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Abstract

:

Due to strict safety regulations, the automotive industry requires an effective reduction of flammability in polymer components. Flame retardants are usually added to the polymer matrix, affecting the viscosity of the matrix. Another possible solution is the application of coatings containing flame retardants, which can additionally ensure good surface quality and protection against external influences. In our research, the flammability of reference and flame retarded gelcoat base materials was investigated using oxygen index (LOI), UL-94, and mass loss type cone calorimetry (MLC) tests. Based on the flammability tests, the best results were obtained with the gelcoat formulation containing 15%P ammonium polyphosphate (APP) and the mixed formulation containing 5%P APP and 5%P resorcinol bis(diphenyl phosphate) (RDP), with a 55% and 64% reduction in the total heat release compared to the reference gelcoat, respectively. The two best-performing coatings were applied to polypropylene (PP) samples. 15%P APP reduced the peak heat release rate of PP by 89% compared to the reference. The gelcoat formulation containing 15%P APP was applied to polyurethane (PUR) automotive components, where the coating reduced the maximum heat release rate by 53% and shifted the time to peak heat release rate by 447 s.
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1. Introduction


Nowadays, around one-third of automotive components are made of polymers, as their low density allows vehicles to be lighter and thus reduce fuel consumption and emissions. Polymers meet traditional automotive requirements such as excellent mechanical properties, impact resistance, heat resistance, chemical resistance, customisability, relatively low cost, and recyclability [1]. However, strict safety regulations require the use of flame retardants in polymers [2]. Flame retardants should have a low impact on the environment and health throughout their life cycle (including after recycling). Several halogenated flame retardants (e.g., brominated flame retardants) have put human life and the environment at risk, as well as the traditional mechanical recycling of polymers. As a result, the decline of halogen-containing flame retardants has led to a shift towards phosphorus-containing, inorganic, and nitrogen-containing flame retardants (PIN FRs) [3,4,5,6]. Flame retardants can have a detrimental effect on the mechanical properties of polymers. Furthermore, it is not necessary to flame retard the entire material of the component since, in most cases, the fire that develops will be in contact with the outer surface of the structure. The use of flame-retardant gel coatings can be a solution to this problem [7].



The primary function of the gelcoat is to ensure a good surface finish, protect the part from external influences, and give the final appearance. Gel coatings are widely used in industries, including construction (as an outer layer on tiles), automotive, and electronics. At the same time, additives can be added to provide other properties such as electrical conductivity [8], water resistance [9,10], or flame retardancy [11].



Flame-retardant coatings can typically be either intumescent or non-intumescent. For non-intumescent coatings, halogen and phosphorus flame retardants with dominant gas-phase action are used. One representative of the non-intumescent flame retardants is resorcinol bis(diphenyl phosphate) (RDP). In the case of intumescent coatings, the thermal decomposition of the flame retardants forms a charred layer on the polymer surface, which inhibits the heat transfer from the heat source to the polymer and the diffusion of oxygen into the polymer. A typical intumescent flame retardant is ammonium polyphosphate (APP) [7,12,13,14,15,16,17]. The increasing focus on health and environmentally friendly flame retardant additives or additive systems led to the increased application of non-halogenated PIN FRs [18,19,20,21]. Recently, different nanomaterials (e.g., montmorillonite [22,23,24], carbon nanotubes [25,26,27], or graphene [28,29,30,31]) are also widely investigated, such as possible new FR additives. The combination of PIN FRs and these nanomaterials often shows a synergistic effect during application which can also be favourable in an intumescent gelcoat system. Some of these FR gelcoats are already commercially available, especially in the automotive, railway, and construction industries [32], although only a few of them are epoxy resin-based systems.



Gel coatings are typically applied by spraying, brushing, or using an in-mould coating. Application via brush is the easiest method, but brush strokes can show through the coating, making it difficult to achieve a uniform coating thickness. In addition, coating large surfaces requires long coating cycle times. Spraying can be a better solution than brushing, as it offers higher productivity and can be used with more complex geometries. A relatively new method is the in-mould coating, where a coating of uniform thickness can be created with low volatile organic compound (VOC) emissions [11,33,34].



