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Abstract: Quest for bio-based halogen-free green flame retardant has attracted many concerns in recent years. Herein a reactive functional flame retardant containing phosphorus VDP is synthesized from vanillin, 9,10-dihydro-9-oxa-10-phosphophene-10-oxide (DOPO) and phenol via a facile way. VDP is characterized with 1H NMR, 31P NMR, FTIR and Time of Flight Mass Spectrometry, and used as a new reactive flame retardant for bisphenol epoxy thermosets. Thermogravimetry analysis shows that when the VDP loading is only 0.5P% (based on phosphorus content), the residue increases from 14.2% to 21.1% at 750°C in N2 compare with neat DGEBA. Correspondingly, the limit oxygen index increased to 29.6%, and flame retardancy reaches UL-94 V0 grade. Micro combustion calorimetry (MCC) and cone calorimetry analyses demonstrate that VDP can significantly lower flammability of the epoxy thermoset. With only 0.5P% of VDP, the heat release rate, total heat release rate and smoke production are reduced markedly. At the same time, the mechanical properties of the modified epoxy thermosets are also improved. The impact strength increases by 34% and the flexural strength increased by 23%, with 1.5P% of VDP. In short, VDP not only improves the flame retardancy, but also improves the mechanical properties of the epoxy thermosets.
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1  Introduction

Issues related to resources and environment push the development of polymerizable monomers, polymeric materials and modifiers derivable from renewable natural resources. The related research attracts more and more interest from academia and industries. Epoxy resins are a kind of important thermosetting polymeric materials, which have good processability, mechanical, thermal and electrical properties. They are widely used in various fields such as industries, civil, military, aerospace and so on. The vast majority of epoxy resins commercially available are bisphenol A epoxy resin (DGEBA), which is produced and applied for multiple purposes in huge volume annually. However, they are poor in flame retardancy and combustible materials, so that their applications in certain fields are limited especially where good flame retardancy is demanding and compulsive. Therefore, researchers conduct numerous studies to modify epoxy resins to expand their applications, for example, by adding inorganic and organic flame retardants. Compared with inorganic flame retardants, organic flame retardants, especially organophosphorus flame retardants have good compatibility with epoxy matrices, without need of special processing techniques, and their efficiency is generally much higher. In recent years, halogen-free flame retardants become the focus of intensive studies, especially the development of flame retardants by using renewable bio-based resources. For example, researchers have developed a variety of natural phenolic flame retardants for epoxy thermosets, for instance, such based on cardanol, eugenol, vanillin, guaiacol, bisphenol acid, syringaldehyde, ellagic acid, and so on, and some of them have shown their good promise for special applications [1–8].

Vanillin is an important natural substituted phenolic compound, which can be extracted from the plant vanilla or obtained from transformation of lignin [9–11]. Today, vanillin becomes an important bio-derivable platform compound. Vanillin molecules have active aldehyde groups and phenolic hydroxyl groups which can undergo many chemical reactions to attach many functional groups to endow the different reactivities. Therefore, vanillin has become an important renewable raw material to synthesize many different kinds of bio-based monomers and polymers with some interesting properties obtained [12–22]. Especially, vanillin-based epoxy thermosets have attracted extensive attention in academic circles [3,18,19,23–46]. Of the particular interest are the flame-retardant epoxy thermosets based on vanillin. Vanillin-based epoxy prepolymers and curing agents containing s-triazine [46], DOPO (9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide) [16,29], diphenyl acyl phosphine [47], diethyl phosphite [39], cyclotriphosphazene [48], aromatic diamine [41], and triazole [49] moieties have been developed with good flame retardancy achieved for the resultant epoxy thermosets.

