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ABSTRACT: Poly(lactic acid) (PLA) is a commercially available biobased material that has become an ideal material in packaging
applications because of its low toxicity along with its environmentally friendly characteristics. Unfortunately, PLA is rigid and brittle.
These characteristics impede its wide application. The flexibility of PLA can be improved by plasticization. In addition, welding poly-
mer films is essential in the packaging production. Therefore, the weldability by means of ultrasonic welding of the neat and with
polyethylene glycol plasticized PLA films was analyzed in this study. Moreover, the study examines the influence of the material com-
position on the processing window, that is, the range of welding parameters which could be used to weld films efficiently, and on the
weld quality. This research showed that all examined films can be welded by ultrasonic welding. Furthermore, it was discovered that
the addition of a plasticizer has a strong influence on the processing window and on the weld quality. © 2014 Wiley Periodicals, Inc. J.
Appl. Polym. Sci. 2015, 132, 41351.
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INTRODUCTION

Environmental concerns and a shortage of petroleum resources
have inspired considerable engineering and scientific efforts
devoted to the discovery, development, and modifications of
biodegradable and renewably-derived polymers over the past
several decades." One such polymer is poly(lactic acid) (PLA).
PLA is a thermoplastic aliphatic polyester that can be produced
from renewable resources.” Its good clarity, high strength, mod-
erate barrier properties, low toxicity, along with its environmen-
tally friendly characteristics, has made PLA an ideal material for
food packaging and film wrap, and for other consumer prod-
ucts.”” However, the main drawback of PLA is its brittleness,
which limits its use in many applications. Because of its glass
transition temperature (T,) close to 55°C, it is rigid and brittle
at room temperature.® Developing packaging materials requires
high flexibility at room temperature and thus there is no toler-
ance for the polymer film tearing or cracking when subjected to
stress during package manufacturing or application.* ! There-
fore, the modification processes that toughen PLA have drawn
great attention.

PLA has been extensively modified using blending. Blending is
the most widely used methodology to improve PLA mechanical
properties. PLA is blended with different plasticizers and poly-
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mers to achieve desired mechanical properties, such as bishy-
droxymethyl malonate (DBM), polyethylene glycol (PEG),
poly(propylene glycol) (PPG), poly(hydroxybutyrate) (PHB),
poly(diethylene adipate) (PDEA), tributyl citrate-oligoester
(TbC-oligoesters), polyvinyl acetate (PVA), or polycaprolactone
(PCL).1’12_17

From the multitude of possible plasticizer systems for PLA,
PEG is one of the plasticizer most commonly used in film
application."®

Recent studies of PLA plasticized with PEG'*™ have demon-
strated an increase in the efficiency of plasticization with a
decrease of PEG molecular weight. Because the use of plasticiz-
ers with low molecular weight has been associated with their
migration, plasticizers with rather high molecular weight and
low mobility are more frequently used.® Therefore, a high
molecular weight PEG (4000 g/mol) was used as PLA plasticizer
in this study. In addition, the plasticizer used has to be non-
toxic to produce films which are suitable for food contact. As
PEG has been approved for use in direct food contact, it meets
these criteria.

As already mentioned, PLA is used in the packaging industry.
The most important function of packaging is to ensure the pro-
tection and integrity of the product. This implies that the pack
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must be securely welded. Product protection and hence effective
shelf life are a function of the quality of joining of the pack-
age.”* In packaging industry there are many techniques available
for joining thermoplastic materials, such as adhesive bonding
and welding. Adhesive bonding suffers the disadvantage of add-
ing a third component to the two parts to be joined. On the
contrary, welding has the advantage of not requiring a third
component.” In addition, there are many different welding
methods suitable for industrial production of thermoplastic
packages. The methods most frequently used for packaging are
heat welding and ultrasonic welding.

The increase in the uses of the ultrasonic welding process results
from several advantages over heat welding, such as much
shorter process times. Moreover, unheated tools permit the
widespread utilization of the ultrasonic welding technology
especially in the packaging sector.

During ultrasonic welding high-frequency (typically 20, 30, 35,
or 40 kHz), low-amplitude (typically between 10 and 60 um)
vibrations are used to generate heat at the joint interface of the
parts being welded. The two parts to be welded are held
together under pressure during the process and a bond forms
upon the cooling of the molten polymer at the interface.”*>®

The weldability of polymers and the high quality of the weld
are not only a function of the amount of mechanical energy
delivered to the welding zone, but also the properties of the
welded materials.?**® Blending PLA with a plasticizer (PEG)
affects the mechanical properties of the PLA. Therefore, it is to
be expected that the addition of the plasticizer affects the weld-
ability of PLA films.

