can provide a broad range of secondary features (chemical
resistance, flame retardancy, etc.) as well, making them more
valuable [1-4]. Depending on the viscosity of the resin, they
can be applied by spraying or brushing on the inner surface
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of the mould before manufacturing or on the surface of the
finished composite part.

Brushing is mainly used for resins with higher viscosity,
and it is beneficial in terms of volatile organic compound
(VOC) emission and excellent air release from the resin;
however, it can leave visible stroke marks on the surface
and requires longer manufacturing and preparation times.
On the other hand, spraying is a much more precise method
when it comes to applicability since it requires low-viscosity
resins and provides a more even surface finish. It is vital to
use the proper spray gun and nozzle, a gelcoat with optimal
viscosity, sufficient air pressure, and the correct spraying
pattern during manufacturing. Usually, gelcoats are sprayed
on the mould surface length-wise and cross-wise from
approximately 50-80 cm, while the actual thickness should
be checked with a mil gauge repeatedly [5, 6]. In addition
to traditional gelcoating methods, several novel techniques
such as in-mould coating (IMC), in-mould surfacing (IMS)
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and in-mould gelcoating (IMGC) have been developed to
reduce VOC emission and improve the surface quality and
interfacial adhesion of the coatings [7-10].

For automotive, aircraft and railway industrial applica-
tions, flame retardancy is of paramount importance [11-13].
Our previous paper [14] focused on the fire performance of
flame-retarded epoxy gelcoats on carbon fibre-reinforced
composites (CFRCs). The gelcoat samples were prepared
with phosphorus (P) contents of 5, 10 and 15% from APP,
and they were brushed onto the laminates in a thickness of
0.5 and 1.0 mm. Fire performance improved with increas-
ing phosphorus content and thickness but at higher P con-
tent (> 10%), the coating became too brittle, therefore in
our subsequent study [15], we decided to improve the flex-
ibility of the gelcoat layer. Instead of brushing, we sprayed
the gelcoat onto the composite in a thickness of 0.5 mm,
while the laminates were prepared by vacuum infusion.
Moreover, we combined APP with a liquid flame retard-
ant, resorcinol bis(diphenyl phosphate) (RDP), to reduce
viscosity and facilitate the fabrication of the gelcoat. As a
result, the gelcoats containing RDP were sprayable with-
out any diluent, and their flexibility improved significantly.
Although the combination of the two FRs led to improved
fire performance due to the synergistic effect of the solid-
and gas-phase FR mechanisms [16], the high RDP content
(equivalent to 5% P content in the coating) led to a signifi-
cantly decreased crosslinking enthalpy, glass transition tem-
perature, thermal stability and hardness. Therefore, the main
aim of this current study was to find the optimal ratio of APP
and RDP in the coating, which still provides sprayability,
flexibility and synergism in fire performance while impair-
ing other properties of the coating to the smallest possible
extent. The other main purpose of the present study was to
explore the full effect of the three most common composite
manufacturing technologies (hand lamination, wet compres-
sion and vacuum injection) and composite fibre content on
the flammability of reference and flame-retarded CFRCs. We
combined the best composite and gelcoat samples to prepare
coated composites and characterised their overall fire per-
formance. Additionally, the interfacial adhesion between the
coatings and composite samples was analysed and evaluated
in terms of FR content of the composite matrix and gelcoat.

Materials and methods

Materials

We prepared flame—retardant compositions from ammonium
polyphosphate (APP; trade name: NORD-MIN JLS APP;
supplier: Nordmann Rassmann, Hamburg, Germany; P con-

tent: 31-32%; average particle size: 15 um) and resorcinol
bis(diphenyl phosphate) (RDP; trade name: Fyrolflex RDP;
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supplier: ICL Industrial Products, Beer Sheva, Israel; P con-
tent: 10,7%).

For gelcoat preparation, the Sicomin SG715 BLANC
epoxy resin was used with Sicomin SD802 as the hardener.
Supplier: Poly-Matrix Ltd, Budapest, Hungary.

For the preparation of composite samples, we used a
tetrafunctional pentaerythritol-based epoxy resin: [POX MR
3016. Supplier: IPOX Chemicals Ltd, Budapest, Hungary;
main component: tetraglycidyl ether of pentaerythritol; vis-
cosity at 25 °C: 0.9—1.2 Pas; density at 25 °C: 1.24 g cm™;
epoxy equivalent: 156-170 g eq~!. As hardener, we used
a cycloaliphatic amine: IPOX MH 3122. Supplier: IPOX
Chemicals Ltd, Budapest, Hungary; main component:
3,3’-dimethyl-4,4’-diaminodicyclohexylmethane; viscos-
ity at 25 °C: 80-120 mPas; density at 25 °C: 0.944 g cm™;
amine hydrogen equivalent: 60 g eq™"'.

Composite samples were prepared with unidirectional
carbon fibre reinforcement (PX35FBUDO30 consisting of
Panex 35 50 k rovings with an areal mass of 300 g m™2;
supplier: Zoltek Ltd, Nyergestijfalu, Hungary).

Methods
Preparation of gelcoat matrices

Flame-retardant gelcoats were made with APP, RDP and
both. The flame-retardant component was first mixed into
the epoxy component, then the hardener was added. Each
batch was poured into a silicone mould and allowed to cure
for 24 h at room temperature. The mixing ratios and the
composition of the gelcoats are listed in Table 1.

