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Nowadays, environmental awareness is more and more important. Therefore, the importance of weight reduction
and creating a circular economy has increased. In this study, we foamed bio-based polylactic acid (PLA) with
thermally expandable microspheres to create homogenous, compostable polymer foams. The polylactic acid-
based foamed sheet samples were produced with a flat sheet extruder at 190 °C. We investigated the
temperature-dependent mechanical properties of the samples—they show maximum damping capacity in the
glass transition region. We also examined the frequency-dependent properties of the foamed samples and suc-
cessfully extended these properties with the time-temperature superposition principle, to broaden the potential
field of application of the foams. The damping properties of homogeneous, closed-cell foam structures produced
with thermally expandable microspheres increased in the range of 0.1-20 000 Hz as a function of foaming agent
content. We also produced foamed sheets from PLA/PBAT (polybutylene succinate) blends. The storage modulus
of unfoamed reference samples showed a decreasing tendency. The tand of foamed systems containing only PLA
or PBAT increased. The tand of foamed blends decreased in 25%,/75% and 50%/50%PBAT/PLA systems, except
for the 75%/25%PBAT/PLA blend. Therefore, PBAT/PLA blends can only be used to improve the damping ability

of foamed samples above 75 wt% PBAT.

1. Introduction

Biopolymers offer a promising alternative to conventional polymers
in some applications (e.g. short life cycle products). However, their
application areas are not well defined yet [1]. Polylactic acid and their
foams are brittle and this is a problem to be solved. The importance of
polymer foams is growing [2]. One of the main properties of foams is
their energy absorbing and damping ability, therefore it is important to
study and develop these properties in polylactic acid-based foams as
well. Foaming with thermally expandable microspheres (EMS) is a very
promising method among continuous foaming technologies. EMS can be
used to create medium-density biopolymer foams with a homogeneous
cell structure [3]. In general, an important feature of foam structures is
their outstanding energy absorption capacity, and sound and vibration
damping, therefore it is very important to study these properties [4,5].
Examples of vibrations that occur in practice are whole-body and
hand-transmitted vibrations, which have a frequency range of 1-80 Hz

for whole-body vibrations and 8-1250 Hz for hand-transmitted vibra-
tions [6]. The frequency range of audible sound is 20 to 20 000 Hz [7].
The vibration frequencies of trucks range from 3 to 55 Hz [8]. The
deployment of the airbags in the event of an accident means a frequency
of approximately 10 000 Hz [9]. The damping and energy-absorbing
properties of foam structures can be investigated with dynamic me-
chanical methods. Examples of dynamic mechanical tests are dynamic
mechanical analysis (DMA) [10], and drop spear and falling weight
tests. The great advantage of the dynamic mechanical analysis is that it
can be used to obtain information on the viscoelastic properties of the
material over a wide frequency range (0.01-100 Hz). A DMA test can be
used to determine the storage modulus (E'), loss modulus (E’’) and
damping factor (tand) of a material, which can be defined as the quotient
of the loss factor and the storage modulus [11,12]. To date, in most
research, DMA tests have been conducted at a constant frequency of 1 Hz
as a function of temperature, thus showing the temperature-dependent
properties of materials and foam structures [13-16]. The simplest and
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most common method to collect frequency data is to keep the temper-
ature constant and perform frequency sweeps in the desired frequency
range. Preferably, at the specified frequencies, for example at 1 Hz, 2.5
Hz, 5 Hz and 10 Hz. This provides a good overview of the test results
when displayed on a logarithmic scale [9]. This frequency sweep test can
be performed on a series of isotherms [9] then, using the principle of
time-temperature superposition (TTS). The test results can then be
extended to a wider range of frequencies for a given reference temper-
ature (Tief). The basic principle of the TTS method is that values
measured at low frequencies are equivalent to the values measured at
high temperatures (T > Ti.f), and the values at high frequency are
equivalent to the values measured at low temperatures (T < Tref) [17].
The applied temperature-dependent frequency shift factor (at) can be
determined below the glass transition temperature (Tg) with the
Arrhenius equation and above the glass transition temperature with the
empirical WLF equation [7]. In the case of polymeric foam structures,
only a small number of publications investigate extended
frequency-dependent properties. An example of this is the paper of
Briatico-Vangosa et al. [7]. They investigated the sound absorption ca-
pacity of flexible polyurethane-based open-cell foam structures. Two
polyurethane foams with different densities (31.2 kg/m® and 94.6
kg/m>) were tested in their study. They used dynamic mechanical tests
with a compression fixture and successfully applied TTS on the
measured loss factor values. The availability of these results may help to
broaden the scope of application of biopolymers. Our goal was to
investigate the damping properties of homogeneous cellular
biopolymer-based foam structures produced by extrusion with the use of
thermally expandable microspheres. We took into account the effect of
the p-lactide content of the polylactic acid. We produced PLA foams with
low, medium and high p-lactide content with an EMS foaming agent. We
classified the foam structures thus produced in terms of product geom-
etry, density and cell morphology. Next, we characterized the
temperature-dependent attenuation properties of PLA-based samples at
1 Hz, which is common in the literature. Then, damping properties were
tested at room temperature as a function of frequency (frequency
sweep). In the next step, we determined the required isothermals, where
we also carried out the frequency sweeps. Using these measurement
points, we generated the master curve and extended the test frequency
range using the TTS method. Finally, we reduced the rigidity of poly-
lactic acid-based syntactic foam structures by mixing polybutylene
PBAT (a flexible compostable biopolymer) into the PLA.

