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EE 1k A L = R R(DCP) MM A =5 T 5 (AIBND 43 5l 51 % & £ 4 36 W3S B ok ik e (VHPCS)
4. FVAESR 2Z R F A HUE (DSO BFSY VHPCS/DCP, VHPCS/ AIBN B F A 2 1 [ £k 52 v 3 77 %%, 38 3
Kissinger J7 2 fl Crane 5 B2 8 #15C 8 12 280 HF i W AF AR R 19 n SCRALAE AL, W] B 5@ i 8- T A1 4k v
FEMR R I AL T 2R % R 22 38 BR ML 3 R 7= 9 i vk BB kA7 40 B . AR FT 45 % W . VHPCS/DCP, VHPCS/
AIBN Z AR R R I% AL R 43 514 72. 17k]/mol 94. 11k]/mol., KL AL 43 5124 0. 92.0. 93, 5T ShHEEE & « 25 T+
TR A 0°C/min I 0K & 03 8L 5E I AL IR BE 38 O 55°C , W (B IR B 43 B R 110°C [ 107°C, 28 1k 3 B 43 31 ok
129.5°C \134°C, FTIR 4552 %8, VHPCS #3816 [ 1k 35 B S 3 1 XU 4 11 38 & 92 B0, 32 TR J5 A% b 114 Py 8 7 %
AR E .

KB B AaERE; 51 DSC; A sh 127 ik T2

F Wk ik 45t (polycarbosilane, PCS)/E Ky SiC B & w9k AR i W 95 &L A 30 ZA4F , Hp il & %1k PCS A
A i sh PRI AT [ S8 I B B e R A A R A SRR 4% fE % (precursor infiltration pyrolysis, PIP) #i £
SIC P & B Ho A2 45 o4 R BRAR AT SRARE > o e R0 T AR b, FRTT 3 220 A EC M I R 5t 52 0 o 2 b A5 B T
EA SR RE S RS R RE bt VHPCS™  HORk B 4 A% 0 sh Mk 47, i 7= vh C/Si ez 1.1,
A AR PIP T2 A SiC M % RTIRM . 11 3K 4 28 58 Bk A B o] 2 055 24 M B 8 7= R T PIP T 2R,
A 47 e T A VR T A A SR 30D [ RO A N o T e BT AR . L BF9E VHPCS #9328 [ 1k 3h
00 FHE T PIP TGS EZ A MBI EA T 2 1A EEME L,

A AR 09 S = 5 2R (DCP) FH s & = 5% TS CAIBND S 51 & 7, 528 VHPCS 22 Bk [
k. AR AE S5 IR 2278 2 H3BT (DSO) 43 558 T VHPCS/DCP, VHPCS/ AIBN 7 i {4 2 1) [ 1k [
JO7 501 7 2%, [R]I  A 22 5 16k [ £ LB LA R 52 B 7 W 3k E R AT T 0 A B 5T

1 S5 o

L1 JR#
ASCHT ] VHPCS $4 i th SR A ] 254 Rk 00

—

+-CH,SiH, ), +-CH,SiHY:

B 1R 1000, 20 HUR BN 40K 100cP, DCP #1 AIBN g F [ 25 4 A1 4k 4 3500 45 BR 2 A
MATZEZ Faife . MR CTHD T Ae st T 20 Mral, J AT 2820 50 0% .
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1.2 HmEl&

5286 BT I DCP A1 AIBN #3498 VHPCS # g Btk 9 0. 590, VHPCS/DCP A % & th DCP it A &
B VHPCS B9 Schlenk A, 75 B ARY FRE S+, 1h 455, VHPCS/AIBN £ £ N7 564 AIBN %
fif T T H: THE |, fin A 2264 VHPCS 1 Schlenk Jifirf, 78 Z R T #E 150+ Lh J5 BR K8 5500 i
53,

1.3 Wik 5RAE

2 7% F R B4R BT (DSC) T H A K T24 7 STTEXSTAR DSC6200 2 7% 4 i i #0000 52 .5 2
SRR 100mL/min, FHREHEF A 5.10,15,20°C /min, 3% 5 {8 B 50~300°C, K {# [ Bruker
/&) Tensor-27 BId B A5 4 21 4 56 3% X (Fourier transform infrared spectroscopy, FTIR) #4741 4h 47
BT AT it R TR AR TR P 325 VR R it R JH O 8 b L i IR e R AR B R e B A ik I K 3
4000cm ' ~ 400em ', £ & B9 B 4 H7 ( Thermogravimetry analysis, TGA) % B H Z& SII
NanoTechnology /A & STA7300 #H 43 Hr I % » I3 4R R i 3 &R, o8 100mL/ min, 7 3 46
4 10°C /min, 183 B VL 30°C ~1000°C .