Preparation of composite laminates

To prepare hand-laminated samples, we placed the fibre lay-
ers one by one on a glass plate, impregnating each layer with
a brush. After the fifth layer, a second glass plate was put
on top to spread the resin uniformly and provide a smoother
surface. As a result, 2 mm thick composite laminates were
made in [0]5 layup. With this method, we prepared three
composite samples: one non-flame-retarded reference, one
flame-retarded with 3% P APP, and another flame-retarded
with 3% P RDP in the matrix. The actual fibre content of
the laminates made by hand lamination was 42 + 1 mass%.
Similarly, three types of composite laminates were
made in [0]s layup by wet compression moulding: each
fibre layer was separately impregnated with the resin
by hand lamination in a press mould, then the prepared
laminates were compressed with a hydraulic pressure of
180 bar (which is equal to a pressure of 25 bar on the
laminate) in a T30 temperable platen press (Metal Fluid
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Table 1 Reference and flame-

. Sample Mixing ratio/ Gelcoat/% Hardener/% APP/% RDP/% P content/%
retardant gelcoat materials gelcoat:hardener

SG715 REF 100:27 79 21 0 0 0

SG715 5%P APP 5%P RDP  100:27 30 8 16 46 10
SG715 6%P APP 4%P RDP 100:27 34 9 19 36 10
SG715 7%P APP 3%P RDP 100:27 39 11 23 27 10
SG715 8%P APP 2%P RDP 100:27 44 12 26 18 10
SG715 9%P APP 1%P RDP 100:27 49 13 29 9 10
SG715 10%P APP 100:27 53 15 32 0 10

Engineering s.r.l., Verdello Zingonia, Italy). A two-step
heat treatment was used for curing: 1 h at 80 °C followed
by 1 h at 100 °C. The actual fibre content of the laminates
made by wet compression moulding was 60 + 1 mass%.

In addition, we prepared all three laminate types by
vacuum infusion as well with the same resin, fibre rein-
forcement and layup. In this case, five 200 X 200 mm layers
of UD carbon reinforcement were stacked on a glass plate
previously treated with a mould release agent. The peeling
ply and the distribution mesh were laid over the surface of
the reinforcement, and the setup was sealed in a flexible
vacuum bag. The resin inlet tube was placed inside the
vacuum bag, and it was connected to the previously mixed
epoxy component. We kept the resin mixture at 60 °C for
10-15 min to decrease its viscosity and thus facilitate the
wetting of the reinforcement layers. The outlet tube was
placed in the middle of the edge of the square-shaped sam-
ple, and connected to a vacuum pump. The premixed resin
was infused into the stacked layers at room temperature
under a vacuum. The samples were cured at room tem-
perature under a vacuum for at least 24 h before they were
removed from the mould. The fibre content of the 2 mm
thick laminates was 67 + 1 mass%.

Preparation of coated composites

We used a spraying gun (nozzle diameter: 2 mm) to coat
the composite laminates with flame-retarded gelcoats. No
diluent was used to decrease the viscosity of the resin.
During the spraying process, the spraying gun was always
held perpendicularly to the composite surface at a distance
of 50-80 cm. We sprayed the gelcoats using compressed
air with a pressure of 2 bar. The spraying gun was moved
at a steady speed following parallel spraying paths with an
overlap of approx. 20% to create an even thickness on the
surface. We repeated the spraying process 2-3 times until
the proper thickness (approx. 500 pm) was reached. The
thickness of the gelcoat was measured regularly with a wet
film thickness gauge. The actual thickness of the gelcoats
after curing was 500 20 pum.

Parallel plate rheometry

A TA Instruments AR2000 rheometer (New Castle, DE,
USA) was used to analyse the temperature dependence of the
viscosity of the gelcoat matrices in the range of 25-80 °C,
with a temperature ramp of 5 °C min~!, and a shear rate of
0.1s7".

Differential scanning calorimetry (DSC)

The DSC tests were performed with a TA Instruments
Q2000 device (New Castle, DE, USA) in a nitrogen flow of
50 mL min~! with Tzero aluminium pans. The sample mass
was 5—-10 mg. We investigated the curing process of the
gelcoats with a three-step temperature program consisting
of heat/cool/heat cycles. In the first cycle, we used a linear
ramp from 25 to 250 °C with a heating rate of 3 °C min~".
After that, the sample was cooled down to 0 °C at a cooling
rate of 50 °C min~! (second cycle), which was followed by
a second heating ramp from 0 to 250 °C at a heating rate
of 10 °C min~!. The curing enthalpy was determined from
the first heating, while the glass transition temperature (7,)
of the material was determined from the second heating,
defined as the inflexion point of the transition curve.

Thermogravimetric analysis (TGA)

The thermal stability of the gelcoats was investigated with
a TA Instruments Q500 device (New Castle, DE, USA) in
the range of 25-800 °C, with a heating rate of 20 °C min~!,
under a nitrogen gas flow rate of 30 mL min~'. We used plat-
inum-HT pans, and the mass of the samples was 5-10 mg
in each case.

