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Abstract

Various treatments, such as alkaline and silane treatments, are commonly applied to
natural fillers before production to enhance their quality, thermal stability, and water
absorption capacity and improve the fiber—matrix interface properties. However,
these processes are not environmentally friendly and may escalate the production
cost of composites due to the need for additional processing steps in mass produc-
tion. This study delves into the impact of untreated walnut shell (WS) filler material,
employed in varying ratios (ranging from 10 to 40%) as a filler, on the mechanical,
thermal, morphological, and physical properties of environmentally friendly poly-
lactic acid (PLA) matrix composites. The experimental results highlight a signifi-
cant decrease in tensile modulus by 28%, tensile strength ranging from 32 to 65%,
a decrease in flexural modulus by 22%, and flexural strength ranging from 24 to
58% with varying WS filler ratios. Time-dependent water absorption and increased
density were observed. FT-IR analysis indicates structural similarities, while DSC
results show minimal effects on glass transition temperature and crystallinity. TGA
results reveal reduced thermal stability with increasing WS content. SEM micro-
structure imaging demonstrates homogeneous WS particle distribution, but higher
WS content leads to increased brittleness and diminished resistance properties.
In conclusion, this study underscores the importance of balancing sustainability
through WS filler ratios while preserving mechanical performance.
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Introduction

Sustainability can be defined as the enduring capacity to replace resources with-
out necessitating new ones, considering the well-being of both society and indi-
viduals in the processes of production and consumption, while also preventing
harm to the environment. As natural resources deplete at an alarming rate on a
global scale, coupled with increasing environmental concerns, the production of
sustainable and recyclable products has emerged as a paramount focus for envi-
ronmentalists and professionals in the manufacturing sector in recent years. Nota-
bly, addressing the challenge of plastic waste has spurred a heightened interest in
utilizing eco-friendly materials alongside polymers [1]. These initiatives present
a significant opportunity to mitigate the adverse environmental impact of poly-
mers and improve the overall quality of life for future generations [2].

Polylactic acid (PLA) stands out as an environmentally friendly polymer due
to its biodegradable, renewable, and biologically sourced properties. The biodeg-
radability of PLA relies on its ability to be metabolized by microorganisms in
nature, rendering it harmless to the environment. However, this degree of bio-
degradability can vary depending on PLA’s stereochemistry, environmental con-
ditions, and the context in which PLA is situated [3]. It is a thermoplastic poly-
mer produced from lactic acid monomers obtained through the polymerization of
starch-based plant raw materials, such as corn, potatoes, sugar beets, and sugar-
cane. These eco-friendly characteristics have captured the interest of researchers
and industries, positioning PLA as a viable alternative to traditional plastics in
various applications. PLA’s biodegradability ensures its decomposition in nature
without causing harm to the environment after use. Furthermore, its derivation
from renewable sources makes it a more sustainable option compared to petro-
chemical-based polymers. Since PLA is produced using biological resources, it
also contributes to reducing greenhouse gas emissions associated with fossil fuel
usage. In conclusion, the eco-friendly attributes of PLA and its role in sustain-
ability have spurred increased research interest in developing environmentally
friendly and sustainable materials for the plastic industry and other applications.
These efforts aim to address the issue of plastic waste and create a more sustain-
able world for future generations. Despite its advantages, PLA has limitations,
such as low density, low-temperature flammability, and a lower melting point.
These characteristics may render PLA unsuitable for applications requiring high
temperatures [4]. Additionally, PLA might lack sufficient mechanical proper-
ties for certain applications that demand hardness and impact resistance. Con-
sequently, its performance can be enhanced by reinforcing it with various filler
materials. In recent years, there has been a growing prominence in using natural
fiber agricultural wastes as filler materials in composite technologies [5]. Various
fibers and fillers, including cellulose [6, 7], rice straw [8, 9], flax [10], wood flour
[11], oak sawdust [12], bagasse fiber [13], eggplant stems [14], hazelnut shells
[12, 15-20], walnut shells (WS) and sunflower husks [20], almond shells [21],
cocoa shells [22, 23], eucalyptus fiber [24], sugarcane [25], and more, have been
utilized to achieve higher thermal and mechanical properties. Hybrid composites,
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combining inorganic and different organic additives, such as SEBS [26], coal
powder [27], basalt [28], calcium carbonate (CaCO,), perlite, potassium dichro-
mate (K,Cr,0,) [17], glass fiber [18], mica, kaolin, mica, wollastonite, silica,
graphite [29], and various other additives [7-24], have been produced to further
enhance PLA’s properties.