Although there are a few publications’ ™ dealing with ultra-
sonic welding of PLA films, there are no publications regarding
the influence of the material composition on the weldability of
PLA films. Therefore, this research is intended to consider the
effects of the plasticizer amount on the mechanical properties
and weldability of the plasticized PLA films. The purpose of
this study is to provide background information regarding the
weldability of plasticized PLA films via ultrasonic welding.

EXPERIMENTAL

Materials

The PLA was provided by NatureWorks under the reference
4032D. The average molecular weight of 179,000 g/mol and the
polydispersity index of 2.12 were determined by gel permeation
chromatography in chloroform at 23°C. The plasticizer used
was polyethylene glycol (PEG) 4000 supplied by IMPAG Import
GmbH. Irganox 1010 and Irgafos 168 were received from BASF
and used as stabilizers.

Melt Blending

Before processing, neat PLA granules were dried in a dry-air
oven at 80°C until the required residual moisture content
(under 250 ppm) was achieved. Compounds containing 0, 5.3,
7.9, and 10.6 phr (parts per hundred parts of resin based on
100 parts of PLA) plasticizer (PEG 4000) were prepared using a
Leistritz ~ corotating  twin-screw  extruder  (L/D = 45;
D =18 mm). To maintain the stability of the compounds, Irga-
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nox 1010 and Irgafos 168 were used (each 0.2 phr). PLA, stabil-
izers and plasticizer were introduced into the extruder at the
controlled rate using a loss-in-weight feeder. The temperature in
the feeding zone was 45°C to prevent premature melting of the
plasticizer and reached a maximum of 200°C. The melt temper-
ature was also 200°C. A vacuum was pulled on the vent port of
the extruder to remove residual moisture. The used screw speed
was 300 rpm. The molten polymer was formed into a strand by
a single-filament die and the strand was then cooled in a water
bath before granulation. A pelletizer was used to cut the
extruded strands into small pellets. The compound granules
were dried in a dry-air oven at 80°C until the required residual
moisture content (under 250 ppm) was achieved. Compound
granulates were then stored in sealed coated opaque plastic bags
(to prevent moisture absorption) at ambient temperature.

Cast Film Extrusion

For the production of a cast film a single-screw extruder from
Dr. Collin with a diameter of 30 mm and an L/D ratio of 30
was used. The neat PLA granulates and the compound granu-
lates containing 0 phr plasticizer were extruded with a screw
speed of 90 rpm, whereas compound granulates containing 5.3,
7.9, and 10.6 phr were extruded with a screw speed of 60 rpm.
The temperature in the feeding zone for the neat PLA granu-
lates was 75°C and for the compound granulates containing
0 phr plasticizer the temperature in the feeding zone was 100°C
reached a maximum of 200°C. The temperature of the water
entering the chill roll was 50°C. For the granulates containing
5.3, 7.9, and 10.6 phr plasticizer the temperature in the feeding
zone was 60°C, reached a maximum of 190°C, and the temper-
ature of the water entering the chill roll was 40°C. The adjust-
ment of process parameters for each material composition was
required to make good-quality films. By adjusting the speed on
the rewind stand and chill roll it was possible to control the
thickness of the polymer films. The thickness of the polymer
films is set to be 50 pum.

Overview of the Investigated Films

As already defined, the compounds were prepared by an extru-
sion compounding technique (melt blending) where a material
receives sufficient thermal and shear history to mix stabilizers
and/or a plasticizer with the polymer matrix and to be config-
ured into a shape (granules). Afterwards film extrusion was per-
formed. Each step of processing, melt blending and film
extrusion may influence the properties of the material, because
structural changes may occur when the polymer is submitted to
several processing steps.

To determine to which extent the processing of PLA (melt
blending, film extrusion) on the one hand and the addition of
PEG on the other changed the properties and weldability of the
PLA films, the following films were examined (see Table I).

