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Abstract

This study explores the effects of incorporating rice husk, glass fiber, and a POE-g-Mah(ethylene—octene copolymer func-
tionalized with maleic anhydride) compatibilizer on the properties of poly(lactic acid) (PLA)-based composites. Through
SEM analyses, it is observed that enhanced filler dispersion and interfacial bonding between the PLA matrix and fillers with
POE-g-Mah result in improved composite compatibility. The rheological percolation threshold of the rice husk is determined
above 30% for the samples containing only PLA and rice husk; however, it is determined between 20 and 30% for the samples
containing the POE-g-Mah. The incorporation of POE-g-Mah into the polymer phase causes much higher modulus values
compared to its counterparts with the same filler concentration. The DMA results revealed significant enhancements in the
modulus of elasticity and damping properties when rice husk and glass fiber were added. The composite with 20% (by weight)
rice husk and 5% (by weight) compatibilizer doubled its elastic modulus at 40 °C and increased fivefold to 65 °C with an
additional 15% (by weight) glass fiber. This modification substantially reduced energy dissipation and improved damping
performance and dimensional stability, which was also evidenced by a decrease in thermal expansion. These findings imply
the potential of using rice husk, glass fiber, and POE-g-Mah to significantly enhance the mechanical and thermal properties,
offering valuable insights for developing high-performance sustainable materials.
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Introduction

The search for the ideal materials is constantly ongoing
and material scientists try various combinations of rein-
forcements and processing methods to develop innovative
materials for next-generation applications. As industries
seek materials capable of withstanding superior mechanical
properties while minimizing environmental impact, hybrid
composites offer a promising shift in material design. It
is made by combining biodegradable polymers with fib-
ers and particles derived from natural sources to achieve
a harmonious balance between strength, versatility, and
eco-friendliness [1]. Poly(lactic acid) (PLA) is a promising
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bio-based polymer sourced from renewable materials like
corn, starch, wheat straw, and sugarcane, among others [2].
Its eco-friendly features, affordability, biodegradability,
sustainability, and reduced carbon footprint have made it a
noteworthy substitute for conventional petroleum-derived
plastics [3]. However, PLA has some limitations, including
its brittleness, high permeability (moisture and oxygen pass
more easily than other thermoplastics), and lower thermal
stability, which can affect its overall performance in certain
applications [4]. To overcome these limitations, the incor-
poration of reinforcing fillers such as synthetic (glass, car-
bon, aramid, and basalt) and natural (kenaf, jute, bamboo,
cotton, and flax) fibers and particles (calcium carbonate,
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clay, mica, alumina, fly ash, silica, rice husk, hazelnut,
walnut, pistachio and cocoa shells, wood sawdust, etc.) is
a promising method to enhance the physical properties of
PLA [5, 6]. Hybrid composites are materials made by com-
bining two or more different types of reinforcing fillers into
a single matrix [7, 8]. For example, combining glass fiber
with graphene oxide can enhance the nucleation capabil-
ity of PLA, significantly enhancing its crystallinity. As a
result, the obtained hybrid composites exhibit better ther-
momechanical properties [9]. Similarly, the talc filler can
induce the crystallization of PLA in the preparation of talc/
natural fiber/PLA hybrid composites, leading to significant
improvements in both tensile strength (by 11%) and elonga-
tion at break (by 30%) [10].

The rice husk is an agricultural by-product abundantly
available globally, and it possesses unique properties such
as low cost, low density, and high strength [11-13]. The
rice husk acts as a filler, reinforcing the polymer matrix and
enhancing mechanical properties such as tensile strength,
flexural strength, and impact resistance [14]. Additionally,
the incorporation of rice husk can lead to improvements
in thermal stability, making the composites suitable for a
broader range of applications [15—17]. The combination of
PLA and rice husk results in composites that offer a syner-
gistic effect, combining the biodegradability of PLA with
the reinforcing and cost-effective attributes of rice husk.
Utilizing rice husk as a filler in PLA composites not only
addresses the issue of disposal of agricultural waste but also
contributes to the development of sustainable materials with
improved performance [18, 19].