2 #HXR 5

2.1 AREFHEBEZEINEZELB 0
TEA R RSN TR W 43 B LAAS [F) FHE 3 R 5 VHPCS/DCP, VHPCS/AIBN W # {& % #£47 DSC
i H DSC g id 1 s .

a —— (1) 5°C/min b —— (1) 5°C/min
—— () 10°C/min —— () 10°C/min

(3) 15°C/min —— (3) 15°C/min

—— (4)20°C/min —— (4)20°C/min

— Exo
—— Exo

50 100 150 200 250 300 50 100 150 200 250 300
T(°C) T(°C)
VHPCS/DCP VHPCS/AIBN

FL TR T A DSC i £
Figure 1 DSC curves at different heating rates
A1 A48 R DSC il £k 7 45 3 44 R 7E AN [8) TH IR 8 30 R 00 [ AL R R R B M i v S5 R LR 1. Hobp
o) B S N | NV S P VY 0 A (R L S o AN & )i & 2 51 g

K1 FAFEREFERTH DSC &R E R KR #
Table 1 Data of DSC curves at different heating rates

VHPCS+DCP VHPCS+ AIBN
BCCemin™1)
T,/°C T,/C T:/C AH/(Jeg™ D T,/°C T,/C T:/C AH/(Jeg™ b
5 62 117 141 197 60 112 142 153
10 66 126 151 203 68 120 150 156
15 74 135 163 201 74 125 159 175
20 80 140 174 189 78 130 166 167

HIPET 1 AN 1Al A, AR iR 229 DSC il 20 EA RS B it P2 L WA 03t P2 R 28 1 3l 2 3% o 267 7 3k 3% ) 314
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T 1) 5 3 77 160 #% 3l L 9 B o B 2 T R B3 AR 4G AR B . X S B TN A BE A T il R
PR o 11 P B S SR 5 J5 N A 14 R S T R v 2 B A A i i JEE R A A A I A S T A S A X 1
A R I 3 1) 2 T T 1) B Bl o [ R S B AR AR BN AR BE . X U A M R T A SN 9 DSC 2 7] LA H
TEAA R T i R R . VHPCS/AIBN R 2 1 [5 fb 0 i 3L B B2 VHPCS/DCP 4R & 1 s ik £ 222 X 8
ATBN #R3ife 7 A 1 ol 10 3 R RAIRE T DTG 5 S0 Bl Al U BE IR 1 2 8 78 A HL 3 UL 2 AiE B g [
2N R S 8 A A A, B SO ik 1) B R A T A e 4T o FE A R TR S R A4 . VHPCS/DCP K & 1
K22 ¥ T VHPCS/AIBN R £ L i ] VHPCS/DCP A 2 B L 3 o 5¢ 2 .
2.2 BTHMEERENENENXIZEE

PATHilR R g xR T VR IR I M B RS SR g=0 I iy T T, A Tl 5 o ml 30 Bt 2 Y i 114
Bl TZOREE . #5352 1 B E i L pxF T T, T S5 R I 2 B

200 200

o emERET) b = jemEET)

by : ii{gin:nrﬁ(rp) 5 R=099 1807 o MHERH(T,)
“IERIE(T) ran 129

160 160

=1
2-0.98
140 - o R0 140
—1.56p+11 o
~ 1156 ~ rorigprior | RO
© 120 © 120 -
= =

100 100 4
60 - 60
4 6 8 10 12 14 16 18 20 22 4 6 8 10 12 14 16 18 20 22
A (°C-min™) B (°C-min™)
VHPCS/DCP VHPCS/AIBN

