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12, FMAEBGET . F . sl o LA 3
ma Y, BRI N, S8 PLA
il i A AR EPERE . K (0,0 N,. CO,) BH BT
REXHC 2, s PLA PERE, 2= TR AR fir

( biaxial orientation, BO ) 1.7, M [ajfififi 1.2 j&18
1 7EYN ] ( machine direction, MD ) Filf# [ ( transverse
direction, TD ) Jy [ bHr PR i B s, ek As
XA T A SH0T LGS R A W50 T 5 HES U
PR BUZSS i, DAERREEAY T2 PERE . PHFRTERE
JeeErERe U St L R M seme 1Y
EAEHELE S TBoM LG, XU hAfJoTE %5 TR |
SRR Bl 22 AR TR 2 A (R, AR (e
TRl BRI 2 T

AR, [E AR5 X BOPLA JH IR %) 45 44 A
REdEAT THFSE. P. Katanyoota %5 U BF 5% % 30 XL i) hir
ik 3% T PLA/PBAT/TPS 1 g 2% 1 B A BEL B 4
e, FER P (150~300 mm/s ) T M 1 4
AL, HREEBE R SR, PLA/PBAT HJdh
WRSH N, Wu I, H %5 U B g R B, Bl LA L
Mg, R A RIS, TRy 4 x 4.
P R T 50%/s B, PLA ¥ 45 e JLT- 1 2% 5
PLA AU 4 5 hr A s AR OE L, 5 Rl B Al
JHeo Ou X. &5 "R SE T XUHLARXT PLA (25 #
BISEN o G5 RRWT,  [RIBRL A ) ek, 7R
SRR Gk i Ad G Y PLA A3 )37 4514 76 bl 5 i
bR R RN . BT, 5 KREE DT ARRL
2%, PLA ARG # . A5 AT R mysenm, dmih
KF R Hi i T2 %5 PLA S5 5 PERE =2 i ) &
GiiiE, FeRlEOC T R P AEXT BOPLA #1245
mm S AEBERIIESE .

ARG PAN T2 (Pt hffuigs . 4
fifis % ) X BOPLA WRRAIHOWEEH . Ji2#tEag . FH
MatERe . StEtEae sz, LI HE S BOPLA i
mtERE, fEdE BOPLA gtk RS2,

2 LIGENS

21 EERFRHE. WBFS5EE

PLA, % 1.24 glem®, JAFIHEECH 7 ¢/10 min
(2.16kg, 210 °C ) , Ingeo 4032D, 3E[E NatureWorks
NI

JLAEHL, FDHU-26 4, 7 1l 3% [F] 52 56 43 #r
A A PR w5 3 BB 7 i 528 #L, KARO 5.0

A, TEE AT E s L S A R A ] 22 m
i # Y (differential scanning calorimeter, DSC) ,
Q20, 3 [ TA X & 2 wl; X 5 2 i1 41X (X-ray
diffractometer, XRD ) , D8A A25 X B, {47y
Ay RS RNL, BTY-B1 2, $F it
BARERRAR B0/ FEME, WGT-S Y,
R R AR A BR A W] T RR I g HL,
ETM1048 B, HUII— SRR A A R 7]
2.2 BOPLA HEEmHI&

F PLA JURLE T 3025 THRA T 60 CHET 12 h,
P L SEALAE NN TR 200 CHP A ERLES Y, T
30 CHYMAEHE FHFATA, HITFEEEZ) N 450 pm Y
PLA il 5.

W AE J5 B PLA i B 75 R 2% RS S 100
mm x 100 mm FFE S, P8 L OS] 7 fif 52 5 AL
AT RE R A, 45t BOPLA B, HrfifiZ41
W1, R, Ay FORWAE )T ] (MD) (IHLff e B,
Jrp N IE ELFAE T 0] (TD ) FOHiAd L]