2. Materials and methods
2.1. Materials

For the PLA based foams, we used Ingeo 4032D, 2003D and 4060D
(NatureWorks, USA) PLA, with 1.4, 4.3 and 12.0 mol% p-lactide content,
respectively [18]. The density of the PLAs is 1.24 g/(:m3 [19,20]. In the
case of semi-crystalline PLA, Ty is 65 °C (4032D) and 61 °C (2003D). In
the case of amorphous PLA with 12% p-lactide content, Tg is 58 °C and
differential scanning calorimetry did not detect Ty, [21]. We used Tracel
G 6800 MS thermally expandable microspheres (EMS) as a physical
blowing agent from Tramaco GmbH (Germany). We examined the EMS
foaming agent in detail in our previous publications [3,21]. The
amounts of EMS were 0.5, 1, 2, 4 and 8 wt%.

We developed PLA/PBAT binary blends for polymer foam systems
for increased damping capacity. PBAT is a biodegradable aliphatic-
aromatic copolyester. We used Ecoflex® F Blend C1200 manufactured
by BASF (Ludwigshafen, Germany). Its density is 1.26 + 0.01 g/cm®
[22]. The PLA component in this case was Ingeo 2003D. Prior to foam
extrusion, we compounded 75/25, 50/50 and 25/75 wt% PLA/PBAT
compounds, and tested a 100% PBAT-based system as reference. All the
polymers and the foaming agent were used as received.
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2.2. Processing of polylactic acid-based foam structures

Foamed sheets were produced with a Labtech 25-30C single-screw
extruder (Labtech Engineering Co., Ltd., Thailand) equipped with a
flat sheet die for sheet production. The polymer melt after the die
reached a tempered roller with a polished surface and was pulled by a
pair of pneumatic rollers (Labtech LRC300, Labtech Engineering Co.,
Ltd., Thailand). The temperature profile was 155/160/175/190/190/
190 °C. The width of the die was 300 mm. The flat sheet die has an
adjustable gap of 4 mm. Screw rotation speed was 80 rpm. The tem-
perature of the tempered, polished roller was 40 °C. The speed of the
roller was 0.4 m/min and the drawing speed was 0.8 m/min. No winding
was used. Prior to processing, the semi-crystalline PLAs were dried in a
Faithful WGLL-125 BE (Huanghua Faithful Instrument Co., China) hot
air oven at 80 °C for 6 h, and the amorphous PLA at 45 °C for 8 h.

2.3. Processing of polylactic acid and PBAT-based foam structures

Prior to foaming, the PLA/PBAT blends were compounded with a
Labtech Scientific LTE 26-44 modular twin-screw extruder (Labtech
Engineering Co., Ltd., Thailand). The extruder had a screw diameter of
26 mm, and the L/D ratio of the screw was 44. The temperature profile
was 170/175/175/180/180/180,/185/185/190,/190/190 °C. The rota-
tion speed of the extruder screws was 50 rpm. A conveyor belt with fans
was used to draw and cool the rod-shaped extruded product, which was
granulated after solidification. Prior to processing, the semi-crystalline
PLAs and PBAT were dried in a Faithful WGLL-125 BE hot air oven at
80 °C for 6 h, and the amorphous PLA at 45 °C for 8 h. Then, the PLA/
PBAT blends and the PBAT were foamed according to the foaming
process described in section2.2. Prior to foam sheet production, the
polymers were re-dried as previously mentioned.

