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Synergistic flame retardancy of phytate-melamine-metal salts in polyoxymethylene
CHANG Zhizhong', LU Shike', FANG Xiaowan', LIU Chenlu', LU Zhehong', DING Tao"*, FANG Xiaomin"’
(1. School of Chemistry and Molecular Sciences, Henan University, Kaifeng 475001, China;
2. Henan Engineering Research Center of Functional Materials and Catalytic Reaction, Kaifeng 475004, China)

Abstract : Polyoxymethylene (POM) is widely used for its excellent mechanical properties, but its flammability limits its range
of engineering applications. Intumescent flame retardants (IFRs) can effectively improve the flame retardancy of POM, yet there
remains room for enhancement in char formation density and flame-retardant efficiency. To improve the overall flame-retardant
effectiveness of the intumescent flame-retardant system, phytic acid melamine metal salts (PAM) prepared with Ca, Mg, Al, Fe and
other metal ions were employed as synergists and combined with IFR in flame-retarding POM. The effects of different metal ions on
flame retardancy and their synergistic mechanisms were systematically investigated. Flame-retarded POM composites were prepared
via melt blending. Their flame-retardant properties were characterized by limiting oxygen index (LOI), vertical burning (UL-94),
cone calorimetry, and thermogravimetric (TG ) analysis. The results show that the introduction of PAM significantly enhances the
flame retardancy of IFR/POM composite, with distinct differences in the synergistic effects of different metal ions. Among them,
phytic acid melamine magnesium salt (PAMg) demonstrates the optimal synergistic flame-retardant effect. When 29 wt% IFR and 1
wt% PAMg are added POM, the composite achieves a UL 94 V-0 rating and an LOI of 57.8%. Compared to IFR/POM system with-
out PAM, the peak heat release rate of the composite is reduced by 34.7%, the total heat release is reduced by 52.5%, and the residu-
al char at 600 °C is increased to 19.5%. Thermal analysis and char structure characterization indicate that PAM can promote the

formation of a continuous and dense char layer structure in the intumescent flame retardant system during combustion. This char
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layer acts as an effective barrier in the condensed phase. Simultaneously, the combustion of flammable volatiles is inhibited in the

gas phase. The synergistic action between the condensed phase and the gas phase is the primary reason for the improved flame retar-

dancy of POM composites.
Keywords : flame-retardant polyoxymethylene ;

melamine metal salt ; synergistic flame retardancy
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Fig. 1 Schematic diagram of PAM preparation reaction formula
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Tab.1 Formulations and designations of the composites(mass fraction)
%

Sample POM IFR PAM Antioxidant

POM 99.5 0 0 0.5
POM/IFR 69.5 30 0 0.5
POM/IFR/PAME 69.5 29 1* 0.5
POM/IFR/PACa 69.5 29 1* 0.5
POM/IFR/PAAL 69.5 29 1* 0.5
POM/IFR/PAZn 69.5 29 1* 0.5
POM/IFR/PAFe 69.5 29 1* 0.5
POM/IFR/PAMg 69.5 29 1* 0.5

Notes: * represents the name of phytic acid melamine metal salt or

phytic acid melamine salt is consistent with the name in sample.
1.5 X5 k4

RELA P i D4 < 4 £ PR 4% 1SO 5660-1—
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Fig.2 FTIR spectra of PACa,PAMg and their raw material
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Fig. 3 Elemental analysis and SEM images of PACa and PAMg
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%2 POM/IFR/PAM £ & #1 I BRI B8
Tab.2 Flame retardancy performance of POM/IFR/PAM composites

UL-94 (3.2 mm)

Samples — - - LOI/%
t/s t,/s LS Dripping Rating Ignite cotton
POM - - - Yes NR Yes 15

POM/IFR 12.4 271.3 283.7 No NR No 48.5
POM/IFR/PAME 67.3 - - No NR No 46.3
POM/IFR/PACa 0.7 96.2 96.9 No V-1 No 522
POM/IFR/PAAL 0 94.8 94.8 No V-1 No 51.8
POM/IFR/PAZn 13.1 - - No NR No 49.8
POM/IFR/PAFe 17.4 - - No NR No 49.1
POM/IFR/PAMg 0 342 342 No V-0 No 57.8

Notes: ¢, is sum of afterflame times after the first 10 s flame application for five specimens; #, is sum of afterflame times after the second 10 s flame

application for five specimens; ¢,

POM/IFR/PACa ¥4 %} UL-94 M 413 55 7 V-1 4§
2%, B LOME 7 BIHRTH 2 51.8% F1152.2%; B fiE
e 5 1 & POM/IFR/PAMg #4} , H: UL-94 1l A (Y
WL T V=054, LOMEWMIRE] T i@ 57.8%, %
BZE PAME 5| A & @ B4 B FICBHAR DMt
KA I HAR 48 T B DMRIBHIAEREAS AR
2.3 Mk E-LLI M

