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Abstract

Abstract

Polycarbosilane (PCS) is an important precursor in productions of silicon carbide
(SiC) based ceramics and ceramic fibers. Melt spinning is a key step in fabrication process
of SiC ceramic fiber. It is, therefore, significantly important to understand the rheological
properties of PCS melt. However, the rheological properties and molecular structures of
PCS remain unclear due to its low molecular weight, complicated molecular structures and
sensitive to environmental conditions. Presently, the practical processing conditions for
melt spinning have been selected mainly by empirical methods. Little information about
melt spinning parameters based on theoretical foundation and scientific basis is available.
In this work, an effort was directly made to investigate the rheological properties of PCS at
molten state and to explore the relationship between microstructure and rheological
properties with the precise determination of PCS molecular structure.

A series of PCS specimens were prepared by heat treatment of PCS raw materials. A
simplified and improved quantitative analysis method was used to more precisely obtain
the quantitative information of Si—C linear and ring segments based on the experimental
results of elemental analysis and *H NMR. The concepts of average segment and average
molecular chain were introduced to describe the complex structure of PCS. On the basis of
confirmed bonds fracture and free radicals, an aggregation structure model for PCS at
molten state was established. By applying both the determined molecular structure and
suggested aggregation structure model, the effect of microstructure on the rheological
properties of PCS melt were preliminary studied.

The results revealed that the molecular structure of PCS were composed mainly of
Si—C ring segments with the most of ring segments and less linear segments. The chemical
bonds were not influenced, but the relative portions of ring segments were increased after
heat treatments. This implied that the aggregation structure of PCS became more compact,
which increased the resistances among the movements of segments. The average molecular
weights of condensed ring, single ring and linear average segment were determined to be

270,168 and 55, respectively. The average molecular chain consisted of 8~9 average



Abstract

segments. Large amounts of stable but different sized and shaped linear, single ring and
condensed ring segments constituted the aggregation structure of PCS melt through
complicated connections and configurations. The shear stress of PCS melt presented
non-monotonic change with shear rate, and the range of stress dropping was an exponential
decay with the increase in the ratio of ring to linear unit. The relation of viscosity with
shear rate was fitted by Carreau-Yasuda equation. The obtained rheological parameters of
zero shear viscosity, infinite shear viscosity, relaxation time and flow index all showed
exponential growth with the ratio of ring to linear unit. Two extreme values of were
presented in vGP plots, The minimal and maximum values of phase angle decreased and

increased linearly with the ratio of ring to linear unit, respectively.

Key words: Polycarbosilane melt; molecular structure; aggregation structure model,

rheological properties;
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1.1 BmriElaihi

EwikEle (Polycarbosilane, PCS) & fifE (Sid. fik (C). & (H) FInREK
7> T AR AR ECRII AR &), B 7ol it O 8 (IR S e
W B BT 55 S SE I AA A A o 26 3 SR Ak 2T A Rk A ik P 5 ) TR ) o
SRPCSHILZE LN 5y T S T SR AL RE (SIC) SRt v bErE M, (7
H AT 700 H A5 MR IRANEE ] T, R T @ M PCSIN 73 T ARSItk (1 T
T SCWFNIACE ), KRBT CAEE IS 4T 2000615 hr 8okl
AN HRIGIRIE . SMIEIE . XRDZE G PCSI g AT T %0, 1351
PCS LLRE- AR B 4 R SCALARIRY, AT TR RIS, A e T 2R I 2 I 25 HY LA
o SKBLACHR, AE 500°Cor i M AR ASICHIC, BEEIR LRI TR, ARASIC
Ptk A B-SICMCIHF & — & AR S AT . BARIESRRALIE LT 4E 1] 5% 52 PCS ) #4
WARVERESE N, H2 H AN T-PCSTR AL P BE MR T B 00 2 I 5 1 hii ik B2 At 1y
RV — R AT AR, 45 2IPCSBY VAR, il AR R T 2= 1 3t 1 45 &5

e,

1.1.1 HEES#

PCSUL L # L EESI. Co HAIOWYFh, LLYajimaZilPC-470 1™, ¢34y
5 Hou =& Si (50.57%) « C (37.24%) « H (6.70%) . O (1.20%) ,
PLIEAS B80T 5 SiCi71H3 7000040 HARAIEPCSII LRI, HILHT
CERAI AR, RIS AT e BN JeERR G TO . ZEPCSEE TSR, 3 R B
i% (M (gel permeation chromatograph, GPC) ll5E H4r 18 &4y =40 46, FIH
214t (fourier transform infrared spectroscopy, FT-IR). #%#3:9 (nuclear magnetic
resonance, NMR) . %8463 Cultraviolet and visible, UV) . X4 6 HL 775 (X-ray
photoelectron spectroscopy, XPS) %57 vl W L AKE [ Je So 0y e S5 1 55

