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W ¥ HADSCHENEMESRENTHRFEPPERETTH¥ENEXBERD
ANEME. MEFEE S T, B 158C, FABRBAE AHL 4 3.7k/mol, WERE H diflE o =
5. 2erg/om?, FrBEERE H B 5, = 69erg/cm?, SHERTH ¢=133.75k]/mol. 3 BB & &
BWRRYE, BEAERN PP REENHEE, SERRELNE. EESEKELE AE
=73.1KJ/mal.

XA IR (sPP), SRR HF, FFBARI N%¥,DSC

1958 £E Natta % Ziegler-Natta R4k 7l & i i 16135 SL 0 R PI 48 (sPP) 33 K47 T
FENAHERUE, REREAAMNTRAREERBSZORTEMRILE, #
BERE PP RERFEEE THRAWIES. BEMER PP B4 L Rey ek, B3
BTEEEEHT B EE, H* PP HRIEEN YL . Miller!' I Cheng!**1% 4 %%t sPP
HESRHSTHETTHR, BT PP WE R LS HMM S ¥ FE. Cheng 1B
Hoffman!* W BB A KB, IR TRBFABEAE, RA PP HERERF DM
FRNHHEREEETEE AT~ 50T . MfTIAKN Avrami 353 H R EE T 6 54 B 69 R
BHIE KT AR ESTE X, Lovinger® 1134 sPP W45 BB S MG BB MHT TRAL
B, f A BRE T.<120CH, sPP BRI b 14K  EARR KL B &M T sPP
AR =FHAFREREH. TR DSC MEFEMT L, FRTES S REAUE
FEMNSENESELRDHALUE SETSRMESHEE R HESH. FEERE
MEERFERYECRENBSHFRENHAE —EHNESFER.

1 &S

SFE M, =1.8x10° 458 T,=133C, [@RAEF >93% ([rr] HLH >93%)
sPPHSEPEAGHHRERES R, ERETALENEAFREETHE LARESMHKZE
180C FFTIIE, RFF 10min AEFEFER AL HM, R, HERAERE S —FAERELE R
BE T.(55C.65C.75C 85T .95C.105C . 115C )y & b, HiB b3 100, BEERE
& T. TRAG &, MEMHTEFEREARGNERH EREFEMLEHN LBE-XF
I W PZ-B-5S IR HLE R F, R Al Z MM KE R B #: R . sPP B R FRAE
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FEA [T EY NI Perkin-Elmer AT £ =K DSC-7 Bl ERAM BN LT Y
AFBRERE, BER+0.1C, N, SHARY SREHIBERT A% RBEHT
DSC R4 i ; EFEARIREE T 1M AF B REEE K17 DSC EFBLE R
RE.
2 ER5iTie
2.1 FEMANSEERDHY

B & EH DSC 78K PP A EEMBBAREERFE 1P . X1 PH
R (AH )M A/ o )EE(E 1), B 1 PGS A REEE o B RESHRER &
AUHBD, o, =0.93g/cm® 9 JEBBEEF o, =0.854g/cm’'3, WNE 1 FARB PP
BTG RIS AHD, =88 KJ/g(3.7k]/mol) . #23% Hoffman-weeks HEEfE T~ T. @, R
8 sPP VA RMER T2 =158 C (BIM). & CHF Al sPP EERSRIE® T, AHY, 5CW iR
HEE—FHB
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Fig.1 Determination of heat of fusion for sPP from the Fig. 2 Avrami treament of sPP at differem
relationship between specific volume V_ and heat of temperatures
fusion AH .
SRERBIFARTH Avrami HELE.
1-X(t) = exp(— k") (1)

EE X()R: NAFERERE-ZRBETHHEMSERE,  BEREKHRE EKEX
MEREERE, » B ERKERF XM Avrami 3, (1) ARARNHEBH.
lg(—In(1 - X(£))) = igk + nlgt (2)

LA lg( —In(1 - X(£)))3t lg: EEI(E 2), hE 2 WK i sPP BB FRARSIHIFSH(E
2), 3% 2 P ¢, M 11,2 R sPP R TE DSC i1 2% Lo AR B W& LA X (£ )35 F
—mt& B AT X R A I

M 2 B3R 2 PRILAE L, £ {HRE T, #3% MA MBS/, XRHAEE T, 8938140,
HREAT=T,- T. B/, PP HERERERBER, BEFCRBELARE; n 1.5~
1.6 MEAEL, BEHHZRER 118 11,=(n2/8) " RB BRHBRESEKE
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Table 1 Densities p, and melting enthlpies AH, of Table 2 Parameters %, n, ¢1,2» from Avrami
sPP at different crystallization temperatures 7. . analysis of sPP at melt crystallization
T.(T) algfem®) AHL(J/®) TAT) k(1/min)V" n #,(min) 21/2(min)
55 0.8854 37.63 81 0.330 1.586 0.742 "1.579
65 0.8866 38.95
83 0.288 1.599 0.782  1.732
75 0.8871 39.15
85 0.8875 40.87 8s 0.222 1.581 0.901 2.055
93 0.8903 43.31 87 0.193 *1.58  1.033 2.226
105 0.8879 41.44
115 0.8867 39.99 90 0.126 1.561 0.301 2.981
% G A B Hoffman Jy Bk Rle3,
G = Ggexp(_ U'/R(Tc_ Tm))exp(—kg/(TcATf)) (3)