In this study, the rice husk was used as a hybrid rein-
forcement in the strengthening of PLA/glassfiber compos-
ites. The effect of hybrid reinforcements either rice husk or
glassfiber on the morphological, mechanical and rheologi-
cal properties of the composites was systematically inves-
tigated. In addition, the low crystallinity ethylene—octene
copolymer functionalized with maleic anhydride (POE-g-
Mah) was utilized as a third component that functions as a
compatibilizer between PLA and glass fiber and rice husk.
These hybrid composites represent a promising avenue in
the pursuit of sustainable materials with enhanced per-
formance characteristics, offering potential applications
in various industries such as packaging, automotive, and
construction.

Experimental
Materials
PLA (Luminy L 130) was obtained from Luminy, Total

Energies Corbion (Gorinchem, the Netherlands). Rice husk
waste (particle size 16.59 um) was supplied from a rice mill

(Sakarya, Turkey). The low crystallinity ethylene—octene
copolymer functionalized with maleic anhydride (POE-g-
Mabh, Paraloid™ EXL-3808) was supplied by Dow Chemi-
cal Company (Terneuzen, the Netherlands) and used as a
compatibilizer. The crimped glass fiber (PA-2, E-type,
nominal fiber diameter 11 g, maximum moisture content
0.07%, silane (binder type), binder amount 0.60% +015%,
polyamide (resin compatibility), and crop length 4.5 mm)
was obtained from Sise Cam (Istanbul, Turkey).

Sample preparation

Rice husks and PLA were ground into fine powder using
a miniature mechanical grinder (Renas Machines, Turkey,
2 kg capacity, 3000 rpm). The ground rice husk and PLA
were sieved to an average particle size of 100 and 500 pm,
respectively. The rice husk and PLA powders were dried
under vacuum at 80 °C for 24 h before the extrusion process.
A high shear force twin-screw co-rotating extruder (Gul-
nar Machines, Turkey, screw diameter 16 mm, L/D =40)
was used to produce the granules described in Table 1. A
temperature profile inside the extruder barrel comprising
between 140, 150, 165 and 170 °C was applied throughout
the barrel from the feeding zone to the die.

Characterization
The SEM imaging was carried out by Quanta FEG 250

(Thermo Fisher Scientific, Hillsboro, OR, USA) instru-
ment operating at an acceleration voltage of 15 kV. The

Table 1 Sample notations and compositions

Sample name  Filler Filler Filler Filler
type 1 concentra- type 2 concentra-

tion 1 tion 2
(% by (% by weight)
weight)

PLA - - - -

PLA-10rh Rice husk 10

PLA-20rh Rice husk 20

PLA-30rh Rice husk 30

PLACc* - - _

PLAc-10rh*  Rice husk 10

PLAc-20rh*  Rice husk 20

PLAc-30rh*  Rice husk 30

PLACc-20rh- Rice husk 20 Glass fiber 5
Sgf*

PLAc-20rh-  Rice husk 20 Glass fiber 10
10gf*

PLAc-20rh-  Rice husk 20 Glass fiber 15
15gf*

“Polymer phase contains 5% (by weight) POE-g-Mah as compatibi-
lizer
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surfaces of the samples were coated with gold to make the
surface conductive before the SEM imaging. The rheological
characteristics of the samples were examined using a rota-
tional dynamic oscillatory rheometer, which features paral-
lel plate geometry with a diameter of 25 mm (Discovery
Hybrid Rheometer-1, DHR-1, TA, USA). Prior to assessing
the rheological properties of the melt state of the samples
through rheological measurements, an initial time sweep test
was performed on the neat PLA sample. This test, conducted
at 200 °C with strain amplitude of 1% and a frequency of
1 rad/s, aimed to determine the thermal stability of the
polymer phase during rheological testing. Following this,
a dynamic strain sweep test was performed on the samples,
employing a strain range from 0.1% to 10% and an angular
frequency of 10 rad/s, to identify their linear viscoelastic
region. Subsequently, frequency sweep tests were applied
over a frequency range of 100 to 0.1 rad/s at a fixed strain
of 1%. Additionally, to evaluate the shear viscosity of the
samples, a steady-state flow test was conducted at 200 °C,
within a shear rate spectrum 0.1-100 s~'. Dynamic mechani-
cal analysis (DMA) and thermal expansion measurements
of the samples were conducted using a discovery hybrid

