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Polylactic acid Blown Films

Peerapong Chanthot!, Noppadon Kerddonfag?, Cattaleeya Pattamaprom?

1 Research Unit in Polymer Rheology and Processing, Department of Chemical Engineering, Faculty of Engineering,
Thammasat University, Pathum Thani 12120, Thailand

2 National Metal and Materials Technology Center, National Science and Technology Development Agency, Thailand Science
Park, Pathum Thani 12120, Thailand

Abstract: This study is the first study correlating the effect of the peroxide branching agent with the film
blowing stability of polylactic acid (PLA). The peroxide content was varied between 0-0.5 wt%, and the changes in
molecular structures, rheological properties, film bubble stability, and mechanical properties were investigated. Our
research goal is to improve the processability of PLA blown film and identify key parameters for the good
processability of PLA. It was found that the addition of a sufficiently high peroxide content-led not only to higher
storage modulus (G') but also to higher melt strength and significant improvement in the film blowing
processability, where the blow-up ratio (BUR) increased with increasing peroxide content. However, the peroxide
content higher than 0.3 wt% tended to cause stiffer film and a higher amount of gels. Another interesting finding is
that the terminal region's G value was strongly correlated with melt strength and film blowing processability.

Keywords: polylactic acid, film blowing, peroxide, processability, rheological properties.

SR RABRREREREENREEENZ N

T
ZHFZE B RO E b S AL R B0 i S-SR LR O W I AS e MR e BR AR e, R E &
1£0-0.5H &

HEWZEE(L, IHRT o1 Eh, FEMERE., HRuiRE EmiukraerIZ b, 34
HORITZE B AR e e SR FLBRVRHE RO T PERE, T SR PLIR AT THERERY SRS E, RILIR
MR BEE St E BEANSEBOE SRIERERE(G'), M HSEBCE @R A (R5R AL fnyd Rk 42
TR EARSGE, KRR (RIS S(E & &, i, & T0.38EE-
HEWHIE F( LW & B TS S BRI 3 2 0 BE R, 73— AR A TR AR b X
IRH) G B G-I AR5R BRI IN TAE 3 BIFR G,

SRR RALEE, KR, TR, T, SRR

1. Introduction thermoplastic polyester [1], [2]. PLA has become an

Nowadays, plastic waste from fossil-based non-  interesting plastic for green packaging and biomedical
degradable plastic has caused serious environmental ~ applications because of its biocompatibility, high
concerns, and more attention is being paid to  Strength, and transparency [3]. However, PLA has
biodegradable plastics. Polylactic acid (PLA) is one of ~ Posed several challenges, especially in the extrusion
the biobased and biodegradable plastics in the group of
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film blowing process. These include very poor film
blowing processability (poor bubble instability) [4], [5].

To improve the film blowing processability of PLA,
Karkhanis et al. [5] reported processability
improvement by adjusting the process parameters,
including the reduction in melt temperature and the
adjustment of internal and external air pressures. In
addition, chain extenders such as multifunctional
epoxies, PDLA-g-PEG-g-PDLA triblock polymer, and
methyl methacrylate/glycidyl methacrylate copolymer
are often blended with PLA to increase its melt strength
[61, [71, [8], [9], [10]. Among these, only one research
papers were relevant to film blowing of neat PLA.
Lamnawar et al. [7] found that Joncryl® ADR-4368, a
commercial multifunctional epoxide reactive polymer,
could increase the elongational viscosity and blow-up
ratio of PLA blown film.

Another interesting strategy to improve the
properties of PLA is by reactive blending with
peroxide. Gottermann et al. [11] reported that 0.2 wt%
peroxides could increase the melt strength from 0.025
to 0.09 N, which was more than a threefold increase.
Moreover, Hwang et al. [12] found that an increase in
peroxide content (up to 0.8 wt%) could significantly
increase the storage modulus (G") and complex
viscosity (n*) of PLA, where an optimal amount of
peroxide could also slightly increase its impact strength
and tensile properties. Even though these studies
reported on the potential of peroxide in improving the
melt strength and rheological properties of PLA, there
is no study focusing on the processability improvement
of PLA blown films. Therefore, this study aimed to
investigate the effect of peroxide on the change in
chemical structures and its consequence on rheological
properties, bubble stability during film blowing, and
mechanical properties of PLA.

