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Abstract: A novel, versatile flame retardant substructure based on phosphorylated salicylic acid (SCP) is described and used in the synthesis of new flame retardants for HexFlow® RTM6, a high-performance epoxy resin used in resin transfer molding processes as composite matrix. The starting material salicylic acid can be obtained from natural sources. SCP as reactive phosphorus chloride is converted with a novolak, a novolak containing 9, 10-dihydro-9-oxa-10-phospha-phenanthrene-10-oxide (DOPO) substituents or DOPO-hydroquinone to flame retardants with sufficient thermal stability and high char yield. Additionally, these flame retardants are soluble in the resin as well as react into the epoxy network. The determined thermal stability and glass transition temperatures of flame retarded neat resin samples as well as the interlaminar shear strength of corresponding carbon fiber reinforced composite materials showed the applicability of these flame retardants. Neat resin samples and composites were tested for their flammability by UL94 and/or flame-retardant performance by cone calorimetry. All tested flame retardants decrease the peak of heat release rate by up to 54% for neat resin samples. A combination of DOPO and SCP in one flame retardant shows synergistic effects in char formation and the mode of action adapts to neat resin or fiber-reinforced samples, so there is efficient flame retardancy in both cases. Therefore, a tailoring of SCP based flame retardants is possible. Additionally, these flame retardants efficiently reduce fiber degradation during combustion of carbon fiber-reinforced epoxy resins as observed by scanning electron microscopy and energy dispersive X-ray spectroscopy.
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1  Introduction

High performance epoxy resins are used in a variety of applications. To improve their mechanical properties, carbon fibers are often used as reinforcement, for example in aerospace engineering. These sophisticated applications require efficient flame retardancy while mechanical and thermal properties as well as chemical resistance and low shrinkage should be maintained. Current research not only focuses on polymeric, reactive, phosphorus containing flame retardants in terms of no leaching, good material properties and low toxicity but also on green solutions. The efficiency of incorporated flame retardants depends on the epoxy matrix and the reinforcement [1–10]. For phosphorus containing flame retardants, the mode of action is not only dependent on matrix, additives, and reinforcement, but also on the chemical environment of the phosphorus [11,12]. If the chemical environment of the phosphorus is carbon/hydrogen rich, it promotes action in the gas phase. An oxygen rich environment promotes action in the condensed phase, respectively. Different phosphorus species may also act synergistic [13].

Literature focuses on different approaches in bio-based flame retardants. These can be made partially or totally from renewable resources. For example, basic compounds like benzaldehyde [14], pentaerythritol [15,16], phytic acid [17–19] or tartaric acid [20] may be gained from renewable resources and used to synthesize flame retardants. A widely used method is phosphorylation of bio based molecules or to chemically bond common phosphorus containing compounds to biobased, organic structures like lignin [21,22], acrolein [23], tartaric acid [24], itaconic acid [25], eugenol [26], cardanol [26], benzaldehyde [27,28], vanillin [29] or starch-derived structures like isosorbide [30] and bis-2,5-(hydroxymethyl) furan [31]. Common phosphorus containing reagents are 9,10-dihydro-9-oxa-10-phospha-phenanthrene-10-oxide (DOPO) derivatives, phenylphosphoric dichloride, dichlorophenylphosphate, diphenylphosphate chloride, diphenylphosphoric chloride, dimethylphosphite or 5,5-dimethyl-[1,3,2] dioxaphosphinane-2-oxide (DDPO) etc. Non-reactive flame retardants are used in epoxy resins [32–36] as well as flame retardants that are incorporated to the network [37–42] for example as hardener [43] or epoxy component [44,45]. In general, there are many possibilities to combine phosphorus derivatives like DOPO or other mentioned compounds, but the literature lacks bio based, low-molecular, versatile, reactive phosphorus containing substructures with efficient flame retardancy.

Therefore, this paper addresses a structure that has not yet been used as flame retardant reactant: 2-chloro-1,3,2-benzodioxaphosphorin-4-one (SCP, Fig. 1). This compound can be synthesized by reaction of salicylic acid and phosphorus trichloride [46,47]. Salicylic acid is a renewable raw material which can be extracted from meadow bark or isolated from meadowsweet [48,49]. SCP has a high potential as flame retardant precursor since it has an aromatic substructure and a high oxygen content promoting action in the condensed phase by char formation. Furthermore, it is a phosphorus chloride and can act as a possible precursor for versatile reactions, so that processability, thermal stability, the properties of resin formulations as well as flame retardant efficiency and mode of action can be adjusted. In this work, due to the low thermal stability of SCP itself, novolak and DOPO-Hydroquinone (DOPO-HQ, Fig. 2) were used to synthesize adjusted flame retardants. Both reactants have multiple hydroxyl groups that may react to the epoxy network for example to prevent leaching. Furthermore, novolak is a polymeric structure which is promising in terms of thermal and mechanical properties as well as processing [2,50–56]. DOPO-HQ was chosen to add another phosphorus species with a different chemical environment. A possible synergism of different phosphorus species is the reason, why in a third approach, SCP and DOPO were bonded to a novolak structure. The flame retardants were tested in the high-performance epoxy resin RTM6® as well as in carbon-fiber reinforced composites thereof. As mentioned above, the flame retardant efficiency is also dependent on the matrix. For RTM6, different combinations with DOPO-containing flame retardants are published, but not focusing on renewable materials. For example, Perret et al. [2] tested star-shaped DOPO-containing flame retardants and reached V0 classification in UL94 vertical burning tests for 2% phosphorus in neat RTM6 samples (thickness 3 mm). Neat non-flame retarded RTM6 reaches no classification. Latest studies [54] concerning DOPO-containing polyacrylamides showed V0 classifications in UL94 vertical burning tests with 0.9% phosphorus in neat RTM6 samples (thickness 4 mm).
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Figure 1: Reaction of salicylic acid to SCP
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Figure 2: Chemical structures of the reactants novolak, DOPO-HQ, SCP and DOPO as well as schematic structures of the products Novolak-SCP, SCP-DOPO-HQ and novolak-SCP-DOPO. *Contain at least 67% residual OH-moieties