2 BTAHMEEMG HE
Figure 2 Relationship of T;,T,, T of DSC with heating rate 8

AR 2 1528 M3 E &, AT RS p=0 Bf, VHPCS/DCP 14 2 i [ 1k e b 5 B L W (8 15 BF | 2% 11
TELEE 43 )2 55°C \110°C \129. 5°C . AR A4, AT sk 45 VHPCS/ ATBN {4 22 1 [ 4k A2 44 15 3 L 6 B8 3 VK 1k
T4y A 55°C L 107°C (134°C . BV Fh 4K = B I 14 305 100368 e Ak T ¥ o0 55°C , #AE fk IR B 40 1 oA
110°C L107°C , [ 4k J5 4b B3 BE 43 91 SRy 129. 5°C (134°C , Z BCHE W] LA Ry 8 VHPCS 19 8 4k T2 #2 fit
A
2.3 VHPCS WMEERIMt R RMFNEER R MR TFHE

i [ Ak B0 2 UL TERE A TH 55 0T AR 4l Kissinger J5 BRR A0 o [0 RN WE (B R B T, L THi 3 %
BRI AL SN TG AL BE E 22 J8] ) 56 =2 X T R R i R (D

1n<%>=1n<‘}5—R>—R% (D
K, R SR EEL,R=S8.314]*mol '*k ';A & Arrhenius -+,
LI VHPCS/DCP {4 & Jg 5] , A [f] il g DSC i 2645 2160 T, KA & iHREAES T3 2.

% 2 Kissinger 7512 #1E

Table 2 Data of Kissinger equation

B(K+min~1) T,/K (1/T,) X105 (K1) —In(B/ T,
5 390 2. 564 10. 323
10 399 2.506 9.675
15 408 2.451 9.314
20 413 2.421 9. 051
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AR R P BRSSO LL—1In(p/TH X (1/T,) X 10° fEE 3 Frs . il & 1 = 0 i 16 fE
E. HEAMER M, —In(g/ T H5A/T,) X10° IR LR R, R AL R MR B A
) 0. 99, @ 1t AR AR VHPCS/DCP R R R MG LAE E & 72. 17k]/mol; i ELZ B In(AR/E) ]
B H Arrhenius 7 A O 1.38 X 10°, 5Ly, nf 315 VHPCS/AIBN & & 19 % L% 1L 58 M
94. 11kJ/mol, Arrhenius ¥ A by 2. 35X 10° . XF T H Fh 51 % 51, M 1 Ak 52 B 2 076 Ak fiE ok & AIBN
ARG L RE = T DCP 1A &, 3 W] AIBN 5| & VHPCS 52 Bk /) fig £ /1 T DCP, Bl AIBN 5| k&
VHPCS 281k 2 W & A (e B TR, (A AIBN R R i 450R K7 = T DCP R &, BB AIBN & R (193 1k 4
T4 A5 % 5 T DCPL AIBN 5| & VHPCS 280k W 45 5y . R AR ZRG I 45 AR WA~ 51 & 7 51 &
VHPCS 22 Bk (il 7 22 0 AR K A0 Rz b, B 2R ELAT 4230 A9 [ AR R

10.4 4 a 10.4 4 b
10.2 10.2
100 100
é el E 9.8
= ¥ 96
<, 964 &
[i =8.68x-11.98 ; 04 1=11.32x-19.15
E 94+ F = )
=0. 02 R*=0.99
92
9.0
9.0
T T T T T T T T 88 T T T T T T T
240 242 244 246 248 250 252 254 256 258 248 2.50 2.52 2.54 2.56 2.58 2.60
W10 (K" (WT)x10° (K
VHPCS/DCP VHPCS/AIBN

B3 —In(g/T—(1/T,) X10° % %A
Figure 3 Curves of —In(g/T}) versus (1/T,) X10°

K Crane J7 82 0] LA AR 2 5 [ 4k 520 2888 (n) , Crane J5 #2401 (2) R FFRY

_dhng _ E
d(1/T,) (nR +2Tﬁ> (2)

24 E/nR>>2T,i},Crane J7 2 1] fijfk Hy

d(cil/nTp - (%) £

LI VHPCS/DCP 14 £ 4 , A [5] FH i s % i DSC fi &8 28089 T, M A 6B T3 3.

