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1. INTRODUCTION 

Nowadays, the importance of chemical crosslinked polymer matrix composites is growing strongly. 

Due to their excellent mechanical properties, these systems are used for the manufacture of components 

subjected to high loads, as the load-bearing capacity and strength of the composite structure can be 

tailored to the forces acting on the structural material in any component or machine by proper design 

of fibre-reinforced composites. In addition to their high and designable load-bearing capacity, their 

great advantage over metals is their low weight. For engineering applications, one of the most 

commonly used systems is carbon fibre reinforced epoxy resin composites. The advantageous 

properties of epoxy resins obtained after chemical crosslinking include good heat resistance, chemical 

resistance and high stiffness. The carbon fibres have low density, very high strength, high elastic 

modulus and low thermal expansion coefficient. The uptake of carbon fibre reinforced epoxy resin 

matrix composites has a significant impact on the automotive industry, including wind turbine blade 

manufacturing. However, the largest applications are aerospace, technical sports (e.g. motorsports, 

extreme sports, sailing, cycling, etc.) and aerospace. The main task of engineers working in this field is 

to reduce the weight of the manufactured component as much as possible while maintaining or possibly 

improving its mechanical properties. 

The biggest drawback of using resins as matrix materials for composites, including epoxy resins, is 

the resin's flammability. Increasingly stringent safety requirements have led to the need to produce 

flame retardant epoxy resin-based composites that meet both the mechanical and flame retardancy 

requirements of engineering applications (automotive, aerospace, aeronautics, etc.). 

My research aims were the customized development of flame retarded epoxy resin-based systems 

that meet the stringent flame retardancy requirements of the automotive and aerospace industries while 

maintaining or improving mechanical properties. The improvement of the mechanical properties is 

achieved by the production of fibre reinforced epoxy resin composites. To reduce the flammability, I 

use environmentally friendly phosphorus-containing flame retardants. 

Most of the flame retardants used are solids. In the production technologies used in industry (e.g. 

vacuum infusion), the uniform distribution of these solid particles in the composite is currently a 

problem. A further aim of my research is to investigate this phenomenon and to eliminate the effect of 

filtering. 

My goals also include predicting the flammability of reference and flame-retardant polymer systems 

using available small-scale test results. The prediction helps design arbitrary flame retardant 

compositions without performing measurements, which significantly simplifies engineering in terms of 

material, cost and time. 

 

2. CRITICAL ANALYSIS OF THE LITERATURE, OBJECTIVES 

Carbon fibre-reinforced epoxy resin composites are mainly used in aerospace engineering as 

structural components to replace metal parts. The flammability of epoxy resins is a problem due to strict 

regulations, so the critical issue is to ensure that the composites are properly flame retarded while 

maintaining mechanical properties [1]. The standards guide researchers and engineers but do not help 

select an appropriate flame retardant or flame retardant system. Previous halogen-containing systems 

are increasingly being replaced by halogen-free flame retardants such as phosphorus. In addition to 

providing effective flame retardancy, these materials pose fewer environmental and health risks when 

used [2]. 

Some composite manufacturing technologies, such as hand lamination or wet compression 

moulding, are not productive enough for the aerospace industry; the difficult reproducibility of the 

production and the time-consuming production of parts make these methods not profitable. There are, 

of course, more productive manufacturing technologies for the composites industry, such as liquid 

composite moulding methods (RTM, VARTM). However, if these technologies are used to process 

resins containing solid flame retardants, the solid particles may become trapped in the reinforcing 

structure during injection and may be filtered [3]. Currently, the literature distinguishes between three 
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filtering mechanisms: no retention, deep filtration, cake filtration [3]. However, it is inappropriate to 

separate the mechanisms by a sharp dividing line, and it is more appropriate to treat filtering as a 

stochastic process. Many factors can influence which filtering mechanism occurs, but perhaps the most 

important is the relationship between the size of the particles and the pore size of the amplifying 

structure. Filtration during the injection of a resin suspension containing solid particles into a 

reinforcing structure is a trivial but poorly understood phenomenon. Be it unidirectional (UD) or fabric 

reinforcement, particles can pass between the rovings into the inner layers of the composite, with 

filtration more likely in the rovings. The possibility of filtration is therefore trivial, but the extent of it is 

not. For example, in the case of fabric reinforcement, it is assumed to be greater than in the case of 

unidirectional reinforcement. The various filtering mechanisms can be modelled theoretically, 

investigated by simulation, or observed and measured by analytical methods. Unlike analytical 

measurements, modelling and simulation can be used as approximations but do not necessarily provide 

accurate information. Many methods are used, but none is perfect. The most appropriate method would 

be non-destructive, can be used for qualitative and quantitative analysis, can be used for dispersion, 

and crosslinked sampling has a high resolution, is easy to prepare and preferably allows rapid 

measurement. Most of these criteria are met by Confocal Raman Imaging (CRI), which can provide a 

complete chemical map, but the test itself is often time-consuming, and the measured signal is very 

noisy in the presence of fluorescent components (e.g. carbon fibre) [4][5]. Raman mapping has not yet 

received much attention in the literature, but its applicability and importance for investigating resin 

suspensions and composites cannot be neglected. 