Previously, we developed epoxy-based gelcoats and applied them for the flame retardancy of carbon fibre-reinforced epoxy resins [7,15]. We found that if a gelcoat layer is required on the surface of the composite part, a significant increase in the heat release rate should be expected, or alternatively, a flame-retardant multifunctional gelcoat should be used. A 67% reduction in the peak heat release rate was achieved when the non-flame-retardant gelcoat was replaced with a gelcoat containing 15%P on the reference epoxy composite. We also concluded that it was unnecessary to use flame retardant in the vacuum-injected composite base itself, as the heat release was not significantly reduced compared to the reference composite base and the gel coating provided sufficient protection itself without compromising the mechanical properties of the composite. As epoxy resins, as well as epoxy-based gelcoats, have excellent adhesion to many substrates, we aimed to test the developed gelcoat formulations on various polymer matrices. In this paper, we present the results of these flame-retardant gelcoats in the case of thermoplastic base materials, in particular polypropylene and polyurethane matrices. First, we summarise the viscosity, glass transition temperature, reaction enthalpy and Shore D hardness of reference, and flame-retarded gel coatings, as well as the flammability of reference and flame-retardant gel coatings, investigated using the oxygen index, UL-94 standard test, and a mass loss type cone calorimetry. We applied the coatings best performing in terms of flammability onto PP base polymers, and the flammability of the coated polymers was compared. In addition, we also investigated the flammability of coated PUR automotive parts.




2. Materials and Methods


2.1. Materials


We used SGi128-type epoxy resin and SD 228-type hardener as flame-retardant gel coating (commercially available FR reference), with a mixing ratio of 100:70 (epoxy resin component:hardener). As a gelcoat without flame retardant, the epoxy resin component SG715 (bisphenol A diglycidiyl ether-based epoxy system) with thixotropic properties and the hardener component SD802 (cycloaliphatic amine-based hardener) were used. The mixing ratio of the two components was 100:27 (epoxy resin component:hardener). The gelcoat components were acquired from Sicomin (Châteauneuf-les-Martigues, France). Phosphorus-containing additive flame retardants were added to the gelcoat samples. Ammonium polyphosphate (APP, Nordmann Rassmann, Hamburg, Germany) and resorcinol bis(diphenyl phosphate) (RDP, Chemtura Corporation, Middlebury, CT, USA) were used as flame retardants (Figure 1).



Mitsubishi Borealis MCE-IPN-02 (IPN02, Mitsubishi Chemical Europe GmbH, Düsseldorf, Germany) polypropylene and Innopol CS 2-9000 BU/2 (CS2-9000, Inno-Comp Ltd., Tiszaújváros, Hungary) polypropylene block copolymer were used as the thermoplastic polymer matrix. Ammonium polyphosphate (Exolit AP766, Clariant Ltd., Muttenz, Switzerland) was used for the flame retardancy of the polypropylene matrix. In addition, we tested polyurethane (PUR)-based components provided by PEMÜ Plastics Zrt. The PUR samples contained 5.77% Exolit AP422-type ammonium polyphosphate (APP, Clariant Ltd., Muttenz, Switzerland).



When spraying the SG715 type gelcoat and its versions flame-retarded via APP only, it is necessary to use a diluent to reduce viscosity, e.g., factory diluent, Sicomin EP 960 (a mixture of 50%–100% ethanol, 2.5%–10% isopropanol, 2.5%–10% MEK), where the mixing ratio recommended by the manufacturer is SG715/SD802/EP 960 = 100 g/27 g/maximum 27 g and can be used. We prepared a diluent with a composition of 90% ethyl alcohol, 5% isopropyl alcohol, and 5% methyl ethyl ketone. In the case of the SG715/SD802 5%P APP 5%P RDP mixed gelcoat, the liquid RDP reduced the viscosity so that the coating could be applied without a diluent.