F1 BOPLA BEMAEMIZ
Table 1 Stretching parameters of BOPLA films

PUARIREE / WA/ R/ R e R /

b

°C s (% *s™")  AupXAnp s

T-80-1 80 30 40 I1x1 60

T-80-2 80 30 40 2x2 60

T-80-3 80 30 40 3x3 60

T-105-3 105 30 40 3x3 60

T-130-3 130 30 40 3x3 60
R-5 80 30 5 3x3
R-300 80 30 300 3x3
R-600 80 30 600 3x3

2.3 Wit ERAE
2.3.1 DSC X
K FH 2278 £ 4 1 P BOPLA il JF 4T DSC
Mk ERAGET, PIHEEERR 10 °C /min B 5
M 25 CHIRZE 210 C, fRif 5 min, #£L)2 °C /min
FEIELZE 70 °Co REAIAIXTES M X, X (1) 315
G
_AH,-AH,
©AH
b AHCRIBRE s AH, R E5Eda s AH y PLA
SEAGh TR RS, HAE R 93 1/t
2.3.2 XRD #4%
FH X SIEATHHY T BOPLA 3 [ #E4T XRD il
e M, (A R AR, Cudl (K 0.154

X100, (1)
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[]3 BIRF, =
WER R TEx PLA BIEESR. h2E. BB

nm) , &R TS50 40 kV 140 mA, il
BWIERIR 5° ~45°, FHFHRN 2 (° )/min. B ARRL
J5FH Scherrer 420 (3 (2) ) 1A,

kA

b= Bcosh ’ (2)

Ko D R LE SRR ST ) R R ST 6o
NSRS T HLUE SR Z I 5 B oA et 0
Fis A RS X Kk BUE 0.9,

A TR P A RS e (3) 7531,

ni=2d sin@, (3)

K n WATHREL, neN; d R shiamiE; 0 A .
233 AR AR WX

Z W [E AR GB/T 1038—2000 { ¥R A H <
g MRS vk 22 1) | RARMRIE R R
I TR PR PEREIIIR . Rk ) Ry 45 s, Hn
HERATRIES (Py) h 101 330 Pa, #F 5 FINA
2% P,—P, 4 101 330 Pa.
234 FEREREMNRK

M EAR GB/T 2410—2008 {37 B 3 RL %GR Al
FEEMIE ) |, SRS/ 55 e G T B
25 BEM S o 4 XS ) 7 A1 8 G B 50 mm x 50 mm
R, PATEF AL, JFeaeiam A TE.,
235 AFHsERR

ZIRE R GB/T 1040.3—2006 (¥ Rl RE
WE 55 3 8B4 BRI I a5 iE ) . SR
T RE RIS ML X ] A B ) MD A1 T 7 1] i
1715 PEREIN . PR S an R . IR 25 ¢, #
SHIEE A 30%~50%, FifiPE#i3 4 100 mm/min. &F2H
FEGIEAT 5 RSEERIFICA(E, FAE L ) - AR %L
PaAS BT om B R P 3

3 HR5TE

3.1 BOPLA BEMRESEHEHEES

B 1 AR ESAR T2 i BOPLA J BT i
DSC ., fHE 1 a[%1: 1) fiffiteh 1x 1 CGRBA)
A BOPLA JHEAE 60~66 °C3t [l PN B o 5 mi
Ih PLA 3RS AEE B E (T,) o TEBIAb A5 iR
JEE BRI B A R SR AR ke g
TE 100 CAb, 1x 1 i) BOPLA i H 3 ¥4 45 0
Z VA G S RE A R A LG R I K . XA
X P T PLA AF 5 45 A 215635 B0 2) M
BFHLAE Rk 80 CHIHHI £ 1) BOPLA Jfi5E, FLfif

R 105, 130 CHfiIl 4 BOPLA A& (T,)
T HIREE TR R i # g, $UF S48 A a
an i, ERREE NS, A AT . 3) ARERAT
R, BOPLA W AE 60~80 °C 22 [0] Hy ELE A I
PG FIIE RS Hr s p 3, 04 i
FEBEHE A . I AT B PR A 5k TR A X oy

<— Endo
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Fig.1 DSC of BOPLA films with different
stretching process
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FHERBUA AL &, JHE S TAIF A AR,
HAART 65 CHITIT TR R , DI HE B B . A,
PRIFRAT 5 T (0 SR A R I e AR Ve Al L AP T A0
BOPLA B s M AN K o