Solid particle filtration should therefore be avoided, and since most of the flame retardants currently 

used are of this material. It is essential for manufactured aircraft parts that interior and structural 

components are properly flame retardant; the problem needs to be addressed. Completely 

homogeneous distribution of the particles in the composite is not feasible in practice. However, there 

are other possibilities, and this issue is gaining ground in the literature, although research is still in its 

infancy, especially in flame retardancy. Particle filtration can be avoided by not adding flame retardants 

to the matrix material of the composite or by using only liquid flame retardants but applying a flame 

retardant coating or gelcoat to the component's surface. In this case, there is no problem of fouling for 

understandable reasons. Still, there may be other advantages: in an intumescent coating, foaming is not 

inhibited by the reinforcing structure, and the foaming itself does not cause delamination; the coating 

protects the component and does not significantly affect the mechanical properties. Several types of 

coating are distinguished in the literature. In polymeric flame retardant coatings, a suitable adhesion 

between the composite matrix and the coating can be formed. These coatings can delay ignition but, 

due to their thickness of 2-3 mm, provide only short term protection in high heat fires [6], while more 

and more research is focusing on synergistic systems (e.g. phosphorus and siloxane [7]). Heat reflective 

coatings also provide adequate protection in the case of high heat fluxes (delay ignition time, reduce 

heat release [8]), although the fact that they often have to be applied in thicknesses of 10-20 mm and 

have a high tendency to cracking makes their application in the composites industry impossible [9], and 

thus they are not much addressed in the literature. In applying intumescent coatings, the intumescent 

effect in the material can cause delamination, and the reinforcing structure inhibits the mode of action 

itself. The manufacturers do not usually disclose the formulation of commercially available intumescent 

systems, but it is possible to develop a coating with the appropriate effect (e.g. PER-TEDAP [1]), 

although a coating 2 mm or thicker can significantly increase the weight of the product. Another 

disadvantage, when applied, is that the coating may fall off the surface during foaming [10]. Although 

the resulting interactions are almost not addressed in the literature, better adhesion between the coating 

and the substrate would be needed. The ease of application of gelcoats is important for industrial 

applications. This is not primarily due to the way it is applied to the surface but the subsequent 

crosslinking reaction. UV-crosslinkable coatings are becoming increasingly popular [11][12]. A crucial 

industrial consideration is a replacement of expensive but effective flame retardant coatings by equally 

effective but less costly systems (e.g. antimony trioxide instead of zinc borate; synergistic combinations 
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(P-N; P-Si) instead of individual flame retardant systems) [11]. Other solutions may include nanoparticle 

coatings and multifunctional coatings [11]. 

The literature review summarised the problems and possible solutions for the flame retardancy of 

fibre-reinforced composites in Table 1. 

Table 1: Problems and possible solutions for the flame retardancy of fibre-reinforced composites 

Problems Possible solutions 

filtration of solid flame retardant particles 

changing the particle size of flame retardants 

product design takes filtering into account 

use of liquid flame retardants 

application of flame retardant coating 

intumescent flame retardant causes delamination in the 

carbon fibre reinforced composite matrix 

the use of gas-phase flame retardants in the matrix 

the use of intumescent coating 

carbon fibre reinforcement inhibits foaming caused by solid 

phase flame retardants 

the use of gas-phase flame retardants in the matrix 

the use of intumescent coating 

the flame retardant deteriorates the mechanical properties of 

the composite 

reduce the amount of flame retardant in the matrix and 

apply an additional flame retardant coating/gelcoat 

Carbon fibre reinforced epoxy resin composites are currently used in large quantities as structural 

components in the aerospace industry. However, due to the flammability of the epoxy resin matrix, the 

flame retardancy of these composites is essential, especially as aerospace components have to meet 

stringent standards. If we can make a composite material that meets these standards, we can meet the 

flame retardancy standards of other industries. In the US, the Federal Aviation Administration (FAA) 

classifies aircraft fires into the following categories [13]: 

• small smouldering fire: 2-10 kW/m2 

• trash can fire: 10-50 kW/m2 

• cabin fire: 50-100 kW/m2 

• post-flashover cabin fire: >100 kW/m2 

• jet fuel fire: 150-200 kW/m2 

According to the FAA standard (ASTME906), the combustion properties of non-metallic materials 

used in aircraft must be determined in the so-called OSU calorimeter developed at Ohio State University 

using 35 kW/m2 heat flux. The total heat release (THR) of the tested materials must be below 65 kW/m2 

for at least two minutes and the peak heat release rate (pHRR) must also be below 65 kW/m2 for at least 

five minutes [13]. These conditions ensure that an indoor composite element is not involved in the fire's 

development and the fire's propagation in the first five minutes after a possible emergency landing. 

However, the OSU calorimeter is not used in Europe, instead, either a cone calorimeter or a mass loss 

type cone calorimeter with a heat flux of typically 50 kW/m2 is used. In my tests, I used the latter device, 

so I set targets of the same order of magnitude of flame inhibition as the FAA's aeronautical standard. 

In my work, I set the following objectives: 

• to develop a low viscosity, flame retarded epoxy resin system that can be processed by injection 

technologies; 

• to investigate the filtering of solid flame retardant particles in carbon fibre reinforced composites 

produced by injection techniques using a suitable analytical method and to develop strategies to 

reduce the fouling rate; 

• to develop a composite system with a maximum heat release rate (pHRR) of less than 100 kW/m2 

at 50 kW/m2 irradiance in a mass loss cone calorimeter, and achieving a V-0, self-extinguishing 

rating according to UL-94; 

• to identify the factors affecting the results of the mass loss calorimetry measurement, in 

particular, the time to ignition (TTI); 

• investigating the effect of particle filtration on the fire performance of the composite; 
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• if the filtration cannot be avoided, the development of a flame retardant gelcoat that meets the 

stringent flame retardancy requirements of the aerospace industry while not significantly 

affecting the weight and mechanical properties of the composite; 

• predicting the flammability of non-flame retarded and flame retarded epoxy resins and their 

composites from low mass measurements and chemical structure using an artificial neural 

network model. 

 

3. MATERIALS AND METHODS 

This chapter describes the raw materials used in my research, the manufacturing technologies used, 

and the test and measurement methods and conditions. 