The utilization of natural fibers presents an opportunity to enhance the biodegra-
dability of bio-based polymers like PLA, which, despite being a biopolymer, exhib-
its relatively low biodegradability compared to other biopolymers. This utilization
also helps in reducing reliance on non-biodegradable polymers, thus creating envi-
ronmentally friendly alternatives [1]. In a study conducted by Barczewski et al. [1],
walnut shells, hazelnut shells, and sunflower husks were employed as filler materials
in varying proportions (15%-35%). The researchers noted that the introduction of
natural filler materials had a discernible impact on the mechanical properties of the
composites. The incorporation of powdered fillers, such as walnut shell and hazel-
nut shell, led to improvements in hardness and resistance in the epoxy composite.
Conversely, the addition of sunflower husks increased the viscosity of the compos-
ite, resulting in a porous structure that compromised the mechanical performance.
In another study by Orue et al. [30], PLA-based biocomposites were prepared with
varying amounts of walnut shell flour and 10% by weight of epoxidized linseed oil.
An alkali treatment applied to the walnut shell proved effective in removing non-cel-
lulose components, enhancing thermal stability and crystallinity. Furthermore, this
treatment improved adhesion between PLA and WS, positively influencing tensile
strength.

In recent years, the growing interest in environmentally friendly and sustainable
products has extended its influence to 3D printing technologies. A notable trend in
this realm is the development of 3D printer filaments using PLA-based bio-waste
fillers [4]. In a study by Umerah et al. [31], a remarkable 50% increase in tensile
strength was reported with a 0.6% filler ratio when filaments were produced using
carbon nanoparticles derived from coconut shells. Similarly, in a study where WS
flour and epoxidized linseed oil were employed to plasticize PLA-based biocompos-
ites, an alkaline treatment was found to significantly enhance tensile strength and
improve thermal stability [30]. Various studies have delved into the incorporation
of additives such as marble powder [32], hemp, marijuana, rosemary, carrots, and
tomatoes [33, 34], coconut fiber, coconut shell powder [35], mushroom powder [36],
palm fiber [37], rice straw powder [38], rice husk, wood powder, and bagasse parti-
cles [39] to formulate polymer composites and filaments.

WS, due to its inherent properties in conjunction with processes like alkaline
and silane treatments, has the potential to enhance the characteristics of composite
materials when added to a PLA matrix. However, these additional processes sig-
nificantly increase the production costs of composites. This study investigates the
impact of using untreated walnut shell fillers in different proportions as fillers in
PLA matrix composites, examining their effects on composite properties. The study
explores the mechanical, thermal, and morphological effects of walnut shell fillers
on PLA composites. The aim of this research is to enhance our understanding of
developing economical, sustainable, and environmentally friendly composite mate-
rials through a suitable combination of PLA and organic fillers and to evaluate
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potential applications in future practices. Ultimately, materials obtained by incorpo-
rating organic fillers into PLA composites could offer eco-friendly alternatives that
may replace traditional polymers. The use of such composite materials may contrib-
ute to solutions for waste management issues, mitigating the adverse environmental
impacts of the plastic industry and promoting a sustainable future.

Materials and methods
Materials

The PLA/WS compounds were investigated experimentally using the biopoly-
mer Ingeo Biopolymer 4032D, which has a density of 1.24 g/cm® and a melting
temperature ranging from 155 to 170 °C, as the matrix material. WS (density of
1.0-1.2 g/cm®) from Maras18 variety walnuts grown in the Caglayancerit district of
Kahramanmaras was chosen as the filler material. The WS consists of two distinct
parts: a sturdy outer woody shell and a softer internal barrier. For this study, only the
robust outer shell portion of the WS was isolated and utilized.