2.4. Testing methods

2.4.1. Measurement of density and thickness
The density of the foamed and unfoamed extruded samples was
determined from the buoyancy force according to Equation (1) at room
temperature (23 + 2 °C). The measuring medium was distilled water and
the analytical balance was an OHAUS Explorer. The measuring range
was 110 g and the measuring accuracy was 0.1 mg.
MsaPy

= » [g/em’] )

Mg — M

where p is the density of the sample, my, is the mass of the sample
measured in air, my is the mass of the sample measured in distilled
water, and pj is the density of distilled water at the measurement tem-
perature. To measure the thickness of the sheet samples, we divided the
sheets into 10 equal sections along their width, using a total of 11
measurement points, including the two edges of the sheet. At the defined
measuring points, we measured the thickness with a micrometer.

2.4.2. Scanning electron microscopy

Scanning electron microscopy (SEM) images of foamed and
unfoamed extruded samples were taken with a JEOL JSM 6380LA mi-
croscope (Jeol Ltd., Japan) with an accelerating voltage of 10 kV. The
cryogenic fracture surface of the samples was fixed with conductive
double-sided carbon adhesive tape. The surface of the sample was
sputter coated with gold (JEOL 1200, Jeol Ltd., Japan).

2.4.3. Differential scanning calorimetry

We performed differential scanning calorimetry (DSC) tests with a
Q2000 (TA Instruments (USA)) device. The scanned temperature range
was 0-200 °C, the heating rate was 5 °C/min, the mass of the samples
was 3-6 mg. The measuring atmosphere was Ny. We calculated the
degree of crystallinity (y.[%]) according to Equation (2), where AH,, [J/
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gl is the melting enthalpy and PLAjggy is the theoretical melting
enthalpy of 100% crystalline PLA (93 J/g [23]), and a [ —] is the weight Xe
fraction of the non-PLA filler. We also calculated the degree of crystal-

linity created by foam processing (x.¢[%]). We calculated it according to AH,, — |AH,|
Equation (3), where AH,. [J /g] is the cold crystallization enthalpy of the Ket = m

polymer.
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Fig. 1. SEM images of the sheet samples (100x magnification).
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Table 1

DSC results of the produced sheet samples (1st heating, heating rate 5 °C/min).
Sample Tg Tec AHee  Tm1 Tmz  AHm  Xc Xet

°C °C J/g °C °C J/g % %

1.4%_REF 60 104 33.7 169 - 35.1 37.8 1.5
1.4%_8 wt% 58 97 31.9 168 - 35.1 38.9 3.6
4.3%_REF 60 114 25.7 148 154 25.7 27.7 0.1
4.3%_8 wt% 56 105 25.5 146 152 27.9 30.9 2.7
12.0%_REF 55 - 0.0 - - 0.0 0.0 0.0
12.0%_8 wt% 55 - 0.0 - - 0.0 0.0 0.0

2.4.4. Determining the average cell size and cell size distribution

We used scanning electron micrographs to evaluate the foam struc-
tures. A minimum of 150 cell diameters were measured for each foam
structure with the use of the ImageJ (National Institutes of Health, USA)
software. We calculated the mean and standard deviation, and deter-
mined the diameter of at least 150 cells using the SEM images and the
ImageJ software. Based on these results, frequency and relative fre-
quency were calculated, and relative frequency was plotted as a histo-
gram. Then, a lognormal function was fitted to the relative frequency
values.

Determining the damping properties as a function of temperature
and frequency.