3.1. Materials 

Based on preliminary tests, I have chosen epoxy resin systems suitable for injection even if they 

contain flame retardant additives due to their low viscosity (the addition of flame retardant additives 

usually increases the viscosity of the resin). The base resins used as starting materials are a glycerol-

based trifunctional epoxy resin with glycerol triglycidyl ether as the main component (GER, Figure 1(a)) 

and a pentaerythritol-based tetrafunctional epoxy resin with pentaerythritol tetraglycidyl ether as the 

main component (PER, Figure 1(b)). These resins are suitable for composite injection production due to 

their low viscosity, and in addition to their injection properties, they have the additional advantage of 

being potentially renewable raw material sources. In my investigations, I used a commercially available 

low viscosity cycloaliphatic amine type crosslinker, 3,3'-dimethyl-4,4'-diaminocyclohexylmethane 

(MH3122), which is commonly used in the composite industry, and whose structure is shown in Figure 

1(c). The composites made from the chosen resin systems are not suitable for structural elements but 

could be used as interior elements in the aerospace industry. As flame retardants, I used additive 

phosphorus flame retardants: ammonium polyphosphate (APP, Figure 1(d)) [14], which acts in the solid 

phase, and resorcinol bis(diphenyl phosphate) (RDP, Figure 1(e)) [15], which acts mainly in the gas 

phase. In addition to epoxy resins, I also used commercially available reference (Sicomin SG 715 

BLANC; corresponding crosslinker Sicomin SD 802) and flame retardant (Sicomin SGi 128; 

corresponding crosslinker Sicomin SD 228) epoxy resin-based gelcoats. The main properties of the 

epoxy resins, gelcoats, and crosslinkers are presented in Tables 2 and 3. The main properties of the flame 

retardants are summarised in Table 4. For the production of the composites, I used the unidirectional 

carbon fibre fabric PX35FBUD300 with an areal density of 300 g/m2 manufactured by Zoltek Zrt. (tensile 

strength: 1400 MPa; tensile modulus of elasticity: 119 GPa; flexural strength: 1290 MPa; flexural modulus 

of elasticity: 112 GPa). 

Table 2: Main properties of the epoxy resin components used 

Epoxy resin Main component Manufacturer/supplier Trade name 
Viscosity 

(mPas; 25 °C) 

Epoxy 

equivalent 

(g/eq) 

Appearance 

GER glycerol triglycidyl ether IPOX Chemicals Ltd. 
IPOX 

MR3012 
160-200 140-150 

yellowish, 

translucent 

liquid 

PER 
pentaerythritol tetra glycidyl 

ether 
IPOX Chemicals Ltd. 

IPOX 

MR3016 
900-1200 156-170 

yellowish, 

translucent 

liquid 

SG715 bisphenol A diglycidyl ether Sicomin Composites 
SG 715 

BLANC 
19500-29200 n.a. 

white viscous 

liquid 

SGi 128 FR 
bisphenol A diglycidyl ether, 

glycerol triglycidyl ether 
Sicomin Composites SGi 128 6770-10370 n.a. 

white viscous 

liquid 
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Table 3: Main properties of the hardeners used 

Hardener Main component Manufacturer/supplier Trade name 
Viscosity 

(mPas; 25 °C) 

Amine-

hydrogen 

equivalent 

(g/eq) 

Appearance 

MH3122 

3,3'-dimethyl-4,4'-

diaminocyclohexylmetha

ne 

IPOX Chemicals Ltd. IPOX MH3122 80-120 60 
colourless 

liquid 

SD 802 
3-aminomethyl-3,5,5-

trimethylcyclohexylamine 
Sicomin Composites SD 802 35-55 n.a. 

colourless 

liquid 

SD 228 

trimethylolpropane 

poly(oxipropylene) 

triamine 

Sicomin Composites SD 228 3150-6230 n.a. 
white viscous 

liquid 

 

 
a) b) 

 
c) 

 

 

 
d) e) 

Figure 1: a) structure of GER, b) structure of PER, c) structure of MH3122, d) structure of APP, e) structure of RDP 
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Table 4.: Main properties of the flame retardants used 

Name 
Main 

component 
Manufacturer/supplier Trade name 

Phosphorus content 

(wt%) 
Appearance 

APP 
ammonium 

polyphosphate 

NRC Nordmann, 

Rassmann 

NORD-MIN 

JLS APP 
31-32 white powder 

RDP 

resorcinol 

bis(diphenyl 

phosphate) 

ICL Industrial Products 
Fyrolflex 

RDP 
10,7 

colourless 

liquid 

 

3.2. Sample preparation 

To prepare the matrix test specimens, I mixed epoxy monomer and crosslinker in stoichiometric 

proportions (GER:MH3122=100:40; PER:MH3122=100:40) and mixed with a spatula until a 

homogeneous mixture was obtained. To prepare the flame retarded samples, the appropriate amount 

of flame retardant additive was mixed in the epoxy component, and the crosslinker was added. The 

resulting mixture was poured into a heat-resistant silicone mould with the dimensions of the test 

specimen for the respective standard burn tests, and based on preliminary tests, the specimen was 

crosslinked in an oven at 80 °C for 1 h and then at 100 °C for 1 h [16]. 

The composite test specimens were prepared by hand lamination followed by pressing and vacuum 

infusion. During hand lamination, I used 5 layers of UD carbon fibre reinforcement (5 pcs 140x140 mm) 

in [0]5 layup. After weighing out the appropriate amount of components (epoxy monomer, hardener, 

flame retardant), a homogeneous mixture was prepared by manual mixing of the components. The 

homogeneous mixture was applied with a brush to the surface of the press frame after a layer of form 

release agent (Lusin Alro LL261). After proper impregnation of the 5 reinforcing layers, the composite 

was cured for 1 hour at 80 °C and another hour at 100 °C under a hydraulic pressure of 200 bar in a 

hydraulic press type 30T manufactured by Metal Fluid Engineering s.r.l. The press is equipped with a 

60 mm diameter piston, so the 140 x 140 mm composites were pressed at a surface pressure of 28 bar. 