Preparation of PLA/WS Compounds and test samples

It is known from the literature that as particle size decreases, higher mechanical
properties are obtained, and smaller particle sizes are generally preferred in stud-
ies [40, 41]. The WS was ground using a crusher/grinder mill (Lavion HC-500Y
Brand). The powdered WS, which consisted of particles with a very broad distribu-
tion that could negatively impact the mechanical properties of the envisioned com-
pounds, was sieved using a sieve machine to obtain WS powders with a narrower
distribution. In order to achieve both a homogeneous distribution and considering
the proportions of particle size distributions obtained after the grinding process, the
particle size was determined as < 100 microns.

WS, like other cellulose-containing materials, is highly sensitive to moisture and
water. Therefore, the powdered WS was dried in an oven at 100 °C for two hours
before being mixed with PLA in the extruder. Following the crushing and siev-
ing process, the materials were prepared according to the mixing ratios provided
in Table 1 by weighing them using a precision scale. Initially, all the ingredients
added to a bucket underwent a mechanical stirring process for 10 min. After the

Table 1 Mixing ratios used in Code PLA (%) WS (%) Plasticizer (%)
the study
PLAWSO00 100.00 - -
PLAWS10 89.95 10 0.05
PLAWS20 79.90 20 0.10
PLAWS30 69.85 30 0.15
PLAWS40 58.80 40 0.20
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mechanical stirring process, the samples were drawn into filament form using an
extruder equipped with a special mixing screw from the Robodigg brand, employ-
ing the melt blending method. In the preparation of the mixtures, glycerin, added
at a ratio of 0.05%, served as a plasticizer for each 10% of WS in the mixture. Fol-
lowing this, the filament-shaped materials were granulated with the assistance of a
granulator. Tensile and impact specimens, derived from mixtures in granule form,
were then manufactured using the Engel Spex brand injection machine, adhering to
the ISO 294 standard. The parameters were set at 80 bar injection pressure, 50 mm/s
injection speed, 55 bar holding pressure, and a 35-s cycle time. The process from
the production to the characterization of PLA/WS composites is illustrated in Fig. 1.

Characterization

The tensile test was conducted at room temperature with a Zwick Z020 Model test-
ing machine equipped with a 20 kN load cell, following the ASTM D638 stand-
ard, at a pulling rate of 50 mm/min. The three-point bending test was performed on
the same testing machine using a compression fixture, according to the TS EN ISO
178 standard, at room temperature and a bending rate of 2 mm/min. The impact
test, in accordance with ASTM D256, was carried out using a 5.5 J hammer on an
Instron 120D Model testing machine. Hardness testing was conducted according to
the ASTM D2240 standard using the Shore D scale and Loyka MO1D brand analog
durometer. Ten measurements were taken for each sample, and the hardness value
was determined as the Shore D hardness by calculating the arithmetic mean of these
measurements.

The density of PLA/WS composites was measured using the liquid pycnometer
method in accordance with ISO 1183. Prior to measurement, the pycnometer was

Stage 1. Separation Stage 2. Grinding Stage 3. Classification and moisture removal

Edible Kernel Inner Shell Walnut Shell

Stage 5. F ion of test

Fig. 1 The process from the production to the characterization of PLA/WS composites
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dried at 25 °C, and its weight was determined. Subsequently, samples initially
ground to a size of 200 pm were added to the pycnometer, approximately filling
1/4 of it, and weighed to determine their weight, which was then recorded. The
pycnometer was then slowly filled with distilled water, intermittently shaken to
eliminate air bubbles between particles. The weight was determined after filling,
and the same process was repeated for the pycnometer without the samples to be
used for density calculation. To prevent deviations due to experimental errors,
three measurements were taken for each sample. The calculation of density uti-
lized Eq. 1, where A represents the empty weight of the pycnometer bottle and
cap, B represents the weight of the pycnometer bottle, cap, and composite sam-
ples before adding distilled water, C represents the weight of the pycnometer bot-
tle, cap, and composite samples after adding distilled water, and D represents the
weight of the pycnometer bottle and cap after being filled with distilled water.
The symbol p in the equation represents the specific gravity of the distilled water
used (1).