Fire performance

We carried out standard UL-94 tests according to ASTM
D3801 and ASTM D635 to classify the gelcoat formula-
tions based on their flammability in horizontal and vertical
test setups. The sample size was 120 mm X 15 mm X 2 mm.
UL-94 ratings in increasing order are as follows: HB, V-2,
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V-1, V-0. The fire performance of the gelcoat matrices was
also investigated with limiting oxygen index tests (LOI,
according to ASTM D2863). The LOI value expresses the
lowest volume fraction of oxygen in a mixture of oxygen and
nitrogen that supports the flaming combustion of the mate-
rial under specified test conditions. 120 mm X 15 mm X2 mm
samples were used for the test. We performed mass loss
type cone calorimetry (MLC) on the gelcoat samples and
the coated composite samples with an instrument made by
FTT Inc. (East Grinstead, UK), according to the ISO 13927
method. The gelcoat samples were subjected to a constant
heat flux of 25 kW m~2 and ignited, while in the case of the
coated composite samples, a heat flux of 50 kW m~2 was
used. The sample size was 100 mm X 100 mm X 2 mm in the
case of the gelcoat samples and 100 mm X 100 mm X 2.5 mm
in the case of the coated composites. Heat release values and
mass reduction were continuously recorded during burning.

Interfacial strength between the composite and the gelcoat

The interfacial strength between the laminate and the gel-
coat was determined according to the EN ISO 4624:2016
standard with a DeFelsko PosiTest AT-M device (Ogdens-
burg, NY, USA). The diameter of the test dollies was 20 mm.
The coated surface and the surface of the test dollies were
degreased with methanol before the test. After the Araldite
2011 glue (Huntsman International LLC, The Woodlands,
TX, USA; approx. 24 h) was cured, the PosiTest device was
attached to the dollies, and pull-off adhesion strength was
determined.

Results and discussion

The optimisation of the flame retardant ratio
in epoxy gelcoats

This part aimed to find the optimal ratio of APP and RDP
in the coating that still provides sprayability, flexibility, and
synergism in fire performance with the minimum possible
reduction in crosslinking enthalpy (and related hardness),
glass transition temperature and thermal stability.

The effect of flame retardant ratio on the viscosity
of the epoxy gelcoats

Based on our previous results [15], spraying is more suitable
for gelcoating fibre-reinforced epoxy composites as it results
in a more uniform thickness and more even surfaces, lead-
ing to reduced heat release compared to when the gelcoat is
applied by brushing. Consequently, it is advantageous if the
viscosity of gelcoats at 25 °C is low enough for spraying.
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The viscosity of the prepared gelcoats at 25 °C is shown in
Table 2.

Increasing the ratio of liquid RDP in gelcoats leads to
a significant reduction of viscosity, therefore the gelcoat
becomes sprayable without a diluent. In addition to viscosity
reduction, the use of RDP also eliminates the risk of solvent
inclusions, as there is no need to further dilute the resin with
diluting agents; this also results in a more compact gelcoat
microstructure.

We previously showed [15] that the SG715 5%P APP
5%P RDP gelcoat has the same viscosity as the commer-
cially available, sprayable Sicomin SGi128 gelcoat. Based
on the viscosity results, the gelcoats containing 6%P APP
with 4%P RDP and 7% P APP 3% P RDP are still suitable
for spraying without diluting.

The effect of flame retardant ratio on crosslinking enthalpy
and the glass transition temperature of epoxy gelcoats
(DSC)

We examined the effect of FRs on the crosslinking process
and the glass transition temperature (7,,) by DSC. Table 3
shows the results of the DSC analysis.

Increasing the APP ratio and decreasing the RDP ratio
in the gelcoat lead to an increase in the glass transition
temperature. This agrees with our previous findings that
well-dispersed spherical APP particles increase the T, of
epoxy resins and RDP has a plasticising effect [11, 12]. The
addition of flame retardants resulted in lower crosslinking
reaction enthalpy compared to the reference since the ratio
of epoxy resin capable of crosslinking decreased, but it did
not significantly affect the exothermic peak temperature.
The increasing ratio of APP increased the reaction enthalpy
related to the mass of epoxy in the gelcoat, and as a result,
the reaction enthalpy of the samples containing 9 and 10%P
of APP rose above the reference. The sample with 10%P
content from APP had the highest T, and crosslinking reac-
tion enthalpy.

Table 2 The effect of flame retardant ratio on the viscosity of epoxy
gelcoats

Sample Viscosity
at 25 °C/
Pas
SG715 REF 461
SG715 5%P APP 5%P RDP 10
SG715 6%P APP 4%P RDP 66
SG715 7%P APP 3%P RDP 89
SG715 8%P APP 2%P RDP 198
SG715 9%P APP 1%P RDP 320
SG715 10%P APP 643

Standard deviation of the viscosity: + 1 Pas
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Table 3 DSC results of
reference and FR epoxy gelcoats

