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Curing and pyrolysis kinetics of flame-retardant epoxy resin/

low-molecular-weight polyphenylene oxide composites
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(1 School of Safety Science and Engineering, Changzhou University, Changzhou Jiangsu 213164, China;
2 School of Materials Science and Engineering, Changzhou University, Changzhou Jiangsu 213164, China)

Abstract:  To improve the safety of EP in application fields, Calcium Terephthalate ( CaT), a metal-
organic framework (MOF) material, was utilized synergistically with the liquid flame retardant bisphenol A
bis ( diphenyl phosphate) (BDP) to flame-retardant modify the EP/PPO system. The flame retardant
properties were characterized using the limiting oxygen index, vertical burning test, and cone calorimeter
tests. The curing kinetics and pyrolysis kinetics of the modified EP/PPO system were investigated using
the Kissinger, FWO ( Flynn-Wall-Ozawa) , and Crane equations. The results show that when 8% BDP and
2% CaT are added to EP, the composite exhibits good flame retardant performance. 34. 5% of the limiting
oxygen index is reached. V-0 rating of the vertical burning test is achieved. The peak heat release rate
and the total heat release are reduced by 76. 6% and 51.5% respectively compared to pure EP. The

incorporation of CaT is found to be beneficial for the curing reaction. The optimal curing temperature could
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be determined by extrapolation from non-isothermal differential scanning calorimetry curves. It is an initial

stage at 100 °C, followed by 120 °C, and finally 170 °C. Analysis of non-isothermal thermogravimetric

analysis curves and pyrolysis kinetics demonstrates that EP/PPO system exhibits lower activation energy.

Keywords: flame retardant;

curing kinetics;  pyrolysis kinetics
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Table 1 Formulations, limiting oxygen index and vertical combustion test rating of EP/PPO composites

FESh 2B EP/g PPO/ % BDP/ % Cal/% LOL/ % UL-94
EP 40 0 0 0 26.0 ToEH
EP/PPO/BDP/CaT0 40 15 10 0 32.5 V-0
EP/PPO/BDP/CaTl 40 15 9 1.0 33.5 V-0
EP/PPO/BDP/CaT2 40 15 8 2.0 34.5 V-0
1.3 FE#AE EP/PPO £ & FHEIU kW/m’
1.3.1 BESRR 1.3.2 ETHRERDN
SRITHE LA, 2 BB LB RAEAE MR BN LT T, BERE

FESN ST 4 100 mm x 100 mm % 3 mm,?ﬂ@iﬂﬂ 35

50~250 °C , FHEH R4 5% B 5.10.,15 .20 °C/min,,
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Fig.1 Cone calorimetric test parameters vs time curves for EP/PPO composites



57 AR SR BR S N /AR50 1 SRR EE A T Ak S R 5l g 27 - 117 -
%2 EP/PPO E&4WMHHERERIRER
Table 2 Cone calorimetric test results of EP/PPO composites
PR | . SRR Co, 7= N SRR
. g SR e B . 800 C 5%
B il | **ﬁf) gt | i | WU iy oL o
. ) 0
(kW - m™) m (MJ - kg™) (g-s™h) o (m®> - s™") "
EP 948.0 101.7 23.4 0.573 52.8 0.39 12.7
EP/PPO/BDP/CaT0 251.0 39.7 12.0 0. 209 35.6 0.26 20.5
EP/PPO/BDP/CaTl 261.5 42.7 12.4 0.238 13.4 0.48 24.1
EP/PPO/BDP/CaT2 222.0 49.3 10.7 0.203 11.9 0.21 20.7
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Fig.2 Differential scanning calorimetry curves of EP/PPO composites at different heating rates
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Fig. 3 Linear regression graphs of Kissinger and FWO dynamic equations
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Table 3 Curing kinetics parameters of EP/PPO composites
. E./(kJ + mol™
G o ) A/s™ n
Kissinger FWO YA
EP/PPO/BDP/CaT0 48.97 53.58 51.28 1. 68x10° 0. 869
EP/PPO/BDP/CaTl 41.35 46. 13 43.74 2.72x10* 0. 852
EP/PPO/BDP/CaT2 42. 60 47.13 44.87 5. 48x10* 0. 859
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Fig. 4 Relationship between curing temperature and heating rate of EP/PPO composites
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Table 4 Curing temperatures of EP/PPO/BDP/CaT composites at different heating rates
8 R
(C - min) EP/PPO/BDP/CaT0 EP/PPO/BDP/CaTl EP/PPO/BDP/CaT2

0,/°C 0,/C 0./°C 0,/°C 0,/C 0./°C 0,/°C 0,/C 0,/°C
5 101.9 153.3 215.1 99.3 137.7 184.9 89.9 127.8 167.9
10 119.7 168. 8 233.5 112. 8 157.2 218.8 106. 5 151.9 216.2
15 135.4 187.6 238.7 124.2 171. 4 237.8 115.2 159.6 217.7
20 140.0 190. 0 239.6 138.5 182.0 240.7 122.9 169. 1 227.3




hoE e B o e

- 120 - China  Safety

Science

H35%
20254F

Journal
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Table 5 TGA and DTG data for EP/PPO composites

FE i
B/ EP/PPO/BDP/CaT0 EP/PPO/BDP/CaTl EP/PPO/BDP/CaT2

(°C + min™") 6 .,/ 6,./ 800°CH: | 6.5,/ 0, / 800°CH: | 6.4/ e 800°C 5%
< < Bttt/ % C C Bttt/ % C C it/ %

5 331.2 382.1 24.7 334.6 381.2 26.0 335.7 386. 2 25.0

10 348. 4 397. 4 25.8 356.2 398. 1 26.9 357.3 402. 4 27.8

15 360. 4 404.7 25.5 365.6 407. 1 25.2 363.2 411.1 25.6

20 346.0 396. 8 21.7 362. 1 400.0 22.7 360. 5 402.7 25.7
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Fig.5 Thermal degradation curve of EP/PPO composites materials
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Table 6 Thermal degradation parameters of EP/PPO composites

FE i — B/ () - mol ™) A/s™
Kissinger FWO E
EP/PPO/BDP/CaT0 184. 45 185.92 185.19 1.27x10"
EP/PPO/BDP/CaTl 160. 53 163. 20 161. 87 1.42x10"
EP/PPO/BDP/CaT2 171.25 173. 46 172.36 8.52x10"
3 QE 'L/I:\, BDP #11 2% ) CaT i}, EP/PPO & & # B #: BR & 5

1) BDP Fl CaT Bpskfdi Al ffi EP/PPO &5 44
BHOBEBEERE AR B B & . MInA 8% 1

B 85 7] 34. 5% , T EURBE IR TR V-0 42,
54l EP AH, EP/PPO/BDP/CaT2 H AR H R Ik
{ELFILE B B AR 76. 6% F1 51. 5% , 3 A 5%
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