rheometer (Discovery Hybrid Rheometer-1, DHR-1, TA,
USA) fitted with a solid-state tension test configuration. An
oscillatory force was applied at a frequency of 1.0 Hz across
a temperature range of 3075 °C, accompanied by a constant
low-level stress (0.1 MPa) and a heating rate of 1 °C/min.

Results and discussion
Morphological properties

To investigate the effects of compatibilizer, glass fiber, and
rice husk addition on the microstructural properties of the
hybrid composite, such as filler dispersion and filler/filler
or filler/polymer interactions, SEM analysis was conducted
on composites with different formulations, all maintaining
constant rice husk concentrations. The SEM images of the
samples containing 20% (by weight) rice husk (PLA-20rh,
PLAc-20rh and PLAc-20rh-10gf) are presented in Fig. 1.
In addition, the energy-dispersive X-ray (EDX) spectra of
the samples confirmed the presence of silica and aluminum
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Fig. 1 SEM images and EDS graphics: (a—b) PLA-20rh, (c—d) PLAc-20rh, and (e—f) PLAc-20rh-10gf at different magnifications
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elements, which are the fundamental components of rice
husk and glass fiber, respectively.

Figure la, b of particle size of the rice husk varied
between 5 and 10 um throughout the PLA-20rh sample.
Additionally, the gaps between rice husk and PLA phase
illustrate the poor interfaces. On the other hand, the SEM
images of the PLAc-20rh sample in Fig. 1c, d shows that
the rice husk particles were entirely covered with the PLA
matrix, indicating that the compatibility between the rice
husk particles, and the polymer phase was significantly
improved through the addition of the compatibilizer. The
SEM micrographs of PLAc-20rh-10gf in Fig. le, f demon-
strate that the compatibilizer also has a positive effect on
greatly enhancing the coating of both glass fiber and rice
husk particles within the PLA phase. However, especially
in regions where glass fiber agglomerates existed, gaps
between the PLA phase and the glass fibers were visible.
These gaps, which were observed despite the positive effect
of the compatibilizer, confirmed that the structure of the
compatibilizer was suitable for the preparation of rice husk/
glass fiber-reinforced PLA hybrid composites. On the other
hand, a higher amount of compatibilizer in the composite
structure appeared to provide a more effectively compatible
composite structure for the composite containing glass fiber
and rice husk simultaneously.

Rheological properties

Prior to conducting rheological analyses, a time sweep test
was performed on the neat PLA to assess any thermal deg-
radation that might influence the polymer phase rheologi-
cal characteristics during the measurements. In this test,
variations in the viscoelastic parameters of the sample are
followed with time under constant test parameters (angular
frequency, shear strain, and temperature). This test is also
widely used to determine the maximum residence time of
the polymer phase in the melt processing conditions. In this
test, the changes in G' and G" values over time were followed
for 30 min, and the obtained experimental values are given
in Fig. 2.

Figure 2 shows that the G' and G" values of the neat PLA
does not significantly change over 30 min. Therefore, it may
be concluded that PLA does not undergo any considerable
structural decomposition when exposed to a temperature
of 190 °C for 30 min. In this context, the maximum test
time was established by 30 min for all samples in melt state
rheological characterization. The G' (storage modulus) and
G" (loss modulus) values of the samples, which depend on
angular frequency, were determined using the frequency
sweep test (Fig. 3).

