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Abstract: In this work, a bio-based flame retardant (Cy-HEDP) was synthesized from cytosine and HEDP through a facile salt-forming reaction and embedded into epoxy matrix to improve the flame retardancy and smoke suppression performance. The product Cy-HEDP was well characterized by FTIR, 1H and 31P NMR and SEM tests. On the basis of the results, by adding 15 wt% Cy-HEDP, the EP15 can pass UL-94 V-0 rating, and the total smoke production (TSP) as well as total heat release (THR) can be decreased by 61.05% (from 22.61 to 8.7 m2/m2) and 39.44% (from 103.19 to 62.50 MJ/m2) in comparison to the unfilled EP, reflecting the attenuated smoke toxicity and impeded heat generation. According to the analysis results of residual char, it can be concluded that Cy-HEDP possessed the ability to promote the formation of continuous and dense char layers, which would be a physical barrier to insulate oxygen and prevent heat feedback during the combustion of EP. This work provide inspiration towards developing bio-based flame retardant, probably extending the prospects to other polymeric material system.
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1  Introduction

As a well-popular thermosetting polymer, epoxy resin (EP) has been widely used in many fields such as adhesive [1,2], construction materials [3,4], aerospace [2,5], electrical area [6] owing to its high adhesive strength, chemical stability, mechanical properties and excellent insulation properties, etc. Unfortunately, EP exhibits high flammability and releases a large amount of toxic smoke during combustion, which causes potential hazards to human health and greatly restricts the broadening of applications [7,8]. It is vital, therefore, to improve the flame retardancy and reduce the smoke toxicity of EP composites. Generally, the incorporation of flame retardants into EP is a facile and effective way to improve its fire safety [9,10], nonetheless, the most popular flame retardants applied in the past decades are halogen-containing materials, which leads to environmental problems and unsustainability on a global scale.

To meet an increasing demand for fire-safe polymer and sustainable development, it is inevitable to replace the petroleum-based flame retardants with bio-based flame retardants. Phosphorus and nitrogen-containing compounds have been recognized as a potential alternative for halogen flame retardants due to their less impact on environment and higher efficiency. Fundamentally, phosphorus and nitrogen-containing flame retardants play a role in both condensed phase and gas phase, exerting diluting effect (dilute the oxygen and inflammable gases) and charring effect (form more compact char residues), respectively. Meanwhile, phosphorus and nitrogen-containing flame retardants from bio-based materials have attracted particular interests in both the academic and industrial research owing to their practical characteristics such as low environmental impact, green source, great compatibility with polymer matrix and acceptable fire performance.

Recently, considerable efforts have been made to explore preparing flame retardants from bio-based materials, which are more sustainable than petroleum-based products due to their renewability. It has been confirmed that bio-based materials are desirable raw materials for flame retardants, e.g., cellulose [11], gluconate [12], phytic acid [13–15], chitosan [16], cytosine [17], lignin [18], starch [19] due to the rich terminal groups that provide active sites for covalent or non-covalent functionalization. Yu et al. [17] have synthesized a bio-based flame retardant (PPA-C) through cytosine and pyrophosphate, and compounded it with pentaerythritol (PER) to improve the flame retardancy of polypropylene. UL-94 V-0 rating was achieved with the incorporation of 18 wt% PPA-C/PER (3:1). Xu et al. [20] incorporated ammonium polyphosphate (APP) and a bio-based flame retardant prepared from vanillin into epoxy resin, significant reduction in heat release rate associated with UL-94 V-0 rating can be observed. Many researches showed that, a supersize portion of bio-based additives into polymer matrix present efficient flame retardancy together with synthetic materials made from fossil sources, i.e., pentaerythritol [21,22] and ammonium polyphosphate [20,23,24], but such methods usually involved complicated synthesis route and preparation process.