In this report, a bisphenol compound (VDP) [16] is synthesized from vanillin, DOPO and phenol via a facile one-pot way. The reaction condition is mild, the time reaction is short, unreactive raw materials can be recycled easily, and the yield is high. VDP contains not only DOPO moieties but also the two phenolic hydroxyl group which can react with the epoxy group of epoxy resin like DGEBA to expand the molecular chain and thus improve the compatibility and hopefully final properties of cured thermosets. Note that DOPO is commercialized and wide applied flame retardant for many polymers. A number of recent studies address DOPO-derived molecules used to improve the flame retardancy of epoxy thermosets [21,50–52]. Moreover, the raw materials of VDP are in a relatively cost low, which makes VDP more interesting for practical applications. However, to our knowledge, VDP is still not evaluated as a reactive flame retardant for standard epoxy thermosetting materials. Especially, their effects on the flame retardancy, thermal and mechanical properties of the epoxy thermosets are still little known. To this end, here VDP is used as a reactive flame retardant to modify epoxy thermosets. Our results will demonstrate that VDP can impart the cured epoxy resin with excellent flame retardancy, good thermal resistance, and superior mechanical properties, paving a new way to develop efficient and green flame-retardant epoxy materials.

2  Experimental

2.1 Materials

Vanillin, 9,10-dihydro-9-oxa-10-phosphine-phenanthrene-10-oxide (DOPO), p-toluenesulfonic acid (p-TSA) and diaminodiphenylsulfone (DDS) were purchased from the Energy Chemicals. Phenol and ethanol were obtained from Sinopharm Chemical Reagent Co., Ltd. Epoxy resin (DGEBA, trade name E54) was obtained from a commercial source. All chemicals and solvents were used directly without an additional treatment.

2.2 Synthesis of Addition Product from Vanillin, DOPO and Phenol (VDP)
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Scheme 1: Synthesis of VDP from vanillin, DOPO and VDP in a “one-pot” way

As illustrated in Scheme 1, VDP is the trimolecular adduct of vanillin, DOPO and phenol, and the synthesis of VDP is in reference to [16] with a certain improvement. Herein, the excessive phenol plays a dual role: reactant and solvent. And most phenol can be recovered after reaction. To illustrate, vanillin (0.25 mol, 38.05 g), DOPO (0.25 mol, 54.05 g), phenol (1.25 mol, 117.65 g) and p-TSA (4 wt% of DOPO) were added into a 500 ml round bottom flask equipped with a condenser, a thermometer and a magnetic stirrer. The reaction was carried out at 110°C for 12 h. Then, unreacted phenol was recycled by distillation under reduced pressure. The obtained crude product was dissolved in ethanol, and then poured it into hot water to remove the remaining phenol. The obtained product was dried in a vacuum oven at 120°C for 3 h to obtain white powder as VDP in a 83% yield.

2.3 Preparation of Shaped Thermosets

The synthesized VDP is used to modify DGEBA with DDS as the curing agent. Preparation of the DGEBA/DDS/VDP thermosets with varied VDP loadings are as follows. A certain equivalent ratio of VDP (based on phosphorus content) was added to the DGEBA and stirred at 195°C until the VDP was completely dissolved to form a transparent solution. After that, the solution was cooled to 170°C, and DDS was added with stirring until the mixture became transparent. After that the reaction mixture was poured into a preheated steel mold coated with a layer of demolding agent. Debubbling was performed under reduced pressure at 170°C for serval minutes. After that, the epoxy formulation was cured at 180°C for 2 h and post-cured at 200°C for 4 h. The mold was cooled to room temperature, then the shaped epoxy specimens were uploaded, polished and subjected to further testing.

2.4 Characterization

Fourier transform infrared spectroscopy (FTIR). FTIR spectra of the samples in the wavelength range of 4000–500 cm−1 were obtained with potassium bromide as the substrate.

Nuclear magnetic resonance (NMR). 1H NMR (400 MHz) spectra of the samples dissolved in deuterated dimethyl sulfoxide (DMSO-d6) with tetramethylsilane as an internal standard were recorded at 60°C on a 400 MHz NMR spectrometer (JEOL, JNMECZ400S/L1).