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was performed using
differential scanning calorimeter Netzsch 204 F1 Phoenix. The
samples with a weight at about 11 mg were put into aluminum
pan and hermetically sealed. The scans were carried out under
nitrogen atmosphere. The samples were preliminary heated
from —70 to 210°C to erase previous thermal history, then
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Table I. Film Label as a Function of the Material Composition and the Processing Method

Film composition

Processing method (step)

PLA content Stabilizer Plasticizer Melt Film
Description [phr] content [phr] content [phr] blending extrusion
Film 1 100 0.0 0.0 - +
Film 2 100 0.4 0.0 + +
Film 3a 100 0.4 53 + +
Film 3b 100 0.4 7.9 + +
Film 3c 100 0.4 10.6 + +

cooled to —70°C and finally heated to 210°C, at a cooling/heat-
ing rate of 10 K/min. Thermograms were recorded and, among
others, glass transition temperatures, crystallization tempera-
tures and melting temperatures evaluated.

Rheological Characterization

Rheological measurements were carried out on Haake Mars
from Thermo Fisher Scientific. These measurements were run
with 20 mm parallel plate geometry and a gap of 1.0 mm. The
complex viscosity and the damping factor were monitored over
angular velocity. To keep the response in the viscoelastic linear
domain, the applied deformation was kept at around 0.01. The
samples were dried before testing to remove the moisture.

Ultrasonic Welding (Sealing) (US)

An ultrasonic welding system 2000X from Branson, operating
at a frequency of 20 kHz, was used for the trials. An anvil with
a diameter of 4.0 mm and a sonotrode with a width of 2.0 mm
were used. The weldability of the material as a function of weld-
ing process variables like amplitude, welding pressure and weld-
ing time were analyzed. Because of the radius-shaped anvil
welding pressure could not be calculated. For that reason the
welding force, specified as force per length, was used as a rele-
vant process variable. The ranges of amplitude, welding force,
and welding time were 13-32 pm, 0.8-2.0 N/mm and 0.1-0.5 s,
respectively. The holding time was kept constantly at 1.0 s and
the holding force at 2.0 N/mm. All joints were made by welding
a film to an identical film.

Tensile Testing

The tensile test is the commonly used test for determining
mechanical properties of materials. Properties that are directly
calculated using a tensile test are, among others, Young’s modu-
lus, tensile strength and elongation at break. Strength is defined
as a stress, which is measured as force per unit area, but can be
reported just as a force or as a force per unit width. In this
study strength will be reported as a force per unit width.

Tensile testing of the neat and plasticized PLA films and of the
welded samples was conducted on a tensile tester from Zwick
Roell at 23°C and 50% relative humidity. The shape of the sam-
ples was rectangular, with a width of 15 mm. The gauge length
was 50 mm and the crosshead speed was 100 mm/min. For the
determination of the Young’s modulus of the neat and plasti-
cized PLA films, a testing velocity of 1 mm/min between 0.05
and 0.25% elongation was used. The tensile tests were measured
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in accordance with ISO 527 for the films and DIN EN ISO
55529 for the welded samples. Values for Young’s modulus, ten-
sile strength, elongation at break and weld strength were eval-
uated from the scans. Reported values are the average of five or
more measurements.

RESULTS AND DISCUSSION

Influence of the Material Composition on the Processing
Window (Suitable Range of Welding Parameters)

Initially a wide range of welding parameters (amplitude, weld-
ing time and welding force) was evaluated, to define a process
window for the PLA films that were examined. The joint was
considered sufficiently strong when it could withstand manual
peeling without delamination. The amplitude, the welding time
and the welding force were varied from 13 to 32 um, from 0.1
to 0.5 s, and from 0.8 to 2.0 N/mm, respectively. Outside the
ranges mentioned above no welds were generated. At the lower
amplitudes, shorter welding times and lower welding forces
material did not melt so that no joining could take place. At
the higher amplitudes, longer welding times and higher welding
forces films were not welded but cut through by the sonotrode.

As a result of the analysis it was discovered that the process
window is individually dependent on the film composition. In
addition, it was observed that the PLA films modified with PEG
could be welded at lower amplitude compared with PLA films
without a plasticizer, both film 1 (only one processing step; film
extrusion) and film 2 (two processing steps; melt blending and
film extrusion) (see Figure 1).

As seen from Figure 1, the addition of PEG leads to a decrease
in minimum amplitude applied. On the other hand, the maxi-
mum amplitude applied remains constant and independent of
the plasticizer content.