&R 3 Crane FIE#3E
Table 3 Data of Crane equation

‘8(°C-min71) T,/K (1/T,) X10% (K™ 1) In B
5 390 2.564 1. 609
10 399 2.506 2.303
15 408 2. 451 2.708
20 413 2.421 2.996

AR R P BARSE SR B In g1/ T,) X 10° VEE WA 4 Frs . il ik B2k B3 B0 A) R R

HE 4, In g5 (1/T,) X10° B EIF LR . RGBT, A0 RECH 0. 99, BLH R
A Crane 7 BXF IR R GAF 5 =GB . HLZ MR —9. 48, /] 115 VHPCS/DCP 1K R i [ [ 2 5%
0.92, [FHL, AIIFEEH VHPCS/AIBN A R (1 52 W 2050 0. 93, % IT I 45 AR B A 22 B AR R 1Y
J ] AR 42 3, U BV T 5 | 2 ) 285 R 1 2 S 0] A8 B S 1 SRBIOGR I K
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3.2

3.04 3.0

284 2.8
2.6 2.6

24 24

Q <
£ 22 1=25.97-9.48x £ 22
y=33.11-12.12x
4 R*=0.98 4
20 20 R=0.99
1.8+ 1.8
1.6 1.6 4
14 T T T T T T T T 14 T T T T T T T
240 242 244 246 248 250 252 254 256 258 248 250 252 254 256 258 260
(I/TP)x103 X" (1/Tp)x103 ()
VHPCS/DCP VHPCS/AIBN

B4 Inp—/T,)X10° LZHA
Figure 4 Curves of In g versus (1/T,) X10°
2.4 FERENUHNFER
— BT SR e G [ AR R R A A AR A [ A S g g A

de o .
o o AR E LR n Ry S N B, b R SO 3 2R H 40, 7T A Arrhenius AR5
L — Aexp<—l%) 5)

i Kissinger 77 # Fll Crane J5 FE R f# 13 8 ) AL E.n % 30 /1% & 8, v 4> %145 if VHPCS/DCP,
VHPCS/AIBN K Z& 1 n G [E AR, 43551 10 5& 25X (6) F () fir s .

VHPCS+DCP;

di — 6 _ 72170 o 0.92

ST 1.38 X 10 exp( 8. 314T)(l a) )
VHPCS+ AIBN.

da _ . 94110 e

b = 2.35X10 exp< 8_31”)(1 a) )

2.5 DCP K AIBN 5| % VHPCS 3z BE#/1 18

MG p-T AN E IR R BL T 2R, %% T VHPCS/DCP,VHPCS/AIBN {& & 434 F 110°C
A1 130°C 22 Bk JE Bk f FTIR 3% A8k . aniEl 5 pras . B 5 sl 26 (1) gk VHPCS B9 FTIR 3% &, H
#1 3050cm 'l 3006cm ' Si—CH = CH, B C—H {45 ¥E 5h1%, 2949 ~2883cm ' Si—CH,—Si #
C—H By M4 i s Wi, 2143em ' o Si—H A4 4 S Ml 159 Tem ' X T+ C = C {1 4 9% 3
W, 1356cm ' A 1047cm ' 43 51 oy Si—CH,—Si h CH, 28 JE IR sl W i J2 Si—CH, 195 22 4% 3l W i
Wg,1403cm ' 1 1252em ' R Si—CH, A48 T 4R 2 W Uit 1 , 934 ~763cm 'k Si—CH, (#3h & Si—C 1
i Iz 2h e i . 2 (2) F(3) 43 512 VHPCS 28 110°C 1 130°C [ 5 46 dh 1 3% L v] DL 3L, 5 Tk
TP (1) AR Bl o Ak J5 A i B I I 3 2K 5 1T 2143 em ' Ak Si—H 9 RRAE I i T B B AR Ak, 156 B fE
110°C H1 130°C I EE N VHPCS 32 %038 i XUsk [ B4 Se o sg Bk
2.6 VHPCS #ERERA SR

Xf VHPCS B i B AL HT S (AR S i AT TG 2087, 85 R &l 6 Frox . TG il 2 38 W3 [ 0 A ke 2 i &
B =AY BN IR ~200°C M BoR R 2R T VHPCS Hrgk B0 DL RSB Y i 4%
K5 B B 200°C ~600°C . IR B B R B AR K, R R R A T /N AR Hy , CH, i
RS0 58 =B B 600°C ~1000°C o i B B Ay it — 25 B % Ak i Be . VHPCS 3% i A B TCHLEE A2 % B B
REASIRIE T IR AN 3 A B R R W] R AR, in A DCP Fl AIBN (1 F i 28 22 BX [ 1k
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a b
cured at 130°C cured at 130°C

3) [©)

cured at 110°C
cured at 110°C

as-synthesized VHPCS
as-synthesized VHPCS

C-H(alkyl)