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS). The molecular weight of VDP was measured with a MALDI-TOF-MS spectrometer (Autoflex Speed, Bruker). The samples were dissolved in acetone, then mixed with saturated 2,5-dihydroxybenzoic acid solution, and dropped on the target to evaporate the solvent.

Thermogravimetric analysis (TG). The epoxy thermosets were measured with a TG analyzer (SDT Q600, TA Instruments) in a dynamic N2/air flow of 100 ml/min. ~5 mg of the sample was heated from 25 to 800°C at 20 °C/min.

Micro combustion calorimetry (MCC). The flammability at a microscale was investigated using a microcalorimeter (Fire Test Technique) based upon ASTM D7309. ~5 mg of the sample was measured with the heating rate of 50 °C/min up to 700°C in an O2-N2 mixture (20:80, by volume). A JF-5 oxygen index tester (Fujian Measurement Instrument Equipment, China), was applied to measure the limit oxygen index (LOI) of the samples in terms of ISO 4589-1996. The sample of dimension was 100 × 10 × 4 mm. UL-94 vertical burning test was carried out on the shaped epoxy thermosets and the size of the specimen was 125 × 12.5 × 3.2 mm, according to the ANSI/UL-94-1985 standard. Combustion and charring behaviors were studied with a cone calorimeter (Fire Testing Technology) according to ISO 5660. The cured epoxy samples (100 × 100 × 4 mm) were tested with the heat flux of 35 KW/m2. Each sample was tested twice to give the average.

The glass transition temperature (Tg). Tg of the cured epoxy samples was determined using a differential scanning calorimeter (DSC Q1000, TA Instruments) under N2 atmosphere, and the samples were heated from room temperature to 280°C, then cooled to room temperature, and finally heated again to 280°C at 20 K/min to determine Tg as the middle point temperature of the specific heat fluctuation during the glass transition.

Flexural properties. Flexural properties of specimens (80 × 10 × 4 mm) were tested on a RGM-2010 universal material testing machine (REGER Instruments Co., Ltd., China) on GB/T 2567-2008. The resting speed was 10 mm/min.

Impact strength. 2 mm depth V-notched specimens (80 × 10 × 4 mm) made and examined using a XJJD-5 simple branched beam impact test machine (Chengde Jinjian Test Instrument, China) for the impact strength test. The standard adopted is GB/T 2567-2008. At least five test specimens from the same batch were tested.

Lap shear strength. DGEBA/DDS/VDP was used to formulate the epoxy adhesives, and tested with the aforementioned testing machine on GB/T 7124-2008 to obtain the lap shear strength. The tensile speed was 5 mm/min. The adhesives were applied to bond two stainless steel pieces with surface are of 12.5 × 25 mm. The samples were cured at 180°C for 2 h and 200°C for 4 h prior to testing.

Fracture mechanics. To characterize the fracture mechanical properties of the materials, here the critical stress factor (KIC) and a critical strain energy release rate (GIC) are examined. KIC and GIC of the specimens were measured in a one-sided incisional bending mode of ASTM D5045. A 4 mm-notch with a sharp pre-crack was made onto rectangular specimens (60 × 10 × 5 mm). The crack dimension was measured accurately using a digital microscope. Notched specimens were bent at 10 mm/min until fracture occurs. KIC and GIC were calculated from Eqs. (1) and (2), respectively. Here, P is the bending force at fracture, W is the specimen width, B is the thickness, a is the crack length, X is a/W, and U is the integrated area under the bending curves.