In this work, cytosine (Cy) used as a promising bio-based material was combined with hydroxyethylidene diphosphonic acid (HEDP) to synthesize a bio-based flame retardant based on a facile and economical synthetic method and then incorporated into epoxy matrix by solution blending. The bio-based and microscale product named Cy-HEDP was well characterized by Fourier transform infrared spectroscopy (FTIR), 1H and 31P nuclear magnetic resonance (NMR), scanning electronic microscopy (SEM) as well as X-ray photoelectron spectroscopy (XPS). The thermal stability of EP/Cy-HEDP composites was measured by thermogravimetry analysis (TGA). The flame retardancy of EP/Cy-HEDP composites was investigated by limiting oxygen index (LOI), vertical burning (UL-94) test and cone calorimeter test (CCT). Furthermore, the possible mechanism for achieving of fire hazards suppression was analyzed by SEM, TG-IR and Raman spectroscopy.

1.1 Materials

Polymer matrix was adopted as bisphenol-A type EP (DGEBA, E-44) with epoxide equivalent of 0.44, which was provided by SINOPEC Group Co., Ltd., China. 4, 4’-diaminodiphenylmethane (DDM), hydroxyethylidene diphosphonic acid (HEDP, 60% aqueous solution) and cytosine (Cy, powder with purity of 98%) were purchased from Adamas Reagent, LTD. Anhydrous ethanol and acetone were purchased from Chongqing Chuandong Chemical Co., Ltd. All reagents were used as received and without further purification.

1.2 Synthesis of Cy-HEDP

The Cy-HEDP was synthesized from cytosine and HEDP via a facile salt-forming reaction, as shown in Scheme 1. In the first step, 11.34 g (0.1 mol) cytosine and anhydrous ethanol (250 ml) were added into a 500 ml three-necked round-bottomed glass flask. After that, the mixed solution was heated up to 70°C and kept for 1 h under magnetic stirring. Subsequently, 17.17 g (0.05 mol) HEDP was added dropwise into the above suspension through a constant pressure dropping funnel and reacted at 70°C for 15 h with vigorous stirring. Finally, the resulting products were obtained after being filtered, washed with anhydrous ethanol at least three times and dried in a vacuum oven. The yield was as high as 98%.
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Scheme 1: The synthesis route of Cy-HEDP

1.3 Preparation of Cured EP Composites

The EP composites were prepared through a facile solution blending method [25], where the curing agent was DDM. Briefly, the preparation procedure of EP composite with 5 wt% Cy-HEDP (labeled as EP5) was listed as follows: 8.72 g DDM was melted in an oven at 100°C for increasing its fluidity before mixing. Meanwhile, 38 g EP and 2 g Cy-HEDP were dissolved in 50 ml acetone to form a homogenous suspension. Then, the mixture was heated at 100°C with constant agitation until the acetone was completely evaporated. Finally, DDM was added into the suspension above and poured into a polytetrafluoroethylene mold, followed by curing at 120°C and 150°C for 2 h, respectively. In this work, the preparation of EP composites with 10 wt% and 15 wt% Cy-HEDP were labeled as EP10 and EP15, respectively.

1.4 Characterizations

Fourier transform infrared (FTIR) spectroscopy was performed on a Nicolet iS50 spectrometer (Nicolet Instrument Company, U.S.) using KBr pellet method. Wavenumber ranges from 4000  to 400 cm−1 with 32 scans accumulated and the resolution of 4 cm−1.

1H and 31P nuclear magnetic resonance (NMR) spectroscopy were obtained from an advance Bruker 400 M NMR spectrometer (Bruker Company, Switzerland) with Dimethyl sulfoxide-d6 as the solvent.

The morphology of the resulting product Cy-HEDP and the residual char of EP composites after the cone calorimeter test were observed by scanning electronic microscopy (SEM, FEI Nova 400, Holland). The samples were coated with gold for 30 s.

XPS measurements were performed in an ESCALAB250Xi spectrometer using a monochromatic Al kα X-ray source.

