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ABSTRACT

As a commercially available biodegradable and bio-based polymer, Poly
(lactic acid) is accepted to be a promising potential to replace the con-
ventional polymers in packaging applications. Oriented PLA films are
obtained through stretching at temperatures above the glass transition
temperature. The present study evaluated the effects of both temperature
and drawing speed during stretching on the tensile behavior and surface
morphology of PLA films. The results showed that increasing the drawing
speed enhanced the strain hardening behavior. Conversely, there was a no-
ticeable reduction in strain hardening as stretching temperature increased
from 70 to 80 °C. Besides, stretching at 90 °C eliminated, thoroughly, the
strain hardening behavior at lower drawing speeds. However, stretching
the PLA film at 90 °C and at a high drawing speed (30 mm/sec) stimulated
the strain hardening behavior demonstrating chain extension exceeded the
chain relaxation at such a high drawing speed. The surface morphology of
PLA films observed by scanning electron microscopy (SEM) revealed no
crystalline structures on the film surface of PLA films stretched at 70 and
80 °C. The SEM image of PLA film stretched at 90 °C showed the forma-
tion of crystalline lamellae which is attributed to the cold crystallization
during the stretching.
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1. Introduction

A considerable amount of attention has
been given to poly (lactic acid), PLA, for its
biodegradability and commercial availability [1-7].
Furthermore, PLA films exhibit attractive properties
such as high strength, high transparency and good
barrier performance which make them the most
promising bio-based polymer films for packaging
applications [2, 6]. However, PLA applications
are limited by their brittleness and low thermal

stability [2, 3, and 5]. PLA film properties can be
* Corresponding Author Email: yadegari@pgu.ac.ir

improved by controlling the processing conditions
to optimize the crystalline structure.

Orienting the molecular and crystal structure
through stretching at temperatures above the glass
transition temperature enhances the mechanical
properties, transparency and barrier behavior
of PLA films [1, 3]. Such improvements can be
obtained in biaxially oriented processes wherein
the polymer cast film is stretched in machine and
transverse directions and the film properties are
defined by process variables including stretching
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rate, draw ratio and temperature.

Dimensional stability of biaxial oriented
PLA films has been improved by controlling
the crystallization of PLA to minimize the film
shrinkage at elevated temperatures [2]. It has been
found that structural evolution obtained from
controlling stretching rate and draw ratio results in
a drastic increase of the toughness of oriented PLA
film due to the small crystalline lamellae created
during the stretching [3]. The toughening behavior
has also been achieved in oriented PLA films by
stretching at relatively low extensional stresses
due to the great mobility of amorphous chains [4].
A brittle-to-ductile transition has been reported
for oriented PLA films by stretching the film to
reach a critical molecular chain orientation of the
amorphous phase [8].

The structural development of PLA films during
uniaxial stretching in the rubbery state has been
attributed to the strain-induced crystallization [9].
It has been reported that drawing temperature
influences the strain-induced phase changes in
the PLA films [10]. Increasing the draw ratio and
stretching rate leads to a compact packing of
oriented small crystallites which enhances the
tensile properties of PLA films [3, 6].

Uniaxial stretching of PLA films has been
addressed in several studies [9-12], however,
applying high drawing speeds during the uniaxial
stretching of PLA films has not been previously
reported. Herein, PLA films prepared in cast
extrusion processare uniaxially stretched at different
drawing speeds (low and high speeds) and various
temperatures to evaluate the tensile behavior (i.e.
yield stress, strain hardening and strength) of PLA
films during the stretching process. In addition,
surface morphology (i.e. crystalline lamellae) of the
stretched PLA films is also investigated.

2. Experimental Section
2.1. Material

PURAPOL LX175, a film grade poly (lactic acid),
with a melt flow index of (MFI at 190 °C/2.16kg) 3
g/10 min (according to the ISO 1133 standard), and
the L-isomer content of 96 % was obtained from
Total-Corbion. Its glass transition temperature (Tg)
and melting point (T ) were 55-60 °C and 155 °C,
respectively.

2.2. PLA film preparation
Before extrusion, the PLA pellets were pre-
dried at 85 °C for 12 hours in a vacuum oven. Then,
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PLA cast films were extruded through a Battenfeld
single screw extruder equipped with a coat hanger
die. The extruder temperature setting was 200-250
°C from hopper to die and the screw speed was 10
rpm. A chill roll at 35°C was mounted directly after
the die to cool down the films. The final thickness
of the extruded films was set to 200 um.