KIC=(PBW1/2)f(x)0<x<1
(1)


GIC=U(BWA+18.64dA/dx)−1
(2)

where

f(x)=6x1/2[1.99−x(1−x)(2.15−3.93x+2.7x2)](1+2x)(1−x)3/2

A=[16x2/(1−x)2][8.9−33.717x+79.616x2−112.952x3+84.815x4−25.672x5]

Scanning electron microscopy (SEM). A SEM microscope (SU3500, Hitachi) was used to observe the morphology of the impact section of the epoxy bars and the residual of the epoxy sample after combustion in air. Before the test, thin gold layer was coated on the sample surface, and then observed with the acceleration voltage of 10 KV.

3  Results and Discussion

3.1 Spectrum Characterization of VDP

Fig. 1A compares the H-NMR spectra (in DMSO-d6) of the starting materials (vanillin and DOPO) against the synthesized VDP. The NMR resonance of proton of the aldehyde group (-CHO) of vanillin appears at 10.2 ppm, where this resonance disappears in the case of VDP. In addition, the signal due to the methoxy (-OCH3) at ~3.8 ppm in vanillin also appears in VDP, but its position has moved to a higher field, at ~3.6 ppm. Moreover, DOPO shows the signal at 8.8 ppm attributed to P-H bond, whereas VDP does not show such resonance. Meanwhile, an additional signal at 4.4 ppm is observed for VDP, indicating the nucleophilic addition of the aldehyde of vanillin to phosphorus-hydrogen bond. The signals at 6.5–8.2 ppm belong to those of the hydrogen located at the benzene ring. The relative integral areas of 1H NMR spectrum of VDP and the 31P NMR spectrum are shown in the Supporting Materials, which agree with its molecular structure. Fig. 1B shows the FTIR spectra of vanillin, DOPO and VDP, from which the P-H bond absorption peak at 1668 cm−1 and -CHO at 2435 cm−1 disappears in VDP, resulting from nucleophilic addition of the aldehyde to the P-H bond. And the concomitant appearance of P=O bond absorption at 1230 cm−1, P-Ph at 1118 cm−1, P-O-Ph at 917 and 754 cm−1, respectively [53], further confirming the successful integration of DOPO units into the VDP molecules. Fig. 1C presents the MALDI-TOF-MS of VDP, which further confirms that the determined molecular weight (M + 2 = 464 Da, M + Na + = 468 Da) is consistent with the theoretical (M = 444 Da). On the basis of 1H NMR, 31P NMR, IR and MALDI-TOF-MS analyses, the target compound VDP has been successfully synthesized in a good purity.
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Figure 1: Spectra analysis of VDP. (A) FTIR, (B) 1H NMR (in DMSO-d6) and (C) MALDI-TOF-MS

3.2 Thermal Decomposition Behaviors

Thermogravimetric analysis (TGA) is used to investigate the thermal decomposition behavior of the epoxy thermosets in nitrogen and air atmospheres to extract such information as thermal stability, pyrolysis and charring process. With the focus on the influence of flame retardants on the thermal degradation process. The TGA and DTG curves of the different epoxy systems in nitrogen and air are presented in Fig. 2, while the temperatures at onset (Tonset), at 5% weight loss (Td5), 10% weight loss (Td10) and for maximum decomposition rate (Td,max) and the residual yield at 750°C are listed in Table 1. Under a nitrogen atmosphere, the thermosets decompose likely in a one-step manner, and the decomposition mainly occurs between 350–500°C. Compared with pristine DGEBA/DDS, the Td5, Td10, and Td,max of DGEBA/DDS/VDP thermosets decrease gradually with increasing VDP loading, because VDP contains P-C, O-P=O and -OCH3 bonds which are less thermally stable, and thus are easier to undergo the thermal cleavage. In addition, the thermal decomposition of the phosphorus moieties will produce phosphoric acid, as polyphosphoric acids, and these generated acid species are able to accelerate the thermal decomposition of the remaining epoxy matrix [54]. However, the residual yield at 750°C increases by 73%, from 14.2% for DGEBA/DDS to 24.6% for DGEBA/DDS/VDP (1.5P%).
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Figure 2: Thermogravimetric and differential thermogravimetric curves of epoxy thermosets in nitrogen (A and B) and air atmospheres (C and D)
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On the other hand, there are three stages during the decomposition of the thermosets in an air atmosphere (Figs. 2C and 2D). The first stage will produce phosphoric and polyphosphoric acid species at a relatively low temperature because of the less thermal stability of phosphorus containing groups [52]. The second stage could be attributed to the dehydration, decomposition, and coke of thermosets catalyzed by phosphoric and polyphosphoric acid species. The third stage corresponds to further oxidative decomposition of the previously formed char [2]. The degradation of the neat epoxy is divided into two stages. The first stage occurs between 330 and 460°C, which is likely related to the scission of isopropylidene linkage and the formation of carbon residue in a specific temperature range. The second stage occurs between 460 and 650°C, which is mainly the thermal oxidation decomposition of carbon residue formed in the first stage [21]. Overall, DGEBA/DDS/VDP exhibits the slightly lower thermal stability than DGEBA/DDS dose. Nevertheless, the decreased thermal stability is associated with phosphorus containing units may be necessary in favor of the molecules recombination and carbonization to improve the flame retardancy.