Thermogravimetry analysis (TGA) was performed on TGA2 Thermogravimetric Analyzer (Mettler Toledo, Switzerland). About 3 mg of the sample was heated from the room temperature to 700oC under the nitrogen flow at a heating rate and gas flow rate of 20 °C/min and 50 ml/min, respectively.

The limited oxygen index (LOI) of the EP and EP/Cy-HEDP composites was measured by HC-2C oxygen index instrument (Jiangning Analysis Instrument Co., China) based on standard ASTM D2863-97 with the samples size of 100.0 mm × 6.5 mm × 3.0 mm.

UL-94 test was carried on CZF-2 vertical burning testing instrument (Jiangning Analysis Instrument Co., China) according to ASTM D3801 with the sample in the dimension of 100.0 mm × 13.0 mm × 3.0 mm.

The cone calorimeter test (CCT) was studied by an instrument of Suzhou Vouch Testing Technology Co., Ltd. in conformity with ISO 5660. Samples with the size of 100.0 mm × 100.0 mm × 3.0 mm were irradiated at a heat flow of 35 kW/m2.

The residual char after CCT was analyzed by Raman spectroscopy, which was conducted by a LabRAM HR Evolution apparatus (Jobin Yvon Instruments, France) with a 512.5 nm argon ion laser.

Thermogravimetric analysis/infrared spectrometry (TG-IR) was performed on a TGA Q5000 thermogravimetric analyzer combined with a Nicolet 6700 FT-IR spectrophotometer via a metal transmission pipe. The samples were heated from the room temperature to 700°C under nitrogen atmosphere at a heating rate and gas flow rate of 20 °C/min and 20 ml/min, respectively.

2  Results and Discussion

2.1 Characterization of Cy-HEDP

The composition and structure of Cy, HEDP and Cy-HEDP were determined by FTIR spectra, as portrayed in Fig. 1. The characteristic peaks of HEDP emerge at 1117, 999 and 916 cm−1 are assigned to the stretching vibration of ­­­­­­–P = O, ­­­­­­–P­­­­­­–O­­­­­­– and ­­­­­­–P­­­­­­–C­­­­­­– [26,27], respectively. The absorption peaks appear at 3384 and 3169 cm−1 are ascribed to the N­­­­­­–H bond in Cy [28–30], and the peak for the stretching vibration of ­­­­­­–C = N emerges at 1663 cm−1 [28]. As for the resulting product Cy-HEDP, the peaks at 905, 1001 and 1078 cm−1 are respectively caused by the ­­­­­­–P­­­­­­–C­­­­­­–, ­­­­­­–P = O and ­­­­­­–P­­­­­­–O­­­­­­– stretching vibrations, indicating the presence of phosphorus-containing segments in HEDP. The peak at 1663 cm−1 is assigned to the absorption peak of ­­­­­­–C = N, which suggests the successful introduction of Cy. Owing to the existence of O–H in HEDP , the peak at 3103 cm−1 ascribed for the vibration of N–H becomes wider. Moreover, there is a new absorption band appears at 1543 cm–1 for Cy-HEDP, which is ascribed to the NH3+ vibrational mode [31], indicating that the successful reaction between Cy and HEDP.
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Figure 1: FTIR spectra of Cy, HEDP and Cy-HEDP

The 1H and 31P NMR were conducted to further analyze the structure of Cy-HEDP. Fig. 2 depicts the 1H NMR spectrum of Cy-HEDP, the signals at 7.51 and 5.71 ppm are ascribed to the proton in ­­­­­­–CH = CH­­­­­­– of the Cy ring. The signal at 7.51 ppm is referred to the hydrogen atom on No. 2 carbon atom, while the signal at 5.71 ppm is referred to that of No. 1 carbon atom. The chemical shift at 7.91 ppm reveals the contribution of the proton in –P–OH, while the broad peak around 6.20 ppm can be ascribed to the proton in –C–OH. The peaks around 1.4 ppm correspond to the proton in ­­­­­­–CH3 of Cy-HEDP, while the signal at 2.51 ppm is ascribed to the proton in ­­­­­­–CH3 of the solvent DMSO. As for the abnormal disappearance of amino proton signal (­­­­­­–NH­­­­­­– and −NH3+) may be caused by the solution concentration and temperature of experiment [32]. In the 31P NMR, the one peak at 19.75 ppm is ascribed to the phosphorus atom of ­­­­­­–P = O in Cy-HEDP. These results verify the successful synthesis of the target product.
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Figure 2: 1H (a) and 31P (b) NMR spectra of Cy-HEDP