Furthermore, according to the differential scanning calorimetry
measurements (corresponding thermograms could be seen in
Ref. 8), the addition of PEG as a plasticizer resulted in a
decrease in the glass transition temperature (7T,) because of
improved chain mobility (see Figure 2).

These results reveal that improved chain mobility takes place at
lower temperatures with increasing plasticizer concentration.
Consequently, less energy is required to make polymer chains
moving causing frictional forces between molecules and there-
fore frictional heat. Thus, less energy is required to get a
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Figure 1. Minimum and maximum amplitude as a function of the plasti-
cizer content.

sufficient amount of molten material necessary to achieve fusion
at the interface between the films and thus sufficiently strong
weld. Therefore, plasticized PLA films could be welded at lower
amplitudes compared with PLA films without plasticizer,
because by reducing the amplitude there is reduction in
heating.

Besides during ultrasonic welding films undergo periodic
mechanical load. This mechanical energy is partially used for
internal friction of molecules, which causes a frictional heat.
Damping factor (tand) is thereby an indicator of how efficiently
the material converts mechanical energy into heat.

As observed from rheological measurements the presence of the
plasticizer increased tand (see Figure 3).

Because the plasticized PLA films have a greater tand compared to
the PLA films without the plasticizer, during ultrasonic welding of
plasticized PLA films more mechanical energy will be converted
into heat. Thus, the modified PLA films can be welded at lower
amplitudes compared with PLA films without the plasticizer.

Moreover, it was possible to weld plasticized PLA films at the
higher welding force comparing to the PLA films without the
plasticizer, both film 1 and film 2 (see Figure 4).

70
. film 1 and film 2
60 -
film 3a
O 50 | film 3b
= film 3¢
40 -
30 T L] 1 T
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Figure 2. Glass transition temperature as a function of the plasticizer
content.
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Figure 3. Damping factor as a function of the plasticizer content.

As shown in Figure 4 the addition of the plasticizer had no
influence on the minimum welding force, whereas the maxi-
mum welding force was increased by the addition of PEG,
although plasticized PLA films have higher tand.

The fact that the plasticized PLA films could be welded at lower
amplitude and at the higher welding force compared with PLA
films without the plasticizer indicates that the addition of PEG
results in wider ultrasonic welding process window.

Influence of the Welding Parameters on the Weld Quality
After a determination of the suitable range of the welding
parameters (process window) for each film composition, a
parameter study was carried out and the influences of welding
parameters on the weldability of the examined films were
conducted.

Through the examples of film 1 and film 3c, weld strength as a
function of amplitude, welding force and welding time are
shown in Figures 5-10. According to Figure 5 the amplitude
and the welding force has a big influence on the weld strength
at constant welding time (0.1 s). At a low welding force (0.8 N/
mm) increasing the amplitude from 19 to 25 um leads to an
increase in weld strength. The weld strength remains rather con-
stant, while increasing the amplitude from 25 to 32 pum. At
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gEE=
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Figure 4. Minimum and maximum welding force as a function of the
plasticizer content.
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Figure 5. Weld strength at 0.1 s welding time, different welding forces
and, amplitudes from welded film 1.

medium welding force (1.0 N/mm) there is a decrease in the
weld strength with amplitude increasing from 19 to 25 um. A
further amplitude increase to 32 um leads to an increase in
weld strength. Moreover it was observed that increasing the
amplitude from 19 to 25 um at high welding force (1.2 N/mm)
the weld strength slightly improves. In addition, a drop in the
weld strength was noticed by increasing the amplitude from 25
to 32 um.

Furthermore the welding time was increased to 0.2 s and the
influences of the amplitude and the welding force on the weld
strengths were studied (see Figure 6). As seen in Figure 6 the
weld strength is almost independent from the amplitude at low
(0.8 N/mm) and at medium (1.0 N/mm) welding forces,
whereby the higher weld strength is reached at a low (0.8 N/
mm) welding force. Increasing the amplitude to a high (1.2 N/
mm) welding force leads to an increase in weld strength.

Additionally the weld strength as a function of the amplitude at
various welding forces and at a constant welding time (0.4 s)
for film 1 is shown in Figure 7. Independent from the welding
force being examined (0.8, 1.0, and 1.2 N/mm) a comparable
trend is noticeable. While increasing the amplitude from 19 to

t=02s
o 25 —— 0.8 N/mm
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uE: 20 { - - 1.2N/mm
£ 15
o
g 10 - I
“5 i..:.._‘._.w .
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(]
<
0 - - '
15 20 ] 35

25 3
Amplitude (um)
Figure 6. Weld strength at 0.2 s welding time, different welding forces
and, amplitudes from welded film 1.
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25 3
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Figure 7. Weld strength at 0.4 s welding time, different welding forces
and, amplitudes from welded film 1.