While the epoxy resin matrix shows hazards like smoke, heat and toxic gases during combustion, the incorporation of carbon fibers leads to an additional hazard. It is well known that carbon fibers can form respirable fiber fragments after a thermal load and fire [57,58]. For example, critical fiber concentrations were reported for large-scale fire tests and for collecting the flight recorder of a crashed helicopter [59,60]. Within minutes, a significant oxidation reaction is observed above 650°C in air [57]. According to the definition of the World Health Organization (WHO), fibers thinner than 3 μm longer than 5 μm are respirable. Additionally, the length to diameter ratio must be higher than 3. Fibers with these dimensions are thin enough to penetrate the deep lung areas (alveoli), and too long to be exhaled [61]. Commercially available carbon fibers are typically thicker than 5 μm and, therefore, uncritical regarding inhalation. Since this paper focuses on a high-performance epoxy resin used in aircraft construction, a possible fiber protection gained by the synthesized flame retardants is investigated as well. While a mode of action in the gas phase seems promising for fiber reinforced composite materials due to a high surface of the matrix in the composite, a condensed phase activity seems necessary to protect the fibers since a protection layer has to be formed during combustion. Latest results [54,62] showed a promising fiber protection by incorporation of char-forming or intumescent phosphorus-containing flame retardants to the matrix. In contrast to zinc borate, that has already been proposed as well [57], these flame retardants are soluble in the epoxy resin matrix and typical injection processes that are used for the production of fiber reinforced materials are possible. Therefore, this research focuses on a new approach to use renewable sources for efficient fiber protection and flame retardancy, while maintaining the excellent high performance epoxy resin properties as well as the processability of the resin formulation by application of SCP as novel flame retardant reactant.

2  Experimental

2.1 Materials

Unless stated otherwise, solvents and chemicals were obtained from commercial sources and used as received: acetonitrile (99.9% Acros Organics, Belgium), carbon tetrachloride (CCl4, 99.8%, Sigma Aldrich, Germany), chloroform (99.9%, Acros Organics, Belgium), DOPO (95%, Schill+Seilacher GmbH), DOPO-HQ (95%, Schill+Seilacher GmbH), phosphorus trichloride (99%, Acros Organics, Belgium), salicylic acid (98%, VWR Chemicals, USA), triethylamine (TEA, 99.5%, VWR Chemicals, USA). The novolak used was Bakelite® PF 0205 DF 04 (Mw = 878 g⋅mol−1, 0.12% moisture content, Bakelite, Germany). All syntheses were carried out under nitrogen atmosphere and with dry equipment.

Chemical structures of the synthesized flame retardants are shown in Fig. 2.

2.2 Synthesis of 2-Chloro-4-oxo-5, 6-Benzo-1,3,2-Dioxaphosphorinane (SCP)

In a dry three-neck flask 150 g salicylic acid (1.086 mol, 1.0 eq) and 145 mL phosphorus trichloride (1.658 mol, 1.53 eq) were dispersed under reflux for 10 h. The pale-yellow liquid was distilled in vacuo to give a yellow liquid that crystallizes slowly to a white solid. The yield was 223.49 g (98.4%).

1H-NMR (300 MHz, CDCl3, 298 K) δ = 8.03 (dd, J = 7.9, 1.8, 1H), 7.64 (m, 1H), 7.43–7.20 (m, 1H), 7.20–6.97 (m, 1H) ppm.

31P NMR (122 MHz, CDCl3, 298 K): 148.02(s) ppm.

P-content (calculated): 15%.

2.3 Addition of SCP to Novolak (Novolak-SCP)

SCP (40.50 g, 200 mmol, 1.0 eq) and the novolak (65.00 g, about 600 mmol hydroxyl groups, 3.0 eq) were solved in 300 mL acetonitrile (dry) and within 3 h, triethylamine (TEA, 40 mL, 290 mmol, 1.4 eq) was added to the solution. A yellow precipitate was filtered, washed with water and dried in vacuo, yielding 94.55 g of product (96.4%). NMR results showed that autoxidation of the phosphorus occurred.

1H NMR (300 MHz, DMSO-d6, 298 K) 8.12–7.48 (m, 3H), 7.09–6.49 (m, 36H), 4.01–3.44 (m, 12H).

31P NMR (122 MHz, DMSO-d6, 298 K) 1.51 (s).

P-content (calculated): 8% | residual OH-groups: 67 mol%.

2.4 Atherton-Todd-Reaction of Novolak and DOPO + Addition of SCP (Novolak-SCP-DOPO)

In a dry three-neck flask at 0°C 85 g Novolak (about 800 mmol hydroxyl groups, 6 eq) was solved in 300 mL dry acetonitrile. Via a dropping funnel, a solution of DOPO (29 g, 134 mmol, 1.0 eq), TEA (22.0 mL 160 mmol, 1.2 eq) and CCl4 (12.5 mL, 130 mmol, 1.0 eq) was added within 30 min. After 24 h at room temperature, the precipitate was filtered and washed. The intermediate product yield was 101.38 g (90.0%). SCP (26.58 g, 131 mmol, 1.0 eq) and the intermediate product were solved in 300 mL acetonitrile and within 3 h, TEA (15 mL, 160 mmol, 1.2 eq) was added to the solution. The yellow precipitate was filtered, washed with chloroform, and dried in vacuo, yielding 119.72 g of product (84.1%). NMR results showed that autoxidation of the phosphorus contained in SCP occurred.

