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£ PLA(PLA-L1) , J#-5 2002D, Natureworks 23 @], %K aNHE N 4.8 ¢/10 min(190 C, 2. 16
kg), FIRBE 1.24 g/em®, M, =0.86 x10°, M_ =1.14 x10°; ZEHERE B, =B BN bE = N IR TR
fi& ( TMPTA) , #lfF 99% |, KR T A RA R ; HAVKTI A E =44l

BERE B (012 1 FEMOLOC R B I SEC-MALLS, 2£E Wyatt A ; AR2000 7 7735 il 18U g &
WAL, FEE TA 23w ; KH0709 BB %5 FRIEAL, dbat BRARFERHE A R STTEA Al ; DZF-6050 H B25 T4
i, b tERA A A TR A
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FRESCHR[ 8 ] 71, R FHHR IRkl & — R 5 HA KN E SO R B K BE L (b R ALER. K4 AL PLA
(PLA-L1) & T 60 C B2 T4+ T 6 h. FREL PLA 30 g, #% PLA B /Y 0.2% (PLA-B1), 0.4%
(PLA-B2), 0.6% (PLA-B3) #10. 8% ( PLA-B4) , FRELZ B HE B MLIK TMPTA, % F 20 mL R,
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TMPTA (YNBSS TR B PLA 39201 G , Frid ik )m , R PLA/ TMPTA IR YA SR A
HIRER, $3 0 20 +/min, {REREE 6 min, IRIKIREEN 160 C. FHRG 76 5 BN, B T30
B, whIss, B OB R LA AN b E R RERLE S BE BEVS B LA A
BRI 24 E AR 5 kGy, LA 15 2K A S AL R L.

R T HERR AT BEAETE AR D S AN PR Y AC B A 4 % PLA SO HEUS FI I A8 2247 R 152 0, 4 PLA
BT 150 ARG MM DI@ 5 i, e R T R IR ae e 24 h. JHvK P R oivE e i
T RTAE PLA, & PLA SURTIIE, 78 KU P iCE 24 h 5, T 50 CHZTH#6 h.

1.3 BRZERIE-%HEHEEHSTNK

KM SEC-MALLS J7 ik RAEL R K 324k PLA W73 15 | 70 P800 | Y07 e AR S A RE 55

FERE S C B AL 15 me/mL PSRRI, 7E 40 C Table 1 Absolute molecular mass and molecular

HAKBHEE 1 h , BMEEFEETHE 24 h , {di weight distribution of PLA samples
FESA RS, IO SR N FEh A, W 1.0 Sample  107°M, 107 M, 107M,  M/M,
mL, MR 30 °C, MR LERHIA BPE ASTRA - PLASLL o 0.86 b bao L

PLA-B1 0.71 1.11 1.44 1.57

4.73 ﬁﬂﬁﬂ:ﬁﬁ:#ﬁ% E‘Jﬁj\¥§&,ﬁ;ﬁ“?ﬁ$ﬂﬂjﬁﬁﬁ PLA-B2 1.26 2.14 3.12 1.70
PP AR5 R, Bl PLA-LL ~ PLA-B3 9705 & PLA-B3 1.67 2.89 4.26 2.09
HAOMmE R 1 PR,

1.4 FIRTEZENR

K H KHO709 1R BEHLRF PLA FF S AlUR S B AR R 25 mm, JEEE R 1 mm MR . B R AR IR
JER 170 °C 5 K128 10 MPa. K EElAFH) PLA #E50E T2 D A 81 60 °C 1Y L5 HEAE
T4 12 h.

TE AR2000 3 342 B e e i AR AN AT sh A MUR 4, AT ERE N 25 mm, B RAREBY 1
mm , RN AR N 2% (LEPETEREIN ), IHRIEE R 160 °C , SRIEE A 0. 01 ~ 100 Hz; BEARMHSE47
WA N 25 mm, F FARIEIEA 1 mm, FEHS 710 Pa, THRIEEE 160 °C, JBidAe & e LRk B s X
[ L, 3 N AR KT 40% BHXES F 2 k. R AR 2 A 7E /U B ORI T 2617

2 #ZR5itE
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SEC-MALLS AJ [R] i 5 i 43 F B MR R R Ar O e X o3 1 M S35 A2 R, A8 M, 5 R,
(Y6 2 P B9 e 4 T RS AR R - XTI B s -, M 5 RO R, = KM: , X
HIFE R o A i 2 TSR R SR I 1 AT 0L, TEIe Xt T AL PLA I 2K SHE PLA, R,
5 M BFERERR, WA A E EARER, B o (. WESCHR[9 1 IRIE, RIEHI PR T
a BN 0.58; MxTZEmn T, Haf/MF0.50. F1HEIEEERE/R, PLA-LI B o fH50.51, 5
LA ol 0. 58 Hallt, REAH LS5 ; i) T HSCMEAE & PLA-B1, PLA-B2 1 PLA-B3, «
fH5r 5024 0. 43, 0.34 F10.23, R FEAGESE, U SACRREEZEE K. it — Pk SR It PLA

