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2 IBWES

2.1 A ENEE

JEURE: GAP $i/37-5 4000, ¥4 29.2 mg KOH - g™,
B THF 55 B ; N100,—NCO 2 5.39 mmol - g™,
PO AL 2 WE 5T BT s TPTM, 43 1 & 324 BREI2H A
U0 TR T RS . BRI A R A
Al LR TR, B2y Hb =R A R A

i #% . Nicolet 1S-10 B 2T #pSE1E4Y , 35 E Thermo
N E); DSC823 A2 7R H ¥ &= Y, B - Mettler-tole-
do 7\ 5 T A i H U7 AR B AL, TR I TR — A
BHA R A 5 NMM-800 4 AH i il , b 5t 7k ok i 42 B
FA R
2.2 [EML & RiE SR

P HE R n(—C=CH)/n(—N;)=0.1.1 #l %
TPTM FEfL K R EE 5 GT1 . .GT3; #% B n(—NCO)/
n(—OH)=1 £ N100 [E ik RFE S GNT; P H
BT 60 CHEAE HEAT AL, IF X IR & I R AT 205 R
B (R 4 A, 550 ~4000 cm ™)
2.3 BEMLERREzhHhZRE

IR n(—C=CH)/n(—N,)=0.5 {l£& TPTM
etk Z AR GT2, JF454 2.2 35 P iy GT1 F1 GT3 A
4334T DSC A A ki 1.5 mg, JESE IR DSC ik
Sy iR S % 5,10,15,20 °C - min™, i B
50 ~200 °C; 253 DSC it 8 &4 1) 50 °C - min~'
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T, wiRW, X7

FEME R FEE] 100 °C, I fEER 1 h, AR N, i
£ 40 mL - min™'
2.4 SEMEEERLE

W TPTM (BB 5 50 B0R 25% LR SRR <
N100 4375 GAP #% % 1 L lLiE & (GAP 5 N100
RAHITE 90 CFEA T4 3 h, AR Ak
) BFEA), A R AU, DA R T TR A A ) Y
W44 AL 2 rh 60 CRIAE 5 d, B J5 CA T 1 2 h i
B3 od, MKy 2E P Ae, WK R BE 25 °C, e B
100 mm - min™', TPTM [& {1k i J§& Hic i GT, N100
A 7 id g GNG Xl 77 22 M fig Je 19 GT . GN
Ji F AT S IO EE

R R B &

Table 1 Curing agent content in different films

curing system @ cyring agenl/ %

TPTM 3 3.3 4 5 5.9 6.7 7.7 9.7
N100 5 5.7 6.7 8 10 - - -

NoOte: @ cyring agent 15 the mass fraction of TPTM or N100.

3 #R5iTie

3.1 EMbREEEERENH

Bl FT-IR 43 5 #F 58 T 76 60 °C T, GAP &
TPTM N100 iy [EfL #E 7R, 25 R K 1 fron . MKl Ta
HE[ VR, T GTT F TPTM H 8840 (9.7%),

SEUZ R I EATT 3290 em ™ Ak iy = C—H W i 6 55 JiF
WA, TCIEAR M SO i B DG . TR R GT3 B 4L 4h
WE (b)), IWE 1b Rl & AE N 4R T, GAP
1 TPTM F) 45 AiF W i i %5 o B & . 3290 em™ &b oy
TPTM | =C—H Mg g%, 2094 cm™' 3 GAP |-—N,
M TPTM i —C=C— & &% ,1276 cm ' 4k %y GAP
E—C—N, W e W, Bt % N fr, OB W) AR
3290 cm ™ 4th = C—H W ikt g 1276 cm™ fh—C—N,
W g W S S O 5 L I 8 h R, = C—H I L 52 4l
&, 0 B TPTM & 4 & ) hi, bt B 45 of DLFE 3
2094 cm™ ib B 4y B LA W I 0 A A7 AR, 3 T RE J2
GAP % fiid £ FF 8 5 4h, 70 3150 em™ 4b H 31
SRR b= C—H g i I R R (18] b R 4R
HEBL KAL) , i B = W v A5 — e 254 A= B, &5 vl i,
TPTM 5 GAP 7 60 °C F BRI A & A 1, 3-8 B 38 i Bl %
INE, I AR B DL = e B 28 R 1) R AR

ME 1c haf LLFEH, £ N100 [E bk & v, bl &
;Y #E AT, 2270 em™ A4b —NCO Wi g i 3% Uik
59, % 45 h JEsE ek, R 1722 cm™ 4b %
thy BLEIE T R T 19— C = O Wi, LT N10O 55
GAP SR A= i T R &l WM 45 4544 ol xF b iEl 1b
=C—H W EFIE 1c Fri—NCO W I I8 (1 314 2k Bt
B, AT LA & B TPTM & & (1 [ Ak i A @5 8 h, ZLE] i
6T N100 fR &% 45 h, Ul B TPTM {& 5 1) [ 1k 7 24
B 4T N100 R &
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Fig. 1