3.3 Glass Transition Temperature of Thermosets

The glass transition temperature (Tg) of cured epoxy thermosets was measured using differential scanning calorimetry (DSC). Fig. 3 shows the DSC thermograms of the cured epoxy products. Tg value of unmodified DGEBA/DDS is 228.9°C. Note that there are some differences in previous literature reporting the Tg values of DGEBA/DDS systems [55], which may be caused by many factors such as epoxy values, curing conditions, epoxy-hardener ratios, different measurement techniques, and testing conditions. For example, the increased heating rate will lead to the shift of the glass transition temperature to a high temperature range. For DGEBA/DDS/VDP thermosets, Tg gradually decreases with the increase of VDP content. For example, Tg of DGEBA/DDS/VDP (1.5P%) is 47.6°C lower than that of DGEBA/DDS. VDP is rich in rigid aromatic cyclic units which should have a positive effect on Tg [56]. The decrease in Tg is attributed to the decreased crosslinking density of epoxy thermosets, resulting from bulky VDP that increases the molecular weight between crosslinks in the cured epoxy network. Nevertheless, the epoxy system still maintains a high glass transition temperature, especially when the VDP loading is low, so that it has good thermal resistance for high-performance applications.
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Figure 3: Dynamic DSC thermographs of DGEBA/DDS and DGEBA/DDS/VDP with varied phosphorus contents (heating rate: 20 K/min). Tg is determined as the middle point of the change in heat capacity

3.4 Mechanical Properties of Thermosets

The mechanical properties of DGEBA/DDS and DGEBA/DDS/VDP systems are studied in a compared way, including the lap shear strength, impact strength, flexural properties, fracture toughness and fracture energy. The obtained experimental data are listed in Table 2. Compared with DGEBA/DDS, an increase in VDP loading, the shear strength of the resulting cured epoxy products increases from 19.91 ± 0.46 MPa to 22.01 ± 1.85 MPa, and then decreases to 20.44 ± 2.91 MPa. However, the change is not so much, indicating that VDP little affects the shear strength. On the other hand, the notched impact strength of DGEBA/DDS is 1.60 ± 0.03 kJ/m2, whereas that of DGEBA/DDS/VDP (1.5P%) increases to 2.42 ± 0.23 kJ/m2, an 33.8% enhancement. VDP is attractive to improve the brittleness of the epoxy thermosets. The increased impact strength may be due to the decrease in crosslinking density with the increasing VDP content, leading to the increased plastic deformation ability of matrix and thus improve the resistance to high-speed impact stress.
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SEM images of impact section of the broken epoxy thermosets are given in Fig. 4. The impact surface of DGEBA/DDS shows scaly cracks, but the crack tip is sharper, and the degree of bending and deformation of the resin matrix are lower, indicating that the impact energy absorbed during the fracture of the materials is relatively low. In contrast, for DGEBA/DDS/VDP (0.5P%), the front of the crack of impact surface shows a certain bending deformation and distortion, indicating that more impact energy has been absorbed before failure. The increased impact strength is related to the reaction between the phenolic hydroxyl groups of VDP and the epoxy group, which leads to the chain extension in the cured epoxy thermoset, thereby improving the ability of the molecular network segment to slide and plastically deform under high-speed impact loads. Therefore, the impact strength is improved with the increased contents of VDP.
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Figure 4: SEM images of impact sections of DGEBA/DDS (left) and DGEBA/DDS/VDP (0.5P%) (right)