The composite specimens were always 2 mm thick. Reference and flame retarded specimens were also 

prepared by vacuum infusion. Also, I applied 5 layers of UD carbon fibre reinforcement for the injected 

specimens in [0]5 layup. In order to reduce the viscosity of the resin/resin suspension, the mixture was 

heated in a drying oven on 60 °C for 15 min prior to injection, and then injection was started. The 

resin/resin suspension was injected at the centre of the sheet to be prepared (Figure 2). After injection, 

the sample was cured at room temperature for at least 24 hours. I prepared standard size specimens 

using a diamond disc mounted on a Mutronic Diadisc 4200 precision cutting machine from the prepared 

composite sheets, according to the test method. The longest side was always parallel to the grain for the 

LOI, UL-94, and specimens cut for mechanical testing. To determine the fibre content of the composites 

prepared by pressing after hand lamination and vacuum infusion, I measured the weight of the dry 

fibre reinforcement layers (5-5 layers in each case) before processing and then measured the weight of 

the finished composite sheet after the composite was fabricated and crosslinked. From these two 

weights, the fibre content of the composite can be easily calculated in wt%: 

𝐹𝑖𝑏𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [
𝑚

𝑚
%] =

𝑚𝑑𝑟𝑦 𝑓𝑖𝑏𝑟𝑒 𝑝𝑙𝑖𝑒𝑠

𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

∗ 100 (1) 
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Figure 2.: Schematic layout of the vacuum infusion of flame retarded epoxy resin composite 

I intended to test the reference and flame-retardant gelcoats on their own; therefore, I prepared the 

gelcoat resin-hardener mixtures and applied the gelcoats to the surface of a heat-resistant silicone mould 

by brushing according to the safety data sheet and the manufacturer's recommendation for use 

(SG715:SD802=100:27; SGi128:SD228=100: 70) in thicknesses of 2 and 4 mm (samples of 120 x 15 x 4 mm 

for the limiting oxygen index measurement and UL-94 test, and 100 x 100 x 2 mm and 100 x 100 x 4 mm 

for the mass loss cone calorimetric measurement). Using commercially available Sicomin SG715 BLANC 

reference gelcoat, APP and RDP flame retardants, I developed flame retardant gelcoats. For the flame 

retardant gelcoats, the flame retardant was dispersed in the epoxy component of the gelcoat system by 

mechanical mixing, and then the required amount of hardener was added. 

For the gelcoated samples, the composite base was a 5-ply UD carbon fibre reinforced composite 

sheet of 2 mm thickness, made by wet compression moulding and vacuum infusion, with a fibre 

reinforcement layup of [0]5 in all cases. The composite base matrix was selected based on preliminary 

LOI, UL-94, and DMA tests: reference PER and PER 3%P RDP. A milling tool was used for the uniform 

application of the coating during the lubrication technology. By placing the composite sheet in the cavity 

of the tool, I was able to form a gelcoat layer of the desired nominal thickness (0.5 or 1 mm). I tried to 

achieve an even distribution of the gelcoat by using a pastry foam card. The disadvantage of the 

brushing technology is that it can be difficult to reproduce a uniform surface layer even with a simple 

product geometry. Surface irregularities also mean variations in the thickness of the gelcoat, which can 

affect the functionality (in my case, the flame retardant efficiency) of the coating itself. For this reason, 

after the gelcoats were applied by brushing and cured, I measured the actual thickness of the coatings 

using a calliper (the thickness of the composite base was known) and where the actual thickness 

exceeded the nominal thickness, I sanded the coating back to a thickness as close as possible to the 

nominal thickness. The coating was applied uniformly and industrially utilizing a compressed air spray 

gun. The pressure of the compressed air entering the gun was set at 2 bar at the reducing valve. The 

viscosity of the gelcoats containing only APP is suitable for brushing technology; therefore, I reduced 

their viscosity by using a diluent solvent. Composition of the mixture: 90% ethyl alcohol, 5% isopropyl 

alcohol, 5% methyl ethyl ketone. The approximate composition of the diluent was obtained from the 

gelcoat manufacturer. Precise compositional ratios were not provided, so I tried several formulations, 

of which the one mentioned above proved to be the most effective. According to the manufacturer's 

recommendation, the diluent solvent mixture was added at 20 wt% to the mixed resin system. The 

gelcoats applied to the composite were allowed to cure for at least 24 hours at room temperature. The 

thickness of the gelcoats was measured during the spraying process between each spraying pass using 

a specially designed scaled comb and then allowed to crosslink after the desired thickness was achieved. 

Shrinkage of the gelcoat may occur during curing and evaporation of the diluent solvent mixture, so 

the thickness of the already crosslinked coatings was measured back using a calliper (the thickness of 

the composite base was known), but no such significant shrinkage was observed. In my experience, 

using a scaled comb, the thickness of the gelcoat can be adjusted appropriately (within a margin of error 

compared to the desired nominal thickness). In the case of brushing, the actual thickness of the gelcoats 

compared to the nominal thickness is 0,5 ± 0,1 mm; 1 ± 0,2 mm. For sprayed gelcoats, the actual thickness 

is 0,5 ± 0,02 mm.  
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3.3. Methods 

The temperature dependence of the viscosity of the resin was determined by parallel plate 

rheometry with a TA Instruments AR2000 device (New Castle, DE, USA) in the range of 25-80 °C, at 5 

°C/min temperature ramp, and at a shear rate of 0.1/s. 

The DSC tests were performed with a TA Instruments Q2000 device (New Castle, DE, USA) in 50 

mL/min nitrogen flow using Tzero-type aluminium pans. The sample mass was 5–10 mg. The curing 

process of the samples was investigated with a three-step temperature program consisting of 

heat/cool/heat cycles: after a linear ramp from 25–250 °C with a heating rate of 3 °C/min (first cycle), the 

sample was cooled down to 0 °C at a cooling rate of 50 °C/min, followed by a second linear heating 

ramp from 0–250 °C at a heating rate of 10 °C/min (second cycle) so that proper conversion was 

achieved. The glass transition temperature (Tg) values were determined from the second heating scan 

and defined as the transition curve's inflexion point. 