1H NMR (300 MHz, DMSO-d6, 298 K) 8.41–7.15 (m, 12H), 7.06–6.50 (m, 64H), 3.93–3.32 (m, 30H).

31P NMR (122 MHz, DMSO-d6, 298 K): 6.19 (s, 51%), 1.26 (s, 49%).

P-content (calculated): 6% | residual OH-groups: 67 mol%.

2.5 Addition of SCP to DOPO-HQ (SCP-DOPO-HQ)

In a dry flask 24.03 g SCP (118 mmol, 1.0 eq)) and 38.37 g DOPO-HQ (118 mmol, 1 eq) were suspended in 250 mL chloroform (dry) and within 1 h, TEA (40 mL, 290 mmol, 1.4 eq) was added. After 4 h a homogeneous solution was formed, and the solvent was removed in vacuo. The product was washed with distilled water and dried, yielding 31.41 g (40.68%) of a white powder. NMR results showed that autoxidation of the phosphorus contained in SCP occurred.

1H NMR (300 MHz, DMSO-d6, 298 K): 8.32–8.19 (m, 2H), 7.85–7.68 (m, 3H), 7.66–7.39 (m, 5H), 7.37–7.13 (m, 2H), 7.00–6.85 (m, 2H), 6.66 (dd, J = 8.8, 7.4, 1H).

31P NMR (122 MHz, DMSO-d6, 298 K): 22.09 (s, 52%), 1.22 (s, 48%).

P-content (calculated): 12%.

Previous experiments showed that only monosubstitution of DOPO-HQ occurs and that there are 50% residual OH-groups.

Synthesized flame retardants were added to the epoxy based resin HexFlow® RTM6 in various portions of up to 15% and mixed at 120°C for 15 min. RTM6 mainly consists of tetraglycidyl methylene dianiline (TGMDA) and aromatic aminic hardeners. Carbon fiber reinforcement is introduced by the fabric HexForce® G0939, also provided by Hexcel Composites GmbH (Stade, Germany) [63]. 2 mm thick CFRP samples with [(0|90)]8 lay-ups were prepared by modified hand lamination and curing in an autoclave according to literature [54,63]. A water-cooled diamond wheel saw was used to cut specimens for cone calorimetry: 100 mm × 100 mm and testing of interlaminar shear strength: 20 mm × 10 mm. Additionally, 2 and 4 mm thick resin samples without fiber reinforcement were cured with the same temperature program but under atmospheric pressure. Specimens of about 2 mm × 2 mm × 1 mm for differential scanning calorimetry and of 70 mm × 13 mm × 4 mm for UL94-tests were trimmed with a band saw. An overview of the prepared samples is given in Table 1.
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2.6 Characterization

1H-and 31P-Nuclear Magnetic Resonance (NMR, Nanobay 300, Bruker Corporation, Billerica, MA, USA) spectroscopy measurements were done at 300 MHz with 16 scans. Samples were dissolved in DMSO-d6 (deuterated dimethyl sulfoxide) or CDCl3 beforehand and signals were referred to the solvent signal. Direct inlet-probe mass spectrometry (DIP-MS) was done with an Agilent 5975 MSD mass spectrometer (Agilent Technologies, Inc., US). The temperature program used started at 30°C, heated to 150°C (heating rate 0.3 K⋅s−1), stayed isothermal for 1 min, heated to 250°C, stayed isothermal for 1 min and finally heated up to 350°C. Thermogravimetric analyses (TGA; Q500, TA Instruments, Inc., USA) of flame retardants and the compact material were performed starting at room temperature and heated to 800°C in nitrogen or synthetic air (50 ml⋅min−1) with a heating rate of 10 K⋅min−1. Differential Scanning Analysis (DSC, DSC 822e, Mettler Toledo, Columbus, OH, USA) of neat resin samples or flame retardant mixtures with TGMDA was carried out from room temperature to 250°C with 10 K⋅min−1 in nitrogen atmosphere. Moisture absorption of neat resin samples was determined for at least two specimens. These samples were placed into different water-filled, closed beakers and heated inside an oven to 70°C. Their mass after 14 d is compared relatively to their initial mass. UL-94 vertical burning tests of 4 mm thick neat resin samples were carried out according to DIN EN 60695-11-10 [64] in a UL-94 test chamber (Dr.-Ing. Georg Wazau Mess-+ Prüfsysteme GmbH, Germany). Fiber-reinforced specimens and neat resin samples were tested for the determination of reaction-to-fire characteristics such as heat release, mass loss, formation of smoke, etc. [65] according to ISO 5660 [66] in non-scrubbed mode by cone calorimetric measurements (Fire Testing Technology Ltd., England). Specimens (100 × 100 mm2) were wrapped in aluminum foil at the backside, supported on mineral wool, inserted in a frame sample holder, and irradiated. A heat flux of 60 kW⋅m−2 is used for reinforced samples and corresponds more to fully developed fires and additionally it is used to observe the fiber degradation. A heat flux of 35 kW⋅m−2 is used for neat resin samples and corresponds to developing fires [67]. A scanning electron microscope (SM-300, TOPCON Corp.) was used for the determination of fiber diameters. For each given value, the diameters of at least 30 fibers are averaged. EDX analyses were done on an EVO HD 25 (Carl Zeiss Microscopy GmbH, 5 kV) scanning electron microscope. Interlaminar shear strength (ILSS) tests were performed for 2 mm thick specimens in accordance with EN 2563 by a three-point flexural test with a universal mechanical testing machine (Z020, ZwickRoell GmbH & Co. KG, Germany) [68].