3.2 BEhREHNEERSHN

XF T NT0O [l fb 14 & (GNT) , 5 &2 7 ¥ 3F 45 i
DSC SE56#R A H B GAP 5 N100 [ 1k 5z i i, Ji IR nf
B2 % [ b g 5 8 B o i W J S, T L% E TR
TPTM (R R EfLsh J1%% . Bl 2 5 GT1 .GT2 .GT3 ¥y
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wavenumber / cm’"

b. GT3

wavenumber / cm’”

c. GN1

FT-IR spectra during the curing process of different systems at 60 °C
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() 7 A RN AR G, B AR DR, DT 8 ] £ 5 . i)
oy U 5 1) # Bl (] A S5 0 i RE T v 0 [ A e ] AR
TEARIR) BAE T, Bl JR e 15 8 G0 JE (9 BE JK L, [ 4k
T A e f 1) v Al A B0, B TPTM 57 £ A 8 0 X [

A SN A — 5 1Y IE A A o
3.2.1 B hESHREFE

S Kissinger 752" Al Crane 752" X A [a 7+
R H T ) DSC Fdi k17 4b 3

8 81T %
GT1 251 GT3
; . 2f
X B 2
g =
E ' Z 151 E
= z = 10
& & 10 =
g 8 . 85
= 54 *
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Fig.2 DSC curves of different GT films at different heating rates

Kissinger J7# : In(8/T,)=In(AR/E,) -(E,/RT,) (1)
Crane Ji#¢: d(Ing) /d(1/T,)=—(E,/nR+2T,) (2)
b, B TR, °C - min™' T,y [k 5 e TH 3
B ,°C; R AW ,8.314 ) - K - mol™ . AR
fit Kissinger 77 #, A —In(B/T,%) % 1/ T, #E 47 2 ¥E 1)
B, AR AR EE R 2R IR AL RE E,, TR T T
A; M4 Crane J5 F&, 24 E,/nR> 2T, W, & K
d(Ing) /d(1/T,)==E,/nR, ) Ing Xt 1/ T, 4T 2t 401
B ARV RATSR A BB ZR n. AR EI E, A fRA
Arrhenius 77 F2 fl ¥ % 5& 20 Sy gt h

k=Aexp(-E,/RT) (3)
(da/dt)=k(T)(1-a)" (4)
A, kAR, o (%) g 1AL, Wy B SN
AR R 22 b 2 SR B RE 1 2 B 7T 32 B 1 B RE TR
H L, mr A4S 3 [ 46 50 0 3h ) 7 7 #2 .

2 ZMRIELL EIOr R LA B 1 3 ) E S8 E)
NETT R, R 2 thal LUE 1,3 e 1 E, 2B EA
K, UEH TPTM 5 & 1Y 28 16 % [ 4k f2 7 17 Ak BE 52 i AR
ZA NS S = T o D A & 5 € S N S o N
TPTM &5 4t (28 A AN 23 U8 e W BIL 3

F 2 N[EIRE S0 [E AR B 2 S8 T A R

Table 2 Curing kinetic parameters and equations of different samples
sample E,/k) - mol™ n Ig( A/min™") re re curing kinetics equation
GT1 79.1 0.924 12.33 0.997 0.997 da/dt=2.33x10"exp(=9514.1/T) (1-a) %
GT2 83.6 0.927 17.43 0.997 0.997 da/dt=7.43x10"exp(=10055.3/T) (1-a) %
GT3 79.8 0.923 11.82 0.999 0.999 da/dt=1.82x10"exp(-9598.3/T) (1-a) %

Note: E, is apparent activation energy, n is reaction order, A is frequency factor, r¢and r¢ are relative coefficient of Kissinger fitting and Crane fitting.

3.2.2 HFREURNTNEKE

WRIEE 2 o 3 ARE A A AL 3 27 05 A, R AT
DA T JRLRE T B A ik [ A 2R o 181 3 R 100 °CTR
[ A6 BE o TN 255 52 0 il 42 5C R AT, Horp 100 °C
T3 ARSI o S O i IR SR [ 14 ] B9 7 1%
AL P 100 “CA DSC iz 33, MIE 3 FTLIE i, 78
AL AL, GT1 T GT2 f o T80 il 2% 0 5230
LIMETEAR W U5 YT GT3,24 «<0.9 i, 95 I ih £k
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TSI 2 525 B BCHE T Y «>0. 9 W, o 520 {E i
FHMM; XEERK K GT3 o TPTM S KL, 1R
INAER: I INEWNGIE'S i A &S i U3 R I e ¥
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Ty i o SN T B AR W) o A S B
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Fig.3 Predicted and measured curves for curing degree of GT

films at 100 °C
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Fig.4 Mechanical properties of GT films
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Fig.5 Mechanical properties of GN films