1.1.1.1 9 FERESSH

PCSHIE T8 (M) —&AKT 2000g/mol, 7rEXZR% (PDD) # 1~5 Z[H].

1
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A A I PR B A ) 25 EL R R mIPCS I 4 1 A . anf 1.1 BToR i)
= FhPCSIIZR Gl )& 43 7 4 450°C, 460°CH1470°C, BEA R EGIEMIES, REWM
¥4 7 B W I ( My(PC-450 ) =1250g/mol , M, (PC-460)=1450g/mol ,
Mn(PC-470)=1750g/mol) , H.Z3F&4A1 i K4+ 7 [ st

Refractive Index

40 45 50 55 &0 65
Elution Yolume {ml)

B 1.1 Al N A PCSI#IGPCHE M
Fig. 1.1 GPC curves of PCS synthesized at different temperaturest*"!

EPCSHIIN T R U R Fs i g 22 Wk b, EKRPCSHAAIE M HAL AL, 1i/h
Ir B AT, AU AL ORI R R, i, AR O 5g i HL g 22 PR RE AN
BRI, PGB RIS TR, TR i BRI A
BEATRY, BB AR, ERR N R R T e R AR R . EEAE ACTRAR
RN, PCSIZitt e kAR Ja 2Bt 2, MRIEHEFINPCSH#ERE ) AR,
WIS LB — 8 o FRINPCS, LIS EIFEE > & By TR A IPCS, PCS
SR ORFEAAL . 3 1.1 A %% 311 803g/mol Je 73 #i 5 £k 4.16 [IIPCSEA A i
PR RN &, AT, WEANR IR AT SO T PCS I 41 B XA A
1.1.1.2 EXEH

& 1.2 JyPCSHL AL 4hitk M, 8y il 4F 4000~400cm™ & T Hh 41 4 i
W, Hidr, B HIIERELE (polydimethylsilane, PDMS) A YajimaZil 38 Bietibde (45 1 It
kl, PC-470 4 470°C R AWML, PC(280) APC-470 7£ 280°C I BL25 K17~
Yy, HA& AR R R 1.2 froR, FZELISi-H. Si-CHIC-HE B A7 11 .
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R 1.1 PCS SR FZAR G I oy 1 i S oy 1 At
Table 1.1 Mn and PDI for PCS after solvent extraction by different solvent!**!

No Solvent M, (g/mol) PDI
1 Jsk} 803 4.16
2 FH i 891 3.88
3 IR 1004 3.53
4 £ T gk 1010 3.55
5 JoIK LE 1487 2.81
6 L B Lk 2120 2.34
7 7 A 2300 2.19
8 IR L 1 2472 2.12
9 LR 2664 2.00
10 IE N 2833 2.03

PC-4T0 ul'l |

|
L
Al
_m W | l'b |
ST

| | | lfi J

4000 3000 2000 1600 1200 SIUU 400
Frequency {cm-1)

S T V‘\
L

Transmittance

& 1.2 PDMS. PC-470 JPC(280) L7 21 41t ] (]
Fig. 1.2 FT-IR spectra of PDMS, PC-470 and PC(280)
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%% 1.2 PDMS. PC-470 }PC(280) 1 St 4T SNFEAE ittt 4]
Table 1.2 FT-IR peaks of PDMS, PC-470 and PC(280)!"" **!

