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1.4 ¢ DMA
80 C 2 h 150 °C 4 h da A E da da
ar= g\ “&r «) o Bar (4)
1.3 (4)
9
NETZSCH STA 449C Achar °
PNH  DMA 15 mg ln( da ):mi £ (5)
TGDIG . 10K/ M) dT] = B RT
min 50 °C 800 C 2 fa) =(1-a) (4) Coats~
. Redfern 0,
30 mL/min,
Gla)) | (ARY E
, ln( - )_1n(ﬁE)—RT (6)
Achar CoatsRedfern
9
A(s) >B(s) +C(g) TG DTG 15
2 fla) G(a) Tab.1
d T o /T In da/(f
3 =Ha) (1) . 2
dr (a) -d1)  In(Gla) IT) .
G(a) =kt (2) (4) .
Archerius k:Aexp( _7) (N I/Z" In da/(f{a) - d7)
RT In( G(a) /T%)
da _ _E
i —Aexp( RT)/( a) (3)
ta—t (%) ;
-1y .
" (570 F tr (5) (4) (%)
mol) ; R—— 8.31(J/(mol » K));
Na) — o
dT
B="4, (3)
Tab.1 Common thermal decomposition mechanism function
No. Function Reaction model Aa) G(a)
1 Mampel power law 407 174
2 Mampel power law 3?7 o'
3 Mampel power law 20! o'
4 Mampel power law 1 e
5 Parabola law one—tlimensional diffusion 1/(2a) o’
6 Valensi two-dimensional diffusion -In(1-q ! -In(1-q 2
7 Ginstling-Broushtein three-dimensional diffusion 3/2 (1-a) RIS R (1-2a/3) -(1-a) 213
8 Avrami-Erofeev n=2 2(1-a@ -In(l-g '2 ~In(1-q '?
9 Avrami-Erofeev n=3 3(1-@ -In(l-g 27 ~In(1-q '7
10 Avrami—Erofeev n=4 4(1-q) -In(l-q 3** ~In(1-q '
11 Phas boundary reaction contraction cylinder 2(1-a) 12 1-(1-a)!?
12 Phas boundary reaction contracting sphere 3-(1-q)% I-(1-a'?
13 Chemical reaction n=1 (1-a) -In(1-q !
14 Chemical reaction n=1.5 (1-a)?? 2 (1-a) 12 -1
15 Chemical reaction n=2 (1-a)? (1-a) 7' =1
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Fig.1 TG(a) and DTG( b) curves of epoxy resin cured with PNH and DMA in N,
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Fig.2 TG (a) and DTG ( b) curves of epoxy resin cured with PNH and DMA in air
Tab.2 Thermal decomposition analysis for two epoxy resins
Types of Initial cracking Temperature in the fastest cracking rate/°C Temperature of 750 °C Char
epoxy resins temperature/ °C one two TG at 60% /°C yield/%
PNH cured air 235.21 290.2 545.2 453 9.6
N, 227.98 290.5 408 31.8
DMA cured air 300. 21 352.7 542.7 503 0.7
N, 342.98 378.0 408 18.4
PNH DMA P-N P-0 C-N C-C
PNH °
60% 750 C
Tab. 2 €O, CO NH,
P-N .P-0
PNH N
DMA

Co,
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CO NH,
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15
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6 Tab. 3
PNH
2 . R
Achar Coats— o
Redfern 0 Tab. 1 Char Red-
fla) G(a) Achar fern —
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E  InA. PNH DMA 2

2 1 Arrhenius

DTG (  Fig 1
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Tab.3 Calculated values of kinetic parameters of two epoxy resin by Achar and Coats-Redfern method

Achar Coats—Refern
Type of stage No.
E/(J*mol™!) InA/min ~! R? E/(J*mol™h) InA/min ! R?
Air DMA one 5 97996. 49 35.100 0. 99605 87990. 32 26.813 0.9902
DMA two 13 71468.98 18.949 0.99589 71382.97 28.007 0.99589
PNH one 5 53466. 61 23.266 0.98291 43010. 84 13.488 0.9395
PNH two 15 89229.15 23.835 0.98501 10254. 61 0.0728 0. 69497
N, PNH 6 57653.24 25.034 0.99223 58207.05 20.693 0.99796
DMA 6 225307. 03 73.677 0.99428 219238.38 67.190 0.99746
Tab. 3 DMA o 1
1. 2 N 2 DMA
Sfila) =1/(20) PNH
E, =92993.41 J/mol InA,, =30.95 min~'  f,(a) =
1 —a E,, =71425.97 J/mol InA,, =23. 48 min "'
PNH 2 : °
fila) =1/(2a) E, =48238.73 J/mol InA, = 18. 38 DMA  PNH

min~'  fi(a) = (1 - a)® E, = 49741.88 J/mol
InA,, =11.95 min "', 1 PNH
DMA

L E, =222272.7 J/
E, =57930. 14 J/mol Ind, =

fil@) = —In(1-

mol InA, =70. 43 min "'
22. 86 min "'
o ~'. DMA
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Thermal Decomposition Kinetics and Flame Retardance of Phosphazene-Containing Epoxy Resin

Yong Wu'?>*  Jing Zhu® Xiaohan Wang' Zhenhua Shao' Daiqging Zhao' Xiaojun Zeng'
(1. Guangzhou Institute of Energy Conversion Chinese Academy of Sciences Guangzhou 510640 China;
2. School of Chemistry and Chemical Engineering Henan University of Technology Zhengzhou 450001 China;
3. Institute of Engineering Thermophysics Chinese Academy of Sciences Beijing 100190 China)

ABSTRACT: The thermal decomposition kinetics and flame retardant property of epoxy resin cured with phosphazene
and non—-phosphorus curing agent in N, and air atmosphere respectively were studied by TG-DTG. Six thermal decompo-
sition kinetics model were affirmed and their activation energy pre-exponential factor were also calculated through the
Achar and CoatsRedfern methods. The results show that even though decomposed easily in the initial heating phase the
phosphazene—containing epoxy resin has an obvious flame retardant effect during high-temperature phase and a higher
char yield in later thermal cracking compared with the non-phosphorus containing epoxy resin. In some extent the acti—

vation energy has a great relationship with the flame retardant mechanism.

Keywords: phosphazene; epoxy resin; flame retardance; thermal decomposition kinetics; activation energy; mechanism