3  Results and Discussion

3.1 Characterization of SCP Based Flame Retardants

3.1.1 Thermal Stability and Degradation Products

The thermal stability of SCP itself is very low, which is expected, as it consists of a phosphorus chloride and is still very reactive. Important values of TG measurements (Fig. 3) in nitrogen or synthetic air are summarized in Table 2. The temperature at maximum mass loss rate (Tmax), the initial degradation temperatures (T1%, T5%) at which 1% or 5% mass loss are reached and the residue at 800°C are shown. While degradation starts at low temperatures of about 40°C, the residues are high with 30% in nitrogen and 14% in air at 800°C. These high residues are a hint for a possible mode of action in the condensed phase for SCP containing structures. This is very promising in terms of flame retardant efficiency in neat resin samples with low surface of the combustible material as well as for the formation of a protective layer on carbon fibers during combustion, that is especially required at temperature loads over 650°C. Fig. 3 also shows TG measurements for Novolak and DOPO-HQ that were chosen to react with SCP to form stable flame retardants. The overall thermal stability of these compounds is higher than for SCP. Therefore, a combination of novolak or DOPO-HQ with SCP is a promising approach for the synthesis of flame retardants.
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Figure 3: TG-curves of SCP, novolak and DOPO-HQ measured in nitrogen atmosphere and synthetic air
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The thermal stability of the synthesized flame retardants was also determined by TG analysis. Important values are summarized in Table 2. Additionally, the calculated phosphorus content of the flame retardants is given. Fig. 4 shows the curves obtained from measurements in nitrogen atmosphere on the left side. There are at least two degradation steps observed. In nitrogen atmosphere, novolak containing species show similar initial degradation temperatures T5% with 183°C. The degradation of SCP-DOPO-HQ starts at lower temperatures with a T5% of 153°C. This shows that the initial decomposition temperature is increased using a novolak in combination with SCP. According to literature [69], DOPO-HQ starts to decompose at 359°C (T5%). This means that the addition of SCP lowers the decomposition temperature, and the two decomposition steps can be tentatively assigned to the decomposition of SCP components (Tmax 235°C) and DOPO components (Tmax 420°C). This corresponds to the multiple decomposition steps for Novolak-SCP-DOPO. The final decomposition of novolak units occurs in the last step (Tmax 519°C). In general, novolak containing samples show higher residues. Especially the mixed species Novolak-SCP-DOPO, that has the lowest phosphorus content of 6%, has a very high residue of 34%. Novolak-SCP instead has a residue of only 26% with a primary phosphorus content of 8%. The molar ratio of phosphorus containing substituents to novolak monomers is the same for both compounds. Therefore, the replacement of half SCP units with DOPO units from Novolak-SCP to Novolak-SCP-DOPO has a huge impact on the remaining residue. In conclusion, for Novolak-SCP-DOPO, the phosphorus species SCP and DOPO show a synergism in char formation. Up to 500°C the decomposition in air is like the decomposition in nitrogen atmosphere. The corresponding curves are shown in Fig. 4 on the right hand side. This means that the presence of oxygen has no apparent influence on the decomposition. At temperatures over 500°C, the decomposition of the formed char leads to residues of about 0% for all species. This decomposition refers to total oxidation as proven by FTIR spectra of evolving gases, only showing carbon dioxide.
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Figure 4: TG-curves of SCP-based flame retardants measured in nitrogen atmosphere (left) and synthetic air (right)

For further analysis and hints on decomposition and flame retardant properties, DIP-MS measurements were carried out. Possible structures of detected main fragments are shown in Fig. 5. SCP containing structures Novolak-SCP, Novolak-SCP-DOPO and SCP-DOPO HQ show derivatives of phosphoric acid (Fig. 5B) promoting a possible mode of action in the condensed phase, while DOPO-containing samples show the formation of typical DOPO-H fragments (Fig. 5C) promoting a mode of action in the gas phase.
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Figure 5: Possible structures of the main fragments detected by DIP-MS for novolak containing samples (A), SCP-containing samples (B) and DOPO-containing samples (C)

3.1.2 Reaction with Epoxy Compounds

Both, novolak compounds as well as SCP-DOPO-HQ contain residual hydroxyl groups. These functional groups may react with the epoxy component TGMDA (Fig. 6) during the network formation in the epoxy resin matrix. DSC measurements shown in Fig. 6 are used to observe a possible reaction. For all mixtures of flame retardants and TGMDA, exothermal reactions in the temperature range of RTM6 processing up to 180°C can be observed. In comparable measurements of pure flame retardants or pure TGMDA, no exothermal processes have been detected. Therefore, the residual hydroxyl groups are likely to be incorporated into the epoxy network preventing for example leaching processes.
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Figure 6: DSC curves of samples containing a flame retardant and TGMDA (heating rate 10 K⋅min−1, nitrogen atmosphere)