The SEM was used to observe the morphologies of Cy and Cy-HEDP micro-particles. SEM images of Cy and Cy-HEDP are showed in Fig. 3, it is noted that Cy displays regular strip crystal with rough surface. By contrast, Cy-HEDP shows irregular lamellar crystals with smooth surface. The morphology of Cy and Cy-HEDP showed obvious differences, indicating the actual chemical reaction occurred.
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Figure 3: SEM images of Cy (a) and Cy-HEDP (b)

The XPS results (Fig. 4) depicted that there are C, N, O and P elements on the surface of Cy-HEDP. Specifically, the binding energy of O 1s located at 532.13 eV while that of N 1s occurred at 400.91 eV. The C 1s signal includes multiple peaks corresponding to C–C (284.80 eV), C–N (286.41 eV) and C = O (carbonyl, 289.01 eV). The signals appeared at 190.87 eV and 133.26 are ascribed to P 2s and P 2p, respectively. All the results above confirmed the successful reaction between HEDP and Cy.
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Figure 4: XPS of Cy-HEDP (a) survey spectrum; (b) C 1s; (c) N 1s; (d) P 2p

2.2 Thermostability Analysis

The thermostability of Cy-HEDP, EP and its composites was studied by TGA test under nitrogen atmospheres and the corresponding TG and DTG curves are showed in Fig. 5. In addition, the thermal parameters, including the temperature at 5% mass loss (Td), the temperature at maximum weight loss rate (Tmax) and the char yield (CY) at 700°C are illustrated in Table 1. As shown in DTG curves, all samples show similar degradation behavior, where only one-stage thermal decomposition process could be observed. This is mainly due to the decomposition of the macromolecular chains [33]. Specifically, the Td and Tmax of EP/Cy-HEDP composites were lower than those of pure EP, which is mainly caused by the weak O = P–O and P–C–P bonds of Cy-HEDP [34]. On the other hand, the early degradation of Cy-HEDP contributes to its catalytic carbonization effect and preventing the EP matrix from further combustion. In the case of char residues, the incorporation of Cy-HEDP can enhance the volume of residual char at high temperature. Comparing to pure EP, the residual char of EP15 increased from 14.6% to 23.7%, showing an increment of 62.3%, indicating the contribution of Cy-HEDP in char formation.
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Figure 5: TG (a) and DTG (b) curves of Cy-HEDP, EP and EP/Cy-HEDP composites under nitrogen atmosphere
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2.3 Flame Retardancy of EP and EP/Cy-HEDP Composites

The flame-retardant effect of Cy-HEDP on EP composites was characterized by the LOI and UL-94 test, as listed in Table 2. Apparently, with the LOI value of 25.5%, the pure EP is extremely flammable, and no any UL-94 rating can be achieved. Nevertheless, with the addition of Cy-HEDP, the LOI value increased gradually. When the content of flame retardant was 5, 10 and 15 wt%, the LOI value of EP/Cy-HEDP composites rose to 26.5%, 27.0% and 28.5%, respectively. More excitedly, when 15 wt% of Cy-HEDP is incorporated, the EP15 composite reaches UL-94 V-0 rating during the vertical burning test. All the results above show that Cy-HEDP plays an effective role in enhancing the flame retardancy of EP.
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2.4 Combustion Behavior of EP and EP/Cy-HEDP Composites

