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Abstract: The presented research focused on improving the mechanical properties of PLA-based
composites reinforced with buckwheat husks (BH) particles. The research work was carried out in
two stages. Firstly, the blend was prepared with the addition of polybutylene adipate terephthalate
(PBAT) and thermoplastic starch (TPS), manufactured by injection molding technique, then the
selected materials were prepared with the addition of BH filler, and the samples were prepared using
the fused deposition modeling method (FDM). All samples were subjected to the assessment of
material properties. Thermal and thermomechanical properties were evaluated using differential
scanning calorimetry analysis (DSC) and dynamic thermal mechanical analysis (DMTA). Mechanical
characteristic was evaluated using static tensile and flexural measurements and Charpy impact
resistance tests. The research was supplemented with scanning electron microscopy analysis (SEM).
It was found that the addition of PBAT and TPS greatly improves impact strength and elongation,
especially with the addition of reactive compatibilizer. As expected, TPS, PBAT, and BH reduced the
stiffness of the composites during DMTA testing. The presence of BH particles in the polymer matrix
was observed to improve the crystallization behavior of PLA. The optimal content of BH filler in the
composite was found to be 10%, which allowed to preserve good mechanical properties.

Keywords: natural fillers; polymer blends; FDM printing; poly(lactic acid)—PLA

1. Introduction

Poly(lactic acid) (PLA) is known for its biobased origin and biodegradability [1],
for which features turn out to be crucial in the case of the latest trends in sustainable
development policies. The advantages of PLA are mainly used in the packaging industry,
which is currently the largest field of application of biopolymers [2]. Despite numerous
limitations concerning traditional packaging materials based on PE, PP, or PET, the use of
biopolymers in this industry is mainly caused by accelerated degradation of these materials.
The phenomenon of PLA degradation, similarly to other biopolymers, may have a different
genesis. However, the most commonly used term is biodegradation. This term is often
used for marketing purposes. At the same time, the degradation phenomenon is often more
complex and related to the presence of several phenomena such as hydrolytic degradation,
microbial degradation, enzymatic degradation, or photodegradation. Considering that
most of the tests on PLA decomposition phenomena were carried out in composting
conditions, at high humidity and temperature, the assessment of the influence of biological
processes on PLA decomposition cannot be estimated.
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The degradation phenomenon facilitates the utilization of PLA and other biopolymers
and is only one of the positive aspects of applying this type of material. The application
of sustainable polymers allows the manufacturer to reduce the carbon footprint not only
during the afterlife of the product, but also at the stage of synthesis and production of
biopolymers. According to the European Union guidelines, by 2050, all member states’
economics should achieve net-zero carbon emissions to avoid further negative impacts
of climate change. Blends based entirely on sustainable, biodegradable polymers are
broken down to simpler molecules such as CO;, and water [3,4], ensured that the proper
composting environment is provided. Furthermore, captured carbon emission can be used
in farming [5] or producing new polymers [4]. Thanks to that, the problem of landfilling
or waste incineration is reduced to a minimum. Therefore, it is highly desirable, from
the environmental standpoint, to develop future polymeric materials based entirely on
renewable resources, which could replace their fossil fuel-derived counterparts. This is
why one of the promising candidates is PLA blends.

Apart from the packaging and biomedical industry, PLA is not suitable for application
areas where high plasticity and toughness are desired. In technical applications, the high
brittleness of PLA turns out to be a particularly important restriction. Previous attempts to
improve the impact properties of PLA have included the use of different types of physical
method, such as mechanical rejuvenation [6,7], nanofibrillation [8,9], annealing treatment,
or nanofiller addition [10-12]. However, most researchers [13-19] tried to improve the
properties using rubbery polymers or plasticizers. In many studies, PLA toughness was
improved by using standard type of impact modifiers, such as elastomeric core-shell-type
copolymers [20-23]. Due to the typically petrochemical origin of most compounds used
as impact modifiers, their use as additives to PLA is not an optimal solution. This is why
other types of biopolymers, derived from naturally occurring substances in organisms such
as plants or bacteria, seem to be more suitable for developing sustainable materials; for
example, PBAT—polybutylene adipate terephthalate, TPS—thermoplastic starch, PBS—
poly(butylene succinate) or PBSA—poly(butylene succinate-co-adipate).

The addition of PBAT and TPS was found to improve the elasticity/elongation of
PLA-based compounds [4,24]; however, most studies indicate that using an effective com-
patibilizer is essential for obtaining the appropriate properties. Because of that, we decided
to investigate the influence of chain extender (CE, styrene-acrylonitrile-glycidyl methacry-
late, SAGM) on the properties of the PLA-PBAT and PLA-TPS blends. SAGM belongs to a
group of reactive compatibilizers. Unlike plasticizers, which do not permanently combine
with the polymer matrix, chain extenders are compounds that cause new chemical bond
formation [25-27]. In addition to compounds such as SAGM, which are functionalized with
oligomers, peroxides or isocyanates are also used. However, problems with the proper dos-
ing of many compounds and the possibility of blend structure cross-linking [28] make chain
extenders gain popularity as effective compatibilizers. Reactive CE compatibilizers signifi-
cantly improve the toughness and elongation at the break of the PLA-based blends, which
was already confirmed by many studies [18,29-32]. Interestingly, the addition of reactive
compatibilizers also improves the fiber-matrix interface interactions for composites [33,34],
especially for materials with the addition of the lignocellulosic fillers [35,36]. Our previous
research on PLA /PBAT systems aimed to indicate the improvement of wettability of flax
fibers with the addition of CE [37]. Due to hydroxyl groups presence on the surface of
the natural fibers, it is possible to obtain a permanent connection with CE epoxy groups.
Simultaneously, the high efficiency of bonding with hydroxyl and carboxyl groups in PLA
causes the formation of chemical bonds between CE and matrix polymer, contributing
to improving the composite interface adhesion. The high efficiency of CE compounds is
also influenced by good miscibility with many matrix polymers. It is also possible that
the CE compatibilizer is not miscible with any components of the blend but reacts with
their functional groups. SAGM was found to compatibilize immiscible polymers, such as
PLLA-ABS and PBAT-ABS systems [38,39].
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It was noticed that biocomposites, especially reinforced with natural fillers, are prone
to fast degradation during thermal processing [40-42]. Hence, the processing methods
characterized by short processing time are best suited for biocomposites. A good exam-
ple is 3D printing in FDM/FFF (fused deposition modeling/fused filament fabrication)
technology. Fused filament fabrication is a method of additive manufacturing where a
continuous filament of a thermoplastic material is extruded layer by layer and fused to
create a three-dimensional object [43]. Filament is fed from a spool by an extruder, and
later melted inside the heated nozzle. After leaving the nozzle, the polymer is deposited
on the print bed [44]. The most common are Cartesian-style printers [45], where the print
head usually moves in two dimensions and the print bed moves in one dimension. Other
types of FDM printers are gaining popularity, such as delta and core XY styles, but they
require more complex maintenance. In addition, the acquisition cost is usually higher
in comparison to the Cartesian-style printers. Nevertheless, these types of printers can
achieve higher printing speeds without the loss in print quality [45,46].