3.2 Neat Resin Samples and Carbon Fiber Reinforced Composites

3.2.1 Glass Transition Temperature, Moisture Uptake and Interlaminar Shear Strength

Glass transition temperatures (Tg) were determined by DSC and are summarized in Table 3. The addition of 10% flame retardant to RTM6 epoxy resin leads to a decrease of 20 to 25°C for novolak containing compounds. This is caused by the reaction of phenol groups with the epoxy resin leading to a widening of the network and a deviation of stoichiometry between epoxy groups and amine groups of the hardening agent. However, this decrease in glass transition temperature is acceptable according to literature [2,54]. In contrast, SCP-DOPO-HQ leads to a decrease of the Tg by 40°C, which corresponds to a pronounced softening effect. Novolak containing compounds have multiple hydroxyl groups reacting with the epoxy network leading to an only slight widening of the network, as it is a network former itself. However, SCP-DOPO-HQ has only one hydroxyl group, so there is no possible continuation of the network, and the network density is decreased. This explains why the polymeric structure of the novolak based structures has less influence on the glass transition temperature. For further work, a stoichiometric adjustment of hardener (hardener in RTM6 plus flame retardant reacting into the network) and TGMDA in the epoxy matrix is still possible to reach even higher glass transition temperatures by adding extra TGMDA to the formulation of the one part epoxy resin RTM6 and the reactive flame retardant.
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Different samples were stored at 70°C in water for 14 days to measure the moisture uptake (see Table 3). There is no significant change in moisture uptake for the examined samples (2–3%) in comparison to neat RTM6 samples (2%). Only SCP-DOPO-HQ with the already discussed lowest network density shows an increase to 3%. Glass transition temperatures of the wet samples show no difference compared to the dry samples because drying occurs before the glass transition temperature is reached.

Table 4 shows interlaminar shear strength (ILSS) of the investigated CFRP samples. The values are additionally normalized to RTM6 samples without flame retardants. The incorporation of 10% Novolak-SCP-DOPO leads to a slight reduction of ILSS of 12%, which is however not significant within the measurement tolerance of the testing method (± 10%). In addition, Novolak-SCP shows an acceptable decrease of 21%. For both, an adjustment of hardening and epoxy component stoichiometry can still be performed to increase these values. Nevertheless, the application of these flame retardants in epoxy-based composites is possible with respect to mechanical performance. The formerly discussed lowering of the network density for SCP-DOPO-HQ shows a higher decrease of ILSS by 28%.
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3.2.2 Thermal Stability of Neat Resin RTM6 Samples

In order to characterize thermal properties of neat RTM6 samples, thermogravimetric analyses were carried out in synthetic air and nitrogen (see Fig. 7). In nitrogen, typically a one-step mass loss is observed, whereas in synthetic air two steps occur. Flame retarded samples show lower temperatures for the beginning of the decomposition than pure RTM6. Therefore, the incorporated flame retardants act before the matrix decomposes, what is crucial for their high efficiency, especially when acting in the gas phase. Accordingly, initial degradation temperatures corresponding to 1% and 5% mass loss (T1%, T5%) are higher for the pure resin sample, whereas the residues at 800°C are higher for the flame retarded samples, as summarized in Table 5. SCP-DOPO-HQ lowers the T5% the most by almost 60°C. Novolak containing flame retardants show less impact on the thermal stability but still a decrease by 30°C for Novolak-SCP and 42°C for Novolak-SCP-DOPO. The temperature at the maximum of the mass loss rate (Tmax) is not significantly changed in comparison to neat RTM6 resin. The residue is increased by almost 10% for each flame retardant indicating a possible action in the condensed phase. According to the epoxy resin decomposition model of Rose and co-workers [70,71], in the temperature range of 300°C to 450°C the decomposition step to stable char and different volatile species takes place. At temperatures above 450°C, the stable char degrades in a further decomposition step. Therefore, the residue at the inflection point between these two decomposition steps is determined as well. The temperature and the residue at this point are both higher for the tested phosphorus-containing specimens indicating a possible condensed phase mechanism. The char of the sample with SCP-DOPO-HQ is less stable (Tmax 528°C) than char of the other samples, indicating a positive influence by the novolak substructure.
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Figure 7: TG-curves of RTM6 and flame retarded samples measured in nitrogen atmosphere (left) and synthetic air (right)
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3.2.3 Flame Retardant Performance

Vertical UL94 tests were carried out to observe the flame spread and flammability of neat resin samples with different contents of flame retardant and a thickness of 4 mm. The results of these tests are summarized in Table 6. RTM6 resin without flame retardant does not reach a classification, the sample burns completely and the burning includes dripping with flames. All flame retarded samples show V-0 classifications for flame retardant contents of 15% but only Novolak-SCP-DOPO shows V-0-classification for a content of 10%. Novolak-SCP-DOPO is the flame retardant with the highest residue in TG measurements of the pure flame retardants. The 10% SCP-DOPO-HQ formulation failed V0 classification only by 4 s regarding the total burning time (5 samples and a total of 10 flame applications). Interestingly, an increase from 10% to 15% Novolak-SCP has a huge impact on the total burning time, since it is decreased from 270 to 19 s. This shows that 10% Novolak-SCP is not sufficient for the formation of a protective barrier and that Novolak-SCP-DOPO acts differently and the both contained phosphorus species act most likely synergistic.
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Additionally, it has to be mentioned, that Novolak-SCP-DOPO has the lowest phosphorus content (6%) compared to Novolak-SCP (8%) and SCP-DOPO-HQ (12%), leading to a phosphorus content of only 0.6% in a 10% formulation with RTM6. This is supporting the observation of a very high flame retardant efficiency of Novolak-SCP-DOPO. Therefore, the varying phosphorus content of the different flame retardants plays a minor role for these investigations.