The flexural strength and modulus of unmodified DGEBA/DDS are 106.8 ± 1.1 MPa and 2.18 ± 0.08 GPa, respectively. As the content of VDP (phosphorus based) in DGEBA/DDS/VDP systems is increased gradually to 1.5P%, and the flexural and modulus increase systematically from 106.8 ± 1.1 to 138.5 ± 1.7 MPa and from 2.18 ± 0.08 to 3.18 ± 0.13 GPa, respectively. Compared with DGEBA/DDS, the flexural strength increased by 23%, and meanwhile the modulus is increased by 41%. The improved flexural properties are also closely related to highly rigid molecular structure of VDP and the strong intramolecular hydrogen bond formed by polar hydroxyl groups. The fracture toughness (KIC) of DGEBA/DDS is 4.63 ± 0.01 MPa·m1/2, while that of DGEBA/DDS/VDP (1.5P%) is increased to 6.78 ± 0.06 MPa·m1/2, a 32% increment. Increased KIC indicates that VDP has the ability to improve the crack endurance of the epoxy thermoset, which important for long-term safety of the high-performance epoxy composites especially for aircraft industry. In terms of fracture energy (GIC), GIC of the epoxy thermoset does not change much with the increased VDP content, which likely indicates that fracture of the materials from a sharp crack to create new surfaces will absorb close energy.