Process parameters such as print speed, extrusion rate, temperature, print head, bed
movement, etc., are controlled by a computer interface or are preset before the procedure
and saved on an SD card, which is later inserted into the printer. FDM/FFF printing is the
most popular additive manufacturing method and is widely used in various industries such
as automotive [47], medical [48], and film industry [49], to name a few. It is primarily to
produce low-cost prototypes and even final products when the production run is short [50].
Due to the continuous drop in the prices of 3D printers, these machines are becoming
more and more common, not only in academia and industry, but also in public schools
and households.

Research has successfully obtained 3D printing composites filled with wood flour [51,52],
spruce wood hemicellulose [53], or softwood biorefinery lignin [54]. These additives modi-
fied not only the mechanical and thermal properties of the composites but also their appear-
ance, so that they can be used to produce objects resembling natural wood, for example,
in architectural applications [55]. The introduction of biomass into polymer blends may
lead to problems associated with the reinforcement’s hydrophilic character [56-58]. Unfor-
tunately, prolonged drying of the plant matter or even the processing temperature may
deteriorate its visual properties due to the Maillard reaction occurrence [59,60]. Because of
that, the most promising candidates for modification of polymer blends are particles and
fibers derived from plants or insects, which are relatively dry, for example, coconut [61],
insect exoskeletons [62], or chitosan [63]. In this study, as a biodegradable reinforcing agent,
buckwheat (BH) particles were used, a byproduct of the agricultural and food industry.

The research’s main goal was to develop a composite material intended for processing
by FDM printing technique with the best possible mechanical properties, in particular, im-
pact strength. Buckwheat husk (BH) particles used in our research are only a representative
example of a wide range of lignocellulosic waste that could be used as an alternative filler.
The main assumption of the work was to conduct a comprehensive comparative analysis
of two types of toughened polymer systems. As the reference, we used the PLA/PBAT
blend system, while the main research compositions were based on PLA/TPS blends.
TPS-based compounds are currently the cheapest type of biodegradable plastics; therefore,
the possibility of using them as impact modifiers in the 3D printing technique seems to
have an application potential.

Initial tests conducted using the injection molding technique showed that TPS-modified
materials’ toughening efficiency was similar to PLA /PBAT blends. This is why we decided
to use the developed blends as matrix materials during the preparation of FDM-printed
BH-filled composites. Since the expected materials features are related to elongation and
impact resistance, all samples were subjected to detailed mechanical analysis, including
static tensile and flexural measurements and notched Charpy tests. DSC thermal analysis
was performed to evaluate the differences in PLA crystallization, while DMTA measure-
ments were carried out to compare the differences in sample stiffness in a broad range of
temperatures. The research study is supplemented with SEM structure observations.
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2. Experimental Section
2.1. Materials

The poly(lactic acid) type used during the study was PLA Ingeo 3001D (from the
company NatureWorks, Minnetonka, MI, USA), and the MFI = 22 g/10 min (210 °C,
2.16 kg). This type of PLA was designed for injection molding applications. Polybuty-
lene adipate terephthalate resin was PBAT Ecoflex C1200 (manufactured by BASF, Lud-
wigshafen, Germany), MFI = 2.7-4.9 g/10 min (190 °C, 2.16 kg). The thermoplastic
starch blend used for this study was TPS BioPLAST 106/02 (from the company Biotec,
Emmerich am Rhein, Germany), MFI = 3.7 g/10 min (190 °C, 5.0 kg). Both PBAT resin
and TPS blend are intended for the production of packaging foils. In order to conduct a
reactive extrusion process, we used an epoxy functionalized chain extender (CE) in the
form of random styrene-acrylonitrile-glycidyl methacrylate terpolymer. The materials were
supplied in the form of transparent pellets under the trade name SAG-008 (Fine-blends,
Shanghai, China).

In order to prepare the composite materials, we used the milled buckwheat husk
particles. The raw husk was milled using the Retsch ZM200 centrifugal mill. After grinding,
the particles were subjected to the screening procedure, and the smallest particle size
fraction of <50 um was selected for mixing with the polymer matrix. The filler’s particle size
distribution was characterized using laser particle sizer Fritsch ANALYSETTE 22 apparatus
(Fritsch GmbH, Idar-Oberstein, Germany) operated in the range of 0.08-2000 um. The
analysis was performed for as-received miller filler and sieved powder (<50 pm sieve).