. - R’ )
B AS R, TTE R PLA BRI , 6h T =R Ak MR s 20 0120 ) it ¢ = << = >>
g 1
B 4B
Flg = [(1+ 20 4 000 SRR S BE AT B, , MDA TBE LAOSCRE A, 2o,

HIAE T, (R RICRS ) 533 0 A B2 7 PLA 35 5 et 4%, st Bk )y RT3 34k PLA
() SO s R QR 2 B, TR 2 R, PLA-B1 B SCHE SR/, AR 3 224, BEER B R 2
AEE AR SRR TN, PLA SObE 5% 0 582 5, PLA-B3 B4 1 3000 i S B s B 38 75, b,
X T AR EE A 5 %) PLA #R 5 (U PLA-B2, PLA-B3) , HiSok b % B oA W B i 40 F AR, &5
TR AR ST S 55 B EE R . SEC-MALLS 3R 25 5 M AL S 45 4 J2 TR VE 52 T 20 PLA BE
A RS H  AR SRR T A B A LA EL.
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Fig.1 Root mean square radius of gyration R, of Fig.2 Number of long chain branches per molecule

B,, as a function of M, determined by SEC-
MALLS for linear and modified PLA sam-

linear and modified PLA as a function of
M, measured with SEC-MALLS
ples

2.2 ZhEMEF AR EE

Kl 3 L T4 34k PLA WSEART T, ¢ kAR DU S msf ], J (o) SR MG AR SR dk, 76 2 05K 11 B )
l&wﬂﬂ%@%?%%%%%@%gm%m=§gﬂﬂwﬁ-

P 3 51K, S PLA 19 ¢/J (0) 18, BVEVIRGEE , W, AR T8 S 7 10 M s
fiE. M4 Kaschta 25" 5 W B e, 30 2o 05 708 4008 T 3R A5 PLA FF S 7E S IABCR AL Bl (10 ~ 102
rad/s) NIUGERERC R G FIRAERIE 6", B IX W 67, ¢'iZ S5ah SRt &S, nl 34585
WL N s A 2t 2, sl 4 k.
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Fig.3 Ratio of creep time and creep compliance
t/J(t) as a function of creep time ¢ for

linear and modified PLA samples
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Fig.5 Weighted relaxation spectra of linear and

long chain branched PLA samples
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Fvith s TR SZ A0 PLA BRGS0 AR B8 WA ) A 5t XSRS o, 177 L7 4 R gt X3k ) B
Z A, FRATN NP AN AT R X W T R b i K B S Ak 24, o) PLA-BI il PLA-B2
WL 2 ARG, H—Xf N TR AR AT, 5 — AR TS BE R AN AHELZ T, PLA-B2 B
s A () B, FABBES [A] 53 A B 9E ; PLA-B3 3L T = HAAshIg, T PLA-B4 U ELAG DU FAsthog , FRATHE
GBI ZEINAT R
2.3 IHKEMITERRIE

VI 22 T AN GG R B FRAE AN SR [R] 7, &5 5840 36 2. Horp ) b 4 UG (4 45 TE A a i (]
Ty ~ T WX N T 24 )RR AEFA St IRF[B] , AR 45 1%4%F Table 2 Characteristic relaxation time of linear and
AR 5t B 1) AT S B3 i ) S B long chain branched PLA samples

Watanabe %57 8, X} T Eh Pk 4> FAH W Sample 7 T ™ ™ T
BXFR. 7, =377 (a)N (1 = 1.47N%%)2 | K PLALL 011
7 (a) WA ESRE B UG T, N e o el e el
BT TR, N=M /M, MRS T8, PLA-B3 011 402 231 426.4
ﬂﬁﬁ?—ﬁﬁ% G(l/ %Tl‘%:ﬁ:ﬁfiu G(i/ — pRT/MP ) Z'j—: PLA-B4 0.11 3.58 16.8 78.9 1037.6
A T o A AN sh S AR 24 M 2R a1, SR Wu? R H 2 50 A 0T PLA B G G .
lg(G5%/G,) =0.38 +[2.631g(M /M) /(1 +2.45(M /M) ] , X, ¢ RHEhBpisRAfMhg Tt ¢ 5
GBI . FTFLRAIFES PLA-LL, G, =1.29 x 10° Pa, Z0 8388 M /M, =1.32, " i15 H -G
G4 H 5.45 x10° Pa, ZHLEY T M0 8200, PRI, AIA3LE7 PLA FOBEBEANECH 13.9. 54 PLA A
o, KBES AL PLA AYRFAERS SRS 18] 7, iTAR I Ball-McLeish ' fBIEFT 1A, 7, = 77 (@) exp(¥N,/3),
Horp, NN SCREREEREBCAEL, N, =M /M, , M, R SCEEF i, o N E(v=15/8). F4H PLA B4y
HEAR S s} 1) 5 Sl B A R E A B 1R) 0045 b, AT A5 7, /7, = exp(oN,/3) /[3N* (1 —=1.47N"*°)*] | DItk
AT S AR B N, SRR T M.