Table 4 TGA results of the
reference and FR epoxy gelcoats

Sample Glass transition Reaction enthalpy Temperature
temperature/°C 0 g_l I g_l epoxy of exothermic
peak/°C
SG715 REF 97 188 188 75
SG715 5%P APP 5%P RDP 89 51 135 80
SG715 6%P APP 4%P RDP 97 64 147 77
SG715 7%P APP 3%P RDP 90 83 167 75
SG715 8%P APP 2%P RDP 107 102 183 73
SG715 9%P APP 1%P RDP 119 141 228 72
SG715 10%P APP 120 174 255 74
Sample T 54/°C T 504/°C dTG- T i1Gmax!°C Char yield
max! % °C7! at 800 °C/%
SG715 REF 299 375 1.1 346 239
SG715 5%P APP 5%P RDP 233 345 0.7 301 31.8
SG715 6%P APP 4%P RDP 224 375 0.7 307 31.8
SG715 7%P APP 3%P RDP 229 388 0.7 310 36.8
SG715 8%P APP 2%P RDP 274 390 0.7 319 39.0
SG715 9%P APP 1%P RDP 243 399 0.6 309 39.1
SG715 10%P APP 300 475 0.9 329 43.2

T_sq: temperature at 5% mass loss; T_s,: temperature at 50% mass loss; dTG

max. Maximum mass loss

rate; Tyrgmax: the temperature belonging to the maximum mass loss rate

The effect of flame retardant ratio on the thermal stability
of epoxy gelcoats (TGA)

The thermal stability of the gelcoat matrices was investi-
gated by thermogravimetric analysis; Table 4 shows the
TGA results.

The sample with 10% P APP started to decompose at
the same temperature as the reference gelcoat; however,
the samples containing both APP and RDP had 10-20%
lower T_sq, indicating the different decomposition mecha-
nisms of RDP and APP. The presence of RDP lowered
the decomposition temperature, which was compensated
by the gradually increased APP content. The addition of
flame retardants increased the 7_s,, of all samples except
the one with 5%P APP and 5%P RDP. The improvement
of the gelcoat with 10%P APP was the most significant. Its
decomposition temperature was the highest of all, its T_s
increased by 26%, and its char yield at 800 °C almost dou-
bled compared to the reference. The decomposition rate of
the samples also showed significant differences: the flame-
retarded gelcoats decomposed slower, and their Tyrgmax
and char yield increased with increasing APP content. The
TGA results also confirmed that the combined application
of APP and RDP reduced the maximum decomposition
rate.

Table 5 Limiting oxygen index (LOI) and UL-94 classification of
epoxy gelcoats

Sample LOI/volume% UL-94
SG715 REF 21 HB
(23 mm min~")
SG715 5%P APP 5%P RDP 35 V-0
SG715 6%P APP 4%P RDP 40 V-0
SG715 7%P APP 3%P RDP 46 V-0
SG715 8%P APP 2%P RDP 50 V-0
SG715 9%P APP 1%P RDP 65 V-0
SG715 10%P APP 62 V-0
Average  standard deviation of the measured burning

rate: + 1 mm min~'; standard deviation of the LOIL: + 1 volume%

The effect of flame retardant ratio of epoxy gelcoats on fire
performance

We investigated the fire performance of epoxy gelcoats by
limiting oxygen index (LOI), UL-94 and mass loss calorim-
etry (MLC) tests. Table 5 contains the LOI and the UL-94
test results. Table 6 and Fig. 1 show the MLC results and the
heat release rate of the epoxy gelcoats.
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Table6 MLC resul.ts of epoxy Sample TTI/s pHRR/AW m™2 Timeto THR/MJIm™2 Residue/% FRI/—
gelcoats (sample thickness:
pHRR/s
2 mm)
SG715 REF 41 428 74 60.0 18.7 -
SG715 5%P APP 5%P RDP 17 189 42 21.8 27.8 2.58
SG715 6%P APP 4%P RDP 40 171 76 23.1 50.8 6.34
SG715 7%P APP 3%P RDP 38 141 94 22.0 55.3 7.67
SG715 8%P APP 2%P RDP 44 185 101 433 56.0 3.44
SG715 9%P APP 1%P RDP 45 157 82 27.8 56.9 6.46
SG715 10%P APP 41 158 82 35.0 48.9 4.64
TTI time to ignition; pHRR peak of heat release rate; THR total heat release; FRI flame retardancy index
[15] related to SG715 REF sample. Average standard deviation of the measured mass loss calorimeter val-
ues: TTI: +3; pHRR: +30; time to pHRR: +5; residue: +2
Fig. 1 The heat release rate of 450
the epoxy gelcoats
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The gelcoat containing 5%P from both flame retardants
achieved a LOI almost two times higher, while the gelcoats
containing APP and RDP in 9:1 and 10:0 ratios achieved a
LOI three times higher than the reference gelcoat. The LOI
values increased with increasing APP ratio. Based on the
LOI results, the optimal APP:RDP ratio is 9:1, resulting in
a maximum LOI of 65 volume%. Compared to the sample
with 8:1 APP:RDP ratio, this means a 30% increase in LOI,
which is even higher than the LOI of the 10%P APP sam-
ple. The epoxy gelcoat with 9:1 APP:RDP ratio exploits the
combined solid- and gas-phase effect of the flame retardants
without the significant plasticising effect of RDP. None of
the FR gelcoats burned to the first mark during the horizon-
tal UL-94 test, as intensive foaming occurred at the ignition
site, extinguishing the flames in a few seconds. All FR gel-
coats achieved a UL-94 classification of V-0.