The appearance of the final BH filler, after the milling/sieving procedure, is presented
in Figure 1. The comparison of the size distribution for the milled BH particles and the
sieved filler is illustrated in Figure 2. The analysis clearly shows that for the milled material,
the fraction with the highest population was about 200 um in size, while there was also a
significant amount of particles larger than 500 um. For the sample subjected to the sieving
procedure, the largest fraction was about 20 um in size, while the content of particles over
100 pm in size was negligible. The screening procedure was carried out to ensure the
homogeneity of the material intended for printing. Since the standard size of the nozzles
for FDM printing is 0.4 or 0.5 mm, the presence of larger particles could cause problems
with the clogging of the nozzle channel.

BH particles

Figure 1. The appearance of the buckwheat husk particles after the sieving process, where the sieve size was <50 pm.
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Figure 2. The particle size distribution obtained for (A) milled BH particles, and (B) sieved BH particles (<50 pum).

2.2. Sample Preparation

In addition to the described milling and screening procedure, the remaining material
samples were prepared during the melt mixing process on the extruder to prepare the
granulate, which was then used to obtain injected or printed samples. Before processing,
all materials were dried for 12 h at 70 °C for polymeric materials, and in a 100 °C for
buckwheat particles (BH).

Corotating twin-screw extruder ZAMAK EH16D (Zamak-Mercator, Skawina, Poland)
was used to prepare blends. The screw speed was set to 100 rpm. The temperature profile,
from the hopper to the die for the PLA/PBAT blends and composites was as follows: 180 °C-
175 °C-175 °C-170 °C-170 °C-165 °C-165 °C-160 °C-155 °C. The temperature profile
was modified for the PLA /TPS-based materials to 170 °C-170 °C-165 °C-165 °C-165 °C—
160 °C-160 °C-155 °C-155 °C. According to our preliminary tests, for TPS containing
compounds, the processing at temperature of 175-180 °C may result in a rapid degradation
of the material. Therefore, the operating temperature of the machine cylinder was reduced.

Injection molding was conducted on ENGEL ES 80/20 HLS machine (Engel GmbH,
Schwertberg, Austria). Process parameters were as follows: injection pressure = 1050 bar,
holding pressure 850 bar, injection temperature 190 °C, mold temperature = 25 °C, holding
time = 8 s, cooling time = 60 s.

The filament intended for 3D printing was produced with the use of a single-screw ex-
truder Metalchem W25-30D (IMPiB, Torun, Poland). The extrusion process was conducted
at a temperature of 185 °C through a 3 mm die nozzle. The extruded strand was picked
up by a conveyor belt and cooled by an array of fans. Throughout the cooling process,
the filament was stretched to achieve its desired diameter of 1.75 mm. The filament was
collected on a spool by the roller.

The 3D printed samples were prepared with the use of Prusa i3 MK3 (PrusaResearch,
Prague, Czech Republic) and Slic3r PE software (1.41.2 version). The 0.8 mm brass nozzle
was used to print specimens of each material with 100% infill density and layer height of
0.15 mm. A number of perimeters was kept at two and line width at 0.9 mm. Nozzle and
bed temperature was set accordingly to 215 °C and 60 °C. The perimeters were printed
with the speed of 50 mm /s, whereas solid infill was 80 mm/s.

In order to identify the material types, the sample names indicate the percentage of
the soft polymer phase (PBAT or TPS) and the presence of a chain extender (CE). In the
case of composite samples, the percentage of BH filler is given. The complete list of sample
markings and their composition is shown in Table 1.
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Table 1. The list of samples prepared by injection molding and FDM printing.

PLA PBAT TPS Blend Chain Extender BH Particles

Sample % % % pph %
Injection-molded samples
PLA pure 100 - - - -
PLA/PBAT10 90 10 - - -
PLA/PBAT20 80 20 - - -
PLA/PBAT30 70 30 - - -
PLA/PBAT30/CE 70 30 - 0.5 -
PLA/TPSO 90 - 10 - -
PLA/TPS20 80 - 20 - -
PLA/TPS30 70 - 30 - -
PLA/TPS30/CE 70 - 30 0.5 -
FDM-printed samples
PLA pure 100 - - - -
PLA/PBAT30 70 30 - - -
PLA/PBAT30/CE 70 30 - 0.5 -
PLA/TPS30 70 - 30 - -
PLA/TPS30/CE 70 - 30 0.5 -
PLA-BH5 95 - - - 5
PLA-BH10 90 - - - 10
PLA-BH15 85 - - - 15
PLA/PBAT30/CE-BH10 056 024 - 0.5 10
PLA/TPS30/CE-BH10 0.56 - 0.24 0.5 10

The appearance of the selected FDM-printed samples is presented in Figure 3 for PLA-
based samples, Figure 4 for PLA /PBAT-based samples, and Figure 5 for PLA /TPS-based
samples. In the case of the addition of natural fillers, there are considerable differences in
the roughness of the surface, mainly of the extruded filament. Filament roughness does not
have a direct impact on the surface quality of the manufactured part, because the material
is extruded again through a nozzle with a relatively small diameter, in our case 0.8 mm. The
increase in number of the surface defects is observed for all BH-filled samples, especially
on the outer surface of the printed sample. The reason for the defects in the discussed case
is the slightly too low height of a single print layer, 0.15 mm. However, taking into account
that the high surface roughness for this type of material is one of the factors determining
the aesthetic value of their application, we decided to focus mainly on other aspects of the
material characteristics.