We performed dynamic mechanical analysis, which showed the
damping properties of the foamed and unfoamed samples. During the
first DMA test series, the temperature-dependent properties of the
samples were investigated. We determined the components of the
complex modulus of elasticity, such as the storage modulus (E'), loss
modulus (E’) and loss factor (tand) as a function of temperature. We
used a DMA Q800 manufactured by TA Instruments (New Castle, DE,
USA). The test was performed in dual cantilever mode, with a 35 mm
wide support. The width and length of the specimens were 10 mm and
60 mm, respectively, and the thickness of each sample resulted from the
expansion of the foamed sheet. The amplitude of periodic bending was
20 pm. When determining the damping properties as a function of
temperature, we used a holding time of 5 min at 0 °C. The test was
performed between 0 °C and 150 °C with a heating rate of 2 °C/min and
a frequency of 1 Hz. Before starting the test, the linear viscoelastic range
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of the samples was checked by amplitude sweep at 1 Hz and 100 Hz.
When determining the damping properties as a function of frequency,
we carried out the test at 25 °C. The amplitude of periodic bending was
20 pm. We used a frequency range from 1 Hz to 100 Hz (with 10 mea-
surement points per decade). In the DMA test series to obtain the data for
the master curve, we performed frequency sweeps at five isothermals.
Bending stress was measured with the clamp type and specimen di-
mensions in the previous test series. The tests were performed at —5 °C,
5 °C, 15 °C, 25 °C and 35 °C. We used a frequency range from 1 Hz to
100 Hz (with 10 measurement points per decade).

3. Results
3.1. Analysis of the polylactic acid-based foamed structures

The thickness distribution of the foam sheets along the width of the
sheet is an important characteristic, as some mechanical tests require
samples with a width of up to 100 mm. Thus, after the production of
foam sheets, the expansion of the foam structures was graded by the
thickness of the sheets. The thicknesses and SEM images of the foam
sheets are shown in Supporting information 1. and Fig. 1. The thickness
of the sheets decreases continuously from the edges to the center
perpendicular to the direction of production. This characteristic “U”
shape is typical of a flat sheet die. The thickness of the sheets in the two
outer bands are significantly greater than in the middle section. Based on
these results, the samples required for the mechanical tests need to be
prepared from the middle part of the foam plates. The thickness of the
amorphous Ingeo 4060D samples was the most uniform. Between 20%
and 80% of sheet width, the difference in thicknesses is minimal; the
variance is between 0.03 and 0.07 mm. This variance shows an
increasing trend with increasing EMS content.

Crystalline fraction is an important characteristic of PLA foams. We
characterized the morphology of the produced sheet samples using the
results from the differential scanning calorimetry. We examined samples
with 0 wt% foaming agent and 8 wt% foaming agent. Based on the re-
sults (Table 1), not only the reference but the foamed (8 wt%) samples
are amorphous, because of fast cooling.

The homogeneity of the manufactured foam structures according to
cell morphology was rated by the distribution of the average cell size.

0.5 0.5
_ 1 0.5 wt% - 1 0.5 wt%
z 0.4 T 1 wt% E 0.4 + 1 wt%
£ 1 2 wt% = 1 2 wt%
50.3 T 4 wi% g 037 4 wt%
g 02 — 8 wit% 027
& 1 & 71
S 01 =014
) ] 2 0.1 T
0.0 —F—F——— 0.0 +—H—A4————t—t——
0 50 100 150 200 250 0 50 100 150 200 250
Cell size [pm] Cell size [pm]
a) b)
0.5

- I5 0.5 wt%

z 0.4 T 1 wt%

o3l —2 wt%

2 IR —4 wt%

£ 027 —8 wt%

E 0.1 1

0.0 H—t —t—
0 50 100 150 200 250

Cellsize [pm]

Fig. 2. Cell size distribution of foamed sheet PLA samples with a) 1.4%, b) 4.3% and c) 12.0% p-lactide content.
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Fig. 3. PLA-based foam densities as a function of foaming agent content.