2.3. Film stretching

The PLA films were stretched along the
machine direction (MD) using a Zwick Roell
Universalprifmaschine 1446 equipped with an
environmental chamber. Stretching was carried
out at three different temperatures of 70, 80 and
90 °C and at three drawing speeds of 1, 10 and
30 mm/s. All samples were stretched up to 400
% strain. For each tensile condition, at least three
tensile measurements were performed and the
average values were reported.

2.4. Scanning electron microcopy (SEM)

Surface morphology of PLA films were
observed using a Zeiss NEON 40 scanning electron
microscope (SEM). Before imaging, the samples
were coated by a sputter coater “SCD 500” from
Leica to add a tiny layer of gold-palladium and a
carbon layer.

3. Results and Discussion

Oriented PLA films are prepared through
stretching PLA cast films at temperatures higher
than their T, (i.e. 55~65 °C) at which the film is in
its rubbery state. The applied stretching ratio is
typically around 3 to 5 times of the original length
of the film. During such stretching conditions the
PLA film undergoes stress induced crystallization
which leads to enhancing its properties. Therefore,
it is crucial to understand the tensile behavior of
the films at such temperatures and strain levels.
On the other hand, the PLA films are stretched at
different strain rates or drawing speeds. Therefore,
to evaluate the effects of drawing speed and
temperature on the tensile behavior of PLA films,
three different drawing speeds were applied at
different temperatures during the stretching. For
all the PLA films the strain level was set to 400 %.
The stress-strain curves of the tensile experiments
at 70 °C are presented in Figure 1. As expected,
there is an obvious enhancement in the strength
and yield values as drawing speed increases.
However, it is noticed that the increment is not
proportional to the increase in the drawing speed.
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Figure 1. Stress-strain curves of PLA films during stretching at 70 °C and at different drawing speeds
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Figure 2. Stress-strain curves of PLA films during stretching at 70 °C and 80 °C and at different drawing speeds; (a) 1 mm/s; (b) 10
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The increase in strength values with drawing speed
is due to strain hardening at high deformation
levels. It is observed that increasing the drawing
speed decreases the onset of stain hardening to
lower strains resulting in a higher strength value at
similar strain levels.

To evaluate the effects of stretching
temperature on the tensile behavior of PLA films,
the stress-strain curves obtained at 70 and 80 °C
are presented in Figure 2. There is a clear decrease
in the strength values when the temperature
rises from 70 to 80 °C. However, the film exhibits
yield behavior upon increasing the temperature.
Comparing the applied drawing speed for
stretching the films (Figure 2a, 2b and 2c) shows
that increasing the drawing speed results in a
higher strength value. However, the enhancement
in strength values upon increasing the drawing
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speed is not as significant as the changes observed
through temperature alteration. In addition, rising
the temperature causes a noticeable reduction in
strain hardening.

Strain hardening, distinguished by a rapid rise
in stress values, occurs at high deformations/
strains which can be attributed to the uncoiling
and orientation of polymer chains [1, 13]. An
increase in the drawing temperature stimulates
a faster chain relaxation in comparison to the
chain extension [10]. Therefore, the slope of strain
hardening decreases at higher temperatures and
the onset of strain hardening appears at higher
strains.

Increasing the temperature during the
stretching is required to reach higher strain values
and also enhancing the cold crystallization during
stretching.
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Figure 3. Stress-strain curves of PLA films during stretching; (a) at 70 °C, 80 °C and 90 °C and at drawing speed of 1 mm/s; (b) at 90

°C and at various drawing speeds

Table 1. Yield stress and strength values of the films during stretching at different temperatures and various tensile drawing speeds