We carried out the MLC tests of the gelcoats with a
heat flux of 25 kW m~ and 2 mm thick gelcoat samples,
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as we expected intensive char forming and foaming. The
reference gelcoat had the highest peak release rate (pHRR),
428 kW m~2; the pHRRSs of the flame-retarded gelcoats were
in the range of 150-200 kW m~2. The gelcoat with 7%P APP
and 3%P RDP reached the lowest pHRR (141 kW m™2), 67%
lower compared to the pHRR of the reference. This gelcoat
formulation performed even better than the 10%P APP gel-
coat, probably due to the combined solid- and gas-phase
effect of the FRs. There is no significant difference between
the time to ignition (TTI) of the gelcoats, practically the TTI
values are in the range of the SG715 reference gelcoat; the
only exception is the sample with 5%P from APP and RDP,
respectively, which ignited more than 20 s earlier than all
other gelcoats. On the one hand, this reduced TTI is due to
the gas phase mechanism of RDP. In addition, the increased
amount of RDP (in the case of SG715 5%P APP 5%P RDP
the 5%P from RDP is equivalent to 46% RDP in the compo-
sition due to the relatively low P content of RDP compared
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to APP) significantly reduces reaction enthalpy (Table 3),
and consequently, crosslinking density, which also leads to
a shorter TTI. The amount of residue increased with increas-
ing APP ratio up to 9%P APP content. Based on the MLC
test results, the 7%P APP 3%P RDP gelcoat had the best fire
performance with the highest FRI value, with a THR value
three times lower and a residue three times higher than those
of the reference gelcoat. Considering the viscosity results
as well, we decided to gelcoat the carbon fibre—reinforced
composites with gelcoat formulations 7%P APP 3%P RDP
and 6%P APP 4%P RDP in the next step of the research.

Choosing the optimal manufacturing technology
and flame retardant for epoxy resin composites

After determining the optimal gelcoat compositions, the
goal was to choose the optimal composite manufacturing
technology and flame retardant for the carbon fibre—rein-
forced composite base in terms of fire performance. As the
fibre content directly influences flammability, at first, we
compared the fibre content of the composites prepared with
three different technologies. Then composites were prepared
with two different flame retardants with all these methods,
and their fire performance was evaluated. Finally, the best
composites were chosen for manufacturing samples coated
with the flame-retarded gelcoat systems.

Fibre content
To determine the fibre content of the composites manufac-
tured by hand lamination, wet compression moulding and

vacuum infusion, we measured the mass of the dry fibre
layers before processing and the mass of the crosslinked

Table 7 The fibre content of the composite samples

Manufacturing technique Fibre
content/
mass%

Hand lamination 42+1

Wet compression moulding 60+

Vacuum infusion 67+1

composite sample. We calculated the fibre content of the
samples as a percentage by mass (1):

mdry fibre

Fibre content [mass% ] = %100 1)

mcomposite

The average fibre content of the composite samples is
shown in Table 7.

Of the three manufacturing techniques, vacuum infu-
sion resulted in the highest fibre content, which was 10%
higher than in the case of wet compression moulding and
60% higher than in the case of hand lamination. Higher fibre
content also means a lower resin to fibre ratio, which reduces
the heat release rate, therefore the vacuum-infused compos-
ites were expected to have the best fire performance.

The fire performance of composite samples

At first, we compared the fire performance of the same PER
reference composite prepared with three different manufac-
turing techniques: hand lamination, wet compression mould-
ing and vacuum infusion.

The MLC results of the reference samples made with the
three techniques are shown in Table 8, and their heat release
rate is plotted in Fig. 2.

Increasing the fibre content means that the ratio of the
highly flammable epoxy matrix decreases in the compos-
ite, which is reflected in a lower peak and total heat release
rate during mass loss calorimetry. To evaluate the effect of
increasing fibre content and decreasing matrix content, we
summarised the properties of wet-compressed and vacuum-
infused samples compared to the hand-laminated composite
(Table 9).

In the case of the wet-compressed sample, 31% lower
matrix content resulted in a 25% lower peak of heat release
rate and 47% lower total heat release. The vacuum-infused
sample had even better values: the 43% lower matrix content
led to a 48% reduction of pHRR and 58% lower THR than
in the case of the hand-laminated sample. This comparison
shows the strong correlation between the matrix content
and heat release of the samples, and it also highlights that
the decrease in THR is higher than one would expect from
the decrease in burnable matrix content. The more compact

Table 8 MLC results PER
reference composites (sample

thickness: 2 mm)

Sample TTI/s pHRR/KW m™ Timeto THR/MJm™ Residue/%
pHRR/s

PER REF composite hand laminated 30 467 72 459 44.1

PER REF composite wet compressed 23 351 39 24.1 474

PER REF composite vacuum infused 29 242 51 19.5 59.4

TTI time to ignition, pHRR peak of heat release rate, THR total heat release, Average standard deviation of
the measured mass loss calorimeter values: TTI: +3; pHRR: +30; time to pHRR: + 5; residue: +2
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Fig.2 The heat release rate of 500
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Table 9 Properties of wet- Sample AFibre  AMatrix ~ ApHRR/% ATHR/%  AResidue/%
compressed and vacuum- content/%  content/%
infused PER composites
compared to hand-laminated PER REF composite _ _ — — —
PER composite hand laminated
PER REF composite wet compressed ~ +43 -31 =25 —47 +8
PER REF composite vacuum infused +60 —43 —48 -58 +34

Fig.3 The residue structure of a wet compressed b vacuum-infused
samples

structure of the wet-compressed and vacuum-infused com-
posite may explain this behaviour. Even the slight increase
in the fibre content from 60% (wet-compressed composite)
to 67% (vacuum-infused composite) results in a much more
compact MLC residue structure (Fig. 3).