3. Results and Discussion
3.1. Rheological Characteristic—Rotational Rheometer Test

The rheological measurements were conducted using plate—plate geometry. In the pre-
sented research, the attention was focused on the mechanical performance of the obtained
materials, which is why we decided to limit the processability analysis to the viscosity of
the modified samples. The results of the performed analysis were collected in the form of
complex viscosity plots (see Figure 6), since the PLA-based materials are relatively sensitive
to thermal degradation. The results for the pure PLA sample indicate the presence of this
type of behavior. At low-range angular frequency, the complex viscosity tends to decrease
slightly. However, in practice, this kind of behavior cannot be considered as crucial since
the residence time for FDM printing process is limited to few seconds, while the complex
viscosity test time was around 10 min.
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PLA/BH10

Jtopview g @sideviewd ¢ filament g

Figure 3. The appearance of the prepared pure PLA and PLA /BH10 samples. Pictures present the filament material, and

side and top view of the printed sample.

r

PLA/PBAT30/CE PLA/PBAT30/CE-BH10

Jtopview g Jsideviewyd ¢ filament g

Figure 4. The appearance of the prepared unfilled PLA/PBAT30/CE blend and reinforced PLA /PBAT30/CE-BH10 samples.

Pictures present the filament material, and side and top view of the printed sample.
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PLA/TPS30/CE
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Figure 5. The appearance of the prepared unfilled PLA /TPS30/CE and PLA /TPS30/CE-BH10 samples. Pictures present
the filament material, and side and top view of the printed sample.

3.2. Properties Examination
3.2.1. Rotational Rheometer Measurements

An Anton Paar MCR 301 rheometer (Graz, Austria) was used to perform the rheologi-
cal analysis. Small-amplitude oscillated shear tests (SAOS) were conducted using parallel
plate geometry, the gap distance of 1 mm and a plate diameter of 25 mm. The frequency
sweep measurements were conducted at 190 °C. The constant strain amplitude was set to
1%, while the frequency range varied from 0.05 to 500 rad/s. In order to determine the
linear viscoelastic region (LVR), an initial strain sweep measurement was performed. The
results of the viscoelastic properties were collected in the form of complex viscosity plots.

3.2.2. Thermal Properties Analysis

Differential scanning calorimetry (DSC) measurements were carried out on a Netzsch
DSC 204 F1 Phoenix apparatus using pierced aluminum crucibles under nitrogen atmo-
sphere. Each of the tested samples had a mass of around 5 mg. First heating was performed
with the speed of 10 °C/min up to the temperature of 220 °C. Cooling was conducted at the
same rate as heating, and reached the temperature of 20 °C. Second heating was analogous
to the first one. During the test, the samples were continuously flushed with a nitrogen
flow of 20 mL/min. Formula (1) was used to calculate the crystallinity degree ..
AH,, — AH.

T A0 @
(1 - 47) AHy,

where AHy;, is the melting enthalpy of a sample, AH,, is the cold crystallization of a sample,
AHY, is the theoretical melting enthalpy of the 100% crystalline PLA, and AHY, = 93.7 ] /g [64,65].

% Crystallinity = x, = 100 x

3.2.3. Thermomechanical Measurements

Dynamic mechanical thermal analysis (DMTA) was conducted on an Anton Paar
MCR 301 (Anton Paar GmbH, Graz, Austria) equipped with torsion clamps. Standard test
samples were used with dimensions of 4 mm x 10 mm x 50 mm. The tests were carried
out in a temperature range of 25-150 °C, with a deformation frequency of 1 Hz and strain
amplitude of 0.01%. The heating rate was set to 2 °C/min.
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3.2.4. Mechanical Properties Measurements

Tensile and bending tests were carried out with the use of a Zwick/Roell Z010 uni-
versal testing machine (Zwick Roell, Ulm, Germany). The measurements were conducted
according to ISO 527 standard for the tensile test, using a 1A type test specimen. The ISO
178 standard was used to perform flexural tests. Test samples were 80 mm long, 4 mm high,
and 10 mm wide. Tensile tests were performed with the crosshead speed of 10 mm/s. For
the flexural tests, the rate was set to 2 mm/min.

Notched Charpy impact tests were performed according to the ISO 179 standard on a
Zwick/Roell HIT25P machine; all samples were V notched. Sample dimensions were the
same as the flexural samples (80 mm x 10 mm x 2 mm), while the notch depth was 2 mm.

3.2.5. Microscopic Observations

In order to evaluate the materials’ structure, the fractured samples obtained from
the Charpy impact test were subjected to scanning electron microscope observations
(SEM). The use apparatus was an EVO 40 SEM microscope (Carl Zeiss, Jena, Germany)
at an accelerating voltage of 10 kV. Before analysis, the fractured surfaces prepared for
observations were sputtered with a thin layer of gold for 10 s using a Cressington Sputter
Coater (Watford, UK).
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Figure 6. The results of the small amplitude oscillation shear tests for (A) PLA/PBAT-based blends and (B) PLA/TPS blends.

Interestingly, the trends in viscosity changes for the PBAT and TPS-based material
are different. For PLA /PBAT-based samples, the addition of the soft polymer phase led
to the gradual increase in viscosity, while the highest viscosity was recorded for chain
extender-modified sample PLA /PBAT30/CE. More complex correlations were observed
for TPS-based systems. The 10% content of the TPS blend resulted in a visible decrease
in complex viscosity values. The largest decrease was noticed at low angular frequencies,
which suggests that the viscosity changes are related to the PLA degradation phenomena.
The potential reason for this phenomenon, despite the drying procedure, is the hydrophilic
nature of starch, which makes it difficult to remove moisture from the process. Even a
small amount of the TPS leads to large decrease in PLA viscosity. Interestingly, the addition
of larger amounts of the TPS-based blend slightly changes the character of the viscosity
curve. In the range of high deformation frequencies, the decrease in viscosity is still visible,
while at a lower rate of deformation, the viscosity increases due to the deformation of the
dispersed phase.
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In summary, the results of the viscosity measurements indicate a rather typical nature
of rheological changes. As confirmed by practical FDM printing tests, they do not affect
the processability of the produced materials.

3.3. Thermal Properties—DSC Measurements

The results of the DSC analysis are presented in the form of signal plots, separately for
injection-molded samples (see Figure 7) and FDM-printed materials (see Figures 8 and 9).
The calculation of the crystallinity level obtained from the first heating stage is shown in
Table 2. The DSC plots present the results of first heating and cooling stage. For comparison
purposes, the reference samples’ thermograms for the raw materials (PLA, PBAT, and TPS)
are shown in Figure S1 in Supplementary Materials.