% 2 NAFHLN T2 BOPLA A #v AL
B 2 AL 1) MIREEREE (X,) BT
R T I B IRE 5 8y 37.84%. XTI
DI RAh FBoR, B R s g, Bz 46 i ieR
SR L R, O B RN T T T X 4y
BB, AR AL AR I T, KAl ak
65.32 Co 2) FEH P 9T, BOPLA WEJE )
AL S BESR B, de i 1T 3k 48.99%. BRI AL
A B B T e S B T RRaE S, SR B S
AL, MBS R R, SRS S A, fegtas
Ao 3) B BN R A N, BOPLA I (1 6 Fil
fa (AHp) 00, FHXTES FhEERE AN . IX BERR 1 PRigt i
AT B8R JC R Y DX 01 A BB ] FHS

R2 ARHBHIET BOPLA HI#itaEHE
Table 2 Thermal properties of BOPLA with different

stretching process

PR T RERAFR AH/ (Jg') X, /% T,/°C
T-80-1 11.30 12.15 60.53

AL T-80-2 24.02 25.83 63.94
T-80-3 35.19 37.84 65.32

T-80-3 35.19 37.84 65.32

PrppiiE  T-105-3 4228 45.46 65.22
T-130-3 45.56 48.99 64.72

R-5 40.71 43.77 64.34

P R-300 42.65 45.86 65.16
R-600 46.60 50.11 65.14

& 2 R AEH T2 BOPLA #iEAY XRD &,
223 R (200/110 ) il T A7 S g 3055045 2] 1) A AL
RFs

(200/110)

intensity/(a. u.)

200(°)
a) ARIPIf

(200/110)
(010) | 209 130 C

intensity/(a. u.)

5 10 15 20 2
20/%)
b) ARIRPLHEE

(200/110)

; 300 %f/s

5 10 5 20 25
20/°)
N GIETALIEEES
B2 FRHHIZT BOPLA #HEH XRD E
Fig. 2 XRD of BOPLA films with different
stretching process
#*3 FARHEMHIZT BOPLA HRHRT
Table 3 Crystallites size of BOPLA with different
stretching process

intensity/(a. u.)

AL RS 2R ik R sE /nm
T-80-1

Pl T-80-2 8.77
T-80-3 5.29
T-80-3 5.28
ALY S T-105-3 38.16
T-130-3 31.75
R-5 5.46
Fr iR R-300 2.79
R-450 2.61

M 2 fIER 3 AIA: 1) FEEDAM R, fF
SF U Py I o TR B U 3 AT I AL PR VT S O L AT S i
WBLERT S (20) 16.5° BT, XN TRILR o fh
RIEY (200/110) fhiar P SR Y Pl IG5 3 x 3
BF, A7 0gEsm BRI, X R BHH A REAS (2 F PLA 1
S, AR et FEE R SR RS 2) Ffiif
4 105, 130 CIF, TEATSHAA 15° . 19° FfHi i BB
(AT S0, A3 SIXF I K o 2R (010) L (203)
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03 PIRF, =&
M TEx PLA BRELE S, H22. MR R EEa 2N

Fhif . PR ME, (010) . (203) FhHIAIXT NG
TS0 o5 HE AR B o i DAY B i3, X5 DSC 45
BB, RURGFEFIRE T o SR SEEREE
WEAR, Bl BRI B A o, TG I A AT 5 AR
) A D RS, T () R i /) o 3 150 B A ot B 7 I
fii BOPLA I8 A A AR HER) BN % . 3) Bl & B
HORAHE R, (200/110 ) b T A7 SR UG T 720 55 78 9
AL ROT TR . X R W] imhir fii 4 AR AR S A2 i
TR Sy FRERIZE b, AR 25 0 SR B R
3.2 PFHRHEEES T

& 3 JAS[EHAd T2 BOPLA W 48 S B 1ok

A3 al . BEEREL . PP . FifdiR
PG NN, BOPLA WS i) s iz il R A 5 T ety
PR TS 2 130 ChHE, ARBEN RECFEE
8.61 x 107" cm’cm/(cm™s-Pa), A 80 CHi{HIRE T
FET 59.7%. XERBIRIMEL . PP . rfpien
A R T8 = BOPLA HEREAY A BHPRERE. 456G
S PERERAE T, BiAPLL . PR . hifh i