Density = (B/A)/((D — A)—(C - B))) X p (1)

The weights of samples, cut into rectangular shapes with dimensions of
4x20x30 mm for the water absorption test, were measured to determine the ini-
tial weight. Subsequently, the samples were placed in the test container, completely
submerged in water, and subjected to the water absorption process. After the ini-
tial one-hour period, the materials were removed from the container with tweezers.
To remove excess water from the sample surfaces, a drying process was performed
using paper towels without applying pressure. Then, the samples were weighed, and
the amount of water absorption was calculated using the equation provided in Eq. 2.
The same procedures were repeated after 2, 3, 5, 12, 24, 72, 96, 168, 192, 216, and
240 h.

@)

) Final weight — Inital weight
Water Absorption = x 100

Inital weight

FT-IR tests were conducted on a PerkinElmer Spectrum 100 FT-IR instrument,
following the ASTM D6348 standard, in the wavelength range of 4000 cm™! to
400 cm™'. To observe the thermal transitions of PLA/WS composites, thermal prop-
erties were examined using differential scanning calorimetry (DSC, Seiko DSC 7020
Model) in accordance with the ASTM D3417 standard. The heating rate was set at
10 °C/min under a nitrogen atmosphere. The crystallinity degree (Xc) of PLA was
calculated using Eq. 3. Here, AHm represents the melting enthalpy directly obtained
by DSC, AHcc is the cold crystallization enthalpy, AH°m is the enthalpy of melting
for 100% crystalline polymer (93 J/g for PLA), and ¢i is the mass fraction of PLA in
the sample [42]. DSC analysis was also employed to investigate the effect of walnut
shell addition on the glass transition temperature (Tg), cold crystallization tempera-
ture (Tcc), and melting temperature (Tm) of the samples. Thermogravimetric analy-
sis (TGA) was performed using a Seiko Exstar TG/DTA 6300 under a nitrogen flow.
The PLA/WS composite samples were heated up to 600 °C with a heating rate of
10 °C/min.
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AHm — AHcc
Xe = ((Bfm = Afcc) g0
¢ <AH°mx<;bi> x &

The morphology of the fractured surfaces of materials obtained from the impact
test was investigated using the Inspect S50 Model scanning electron microscope
(SEM). The samples were coated with 100 A gold under vacuum to achieve an inert
and conductive surface, and the microstructures were photographed under a voltage
of 20 kV.

Results and discussion
Tensile test results of PLA/WS composites

The tensile test results are presented collectively in Table 2, with their graphical
comparison illustrated in Fig. 2. As the content of walnut shell in PLA compos-
ites increases, the tensile strength of the PLA composite decreases. While pure
PLA (PLAWSO00) exhibits a high elastic modulus (1950 MPa +27), tensile strength
(65.0 MPa+ 1.0), and elongation at break (4.3%), a notable decrease in these prop-
erties is observed with the increasing addition of walnut shell content to the struc-
ture. PLA samples with 10%, 20%, 30%, and 40% walnut shell show a reduction in
elastic modulus, tensile strength, and elongation at break, respectively. These results
indicate that the addition of walnut shell in mixtures, without the use of any com-
patibilizing or reinforcing material, adversely affects the durability and flexibility of
the material. In applications where tensile properties are crucial, the interface and
adhesion between the matrix and the fibers can be enhanced by applying an alkaline
treatment to the WS [29]. As a result, tensile strength and elastic modulus can be
increased.