As shown in Figure 7, the introduction of the PBAT phase to the virgin PLA led to the
shift of cold crystallization temperature (T.c) to the lower range of temperatures. However,
the scale of this change cannot be connected with the increasing content of the PBAT in the
blend, since the lowest Tc. was recorded for PLA /PBAT20 sample (88 °C), compared to
the reference 112 °C for pure PLA. For the other types of materials, the T, reaches around
90 °C, which also refers to blends with additional TPS compound. The addition of CE to
the blends structure did not change the T, range. The observed phenomenon is related to
the nucleation of the PLA crystalline phase by the second polymer [30,66]. The presence of
finely dispersed inclusions increases the active area of the nucleating surface. The change
in the position of the cold crystallization peak does not directly indicate a higher crystalline
phase content; however, it suggests changes in the formation of the polymer structure.

The influence of the soft polymer component addition is also visible during the
cooling stage of the measurement, where for PLA /PBAT blends the growing content of the
PBAT leads to the formation of the small exothermic peak at around 75 °C. Since the PLA
crystallization peak usually appears at around 100-110 °C [67,68], the observed behavior
must be related to the crystallization of the PBAT phase or simultaneous crystallization
of PLA and PBAT chains [69]. Since a similar peak was observed for PLA /TPS blends,
the results could indicate the crystallization of the PLA phase or the presence of the PBAT
phase in the used TPS-based compound.

The DSC plot analysis is complemented by the results of the crystallinity level calcu-
lations for the PLA phase (Table 2). Since the crystallinity of the pure PLA sample was
relatively low (=7%), the results at the level of around 23-30% for the modified samples
clearly show the nucleating effect of the PBAT and TPS inclusions. Interestingly, the ad-
dition of CE decreases the crystallinity slightly below 20%, which might be related to the
chemical bonding of parts of the PLA chains on the blends interface surface [70].

The DSC plots for FDM-printed samples are shown in Figures 8 and 9, where the
results for modified blends and BH-filled samples are presented separately. As can be
predicted, the apparency of the DSC plots for pure PLA samples is very similar to those
obtained for injection-molded samples. The calculated crystallinity of 7.5% was also close
to the value for molded PLA (7.1%). The appearance of thermograms for PBAT and TPS-
modified materials indicates the presence of such phenomena again with the shifting of
the Tc. peak to lower temperatures and the occurrence of a small exothermic peak during
the cooling stage. The content of the crystalline phase still exceeds 20%, which confirms
the nucleation effect for the discussed materials.

The results presented in Figure 9 refer to the BH-filled samples. It can be seen that
the growing content of the BH particles for PLA-based composites leads to an increasing
shift of the Tc.. Interestingly, BH particles’ presence leads to the formation of exothermic
peaks during the cooling stage. The peak position at around 95 °C suggests the formation
of the PLA crystalline phase, which is confirmed by the X, calculations, where the high-
est crystallinity level of 19% was obtained for PLA/BH15 samples. The analysis of the
thermograms for the most complex formulations containing BH and soft polymer phase
revealed that the thermal behavior of the composite composition did not change compared
to pure blends. For both PBAT- and TPS-modified materials, the T.. was shifted to around
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90 °C, while the crystallinity level reach about 25%. The cooling thermograms revealed
the lack of exothermic peak, which can be considered as the only difference comparing to
unfilled blends.
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Figure 7. The DSC signal of injection-molded samples. (A,B) First heating and cooling thermogram for PLA /PBAT-based
materials. (C,D) First heating and cooling thermograms for PLA /TPS materials.

Summarizing the DSC analysis results, it can be noted that the presence of the soft poly-
mer phase increases the crystallinity of the PLA phase. The appearance of the thermograms
also reveals a shift in the temperature of cold crystallization, which partly proves the nucle-
ation effect. Due to the generally low crystallization tendency for the used PLA variant,
these properties can be considered a predictor of a larger change in the crystallinity level
for samples prepared using PLA with a higher crystallization tendency. Consequently, the
use of husk particles and the PBAT/TPS modification can improve the thermomechanical
properties of the printed models.



J. Compos. Sci. 2021, 5, 253 12 of 25

Table 2. The results of the DSC thermograms analysis, cold crystallization and melting enthalpy, and
PLA crystalline phase content.

AH AH X
S 1 cC m C
ample /gl /gl [%]
Injection molding
PLA pure 37.5 441 7.1
PLA/PBAT10 21.2 429 25.7
PLA/PBAT20 194 39.0 26.2
PLA/PBAT30 17.0 324 23.5
PLA/PBAT30/CE 16.6 33.3 19.8
PLA/TPS10 24.2 433 22.7
PLA/TPS20 18.8 37.7 25.3
PLA/TPS30 13.1 33.2 30.7
PLA/TPS30/CE 16.0 32.0 18.9
FDM printing
PLA pure 41.3 484 7.5
PLA/BH5 37.3 47.2 11.1
PLA/BH10 325 46.6 16.8
PLA/BH15 30.4 44.8 18.1
PLA/PBAT30 19.9 36.7 25.7
PLA/PBAT30/CE 20.3 34.7 21.9
PLA/PBAT30/CE-BH10 18.3 32.3 24.8
PLA/TPS30 17.6 35.7 27.6
PLA/TPS30/CE 18.9 34.0 23.1
PLA/TPS30/CE-BH 19.5 33.9 25.6
PLA/PBAT blends
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Figure 8. The DSC signal of FDM-printed samples. (A,B) First heating and cooling thermogram for PLA /PBAT-based
materials. (C,D) First heating and cooling thermograms for PLA /TPS materials.
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Figure 9. The DSC signal of FDM-printed BH composites. (A) First heating thermograms, (B) cooling thermograms.