2.2. Sample Preparation


We first tested the coatings themselves to select the most appropriate coating compositions. For this purpose, we mixed the coating components in the resin-to-crosslinker ratio recommended by the manufacturer and then cast them into silicone moulds to create samples of the size required for the relevant test procedures. The reference and flame-retardant gelcoat formulations are listed in Table 1.



For preparing the flame-retarded samples, the PP raw material and the flame-retardant AP766 were homogenised in a Brabender Plasti-Corder internal mixer (Brabender GmbH & Co. KG, Duisburg, Germany) at 180 °C for 10 min. The reference and the flame-retarded polymers were produced in a Teach-Line Platen Press 200E hydraulic press (Dr. Collin GmbH, Munich, Germany) to produce 200 × 200 × 2 mm3 sheets at 180 °C under 150 bar pressure. The flame-retardant coatings were applied by spraying at a thickness of 0.5 mm. The spray coating was applied using an Asturo E70 spray gun (nozzle diameter 0.2 mm), and the pressure of the compressed air entering the gun at the reducer valve was two bar. The thickness of the gelcoat was continuously checked during the spraying process using a mil gauge.




2.3. Test Methods


The temperature dependence of the viscosity of gelcoat matrices was investigated via parallel plate rheometry using a TA Instruments AR2000 (New Castle, DE, USA). The range was 25–80 °C, with a temperature ramp of 5 °C/min and a shear rate of 0.1 s−1. TA Instruments Universal Analysis 2000 was used to evaluate the results.



For the differential scanning calorimetric measurement, we used a TA Instruments Q2000 (New Castle, DE, USA). Samples of 5–10 mg were analysed in a nitrogen atmosphere with a flow of 50 mL/min. The curing process was investigated with a three-step temperature program, where the first cycle was a linear ramp from 25 °C to 250 °C at a heating rate of 3 °C/min, followed by cooling to 0 °C at 50 °C/min and finally a second heating ramp from 0 °C to 250 °C at 10 °C/min. We used TA Instruments Universal Analysis 2000 to evaluate the results. From the first heating cycle, the curing enthalpy was calculated, whilst the second cycle was used to determine the glass transition temperature (Tg) of the material, defined as the inflexion point of the transition curve.



We measured the Shore D hardness of the gelcoat materials using a Zwick H04.3150.000 hardness tester (Zwick GmbH & Co. KG, Ulm, Germany) according to the ISO 48-2:2018 standard.



A pull-off adhesion test measured the adhesion between the PUR sample and the flame-retardant coating. The test was carried out according to ISO 4624/2016 standard using a DeFelsko PosiTest AT-M (Ogdensburg, NY, USA). The diameter of the dolls used for the test was 20 mm. Before glueing the dolls, we cleaned the coating and the surface of the dolls with methanol. Then we fixed the dolls to the coating using the Araldite 2011 (Huntsman Advanced Materials, The Woodlands, TX, USA) two-component adhesive and allowed the adhesive to cure for 24 h. During the test, the equipment gives the adhesive strength value in MPa between the composite and the coating based on the diameter of the glued doll. A prestressing of 0.7 MPa had to be considered during the test. The measurement gives the value of the pull-off strength between the coating and the PUR in MPa, based on the diameter of the bonded doll. Because of the high scratch resistance of the gelcoat, it was impossible to cut the appropriate diameter disc from the gelcoat using the cutting tool supplied with the equipment without destroying the measurement setup. The standard test method was therefore adapted to the high scratch resistance coating test by applying a gel coating to the PUR substrate only at the location of the 20 mm diameter discs. A prefabricated silicone masking mould was used for this purpose. The crosslinking of the gelcoat discs was identical to the crosslinking of the gelcoats applied to the entire composite surface. The dolls were glued to the crosslinked gelcoat discs.



The oxygen index (LOI) was measured using ISO 4589-1 and ISO 4589-2 (2000) standards. The oxygen index is defined as the minimum oxygen volume percentage at which the sample is still burning. This requires an appropriate mixture of nitrogen and oxygen gas.



