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Abstract Poly(lactic acid) (PLA) films consisting of o'-forms were prepared and uniaxially drawn. The
effects of the drawing temperatures above the glass transition temperature on molecular weight and molecu-
lar weight distribution, chain conformation, degree of crystallinity and crystalline phase transformation were
investigated by a combination of vibrational spectroscopy (infrared and Raman), gel permeation chromatog-
raphy (GPC), differential scanning calorimetry (DSC), and X-ray diffraction (XRD). The general appearance
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of stress-strain behaviour of drawn PLA, and in particular its yield stress and Young’s modulus, is strongly
affected by the drawing temperatures. The values decrease with increasing the stretching temperatures. The
GPC results showed that the molecular weight decreases and its distribution becomes wider after drawing at
various drawing temperatures. It was established that the a'-forms phase of PLA films does not transform
into either an a or f crystals upon uniaxial drawing with various temperatures at a fixed draw ratio of 4.
However, compared with undrawn a'-forms PLA films, the crystallinity and the degree of orientation of PLA
products are greatly influenced by the drawing temperatures. The crystallinity is significantly increased upon
deformation. The crystallinity and orientation of PLA products increase with increasing the draw tempera-
ture when the stretching temperature is <100 °C, however, the degree of crystallinity and deformation will
decrease when the temperature is =100 °C. While the overall changes in physical properties can be attrib-
uted to changes in the degree of crystallinity as a function of drawing temperatures, polarized Raman spectra
and XRD clearly illustrated changes and the differences in the amorphous and crystalline orientation as a
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function of processing conditions.
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Figure 1 Tensile stress-tensile strain curves of uniaxially drawn
PLA films at different draw temperatures with draw rate of 80
mm/min, and draw ratio is 4
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Table 1 Tensile properties of PLA films at different draw

temperautres

Ty Young’s Modulus/ Yield strength/ Stress at draw ratio of

C MPa MPa 4/MPa
70 92.1 5.3 12.9
80 325 2.6 5.5
90 26.9 2.1 2.4
100 18.0 1.5 1.3
120 13.4 1.0 1.1
140 4.0 0.3 0.3

SR TARA AR, Ny B 5mAT i 2k, T e I
G, PR 5 e IR B — D BRI, il Y
P EE A 70 F 140 CHS, #RHBHEM 92.1 MPa B#{%
F| 4.0 MPa, Ji R5RSE H 5.3 MPa [£{K5)] 0.3 MPa. 1] H.,
ZBBRAFEAIIE AL AT R, fEmii (T 90 C)fr
RS, AN PR TE e T B AIG.
22 HFEREST

KT T a-dt B PLA FE S AE N T4 250 R 1 %
fERE UL, FATIRERLAH AT IS ) PLA #E 5 3E1T T GPC IR,
W78 R oA, Hai Rk 2 s, ek
IR PLA B 1K) 45 S S or A = e — e R L)
SO RRETIY o PLA RESID M, 5 M, 535K
155000 F1 250000, 43 F &5 A 1.612. 16— & ML
FhE, Horr RS, s rRE AR . Bl 1
70 C FHrE, PLA FEG K M, 5 M., 535020 154600 F
249800, 4> B h 1.616. Bk /MR W, Fufiq,
PLA fE SRt B b & AR T B [, thak 2 TR
i v ORI, B A Bl 5 R, SR AR L )
Gy FEBEWIRAS, 73R WAL . R A
m 90 Cla, o RIS, &£H PLA
() AP I S . A by i B2 S 3 140 "CINF,
JG ) PLA FESLIG M, 5 M, 505029 140000 1 233000.
GPC 50K TR EE G I, PLA 14K %
1.
R2 PAPEEEX PLA W8 R I F = A0 15
Table 2 Effet of draw temperatures on molecular weight and
molecular weight distribution of PLA films

Ty'C M, M, MWD
Before drawing 155000 250000 1.612
70 154600 249800 1.616

80 154000 249000 1.617

90 153000 249000 1.627

100 150000 246000 1.640

120 146000 241000 1.651

140 140000 233000 1.664
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Figure 2 ATR-IR spectra in the range 1900~900 cm™' of
without drawing PLA film and the drawn PLA samples at various
T40f 70~140 C with draw rates of 80 mm/min, and draw ratio
is 4
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Figure 3 Enlarged ATR-IR spectra in the range 970~890 cm !
of before and after drawing of PLA films at different 74 of 70~
140 ‘C with the same draw rate and draw ratio
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Figure 4 DSC heating curves of the drawing PLA films at
various Ty of 70~140 °‘C with draw rate of 80 mm/min, and the
draw ratio is 4
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Before drawing 152.7 13.5 14.4
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140 154.3 25.5 27.1
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Figure 5 X-ray diffraction patterns measured at room tempera-
ture for PLA samples at different draw temperatures with the
draw rate and draw ratio of 80 mm/min and 4, respectively
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Figure 7 The Raman spectra of undrawn a'-crystals PLA film
(A) and uniaxially drawn PLA film (B)
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at various Ty with the draw rate of 80 mm/min, and the draw ratio
is4

Seit 412 5 397 em ™ FRF R E 2 R

= 14]2+1397 (3)
" Iy
it 412 5 397 em MK R 2 2
] = L=l )
Iy

R, L5 14 BIFAES, B 55 4 THEB A TS
WL ARG). @ o % PLA R E R T 5 (1
155 TAH AP 9 s, AN 9wl 1.5 11 e IRt A
3L, 5 RN o -2 PLA BEGAFLL, 7EARNT
BRI (<100 OIS, 15 T i,
JF BB S AR I g n, KW PLA AR

0.21

0.75 u

0.70 - /A/x L0.18

4 | | ‘A L
0.65 L os
0.60 4 -
Lo.12

055 A

= £
050+ L 0.09 T_
= 0454 \ I =~
{ Before drawing . 006
0404 g N
0354 i L 0.03
U] A L
0.30 —T T T T~ T "~ T T T "~ T " T T T T 0.00

50 60 70 80 90 100 110 120 130 140 150
Drawing temperature/°C
B9 PLA A i fr A i K 5 it ARG i i gL B2 52 g
55
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perature with draw rate of 80 mm/min and draw ratio of 4 for
uniaxially stretched PLA products
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Figure 10 X-ray photographs for a draw rate series prepared by
the uniaxial drawing at different 74 with draw rate of 80 mm/min,
and the draw ratio is 4
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