To investigate the burning behavior under forced conditions, neat resin samples (thickness 4 mm) were tested in a cone calorimeter at a heat flux of 35 kW⋅m−2. Composite materials (thickness 2 mm) were investigated at a heat flux of 60 kW⋅m−2 instead, to quantify a possible fiber degradation. This heat flux and an irradiation time of 20 min led to a carbon fiber degradation, which is expected to occur in burning events like a kerosene fire. The HRR (heat release rate) in dependence on time is presented in Fig. 8. Values of important parameters including time to ignition (tti), peak of heat release rate (pHRR), total heat release (THR), maximum average rate of heat emission (MARHE) and the total smoke release (TSR) are summarized in Table 7. MARHE is an established parameter in cone calorimetry analysis that describes the velocity of the burning. For 2 mm thick reinforced samples, the sum parameters were determined after 300 s of testing and for 4 mm neat resin samples after 500 s. Hand lay-up leads to slight differences in the fiber to volume ratio. This is considered by the value X as the ratio of the combustible material mass (equal to the mass of the matrix and flame retardant) to the whole sample mass. It is also included in the table and used to determine comparable sum parameters THR and TSR.
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Figure 8: HRR of non-reinforced samples at 35 kW⋅m−2 (left) and of reinforced samples at 60 kW⋅m−2 (right)
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Neat RTM6 burns rapidly and continuously resulting in a sharp HRR peak. RTM6 samples containing flame retardants show broader and lower, plateau-like peaks in HRR, while THR is not influenced, indicating a charring mechanism in the condensed phase and formation of a barrier [67]. pHRR, MARHE and TSR are decreased for flame retarded formulations. Especially pHRR is decreased by up to 54% for SCP-DOPO-HQ and up to 42% for novolak containing samples. The addition of these flame retardants decreases the tti. Total Heat Release per Mass Loss (THR⋅ML−1) provides information on flame retardant mechanisms since referring to evolved heat per mass of volatiles [2]. A lower value in comparison to the non-flame retarded sample (2.3 kW⋅m−2⋅g−1) is connected to more gas phase activity of a flame retardant. Therefore, all flame retardants act mainly in the condensed phase because THR⋅ML−1 is almost the same for every sample, which is also indicated by the shape of the HRR curves. Additionally, TSR is decreased by the incorporation of flame retardants and the residues are higher for all flame retarded samples than for the neat resin (4%). It is highest for SPC-DOPO-HQ that also showed the highest reduction of pHRR and has the highest phosphorus content (1.2% in a 10% formulation with RTM6). Therefore, the forced burning conditions of cone calorimetric analysis indicate other flame retardant efficiencies and mechanisms than UL94 tests.

The incorporation of a fiber reinforcement leads to other shapes in HRR curves. Sharp peaks represent delamination processes. Single plies separate and burn fast and fierce since gas between the fiber plies acts as a heat barrier. Due to the high heat flux (60 kW⋅m−2) required for fiber degradation, the standard deviation rises. All sum parameters are lower for reinforced samples in comparison to neat resin samples because of the smaller amounts of combustible material. Due to the higher heat flux and the high surface to volume ratio in the composite material, char formation is less effective. For DOPO containing flame retardants, the THR is decreased by up to 9% and pHRR is decreased by up to 24% for SCP-DOPO-HQ. More differences cannot be detected, as the heat flux is very high, and these very harsh conditions are critical for the flame retardant action. This is also shown by TSR values, since they only differ within the error range. Nevertheless, according to the value of THR⋅ML−1, Novolak-SCP-DOPO and SCP-DOPO-HQ act in the gas phase (1.9 kW⋅m−2⋅g−1) in comparison to non-flame retarded samples or Novolak-SCP (2.5 kW⋅m−2⋅g−1). This shows that the flame retardant mode of action is dependent on fiber reinforcement as Novolak-SCP-DOPO and SCP-DOPO-HQ act differently in reinforced and non-reinforced samples. Finally, the residue corrected by the fiber content in the samples is also highest for Novolak-SCP-DOPO (7%) and SCP-DOPO-HQ (8%) in comparison to RTM6 (2%) or Novolak-SCP (3%) showing a simultaneous mode of action in gas and condensed phase for the DOPO containing flame retardants.

3.2.4 Residue of Neat Resin Samples

Fig. 9 shows SEM images of the residues obtained after cone calorimetry at 35 kW⋅m−2 for 10 min. While RTM6 alone (A) forms a highly instable residue that contains small holes (diameter about 50–100 μm), the addition of phosphorus containing flame retardants (B,C,D) leads to residues that are more stable and have a closed structure and therefore residues that are a better protection from heat or oxygen. DOPO containing flame retardants (B, D) additionally show a microstructure on the surface indicating another decomposition mechanism of the flame retarded matrix.
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Figure 9: SEM images of residues after irradiation of neat resin samples at 35 kW⋅m−2 for 10 min: (A): RTM6, (B): RTM6 + 10% SCP-DOPO-HQ, (C): RTM6 + 10% Novolak-SCP, (D): RTM6 + 10% Novolak-SCP-DOPO

3.2.5 Fiber Protection Efficiency

The fiber residues of the reinforced samples after 20 min at 60 kW⋅m−2 in cone calorimetry were investigated by SEM and EDX to determine if there is a fiber protection and to get a mechanistic insight. SEM images of at least 30 single fibers were used to determine a mean fiber diameter. Mean fiber diameters and the smallest diameter that has been measured are summarized in Table 8. The diameter of untreated carbon fibers is (7.3 ± 0.2) μm. While pure RTM6 matrix leads to an amount of carbon fiber fragments with critical diameters below 3 μm (3.3 ± 0.7 μm, smallest diameter: 2.1 μm) according to the WHO-definition, all flame retarded samples prevent the formation of respirable carbon fibers. Especially Novolak-SCP and SCP-DOPO-HQ show higher mean fiber diameters of (6.0 ± 0.7) μm after irradiation. Nevertheless, Novolak-SCP-DOPO shows a lower standard deviation of its mean fiber diameter (5.2 ± 0.4 μm) as well as a higher smallest diameter with 4.4 μm in comparison to Novolak-SCP with 4.1 μm. The smallest diameter is crucial as no respirable fiber fragments should be released into the environment. The observations lead to the conclusion, that mixed phosphorus species like the mixture of SCP and DOPO induce a better and more even protection of the fibers.