There was no significant difference in the time to ignition
of the samples; however, the time of pHRR was quite dif-
ferent. The hand-laminated sample reached the pHRR last,
after 72 s, which is almost twice as much time as the wet-
compressed sample needed. The amount of residues after
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burning showed an increasing tendency with increasing fibre
content: the residue of the wet-compressed and vacuum-
infused samples increased by 8 and 34%, respectively.

We continued our study by comparing the flammability
properties of composite samples made by hand lamina-
tion to determine the effect of APP and RDP on their fire
performance. To facilitate the comparison, the phosphorus
content of the flame-retarded composites was 3%. These
results are shown in Table 10 and Fig. 4.

The TTI and the time of pHRR of the hand-laminated
composites showed no significant difference. The pHRR
of the flame-retarded samples was reduced by 23 and 38%
compared to the reference, respectively. The sample con-
taining 3% P RDP had a 19% lower pHRR and 5% lower
THR than the sample containing 3% P APP. This differ-
ence can be explained by the gas-phase mechanism of RDP
during the low-temperature phase of combustion, which
is not hindered by the fibre reinforcement. However, the
reinforcing fibre layers in the composite tend to hinder the
solid-phase flame-retardant effect of APP, slightly delami-
nating the plies instead of forming a well-developed char
[17], therefore the APP cannot exert its full effect.
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Afterward, we compared the flammability properties of
composite samples made by wet compression moulding
(hand lamination followed by hot pressing). The results
of the MLC tests are shown in Table 11, while the heat
release rate recorded during the tests is shown in Fig. 5.

Similarly to the hand-laminated composites, the TTI
and the time of pHRR showed no significant difference in
the wet-compressed composites. The pHRR decreased by
30% for the sample containing 3% P APP and 43% for the
sample containing 3% P RDP. Interestingly, although RDP
acts mainly in the gas phase, the residue of the compos-
ite containing RDP was higher than that of the composite

containing APP (56.2 vs 49.7%). This can be attributed to
the hindered solid-phase effect of APP.

Finally, we compared the flammability properties of com-
posite samples made by vacuum infusion. The results of the
MLC test are shown in Table 12, while the heat release rate
recorded during the test is shown in Fig. 6.

The TTI of the vacuum-infused samples showed no sig-
nificant difference. In the case of APP, the time of pHRR was
reduced by 10 s, while RDP increased this value by 10 s. The
peak HRR of the 3% P APP sample was 184 kW m™2, equiv-
alent to a pHRR reduction of 24% compared to the infused
reference. The sample containing 3% P RDP reached an even
better result, with a pHRR reduction of 31%. The THR of the

Table 10 MLC results of hand-
laminated PER composites
flame retarded with APP and

RDP (sample thickness: 2 mm)

Sample TTI/s pHRRAW m™2 Timeto THR/MJIm™2 Residue/%
pHRR/s

PER REF composite hand laminated 30 467 72 45.9 44.1

PER 3%P APP hand laminated 26 359 70 37.2 50.5

PER 3%P RDP hand laminated 28 292 67 354 50.3

TTI time to ignition; pHRR peak of heat release rate; THR total heat release; Average standard deviation of
the measured mass loss calorimeter values: TTI: +3; pHRR: +30; time to pHRR: +5; residue: +2

Fig.4 The heat release rate of 500
hand-laminated PER compos- )
ites flame-retarded with APP 450 PER REF hand laminated
and RDP PER 3%P APP hand laminated
400
o PER 3%P RDP hand laminated
£ 350
=
=< 300
[9)
©
o 250
[2]
3
S 200
EI‘: 150
T
100
50
0
0 50 100 150 200 250
Time/s
Table 11 MLC results of wet- Sample TTVs pHRRAWm™ Timeto THRJm™ Residue/%
compressed PER composites pHRR/s
flame-retarded with APP and
RDP (sample thickness: 2 mm) PER REF composite wet compressed 23 351 39 24.1 474
PER 3%P APP wet compressed 20 247 35 15.9 49.7
PER 3%P RDP wet compressed 26 200 45 15.8 56.2

TTI time to ignition, pHRR peak of heat release rate, THR total heat release, Average standard deviation of
the measured mass loss calorimeter values: TTI: +3; pHRR: +30; time to pHRR: + 5; residue: +2
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Fig.5 The heat release rate of
wet-compressed PER compos-
ites flame-retarded with APP
and RDP

Table 12 MLC results

of vacuum-infused PER
composites flame-retarded
with APP and RDP (sample
thickness: 2 mm)

Fig.6 The heat release rate of
vacuum-infused PER compos-
ites flame retarded with APP
and RDP
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Sample TTI/s pHRRAWm™?2 Timeto THR/MJIm=2 Residue/%
pHRR/s
PER REF composite vacuum infused 29 242 51 19.5 59
PER 3%P APP vacuum infused 26 184 43 15.5 62
PER 3%P RDP vacuum infused 28 168 64 14.8 62

TTI time to ignition, pHRR peak of heat release rate, THR total heat release; Average standard deviation of
the measured mass loss calorimeter values: TTI: +3; pHRR: +30; time to pHRR: + 5; residue: +2
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e PER 3%P APP vacuum infused
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composites was reduced by 21 and 24%, respectively. The
residue of the flame-retarded samples slightly exceeded the
reference value. The better overall performance of RDP can
be explained by its gas-phase mechanism explained above.