3.4. Thermomechanical Properties—DMTA Analysis

The results of the DMTA analysis are presented in the form of storage modulus and
tan 6 thermograms. The results for initial injection-molded samples are shown in Figure 10,
separately, for PBAT- and TPS-based samples. Similar types of plots for FDM-printed
samples are presented in Figure 11; this time, the selected BH-reinforced samples are also
included in the comparison.

For all samples, the values of storage modulus and tan o decrease with the addition of
TPS and PBAT. A sharp drop in storage modulus at approximately 60 °C confirms the glass
transition region’s presence, while the subsequent slight increase in modulus is due to the
cold crystallization phenomenon. For most of the samples, the increase was detected at
around 85 °C. The pure PLA has the highest storage modulus, while the lowest values were
recorded for samples with 30% PBAT content and CE addition. The improved compatibility
of CE-modified systems has been confirmed in many studies [30,71,72]. However, the
obtained results are not so unambiguous. Interestingly, the Ty peak temperatures were not
shifted after the addition of the soft PBAT phase, which confirmed the lack of miscibility
for the developed blends system. Even the addition of CE compatibilizer did not change
the glass transition range. For TPS-modified samples, the changes in viscoelastic properties
of molded samples were almost similar; since the addition of soft compound decrease the
storage modulus values, the lowest stiffness was again observed for CE-modified samples,
while the glass transition temperature was not affected by the addition of TPS phase. It is
worth mentioning that the storage modulus values for PLA/TPS30/CE samples are visibly
higher than the analogous samples with the addition of PBAT, suggesting a less efficient
toughening mechanism for the TPS blend.

DMTA analysis performed for FDM-printed materials reveals some apparent differ-
ences from injection-molded materials, visible even for pure PLA samples. The initial
values of the storage modulus values were reduced from around 2.15 GPa for molded
samples to approximately 1.8 GPa for the printed ones. Interestingly, the stiffness of the
PBAT-modified samples was only slightly reduced, while the storage modulus of TPS-based
blends was at the same level as injection-molded samples. Since part of the FDM-printed
samples were reinforced with the use of BH particles, the thermogram comparison includes
the plots for PLA-BH10 and both types of filled blends. Additional plots for all types
of BH-reinforced samples are presented in Figure S2 in Supplementary Materials. The
decrease of the storage modulus for all BH-filled samples confirms that the use of natural
fillers does not lead to the improvement in materials stiffness, especially for spherical
types of particles [73,74]. Usually, the reinforcing factors are more favorable for fibrous
kinds of fillers, such as wood particles, flax, or hemp fibers. In the case of the prepared
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blend, the addition of BH particles does not indicate clear trends. For samples contain-
ing PBAT, the stiffness for composites turned out to be the highest, while for composites
based on the PLA/TPS30 system, the results were close to the values characteristic for
pure blends. Considering the stiffness obtained for the PBAT- or TPS-based samples, it
is worth mentioning that, compared to injection-molded specimens, the storage modu-
lus for reactive blended materials was not the lowest, which suggests a more complex
structure-property correlation.
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Figure 10. The DMTA thermograms obtained for the injection-molded samples: (A,B) storage modulus and tan § plots for
PLA/PBAT-based samples, and (C,D) results for the PLA /TPS-based materials.
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Figure 11. The DMTA thermograms obtained for the FDM-printed samples: (A,B) storage modulus and tan & plots for
PLA/PBAT-based samples, and (C,D) results for the PLA /TPS-based materials.

Summarizing the thermomechanical properties investigation results, the test results
indicate no significant changes of PLA phase transitions caused by the addition of PBAT
or TPS. Similar conclusions concern the addition of BH particles for printed samples. The
observed differences mainly concern changes in the value of the storage modulus, which
confirms that the stiffness was strongly affected by the addition of soft type of polymers.

3.5. Mechanical Properties—Static Tensile Test, Charpy Impact Resistance

The mechanical properties of the prepared samples were tested during the static
tensile and flexural test and notched Charpy impact measurements. The complete list of
the obtained mechanical characteristics is presented in Table S1 in Supplementary Materials,
while the selected results are highlighted in the form of plots. The results are shown in
the form of comparison, separately, for tensile strength and modulus, and elongation at
break and impact strength. Figure 12 presents the results for injection molding samples,
while the plots from Figure 13 show the results for FDM-printed materials. The appearance
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of the impact test specimens is presented in Figure 14, while the tensile test plots of the
selected specimens are shown in Figure S3 in Supplementary Materials.
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Figure 12. The results of the mechanical tests for injection-molded samples. Plots present the results of the static tensile
test and impact resistance measurements in the form of tensile modulus, tensile strength, elongation at break, and Charpy
impact strength. (A,B) PLA/PBAT-based samples and (C,D) PLA/TPS-based samples.

The tensile strength and modulus of PBAT samples decrease with the increasing
quantity of PBAT (see Figure 12A). The samples modified with CE reached lower values
of tensile strength and tensile modulus compared to the samples without CE. Similar
relationships repeat for TPS samples (Figure 12C). The addition of CE did not change the
results of modulus and strength evaluation. As can be predicted, the addition of PBAT
and TPS into the PLA matrix resulted in a significant increment in elongation at break
and Charpy impact strength. In this case, the addition of PBAT is clearly more effective
(Figure 12B,C). The highest values of elongation at break, over 200%, were noted for the
PLA/PBAT20 sample, while the for PLA/PBAT30 material, maximum strain was reduced
to around 140%, while the addition of CE caused another drop to 50%. Similar changes
were observed for TPS-modified samples; however, in this case, the highest elongation of
72% was recorded for the PLA /TPS30 sample, while the values for CE-modified materials
were close to 50%. Similar to the results of tensile tests, the impact strength properties are
strongly influenced by the content of the soft polymer phase. For PBAT-rich samples, the
impact resistance was highest. Since the impact strength for the PLA/PBAT30/CE sample
was around 11 kJ/m?, the increase over the unmodified PLA (2.5 kJ/m?) was more than
four-fold (~440%). For TPS-based samples, the improvement was not so high, since the
highest values of impact strength were noted for PLA /TPS30 materials (5.1 k] /m?). The
results of preliminary tests carried out on injection-molded samples clearly show that the
most expected results are obtained for samples with the highest content of PBAT and TPS;
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therefore, blends of this type, with and without the addition of CE, were used in further
research on 3D printing.
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Figure 13. The results of the mechanical tests for FDM-printed samples. Plots present the results of the static tensile test and
impact resistance measurements in the form of tensile modulus, tensile strength, elongation at break, and Charpy impact
strength. (A,B) PLA/PBAT-based samples and (C,D) PLA /TPS-based samples.