Three-point bending test results of PLA/WS composites

The results of the three-point bending test are presented collectively in Table 3, and
their graphical representation is shown in Fig. 3. Generally, the three-point bending
test results for PLA materials modified with walnut shell additive indicate a nega-
tive trend in bending performance as the additive ratio increases. While pure PLA

Table 2 The tensile test results

Code Tensile elastic ~ Tensile strength (MPa) Elongation
modulus (at break) (%)
(MPa)

PLAWSO00 195027 65.0+1.0 4.3

PLAWSI0 1950+53 440x12 29

PLAWS20 145020 29.6+0.4 2.8

PLAWS30 1740+46 28.8+1.4 2.1

PLAWS40 140021 22.4+0.6 24
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Fig.2 Graphical comparison of tensile test results for PLA/WS composites

Table 3 The three-point bending test results

Code Flexural elastic modulus  Flexural strength (MPa) Elongation (%)
(MPa)

PLAWSO00 3480+12.5 109.0+0.70 4.4

PLAWS10 3460+40.4 79.7+£0.97 3.1

PLAWS20 2690 +62.1 5294347 3.0

PLAWS30 3150+60.6 49.4+2.05 2.1

PLAWS40 2690+ 124 44.8+1.86 2.6

(PLAWSO00) demonstrates a high elastic modulus (3480 MPa+12.5) and flexural
strength (109.0 MPa=+0.70), a significant decrease in these properties is observed
with an increase in the amount of additive. In 10% walnut shell additive PLA
(PLAWSI10), the elastic modulus remains relatively constant, but flexural strength
and elongation at break decrease. The 20%, 30%, and 40% walnut shell additive
PLA samples exhibit further decreases in elastic modulus, flexural strength, and
elongation at break, respectively. These results indicate that the walnut shell addi-
tive adversely affects the material’s bending strength and flexural elastic modulus,
demonstrating lower performance compared to pure PLA. By modifying the differ-
ent particle sizes incorporated into the composite, flexural strength can be enhanced
[2, 4, 23]. Currently, PLA/WS composites produced in this manner can be utilized
in the manufacturing of interior components for vehicles due to their lightweight
nature [23].
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Fig. 3 Graphical comparison of three-point bending test results for PLA/WS composites
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Fig.4 Graphical comparison of 1zod impact test results for PLA/WS composites
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I1zod impact test results of PLA/WS composites

The results of the Izod impact test are graphically compared in Fig. 4. According to
the obtained results, pure PLA with the code PLAWSO00 demonstrates the highest
impact strength. In comparison, sample PLAWS10 exhibits a slightly lower impact
strength when compared to pure PLA, with a considerably high standard devia-
tion. This high standard deviation indicates variability in the results, which could
be attributed to either the homogeneous distribution of walnut shell within the com-
posite structure or the interface between PLA and walnut shell. Sample PLAWS20
shows a moderate level of impact resistance with an acceptable standard deviation.
Although the impact strength between samples PLAWS30 and PLAWS40 is simi-
lar, PLAWS40 has a lower standard deviation, indicating more consistent results.
Overall, in terms of material selection and design, pure PLA (PLAWS00) demon-
strates more stable impact resistance. The incorporation of biodegradable additives
and mineral-based reinforcements into the composite, along with WS, can improve
impact resistance [4].

Hardness test results of PLA/WS composites

The graphical comparison of Shore D hardness test results for PLA/WS composites
is presented in Fig. 5. The highest hardness value was measured in pure PLA (82.6
Sh. D). When examining the standard deviation (0.55), it is observed that the hard-
ness measurement results for pure PLA are quite stable. Sample PLAWS10, with a
10% WS filler ratio, presents a hardness value close to that of pure PLA (82.2 Shore
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Fig.5 Graphical comparison of hardness test results for PLA/WS composites

@ Springer



Polymer Bulletin

D), but with a considerably high standard deviation (1.10), indicating variability in
the results. The hardness value of sample PLAWS20 is slightly lower than that of
pure PLA (81.4 Shore D), and the results also show more variability (standard devi-
ation 1.82). Samples PLAWS30 and PLAWS40 have similar hardness values (81.4
Shore D and 81.8 Shore D, respectively), but the hardness results for both sam-
ples are obtained with considerable variability (standard deviation 1.52 and 1.30).
These results indicate that the surface hardness of sample PLAWSO0O0 is the high-
est and most stable, while WS-filled samples exhibit lower hardness and more vari-
able results. Overall, there are no significant differences in hardness between pure
PLA and WS-filled samples. The higher standard deviation in WS-filled samples is
thought to be influenced by the distribution of WS within the structure at the meas-
urement point, resulting in voids and interfaces.