As anticipated, both modulus values exhibit a decrease
with the reducing angular frequency due to a reduced defor-
mation rate, as expected. However, higher modulus values
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Fig.2 Variations in G'and G" values of PLA with time

were measured in the high-frequency region for all sam-
ples, and this can be explained by the viscoelastic structure
of the sample approaching rigid (elastic) behavior due to
the shorter time allowed for the chains to rearrange after
each oscillation deformation. Figure 3a, b shows that the
addition of rice husk by 10% into the PLA phase caused
a significant increase in the G' and G" values in the entire
angular frequency region. Additionally, it was observed that
increasing the rice husk concentration beyond 10% did not
yield a substantial rise in the modulus values within the
high-frequency domain. Nevertheless, a slight increase in
the modulus values with increasing rice husk concentration
could be obtained without changing the decreasing trend
depending on the angular frequency in the low-frequency
region. On the other hand, Fig. 3 shows that the angular
frequency-independent modulus values, which are defined
as solid-like behavior in composite rheology and occur in
low-frequency regions due to the physical interaction of
the solid filler (percolation), could not be obtained [20, 21].
Thus, it was evaluated that the percolation threshold of the
rice husk was above 30% in the sample series, which con-
tained only PLA and rice husk. The G' and G" values of the
samples containing 5% compatibilizer and the same amount
of rice husk are presented in Fig. 3c, d. The comparison
of Fig. 3a, b with Fig. 3c, d indicated that the incorpora-
tion of the compatibilizer into the polymer phase caused
much higher modulus values. The increase in the modulus
values was associated with an improved interphase interac-
tion between the rice husk and PLA phase, confirmed by
previous SEM observations. Another remarkable point was
the frequency-independent G' values in the terminal region,
which are not observed in Fig. 3a, b. Firstly, the addition
of the compatibilizer increased the interaction between the

gslppl @ Springer
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Fig.3 Variations in G' and G" values of the obtained samples with angular frequency

rice husk and the PLA phase, thus reducing the slippage at
filler/polymer interfaces. With the increase in the rice husk
concentration, especially in the low-frequency region, the
influence of the filler phase on the modulus values increased
and started to determine the rheological behavior of the
composite. This critical filler concentration at which the
filler phase determines the overall rheological behavior
of the composite (the G' parameter takes a constant value
independent of the frequency) is defined as the rheologi-
cal percolation threshold. From this point of view, it can
be concluded that the rheological percolation of the filler

gslppl @ Springer

occurs between 20 and 30% for the PLAc series of samples.
In Fig. 3e, f, it is observed that the incorporation of glass
fiber into the PLAc samples, which contain 20% (by weight)
of rice husk, enhances the modulus values by more than
tenfold. However, this addition does not seem to alter the
relationship between the modulus values and the angular
frequency. Furthermore, Fig. 3a—f demonstrates that the
addition of both fillers and compatibilizers to PLA signifi-
cantly improved its elastic properties (G') in the melt state
more than its viscous properties (G")."
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Fig.4 a G'values of the samples at 0.1 rad/s, and b slope of G- line in the terminal region

To investigate how sample composition affects the vari-
ation in G' values, the modulus values at the lowest fre-
quency (0.1 rad/s) are calculated and displayed in Fig. 4a.
Additionally, the slope of the G'-w curves across the angular
frequency range of 1-0.1 rad/s is provided in Fig. 4b. Fig-
ure 4a reveals that the improvement in modulus values is
less evident with increasing filler concentration, particularly
for PLA series samples with a filler concentration of 30%.
Additionally, it is observed that the G' values of the PLA-30
sample are close to those of the PLAc-10 sample, and their
modulus value is increased approximately 100 times with the
addition of rice husk in the PLAc sample series. It is also
noteworthy that the PLAc-20-10gf and PLAc-30 samples,
despite containing the same amount of filler, exhibit similar
modulus values. In addition, it was predicted that the addi-
tion of glass fiber would increase the modulus values, but
the expected increase was not achieved. This deficiency has
been attributed to the inability to achieve effective inter-
phase adhesion between fillers and PLA phase as a result

of keeping the compatibilizer at a constant concentration.
The slope of the G'- plots in the terminal region in Fig. 4b
shows an almost frequency-independent modulus behav-
ior for a PLAc-30rh sample, while higher slope values are
observed for the samples containing the glass fiber. The
lower slope values of PLAc-30rh, which contains the same
weight of filler as PLAc-20rh-10gf, compared to PLAc-20-
10gf, may indicate that the compatibilizer forms a better
interaction with the rice husk compared with the glass fiber.