The thermal stability of the samples was investigated with a TA Instruments TA 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). A platinum-HT type sample pan was used; the mass of the sample was 5-10 mg in 

each case. 

The fire behaviour of the samples was characterized with limiting oxygen index tests (LOI, 

according to ASTM (American Society for Testing and Materials) D2863). The LOI expresses the lowest 

volume fraction of oxygen in a mixture of oxygen and nitrogen that supports flaming combustion of a 

material under specified test conditions. The size of the samples was 120 mm × 15 mm × 2 mm. 

We also carried out standard UL-94 flammability tests (according to ASTM D3081 and ASTM D635) 

to classify the samples based on their flammability in horizontal and vertical test setups. The size of the 

samples was 120 mm × 15 mm × 2 mm. The increasing values of UL-94 ratings are as follows: HB, V-2, 

V-1, V-0. 

Mass loss type cone calorimetry (MLC) tests were performed with an instrument made by FTT Inc. 

(East Grinstead, UK) according to the ISO 13927 standard method. 100 mm × 100 mm × 2 mm specimens 

were exposed to a constant heat flux of 50 kW/m2 and ignited. Heat release values and mass reduction 

were recorded during burning. The standard matrix and composite samples were exposed to 50 kW/m2 

of radiant heat, while the gelcoats were exposed to 25 kW/m2. During the test, the behaviour of the 

material, the degree of foaming, if any, and the consistency and texture of the combustion residue can 

be observed. In the flame retardant gelcoat samples, the lower heat exposure was justified by their 

intense charring. 

The prepared composite samples were subjected to dynamic mechanical analysis (DMA) on a TA 

Instruments Q800. The test was performed by subjecting 55 x 10 x 2 mm specimens (with 50 mm 

support) to three-point bending loading with a relative deflection of 0.1% at a loading frequency of 1 

Hz and then testing the specimens at a heating rate of 3 °C/min in the temperature range 25-200 °C. 

Deformation excitation was applied during the measurement. Using the measuring instrument software 

(TA Instruments Universal Analysis 2000 version 4.7A), the temperature dependence of the storage 

elastic modulus (E' [MPa]) and the glass transition temperature (Tg) of the composites were determined 

from the temperature values at the peaks of the tanδ [-] curves. 

The composites were examined using a JEOL JSM 6380LA scanning electron microscope (SEM). To 

avoid charging, I gold-coated the samples using a Jeol JPC1200 cathodic sputtering gold plating 

apparatus. To determine the distribution of the phosphorus-containing flame retardants, 3-4 mm wide 

samples were cut from the flame retarded composites and mapped by scanning electron microscopy 

coupled with energy dispersive spectrometry (SEM-EDS) at 50x magnification. I recorded the detected 

signal of the elements (carbon (C), oxygen (O), nitrogen (N), phosphorus (P)) expected to be most 

abundant in the material, and then superimposed the obtained C and P maps and the SEM image of the 



10 

 

cross-section of the composite to obtain the distribution of C and P in the whole cross-section of the 

sample under investigation. 

The Shore D hardness of the reference and flame retardant gelcoats was determined using a Zwick 

H04.3150.000 hardness tester according to ISO 48-2:2018. 

The thermal conductivity of the reference and flame-retardant gelcoat systems was measured using 

two 80 x 80 mm tempered copper plates in a hot plate arrangement (Figure 3), where one plate was 

heated to a given temperature (50 °C). For the measurement, I used 80 x 80 x 4 mm gelcoat samples, and 

a poly(dimethylsiloxane) based thermally conductive silicone paste manufactured by T-Silox Ltd. and 

measured the temperature of the two copper plates and the reported thermal energy. The tempered 

sheets and the sample to be measured were placed in a thermally insulated chamber during the 

measurement. To reach equilibrium temperature on the upper and lower plates, I waited 30 minutes 

before starting the measurement, measured a sample for 5 minutes each and averaged the measured 

values. The thermal conductivity of the sample can be calculated from the following equation: 

𝜆 =
𝑃 ∗ 𝐿𝑚

2𝐴 ∗ ∆𝑇𝑚

 
 

(2) 

where λ [W/mK] is the thermal conductivity of the sample, Lm [m] is the sample thickness, P [W] is 

the heating power, A [m2] is the sample surface area and ΔTm [K] is the temperature difference between 

two copper plates. 

 

Figure 3: Thermal conductivity measurement setup (hot plate) [17] 

The gelcoated composites were tested by three-point bending on a Zwick Z020 tensile testing 

machine. The 100 x 10 x 2.5 mm (0.5 mm thick gelcoat) and 100 x 10 x 3 mm (1 mm thick gelcoat) 

specimens were bent at a speed of 5 mm/min at a support distance of 80 mm with the gelcoat always on 

the compressed side. The maximum deflection was set at 30 mm. The values of flexural strength and 

flexural modulus of elasticity were calculated using the relationships (3) and (4). 

𝜎𝑏ℎ =
3𝐹ℎ𝐿

2𝑏ℎ2
 (3) 

𝐸ℎ =
1

4

𝐿3

𝑏ℎ3

(𝐹𝜖0,0025 − 𝐹𝜖0,0005)

𝑓𝜖0,0025 − 𝑓𝜖0,0005

 (4) 

where σbh [MPa] is the bending strength, Fh [N] is the maximum bending force, La [mm] is the support 

spacing, b [mm] is the width of the specimen, h [mm] is the thickness of the specimen, Eh [MPa] is the 

bending modulus, Fε0,0025 [N] és Fε0,0005 [N] is the bending force corresponding to 0,25 and 0,05% relative 

deformation, fε0,0025 [mm] és fε0,0005 [mm] is the deflection corresponding to 0,25 and 0,05% relative 

deformation. 