Density measurement results of PLA/WS composites

The density measurement results are presented in Fig. 6. Upon examining the densi-
ties of PLA/WS composites, it is evident that the density of the composite material
decreases with the filler ratio. This observation can be attributed to the lower density
of the walnut shell used as the filler material compared to PLA. The trajectory of
the density curve shown in Fig. 6 does not exhibit a linear pattern with increasing
filler ratio. This can be attributed to the relatively reduced homogeneous distribu-
tion of WS within the structure as the filler ratio increases, leading to the formation
of air voids [43], consequently affecting the decrease in the composite density. The
obtained results suggest that the physical properties of composite materials can vary
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Fig.6 Graphical comparison of density measurement results for PLA/WS composites
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based on the filler ratio. Changes in the density of PLA/WS composites, whether
upward or downward, can positively impact the alteration of the material’s mechani-
cal strength and thermal properties when additional additives such as compatibi-
lizers or chain extenders are utilized in the compounds [44, 45]. These composite
materials, characterized by their lightweight nature and simultaneously high density,
hold potential for various industrial applications. These findings significantly con-
tribute to our understanding of how biodegradable materials and natural filler mate-
rials can be utilized in composite material production and the direction in which
their densities evolve.

Water absorption test results of PLA/WS composites

The time-dependent water absorption capacities of both PLA and PLA/WS com-
posites are illustrated in Fig. 7. The water absorption capacity of pure PLA is
lower compared to that of PLA/WS composites. The primary contributor to the
heightened water absorption capacity in PLA composites is believed to be the
hemicellulose present in WS. This is due to cellulose, with its resistant molecu-
lar structure and naturally formed hydrogen bonds, keeping the water absorption
capacity at a low level. However, hemicellulose is more hydrophilic than cellu-
lose, leading to an increased water absorption capacity in the composites. In all
PLA/WS composites except pure PLA, degradation initiates after 192 h. Evalua-
tions within the PLA/WS composites indicate that as the WS filler ratio increases,
the initially high-water absorption capacity starts to decrease after 96 h. This phe-
nomenon can be associated with the increased WS filler ratio limiting swelling

10
—&— PLAWSO00
1 —®—PLAWS10 b
g - —A— PLAWS20 |
—%¥— PLAWS30

—&— PLAWS40

- —a—a—

T
216 240

Water absorption capacity (g H,0/g sample)

1

T T T T
0 24 48 72 96 120 144 168 192

Time (Hour)

Fig. 7 Graphical comparison of water absorption capacity for PLA/WS composites
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in the particles and preventing more water entry into the structure. This increase
is likely due to the hydrophilic nature of the filler material, a phenomenon sup-
ported by similar findings in the literature [46, 47].