The cone calorimeter test (CCT) is the dependable measurement to simulate the real fire disaster [35]. It was conducted on pure EP as well as EP/Cy-HEDP composites to investigate the flame-retardant performance. The heat release rate (HRR), total heat release (THR), smoke production rate (SPR) and total smoke production (TSP) curves of EP and EP/Cy-HEDP composites are showed in Fig. 6. Furthermore, the main relevant CCT parameters including the time to ignition (TTI), THR, the peak of HRR (p-HRR), TSP, the peak of SPR (p-SPR), the average carbon monoxide yield (av-COY) and the Char residue were summarized in Table 3. The TTI results show that EP/Cy-HEDP composites can be ignited easier than pure EP, which is mainly due to the early decomposition caused by the addition of Cy-HEDP, which is in accordance with the TGA analyses. The HRR curve of pure EP presents a single strong peak with a p-HRR value of 1078.43 kW/m2. With the addition of Cy-HEDP, the value of p-HRR was decreased significantly with the increase of Cy-HEDP content. Comparing to neat EP, the p-HRR values of EP5, EP10 and EP15 decreased to 540.57, 438.01 and 310.93 kW/m2, showing a decrement of 49.87%, 59.38% and 71.17%, respectively. Meanwhile, the THR values of the EP5, EP10 and EP15 were reduced from 103.19 MJ/m2 of pure EP to 83.53, 73.44 and 62.50 MJ/m2 with the corresponding reduction of 19.06%, 28.83% and 39.44%, respectively.
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Figure 6: HRR (a), THR (b), SPR (c), TSR (d), CO (e) and weight (f) curves of EP and EP/Cy-HEDP composites
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Generally, epoxy thermoset can burn rapidly and produce a larger amount of smoke and toxic fumes (especially carbon monoxide). Here, Fig. 6 displays the SPR curve of pure EP including a sharp peak (p-SPR) with the value of 0.32 m2/s, while those of EP5, EP10 and EP15 decreased to 0.15, 0.13, and 0.11 m2/s, encountering a 54.11%, 59.88% and 64.30% decrement compared to pure EP, respectively. When it comes to the TSP curves, 5 wt% of Cy-HEDP shows limited impact on TSP, descending to 20.19 m2/m2, while that of EP reaches 22.6 m2/m2. When the Cy-HEDP content increases to 10 and 15 wt%, the TSP value of EP10 and EP15 get a joint decline to 12.55 and 8.7 m2/m2, with the corresponding decrement of 44.47% and 61.05% comparing to pure EP.

The production of carbon monoxide (CO) has been provoked as a main toxic gas during combustion. For the av-COY of pure EP, it reaches as high as 0.0626 kg/kg, while that of EP5, EP10 and EP15 decreased to 0.0510, 0.0280 and 0.0237 kg/kg, respectively, with the corresponding decrement of 18.5%, 55.4% and 62.2%, indicating lower toxicity of the smoke and higher fire safety of EP/Cy-HEDP composites. From the weight change curves shown as Fig. 6f, the weight of all the EP composites showed a decline tendency during combustion, while the weight of pure EP decreased rapidly, while the descending rate of EP/Cy-HEDP composites is much lower. More excitingly, EP/Cy-HEDP composites show higher char residue yield comparing to the pure EP (6.90 wt%) The char residues of EP5, EP10 and EP15 soar to 18.53, 30.04 and 43.76 wt%, respectively. Furthermore, those massive char residues could prevent the exchange of heat and oxygen, therefore epoxy resin composites showing lower heat release and smoke release. As a result, the decline of p-HRR, TSP and CO value as well as the increase of char residue could be explained as follows: On the one hand, during the early stage of combustion, the decomposition products produced by Cy-HEDP promoted the formation of carbon layer on the EP matrix surface, which served as a good physical barrier in condensed phase, blocking heat transfer and reducing the contact between combustible gas and oxygen [36]. On the other hand, the hydrogen and hydroxyl radicals were quenched by phosphorus radicals in the pyrolysis products [37], which could retard and interrupt the combustion.