HE 4 rTLIEH HEE TPTM i 2 500 38 , i
F B PR GE B o R W34 0, 5] B R S8 KR e 8 T
INe 24 TPTM BB 4350 3% BN E] 9. 7% i, Fr i

Chinese Journal of Energetic Materials, Vol.23, No.7, 2015 (633-637)

BEH 0.16 MPa ¥4/ %] 0.82 MPa, $25 412% ; W&l
K 149% R3] 17 % , 180/ 88% . XJ&H Nl &
TPTM 57 & 43 B R 3G 10, 6 Fr vh S Bk i 3 22, i B i oi
JEAT B4R R 5 (R o A B A5 A 3G 22 4 43 S A ot R
T2 Bl BRI AR 22, DT DT SR AR R

H & 5 T LLE % T GN fig i, NT00 Ji it 43 48
i 5% 3§ %] 10% W, i sk B2 0. 09 MPa 54 i |
0.24 MPa, Wi 24 K 2 310% F& %] 102% , N100
A [ A 750 76 52 B g FH B, — i 2 5K S UG iR 2k 5 %%
FERYEEIR LEmE KT 1 (i 0 8029 10% ) , i H o
0.24 MPa, e i 102% ; X T TPTM [E fk ik &, 24
TPTM 5T 5 43 0 4% i, RIAT 35 %) N100 [ 6 14 &
TESE BRI Y T3 MR . i Ho i T GAP h & A
B2, TPTM ik & B A 7 2% 1k fe T 3 [ OR v
73, A LA 4 FH SR B AN [R]  Jl ik 45 0] TPTM & 5ok
Pl 1P BE

&l 6 & TPTM [E ki i AT N100 [ Ak e A 2 1 1Y
WA NE 6 7T LLE H, GN i J A2 76 D i <AL,
IX 32 LR PR Oy T AU N S R Hh i B K DL B BR B v
H 7K, T 8 N100 57K i i 2E B CO, , e A AE I R
HIE AL GT A T4 B4 8, AN TE R AL, X
FEREHM THREMS AR 1, 3-8 B kR N T
FEAT &I 7= 8 A B, BT LAASE ) TPTM B 4R 5 S50 IR i 2% [
AR AT L A0 i 3 A [ Ak 1 &R rh i <AL

SOpm

Bl 6 AT AR B A5 2R 5 R

Fig.6 Micrographs of curing film surface for different system
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(3) 4 TPTM [ & 7 % i 3% 35 hm 3] 9. 7% i,
TPTM [& fk i 7 $7 A 58 B2 i 0. 16 MPa 3% Jin %
0.82 MPa, 4 /& 412% ; Wiz K R i 149% % 5
17% 08/ 88% 5 ¥4 TPTM (1) Jii & 4 B0 R 4% i,
TPTM [ £k i 35k T 3% 3 NT0O [ £k Jie F 78 52 s i
B 2= e Re , FLA < fL
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Curing of Glycidyl Azide Polymer with Multiple Acetylene-terminated Compound

WANG Xin, HUANG Zhen-ya, LIU Li-ping

( School of Chemical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract. To achieve the isocyanate-free curing of glycidyl azide polymer (GAP), the curing reactivity and properties of the films
under multiple acetylene-terminated compound ( TPTM) curing system and triisocyanate (N100) curing system were studied via
FT-IR technology, test machine and optical microscope. The curing reaction kinetics of TPTM curing system was explored by dif-
ferential scanning calorimetry. Results indicate that GAP and TPTM can happen 1, 3-dipolar cycloaddition reaction to form triazole
cross linking system at 60 °C ,and the curing reactivity is much better than that of N100 curing system. The effect of TPTM content
on activation energy is slight, but on the reaction mechanism is little. The kinetic equation obtained can well predict the curing
process in actual application. With the mass fraction of TPTM increasing from 3% to 9.7% , the tensile strength of TPTM curing
films increases from 0.16 MPa to 0.82 MPa, and the elongation at break decreases from 149% to 17% . When the mass fraction of
TPTM is 4% , the TPTM curing films meet N100 curing system in actual application on the mechanical properties (the mass frac-
tion of N100 is about 10% ) and there is no air hole in the films.

Key words: isocyanate-free curing; glycidyl azide polymer ( GAP); multiple acetylene-terminated compound ( TPTM); curing
agent; reaction kinetics
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