The results for 3D printed samples are presented separately for blend materials
(Figure 13A,B) and BH-reinforced samples (Figure 13C,D). As usual in the case of samples
obtained with the FDM technique, the mechanical characteristics are always lower than
the values obtained for the injection or compression molding methods. However, despite
these apparent differences, the results of measurements for samples made of PLA/PBAT
and PLA /TPS blends confirm most of the previously observed mechanical characteristics
changes. Comparing to TPS-based blends, the addition of PBAT leads to a more visible
decrease of the tensile strength and modulus. This fact partly confirms the higher toughen-
ing efficiency for PLA /PBAT materials, which is confirmed by the results of elongation at
break and impact strength comparison. The highest impact resistance was obtained for
PLA /PBAT30 samples (9.8 kJ/ m?), which is close to the best results for injection-molded
samples. The reference value for pure PLA samples was only 2.1 kJ/m?2. The improve-
ment for TPS-based blends is not that high, but still significant, around 5.1 k] /m? for the
PLA /TPS30 material. For the comparison purposes, the sample appearance is presented
in Figure 14.

The addition of BH particles to the PLA matrix decreases most of the tested parameters,
including tensile modulus. This trend was already observed for storage modulus values
recorded during the DMTA analysis. The lowest stiffness was observed for materials
with PBAT and TPS addition. More favorable changes were observed for elongation at
break and impact resistance results. Surprisingly, for unmodified PLA /BH composites, the
maximum strain was very similar to the reference values obtained for pure PLA (~2.6%).
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The observed decrease for PLA/BH10 and PLA /BH15 can be considered as small, since
the worse result was 2.1%. Similar conclusions refer to the results of the impact strength
for PLA/BH composites. From all of the BH-filled materials, the highest impact resistance
of 4.8 k] /m? was observed for the PLA /TPS30/CE-BH10 sample, while the elongation at
break was also the highest. The results for PBAT-based samples were also promising since
the impact strength reached 4.2 k] /m?, which is still two times higher than the result for
pure PLA.

pure PLA | PLA/PBAT30/CE

PLA/PBAT30/CE-BH10

Figure 14. The macroscopic appearance of the 3D printed samples, pictures present the impact test specimens after the fracture.

Considering the measurement results obtained for the printed samples and the results
of preliminary tests for injection-molded materials, the addition of soft polymers as an
impact modifier for FDM-printed models can be treated as an effective strategy for im-
proving the toughness of PLA-based composites. It is also worth adding that the results
for TPS-based blends turned out to be comparable to those obtained for PBAT-modified
materials. This indicates that even the low-cost materials with undefined composition turn
out to be as effective as toughening compounds.
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Due to the possible commercial applications, we decided to compare our results with
the properties of market-available materials. Since our study concerns the preparation
of PLA-based blends and composites, the comparison includes the pure PLA filament
(Devil Design—PLA Transparent), PLA/PHA blend (colorFabb—PLA/PHA natural),
and the wood fiber-reinforced PLA/PHA composites (colorFabb—PLA /PHA Woodfill).
Since the full composition of these materials are part of the company know-how, we
were focused on the comparison of the mechanical properties. Standard samples were
manufactured using previously described conditions. Table 3 presents the results of the
static tensile/flexural tests and notched Charpy measurements. The results for market-type
materials are compared with the results for developed compositions.

Since the material composition of the market type of filaments is unknown, the deep
analysis of particular mechanical characteristics is difficult. Even for pure PLA samples, the
differences between the self-made filaments and market-type materials are recorded. For
example, tensile strength values reached 52.2 MPa and 39.4 MPa, respectively, for PLA and
PLA (Com) samples. Since the main expected feature for polymer blends was the improved
impact resistance, the results of the Charpy test are considered as the most important. The
results for commercial-type PLA/PHA blends are very close to the properties of pure PLA
samples. With the impact strength of 2.6 k] /m?, the result for the PLA /PHA (Com) blend
is significantly lower than that for the developed PLA /PBAT30/CE blends (11.2 kJ/ mz).
Interestingly, the addition of the filler in PLA/PHA /wood (Com) results in only a slight
decrease in impact strength (2.2 k] /m?), while this result is still lower than the impact
resistance for our developed composites, where impact strength reached 4.2 k] /m? and
48XKJ/ m2, respectively, for PBAT- and TPS-modified materials.

Table 3. The comparison of the mechanical performance for developed materials and commercially available filaments.

Tensile Test Flexural Test Charpy Test

Elongation at

Modulus Strength Break Modulus Strength Impact Strength
[MPa] [MPa] [%] [MPa] [MPa] [kJ/m?]