[image: images]

To get a better understanding of the fiber protection, EDX measurements were carried out. A mapping for the composite sample residue with 10% Novolak-SCP-DOPO in the matrix is shown in Fig. 10. It can be seen, that phosphorus and oxygen belong together as residue of the flame retardant as well as carbon and nitrogen as residual fiber. This shows the formation of typical phosphoric acid like structures during combustion. Since EDX not only measures the surface but also a certain depth, these mapping images do not show, if there is phosphorus continuously found on the fiber surface. Because of that, molar element concentrations on different spots were determined. Fig. 11 shows the choice of spots, in which the first spot (X1) is an agglomerate that is visible on the surface and the second spot (X2) has no visible residue. The element concentrations are summarized in Table 9. Every measured spot contains phosphorus but in different amounts. The ratios of phosphorus to oxygen range from mostly 1:2 to 1:4, so in between the chemical structure of phosphate glass, polyphosphoric acid that is a typical reaction product for condensed phase mechanisms and single phosphates. Especially agglomerates show a ratio 1:2/1:3, whereas, the ratio is more likely 1:4 on the direct fiber surface. This is consistent to observations made for the protection of graphite from oxidation by impregnation with organic phosphate and phosphite esters in literature [72]. The authors assume a covalent bonding on the graphite surface in form of C-OPO3 groups leading to a hydrophilic surface. Graphite and carbon fibers have similar chemical structures, so directly on the fiber surface similar reactions may occur and lead to the ratio of phosphorus to oxygen from 1:4. The continuous observation of phosphorus species on the fiber surface shows the mechanism of fiber protection as apparently these residues hinder the oxidation of the carbon fibers efficiently.
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Figure 10: EDX mapping results for RTM6 + CF + Novolak-SCP-DOPO (fiber residues) after irradiation at 60 kW⋅m−2 for 20 min
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Figure 11: SEM images of carbon fibers after irradiation at 60 kW⋅m−2 for 20 min: P: RTM6 + CF + Novolak-SCP, Q: RTM6 + CF + 10% Novolak-SCP-DOPO and R: RTM6 + CF + 10% SCP-DOPO-HQ

[image: images]

4  Conclusions

SCP as biobased phosphorus compound was successfully used to synthesize new flame retardants with novolak or DOPO-HQ. The advantages of SCP are on first sight its high phosphorus and aromatic content as well as its high reactivity and easy conversion with for example hydroxyl groups. The results proof the processability of the synthesized reactive, soluble and partially polymeric flame retardants with an epoxy resin by resin transfer moulding. Residual hydroxyl groups are incorporated into the epoxy resin network resulting in minor changes in glass transition temperature and interlaminar shear strength for novolak containing flame retardants compared to the resin without flame retardants. SCP-DOPO-HQ with one residual hydroxyl group per molecule lowers the network density pronouncedly and leads to a higher decrease. A synergism in char formation is observed if both, SCP and DOPO, are present in the flame retardant. UL94 V0-classifications are reached with 10% Novolak-SCP-DOPO, 15% Novolak-SCP or 15% SCP-DOPO-HQ in neat resin samples. Cone calorimetric measurements of neat resin formulations with 10% flame retardant show a reduction of peak of heat release rate by up to 54% compared to the unmodified epoxy resin. The amount of residue is four to five times increased. The mode of action is dependent on the reinforcement of the samples. In non-reinforced samples, DOPO containing and not containing flame retardants act alike, whereas in reinforced samples, gas phase activity is mainly observed for DOPO-containing flame retardants. Due to a large matrix surface, gas phase activity is more efficient in composite materials than activity in the condensed phase. In this case, the mode of action adapts to neat resin or fiber-reinforced samples, so there is efficient flame retardancy in both cases. SEM images show a stable, continuous char for flame retarded neat resin samples and an effective fiber protection with a phosphorus and oxygen containing protection layer on the fiber surface after combustion.

This research shows the versatility of SCP to synthesize new flame retardants with a high bio-based carbon content and adjusted properties for different problems or applications.
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Table 3: Glass transition temperatures and moisture uptake of RTM6 samples

Sample T, (DSC, center)/°C Moisture uptake/%
RTM6 215 2
+ 10% Novolak-SCP 197 2
+ 10% Novolak-SCP-DOPO 190 2
+ 10% SCP-DOPO-HQ 175 3
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Table 8: Mean diameter, standard deviation and smallest measured diameter of at least 30 carbon fibers in
composite materials with partially flame retarded RTM6 after irradiation at 60 kW-m > for 20 min
determined by SEM

Sample Mean diameter/um  Smallest diameter/um
RTM6 + CF 3.3+£0.7 2.1
+ 10% Novolak-SCP 6.0£0.7 4.1
+ 10% Novolak-SCP-DOPO  5.2+04 4.4