3.5 Flame Retardancy

Micro combustion calorimetry (MCC) is used to evaluate the flammability of the epoxy thermosets at a microscale. Table 3 compares the total heat release (Total HR), heat release rate (HHR), heat release capacity and maximum heat release temperature of DGEBA/DDS with varied VDP contents. Fig. 5 shows the relationship between HHR and temperature of the thermosets. The results show that all the systems have the maximum exothermic process in the temperature range of 403–428°C. Compared with Tmax from TG analysis, the same sample shows a slight deviation, which may be caused by the different testing methods of TG and MCC and different heating rate applied. With the increase of the VDP contents, HRR and Total HR decrease gradually. The peak heat release rate (Peak HRR) of DGEBA/DDS/VDP (1.5P%) decreases from 470.8 to 343.7 J/(g·K), a 37% reduction, compared with DGEBA/DDS. Meanwhile, Total HR decreases from 25.3 to 21.9 kJ/g. The results show DGEBA/DDS/VDP has a lower flammability than DGEBA/DDS does. Furthermore, the limit oxygen index (LOI) of DGEBA/DDS and DGEBA/DDS/VDP are compared in Table 3. Modified DGEBA/DDS has a much higher LOI value than that of unmodified DGEBA/DDS, but the LOI of the epoxy system having even higher VDP content (1.5P%) is slightly decreased. Furthermore, when the thermosets contain 0.5, 1.0 and 1.5P%, they can pass the UL-94 vertical burning test with V0 grade achieved. Without any VDP, DGEBA/DDS burns out and fails in the UL 94 test.
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Figure 5: Comparison of the flammability of DGEBA/DDS and DGEBA/DDS/VDP thermosets from MCC tests
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Cone calorimeter is recognized as the most powerful instrument to more quantitatively characterize the combustion performance of materials, owing to testing conditions is comparable to the real burning conditions of materials in fire. Fig. 6 shows the heat release rate (HRR), total heat release (THR), residual mass, and total smoke production (TSP) as function of time for the neat and VDP-modified epoxy thermosets; the relevant data are given in Table 4. HRR is an important parameter to characterize fire intensity. The higher HRR and peak HHR, the faster the heat release from combustion and the more intensive the fire. From Fig. 6, the peak HRR of the DGEBA/DDS/VDP (0.5P%) is significantly lower than that of DGEBA/DDS. This indicates that the addition of VDP can greatly reduce fire hazard of the materials. The reason is that the DOPO-derived moieties can not only catalyze charring and but also action as in gaseous phase inhibiter to capture high-energy free radicals and terminate the chain reaction [52,57,58]. After combination, the residue of DGEBA/DDS is 16%, and the residue of DGEBA/DDS/VDP (0.5P%) increases to 33%. The smoke produced in a fire is proportional to the possibility of suffocation and is the main reason leading to casualties in a fire disaster. TSP of DGEBA/DDS is 33 m2/Kg, while the smoke yield is reduced to 28 m2/Kg by adding 0.5P% of VDP only. The smoke suppression effect is attributed to the increased charring ability of the polymer matrix. In Table 4, the ignition time of DGEBA/DDS/VDP (0.5P%) is lower than that of DGEBA/DDS. Because the stability of P-C bond and P=O bond of VDP has relatively lower bond energies, which will lead to the formation of gaseous flammables [52]. Moreover, the OCH3 of VDP is also easer to detach from the epoxy network to form combustible in this stage [59]. In general, the flame-retardant property of the thermosetting resin modified by VDP is improved with the suppressed smoke production.
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Figure 6: (A) HRR (heat release rate), (B) THR (Total heat release), (C) Residual mass, and (D) Total smoke production (TSP) as a function of time for DGEBA/DDS and DGEBA/DDS/VDP (0.5P%)

[image: images]

Fig. 7 compares the effect of VDP on the morphology of the residual char obtained after combustion of the epoxy thermosets in air. DGEBA/DDS shows a cellular morphology with a large number of open holes, and its char layer surface is relatively smoother, indicating the melting of the thermoset due to significant chain scission during the thermal decomposition of the matrix resin. In this way, the mass transfer rate of combustible gases generated and air is much faster, and the heat generated by combustion is easier to be transmitted to the non-decomposed polymer layer, so as to accelerate the further thermal decomposition and combustion. Therefore, the flame retardancy of the pristine epoxy thermosets is inferior [32]. In contrast, the char residual of DGEBA/DDS/VDP (0.5P%) represents a spongy structures, which can slow down the mass transfer of the combustible gases and air and produce much greater thermal resistance to retard thermal transfer, so the flame retardancy property of the material is improved greatly [60–62]. Furthermore, the surfaces of DGEBA/DDS/VDP (1.0P%) and DGEBA/DDS/VDP (1.5P%)’s residual shows an even denser spongy morphology, indicating that formed char structure has the more notable insulation effect to retard diffusion of air and combustibles.
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Figure 7: SEM photographs (magnification: 1000 times) of residual of (A) DGEBA/DDS, (B) DGEBA/DDS/VDP (0.5P%), (C) DGEBA/DDS/VDP (1.0P%), and (D) DGEBA/DDS/VDP (1.5P%) after burning in air