2.5 Volatile Gases Analysis by TG-IR

To further reveal the fire safety properties, TG-IR was employed to analyze the gas pyrolysis products of pure EP and EP15 during thermal decomposition. Figs. 7a and 7b correspondingly depict the FTIR spectra at the initial decomposition temperature (Td) and the maximum weight loss rate temperature (Tmax) of pure EP and EP15, respectively. Obviously, the incorporation of Cy-HEDP into EP matrix leads to the reduction of absorbance intensity, indicating the decline of the gaseous products during combustion. There are several common peaks in pure EP and EP15 at initial decomposition temperature, such as hydrogen (3587 and 3553 cm−1), carbon dioxide (2384 and 2307 cm−1 for EP, 2347 and 2302 cm−1 for EP15), carbonyl (1762 and 1790 cm−1) and ether compounds at 1178 cm−1. The peaks at 1508 and 1329 cm−1 of EP15 refer to the aromatic compounds [38]. Interestingly, the peak (1080 cm−1) representing the stretching vibration of phosphorous compounds, which were considered as the key point to formation of char residual, only appeared during the thermal decomposition of EP15. Meanwhile, the characteristic peak (980 cm−1) of ammonia also appeared in the thermal decomposition of EP15, resulting in the diluting effect. It is evident that the FTIR spectra of gas pyrolysis products of EP and its composites at Tmax are similar whereas absorption intensities are different. The lower absorbance intensity indicates the lower pyrolysis products, in other words, lower combustion fuels. This, directly, results the excellent flame retardancy of Cy-HEDP/EP composites.
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Figure 7: FTIR spectra of gas pyrolysis products of pure EP and EP15 at Td (a) and Tmax (b)

To better evaluate the gas phase flame-retardant mechanism, the FTIR spectra of pure EP and EP15 at different temperature were showed in Figs. 8a and 8b. The major products of pure EP and EP15 are similar including hydrogen (3595 and 3555 cm−1), carbon dioxide (2384 and 2309 cm−1 for EP, 2346 and 2302 cm−1 for EP15), carbonyl (1768 and 1795 cm−1) and ether compounds at 1178 cm−1, whereas absorption intensity of EP15 is much lower than that of EP. The EP/Cy-HEDP thermosets began to release pyrolysis products earlier than pure EP, indicating the addition of Cy-HEDP can catalyze the thermal decomposition of EP matrix. The intensity of CO2 peak is relatively higher than that of pure EP at high temperature, which could dilute the flammable gas and oxygen in the gas phase, thereby slowing down or disturbing the combustion. On the other hand, the high yield of CO2 contributes to more char residual in the condensed phase. Furthermore, the peak intensity of gas products such as carbonyl and ether compounds for EP/Cy-HEDP are weak than that of pure EP, showing a lower toxic gas production during combustion.
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Figure 8: FTIR spectra of the gas pyrolysis products of pure EP (a) and EP15 (b) at different temperatures

2.6 Char Residue Analysis

In order to reveal the condensed-phased products of EP composites during combustion, the photograph and microcosmic views of char residues after CCT test were recorded by digital camera and SEM. As can be seen in Fig. 9, the char residues of pure EP are fragile and loose, which is not helpful to protect the EP matrix. When the Cy-HEDP was incorporated into EP, the char residual of EP15 after combustion evidently increased, and the char layers become compact and continuous.
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Figure 9: Digital photos of pure EP (a), EP5 (b), EP10 (c), EP15 (d) after CCT

From the results of SEM images, as shown in Fig. 10, it can be clearly found that lots of cracks on the char residue surface of pure EP. In contrast, EP/Cy-HEDP composites exhibit continuous and compact char layers with only few small holes. It is inferred that the compact and continuous char layers contribute to fewer smoke production and heat release of EP/Cy-HEDP composites during combustion through exerting barrier effect.
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Figure 10: SEM images of pure EP (a), EP5 (b), EP10 (c), EP15 (d) after CCT

