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Expandable graphite and dimethyl methylphosphonate synergistic flame retardant
polymethyl methacrylate

XU Wenzong* , ZHOU Yaocheng , BIAN Ziwei , XUAN Ziyi , YU Shiyuan
(School of Materials Science and Chemical Engineering, Anhui Jianzhu University, Hefei 230601, China)

Abstract: Polymethyl methacrylate (PMMA) is a widely used polymer material. In order to change its flammability,
a series of PMMA composites containing dimethyl methylphosphonate (DMMP) and expandable graphite (EG)
were prepared by in-situ polymerization. The flame retardant properties of PMMA composites were studied by
limiting oxygen index (LOI) test, cone calorimeter test and vertical burning test (UL-94). The results show that the
flame retardant effect of 5% DMMP-EG/PMMA is the best when 10wt% compound flame retardant is added and the
mass ratio of DMMP to EG is 1 : 1. The sample passes UL-94 V-0 rating, and its LOI value increases from 18.1% to
27.4% compared with PMMA. The peak heat release rate (pHRR) is significantly reduced by 87%, and the total heat
release rate (THR) is reduced by 33%. The dynamic mechanical properties test show that the glass transition tem-
perature and storage modulus of 5%DMMP-EG/PMMA are much higher than those of 10%3DMMP/PMMA, and the
composite expandable graphite can improve the softening of the material caused by the addition of phosphate
ester. Finally, the flame retardant mechanism of the composites was analyzed by TG-IR, infrared spectroscopy at
different temperatures and Raman spectroscopy of carbon residue. The good flame retardant effect was due to the

synergistic flame retardant effect of DMMP and EG in the gas phase and condensed phase.
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Table1 Formulation of all poly(methyl methacrylate) (PMMA) samples
Sample MMA/wt% DMMP/wt% EG/wt%
PMMA 100 0 0
10%DMMP/PMMA 90 10 0
2%DMMP-EG/PMMA 90 8 2
5%DMMP-EG/PMMA 90 5 5
8%DMMP-EG/PMMA 90 2 8
10%EG/PMMA 90 0 10

Notes: DMMP—Dimethyl methylphosphonate; EG—Expandable graphite.
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Fig.1 Limiting oxygen index (LOI) of PMMA composite materials
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Fig.2 Cone calorimetric analysis of PMMA composite materials: (a) Heat release rate (HRR); (b) Total heat release rate (THR); (c) Smoke release rate

(SPR); (d) Total smoke production (TSP); (e) CO release rate (COP); (f) CO, relase rate (CO,P)
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Table 2 Cone calorimeter test results of PMMA composites

pHRR/ THR/ pSPR/ TSP/ _ pCOPR/ Av-EHC/ _ FPI/ FGI/
Sample -2 -2 2 -1 2 -1 TTI/s -1 2 -1 -2 -1

(KWm?)  (MJm? (m*>s') m (gs™) (MJ-kg™) (m*s:kWw™)  (kW-m™s™)
PMMA 1039 110 0.036 2.66 0.0043 20 31.8 0.019 9.62
10%DMMP/PMMA 1144 86 0.075 5.91 0.0554 24 23.4 0.021 11.32
5%DMMP-EG/PMMA 136 75 0.010 1.45 0.0002 28 26.6 0.206 0.49
10%EG/PMMA 1561 82 0.002 0.22 0.0002 20 27.8 0.128 0.77

Notes: pHRR—Peak value of HRR; pSPR—Peak value of SPR; pCOPR—Peak value of CO producted rate (COPR); TTI—Time to ignition;
Av-EHC—Average effective heat of combustion; FPI—Fire performance index; FGI—Fire growth index.
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B (BGI) 53 1 2y s I ] 55 R8T i R 4 {H 2 LE
VAR T3 T 23 U 5 38 3] RO I 38 0 BT 7 B
[z e, BN R k2 4 0y A~ H
ZH ., FPIYS FGIIMANLE &, MUE RS, &
N H DA A4 R B KR . — R UL, FPLE
R, AORMRYBHBAMEER R, FGLEARAL, ARk
KGR AR . 45 PMMA f FPI 4 0.019 (m?s)/kW ,
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HLA e HE 0 Bl 2 4 i P

K UL-94 3056 X il £ 1 PMMA ., 10%DMMP/
PMMA. 5%DMMP-EG/PMMA Fl 10%EG/PMMA [
FHBR P BB HEAT T 3FA, DA Zs RO 5R 3, P
A AN 3 TR .

%3 PMMA E&#H#K UL-94 MiXER
Table 3 UL-94 test grade of PMMA composites

Sample Dripping Rating
PMMA No NR
10%DMMP/PMMA No NR
5%DMMP-EG/PMMA No V-0
10%EG/PMMA No NR

Note: NR—No rating.

UL-94 3 2 BH Br 45 4 b 76 SR B o 7 rh B A
2 PR A M, {H PMMA. 10%DMMP/PMMA .

: : X P a”
&3 PMMA &AM EHETE RS b UG . (a) PMMA; (b)
10%DMMP/PMMA; (c) 5%DMMP-EG/PMMA; (d) 10%EG/PMMA

Fig.3 Video screenshots of PMMA composites during the vertical
combustion test: (a) PMMA; (b) 10%6DMMP/PMMA; (c) 5%DMMP-
EG/PMMA; (d) 10%EG/PMMA
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0.6001 W/(m-K), iXj&H T 0] [k A 8502 —F i =
B SR, £E PMMA LK Jin A EG ff 7] LUE
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Table 4 Results of PMMA composite material mechanics test

Sample Ekm].;;:lit)strength/ ;;}il:lle strength/ Elongation at break/% Hardness/HD T(DMA)/C
PMMA 14.43 51.24 2.71 90 136.3
10%DMMP/PMMA 15.93 43.04 8.42 80 78.6

2% DMMP-EG/PMMA 13.75 38.26 291 84

5%DMMP-EG/PMMA 12.52 30.17 0.63 87 136.0
8%DMMP-EG/PMMA 10.55 24.07 0.27 87

10%EG/PMMA 9.78 14.48 0.18 88 136.0

Note: T,—Glass transition temperature; DMA—Dynamic mechanical analysis.
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Table 5 TGA data of the PMMA composites
Sample T56/'C  Tma/'C  Charresidue/%
PMMA 272 373 0.5
10%DMMP/PMMA 219 391 0.7
5%DMMP-EG/PMMA 248 382 6.3
10%EG/PMMA 161 379 9.1

Notes: Ts—5wt% mass loss temperature; T,,,,—Maximum
mass loss temperature.
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Fig. 10 Digital pictures of residues after the cone calorimeter test:
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Fig.11 SEM images of char residue after calorimeter: (a) 5%DMMP-
EG/PMMA; (b) 10%EG/PMMA
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Fig. 12 Raman curves of char residue after cone calorimeter test: (a) 5%DMMP-EG/PMMA,; (b) 10%EG/PMMA
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