25 um, there is no significant change in the weld strength.
Moreover the weld strength was constant for all welding forces
being examined (0.8, 1.0, and 1.2 N/mm) at a welding time of
0.4 s and amplitudes from 19 to 25 um. A further amplitude
increase to 32 um leads to an increase in weld strength. In addi-
tion at welding forces 1.0 and 1.2 N/mm the similar weld
strength was reached, being higher as the weld strength at weld-
ing force 0.8 N/mm.

Furthermore the weld strength as a function of amplitude,
welding force and welding time for film 3¢ was examined.

First, the welding force was increased from 0.8 to 2.0 N/mm at
constant amplitude (13 pum) and welding time (0.1 s) (see Fig-
ure 8). This increase of the welding force leads to an increase in
weld strength. Nevertheless the standard deviation is extremely
high indicating an unstable welding process. A further ampli-
tude increase from 13 to 19 um leads to an increase in weld
strength at welding forces of 0.8 and 1.5 N/mm and in contrast
to that to a decrease in weld strength at a welding force of 2.0
N/mm. Increasing the amplitude further to 32 um leads to a
decrease in weld strength with all welding forces being examined
(0.8, 1.5, and 2.0 N/mm).
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10 15 20 2 30 35
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Amplitude (pm)
Figure 8. Weld strength at 0.1 s welding time, different welding forces
and, amplitudes from welded film 3c.
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Figure 9. Weld strength at 0.3 s welding time, different welding forces
and, amplitudes from welded film 3c.

Second, the welding time was increased to 0.3 s and the influen-
ces of welding force and amplitude on the weld strength were
studied (see Figure 9). As seen in Figure 9 increasing the ampli-
tude leads to a decrease in weld strength at a high (2.0 N/mm)
welding force and to an increase in weld strength at a medium
(1.5 N/mm) welding force. With a low (0.8 N/mm) welding
force increasing the amplitude from 13 to 19 pum leads to an
increase in weld strength. Furthermore, the weld strength
decreases, while increasing the amplitude from 19 to 32 pm.

Finally, the welding time was increased to 0.5 s and the influen-
ces of welding force and amplitude on the weld strength were
investigated (see Figure 10). It can be seen that at low (13 um)
amplitude the weld strength remains unaffected by increasing
the welding force in the examined range (0.8, 1.5, and 2.0 N/
mm). At medium (19 um) amplitude increasing the weld force
from 0.8 to 2.0 N/mm leads to an increase in weld strength.
Furthermore, at high (32 pm) amplitude the highest weld
strength has been achieved at high (2.0 N/mm) welding force,
whereas there were no big differences between the weld
strengths at medium (1.5 N/mm) and low (0.8 N/mm) welding
forces.
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Figure 10. Weld strength at 0.5 s welding time, different welding forces
and, amplitudes from welded film 3c.
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As seen in Figures 5-10 there is no unambiguous dependency
of welding parameters on the weld strength. Therefore a clear
statement about the influence of the welding parameters on the
weld strength could not be made but only described. This fact
can be an indication that numerous factors such as, tolerance of
the film thickness or fluctuation in the welding process make
the evaluation of optimal weld quality difficult.

Influence of the Material Composition on the Weld Quality
The main aim of the parameter study was to find the right
combination of welding parameters which result in the maxi-
mum weld strength for particular material composition. The
weld parameters used to achieve the best weld strengths as a
function of material composition are listed in Table II.

Furthermore, a kind of weld factor (Weld factor = tensile
strength of the weld / tensile strength of the base material) as
important factor regarding the weld quality was evaluated. Fig-
ure 11 shows the weld factor as a function of the plasticizer
content.

According to Figure 11, it was discovered that the addition of a
plasticizer leads to the improvement of the weld factor and
thereby to the improvement of weldability. Furthermore, the
weld factor seems to be dependent on plasticizer amount.
Increasing the plasticizer content leads to an increase in weld
factor and thus in weldability.