These results are shown in Fig. 2. The cell size distributions are almost
identical for all three PLA types with increasing EMS content. Also, the
cell size distribution curves of PLAs with medium (4.3%, Fig. 2. b) and
high (12.0%, Fig. 2. c¢) p-lactide content are similar. For these two PLA
types, the relative frequency of cell sizes are also nearly the same. In
contrast, the cell size distribution curve of PLA foams with small (1.4%,
Fig. 2. a) p-lactide content differs significantly. The cell size distribution
curves of PLA types with medium and high p-lactide content are flatter,
the range of the most frequent cell sizes is wider (60-120 ym) than for
the low p-lactide content PLA (40-80 pm). The average cell size was
55.4+1.8 pm for the PLA with low p-lactide content, while it was 84.9+
2.8 pm for the PLA with medium p-lactide content and 87.6 + 2.9 pm for
the high p-lactide content PLA. The micro-sized beads were able to
expand to a greater extent in PLAs of higher p-lactide content than in the
PLA with low p-lactide content. This phenomenon is related to the vis-
cosity of the polymers. Based on our previous result [3], the shear vis-
cosities of the PLA samples show a slight deviation relative to one
another. Complex viscosity decreases with increasing shear rate
measured at 190 °C. The complex viscosities of Ingeo 2003D, Ingeo
4032D and Ingeo 4060D were 2344 Pas, 2344 Pas, and 2336 Pas,
respectively. EMS can most easily expand in Ingeo 4060D, since it has
the lowest viscosity. We also measured the foam density of the samples
(Fig. 3). The densities are in good correlation with the SEM images and
the cell size distribution results. The lowest density was achieved with
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1000 Joee
=
=
= 100
&
10
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Table 2
The results of DMA tests with different EMS content.

Property Unit  PLA with 12.0% p-lactide content foamed with EMS
0wt 0.5 wt 1wt 2wt 4 wt 8 wt
% % % % % %

E’ (25°C) MPa 2476 1491 1146 1127 812 384

E’ (Tg+10 °C) MPa 5.7 8.9 4.7 7.6 4.6 5.5

Tg (from °C 58.7 58.5 57.9 57.3 57.6 56.1

tandyax)
tandyax - 2.68 2.46 1.93 1.41 1.27 0.81

Ingeo 4060D with 8 wt% EMS foaming agent (0.401 g/cm?®).

3.2. Temperature-dependent damping properties of polylactic acid-based
foam structures, and the effect of foaming agent content

To investigate the damping properties of the foamed samples as a
function of foaming agent content, we chose samples produced with PLA
containing 12.0% b-lactide, because of our manufacturing technology
experience and also, density reduction was the greatest in this case. We
investigated the damping properties of the produced foam structures by
dynamic mechanical analysis. The polymers showed maximum damping
capacity in the glass transition region. Therefore, the principle of
designing a polymer system for damping applications is choosing a
polymer whose Ty is close to the operating temperature of the applica-
tion. For example, polyvinyl acetate (PVA) has a Ty of 30 °C and
therefore can be used for vibration damping at normal ambient tem-
peratures. PVA-based anti-vibration coatings are widely used in many
industries. Before DMA testing, it is necessary to check whether the
response functions of the polymer are linear [17]. The response of a
polymer to excitation is a function of three parameters (temperature,
frequency and amplitude). If the response of a given material depends on
only two parameters, the descriptive equation is linear. Thus, it is
necessary to examine the range of linear viscoelasticity (LVE). In the
range of LVE, the storage modulus is constant for the amplitude used.
Choosing 10% of the limit of the constant amplitude range is thus
appropriate [24]. Supporting information 2 presents the results of the
examination of the viscoelastic range. Based on the results, the ampli-
tudes tested at 1 Hz are constant over the entire tested range, while the
storage modulus drops drastically above 160 pm during amplitude
sweeping at 100 Hz. Based on the results, the rounded value for the
amplitude is 20 pm.

With the specified amplitude, we carried out a DMA test as a function
of temperature, and determined the storage and loss moduli, and tand
(Fig. 4). The glass transition temperature of the samples was calculated
from the loss modulus. We determined the storage modulus of the

3.0
—REF
0.5 wt%
2.5 4 1 wt%
—2 wt%
20 4 —4wt%
) —8 wt%
5
= 154
1.0 -
0.5 -
0.0 e ;

0 10 20 30 40 50 60 70 80 90 100
Temperature [°C]

b)

Fig. 4. PLA with 12.0% p-lactide content foamed with expandable microspheres a) specific storage modulus, b) specific tand as a function of temperature (heating

rate 2 °C/min).
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Fig. 5. DMA results of the PLA-based samples with a) and b) 1.4% (4032D), c¢) and d) 4.3% (2003D), e) and f) 12.0% (4060D) p-lactide content: moduli and specific

loss factors as a function of the applied frequency (at 25 °C).

samples at room temperature (25 °C) and above the glass transition
temperature (Tg+10 °C). With the use of these results, the change in
mechanical properties due to a temperature increase can be investi-
gated. These results are shown in Table 2.