FT-IR test results of PLA/WS composites

The FT-IR spectra of WS, PLA, and PLA/WS composites are presented in Fig. 8.
In the FT-IR spectrum of pure WS (Fig. 8), distinct peaks are observed, including
O-H stretching at 3350 cm™, aliphatic C-H stretching at 2930 cm™', carbonyl
C=O0 stretching of carboxylic groups in hemicelluloses and pectin at 1740 cm™,
aromatic C=C stretching at 1596 and 1507 cm™, aliphatic C-H stretching at
1462 and 1373 cm™', C—H aromatic ring vibration at 1423 cm™!, and C-O stretch-
ing of acetyl groups in lignin at 1240 cm™'. In the FT-IR spectrum of pure PLA,
noticeable peaks include CH;-derived C—H stretching at 2997 and 2947 em™! a
carbonyl C=0 peak at 1750 cm™!, C-H stretching of methylol groups at 1451 and
1360 cm™!, and C-O stretching frequency at 1180 and 1080 cm™'. Upon exam-
ining the FT-IR spectra of PLA/WS composites with different WS ratios, it can
be generally stated that their structures are similar. As the WS ratio increases
in PLA/WS composites, the O—H band becomes more pronounced, widens, and
shifts to slightly lower wavenumbers. This is believed to be attributed to the for-
mation of hydrogen bonds by the free hydroxyl groups in the environment [48].
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Fig. 8 Graphical comparison of FT-IR spectrum for PLA/WS composites
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Table 4 The numerical data
Cod 7,(°C) T,.(°C) T,(°C AH, —AH,) Xc(%
obtained from the DSC test ode (0 T (O Tn (O EJ/g)m w  Xe (%)
PLAWS00 57.5 109.8 1504 44 4.7
PLAWSI0 54.0 101.6 1504 4.2 5.0
PLAWS20 62.8 99.9 149.1 4.7 6.3
PLAWS30 52.3 98.5 149.6 5.7 8.8
PLAWS40 53.5 97.8 150.0 23 4.1

DSC test results of PLA/WS composites

The DSC analysis aimed to assess the impact of Tg (glass transition temperature),
Tce (cold crystallization temperature), Tm (melting temperature), and crystallinity
on the composites. In this study, data from the initial heating cycle, offering insights
into the structure obtained solely from the injection molding process, were pre-
sented. As depicted in the DSC curves in Fig. 9 and summarized in Table 4, the
glass transition temperature exhibited no significant changes for both pure PLA and
PLA/WS composites. Even composites with higher WS content remained within
the limits specified by the polymer producer for the glass transition temperature.
Regarding the cold crystallization temperature, a slight shift towards lower tempera-
tures was observed from pure PLA towards the composites. Concerning the melt-
ing temperature, double peaks for the melting endotherm were observed, potentially
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explained by the melting of crystallites of different sizes and/or the quality of the
order. Data related to the crystallinity of the materials indicated that the addition of
WS to the PLA matrix increased crystallinity, but it did not exert a very pronounced
effect on this property. This result suggested that the difference in enthalpies was
small, signifying that WS had a much smaller impact on crystallinity (all composites

maintained very low crystallinity ratios) [42, 49].
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Table 5 The numerical data

obtained from the TGA test Code 500 T50 CO Tinax (O ggglodée(;; )
PLAWSO00 341.3 367.6 384.3 0.7
PLAWSI10 323.7 362.2 382.8 2.3
PLAWS20 313.5 353.6 370.2 7.6
PLAWS30 301.2 3264 350.2 12.1
PLAWS40 300.5 328.4 359.1 12.1

TGA test results of PLA/WS composites

The thermal stability of PLA and PLA/WS composites is illustrated in Fig. 10, and
the numerical data for the TGA test are provided in Table 5. All samples exhibit a
simple thermal degradation step in the weight loss curves between 250 and 400 °C.
The addition of WS adversely affects thermal stability, evident in the leftward
(lower) shift of the weight loss temperature in PLA/WS composites compared to
pure PLA. This divergence can be attributed to the degradation of the total cellulose
content of WS with some lignin, which is associated with PLA proliferation. This
is because the addition of thermally sensitive cellulose material to PLA is known to
reduce the thermal stability of pure PLA, especially at higher processing tempera-
tures [49]. A possible reason for this could be related to the absorption of water on
the surface of PLA/WS composites. These active regions on the surface might also
act as depolymerization catalysts, accelerating the degradation of PLA. All these
activities may contribute to a decrease in the molecular weight of PLA in PLA/WS
composites, thereby promoting PLA degradation. Generally, an increase in the WS
ratio reduces thermal stability and increases the amount of solid residue (Residue
at 600 °C). With the increase in WS, thermal degradation initiates at lower tem-
peratures (T5). The loss of half of the initial weight (T50) and the peak temperature
of thermal degradation (Tmax) occur at lower temperatures in PLA/WS composites
compared to pure PLA. Despite the acceleration of PLA’s thermal degradation due
to the addition of WS, it can still meet the required temperature range for injection
molding and filament production (180-225 °C).