The increase in the weldability can be explained by the fact that
the plasticized PLA films have a lower viscosity in comparison

1.0
__ 0.8 -
S 0.6 -
3 fiim2  film3a film 3b film 3c
0.4 -
©
g 041/
= 0.2
v‘—\fi|m1
0.0 : - T - -

0 2 4 6 8 10 12
Plasticizer content (phr)

Figure 11. Weld factor as a function of the plasticizer content.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41351


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
10,000
film 1 and film 2
Z -
n R 34 e o
o film 3¢
< 1,000 -
*O
E T=190°C
y=0.01
o =1 radls
100 . : : :

0 2 4 6 8§ 10 12
Plasticizer content (phr)

Figure 12. Zero shear viscosity as a function of the plasticizer content.

to the neat PLA films, both film 1 and film 2 (see Figure 12).
The addition of PEG as a plasticizer resulted in viscosity
decrease because of improved chain mobility.

While welding two films which both have symmetric interfa-
ces, where the same polymer exists on both sides of the inter-
face, their molten surfaces are brought into contact. During
the welding process, the molecules near the surfaces become
mobile and the weld strength develops by a combination of
surface rearrangement, wetting, and diffusion. Thereby, wet-
ting or close molecular contact (van der Waals) first occurs
followed by interdiffusion of chain segments back and forth
across the wetted interface.” A decrease in the viscosity
enhances the mobility of the molecules. The increased chain
mobility contributes to the more effective diffusion of poly-
mer chains during welding and thus results in an increase of
the weld strength and accordingly in an increase of the weld
factor.

Moreover the material stiffness basically affects its ability to
transmit the ultrasonic energy to the joint interface. The greater
the material stiffness the better is its transmission capability.
Young’s modulus is often used as a measure of the material
stiffness. As can be seen in Figure 13 there is a slight drop in
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Figure 13. Young’s modulus as a function of the processing step and the
plasticizer content.
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Young’s modulus between film 2 and film 1. However, because
of the high standard deviation of the Young’s modulus for the
film 1, it can be concluded, that there is no significant differ-
ence in the stiffness between film 1 and film 2. Furthermore the
Young’s modulus of film 2 was compared with Young’s modulus
of films modified with PEG (films 3a, 3b, and 3c). Thus, the
influence of increasing plasticizer concentration on Young’s
modulus of plasticized films could be determined, because film
2 and films 3a, 3b, and 3¢ had the same previous processing
history (melt blending and film extrusion). Additionally, the
Young’s modulus seems to be dependent on the plasticizer
amount. Increasing the plasticizer amount leads to an increase
in Young’s modulus. According to Figure 13 film 2 and film 1
have the highest transmission capability for ultrasonic energy,
followed by film 3a, 3b, and 3c respectively. However, as seen in
Figure 11 plasticized PLA films have a higher weld factor as
neat PLA film. Therefore, it could be concluded, that in the
case of thin films (50 um) due to a short transmission length of
energy the material stiffness does not have crucial influence on
the weld strength.

CONCLUSION

To test the weldability of PLA, the neat and plasticized PLA
films were subjected to ultrasonic welding. It was discovered
that it was possible to weld all the examined films, but their
processing behavior seems to be affected by the material com-
position. The experimental research showed that the addition of
a plasticizer resulted in wider process window, that is, it was
possible to weld plasticized PLA films at lower amplitude and at
the higher welding force compared with PLA films without a
plasticizer. Because structural changes may occur when the poly-
mer is submitted to several processing steps thus affecting the
weldability and especially the processing window, it was exam-
ined if there are any differences in the processing window com-
paring two different unplasticized PLA films: film 1 (only one
processing step; film extrusion) and film 2 (two processing
steps; melt blending and film extrusion). The experimental
research showed that both, film 1 and film 2, could be welded
at the same welding conditions. In other words, the multiple
processing stages didn’t have any influence on the welding
parameters.

Furthermore, it was determined that the addition of a plasti-
cizer leads to the improvement of weld factor and thereby to
the improvement of weldability. Additionally, the weld factor
seems to be dependent on the plasticizer amount. Increasing the
plasticizer content leads to an increase in weld factor and thus
in weldability. Moreover, the weld factor of two different
unplasticized PLA films, one of which was submitted to only
one processing step (film 1) and the other one was submitted
to two processing steps (film 2) was compared. However, the
achieved weld factors seem to be independent of the processing
steps.
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