Unfilled samples

PLA 3100 (£14)  52.2(+0.1) 2.6 (£0.1) 2920 (+37) 772 (£1.7) 2.1(£0.3)
PLA (Com) * 2750 (£30)  39.4 (£0.8) 1.9 (+0.1) 2730 (£115)  77.0 (£3.9) 2.3 (£0.3)
PLA/PHA (Com) 3140 (£49)  54.6 (£0.9) 4.4. (£0.4) 2940 (£160)  84.7 (£0.6) 2.6 (£0.2)
PLA/PBAT30/CE 2190 (£11)  41.3(£0.1) 51.3 (+£18.4) 2160 (£63) 67.1 (£2.0) 11.2 (£0.9)
PLA/TPS30/CE 2510 (£28)  45.7 (£0.4) 53.0 (£21.0) 2580 (£59) 76.7 (£1.0) 5.1 (£0.6)
Composite samples

PLA/PHA/wood (Com) 2980 (£51)  29.7 (£1.3) 2.6 (£0.1) 2650 (£56) 72.1 (£3.2) 2.2 (£0.5)
PLA/PBAT30/CE-BH10 2390 (£33)  38.0 (£0.7) 3.4 (£0.2) 2250 (£449)  65.3 (£7.5) 4.2 (£0.3)
PLA/TPS30/CE-BH10 1810 (£49)  30.0 (+0.7) 5.2 (£0.7) 2170 (£39) 60.8 (£0.6) 4.8 (£0.6)

* (Com)—commercial type of material.

3.6. Structure Appearance—SEM Observations

The structural analysis of the printed materials was carried out by taking SEM images
of the fracture surface obtained during the impact tests. The pictures presenting the
structure of the pure PLA and PLA/BH10 samples are shown in Figure 15. The detailed
analysis presenting the differences between the structure of PBAT- and TPS-modified
samples is presented in Figure 16.

The cross-section for the PLA sample shows high homogeneity of the structure and
strong adhesion between the individual layers of the model, which is mainly caused
by 100% model infill density. The characteristic triangular holes are the only visible
confirmation of the sample printing process. The fracture itself is brittle, with a flat surface
with slight roughness.
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Since the BH filler size was quite large compared to other types of popular fillers,
such as talc or chalk, the homogeneity of the PLA/BH10 composite was relatively poor.
The structure of the layers was uneven; visible, large BH inclusions give rise to numerous
structural cracks, and the leading pores are also a consequence of using the filler. The
presence of such a heterogeneous structure, despite the use of a reinforcing filler, must lead
to a reduction in material properties, which was confirmed by mechanical tests.

The set of SEM photos shown in Figure 16 shows a direct comparison of materials with
the addition of PBAT and TPS and analogous composite samples containing 10% BH. The
appearance of the structure indicates a significant change in the deformation mechanism of
the samples. Unlike the materials based on unmodified PLA, where the fracture surface was
smooth, for samples with PBAT addition (Figure 16A), a significant increase in roughness
is observed, which is visible at low magnification. Higher magnification reveals a large
number of longitudinal fibrils on the surface, which suggests plastic deformation of the
material; these fibrils are also visible for composite samples (Figure 16B), which confirms
the effectiveness of the used toughening strategy. The surface of the PLA/TPS30/CE
sample is also very rough; higher magnification indicates that the fibrillization process also
took place, which confirmed the favorable plastic deformation phenomenon.

PLA-BH10

Figure 15. SEM pictures presenting the structure of (A) pure PLA printed sample and (B) PLA-BH10
printed sample.

For composite samples, surface phenomena indicate good adhesion of the matrix to
the surface of the husk particles. This is characterized by the lack of clearly distinguished
filler structures in the matrix; therefore, the surface of the filler is covered by the matrix
polymer. Only in the places where filler agglomerates are present can the porous structure
of the filler be clearly distinguished from the matrix. Similar to the pictures presenting the
structure of the unmodified PLA /BH10 composite, the structure of the developed materials
is also porous, which indicates a tendency to filler particle agglomeration, and hence the
heterogeneity of the composite structure. However, such phenomena occur always for
materials with the addition of natural fillers. Unfortunately, in the FDM technique, the
presence of agglomerates and structure porosity has a significant impact on the decrease in
mechanical properties, a fact which was confirmed by a few other studies [75-77].
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(B) PLA/PBATICE-BH10

Figure 16. The SEM pictures presenting the structure of FDM-printed samples: (A) PLA/PBAT30/CE,
(B) PLA/PBAT30/CE-BH10, (C) PLA/TPS30/CE, and (D) PLA/TPS30/CE-BH10.
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4. Conclusions

Based on the conducted research, it can be said that the addition of PBAT and TPS
indeed improved impact strength and elongation at break of the PLA-based blends. The
initial results obtained for the injection-molded samples reveal that the PBAT phase was
more effective as the toughening agent than TPS. Most of the results indicate the effective-
ness of the CE as a blend compatibilizer, which is why we used this component for the
preparation of the final blends and composites. The results for FDM-printed materials,
especially the BH-filled samples, indicate that the effectiveness was almost similar for
both types of modifiers. The performed DSC tests confirmed that the presence of the soft
polymer phase and the addition of BH particles increase the crystallinity of the PLA phase.
Although the material crystallinity was visibly improved, the results of the DMTA analysis
revealed that the thermomechanical properties are still unsatisfactory. The rapid drop of
the storage modulus values close to the Tg confirmed the amorphous phase properties’
domination. Since in most of the prepared materials, the filler content was around 10%,
our current research activity is focused on preparing highly filled composite materials with
at least 20-30% of natural filler content. For this purpose, we plan to conduct a detailed
analysis of the rheological characteristics of the materials being developed and to modify
them with lubricants.
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10.3390/jcs5100253 /51, Figure S1: The DSC thermograms of the raw materials: pure PLA, pure PBAT,
and TPS blend. (A) 1st heating, and (B) cooling plots, Figure S2: The results of the DMTA analysis for
unmodified PLA /BH composites. (A) storage modulus thermograms, and (B) tan 5. Figure S3: The
tensile test plots for (A, B) injection molded samples and (C, D) FDM printed materials. Table S1:
The full table presenting the results of tensile and flexural tests results and notched Charpy impact
test results.
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