To examine the rheological properties of the prepared
composites during melt processing, the variations in their
shear viscosity values, as the function of shear rate, were
examined, and flow curves were modeled using the Cross
model. The experimentally obtained flow curves are pre-
sented in Fig. 5. In Fig. 5a, it is observed that all samples
without compatibilizers exhibit Newtonian characteristics in
the shear rate range of 0.1-10 s~! and shear-thinning behav-
ior above a shear rate of 10 s~

10° 10° 5
10¢ 1044 ) ( )
2:103 ’g 10°] ban g a X X:g;;‘&:
a 2 a 62 G-6556H6-06-0-G {“}f\«
= = 10 SN
Py 2
'g 10° ‘@ 10'4
3 3
210 \ 2104 o \
—8-PLA X > —a P oo 0
10 ==-PLA-10m 10 —=- BLAG-10rh 10 ﬁﬁ&&%&ﬂsg
PLA-20rh —- PLAc-20rh -+ PLAC-20rh-10gf
1020 PLA-30rh ) : ! 1021 PLAC30m | i : 10-2)c, PLAC:20rh- 150t
101 100 10 10? 107 10° 10° 102 10" 100 10° 10?

Shear rate (1/s)

Shear rate (1/s)

Fig.5 Shear rate-dependent shear viscosity values of the samples
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In the shear-thinning region, concerning the orienta-
tion of the glass fiber particles, it was observed that the
viscosity values of the glass fiber-reinforced composites
with higher filler concentrations decreased more signifi-
cantly compared to the samples with lower filler con-
centrations. As a result, they exhibited lower viscosity
values than the unfilled PLA phase at the higher shear
rate values. In Fig. 5b, it is observed that samples con-
taining both compatibilizer and rice husk at concentra-
tions exceeding 10% demonstrated shear-thinning char-
acteristics across the entire shear rate range; however,
this behavior was more pronounced at the higher shear
rate of 10 s~!, which was similar to that observed in
samples without compatibilizer. Finally, Fig. 5S¢ shows
that the addition of glass fiber resulted in increased vis-
cosity values at shear rates below the critical shear rate
(approximately 10 s~!), while it led to a drop in viscosity
at higher rates.

The mathematical modeling of flow curves for polymer
materials is a widely used method to determine the behav-
ior of polymers in all melt molding methods, especially
extrusion and injection molding. One such model is the

Table 2 Cross model parameters of the samples

Samples My m K R?
(Pa.s)

PLA 140.6 2.183 0.0264 0.993
PLA-10rh 1361.8 1.605 0.0632 0.998
PLA-20rh 1221.3 2.046 0.1414 0.995
PLA-30rh 1029.6 4.948 0.0883 0.997
PLAc 326.5 1.960 0.0330 0.999
PLAc-10rh 2253.1 0.857 0.2111 0.997
PLACc-20rh 39,006.1 0.651 26.864 0.992
PLACc-30rh 6.377E7 0.724 406,389 0.997
PLAc-20rh-5gf 109,206 1.048 20.999 0.999
PLACc-20rh-10gf 94,384.4 1.100 12.900 0.998
PLAc-20rh-15gf 37,221.2 1.919 1.8323 0.991

Cross model [21], the mathematical expression of which
is provided in Eq. 1. The parameters obtained by apply-
ing the Cross model to the flow curves are presented in
Table 2 [22].