The adhesion between the composite substrate base and the gelcoat was tested by a pull-off 

adhesion test according to ISO 4624/2016 using a DeFelsko PosiTest AT-M. I used aluminium dollies 
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with a diameter of 20 mm. Before glueing the dollies to the coating, the contact surfaces were degreased 

with methanol (dollies and coating), and the dollies were glued to the coating using Araldite 2011 two-

component adhesive. The adhesive was allowed to cure for at least 24 hours and then measured using 

the pull-off equipment. The equipment gives the adhesive strength in MPa between the coating and the 

composite based on the diameter of the glued-on dolly. Although the equipment can perform standard 

measurements, due to the high scratch-resistance of the gelcoat, I was unable to cut the correct diameter 

disc from the gelcoat after the dolly was applied using the cutting tool provided with the equipment 

without destroying the measurement setup. Therefore I adapted the standard test method for testing 

the high scratch resistance coating by applying a gelcoat to the composite base only at the location of 

the 20 mm diameter discs (Figure 4). For this purpose, I used a pre-made silicone masking mould. The 

crosslinking of the applied gelcoat discs was identical to the curing of the gelcoats applied to the entire 

composite surface. I glued the dollies onto the cured gelcoat discs. 

  
a) b) 

Figure 4: Preparation for the pull-off test. a) positioning of dolls, b) gelcoat discs for pull-off test 

4. SUMMARY 

Nowadays, the importance of crosslinked polymer matrix composites is growing strongly. Due to 

their excellent mechanical properties and low density, these systems have a wide range of applications 

in producing highly stressed components for engineering purposes. My research aimed to develop 

flame retarded epoxy resin-based systems that meet the stringent flame retardancy standards for the 

automotive and aerospace industries while maintaining and possibly improving the expected 

mechanical properties. Most of the flame retardants used are solids that, in the case of injection 

composite manufacturing technologies, can be filtered through reinforcement layers, resulting in a non-

uniform particle distribution along the cross-section of the composite product, leading to 

inhomogeneous properties. The objective of my research was to investigate this phenomenon and to 

eliminate the effect of filtering. My objectives also included predicting the flammability of reference and 

flame retardant polymer systems using available low mass measurements and structural properties. 

The prediction facilitates the design of arbitrary flame retardant compositions without the need for 

large-scale measurements, which greatly facilitates engineering in terms of material, cost and time. 

In the literature review, I first reviewed the analytical methods for the qualitative and quantitative 

determination of filtering. In the hope of solving the problem of permeation, I have also included flame 

retardant coatings in my literature search, a dynamic research area mainly due to its practical 

importance. Finally, I summarized the possibilities of combustibility parameter predictions, focusing 

on calculating group contributions and the artificial neural network-based determination. 

To select the raw materials, two low viscosity reference and flame retarded epoxy resins and their 

carbon fibre reinforced composites, which can be produced from potentially renewable sources, were 

investigated. For the trifunctional glycerol-based (GER) and the quadrupolar pentaerythritol-based 

(PER) epoxy resins, solid-phase ammonium polyphosphate (APP) and liquid phase ammonium 



12 

 

polyphosphate (APP) were used, resorcinol bis(diphenyl phosphate) (RDP) flame retardants, mainly in 

the gas phase, and investigated the combustion properties and the effect of the flame retardants on the 

resin matrix and the properties of the composite. To determine the amount of flame retardant required, 

I prepared and tested samples containing flame retardants with increasing phosphorus content (1%, 2%, 

3%, 4%, 5%) according to standard LOI and UL-94 testing. I have shown that a minimum P content of 

4% is required for adequate flame retardancy and that PER can achieve better flame retardancy results 

with the same amount of flame retardant as GER. The injectivity of the resin systems was investigated 

by rheological measurements, and the effect of the flame retardants on the crosslinking and thermal 

stability of the resin was investigated by DSC and TGA. The combustibility of resins and composites 

was investigated by standard oxygen index, UL-94 and weight loss based on canonical calorimetric 

measurements. 

Using different manufacturing technologies (wet pressing, vacuum infusion), I produced carbon 

fibre reinforced composites and investigated the effect of the manufacturing technology on the 

combustibility of the composites using MLC tests. I found that the difference in fibre content due to the 

manufacturing technology affects the combustibility of the composite for both non-flame retardant and 

flame retardant composites. 

I modelled the filtration of solid flame retardants through a reinforcing structure using a composite 

of ammonium polyphosphate (APP) with different phosphorus contents per layer. The combustibility 

of the model composite was investigated from both the higher and lower flame retardant concentration 

sides and compared with the combustibility of a wet-pressed composite with quasi-uniform APP 

distribution per layer and a flame retarded composite prepared by vacuum infusion MLC test. The 

flame retardant distribution in the cross-sections of the composites was investigated by SEM-EDS. 

I developed flame retardant gelcoats containing APP with high phosphorus (5, 10, 15 wt% 

phosphorus) content to eliminate the filtration. These flame retardant gelcoats were compared to a 

commercially available flame retardant gelcoat in addition to the non-flame retardant reference coating. 

Besides the flammability tests, thermal (DSC, TGA) and thermal conductivity tests were also performed. 

In addition to the gelcoats containing APP, I also prepared a gelcoat containing resorcinol bis(diphenyl 

phosphate) (RDP) and gelcoats containing APP and RDP in combination to increase the flexibility of the 

gelcoat and to exploit the flame retardancy enhancing effect of the combined presence of APP and RDP. 

These gelcoats were applied by brushing in thicknesses of 0.5, and 1 mm on the surface of wet 

compression moulded non-flame retardant and RDP-containing carbon fibre reinforced PER 

composites, and mechanical and flammability tests were performed. Due to the viscosity reducing effect 

of RDP, gelcoats made with this flame retardant were found to be sprayable, whereas gelcoats 

containing only APP could only be sprayed onto the surface of the composites with the help of a diluent. 