UL-94 tests were carried out according to ISO 9772 and ISO 9773 standards. The test is carried out in horizontal and vertical arrangements. In the horizontal arrangement, the flame spread rate can be determined. The classification of the samples can be HB, V-2, V-1, V-0, where V-0 is the best, self-extinguishing classification.



A mass loss type cone calorimetry (MLC) (Fire Testing Technology Ltd., East Grinstead, UK) was used to determine the complex combustion characteristics of the specimens. The measurement was performed by subjecting 100 × 100 mm2 specimens to a heat flux of 50 kW/m2. A spark ignition unit assisted in the ignition of the specimen surface. During the measurement, the time to ignition (TTI), the total heat release (THR), the peak heat release rate (pHRR), the time to pHRR, the burning time, and the residual mass were measured.





3. Results and Discussion


3.1. Characterisation of the Gel Coatings


3.1.1. Viscosity, Glass Transition Temperature, Reaction Enthalpy, and Shore D Hardness of Gel Coatings


The viscosity, glass transition temperature (Tg), reaction enthalpy, and Shore D hardness of the reference and flame-retardant gel coatings are given in Table 2.



We found that the commercially available SGi128 FR system has a lower viscosity than the SG715-based system due to the different chemical compositions of the two gelcoat systems. The addition of APP increased the viscosity of the SG715 system. With 15%P APP, the viscosity of the reference can be increased by more than four times. In contrast, RDP significantly reduced the viscosity of the SG715 system. Although high-viscosity gelcoats can be easily applied with a brush, they require a diluent for spraying [7].



We previously found [7] that adding APP increased the glass transition temperature due to the well-distributed spherical particles in the matrix. Gel coatings containing only APP resulted in an increased reaction enthalpy of epoxy compared to the reference. The Tg of the gel coatings containing RDP did not change significantly compared to the reference gel coatings, whilst the reaction enthalpy decreased significantly, resulting in a lower crosslinking density. The gelcoat containing both APP and RDP had the lowest reaction enthalpy, which the high amount of additives can explain. The flame retardants are not involved in the crosslinking process but may hinder it due to their steric effect.



In the case of gel coatings containing APP only, APP did not significantly change the hardness of the gel coatings. However, the hardness decreased significantly with the addition of RDP. These results suggest that the number of crosslinks formed significantly affects the hardness value [35].




3.1.2. Flammability of Gel Coatings


The results of the LOI, UL-94, and MLC tests of reference, as well as the APP and RDP flame-retardant coatings and commercially available flame-retardant coatings are summarised in Table 3 [7,11,36].



The results show that the commercially available SGi128 FR flame retardant gelcoat can achieve an oxygen index value twice as high as the reference value. With the addition of 5%P APP, the oxygen index can be increased (33%), but with 10%P APP, the oxygen index value can be increased by almost three times more compared to the reference (62%). The best result was obtained with the gelcoat with 15%P APP. The oxygen index of the sample was above 85% (the limit of the equipment is 85%). It was found that 5%P RDP increased the oxygen index value compared to the reference, but not to the same extent as the gelcoat with 5%P APP. In UL-94 testing, all flame-retardant gel coatings achieved a V-0 self-extinguishing rating.



As expected, the highest maximum heat release (428 kW/m2) and the highest total heat release (60 MJ/m2) were obtained for the reference gelcoat without flame retardant. The pHRR of the commercially available flame-retardant gelcoat was reduced by 70%, and the pHRR time was increased by 31% compared to the reference. There is no decay in the heat release curve of the SGi128 sample, which can be explained by the intense foaming of the gel coating into the conical heater of the calorimeter, where the heating filaments provide a high temperature, and the heat release causes the samples to continue to burn in a flickering manner. For the samples containing only APP, as the P content increased, the peak heat release rate decreased to between 133–200 kW/m2, the total heat release decreased to between 27.3–42.1 MJ/m2, the pHRR time was between 74–84 s, and the residual mass increased to between 32.1%–62.1%. RDP significantly reduced the ignition time (from 41 s to 14 s), which can be explained by the mechanism of action of the flame retardant: RDP acts mainly in the gas phase during the initial stage of degradation and has correspondingly lower thermal stability [35]. The heat release of the sample containing 5%P RDP after an intense peak is significantly reduced, and thus the total heat released is lower than that of the samples containing APP with 5% and 10% phosphorus. In the case of the mixed (5%P APP–5%P RDP) gel coating, both mechanisms of action of the flame retardants were observed: the gas phase RDP caused the sample to ignite faster, the peak heat release rate occurred in a shorter time, and the addition of the solid phase APP increased the residual mass and the sample with the lowest total heat release (21.8 MJ/m2).