KB, Gy ITRENE, U RRZIELEE, U” =62801/md™** %, R HEHHH, T
= T,-30K, b, RERG AKTLHEEYY, F WRFEETF, B F=2T/(T%+ T,
GHRB IS, B
InG + U"/R(T. - Tw) = InGy — k,/(TATS) (4)
PInG+ U"/R(T. - T)M 1/ (TATAEE(E 3, G=1/¢,), HE 3 HEMHEA K
8K k,=3.075x10°, bk, SMEREREFTBHEZMAHEFTH FRXA:
' _ 4byo0, TS,
€ BrAR®
XE, by HEATFRE(5,=0.56nm), c BWEE G ik, o, EFBHXTI M B R
FALEKFRATHBESED, ¢ BRRESHEH, TL M An 432 A HREE RS
R TFHEEN, 0 =0. 1AV AL A RER P THERM B/ MERER, B A=
apbolag A FHE, B «,=0.725nm, AR = AH? x fc)» B REB 0 =5.2erg/em®. H
THE sPP HEA SR ALK I, T A Lauritzen-Hoffman!'?) 77 g 547 %/ b .
Z = 10°(L/2a,)?exp(~ X/(T.AT)) (6)
XE,ZRZHERYE, L RAGEE, X AP ESH. X (6) HBTURS, A X RH
B sPPEERE T.=81-90CHEN, HFBL AT BB TE=MEREKFR N B=
1,#HBER(5)B oo, fH, HTA KRB o, = 6%erg/em’®. F N REFTBEDY ¢ =240, =
33.75K}/mol. B FA A sPP BERM M, 85, FEMEBESRE B, BHiHX BFK
B o B g HHXBR[3]IM4] KR EEKN.
sPP # A BB & RS R B EKIE LT & Cebe FUH HERB .
kY™ = koexp(- AE/RT.) (7
RE : RERENEE ERKEXNEREREY, B Aveami TEKB 2, BTHEY
¥,AE AERMBMELEE, R ASEER, T. v REBE, I(1/n)ink X 1/ T, FHE,
MEEZ4HERE AE=73.7K]/mol(A 4).

k (5)
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Fig.3 Plot of InG + U/R(T, — Ta) versus 1/ Fig. 4 Plot of isothermal melt crystallization
(T ATS) of sPP activation energy for sPP

2.2 EFRERIHE
BEAREARFEIREREER DSC 4 & i il 2R 0, BH K IR 3 0 8, KB
B B EE A R (E 5) . S REHS BB EM Avrami ¥ T B Ozawal'®!
FTEHR, s
1-C(T) = exp(— Zz™) (8)
1 - C(T) = exp(— K(T)/R™) (9)
XE,C(TMEBREN THHAMAMERE, Z RK(T)HHRESFERE KL ENH
Avrami 31 1128 B 8O Ozawa 3 1 E ¥, n, Mm 4B SN H Avrami FEEH Ozawa
W RERASHE EMRERELER —SWAGT, Z TARNERERE" gz =
(1gZ,)/R .18 6 A& HESEBRER, B 6 % 0 B H KR 5 R, A F—H
S EE C(T)BERNSHIEF UK. #18 DSC MiXE R (LA o), FHEIE
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Fig.5 Typical DSC thermograms of nonisothermal melt Fig. 6 Development of relative degree of
crystal]izﬂtjon for sPP at different mhng rates crysm]lm.tty with temperature for nonisothermal melt

crystallization of sPP at different cooling rates
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Fig.7 Plot of Ig{ —In(1- C{ T)})) versus lg¢{min)
for nonisothermal melt crystallization of sPP at
different cooling rates

IgR

04

0.0

0.4 0.8
lg? (min)