Under dynamic stress, if the frequency of the applied stress is con-
stant, the polymer behaves as a rigid body under Ty. The storage
modulus is maximal; the loss factor is minimal (Fig. 4.). As the tem-
perature gradually rises, the smallest segments begin to move first, as
the energy required for this is lower. As the temperature increases, both
the loss modulus and the loss factor increase. As the temperature con-
tinues to rise, more and larger segments are able to move due to the
applied frequency and force [4]. Based on Fig. 4 a), the storage modulus
decreased above T,. This is because the movement of high molecular
weight polymer chains is limited at low temperatures. In the case of the
unfoamed sample, the largest decrease in the storage modulus is from
2476 MPa to 5.7 MPa (Table 2). The storage modulus decreases at 25 °C
due to the foaming agent. In the case of foamed samples, the decrease in
the initial modulus is smaller and it decreases above Ty + 10 °C to the
order of magnitude of the storage modulus of the unfoamed sample (5.7
MPa). The glass transition temperature, which is determined from the

maximum value of the loss factor, also decreases. The storage modulus
increases immediately before the glass transition temperature range.
The greatest increase can be observed in the unfoamed reference sample.
This increase is reduced with increasing foaming agent content. The
reason for this is that an internal stress remains in the sheet products
from the flat sheet extrusion process, which can relax during the test as
the temperature rises. The damping properties of the manufactured
samples were rated by tand as a function of temperature. The larger the
peak value and width of tan3, the greater the attenuation. Fig. 4 b) shows
the value of tand as a function of temperature. These results are
consistent with the results of Javadi et al. [1]. The authors explained
that the phenomenon was caused by the presence of cavities/cells in the
foam structure.

3.3. Frequency-dependent damping properties of polylactic acid foam
structures, the effect of p-lactide content

After determining the temperature-dependent damping properties,
we tested the damping properties at room temperature as a function of
the excitation frequency (frequency sweep). A typical application
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Fig. 7. a) Storage modulus of a PLA-based foam structure containing 2 wt% EMS at different isothermal temperatures, b) the resulting master curve of the storage

modulus (at 25 °C).
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Fig. 8. a) The resulting master curve of the damping factor of a PLA-based foam structure containing 2 wt% EMS, b) the resulting master curves of the damping

factors for different foaming agent contents (at 25 °C).

temperature for polylactic acid is below the glass transition temperature
(50-70 °C [12]), therefore, it is recommended to perform DMA at room
temperature as a function of frequency. This way, the damping prop-
erties of the samples below the glass transition temperature can be rated.
Fig. 5 shows the specific storage modulus (E’/p) and the specific loss
factor (tand/p) as a function of frequency, in the measuring range of 1
Hz-100 Hz. With increasing EMS content, the specific storage modulus
decreases, regardless of p-lactide content. This significant decrease of
specific storage modulus is a result of the EVA content of the foaming
agent [25]. However, above 30 Hz, at 39.8 Hz and 63 Hz, the loss factor
increases, i.e. the damping capacity of the material increases (Fig. 5 b),
d), )). Keller [26] has reported a similar phenomenon in the case of

expanded polystyrene. The increase of tand can be originated from the
loss modulus (E’*). Loss modulus is the viscous response of the material,
proportional to the irrecoverable or dissipated energy [27].”

The loss factor decreases as the p-lactide content of the PLA increases
(Fig. 6). However, in the case of the sample with a highest p-lactide
content, it can be clearly seen that in the range below 30 Hz, the value of
tand/p shows an increasing tendency with increasing amounts of EMS.

In the next step, we extended the frequency-dependent damping
properties at room temperature using the TTS method—we performed
frequency sweep tests on a series of isothermals. For this experiment, we
chose the foams with the best density reduction—the foams produced
from PLA with 12.0% bp-lactide content. Fig. 6 shows the resulting
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Fig. 9. SEM images of PBAT/PLA blends a) 75/25 wt%, b) 50/50 wt%, c) 25/75 wt% with 8 wt% EMS foaming agent.

storage modulus as a function of the frequency between 1 Hz and 100 Hz
at different temperatures. We applied the TTS method to these mea-
surement results. We chose the reference temperature to be 25 °C, and
obtained the master curve according to Fig. 7 b). The applied shifting
was manual. With the use of the same offset values for the loss factor, we
obtained the master curve according to Fig. 8 a). Fig. 8 b) shows the
resulting master curves of the foam structures produced with 0, 2, 4 and
8 wt% EMS. The results indicate that with an increase of EMS content in
the extended frequency range, the damping factor of the foam structures
increases in the range of 0.1 Hz-20 000 Hz. In vehicles, lightweight
polyurethane foams are used for noise control. PU foams has tand
maxima around 107 Hz, 0.35.

