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Abstract : To effectively reduce the heat release and smoke release of epoxy resin (EP) during combustion and improve its
flame retardancy, a flame retardant containing DOPS/triazine-trione structure, TGVD, was designed and synthesized using vanillin
(VA), triglycidyl isocyanurate (TGIC), and 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-sulfide (DOPS) as raw materials.
TGVD was then incorporated into EP to prepare EP/TGVD flame-retardant composites. The flame retardancy, thermal stability, and
mechanical properties of the EP/TGVD composites were evaluated by limiting oxygen index (LOI), UL-94 vertical burning test,
cone calorimeter test, thermogravimetric analysis, and mechanical testing. The flame-retardant mechanism was further investigated
by scanning electron microscopy, Raman spectroscopy, and thermogravimetric analysis-Fourier transform infrared spectroscopy. The
results showed that when the mass fraction of TGVD was 12%, the LOI value of EP/TGVD reached 33.0%, and the composite
passed the UL 94 V-0 rating, indicating a significant improvement in flame retardancy. Compared with neat EP, the peak heat
release rate, total heat release, and total smoke production of EP/TGVD-12 decreased by 49.17%, 36.79%, and 37.90%, respective-

ly, demonstrating that TGVD effectively suppresses heat release and smoke release during EP combustion. TGVD effectively
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promotes char formation of EP. In TG analysis, the char residue of EP/TGVD-12 at 700 °C increased from 19.06% for neat EP to
33.59%. Compared with neat EP, the flexural strength, tensile strength, and notched impact strength of EP/TGVD-12 increased by

22.86%, 23.45%, and 41.58%, respectively. The flame-retardant mechanism analysis shows that TGVD promotes the formation of a

continuous and compact intumescent char layer during combustion, thereby exerting a condensed-phase flame-retardant effect.

Meanwhile, radical quenching and dilution effects contribute to enhanced gas-phase flame retardancy. Overall, TGVD exhibits a

synergistic flame retardant mechanism of gas phase and condensed pha, which simultaneously improves the flame retardancy and

mechanical properties of EP. This work provides a reference for the molecular design and practical application of phosphaphenan-

threne/triazine-trione synergistic flame retardants.

Keywords : epoxy resin ; DOPS ; triazine-trione ; flame-retardant mechanism ; synergistic flame retardancy
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Tab.1 Mass fraction of each component of EP and EP/TGVD
%

Samples EP DDM TGVD P S

EP 79.9 20.1 0 0 0
EP/TGVD-4 76.7 19.3 4.0 0.26 0.26
EP/TGVD-8 73.1 18.9 8.0 0.51 0.53
EP/TGVD-12 70.3 17.7 12.0 0.77 0.80
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" Curing
[— :

PTFE mould EP composites

Degassing

2 REARAYH SRR

Fig. 2 Preparation process of samples
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Fig. 3 Structural characterization spectra of TGVD
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Tab.2 Thermal degradation parameters of EP and EP/TGVD under nitrogen atmosphere
Samples T,,/°C T\4,/°C Tyy,/°C T../°C R _/(%°C™") Char residue at 700 °C/%
EP 373.1 381.9 406.5 390.8 241 19.06
EP/TGVD-4 347.4 354.0 381.8 364.0 1.75 27.16
EP/TGVD-8 333.1 343.5 381.7 358.7 1.29 33.05
EP/TGVD-12 296.1 311.5 369.0 328.0 0.89 33.59

Notes: T,, is the temperature at 5% mass loss; T, is the temperature at 10% mass loss; T, is the temperature at 50% mass loss; 7,

is the tempra-

max

ture at the maximum mass loss rate; R is the maximum thermal degradation rate.
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Fig. 5 Vertical burning testing process and LOI test results for EP and EP/TGVD
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%3 EPSEP/TGVD HIAKASIES
Tab.3 Combustion characteristic parameters of EP and EP/TGVD

Samples TTUs pk-HRR/(kW-m™?) THR/MJ-m?) pk-SPR/(m’*s™") TSP/m’ av-EHC/(MJ-kg ") CY/%
EP 81 1332.78 132.94 0.31 28.81 28.92 3.84
EP/TGVD-4 72 1005.30 99.07 0.21 21.66 30.70 9.86
EP/TGVD-8 64 758.19 88.91 0.20 20.24 23.62 12.43
EP/TGVD-12 63 677.40 84.03 0.19 17.89 23.01 13.33

Notes: TTI is the time to ignition; pk-HRR is peak of heat release rate; THR is total heat release; pk-SPR is peak of smoke production rate; TSP is

total smoke release; av-EHC is the average effective heat of combustion; CY is the char yield at 700 °C.
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