2. Experiment

2.1. Materials

This study purchased PLA grade 4043D with the
melt flow index (MFI) and the specific gravity of 6.0
0/10 minutes and 1.24 gl/cc, respectively, from
NatureWorks LLC, USA. Tert-butyl peroxide, an
organic peroxide, was purchased from Sigma-Aldrich
Co., Ltd, USA.

2.2. Reactive Melt Blending of PLA with Peroxide

First, PLA was dried overnight in a vacuum oven at
80 °C before blending with the organic peroxide in an
internal mixer (Brabender Plasti-Corder® Lab-Station
350E, Germany). The blending was carried out for 15
minutes at 160 °C, and the rotor speed was 60 rpm. The
code names of the peroxide-treated PLA samples were
represented by PLX, where X is the wt% of the organic
peroxide. Here, the peroxide content was varied from
0, 0.003, 0.03, 0.1, 0.3 to 0.5 wt%, respectively.

2.3. Film Blowing Process

The peroxide-treated PLAs were cut into small
granules by a granulator and dried overnight in a
vacuum oven at 80°C to remove excess moisture. The
compound was then blown into the film using a film
blowing machine (HAAKE Rheomex OS, USA) at a
fixed screw speed of 40 rpm and a processing
temperature of 170-195 °C (4 zones). The schematic of
a film blowing process is illustrated in Figure 1.
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Fig. 1 The schematic of the film blowing process

2.4. Characterization

2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectra of dried
specimens were recorded using Fourier Transform
Infrared Spectrometer (Perkin Elmer Spectrum™ 3 FT-
IR spectrometer, USA) equipped with universal
attenuated total reflectance (UATR). The spectra were
recorded between the wavenumber of 4,000 and 400
cm,

2.4.2. Nuclear Magnetic Resonance Spectroscopy
(NMR)

The unmodified PLA and peroxide-treated PLA
were dissolved in deuterated chloroform (CDCIs) at a
concentration of 4 wt% at room temperature. 1H-NMR
spectra were recorded in the chemical shifts of 0-12
ppm wusing a 600 MHz NMR spectrometer
(Ascend™600/Avance 111 HD, Bruker, USA).

2.4.3. Rheological Characterization

Before rheological measurement, the specimens
were dried overnight in a vacuum oven at 80 °C, then
prepared into discs of 25-mm diameter by compression
molding at 190 °C for 3 minutes. The dynamic
rheological properties of samples were measured at 170
°C using a modular compact rheometer (MCR102)
equipped with a 25-mm parallel plate geometry from
Anton Paar Ltd, Thailand. The gap was set at 0.5 mm.
The strain amplitude sweep tests were carried out at the
highest angular frequency to identify the linear
viscoelastic region. The frequency sweep tests were
carried out within the linear viscoelastic limit.

2.4.4. Melt Strength Measurement
Melt strength was measured using a capillary
rheometer equipped with a melt strength tester (Rosand
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RH7, Malvern, UK). The extrusion melt temperature
was set at 190 °C. The polymer melt was extruded
vertically from the capillary rheometer at a 100
mm/min extrusion rate. After the flow of extruded
strand reached a steady state, the strand was drawn
downwards uniaxially by the melt strength tester,
which was composed of two counter-rotating steel
rollers connected to a force transducer. The drawdown
distance (from dying exit to rollers) was 15 cm. The
speed of rollers increased at a constant acceleration rate
(2.33 m/s?) over a range from 10 to 800 m/min until the
polymer melt strand was broken. The force at which
the polymer melt broke was recorded as the melt
strength.

2.4.5. Film Blowing Processability

Key parameters for the processability of a film
blowing process are the blow-up ratio (BUR) and the
take-up ratio (TUR). BUR refers to the ratio of the
bubble diameter to the extrusion die diameter, and TUR
refers to the ratio of take-up roller speed to the speed of
the extruder's screw, as shown in the following
equations [5].

TUR = (Speed of take-up rollers) / (Speed of
extruder's screw) (1)

BUR = (Final bubble diameter) / (Die diameter) (2)

The screw speed of the extruder was calculated
from ©tDN/60, where D is the diameter of the screw,
and N is the rotational speed in rpm. In this work, N
was fixed at 40 rpm, while the take-up speed of the nip
rollers was varied. The bubble diameter was controlled
by the flow rate of inner bubble air.