Si-C si-CH,

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

VHPCS/DCP

Wavenumber(cm™)

VHPCS/AIBN

5 VHPCS [ b5 i FTIR 3% &

Figure 5 FTIR spectra of VHPCS cured at different temperatures

J& S ul b T 200°C PUHGAR 28 40 09 4% % 3l ~ 200°C [y B Ay o 451 2 B 2 b . S2 IS B RE LB VHPCS

Y B3 7= R BT iR T . PP 51 & 500 7 A0 R R B 22 BR B VHPCS B P& r= R A £ 50

100

954

a

90+

854

Mass residue(%)

804

754

—— (1) VPCS
—— (2) VPCS+DCP cured at 110°C
——(3) VPCS+DCP cured at 130°C

)

T T T
200 400 600
Temperature(°C)

VHPCS/DCP

T
800

1000

Mass residue(%)

b

100+

954

90+

854

804

—— (1) VPCS
——(2) VPCS+AIBN cured at 110°C
—— (3) VPCS+AIBN cured at 130°C

T
0 200

T T T
400 600 800
Temperature(°C)

VHPCS/AIBN

1000

6 VHPCS [EfLrifa TG h £k

Figure 6 TG curves of VHPCS before and after curing

3 it

A H DCP il AIBN % VHPCS &4 5| & 5%, 1 JE 418 DSC =4 % VHPCS/DCP., VHPCS/
AIBN & Z b 47 B 46 R R 8h 71 2% 43 B . DSC it k53 7 & B, VHPCS/ AIBN 14 Z 7] 7E 58I IR B T 51 & W
A R HL Ak R N AR R 40 VHPCS/DCP fk % . il it Kissinger J7 ## Al Crane J5 215 ] VHPCS/
DCP kR R 1R MG ILAE E R 72. 17k]/mol, K H n A 0. 92; VHPCS/AIBN & & i £ WM iGfLEE E A
94. 11kJ/mol, SN 8L n 2 0. 93, If-38 1o Fir 45 14 181 4k B 1 3h 77 2% S 8000 52 TR R A9 n S AL, [A]
Afid it p-T AL 5] T VHPCS/DCP . VHPCS/AIBN {4 2 i) [k T. 25 i B 94 b X VHPCS/DCP
VHPCS/AIBN {4 £ #1741k . %} [ 165 B FE 5 28479 FTIR 2047 % W1, DCP 5 AIBN 5| % T VHPCS XU
A T S B AS B 1Ak, 3 B S AR i B 2 7 S VHIPCS A T4 5

% S -
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Studies on Curing Reaction Kinetics of Liquid Polycarbosilane

WANG Lin-hao', LUO Yong-ming®* , XU Cai-hong®’" , WANG Xi-xin'"
(1. School o f Materials Science and Engineering , Hebei University of Technology , Tianjin 300130, China;
2. Laboratory o f Advanced Polymer Materials , Institute o f Chemistry ,Chinese Academy of
Science,Beijing 100190, China)

Abstract ; In this paper, dicumyl peroxide(DCP)and azobisisobutyronitrile(AIBN) were used to initiate polymerization of
liquid vinylpolycarbosilane(VHPCS). The curing reaction kinetics of VHPCS/AIBN, VHPCS/DCP systems were studied
by non-isothermal differential scanning calorimetry (DSC). The related kinetic parameters were analyzed by Kissinger
equation and Crane equation, and the nth-order curing models of both systems were obtained based on these curing kinetic
parameters. The curing process temperatures of two systems were determined by the §-T extrapolation method. In
addition, the cross-linking mechanism of VHPCS and the thermal property of cross-linked products were also studied. The
results showed that the activation energy E of VHPCS/AIBN, VHPCS/DCP systems were 72. 17 KJ/mol, 94. 11 KJ/mol,
and the reaction order n were 0. 92, 0. 93, respectively. The characteristic temperatures of VHPCS/AIBN, VHPCS/DCP
systems were approximate gelling temperature of 55°C, peak temperature of 110°C, 107°C, termination temperature of
129.5°C, 134°C, respectively. FTIR result indicated that the cross-linking of VHPCS mainly by self-polymerization of
vinyl group. The mass residue of cross-linked products were higher than that of VHPCS.

Key words: VHPCS; Initiator; DSC; Reaction kinetics; Curing process
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