3.4. Possibilities to increase the damping capability of biopolymer foam
structures

In some cases, the requirement for vibration damping cannot be met
with commercially available homopolymers alone. It is difficult to
produce a suitable homopolymer with a suitable T, and adequate me-
chanical properties. Moreover, a homopolymer usually has a narrow
range of glass transition temperature. It is typically necessary to modify
the polymer system for vibration damping applications—the glass
transition region and the viscoelastic properties of the polymers has to
be adjusted properly. From this point of view, the blending of polymers
may be advantageous [4]. Based on the literature, PLA-based blends
with synthetic/non-degradable thermoplastics are often researched,
such as PLA/rubber, PLA/PU blends, and PLA/PE blends. Although
these synthetic/non-degradable thermoplastics are non-degradable,
they can still be beneficial for the environment and energy vise as
they increase the toughness of PLA [28]. Mi et al. [29] examined
PLA/TPU blends, and it’s foamability. In their work, they added
25-50-70 wt% TPU to PLA, which formed an immiscible blend. As a
result of DMA measurements, two well-distinguishable tand peaks were
characterized. The tand peak of TPU is in the negative temperature range
and decreased with increasing PLA content. The other tand peak belongs
to the PLA decreased with increasing TPU content. The viscosity of the
blends increased with increasing TPU content. As a result of
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S
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é °
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microcellular injection molding, it was found that the foam samples
containing 25 and 75 wt% TPU had a similar cell structure as the
reference PLA and TPU foams. While samples containing 50% TPU have
smaller cell sizes and porosity, it is believed that the island phase of PLA
in the TPU matrix prevented cell growth. The foams thus produced have
a porosity of 49-79%. In their work, Zhou et al. [30] set a goal to
improve the toughness, rheological properties, and foamability of PLA
by creating PLA/LDPE blends. The addition of LDPE to PLA greatly
increased the viscosity of PLA, which led to a decrease in the cell size and
expansion of the foam structures during supercritical foaming at a pro-
duction temperature of 105 °C. In the work of Zhao et al. [31], HDPE
was added to PLA, where HDPE content in PLA also caused an increase
in viscosity due to the higher viscosity of HDPE. The presence of 5 wt%
and 10 wt% HDPE during foaming (at 110 °C) in the PLA-based system
led to a complex cellular structure due to the altered cell nucleation
mechanism caused by the dispersed HDPE phase. We chose PLA with a
p-lactide content of 4.3% because it proved to be suitable for both
damping and foaming. We wanted to find the energy absorption prop-
erties of foams produced from blends of this PLA and other biopolymers,
which have a lower Tg. We chose PBAT, which is considered as a
promising biopolymer, flexible and tough biopolymer that improves
processability and foamability [28,32-34]. We examined how the
presence of PBAT changes the energy absorption properties of the
polymer foam. The chosen PBAT dosages were 25, 50 and 75 wt% and
we also tested the 100% PBAT system as reference. The resulting blends
are immiscible, as can be seen on the cryogenic fracture surfaces in SEM
images (Fig. 9). Average PBAT droplet sizes below 1 pm (0.892 + 0.246
pm) were achieved with the 75% PLA/25% PBAT blend (Fig. 9 a).
However, phase inversion was detected in the case of the 75%
PBAT/25% PLA blend, where the average PLA droplet size was also
below 1 pm (0.741 £ 0.174 pm) (Fig. 9 c). These results correlate with
previous results of Kumar et al. [35], Nofar et al. [36] and Ding et al.
[37]. In the case of the 50% PLA/50% PBAT blend, a co-continuous
phase was formed [33], which can be explained by the rheological
properties of the materials. The melt flow rate of PLA and PBAT was 2.0
g/10 min [38] and 3.3 g/10 min (190 °C, 2.16 kg) [39], respectively.
We investigated the damping properties of the unfoamed samples by

