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Abstract : To reduce the heat release and smoke production of epoxy resin (EP) during combustion to improve its flame retar-
dancy, a flame retardant (VD) with P/S synergistic flame-retardant effect was synthesized using 9, 10-dihydro-9-oxa-10-phospha-
phenanthrene-10-sulfide (DOPS) and vanillin (VA) as raw materials, and then incorporated into the EP matrix for flame-retardant
modification. The chemical structure of VD was characterized by Fourier transform infrared spectroscopy(FTIR), nuclear magnetic
resonance spectroscopy, and high-resolution mass spectrometry. The flame retardancy, thermal stability, and mechanical properties
of the composites were evaluated via limiting oxygen index (LOI), UL 94 vertical burning, cone calorimetry, thermogravimetric anal-
ysis(TG), and mechanical testing. The results demonstrate that the LOI value of the EP/VD composite with the incorporation of 14
wt% VD(EP/VD-14) reaches 32.8%, compared to 24.4% of neat EP, successfully achieving a UL 94 V-0 rating. Compared with
unmodified EP, the peak heat release rate, total heat release, and total smoke production of EP/VD-14 are significantly decreased by
45.16%, 25.36%, and 37.55%, respectively. Although the addition of VD slightly decreases the initial thermal decomposition temper-
atureand the maximum thermal degradation rate of EP, it substantially enhances the char yield which is at 700 °C from 18.76% of

neat EP to 26.57%. Furthermore, increasing the VD loading leads to improvements in mechanical performance; compared with neat
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EP, the flexural strength, tensile strength, and notched impact strength of the composites are increased by 35.28%, 12.34%, and

16.47%, respectively. The underlying flame-retardant mechanism was comprehensively elucidated utilizing TG-FTIR, scanning elec-

tron microscope-energy dispersive spectroscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy. The mechanistic inves-

tigation reveals that the EP/VD composites achieve excellent flame retardancy through a gas-condensed bi-phase synergistic action

during combustion. In the gaseous phase, phosphorus-containing radicals are released to exert a free-radical quenching effect, there-

by interrupting the combustion chain reactions. Simultaneously, in the condensed phase, the formation of a continuous, dense, and P/

S-rich char layer is promoted to reinforce the barrier effect. In summary, VD simultaneously enhances the flame retardancy and

mechanical properties of EP via a gas-condensed biphasic synergistic flame retardancy. This work provides a novel strategy for the

molecular design and engineering application of P/S synergistic flame retardants.

Keywords : epoxy resin ; flame retardancy ; flame-retardant mechanism ; P/S synergistic flame retardancy ; DOPS
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Tab.1 Mass fraction of each component of EP and EP/VD composites
%

Samples EP DDM VD P S

EP 80.0 20.0 0 0 0
EP/VD-6 75.0 19.0 6.0 0.48 0.50
EP/VD-8 73.5 18.5 8.0 0.65 0.67
EP/VD-10 72.0 18.0 10.0 0.80 0.83
EP/VD-12 70.0 18.0 12.0 0.97 1.00
EP/VD-14 69.0 17.0 14.0 1.13 1.17
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Tab.2 Test results of LOI and vertical burning of EP and EP/VD

composites

Vertical burning test

Samples  LOI/% -

/s t/s Dripping Igniting UL 94 rating
EP 24.4 No No N.R.
EP/VD-6 287 634 1035 No No V-1
EP/VD-8  30.1 4.13 11.61 No No V-1
EP/VD-10 309 5.18 8.47 No No V-1
EP/VD-12  31.7 332 17.76 No No V-1
EP/VD-14 328 273 5.15 No No V-0

Notes: ¢, is the first ignition time;, is the second ignition time.
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Tab.3 Combustion characteristic parameters of EP and EP/VD

Samples TTl/s pk-HRR/(kW -m2) THR/(MJ-m™) TSP/m’ av-EHC/(MJ-kg™) av-CO,Y/(kgkg™) CY/%
EP 79 1329.87 132.76 29.03 29.12 4.02 3.64
EP/VD-6 60 1128.30 106.08 23.08 28.03 3.54 5.46
EP/VD-10 59 966.36 104.19 19.95 24.88 2.49 7.68
EP/VD-14 56 729.32 99.09 18.13 21.78 2.28 10.03

Notes: TTI is time to ignition; pk-HRR is peak heat release rate; THR is total heat release; TSP is total smoke release; av-EHC is average effective

heat of combustion; av-CO,Y is average of carbon dioxide yield; CY is char yield at 700 °C.
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Tab.4 Thermal decomposition parameters of EP and EP/VD under nitrogen atmosphere

Samples T,,/°C T0,/°C T,,/°C T ./°C R N(%" °C™")  Char residue at 700 °C/%
EP 373.02 381.65 405.87 392.01 2.41 18.76
EP/VD-6 331.62 344.32 385.73 366.66 1.19 24.64
EP/VD-10 321.88 337.73 389.73 361.75 1.06 26.55
EP/VD-14 306.74 322.92 372.33 353.22 1.03 26.57
Notes: T, is initial decomposition temperature; T, is the temperature at 10% mass loss; 7.

mum thermal decomposition temperature; R,

‘max

is the maximum mass loss rate.

50%

is the temperature at 50% mass loss; 7,

max
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Fig. 5 3D TG-FTIR spectra and gaseous product FTIR evolution curves at different pyrolysis temperature ranges of EP and EP/VD-14
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Fig. 9 XPS spectra of char residues for EP and EP/VD-14 after CONE combustion
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