T, MRS R, TR ARV R AR 1 (4 ]
HEWFREE By, DRI, A i el R A B AR
AP RER =
33 NEMHEMT

Bl 4. &S 2 BEAASRIRLAR T2 T Ui e Jy )
TE B AE 5 1At BOPLA T 124 PERE

& 4~5 BT

1) Bl % $7 4 EL A9 3% m,  7E MD 1 TD Jy [
BOPLA i [ B v i B 00 2 B i e K i i, i)
il R B S S DN # . MD Ty ) i fie K
Ui om i Al 3] 87.47 MPa, TD J5 [f] (1 5 K Hi 7 5 JiE
A% 93.44 MPa, 454 SIRZER BT AT AL, BrAf b3
KAE PLA HokR X 45 5 B3 i, #F 1R $2 % T BOPLA
PP E . M 2 x2 Bf, MD #l TD
5 1) B W7 I i Rk B R KAl b MID i) )
JE K H N 39.81%, TD Jr i 42.29%. fiffit H
3 x 3 TG R R R R R A R A, i
ST RA Yk R 25 B,

2) Bl PLARIR LA, 7 MD F1 TD Jr )

25 25 25
go0f g0t ga0f
e E- Ex g
\‘1551.5— %gl.s— “%;515
& & E 5
r £ 1.0r r & Lof r = 1oF
w5 s ¥ S5
£0s 05 £0s
T 2x2 3x3 0 30 105 130 0 s 300 600
EDALEA R EE/C PR/ (Yes™)

a) AL

b) AN[EF AL A

¢) AIFE A

3 FRAHMHBIZT BOPLA BIRMASEIRE
Fig. 3 Oxygen permeability curves of BOPLA films with different stretching process

100 100 .
R Lio A |, o[B8 PR S RRREE ]

ol B B wl 2 .
- s & | . & i | X
S 6ol Y% S0l ‘e S 0§
A VN ¥ w60t o}
= 0E B 1% B -20%
4 40F I 4z 40t T OE 4l 2
= £ B g &Y =

Sl J10 ol 11 ol 110

0 A
0T 2x2 3x3 0 0 0 300 0
EDALIEA P/ C PR (Yo s™)

a) AR

b) AR
4 ARHEHIZT BOPLA HEER MD B RMHHEE . W5 HKE
Fig. 4 tensile strength and elongation at break of BOPLA films along the MD with different stretching process

¢ ) ANl fifid A
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100} 228 HihisRE 100} EA g |, 100 | 22 HURTSREE: B f 1S
e R a0 B e 170 7 7 140
80+ . o 80F 130 . . 80 R
Q‘?. Q =™ é o i
= 5 = Bg = 5
MGO— o 60 2034:5,3(60 N3
i 05 ﬁ % ;‘mﬁ 20 %
40 | gy 15 3 1
B =Y JERY =
20 F 20 15 20+
, , 7 /,
0 > 0 0= %0 105 130 0 0 5 300 600 °
EDALHEA P g C PR /(% s™)
a) ANFEFAPLE b)) ANEF A c) A=

5 ARHEHIZT BOPLA #RE TD FRERHGEE . HEMHKE
Fig. S tensile strength and elongation at break of BOPLA films along the TD with different stretching process
BOPLA [BERIHTHIRIE | W il AR 2 T . 98.55 MPa. W& il [<7E MD J5 [0 256 T f 5 BTt
PRI R B T v il o3 B S b, TR B EERL st HkaH, e KA 37.62% , TAE TD J5 [ &2 TR
SARME N FHER I, BRGNS SR, BR A ERASARTERERAL BT AT, S0 AR 4 ol g
THER LS 2%, AT SO AT 58 B A0 T i FOARXT 2 i BERG n, [R1H BOPLA WS AT LA 32 B i

KA. s e
3) BEEPLME RGN, /EMD M TD Jrie] 3.4 BREMFESH
BOPLA i JIE (i 17 5 5 E T F 47 fif s % Pl 6 AL T2 BOPLA HERRE 15 6% 1