As composite bases, I used reference and flame retarded carbon fibre reinforced epoxy resin composites 

prepared by wet compression moulding and vacuum infusion. My aim was to investigate the effect of 

composite manufacturing technology and the gelcoat application method on flammability. The 

comparisons were made using a mass loss type cone calorimetric test. The adhesion between the flame 

retardant gelcoats and the reference and flame retarded composites was determined by a standard pull-

off test. 

A so-called Flame Retardancy Index (FRI) parameter can be defined from the ignition time and the 

maximum and total heat release determined from the mass loss cone calorimetric test of flame retarded 

systems, according to the following equation [18] 

𝐹𝑅𝐼[−] =
(
𝑇𝐻𝑅 [

𝑀𝐽
𝑚2] ∗ 𝑝𝐻𝑅𝑅[

𝑘𝑊
𝑚2 ]

𝑇𝑇𝐼[𝑠]
)𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

(
𝑇𝐻𝑅 [

𝑀𝐽
𝑚2] ∗ 𝑝𝐻𝑅𝑅[

𝑘𝑊
𝑚2 ]

𝑇𝑇𝐼[𝑠]
)𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 

 (5) 

where TTI [s] is the time required for ignition, pHRR [kW/m2] is the maximum heat release, THR 

[MJ/m2] is the total heat release. As a dimensionless ratio, the FRI allows a quick and easy comparison 
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of different flame retardant polymers and polymer composites and provides information on the 

efficiency of a given flame retardant system. According to the literature, if FRI < 1, the polymer has 

"poor performance"; if 1 < FRI < 10, the polymer has "good performance"; while if 10 < FRI < 100, the 

polymer has "excellent performance". Using equation (5), I compared the FRI values for composites with 

0.5 mm gelcoats with those for matrix and uncoated composites in Table 5. 

 

Table 5: Flame Retardancy Index (FRI) of PER matrices, uncoated composites and composites with 0.5 mm thick flame 

retardant gelcoat 

Sample FRI [-] Sample FRI [-] 

PER REF matrix - PER 3%P RDP matrix 2,87 

PER REF lam 15,28 PER 3%P RDP lam 46,25 

PER REF inf 34,54 PER 3%P RDP inf 66,10 

PER REF lam_SG715 REF b 13,23 PER 3%P RDP lam_SG715 REF b 28,26 

PER REF lam_SG715 5%P APP 5%P RDP b 10,10 PER 3%P lam_SG715 5%P APP 5%P RDP b 25,00 

PER REF lam_SG715 15%P APP b 29,31 PER 3%P lam_SG715 15%P APP b 55,11 

PER REF inf_SG715 REF s 15,28 PER 3%P RDP inf_SG715 REF s 16,97 

PER REF inf_SG715 5%P APP 5%P RDP s 130,01 PER 3%P inf_SG715 5%P APP 5%P RDP s 71,21 

PER REF inf_SG715 15%P APP s 123,50 PER 3%P inf_SG715 15%P APP s 78,99 

It is also evident from the FRI values that the production technology of the composite base and the 

way the gelcoat is applied have a significant effect on flammability. It can also be concluded that when 

the coating is sprayed on a vacuum infused composite, there is no need for flame retardancy of the 

composite base. For gelcoat containing 5%P APP and 5%P RDP together and for gelcoat flame retarded 

with 15%P APP, the threshold of the "excellent flame retardancy" category is already exceeded, which 

suggests the practical applicability of the compositions. 

In terms of flammability prediction, the group contribution method was used to estimate the most 

important flammability parameters for 26 reference and flame retarded polymer systems. The method 

is not suitable for the numerical prediction of combustibility parameters, but it allows the preliminary 

screening of new flame retarded resin compositions during material development. For the artificial 

neural network-based system, I used a training and validation dataset to predict four important 

combustibility characteristics from the input parameters. Using sensitivity analysis of the output 

parameters, I ranked the input parameters according to their effects on the output parameters and used 

the resulting ranking to establish a relationship between the input and output parameters. The method 

can be further improved by increasing the number of input parameters, as a larger training and 

validation dataset allows for more accurate predictions. 

5. THESES 

 

Thesis 1. 

The combined use of resorcinol bis(diphenyl phosphate) (RDP) and ammonium polyphosphate 

(APP) in epoxy resins based on glycerine triglycidyl ether (GER) and pentaerythritol tetraglycidyl ether 

(PER) increases thermal stability and the efficiency of flame retardancy. This phenomenon is based on 

the different mechanisms of action of RDP and APP: RDP, which acts mainly in the gas phase, acts as a 

reactive radical scavenger in the low temperature (≤ 300 °C) phase of thermal decomposition, whereas 

APP acts in the solid phase in the higher temperature (≥ 300 °C) phase of thermal decomposition and 

creates a char protective layer. As a result of the two different modes of action, a 4% P content resulted 

in a UL-94 V-0, self-extinguishing grade for both resin systems, reducing the maximum heat release by 

63% for GER and 37% for PER, and reducing the total heat release by 33% and 42%, respectively. An 

additional processing advantage of using solid APP and liquid RDP together is that the viscosity of the 

resin systems remains within the injection viscosity range (100-300 mPas) at room temperature due to 
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the RDP, thus eliminating the need for injection above 40 °C as is the case when APP is used alone 

[19][20]. 

 

Thesis 2. 

The flammability of a composite made with a pentaerythritol tetraglycidyl ether-based epoxy resin 

(PER) matrix and a [0]5 unidirectional carbon fibre film depends on the fibre content of the composite 

as determined by the manufacturing technology. The reference PER composite prepared by vacuum 

infusion (67 ± 1 wt% fibre content) has a maximum heat release 31% lower, a total heat release 19% 

lower and a residua 26% higher than the sample prepared by compression moulding after manual 

lamination (60 ± 1 wt% fibre content). Due to the higher fibre content, 17.5% less combustible material 

is present in the composite, comparable to a 19% reduction in total heat release. Still, the 31% reduction 

in maximum heat release is much more significant, and the more compact structure can explain it due 

to the higher fibre content and the longer ignition time due to the better thermal conductivity [21]. 