Overall, composites containing 3% P RDP showed a
more significant reduction in both pHRR and THR values
than samples containing 3% P APP, in the case of all three
manufacturing techniques. Due to the higher fibre content
and more compact structure, vacuum infusion was chosen
as the manufacturing process for further testing the coated
composite samples.

The characterisation of coated composite samples

This chapter presents the results and conclusions of the fire
performance and adhesion testing of the coated composites
compositions chosen based on previous gelcoat and com-
posite base test results.

Fire performance of the coated composite samples

The chosen composite substrates (vacuum-infused PER ref-
erence and PER reference with 3% P RDP) were coated in
0.5 mm thickness with two different gelcoat matrices (6% P
APP+4% P RDP and 7% P APP+3% P RDP) with a spray
gun.

The MLC results of the reference and coated composite
samples are summarised in Table 13, while their heat release
rate is shown in Fig. 7.

On average, the application of the flame-retarded gelcoats
lowered the pHRR of the PER reference composite by 20%.
As for the PER composite with 3% P RDP, the 6:4 gelcoat
provided the same pHRR as in the case of the reference
PER composite, but the 7:3 gelcoat led to a pHRR as high
as that of the PER reference composite without a coating.
In this case, the addition of a further flammable layer could
not be compensated for by the flame retardant content of the
gelcoat. The lowest pHRR (188 kW m~2) was reached by the

Table 13 MLC results of the vacuum-infused composites coated with 0.5 mm thick gelcoat by spraying

Sample TTUs pHRR/KW m~2 Time to THR/MJ m~2 Residue/%
pHRR/s
PER REF vacuum infused 29 242 51 19.5 59.4
PER REF vacuum infused SG715 6%P APP 4%P RDP 26 188 97 35.7 58.8
PER REF vacuum infused SG715 7%P APP 3%P RDP 24 200 95 38.6 58.7
PER 3%P RDP vacuum infused 28 168 64 14.8 58.2
PER 3%P RDP vacuum infused SG715 6%P APP 4%P RDP 26 190 74 39.3 58.9
PER 3%P RDP vacuum infused SG715 7%P APP 3%P RDP 22 242 73 41.0 58.3

TTI time to ignition; pHRR peak of heat release rate; THR total heat release. Average standard deviation of the measured mass loss calorimeter

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

Fig.7 Heat release rate of the 250
vacuum-infused composites
and coated with 0.5 mm thick
gelcoat by spraying
200
<
1S
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o
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PER REF SG715 6% P APP 4% P RDP

PER REF SG715 7% P APP 3% P RDP
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PER reference composite coated with the gelcoat containing
6% P APP+4% P RDP. It achieved a pHRR reduction of
22% compared to the uncoated PER reference composite and
a 6% reduction compared to the PER reference composite
coated with 7% P APP+3% P RDP. There was no signifi-
cant difference in the time to ignition of the samples. In the
coated composites where both the composite matrix and the
coating contained RDP, pHRR was reached approximately
20 s earlier than in the case of the coated reference sample,
due to the dominant gas-phase mechanism of RDP during
the low-temperature degradation. Compared to the compos-
ites without coating, the heat release rate plot of the coated
reference samples showed a more elongated shape and
increased time in reaching pHRR. The amount of residue
remained in the same range for all samples, including the
PER reference (58-60%). The obtained MLC results indi-
cated that the gas-phase effect of 3% P RDP in the gelcoat
was insufficient to reduce pHRR effectively. Therefore, 6:4
is the preferred flame retardant ratio in gelcoat formulation.
Moreover, at the initial phase of the combustion, a plateau
was formed on the HRR curve of the coated reference com-
posites; however, when 3% P RDP was present in the matrix
of the composite, the plateau disappeared due to the lower
thermal stability of composite matrix.

Overall, the flame-retarded composite samples with the
same gelcoat formulations showed higher pHRR, and THR
values than the PER reference coated composite. The gas-
phase effect of 3% P RDP in the gelcoat was insufficient
to reduce heat release effectively; therefore, 6:4 is the pre-
ferred flame retardant ratio in the gelcoat formulation. These
results show that it is not suggested to incorporate 3%P RDP
in the composite matrix of the coated composites, as the

Fig. 8 Pull-off strength between 2
the reference and flame-retarded
composites and the gelcoat lay-

ers containing APP and RDP in

different ratios

BPER REF
1.8 W PER 3% P APP
M PER 3% P RDP

1.2
0.8
0.6
0.4
0.2

0

6% P APP 4% P RDP

Pull-off strength/MPa
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application of flame retardants in the coating alone is suf-
ficient to protect the composite.