» (7)=90
« O(T)=80
a C(T)=70
- C(T)=60
« ((TY=50
+((T)=40
x ({T)=30
=((T}=20

1.2

Fig.8 Plot of ig{ —In(1 - C{T))) versw igR for
sPP during nonisothermal melt crystallization
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(B 7). B 7 o gl R B MRS L 3R] 43 FIR 18
Z(RZ)E n(F3). NET7THKIFTUEF
PLEER MHEM:,, , BETE, FEELARY
ATRBR Mgtk BR. BEEF6 &R,
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Ozawa X (EE(E 8), :18 8 WM
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Fig.9 Plot of IgR(C /min) versus lgz{min) for sPP & MR Ozawa J7IEX sPP 8 8t I 8 45 i

during nonisothermal melt crystallization

BYUBERESEM, FETHERE SPPEISNE
S, X SR IAESFEY HY T,

<SSCH, WA =AERA. HIL, RINBE T FHRARCYESHE LR
B0 ) % A SRR R B R, R ()R (9) BT, WA -
lgR = 1gF(T) — algt (10)
RE, REBRRER, F(T)=(K(T)/Z)V"ZHHEREY, HYEE YATEE—BE
T, BAGEERENRENRREE, a = n/m, HUI0)XHFEE 6 I, £ gR ~ gz
M2 (P 9), ATLARBIREF MR R, R 5 M T HR(10)RE F(T)F o (5.

M Kissinger 778 F] 3K i I 3515 1f B 04 5 05 fL (0]

din(®/T3)) __ AE (11)
d1/T,) R
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Kb, 0 REBEE, T, REERESBHGHRE, AE BERIEILE, R RIEFH,
B (11)RRE AE =73.1K)/mol. E5FBE ST RO E RGBT IEE.

Table 3 Avrami parameter, n, and rate constants Z,, Z, and time constant £,

during nonisothermal crystallization of sPP at different cooling rates

R(C/min) 10 20 10 5 2.5
Z, 1.2618 0.1574 0.0513 0.0057 0.0023
z, 1.006 0.9117 0.7430 0.3558 0.0879
n, 3.22 3.00 2.636 2.877 2.688
t172 (min} 0.8302 1.6157 2.6853 5.3046 8.3739

Where: £, = (In2/2,)""

Table 4 Ozawa parameter, m, and rate constant 2{ T') during nonisothermal crystallization of sPP

T(T) 80 75 70 63 60 55 50
K(T) 4.25 5.22 10.46 16.11 19.63 27.58 24.14
m 1.2711 1.0646 1.2195 1.2086 1.1041 1.0628 0.8923

Table 5 Nonisothermal crystallization kinetic parameter of sPF at diferent
degree of crystallization by combination of Avrami-Ozawa equation

C(T)(%) 90 80 70 60 50 40 30 20
F(T) 31.62 27.54 24.00 21.38 19.06 16.60 14.45 12.30

a 0.8724 0.8620 0.8523 0.8426 0.8361 0.8276 0.8205 0.81%0

SRR SEM Aveami $EE 1.5~1.7 Z 6], T ESFRL KL R Avrami 5 HAE
2.5~3.5 20, XESRBTHSEMNESBLERIRMBRBERERTRAERARS; FiR
GRABRD ERERENHSERBEERT/, BREHYPRZ M EFRIESR, 2,
BE M H13E R A TR, 22 BRI Z BUb, T, % AE R, R R4 RE R
REA,XE5SRE[IRRHF.
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ISOTHERMAL AND NON-ISOTHERMAL CRYSTALLIZATION
KINETICS OF SYNDIOTACTIC POLYPROPYLENE

YU Yingning, ZHANG Hongfang, MO Zhishen
( Polymer Physics Laboratory, Changchun Institute of Applied Cflemiszry, Academia Sinica, Changchun  130022)
CHEN Wei, SUN Chunyan
( Research Institute of Petroleum Processing, Sinopec, Beijing 100083 )

Abstract Isothermal and non-isothermal crystallization kinetics of a syndiotactic
polypropylene(sPP) sample synthesized by new metallocene catalyst at different annealing
temperatures and different cooling rates have been investigated by using differential scanning
calorimetry(DSC) and density analysis. The equilibrium melting temperature{ T%) is 158
by Hoffman-Weeks method. The equilibrium heat of fusion(AHY) is 88]/g in terms of the
density analysis and DSC methods. The lateral and end surface free energies derived from the
Lauritzen-Hoffman spherulitic growth rate equation are o = 5. 2erg/cm? and o, = 69erg/cm?,
respectively. The work of chain folding is determined to be ¢ = 33. 75k]/mol. Modified
Avrami equation and QOzawa equation can be used to describe the non-isothermal
crystallization behavior. And a new and convenient approach by combining the Avrami
equation and Ozawa equation in a same crystallinity is used to describe the non-isothermal
behavior as well. The crystallization activation energies are evaluated to be 73.7kJ/mol and
73.1kJ/mol for isothermal crystallization and non-isothermal crystallization, respectively.
The Avrami exponent n is 1.5 ~ 1. 6 for isothermal crystallization procedure, while the
Avrami exponent n,1is 2.5~3.5 for non-isothermal crystallization procedure. This indicated
the difference of nucleation and growth between the two procedures.

Key words Syndiotactic polypropylene, Isothermal and non-isothermal crystallization
kinetics, DSC