 

Thesis 3. 

Scanning electron microscopy coupled with energy dispersive spectrometry (SEM-EDS) is suitable 

for the detection and analysis of the filtration and distribution of phosphorus-containing (and 

potentially other heteroatom-containing) solid flame retardants in carbon fibre reinforced epoxy resin 

composites prepared by injection technology. I have modelled the filtration of solid ammonium 

polyphosphate (APP) flame retardants during injection moulding and its effects on a wet-pressed 

composite with a resin of different phosphorus content per layer. By comparing the mass loss type cone 

calorimetry results of the injection side up composite and the injection side down composite, it was 

found that the effect of the filtrated solid flame retardant accumulated on the injection side caused a 

time shift in time to ignition, with a reduction in maximum and total heat release by 12% and 10%, 

respectively. If the solid phase flame retardants are uniformly distributed in the matrix material of the 

composite, the reinforcing layers prevent charring during the thermal decomposition of the flame 

retardant, and the charring between the reinforcing layers in the composite leads to delamination. 

Filtering during an injection can be avoided by applying an intumescent flame retardant gelcoat with 

high phosphorus content to the base surface of the composite that is not flame retarded or is flame 

retarded with a liquid flame retardant [21]. 

 

Thesis 4. 

Even at a thickness of 0.5 ± 0.1 mm, the brushed non-flame retardant epoxy resin-based gelcoat 

increased the maximum heat release of the 2 mm thick carbon fibre reinforced pentaerythritol 

tetraglycidyl ether (PER) based composite by 23% due to the additional combustible layer applied to 

the surface. If the application of a gelcoat on the surface of the composites is necessary to achieve good 

surface quality or other properties, either a significant increase in combustibility should be expected, or 

this excess heat release should be compensated by the amount of flame retardant dispersed in the 

gelcoat and by choice of thickness and application method of the flame retardant gelcoat appropriate 

for the application. 

The 0.5 ± 0.1 mm thick brushed gelcoats with ammonium polyphosphate (APP) on an epoxy resin 

composite reduced the maximum heat release by 29% at 5% phosphorus content and by more than 40% 

at 10% or more phosphorus content compared to the PER reference composite with reference gelcoat. 

The flame retardant brushed gelcoats reduce the maximum heat release of the coated PER reference 

composite by an average of 22% at a thickness of 0.5 ± 0.1 mm. By flame retarding the composite base 

with liquid resorcinol bis(diphenyl phosphate) (RDP), which acts in gas-phase, the maximum heat 

release can be further reduced by 19%; based on the flame retardancy enhancing effect of the combined 

application of APP and RDP [22][23]. 
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Thesis 5. 

In the case of carbon fibre reinforced epoxy resin composites with flame retardant epoxy resin 

gelcoat, the flammability depends not only on the production technology of the composite but also on 

the method of gelcoat application and thus on the quality of the gelcoat (uniform thickness, absence of 

inclusions, etc.). On composites produced by hand pressing after manual laminating (wet pressing), a 

sprayed gelcoat of 0.5 ± 0.02 mm thickness containing a combination of ammonium polyphosphate 

(APP) at 5% P and resorcinol bis(diphenyl phosphate) (RDP) at 5% P reduces the maximum heat release 

(pHRR) of the reference PER composite by 33% and the flame retarded PER composite by 18%. The 

pHRR can be further reduced by spraying the gelcoat on the surface of the vacuum infusion composite: 

in this case, the pHRR is reduced by 44% for the reference base and by 25% for the flame retarded 

composite base, compared to the peak heat release rate of the 0.5 ± 0.1 mm thick gelcoat applied by 

brushing on the wet-pressed composite. This can be explained by a more uniform surface layer thickness 

formed by spraying than by brushing, resulting in a lower heat release. Concerning the composite 

manufacturing technologies and gelcoat application methods investigated, it is recommended from an 

application and safety point of view to spray the flame retardant gelcoat on the surface of a non-flame 

retardant composite made by vacuum infusion [23]. 

 

Thesis 6. 

Flame retardant gelcoats with solid ammonium polyphosphate (APP) and liquid resorcinol 

bis(diphenyl phosphate) (RDP) reduce the viscosity before curing and increase the hardness after 

curing, while liquid RDP reduces the viscosity and solid granular APP increases the hardness. The 

combination of the two flame retardants provides the possibility to adjust the viscosity of the gelcoat 

for the application technology and the hardness of the crosslinked coating within a Shore D range of 10-

85. The addition of RDP allows the gelcoat to be sprayed without the need for a diluent solvent, which, 

in addition to the technological, environmental and material benefits of eliminating solvent inclusions, 

results in a coating with better microstucture and increases the flexibility of the inherently brittle gelcoat, 

making it less prone to flaking [22][23]. 

 

Thesis 7. 

An artificial neural network algorithm is used to estimate the high-mass calorimetric combustibility 

results of known formulations of reference and flame retarded epoxy resins based on chemical structure 

and low-mass thermal and flame retardancy measurements (DSC, TGA, LOI, UL-94). The method can 

be used to estimate the peak and total heat release, ignition time and the amount of char remaining after 

combustion of any reference or flame retarded epoxy resin system. The neural network estimates the 

combustibility parameters with an error within 10% in 65% of the cases. By sensitivity analysis of the 

output parameters and by ranking the effects of the input parameters on the output parameters, the 

physical relationship between the output and input parameters can be established. The phosphorus 

content as an input parameter has the most significant effect on the expected values of the peak heat 

release and the amount of residue as output parameters. 

On the one hand, the algorithm contributes to the realization of a targeted design of flame retarded 

systems, and on the other hand, it significantly reduces the material and time requirements for material 

development since it allows the preliminary screening of the designed compositions. The method is also 

suitable for predicting the combustibility of flame retarded epoxy resin composites by considering the 

fibre content [24]. 
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