N =N _ 1
To—1e L+ Kp™ M

In Eq. 1, 5, represents the zero-shear rate viscosity, while
K and m indicate the consistency and the rate index, respec-
tively. Additionally, 7, is primarily utilized to determine the
behavior of the properties related to molecular structure,
such as molecular weight, as well as the behavior of poly-
mers in melt process techniques with very low shear rates,
for example, compression molding.

The comparison of 7, values in Table 2 shows that, as
expected, 7, is increased with the addition of rice husk. It
should be noted that these increases were achieved more
effectively with the addition of a compatibilizer. Further-
more, it was observed that the glass fiber caused a greater
increase in 7, values, in contrast to the viscosity values at
high shear rate values. The critical shear rate (y,), indicating
the transition of a polymer melt rheological behavior from
Newtonian to shear thinning, is determined by the equation
as 1/K in s™!. Table 2 shows a decrease in y, as filler con-
centrations rise. Changes in the power-law coefficient may
imply the way the viscosity of the samples responds to vary-
ing shear rates. It is noted that the shear sensitivity of the
samples is increased with higher filler content, a trend that
is particularly evident in the series of glass fiber-reinforced
samples.

Dynamic mechanical analyses (DMA)

Dynamic mechanical analysis (DMA) is a method used to
examine the thermo-mechanical and viscoelastic (E', E"
and tand) properties of solid-state samples over a specific
temperature range. It is also regarded as a characterization
technique for polymers because it allows the determination
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Fig.6 Variations in E' values of the samples with temperature
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of thermal transition temperatures, including melting, glass
transition (7), and a-relaxation temperatures. The E' values
of the samples for the temperature range of 35-75 °C are
given in Fig. 6. As shown in Fig. 6, there is no significant
change in the modulus values of all samples toward the T,
of PLA, which is approximately 60 °C. Above this tempera-
ture, as expected, the modulus values are decreased rapidly.
The decrease in the E' values at the T, is attributed to the
increased mobility of the polymer chains with increasing
temperature. In this regard, the decrease in modulus values
at similar temperatures across all composite samples indi-
cates that the incorporation of fillers or compatibilizers does
not significantly alter the T, of PLA.

Figure 6a, b demonstrates that adding rice husk to the PLA
phase does not result in a significant increase in modulus

—=—40°C
54 +6500 H
1-+-e—4pac!
4] —+—65°C
—a—40°C
| ——e5°C

34 I

B

;

values within the temperature range below the 7, known
as the glassy region. However, noticeable increases in the E'
values with filler concentration are observed at temperatures
above the T,. Many previous studies have also indicated that
the reinforcing capacity of fillers in amorphous polymers is
much higher at the temperature range above the 7, of polymer
phase [23-25]. Moreover, it has been observed that the addi-
tion of glass fiber to the composite structure leads to much
more significant changes in modulus values in both the glassy
and rubbery regions. The impact of adding rice husk, compati-
bilizer, and glass fiber to the polymer phase on modulus values
was examined in more detail, and the results for the samples
for two different temperatures (40 and 65 °C) are summarized
in Fig. 7. In this case, the addition of a compatibilizer did not
have a significant effect on the improvement of the solid-state
modulus of elasticity values of the composites containing only
rice husk. Furthermore, an exponential increase in modulus
values was observed with the incorporation of glass fiber into
the composite at both temperatures. It was also noted that the
E' values of the sample containing 20% (by weight) rice husk
and 5% (by weight) compatibilizer (PLAc-20rh) doubled at
40 °C and increased fivefold at 65 °C with the addition of 15%
(by weight) glass fiber.

In Fig. 8, the variations of tand, which is an indicator of
the energy dissipation capabilities of the samples, are pre-
sented as a function of temperature. The changes in the tand
values showed significant differences between the samples
around 60 °C, although no significant change was observed
below their 7, which corresponds to the service tempera-
ture of PLA. A decrease in the peak height of tand plots is
interpreted as an increase in energy absorption capability
[26]. In this context, the peak heights in Fig. 8a demon-
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é é ;1 £ £ 5 £ 8 § § damping properties of PLA, while Fig. 8b shows that the
6 8§ . . . .
e 2 2 impact damping performance increases more effectively
& 7 & when the compatibilizer is additionally added in the pol-
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those without compatibilizer, suggest that the compatibilizer
has effectively contributed to the solid phase and success-
fully enhanced the structural compatibility of the samples
[27]. Figure 8c reveals that the addition of glass fiber has
reduced the energy dissipation performance more effectively.
The tand peak height of composites reinforced with 15%
glass fiber is lowered to about a seventh to eighth of the
initial value compared to neat PLA, indicating a significant
improvement in damping ability.