N 600 % B, R AOHTHL SR 3 3 ik Bl R (H 98.63, I

3
=}
Y

O A % A
Ix1 2x2 3x3 105
Bkt R/ C R A%s™)
a) AP b) AR A c) AFIHLffER

6 ARHMIZT BOPLA BRMERERTE
Fig. 6 The transmittance and haze of biaxially oriented BOPLA films at different stretching process

HIPE 6 IR 1) BEEDLAN LRI, ZFREE® BT 20xT PLA MR RO A A8 S 2 P E REAYRZ R o
BEfiko RPN SRR/, B B BERATR R
Ak, DR KA, TS EEI/N. 2) BiE L 1) BEE BP9 3 K, BOPLA 15 55 i 14 i
MR TS, FEE S, 456 DSC MIXRD  F#(R. Mok, HifhiFs S PLA VRS, f, AHXT4S
SERATA, BEEDPRER TR, SR, B IREE37.84%, B 1x1 CRAP) B BOPLA Wk
DXk b, S BUE AR SRS R, HL o BB P TR 3 4%, T, 3% % 65.32 C, I MD #I TD J5
SRR, MR Teriid i, SR BT 3)  MBThR SRR T, S35 F) 84.47, 93.44 MPa,

R 3 22 5 T ) 3 A/ N B R 1 T I T 2 x 2 Bl b sk B A, 4350
39.81% . 42.29% .
4 Z5ie 2) PR ER T, SR TREBGE R,
KOG TR . Rribie . Rofiesonys o APy BORUEBIRGIE R R , SRR

MTHRE S 25 & BE S i, e Rl S T 2 48.99 % .

-22 -



la7ad

BIRF, F

03

F#GE S 45 AR IF T 552 B 0 i A (a )
A . PR BE FE A R T 42 = BOPLA i
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Effect of Biaxial Stretching Process on Crystallization, Mechanical,

Barrier and Optical Properties of PLA Films

Z0U Zhenyu, LIU Xiaochao, LIU Yuejun

( College of Packaging and Materials Engineering, Hunan University of Technology, Zhuzhou Hunan 412007, China )

Abstract: In order to study the effects of different tensile processes on the crystal structure and macroscopic
properties of biaxially oriented polylactic acid (BOPLA) films, BOPLA films were prepared by extrusion casting
process, and the stretching test was carried out by using a film biaxial stretching testing machine to change the
stretching process. The crystalline, mechanical, barrier and optical properties of the films were investigated. The
results show that with the increase of the stretching ratio, the PLA film crystallization induced by tensile increased to
37.84%, which was nearly three times higher than that of the 1 x 1(unstretched) BOPLA film, and the glass transition
temperature (7,) increased to 65.32°C . The longitudinal (MD) and transverse (TD) tensile strengths increased to 84.47,
93.44 MPa, respectively, while the maximum elongation at break was 39.81% and 42.29% at 2 x 2 stretching ratio,
respectively. With the increase in stretching temperature, the thermal movement of molecular chain accelerated, the
diffusion rate of chain segment to the crystal nucleus and the rate of regular stacking increased, and the crystallization
rate accelerated and the relative crystallinity increased up to 48.99%. Moreover, heat-induced crystallization promoted
the formation of more complete crystalline forms (o crystalline forms). The oxygen barrier property of PLA film was
improved by increasing the stretching temperature. The oxygen barrier coefficient decreased to 8.61 x 10™° cm®cm/
(cm™s-Pa) at 130°C , which was 59.7% lower than that at 80 °C , but the tensile strength and elongation at break showed
a decreasing trend, since rapid chain relaxation would promote the molecular chain disorientation, limit the strain
induced crystallization, and destroy the molecular chain entanglement network. With the increase in the stretching rate,
the orientation and crystallization of the amorphous chain were enhanced, and the elongation at break along the MD
direction of the film was greatly increased to 37.62% only at 600%/s.

Keywords: biaxial stretching; BOPLA film; crystallization; barrier property; mechanical property; optical

performance
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