+ 10% SCP-DOPO-HQ 6.0£0.6 4.7
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Table 4: ILSS of selected CFRP samples additionally normalized to RTM6 + CF

Sample ILS/N-mm > Relative ILSS/ %
RTM6 + CF 68 +3 100+5

+ 10% Novolak-SCP 54+2 79 +3

+ 10% Novolak-SCP-DOPO 60 +2 88 +3

+ 10% SCP-DOPO-HQ 50 + 3 72 +6
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Table 9: Molar element concentrations on different spots (see Fig. 11) of fiber residues after irradiation (60
kW-m ™ for 20 min)

EDX-spectra of fiber residue C/% N/% O/% P/%
RTMG6 + 10% Novolak-SCP

Pl 80.1 4.2 10.6 4.3
P2 92.0 3.8 3.6 0.5
RTMG6 + 10% Novolak-SCP-DOPO

Ql 82.6 3.8 9.6 2.7
Q2 89.4 4.4 4.8 1.1
RTM6 + 10% SCP-DOPO-HQ

R1 50.2 2.8 28.4 13.9

R2 91.1 2.1 5.5 1.2
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Table 7: Results of cone calorimetry (neat resin RTM6 + flame retardant: sample thickness 4 mm, composites

(RTM6 + flame retardant + CF): sample thickness 2 mm)

Sample tti's ~ pHRR/ ~ THR-X '/ MARHE/ TSRX '/ THRML™'/ Residue/% X
kW-m ™ MJ'm™* kW-m ™ m>m ~ kW-m g™

RTM6 94+1 1715+58 104+1 5506  5601+£31 2.3 4+2 1

+ 10% Novolak-SCP 72+£7 107139 1011 476 £17 5216125 2.2 17 +1 1
+10% Novolak-SCP-DOPO  70+4 1000+12 105+3 4559 5451173 22 18 +2 1
+10% SCP-DOPO-HQ 58+3  781+74  102=1 43411  5059+5 22 19+1 1
RTM6 + CF 31£2 492+19  72+1 242+5 3763165 2.5 591 0.43
+ 10% Novolak-SCP 29+1 552+10  75+3 260+9  3778+96 2.5 57+1 0.46
+ 10% Novolak-SCP-DOPO  30+2 51417  66+3 256+8 3689179 1.9 58£2 0.49
+10% SCP-DOPO-HQ 26+3 372+19  63+4 221+13 3641221 1.9 58+ 2 0.50

Note: X: ratio of the combustible material mass (resin + flame retardant) to the whole sample mass.
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Table 1: Samples prepared based on RTM6 resin

Flame retardant in RTM6-matrix Reinforcement Thickness/mm

- - 4
7.5% Novolak-SCP -
10% Novolak-SCP -
15% Novolak-SCP -
7.5% Novolak-SCP-DOPO -
10% Novolak-SCP-DOPO -
15% Novolak-SCP-DOPO -
7.5% SCP-DOPO-HQ -
10% SCP-DOPO-HQ -
15% SCP-DOPO-HQ -

- CF
10% Novolak-SCP CF
10% Novolak-SCP-DOPO CF
10% SCP-DOPO-HQ CF
CF: Carbon fiber
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Table 6: UL94-test ratings of RTM6 samples with different flame retardant contents and burning times:
average burning times after first and second flame application t,y 15 and t,yonq as well as the total burning
time for a series of five samples with a total of ten flame applications tsymssamples- INR: not rated

Sample UL94-rating (tay,1st, tav.onds tsumssamples)

RTM6 NR (>60 s)

Flame retardant content  7.5% 10% 15%

+ Novolak-SCP NR (> 60 s) NR (53.9s,05s,270s) V-0(3.25,0.55s,195)

+ Novolak-SCP-DOPO V-1 (2.8s,1445s,8s) V-0(39s,1.6s,28s) —
+ SCP-DOPO-HQ — V-1 (3.5s,72s,54s) V-0(2.25s,09s,165)
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Table 2: T,..x, T1o, Tso, and residue at 800°C of SCP based flame retardants obtained by TG measurements
in air or nitrogen flow (50 mL-min ') with a heating rate of 10 K-min "

Sample P-content/% Thax/°C T10,/°C Ts50,/°C Residue (800°C)/%
SCP, N, 15 197 39 73 30

Novolak-SCP, N, 8 490 128 183 26
Novolak-SCP-DOPO, N, 6 519 108 183 34
SCP-DOPO-HQ, N, 12 235 90 153 17

SCP, air 15 194 38 72 14

Novolak-SCP, air 8 480 126 188 2
Novolak-SCP-DOPO, air 6 481 86 175

SCP-DOPO-HQ, air 12 231 87 161 3
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Table 5: T,,ax, T19, Tse, and residue of formulations of RTM6 and SCP-based flame retardants obtained by
TG measurements in air or nitrogen flow (50 mL-min~') with a heating rate of 10 K-min™"

Sample Toax/°C T10,/°C Ts50,/°C Residue/%

RTMS6, N, 379 265 341 10

+ 10% Novolak-SCP 376 224 311 18

+ 10% Novolak-SCP-DOPO 393 165 299 19

+ 10% SCP-DOPO-HQ 382 151 285 19

RTM6, air [369 |11 572 229 331 33 (492°C) | 0 (800°C)
+ 10% Novolak-SCP 1402 | II 589 204 308 40 (510°C) | 0 (800°C)
+ 10% Novolak-SCP-DOPO 1400 | II 570 188 297 39 (521°C) | 0 (800°C)
+ 10% SCP-DOPO-HQ I 383 |11 528 215 286 37 (508°C) | 0 (800°C)
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