—0%PBAT 100%PLA
25%PBAT 75%PLA
—50%PBAT 50%PLA
—75%PBAT 25%PLA
100%PBAT_0%PLA

10 100
Frequency [Hz]

b)

Fig. 10. PLA and PLA-based blends and PBAT a) specific storage modulus of at 1 Hz as a function of PBAT content b) loss factor as a function of frequency (at 25 °C).
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DMA. Fig. 10 a) shows the specific storage modulus of the manufactured
foam sheets, and Fig. 10 presents the specific loss factor as a function of
PBAT content. The storage modulus shows a decreasing tendency in the
unfoamed reference samples, and these results indicate the presence of
PBAT in the PLA system. This decreasing tendency is because at room
temperature PLA is in its glassy state, and PBAT is in its rubbery state;
therefore, its segment mobility is increased. Fig. 10 b) shows the tand
results as a function of the applied frequency. The 100% PBAT sample
shows outstanding damping capacity with a loss factor of 4.77,
compared to the 100% PLA sample (tand = 0.48). This is due to its high
damping ability, related to the ease of movement of side chains, side
groups, and chain segments [4]. Among the blends, 50% PLA with 50%
PBAT has the highest loss factor (tand = 1.01). This most probably
originates from the co-continuous phase morphology (see Fig. 9) .

We produced foamed sheets from the blends with 2, 4, and 8 wt%
Tracel G 6800 MS foaming agent, and achieved a density of 0.467 +
0.005 g/cm® with the use of 8 wt% foaming agent (Fig. 11). With
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increasing PBAT content, density increased to 0.55 g/cm3 at 8 wt%
foaming agent content. The complex viscosity of the neat PLA is lower
than the viscosity of neat PBAT at a lower shear rate. However, at higher
shear rate, the viscosity of PBAT is lower than PLA, because PBAT has a
shear-thinning characteristic [40]. The viscosity of the PLA/PBAT
blends changes. In the case of PLA/PBAT (75/25%) at lower frequency
range, the complex viscosity of the PLA is increased by PBAT content
[41]. When 5-10-15-20-30 wt% PBAT was added to PLA, it was found
that at lower shear rates, the viscosity of the PLA/PBAT blends increases
with the naming of the PBAT content to the reference PLA [40]. During
foaming, the shear rate of cell expansion is in the order of 5 s~ [42].
Thus, our foam density results are presumably related to the lower vis-
cosity of PLA and proved to be more favorable than the higher viscosity
of the PLA/PBAT blends.

We also investigated the damping properties of the foamed samples
by DMA (Fig. 12). The maxima of tand changed when foaming agent was
added to the PLA. With 8 wt% foaming agent, the specific loss factor
increased to 6.08. In foamed PBAT systems, 8 wt% foaming agent also
increased the specific loss factor to 8.55. For blended systems, foaming
did not prove to be a successful method of increasing damping proper-
ties in the measured frequency range.

4. Conclusions

We investigated the damping properties of homogeneous cellular
biopolymer-based foam structures with the use of thermally expandable
microspheres. We measured the density of the resulting foam structures,
expansion characteristics (sheet thickness) and cell size distribution, and
took into account the effect of the p-lactide content of the polylactic acid.
We determined the required parameters of the DMA test and successfully
extended the frequency-dependent properties of the materials. We found
that the damping properties of a homogeneous, closed-cell foam struc-
ture produced with thermally expandable microspheres increase in the
range of 0.1-20 000 Hz as a function of foaming agent content. We also
produced foamed sheets from the PLA/PBAT blends. The results indicate
that the presence of PBAT in the PLA system has a plasticizing effect. The
storage modulus of unfoamed reference samples shows a decreasing
tendency as a function of frequency. In the case of foamed blends, tand
was reduced in general. For systems containing 75 and 100 wt% PBAT,
tand increased again, therefore the use of a PBAT/PLA blend is only

10 10
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Fig. 12. Specific storage modulus and specific loss factor as a function of frequency in the case of a) 100% PLA-based foams, b) 75% PLA/25% PBAT-based foams, c)

50% PLA/50% PBAT-based foams, d) 25% PLA/75% PBAT-based foams, e¢) 100%

PBAT-based EMS foams (at 25 °C).
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advantageous above 75 wt% PBAT to improve the damping ability of the
foamed samples.
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