The processability of the film blowing process was
considered from the highest blow-up ratio (BUR) at
each take-up ratio (TUR). The correlations between
TUR and the corresponding highest BUR were plotted
on a stable bubble chart (BUR-TUR chart). The point
of the highest BUR was indicated by the process
condition that provided the highest bubble diameter
without bubble dancing, melt sagging, or draw
resonance for at least 3 minutes.

2.4.6. Film Thickness Uniformity

The film thickness uniformity is defined in terms of
the uniformity index following equation 3. All blown
film samples were measured for their thickness at 50
different positions at a distance of 5 cm apart along the
machine direction. Higher uniformity index indicates a
more stable film blowing process. The measurements
were carried out on the film produced from a fixed
TUR of 1.13.

Uniformity index = (Average film thickness) /
(Standard deviation) 3)

2.4.7. Tensile Testing

Tensile testing of PLA blown films was carried out
according to ASTM D882 at ambient temperature by a
Universal Testing Machine (UTM) model UTB9251-

ACHiTech from Narin Instruments, Thailand. The film
samples with a size of 10 mm wide and 200 mm long
were subjected to stress-strain measurement in the
machine directions using a 0.98-kN load cell at the
cross-head speed and gauge length of 20 mm/min and
100 mm, respectively. Five specimens were tested for
each sample. The Young’s modulus, tensile strength,
elongation at break, and tensile toughness were
calculated for each sample.

2.4.8. Gel Content

The peroxide-treated PLA compounds were ground
into small pieces before immersing in acetone in the
dark for 4 days at room temperature with periodic
stirring to remove free PLA. The undissolved portions
were then filtered out to isolate the insoluble
components. The following equation calculated the gel
content of a compound.

% gel content = (Weight of insoluble portion) /
(Weight of compound) - 100 (@)

3. Results and Discussion

3.1. Characteristics of Peroxide-treated PLAs

In this study, the effects of peroxide on rheological
properties and processability of PLA blown films were
investigated at the peroxide contents of 0.003 to 0.5
wt%. The possible reaction mechanisms initiated by
peroxide are illustrated in Figure 2. After the peroxide
was thermally decomposed into peroxide radicals,
these radicals then abstracted hydrogen from the PLA
backbone leading to the generation of PLA radicals
(Figure 2(a)). The termination of PLA radicals could
happen in two pathways. One is by chain scission
(Figure 2(b)) [13], [14]. This reaction was reported to
happen at low peroxide contents [15]. The other is by
recombination of PLA radicals leading to chain
extension and branching (Figure 2(c)) [16].
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Fig. 2 The possible mechanisms for the reaction of peroxide with
PLA

The FTIR spectra of untreated and peroxide-treated
PLAs at 0.03 and 0.5 wt% are shown in Figure 3 to
identify the changes in the molecular structure after
peroxide treatment. The fingerprint of PLA showed the
strong peaks of -C=0, -C-O, and C-O-C at 1747 cm,
1180 cm™, and 1079 cm™, respectively. The double
peaks at 2995 and 2945 cm? were assigned to
symmetric and asymmetric stretching of -C-H from -
CHjs; the weak peaks at 1127 cm™, 1043 cm™, and 867
cm® were assigned to the rocking of -CHs, stretching
of -C-CHs; stretching, and stretching of C-COO,
respectively [13], [17], [18]. Unfortunately, after
peroxide treatment at 0.03 wt% and 0.5 wt% (PL0.03
and PLO0.5), the FTIR spectra did not change
significantly from untreated PLA (see Table 1). It is
probably because this method is not sensitive enough
for small changes in the chemical structures.

Another approach to identifying the changes in
chemical structure is by using the NMR technique. The
H-NMR spectra of the neat PLA and peroxide-treated

PLA samples are shown in Figure 4. As can be seen,
the spectrum of neat PLA indicated sharp peaks at 5.19
and 1.59 ppm corresponding to the peaks of methine
proton (C-CH) (peak (a)) and methyl proton (C-CHs)
(peak (b)), respectively. The spectrum of peroxide-
treated PLA (PL0.03 and PLO0.5) illustrated a slight
increase in the peak heights of 4.39 and 2.51 ppm
compared to PLO. These peaks correspond to the peaks
of terminal methine protons at the chain ends, HC-OH
(peak (d)) and HC-COOH (peak (e)), respectively. The
increase in end groups could be evidence for peroxide-
induced chain scission as proposed in Figure 2(b). The
spectrum of PLA treated with 0.5 wt% peroxide
(PLO.5) also indicated a significantly higher intensity
of methylene proton (C-CH.) (peak (c)) at 2.19 ppm
than those of PLO and PL0.03. It indicated that 0.5 wt%
peroxides could promote the chain combination of PLA
molecules, as proposed in Figure 2(c).