Based on these initial heat release and mass loss rate results (Figure 2), we applied the mixed (5%P APP–5%P RDP) and 15%P APP gel coatings onto the PP base polymer.





3.2. Results of Coated PP Samples


From both PP matrices used, the reference and flame-retarded test specimens containing 20% Exolit AP766 were prepared, and the flame-retardant gelcoats were sprayed on them in 0.5 mm thickness. The flammability of the coated and uncoated specimens was compared using mass loss type cone calorimetric tests. The heat release rate and mass loss rate of the reference and coated IPN02-based specimens measured using the mass loss type cone calorimeter are shown in Figure 3.



In the case of IPN02 samples with a 0.5 mm thick flame-retardant coating containing 15%P APP, immediate foaming occurred due to heat flux. The mass loss stopped at 10%, and the peak heat release rate was reduced (80 kW/m2) compared to the reference sample (320 kW/m2). The time of pHRR increased to 630 s, and the pHRR decreased to 180 kW/m2 when 20% AP766 was applied in the PP matrix alone. With the coated IPN02 AP766, the sample ignited again after 10 min. This can be explained by the fact that charring damages the physical integrity of the coating. In the case of mixed coating (5%P APP–5%P RDP), immediate charring was also observed, but due to the lower phosphorus content, the coating only resulted in a minor heat release for about 50 s, after which it increased again. In the case of the mixed coating, the flame retardancy of the PP matrix brings a significant advantage, the maximum heat release being 100 kW/m2 lower than the maximum heat release of the sample coated with the same mixed coating without the flame retardant in the matrix (188 kW/m2 vs. 288 kW/m2).



In the case of IPN02 PP, the 15%P APP coating alone provides excellent flame retardancy without the need for a separate flame-retarded matrix. In contrast, for the mixed coating with a lower phosphorus content (5%P APP 5%P RDP), the flame retardancy of the PP matrix is recommended.



The heat release rate and mass loss rate of the reference and coated CS2-9000-based samples are shown in Figure 4. The reference CS2-9000 sample had a higher heat release than the IPN02 base polymer. This difference is related to the melt flow and dripping properties of the polymers: the melt flow index of CS2-9000 (40 g/10 min) is almost twice as high as that of the IPN02 polymer (23 g/10 min).



The CS2-9000 samples with 0.5 mm thick, 15%P APP flame-retardant coating immediately charred due to the heat flux, resulting in the termination of burning. However, after 550 s, the sample reignited. The pHRR decreased from 810 kW/m2 to 90 kW/m2, and the maximum heat release rate after reignition was 260 kW/m2. Due to the addition of 20% AP766 to the CS2-9000 reference matrix, the initial time of the pHRR increased to 340 s, and after the reignition of the sample, it was 810 s. The pHRR was reduced to 160 kW/m2 compared to the reference sample (810 kW/m2), and the maximum heat release after reignition was 260 kW/m2. The highest residual mass was obtained with the CS2-9000 sample with the 15%P APP coating. However, this sample was reignited after 10 min, as the physical integrity of the coating was damaged due to the charring of the base polymer. With the mixed coating (5%P APP–5%P RDP), immediate charring was observed, but due to the lower P content, the flame-retardant-free PP base reignited almost immediately. Nevertheless, the pHRR value was reduced to 570 kW/m2 compared to the reference, and the time of the pHRR was also shifted to 390 s. The flame retardancy of the base PP matrix itself reduced the pHRR to 220 kW/m2 in the PP sample with mixed coating, and the time of the pHRR increased to 820 s, which means a potential increase in the escape time in case of a fire. The results show that both the reference and flame-retarded coated samples reignited; nevertheless, it is worthwhile to add flame retardant to the PP base as it delayed the reignition in time.