TR Drawing speed Yield stress Strength (MPa)
(mm/sec) (MPa) (400 % strain)
1 0.79+0.13 1.91+0.32
70°C 10 1.02 £0.09 5.2+0.54
30 1.32+£0.12 6.27 £0.39
1 0.52 £0.08 0.96£0.24
80°C 10 0.79 £ 0.04 1.61+£0.32
30 0.93+0.11 2.08 £0.37
1 0.21+£0.03 0.06 £0.01
90 °C 10 0.38 £0.02 0.27 £0.03
30 0.65 £0.07 0.94 £ 0.06
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Therefore, to evaluate the tensile properties
of PLA films at higher temperatures, stretching
the PLA films was also carried out at 90 °C
and at the drawing speed of 1 mm/s. The
corresponding stress-strain curve is presented
in Figure 3a alongside to that of 70 and 80 °C.
A remarkable decrease in the tensile strength
is observed for the film stretched at 90 °C.
Furthermore, the strain hardening behavior
completely disappeares at this temperature.
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The PLA molecules at this temperature gain
a higher molecular mobility which leads to a
significant reduction in the strength values.
However, applying higher drawing speeds during
the tensile stretching leads to the appearance of
strain hardening behavior even at 90 °C. Figure
3b shows that the strain hardening is promoted
at the high drawing speed of 30 mm/sec, since
the uncoiling and chain orientation outperforms
the chain relaxation at high deformation speeds.

Figure 4. SEM micrographs of stretched PLA films at drawing speed of 1 mm/s; (a) at 70 °C; (b) at 80 °C; (c) at 90 °C
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The effects of temperature and drawing speed
during stretching on the tensile behavior of PLA
films can also be seen in the yield stress values.
There is an enhancement in the yield stress values
by increasing the drawing speed and a decrease
is observed at higher drawing temperatures. The
corresponding yield stress and strength values are
listed in Table 1.

The SEM surface morphology of PLA films
stretched at 70, 80 and 90°C (at drawing speed
of 1 mm/s) is illustrated in Figure 4. There are no
crystalline lamellae on the surface of the PLA films
stretched at 70 and 80 °C (Figure 4a and 4b). It has
also been reported that isothermal crystallization
at temperatures lower than 80°C cannot lead to
the cold crystallization of PLA film and the film is
in fully amorphous state [2]. On the other hand,
the crystalline lamellae are visible on the surface
of PLA film stretched at 90°C (the arrows in Figure
4c). At higher temperatures, PLA molecules can
move and align themselves in a crystal cell and
therefore the cold crystallization of PLA can take
place. Thus, stretching the PLA films at higher
temperatures results in the higher crystallinity of
the films.

PLA is considered to be a slow crystallizing
polymer; therefore, it can be quenched into an
amorphous or a quasi-amorphous state during
the solidification. Upon heating, it crystallizes at
a temperature called cold crystallization (T ). This
temperature is higher than the glass transition
temperature (Tg) and lower than the melting
temperature (T ). T, of PLA is reported to be
around 95 to 105 °C. It has been observed that
T.. decreased by increasing strain or deformation
[1, 9]. However, upon stretching the PLA film up
to 500 % strain, the T__ remains, nevertheless,
higher than 80 °C [1]. Therefore, it is a plausible
view that stretching the PLA film at 90 °C promotes
the cold crystallization. Optimizing the processing
parameters to increase the crystallinity of PLA
films enhances their barrier and mechanical
properties [14]. Stretching the cast PLA films at 90
°C and at higher drawing speeds, which develops
crystallization as well as the oriented structures,
can be considered as a processing technique to
improve the properties of PLA films.

4. Conclusions

In this study, PLA films prepared in a cast
extrusion process were stretched at different
drawing speeds and different temperatures
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to evaluate the tensile properties and surface
morphology of PLA films. Increasing the drawing
speed from 1 to 30 mm/s at 70°C resulted in the
enhancement of the film strength. The higher
strength values were due to the strain hardening
which appeared at lower strains as drawing speed
increased. A decrease in the strength values was
observed by an increase in drawing temperature
up to 80 °C. However, the PLA films exhibited
strain hardening behavior at this temperature and
by increasing the drawing speed, strain hardening
was slightly improved. Elevating the temperature
to 90°C vanished the strain hardening during
stretching at lower drawing speeds (1 and 10
mm/sec) completely and therefore a significant
decrease in strength was observed. Nevertheless,
increasing the drawing speed (i.e. 30 mm/sec) led
to the emergence of strain hardening behavior
even at 90 °C, since the chain orientation and
extension outperforms the chain relaxation at such
a high drawing speed. The surface morphology of
the stretched films was observed using SEM and
the crystalline structures did not appear in the
SEM image of the stretched films at 70 and 80 °C,
suggesting that the stress-induced crystallization
has not occurred at such temperatures. On the
other hand, crystalline lamellae were observed
on the surface of PLA film stretched at 90 °C,
indicating the cold crystallization occurrence.
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