TR N R MBS T35 3. MG 2B AR RS i 3m, K821 PLA LT SR K AR
ERZ BRI ARAEH, W PLA-BL, %R S B R RS0 S gt S BE A g 456 B 5005
h4.2 f5.2, NREE LA, 29848 PLA E8EKFEM 1/3. L2 T, PLA-B3 BA = FHK B0 S
GERY, RAEEEBC B I 6.2, 7.1 FI8. 7, T PLA-B4 Y 2 S KB AL SS I BE S B | AR i i
[ O A st e 7 T L AR B DU AR BN S R S B2 A . ISR Y 4 T, 2 3 HI TR
MR T M, 3% —45 50 R AT B T PLA 438 v S A48 M) i 1 2 KB A2y, K
Ak PLA 1) Z2 ARSI T by B X 0L 8 AN (] S B K 3 10 S A 45 4 2 5 BSOS 5t B T 335 1) 33 0
BRI it 225 114 A I D A

Table 3 Characteristic relaxation time, chain length and molecular weight of the branched chains of

linear and branched PLA samples

Sample N Ny Ny, Nys Ny, My, My, My, My,
PLA-L1 13.9 — — — — — — — —
PLA-B1 13.9 4.2 5.2 — — 34400 42700 — —
PLA-B2 13.9 6.0 7.0 — — 49100 57400 — —
PLA-B3 13.9 6.2 7.1 8.7 — 50900 58500 71300 —
PLA-B4 13.9 6.1 7.0 7.8 9.2 50400 57100 63900 75200

AR I BEIAS 15 (1% - 22 A BE SOGB4 07 2RSS 148 IR M PLA REGL Y SCASs M, 78
BEFER L, RO AR 7 ik, RO R T 2B AR BE S Ak PLA SEBE R INECHA s vt (e]3% , K3 1 5%
SAE PLA (RS TH, 4RI T — MR EE SR PLA SZRERE R Tk, B T K88 S0 fk PLA 32
HEREE MBI SO R FURR B 22 TEAR St A7 S bR T ity P AN [ B2 A B S AR A5 1.
TEARIR R rh | WG 20 RERE SRS 0 A, FUIBREE m, AR AERERL I /340, LCB-PLA 524
AZRZEBE BN BN, SCEERY -1 M.
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Multiple Relaxation Behavior of Long Chain Branched Polylactic Acid

WANG Yong-Bin'*, NIU Yan-Hua', YANG Liang'?*, YU Feng-Yuan®,
ZHANG Hong-Bin®, WANG Zhi-Gang' "
(1. Key Laboratory of Engineering Plastics, Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China;
2. Graduate School of Chinese Academy of Sciences, Beijing 100049, China;
3. School of Chemistry and Chemical Engineering, Shanghai Jiaotong University, Shanghai 200240, China)

Abstract The long chain branched polylactic acid (PLA) samples were successfully fabricated by high energy
irradiation in the presence of a small amount of poly-functional monomer. The branched structures of PLA were
convinced by size exclusion chromatography ( SEC) coupled with a multi-angle laser light scattering( MALLS) .
By the means of oscillatory shear and creep measurements, the shear rheological behavior of branched PLA
was investigated. Meanwhile, the weighted relaxation spectra of PLA were calculated in light of the combined
dynamic modulus data. The multiple relaxation behavior of PLA, which was attributed to the existence of dif-
ferent lengths of long chain branches, was actually observed. In addition, a novel procedure for quantificatio-
nal determination of the lengths of branches and the arm molecular weight of PLA was put forward. It was
found that the lengths of branches of PLA were extended and the arm molecular weight was enhanced with in-
creasing amount of poly-functional monomer. The above results could facilitate the fabrication of long chain
branched PLA with well-controlled branched structures and improved rheological properties that may dominate
the future bio-plastics industry.

Keywords Polylactic acid; Long chain branching; Shear rheology; Multiple relaxation behavior; Degree of
branching (Ed. . W, Z)