3.3. Results of Coated PUR Samples


The flammability of the reference PUR sample and PUR sample coated with the SG715 15%P APP flame-retardant coating was investigated using a mass loss type cone calorimeter (Figure 5).



The 0.5-mm-thick SG715 15%P APP coating applied to the 8-mm-thick PUR sample reduced the maximum heat release by 53% and shifted the time to the pHRR by 447 s. The residual mass of the coated sample was twice that of the uncoated sample. The polyurethane sample itself was charred during the MLC test, but the surface protection was even more effective with the coating.



We also investigated the Shore D hardness of the PUR reference sample, and the PUR coated with the SG715 15%P APP flame-retardant coating as well as the pull-off adhesion strength of the PUR samples coated with the SG715 reference and SG715 15%P APP flame-retardant gelcoat (Table 4).



The coating increased the Shore D hardness of the PUR prototype. The thermoplastic PUR has a relatively high Shore D hardness, but with the application of the SG715 15%P APP thermoset epoxy gelcoat on the surface, the hardness can be further increased.



The adhesion of the SG715 15%P APP coating to the PUR prototype was compared to the commercially available SG715 type non-flame-retardant coating via a pull-off test (Figure 6). It can be concluded that the adhesion was higher for the SG715 15%P APP coating than for the reference SG715 coating. The adhesion is based on the physical interactions between the two surfaces. The polar PUR surface might create more and stronger interactions with the APP containing more polar epoxy than the neat epoxy, which results in a higher pull-off adhesion strength.





4. Conclusions


We have developed new epoxy resin gel coatings, which, in addition to providing good surface quality, hardness, and scratch resistance, can also effectively reduce the base polymer’s flammability. Based on the flammability tests, the best results were obtained with the gelcoat formulation containing 15%P ammonium polyphosphate (APP) and the mixed formulation containing 5%P APP and 5%P resorcinol bis(diphenyl phosphate) (RDP), respectively (55% and 64% reduction in the total heat release compared to the reference gelcoat, respectively). The mixed formulation of the flame-retardant coating combines the intumescent effect of APP and the gas phase effect of RDP.



The two best coatings were applied onto the reference, and onto APP flame-retarded IPN02 and CS2-900 polypropylene (PP) base polymers at 0.5 mm thickness via spraying. The 15%P APP coating reduced the peak heat release rate by 75% in IPN02 and 89% for CS2-9000 compared to the reference. The 5%P APP 5% RDP coating reduced the heat release rate to a lesser extent and led to earlier reignition due to the lower phosphorus content, but it has a significant advantage in the fact that the liquid RDP results in a lower viscosity so that the coating can be sprayed without a diluent, compared to the 15%P APP coating. In coated systems, the flame retardancy of the base polymer contributed to the charring of the layer below the coating, thus compromising the integrity of the coating, resulting in the reignition of the polymer. If the melt flow index of the base polymer is low (so the viscosity is high) and the heat release is low, applying the flame-retardant coating without flame retardation of the base polymer is preferable. The coating alone provides adequate flame retardancy whilst maintaining the mechanical properties of the base polymer. If the base polymer has a high melt flow index and high heat release, the reignition of the coated sample can be expected, which can be successfully delayed by flame retarding the base polymer. The SG715 15%P APP coating, which was found to be the best based on the heat release rates of the PP matrix, was also applied to a PUR automotive specimen. The 0.5-mm-thick SG715 15P% APP coating formed a charred protective layer on top of the PUR specimen during the mass loss type cone calorimetry and reduced the maximum heat release by 53%, and also shifted the time to peak heat release rate by 447 s compared to the uncoated product.