Thermal expansion coefficient

One of the critical parameters for PLA-based composites,
particularly in 3D printing and injection molding, is dimen-
sional stability. The dimensional stability of materials can
be analyzed under two categories: the dimensional change
(thermal expansion coefficient) that occurs with an increase
in temperature under very low tension, and the change over
time (creep) that happens under constant temperature and
tension. For a polymer with a service temperature below its
T,, it is preferable to examine the thermal expansion coef-
ficient instead of creep behavior due to the limited chain
mobility of the polymer.

In this context, dimensional changes in the PLA, PLAc-
20rh, PLA-20rh, and PLAc-20rh-10gf samples with increas-
ing temperature were analyzed using the TMA method to
assess the effects of different components on the thermal
expansion coefficient, and the results are presented in
Fig. 9a. As expected, no significant dimensional change was
observed until reaching the 7, of PLA, which is approxi-
mately 65 °C; however, a rapid dimensional change was
noted above this temperature. It was also found that the
addition of glass fiber particularly enhanced dimensional

3000
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25004 -2~ PLA £
* PLAc-20rh-10gf /S
20001 A
— £
IS

(a)

30 35 40 45 50 55 60 65 70 75 80
Temperature (°C)

Fig.9 a dL and b thermal expansion coefficient of the samples
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stability by reducing deformation. The thermal expansion
coefficient (o) value is determined by the plot of displace-
ment (dL) against temperature (T) using Eq. 2. While the
thermal expansion coefficient of pure PLA was found to be
approximately 27, it was observed that the thermal expan-
sion coefficient of composites containing 20% (by weight)
rice husk dropped to around 12.5-13 [28, 29]. On the other
hand, with the addition of 10% (by weight) of glass fiber, the
coefficient of thermal expansion was reduced to 8.75, indi-
cating an improvement of approximately 68% in dimensional
stability compared to pure PLA.

dL 1

K1) ===
a(K™) =77 )

Conclusion

The influence of incorporating rice husk, glass fiber, and
a compatibilizer (POE-g-Mah) on the properties of PLA-
based hybrid composites was comprehensively investigated
by morphological, rheological, and thermo-mechanical
analyses. Improved dispersion and compatibility of the rice
husk filler was achieved with the addition of compatibilizer,
which facilitated better interfacial interactions. Rheological
assessments through time sweep, frequency sweep tests, and
flow curve analysis revealed significant alterations in the vis-
coelastic properties and viscosity behaviors of the obtained
composites. The inclusion of rice husk and compatibilizer
enhanced the elastic properties more than their viscous prop-
erties of the composites, indicating a shift towards a more
solid-like behavior. Based on DMA analysis results, the rice
husk did not significantly affect the PLA glass transition
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temperature but improved its modulus of elasticity markedly,
particularly above this temperature, and enhanced damping
properties. Moreover, the addition of rice husk and glass
fiber was found to significantly increase both the modulus
values across the glassy and rubbery regions and improve
dimensional stability by approximately 68%, as evidenced
by a reduced thermal expansion.

By combining morphological, rheological, and thermo-
mechanical analyses, this study illustrates the complex inter-
actions between rice husk addition and the resultant proper-
ties of PLA hybrid composites. These findings offer critical
insights into designing and manufacturing PLA-based mate-
rials with tailored functionalities, emphasizing the potential
of rice husk, compatibilizers, and glass fiber in enhancing
the performance characteristics of PLA composites for spe-
cific applications.
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