Chemical bonds

Wavenumber (cm™)

PDMS PC-470 PC(280)
H.0 3400, 1600
C—H stretch 2950, 2900 2950, 2900 2950, 2900
Si—H stretch 2100 2100
C—H deformation 1400 1400, 1360 1400, 1360
CH3-Si
1250 1250 1250
deformation
CH; wag 1020 1020
Si—H 955
Si—CH3 rock 828 828 828
Si—C stretch 732, 681, 620 732, 681, 620 732, 681, 620

FH 2T A0 i & R 401, PCS 1 e i 06 H B 4E 2100cm™,  1250cm™, 1020cm™ il
600~900cm ™ {1 {7 &, 4> X% A K Si-H, Si—CH3, Si—CH,-SiflISi-C¥xzhig, aJ i
PCSHI & KEMISI-HLL &L Si—-CH3, FFLASI—C-Si kT 484t B T AR 4 1E 0 (147
BT PCSINFEARSE ], M d b /R 52 it (Beer-Lambert’s Law) nl #3E4T 41 20k [ )
ST I HRE AN, 2 — A PAT H O T B I R — 3 A B RO R
 HOEEAS WO R R B R R R OE LG, B

A:Igll—O:IngzaJ-c (1-1)

Forfre 1o RNA I NGB B RUB S SRIE, TAEN 2R, a Rl RmE. nf Sk
P15 A5 S T PR A G i LU A R 2 2 SE I 1 A8 A, R 40 L mT 8 R A 1 1 2
RN . XFFPCS, i HISi-HHE (2100cm™) FISi-CHa## (1250cm™) 5{Si—CH,—Sif
(1020em™) [R5 b oK 2% 80T IR R A1 Si-HEE ) A2 1«

2140tk B RE ] 0 ) W S A K A 2k, e i e SR I 45 4 TE 20, anPCS )
Si-H. Si-CH3MSIi-CH,-Si& M RER &SR, Ik, 25| NSRG4k 70 b 7
W, IR GE, WA CHNMR) , i (BCNMR) FiEE: (P°Si NMR)

pmmg

4
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SRAITH, CRISI=Rc & I RS AT RAE . Bl 1.3(a) 5PCS 'H NMRig K], H e
WA AE 4.4 ppmfIE N SiHK(x=1,2,3)I, {E Oppmffii A CHx(x=1,2,3) I, L ifi
HEy, W U EIPCSH HSI-HEERIC-HEE S BN . B 1.3(b) APCSIH™C NMR
i, ARG LL S ppmoiy iy FIE 15~-5 ppmf) 56U, oA oy Wi
He (—CH3) , WHIHE (=CHp) HATHE (=CH) Mg, Kk, 7£4HrPCSIK
2R G R, BRAEATAE S AN e v, TR . B 1.3(c) I PCSHIZS
NMRi K, T3 =AMFIEES 58 SiCy (8~-0.75 ppm) , SiCsH (8~-17.50 ppm)
MISICySigx (5~-18.48 ppm) . MK 1.3 Al%n, ik RAENE. Mkt &g
IAEAETFE R SIS, KA A AT 45 5 11 1) L A 5 A BRS8N A7 0 5 TR KT J PR
AR ACAZHE o B B BEAE L, AR R AR R AN [RIEASE R [ Si-H AT C—HBE HAK
P08, K NMRIUSIH,FICH, SEWESEAT A AR T, NI EIPCS 172 R 454

1;1%\[16, 17] .

>h

P%
-

<3
RS

(a) t (b) (C&. Lidl
fl "I‘1.‘ N b ﬂ‘:‘
T it i AT
I"e *ﬂm‘ Y
=" .
,..-’"'\;,_ PC-470 ffll | #i,l’l / “ﬁ} “iL :;_.m
.-w/f\u« PC t.GE-J 1 hq"‘ﬁ"" ,’1 L ﬁ"\,‘fw‘ﬂl
) 7 !k\ N,
N— iy’ \ " #.I.,: W | Fa.Tla "
A\ s/ k { bApeH re-i \f’M Mn
[ ;/M ‘ | 'JL .
I- | ! &I j" 1I PC-4B0
/{'. A % PC-B2 W I' Ihw
L] ™ g f‘zh?\ A
I PC-470 R RO A
NN IIVARN M Wl i
3 Z ,_'! o 0 S w0 0 W@ 0 obr.”:“zt]: T

G (ppm)

& 1.3 J10 (R PCSAZ G P10
Fig. 1.3 NMR spectra of PDMS, PC-470 and PC(280)1% 1!
(@) "H-NMR (b) *C-NMR (c) ZSi-NMR

1.1.1.3 FHELEH
X - YajimaZ PCS 43 1 % &5 # A 7 ,  Je 4 4428 HH 1) A v e 2 ML 4 0 g DL
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