SEM microstructure imaging results of PLA/WS composites

Figure 11a depicts ground WS. The image reveals the fibrous and layered structure
of the WS, prominently displaying its characteristics. Despite having a rough sur-
face and fibrous structure, WS particles exhibit a spherical-like shape, character-
ized by their resemblance to spherical particles [50]. In the SEM images of pure
PLA in Fig. 11b, the surface of the PLA sample appears quite smooth and exhibits
a homogeneous structure. This smooth surface indicates that PLA is produced in a
homogeneous manner, with low potential for defects or contamination. Addition-
ally, as observed in Fig. 11b, the fracture surface of pure PLA shows less plastic
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Fig. 11 SEM microstructure images: a walnut shell, b PLAWS00, ¢ PLAWS10, d PLAWS20, e
PLAWS40

deformation, giving the impression of a more brittle appearance. Figure 11c shows
the SEM microstructure image of a PLA composite filled with 10% WS, Fig. 11d
shows the SEM microstructure image of a PLA composite filled with 20% WS, and
Fig. 11e shows the SEM microstructure image of a PLA composite filled with 40%
WS. The structural features of WS-filled PLA composites have been examined in
detail in these images. According to the results obtained from SEM images, WS
particles are uniformly distributed in the melt without agglomeration. However, as
the WS filler ratio increases, it is determined that the material becomes more brittle,
and impact resistance properties decrease. With an increasing WS filler ratio, the
interaction between WS and PLA matrix weakens, leading to the formation of voids
in the composite structure. Fracture surfaces of PLA/WS composites are observed
to be rough, which is thought to be due to the incomplete wetting of WS surfaces by
the PLA matrix, contributing to the formation of voids in the composite structure [4,
46]. Additionally, SEM microstructure images clearly show that WS are detached
from the fractured surfaces under impact, which is identified as a significant factor
affecting the impact resistance and surface integrity of the composite.

Conclusion
In this study, the mechanical and thermal properties of PLA/WS composites

with varying ratios of WS content, where no chemical treatment such as alkaline
and silane has been applied, were experimentally investigated. The experimental
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findings reveal that an increase in the WS filler ratio within PLA composites leads
to a noticeable decline in various mechanical properties, including tensile strength,
flexural strength, and impact resistance. The addition of WS has decreased the ten-
sile strength of the PLA/WS composite by 32-65%, the flexural strength by 27-58%,
the tensile modulus by 28%, and the flexural modulus by 22%, depending on the
filler content. These results indicate a lower overall performance compared to pure
PLA. While density shows a decrease with the WS filler ratio, the water absorption
capacity exhibits a time-dependent pattern, characterized by initial increases fol-
lowed by subsequent decreases. The highest water absorption capacity was meas-
ured after 192 h at a 10% WS filler ratio. An increase in the WS filler ratio resulted
in a decrease in water absorption capacity, likely due to the filler’s ability to limit
swelling and prevent excess water ingress into the structure. The FT-IR analysis
suggests structural similarities in PLA/WS composites, with observable shifts in
the O—H band attributed to the formation of hydrogen bonds. DSC results indicate
minimal impact on the glass transition temperature and crystallinity, while TGA
reveals a reduction in thermal stability with higher WS content. The highest crystal-
lization rate, measured at 8.8%, was observed in the composite coded as PLAWS30,
with a WS filler content of 30%. The TGA test revealed complete degradation of all
samples between 320 and 370 °C. SEM microstructure imaging highlights the uni-
form distribution of WS particles but underscores increased brittleness and reduced
impact resistance with higher filler ratios. In conclusion, this study offers valuable
insights into the effects of WS fillers on PLA composites, emphasizing the necessity
for a meticulous consideration of filler ratios to strike a balance between enhanced
sustainability and maintained mechanical performance.
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