5T )
== g

HE Hopmams

PL0.03

Transmittance / %
5T

PLO.S

BEs BoMma@mm

BT

B EY]

g

o o - 1o 0|

m
Wavenumber / cm!

Fig. 3 FTIR (UATR) spectra of PLA and peroxide-treated PLAS
using the peroxide content of 0.03 and 0.5 wt%

Table 1 FTIR absorbance peak height ratio of PLA and peroxide-
treated PLAS

Sample  Height of Height of Height of Height of
-C-COO C-0-C -CH3 -C-CH;
(Assr/Arzar)  (AsorolAsrar) — (Ariorl Avrar) — (Asoasl Avzar)

PLO 0.21 0.40 0.24 0.23

PL0.03 0.21 0.40 0.24 0.23

PLO.5 0.21 0.41 0.23 0.23
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Fig. 4 *H-NMR spectra of PLA and peroxide-treated PLAS using
peroxide contents of 0.03 and 0.5 wt%
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The peroxide-initiated reaction that occurred during
reactive melt blending was investigated in an internal
mixer from the torque evolution, as shown in Figure 5.
As can be seen, the initial increase in torque of all
compounds during the first period (1-2 minutes) was
due to the melting and mashing of the PLA pellets
within the chamber. For the blends using high peroxide
contents (0.1-0.5wt%), the second torque overshoot
was observed in the blends at around 2-6 minutes,
where the higher content led to the quicker overshoot
onset indicating the onset of peroxide-initiated
reaction, potentially into long-chain, branched, or
crosslinked structures [19], [20].
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Fig. 5 Torque plastograms during reactive melt-blending of all
peroxide-treated PLAs (a) and PLAs treated with 0.1-0.5 wt%
peroxide in an enlarged scale (b)

3.2. Rheological Properties and Melt Strength

From the indication of structural changes in the
NMR spectra and in the torque plastogram during
mixing, the rheological technique, which is more
sensitive to structural changes, was investigated in this
section. From the dynamic frequency sweep test, the
results in the terminal region (low frequencies) are of
primary interest as they indicate the properties in the
fully-relaxed stage and thus are very sensitive to the
difference in molecular structure. The G' indicates the
elastic response of the samples, while the G" and n*
indicate the viscous response. As shown in Figure 6, G'
of PLA without the presence of peroxide reached the
terminal regime of an entangled linear polymer at an
angular frequency below 0.5 rad/s (indicated by the
slope of 2.0). With the addition of 0.003 to 0.1 wt%
peroxide, the terminal slope was still 2.0, but the graph
was shifted to the right, indicating the loss of molecular

weight. It might imply that the role of peroxide at these
small concentrations led to chain scission of PLA as
proposed by the chain scission mechanism in Figure
2(b). At the higher peroxide content of 0.3 wt%, the G'
started to deviate slightly with the terminal slope lower
than 2, indicating that the relaxation of the polymer
chain was slower due to a more complex structure. The
deviation was successively more pronounced at higher
percentages of peroxide up to 0.5 wt%, indicating that
the structure of PLA deviated from the linear structure
into branched or even crosslinked structures. In Figure
7, the reduction of n* at low peroxide concentrations
and its increase at high peroxide contents follows the
same trends as G' curves. The n* curves at 0.3 and 0.5
wt% peroxide also indicated branched structures,
which normally possess high n* at low frequency with
a steep decrease in m* at a higher frequency due to
more severe shear thinning.
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Fig. 7 Complex viscosity versus angular frequency of PLA and
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The melt strengths of the peroxide-treated PLAS
were measured to investigate the changes in
extensional properties. As shown in Figure 8, the melt
strengths of the peroxide-treated PLAs showed a
similar trend to the G' results from the dynamic
frequency sweep test in Figure 6. It indicates that the
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melt strength is strongly correlated with the elastic
modulus of the sample in the molten stage.
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Fig. 8 Melt strengths of PLA and peroxide-treated PLAs