Raman spectrum was utilized to further investigate the graphitization degree of char residues. Fig. 11 exhibits the Raman spectra of pure EP and EP15. There are two typical peaks at 1360 and 1590 cm−1, which correspondingly presented the D-band and G-band. The D-band reflects the content of defective carbon in carbon materials, and the G-band reflects the content of graphitized carbon in the carbon materials. Generally, the lower the ID/IG value, the higher the graphitization degree. It is believed that higher degree of graphitization leads to higher strength of the char layers, which can effectively act as a barrier to the oxygen and flammable gas during the combustion. The ID/IG value of pure EP is 2.71, while that of EP15 descends to 2.49, which indicates that the addition of Cy-HEDP contributes to the formation of graphitized carbon during combustion.
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Figure 11: Raman spectrums of pure EP (a) and EP15 (b)

2.7 Potential Flame-Retardant Mechanism

Fig. 12 depicts a diagrammatic sketch of the possible flame-retardant mechanism, which can be divided into gas phase and condensed phase. The probably mechanism is proposed as follows: (i) The EP/Cy-HEDP composite produce nonflammable gases such as carbon dioxide, water vapor and ammonia, which can dilute the concentration of combustible gases and oxygen [39,40] even extinguish the flame. (ii) The carbonization effect of Cy-HEDP plays a synergistic role in acquiring dense and continuous char layers, affording better shielding action and protecting the EP matrix from further combustion. (iii) The phosphorus components from HEDP can produce phosphorus free radicals (P⋅ or PO⋅) that could interrupt the combustion process by quenching H⋅ or HO⋅ radicals [41,42]. In conclusion, the incorporation of bio-based Cy-HEDP can give scope to flame retardant effect among EP composites both in gas phase and condensed phase.
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Figure 12: Possible mechanism of Cy-HEDP in EP

3  Conclusion

In this work, the bio-based Cy-HEDP was successfully synthesized through a facile and economical salt-forming reaction, the final product was investigated by FTIR, NMR, SEM and XPS. With the addition of 15 wt% Cy-HEDP, EP15 can pass the UL-94 V-0 rating with the LOI of 28.5%. Compared to pure EP, the total smoke production (TSP) as well as total heat release (THR) of EP15 decreased by 61.05% (from 22.61 to 8.7 m2/m2) and 39.44% (from 103.19 to 62.50 MJ/m2), respectively. From the analysis of gas product during combustion and residual char, it can be concluded that EP/Cy-HEDP composites can release more nonflammable gases to dilute the combustible gases and oxygen, as well as contribute to more condensed and continuous char layers, protecting EP matrix from further combustion. Overall, Cy-HEDP can simultaneously endow epoxy matrix with excellent flame retardancy and smoke toxicity suppression performance.
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Table 1: Thermal stability parameters from TGA and DTG curves

Sample T4 (°C) Tax (°C) Char yield at 700°C (%)
EP 389 408 14.6
EP; 332 381 22.4
EP;o 320 376 22.9
EP;5 320 369 23.7
Cy-HEDP 245 263 52.0
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Table 3: Main parameters collected from CCT of EP and EP/Cy-HEDP system

Sample EP EP; EPy, EP;s
TTI (s) 75 57 59 71
p-HRR (kW/m?) 1078.4 540.6 438.0 310.9
THR (MJ/m?) 103.2 83.5 73.4 62.5
p-SPR (m?/s) 0.32 0.15 0.13 0.11
TSP (m*/m?) 22.6 20.2 12.6 8.7
av-COY (kg/kg) 0.0626 0.0510 0.0281 0.0237
Char residue (wt%) 6.9 18.5 30.0 43.8
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Table 2: UL-94 and LOI data of EP and EP/Cy-HEDP composites

Sample  EP (wt%) Cy-HEDP (wt%) LOI (%)  UL-94 rating

EP 100 0 255 NR
EP5 95 5 26.5 NR
EPg 90 10 27.0 V-1

EP;5 85 15 28.5 V-0
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