4  Conclusions

A halogen-free, phosphorus-contained flame retardant (VDP) was synthesized from vanillin, DOPO and phenol in a simple and scalable way. VDP was used to modify DGEBA which greatly affected the thermal degradation, mechanical properties and flame retardancy of the resulting epoxy thermosets. Compared with DGEBA/DDS, introduction of VDP slightly decreased the thermal stability of DGEBA/DDS/VDP, but the increased char yield in nitrogen at 750°C from 14.2% for DGEBA/DDS to 21.1% for DGEBA/DDS/VDP (1.5P%). Tg of the thermosets decreased as the VDP content increased, but maintained a high value of >180°C at a 1.5P% VDP loading. The MCC test showed that the heat release rate, total heat release rate and heat capacity of DGEBA/DDS/VDP (1.5P%) were reduced by 27%, 13% and 24%, respectively, compared with DGEBA/DDS. Cone calorimeter test showed that only 0.5P% of VDP led to the significantly reduced that heat release rate (HRR) and total heat release (THR) with the markedly increased fraction of the burnt residual and the reduced total smoke production (TSP). Also, the modified thermosets had a much greater LOI value, increased from 22.6% for DGEBA/DDS to 29.6% for that with 0.5P% VDP loading, with UL94 V0 reached. Moreover, VDP little affected the lap shear strength, but could notably increase the impact strength, flexural properties and fracture toughness of the materials. To conclude, VDP can be readily synthesized in a high yield with a good purity; VDP endows the cured epoxy thermosets not only excellent flame retardancy but superior mechanical properties and good thermal resistance as well. VDP is hopeful as a new flame retardant for high-performance epoxy thermosets.
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Table 1: TGA and DTG data of epoxy thermosets under nifrogen and air atmospheres

Topset Tys5/°C Ta10/°C Td.max Residual/%

N,(air)/°C Nj(air) N(air)/°C Ny (air)/°C 750°C Ny(air)
DGEBA/DDS 346/284 392/355  403/400 420/419 14.2/1.2
DGEBA/DDS/VDP (0.5P%)  344/275 385/345 403/390 420/410 22.7/0.5
DGEBA/DDS/VDP (1.0P%)  344/275 379/350 394/386 410/400 21.1/3.1
DGEBA/DDS/VDP (1.5P%)  344/275 376/357 388/383 410/399 24.6/4.3
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Table 3: MCC results and limiting oxygen index (LOI) of epoxy thermosets with VDP contents

HR Capacity Peak HR  Total HR  Peak Temp LOI UL 94

J/(g'K) W/g kl/g °C %
DGEBA/DDS 494 470.8 25.3 418.8 22,6  Fail
DGEBA/DDS/VDP (0.5P%) 4358 438.8 23.1 427.6 296 V-0
DGEBA/DDS/VDP (1.0P%) 425 404.9 22.2 406.9 332 V-0
DGEBA/DDS/VDP (1.5P%) 376 343.7 21.9 403.0 28.5 V-0
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Table 4: Cone calorimeter results of DGEBA/DDS and DGEBA/DDS/VDP (0.5P%) thermosets

DGEBA/DDS DGEBA/DDS/VDP (0.5P%)
Time to ignition (s) 156 £2 139 £0.74
Peak HRR (KW/m?) 784 + 22 605 + 16
Total heat release (MJ/m?) 92 +1 68 £2
Residue weight (%) 16+2 33+2
Total smoke production (m*/Kg) 3341 28 £0.5
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Table 2: Shear, impact, flexural and fracture mechanic properties of the epoxy thermosets with varied VDP
contents

Lap shear Impact Flexural Flexural Kic Gic
strength strength strength modulus MPa.m'?  kJ/m?
MPa kJ/m’ MPa GPa
DGEBA/DDS 1991 +£046 1.60=0.03 106.8+1.1 2.18+0.08 4.63=+ 332+
0.01 0.04
DGEBA/DDS/VDP 2201185 1.73x0.10 120.1+24 2.61£0.03 569+ 333 %
(0.5P%) 0.10 0.08
DGEBA/DDS/VDP 2095 +1.27 2.04=0.30 1249+14 286+£0.09 633+ 347 +
(1.0P%) 0.20 0.03

DGEBA/DDS/VDP 2044 +291 242+023 1385+17 3.18+0.13 678+ 320+
(1.5P%) 0.06 0.01
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