SEF B BRI A5 R, e B S AR B A i
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BRE, 545 POM F POM/IFR HEAT A3 HT , LA ST
FLIRREfRA TR B gLl . 1] 4 )2 PAM P[] IFR BH
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(a) TG curves
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£ 0015}
o
2
£ -0.010 -
2
A -0.005
0 o= pary
100 200 300 400 500 600
Temperature/°C
(b) DTG curves

4 POM/IFR/PAM 4 #1 KL TG M2 DTG ik
Fig.4 TG/DTG curves of POM/IFR/PAM composites

is total cumulative afterflame time of five specimens (ie ,+2,).

#X POM & & MBHE R AR T B R F 5017 (TG
FIDTG)MZE , BRI WL 3, T, e B ok
5% ISEXoF Ny A IR BE L 5 SO IR A3 R . 21 POM
(4 T, K 300.7 °C , fe K o fift ol IR B T, N
338.8 °C, H 600 °C T~ JCAT A 5% #c A il AHXF T
POM, POM/IFR & & # %} () T, B & B& A%, Ny
261.7 °C, X j& i T IFR 195 A {15 POM & & 41 £t
PEHT I M o T, 4 269.1 °C, [FIAE B 2 S22 i
600 °C N5 FARTF 2 17%. FHBEIRIFR 5] A
FARE A AR G e v (BT A Suh it s 2 &
AR L
%3 POM/IFR/PAM £ & ##1H TG #11E
Tab.3 TG data of POM/IFR/PAM composites

Samples  7,/°C T,,/°C T,,/°C T, /°C ((;}(‘)%r Y (‘;;;)
POM 3007 3101 3368 3388 0.0
POMAFR 2617 2631 2715 269.1 170
POM/IFR/PAAI 2483  249.5 2549 2528  21.6(17.2)
POM/IFRIPACa 2455 2467 2541  250.5  22.1(17.3")
POM/IFR/PAMg  250.8 2519 2617 2571 23.8(17.2)

Notes: Data denoted by an asterisk (*) in parentheses correspond to
the theoretical char yield of each sample. T, is temperature at 5% mass

loss; T, is temperature at 10% mass loss; T, is temperature at 50%

50%

mass 108s; Tmax 1S temperature at the maximum mass loss rate.

¥t —# 5] A PAM Ji5 , POM/IFR/PAAL, POM/
IFR/PACa #il POM/IFR/PAMg #1 ¥} i) T, #1 T, L
POM/IFR M BHERFS AL T, 600 °C T 5% 7 R 43l 2
TH 2 21.6%.22.1% H123.8%, 155 T8 b ki 3
Wk, ] RLSEHH PAM A5 AJEA B —0
RIEAERL, 25 IFR B4 TR PR ERCR , Be
1 R Hb AR g K LA POML B8 & AR % . 3 HL
PAMg WHRIZCR B 4f , HURJE: PACa FI PAALL

KK HE-LTANTG-IR) B FH HE— R 5F PAM
51 A 52 G b R AR i ML B 52 e, 181 S
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Fig. 5 3D FTIR spectra of evolved gases from TG analysis of POM/
IFR/PAMg composites
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Fig. 6 FTIR spectra of evolved gases from POM/IFR/PAMg composite

at the maximum decomposition rate
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Fig. 7 Cone calorimeter curves of POM/IFR/PAM composites
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Tab.4 Cone calorimeter data of POM/IFR/PAM composites

POM/ POM/ POM/

Item POM 30IFR  IFR/ IFR/ IFR/
PAAL PACa  PAMg
TTI/s 43 23 20 20 21
PHRR/(kW -m™?) 335.55 163.17 114.00 141.08 106.55
PFI 7.8 7.1 5.7 7.1 5.1

AVHRR/(kW-m™)  233.15 4249 21.36 31.99  20.72
THR/(MJ+m?) 133.08 89.47 56.72 64.88  42.52
MeanEHC(MJ-kg™")  14.54  10.51 6.73 8.2 5.81

SEA(m’+kg ") 0 86.30 12839 110.58 140.11
AVMLR/[g*(m*+s)™)] 1971 413 391 4.15 3.66
TSP/m* 0 757 9.62 9.94 10.86
Residue/% 0 113 17.2 13.9 19.5

Notes: TTI is time to ignition; PHRR is peak heat release rate; PFI
is peak fire index (calculated as PHRR/TTI); AvHRR is average heat
release rate; THR is total heat release; MeanEHC is mean effective heat
of combustion; SEA is specific extinction area; AVMLR is average mass

loss rate; TSP is total smoke production.
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Fig. 8 Digital photographs, SEM images and LRS spectra of char residues of POM/IFR/PAM composites
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