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Abstract To improve the flame retardancy and alleviate the melt-dripping problem of polyamide 66 (PA66), a
novel DOPO-based phosphorus-nitrogen synergistic flame retardant, 4, 4'- ((1, 4-phenylenebis(azanediyl))bis((6-
oxidodibenzol[c, e] [1,2]oxaphosphinin-6-yl)methylene))dibenzonitrile (PCDO), was designed and synthesized in
this study. Flame-retardant modified PA66 blends were prepared via melt blending by incorporating PCDO
individually or in combination with aluminum diethylphosphinate (ADP) and melamine polyphosphate (MPP).
The chemical structure of PCDO was characterized using nuclear magnetic resonance (NMR), Fourier transform
infrared (FTIR) spectroscopy, and other techniques. The thermal properties, processability, flame retardancy, and

Received 2026-04-25, Accepted 2026-06-28, Published online

T These authors contributed equally to this work.

* Corresponding author, E-mail: yzhou@jiccas.ac.cn; xiadong@iccas.ac.cn

1



Acta Polymerica Sinica

flame-retardant mechanism of the composites were systematically investigated using DSC, TGA, Underwriters
Laboratories (UL) 94 vertical burning test, limiting oxygen index (LOI), cone calorimeter test (CCT), TG-FTIR,
scanning electron microscopy (SEM), and rheological measurements. The results showed that the initial thermal
decomposition temperature of PCDO reached 302 °C, which meets the melt-processing requirements of PA66.
Meanwhile, the cyano groups could enhance the melt strength and suppress melt dripping through crosslinking.
Flame retardancy tests demonstrated that PA66-P-A (PA66 blended with PCDO and ADP) exhibited the best
comprehensive performance, with an LOI of 29.0%, passing the UL-94 V-0 rating without melt dripping.
Compared with neat PA66, the peak heat release rate and total heat release were reduced by 29.5% and 34.9%,
respectively. The flame-retardant mechanism study revealed that PCDO and its composite systems exert flame-
retardant effects through the synergistic action of gas-phase and condensed-phase mechanisms. The environmentally
friendly PCDO-based phosphorus-nitrogen flame-retardant system developed in this study demonstrates excellent
flame retardancy, providing a novel strategy for the application of PA66 in high-end flame-retardant fields, as well
as new ideas and theoretical support for the flame-retardant modification of PA66.
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Fig. 1 Synthesis of PCDO.

Table 1 The formulation of flame-retardant PA66 blends.

Sample Mppes (8)  Mpcpo (8)  mapp (8)  mypep (8)
PA66 2000 0 0 0
PA66-P 1800 200 0 0
PA66-P-A 1800 100 100 0
PA66-P-M 1800 100 0 100
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Fig. 2 (a) '"H-NMR spectra of PCDO and its reactants; (b) Partial
enlarged 'H-NMR spectrum of PCDO.
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Fig. 3 TGA/DTG curves of PCDO in air atmosphere: (a)

temperature scanning, (b) time scanning.
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Fig. 4 The DSC curves of PA66 and flame-retardant modified
PA66 blends: (a) first heating; (b) first cooling; (c) second heating.
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Table 2 The DSC data of PA66 and flame-retardant modified
PA66 blends.

Tml AI_Iml 7:, A]_Ic Tm2 AI{mz
Sample N . N
(O g (O dJdg (O g
PA66 262.8 715 2332 643 2615 669
PA66-P 2589 779 216.8 529 246.8 50.8
PA66-P-A  261.8 642 2264 582 2589 60.5
PA66-P-M  260.2 69.0 221.5 53.8 2509 524
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Fig. 5 (a, b) TGA and (c, d) DTG curves of PA66 and flame-retardant modified PA66 blends under (a, ¢) nitrogen and (b, d) air

atmospheres.
Table 3 The TGA&DTG data of PA66 and flame-retardant modified PA66 blends.
Sample Nitrogen Air
Ty50 (°C) Tnax1 (°C) CRgpp (Wt%0) Ty 59 (°C) Tnax1 (°C) CRggp (Wt%0)

PA66 407.2 458.7 2.0 371.9 463.7 4.7
PA66-P 378.5 441.0 2.8 376.8 438.3 144
PA66-P-A 399.0 450.4 4.5 409.1 536.8 13.3
PA66-P-M 3553 392.2 3.7 362.9 410.8 14.7

Note: T, refers to the temperature corresponding to the first peak on the DTG curve, and CRg, denotes the char residue at 600 °C.
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Fig. 6 Complex viscosity curves of PA66 and flame-retardant
modified PA66-P as a function of time (a) and temperature (b).
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Fig. 7 Photos of UL-94 test of PA66 and flame-retardant modified PA66 blends.
Table 4 LOI and UL-94 test data of PA66 and flame-retardant modified PA66 blends.
UL-94
Sample LOI (%)
t+t6(8) Ignite cotton Droping Ranting
PA66 23.0+0.5 7+23 Yes Yes V-2
PA66-P 28.0+0.5 1+2 No Yes V-0
PA66-P-A 29.0+0.5 242 No No V-0
PA66-P-M 29.0+0.5 14+5 No Yes V-1
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Fig. 8 Cone calorimeter test (CCT) and limiting oxygen index (LOI) test results of PA66 and flame-retardant modified PA66 blends:
(a) heat release rate (HRR); (b) total heat release (THR); (c) total smoke production (TSP); (d) peak heat release rate (pHRR) and

limiting oxygen index (LOI).

Table 5 Cone calorimeter test data of PA66 and flame-retardant modified PA66 blends.

Sample pHRR (kW/m?) THR (MJ/m?) TSP (m?) TTI (s) Char residue (wt%)
PA66 835.8 107.6 8.7 49 1.5
PA66-P 687.6 76.5 12.0 43 2.9
PA66-P-A 589.4 70.1 11.1 48 3.5
PA66-P-M 716.7 78.7 10.9 35 4.8
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Fig. 9 TGA-FTIR curves of PA66 and flame-retardant modified PA66 blends.
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Fig. 10 Curves of mass fraction, COY and CO,Y for PA66 and flame-retardant modified PA66 blends as a function of temperature.
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Fig. 12 SEM images of char residues of PA66 and flame-retardant modified PA66 blends after UL-94 test at 20000 magnification.
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Fig. 13 The stress-strain curves of PA66 and PA66 blends.

Table 6 The stress-strain data of PA66 and PA66 blends.
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8.5+0.5
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