3.3. Processability of Peroxide-Treated PLA Blown
Films

In earlier sections, the effect of peroxide treatment
was investigated on the changes in molecular structure
by linking to rheological properties and the melt
strength. This part verifies its effect on the film
blowing process by investigating the bubble stability
during film blowing. Here, the stability was quantified
by the stable bubble chart and the film thickness
variation. The two most important process parameters
that control the blown film's width and thickness are
the blow-up ratio (BUR) and the take-up ratio (TUR).
In this study, the TUR of the film blowing process was
fixed at 3 different values, which were 1.13, 2.06, and
2.81, while the BUR was increased to the highest stable
limit. The stable bubble chart, or so-called the BUR-
TUR, was constructed in terms of the highest blow-up
ratio (BUR) at each take-up ratio (TUR). The
comparative BUR-TUR chart for all samples is shown
in Figure 9. As can be seen, the highest BUR tended to
increase with TUR at the peroxide content of 0.1% and
higher. Since the higher TUR implies a higher
extension rate, the increase in the highest BUR
indicates that the samples could exhibit an extension
hardening behavior. The average values of the highest
BURs from all TURs are shown against both the melt
strength and the G' values at a low frequency (0.1
rad/s) in Figure 10 to illustrate their strong correlation.
In addition, the results also indicate that the peroxide-
treated PLAs using the highest peroxide content (0.5
wit%) possessed about 1.2 times higher BUR than the
unmodified PLA.

Another parameter that indicates the bubble stability
of blown films is the uniformity of film thickness along
the machine direction, as indicated by the uniformity
index described in section 2.4.6. The results are
summarized in Table 2. As can be seen, the uniformity
of PLA films tended to be improved at higher peroxide
content, where the highest uniformity was observed at
the highest peroxide content of 0.5 wt%.
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Fig. 9 The highest stable BUR at various TURs for film blowing of
PLA and peroxide-treated PLAs
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Fig. 10 The average values of the highest BURs from all TURs
shown against the melt strength and the G' values at 0.1 rad/s

Table 2 The average film thickness and the uniformity index of
PLA and peroxide-treated PLAs blown films

Sample  Average film Standard Uniformity
name thickness/ mm  deviation/ o Index

PLO 0.046 0.010 4.805
PL0.003 0.057 0.012 4.898
PL0.03  0.059 0.014 4.142
PLO.1 0.061 0.017 3.589
PLO.3 0.037 0.003 12.440
PLO.5 0.036 0.002 16.358

3.4. Mechanical Properties and Gel Content of
Peroxide-Treated PLA Blown Films

It is well-known that PLA films show a brittle
fracture with high modulus and very low elongation at
break. After reactive blending with peroxide, the
changes in tensile properties of PLAs in the machine
direction are shown in Figure 11. As can be seen, the
modulus and tensile strength slightly increased, while
the elongation at break decreased, with increasing
peroxide content.

Pursuing quantifying the presence of gel in the
peroxide-treated PLA blown film, the insoluble
fractions of PLA compounds after being immersed in
acetone were reported in terms of gel contents, as
shown in Figure 12. As can be seen, the gel contents of
PLA and modified PLAs using up to 0.03 wt%
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peroxide were comparable. In contrast, the amount of
gel was significantly increased when using the highest
peroxide content of 0.5 wt%. The presence of visible
gels indicated that the number of gels was high enough
to cause trouble to the film blowing process. It could
lead to premature screen pack blockage or unstable
bubbles, especially when running at high TUR.

Therefore, the maximum recommended peroxide
content for this work would be 0.3 wt%.
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4. Conclusion

This study is the first study investigating the effect
of peroxide on the film blowing processability of PLA
by correlating with the changes in its molecular
structures and rheological properties. It was found that
a small peroxide content led to lower G' at the terminal
regime, indicating the occurrence of chain scission,
while a higher content led to an increase in the G
implying a change into branched or crosslinked
structures. Undesirable crosslinked structures were
detected at the highest peroxide content (0.5 wt%), as
confirmed by the NMR technique and the substantial
amount of insoluble gels. It was also found that the
rheological parameter G' at the low-frequency regime
could be a good indicator for the processability of PLA
blown films as it correlated very well with the melt
strength, the highest stable BUR, and the thickness
uniformity of the film. In this study, even though the

peroxide content of 0.5 wt% could provide the highest
film processability, the lower amount of 0.3 wt% was
optimal to avoid the presence of gels. Even though
peroxide could improve the processability of PLA, the
films produced from peroxide-treated PLA tended to be
stiffer than those produced from neat PLA, especially
when wusing a higher peroxide content. Further
improvement in the film toughness should be carried
out by blending with plasticizers or toughening agents.
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