The multifunctional gel coatings developed could be of great importance in automotive applications where scratch-resistant, class A surface quality is required, as these gelcoats can provide sufficient fire performance even without the flame retardancy of the base polymer.
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Figure 1. The chemical structure of APP (a) and RDP (b). 
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Figure 2. The heat release rate (a) and mass loss (b) of the reference and flame retardant gel coatings. 
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Figure 3. The heat release (a) rate and the mass loss (b) of IPN02-based reference and flame-retarded samples with and without coating. 
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Figure 4. The heat release rate (a) and the mass loss (b) of CS2-9000-based reference and flame-retarded samples with and without coating. 
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Figure 5. The heat release rate (a) and the mass loss (b) of reference and coated PUR samples. 






Figure 5. The heat release rate (a) and the mass loss (b) of reference and coated PUR samples.



[image: Coatings 13 00345 g005]







[image: Coatings 13 00345 g006 550] 





Figure 6. Pull-off adhesion test of coated PUR samples. 
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Table 1. The reference and flame retardant gelcoat formulations.
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	Samples
	Mixing Ratio (Epoxy Resin: Hardener)
	Gelcoat

(%)
	Hardener

(%)
	APP

(%)
	RDP

(%)
	P-Content

(%)





	SG715 REF
	100:27
	79
	21
	0
	0
	0



	SGi128 FR
	100:70
	59
	41
	0
	0
	0



	SG715 5%P APP
	100:27
	66
	18
	16
	0
	5



	SG715 5%P RDP
	100:27
	43
	11
	0
	46
	5



	SG715 5%P APP 5%P RDP
	100:27
	30
	8
	16
	46
	10



	SG715 10%P APP
	100:27
	53
	15
	32
	0
	10



	SG715 15%P APP
	100:27
	41
	11
	48
	0
	15
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Table 2. Effect of flame retardants on the viscosity, glass transition temperature, reaction enthalpy, and Shore D hardness of gel coatings.
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	Samples
	Viscosity at 25 °C (Pa·s)
	Glass Transition Temperature (°C)
	Reaction Enthalpy Epoxy (J/g)
	Shore D

Hardness (-)





	SG715 REF
	461
	97
	188
	82



	SGi128 FR
	9
	108
	198
	80



	SG715 5%P APP
	491
	105
	221
	81



	SG715 5%P RDP
	24
	98
	177
	29



	SG715 5%P APP 5%P RDP
	10
	89
	135
	11



	SG715 10%P APP
	643
	120
	255
	85



	SG715 15%P APP
	1963
	123
	212
	79
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Table 3. Limiting oxygen index (LOI), UL-94, and mass loss calorimetry (MLC) results of gelcoats.
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	Samples
	LOI
	UL-94 1

(Horizontal Flame Spread Rate)
	TTI 2 (s)
	pHRR 3 (kW/m2)
	Time to pHRR (s)
	THR 4 (MJ/m2)
	Residual Mass (%)





	SG715 REF
	21
	HB (23 mm/min)
	41
	428
	74
	60.0
	18.7



	SGi128 FR
	42
	V-0
	46
	127
	97
	45.0
	39.6



	SG715 5%P APP
	33
	V-0
	29
	200
	74
	42.1
	32.1



	SG715 5%P RDP
	25
	V-0
	14
	352
	37
	28.3
	17.7



	SG715 5%P APP 5%P RDP
	35
	V-0
	17
	189
	42
	21.8
	27.8



	SG715 10%P APP
	62
	V-0
	41
	158
	82
	35
	48.9



	SG715 15%P APP
	>85
	V-0
	36
	133
	84
	27.3
	62.1







1 Average spread of horizontal flame spread: ±1 mm/min. 2 TTI: time to ignition. 3 pHRR: peak heat release rate. 4 THR: total heat release.
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Table 4. Shore D hardness and the pull-off adhesion strength PUR samples.






Table 4. Shore D hardness and the pull-off adhesion strength PUR samples.





	Sample
	Shore D Hardness (-)
	Pull-Off Adhesion Strength (MPa)





	PUR
	75 ± 1
	n.a.



	PUR SG715
	n.a.
	1.442 ± 0.157



	PUR SG715 15%P APP
	79 ± 1
	1.535 ± 0.158
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