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Synergistic Effect of Phytic Acid Metal Salts and Intumescent Flame
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Abstract: Polyoxymethylene (POM) was modified with ammonium polyphosphate (APP)-based
intumescent flame retardant (IFR) as the main flame retardant and metal phosphate salts (PAMs) as
the synergist. The flame retardancy and mechanical properties of the fabricated POM composites
were evaluated, and the underlying flame-retardant mechanism was systematically elucidated using
thermogravimetric analysis (TGA), cone calorimetry, and Raman spectroscopy. The results showed that
PAM/IFR co-modified POM exhibited excellent flame retardancy, with magnesium phosphate (PAMg)
and manganese phosphate (PAMn) exhibiting optimal synergistic performance. At a loading of only
1 wt%, PAMg/PAMn endowed the POM composite with a V-1 flame retardant rating and a limiting oxygen
index (LOI) of 52.0%. Further investigation revealed that the PAMs/IFR mass ratio significantly affected
the flame retardancy of the composites. The optimal formulation (5 wt% PAMn + 25 wt% IFR) enabled
the composite to achieve a V-0 flame retardant rating and a maximum LOI of 61.3%, along with a 64.5%
reduction in total heat release (THR) relative to neat POM and a 47.2% reduction compared to the POM/
IFR binary system. The flame-retardant mechanism of the PAMs/IFR system in POM was dominated by
condensed-phase action, accompanied by a synergistic gas-phase effect. Moreover, the rational matching of
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PAMs and IFR allowed the flame-retardant POM composites to maintain favorable mechanical properties.
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Figure 1 Schematic diagram of the PAM preparation reaction
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Figure 5 Cone calorimeter curves of POM flame-retarded by PAM synergistic IFR: (a) HRR, (b) THR, (c) SPR and (d) TSP
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Table 1 Cone calorimeter curve of PAM-synergized IFR flame-retardant polyoxymethylene
- TTI PKHRR AvHRR THR MeanEHC SEA AvMLR TSP Residual weight
" )  kWmd  (kWm?) (MIm?)  (Mlkg) (mYkg) (g{(mP-s)  (mP) (%)
POM 43 335.55 233.15 133.08 14.54 0.00 19.71 0.00 0.0
POM/IFR 23 163.17 42.49 89.47 10.51 86.30 4.13 7.57 11.3
POM/IFR/1 wt% PAMg 21 147.44 34.15 74.78 9.48 121.38 3.57 9.48 13.8
POM/IFR/1 wt% PAMn 22 145.51 32.20 73.36 9.87 133.03 3.55 11.65 19.6
POM/IFR/5 wt% PAMn 22 148.01 21.33 47.16 6.20 90.13 3.50 8.15 22.8
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Figure 6 Digital photographs (a) and SEM images (b) of char residues from POM flame-retarded by PAM synergistic IFR
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Figure 7 LRS spectra of char residues from POM flame-retarded by PAM synergistic IFR: (a) POM/IFR, (b) POM/IFR/1 wt%
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Figure 8 PAM synergistic IFR flame-retardant polyoxymethylene TG (a) and DTG (b) curves
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Table 2 Thermogravimetric data of polyoxymethylene flame-retarded by PAM in conjunction with IFR

FE b Tso, (°C) Tgv, (°C) T500, (°C) Tinax (°C) B 2 B 600 °C (%)
POM 300.7 310.1 336.8 338.8 0.0
POM/IFR 261.7 263.1 271.5 269.1 17.0
POM/IFR/1 wt% PAMg 258.7 260.1 269.6 265.3 22.8 (17.6*)
POM/IFR/1 wt% PAMn 261.1 261.0 272.2 268.1 22.3 (17.6*)
POM/IFR/5 wt% PAMn 258.3 259.6 271.1 265.5 23.8 (20.1*)

i Tﬁ%m% * E’Jﬁﬁﬁiﬁﬁémfﬁlﬁﬁﬁﬁﬁy El‘[’ﬁﬁj‘j Y= YPOM/IFR X WpoM/IFR T YpaAM X @pam» Hodp Y B R &=, wﬁﬁﬁﬁ@)ﬁ%%ﬁ

IREIRTE A 17%, BURBE 1S 2 05

5] X PAM J5i, POM/IFR/1 wt% PAMg. POM/
IFR/1 wt% PAMn 1 POM/IFR/5 wt% PAMn & & 44
Bl ¥ Ty, F1 T, 5 POM/IFR & & BB TC B 5 X
A, 600 °C T Bk Ik & 71 Al 52 T %8 22.8%. 22.3%.
23.8%, ¥ T % AR R BRI R &, BT DL
Ui B PAM ) 5] N FEA R B — R IEVE R, T2 5
IFR R 7 AR S (0 W R . 6 5 vy R 412 3k
JHK BEI% POM & & 44 B} B 3% o

18 1t PAMn iy [7] TFR BH A 5 FH I 1) 4 2k B —
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J&% 4 £F 3500 cm ™' [ff 5 13000 em ' B 3T HEL T
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Figure 9 FTIR spectra of gas phase products at the
maximum decomposition rate of polyoxymethylene flame-

retarded by PAMn in conjunction with [FR
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Figure 10 Mechanical properties of POM flame-retarded by PAMn synergistic IFR: (a) flexural strength, (b) flexural modulus,

(c) notched impact strength, (d) tensile strength
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Figure 11 SEM image of the impact fracture surface of polyoxymethylene flame-retarded by PAMn in conjunction with IFR:
(a) POM; (b) POM/IFR; (c) POM/IFR/5 wt% PAMn; (d) POM/IFR/8 wt% PAMn
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