Adhesion between the composite and the coating

Adhesion is essential for gelcoat applicability since the
primary function of a multifunctional gelcoat is to pro-
vide mechanical protection and aesthetic appearance to the
product. However, without the proper adhesion, the gel-
coat can easily detach from the surface, leaving the com-
posite unprotected from mechanical and thermal impacts.

We investigated the adhesion of the gelcoat formula-
tions with the standardised adhesion test to determine the
pull-off strength between the composite and the gelcoat
layers. The average results for each gelcoat formulation
with their standard deviation are shown in Fig. 8.

It is difficult to establish a clear trend from the results.
However, in most cases, the gelcoat formed stronger
adhesion with the flame-retarded composites than with
the reference, resulting in higher pull-off strength. The
flame-retarded composite sample containing 3% P APP
formed stronger adhesion with the gelcoat formulation
containing APP in higher ratios (8 and 9%P APP) than
with the gelcoats containing 6 or 7% P APP. The same
tendency can be seen in the composite sample with 3% P
RDP, which formed stronger adhesion with gelcoats with
higher (3 and 4% P) RDP content than the gelcoat with 1
and 2%P RDP. This can be explained by the compatibility
between the composite and gelcoat matrices. In general,
gelcoats with a higher RDP ratio showed better adhesion
with the composite containing 3%P RDP, while the gel-
coats made with a higher ratio of APP showed a higher
adhesion strength when applied to the composite with 3%
P APP. Since both the gelcoat and composite matrices are
made from epoxy resins, the adhesion is mainly influenced

7% P APP 3% P RDP 8% P APP 2% P RDP 9% P APP 1% P RDP
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by the interactions at the boundary of the two crosslinked
systems. The strength of these interactions can be influ-
enced by the additives in the matrices, making adhesion
stronger when the same flame retardant is present in higher
quantities.

Conclusions

We developed epoxy resin based flame-retardant gel-
coats using two flame retardants (FR) containing phos-
phorus-ammonium polyphosphate (APP) and resorcinol
bis(diphenyl phosphate) (RDP)-for the flame retardancy of
carbon fibre-reinforced epoxy resin composites. Although
this combination of FRs acting in the solid and gas phase
proved to be synergistic and the addition of liquid RDP
increased the flexibility and sprayability of the gelcoat,
RDP equivalent to 5% phosphorus (P) in the gelcoat led
to a significant reduction in the crosslinking density, glass
transition temperature, thermal stability and hardness of
the gelcoat. To find the optimal ratio of APP and RDP in
the coating which still provides sprayability, flexibility and
synergism in fire performance, we prepared a series of gel-
coats with 10% total P content with different ratios of APP
and RDP and characterised them by differential scanning
calorimetry (DSC), thermal analysis (TGA), rheometry,
a limiting oxygen index (LOI), UL-94 test and mass loss
calorimetry (MLC).

An increasing ratio of liquid RDP led to a significant
reduction in viscosity: gelcoats with 3%P RDP content
became sprayable without any diluents. On the other hand,
increasing the APP ratio and decreasing the RDP ratio in
the gelcoat increased crosslinking density and the glass
transition temperature. The presence of RDP lowered the
decomposition temperature, which was compensated for
by an increased APP content. The combined application
of APP and RDP reduced the maximum decomposition
rate. The gelcoat containing 7%P APP 3%P RDP had the
lowest peak heat release rate (141 kW m_2), followed by
the gelcoat with 6%P APP 4%P RDP (171 kW m~2). These
two sprayable gelcoats were chosen for coating the carbon
fibre-reinforced composites.

Our previous results [15, 17] indicated that the compos-
ite manufacturing process and related fibre content highly
influence the flammability of the fibre-reinforced com-
posites, therefore we made a complete comparison of the
three most common composite manufacturing technolo-
gies (hand lamination, wet compression and vacuum injec-
tion) in terms of the fibre content and fire performance of
reference epoxy composites and composites flame-retarded
with APP and RDP in the matrix. The vacuum-infused
samples had the highest fibre content and the lowest heat
release rates, but unexpectedly, the reduction in total heat

release was greater than expected from the fibre content
alone (58 vs 43% compared to the hand-laminated refer-
ence sample). This reduction can be explained by the more
compact structure of the vacuum-infused composites. As
the flame-retardant effect of APP was hindered by the car-
bon fibre plies, RDP acting mainly in the gas phase proved
to be a better choice for the flame retardancy of the com-
posite matrix. Consequently, PER reference composites
and composites containing 3% P in the matrix from RDP
were prepared by vacuum infusion and coated by gelcoat
containing 7%P APP 3%P RDP and 6%P APP 4%P RDP,
respectively.

The mass loss calorimetry (MLC) results of the coated
composites indicated that FRs in the coating alone are
sufficient to protect the composite; it is not necessary to
incorporate further RDP in the composite matrix. The gas-
phase effect of 3% P RDP in the gelcoat was not enough
to efficiently reduce the heat release, therefore 6:4 is the
preferred FR ratio in the gelcoat formulation. The interfa-
cial adhesion between the coatings and composite samples
was evaluated in terms of the FR content of the compos-
ite matrix and gelcoat. Better compatibility and stronger
adhesion were observed when the composite matrix and
the gelcoat contained the same FR.
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