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Abstract
This study explores the possibility of developing a new class of hybrid particulate-filled biocomposites using wood flour and 
rice husk wastes as environmentally friendly additives to poly(lactic acid) (PLA) as matrix material. Samples were prepared 
with fillers of different concentrations (0, 2.5, 5, 7.5 and 10 wt %), while the ratio of wood flour and rice husk was fixed at 
1:1 in all cases. The preparation of biocomposites was performed through extrusion using a twin-screw extruder. Subse-
quently, they were formed into specimens by injection molding. Mechanical, thermal, thermomechanical, and morphologi-
cal properties were examined. The addition of natural waste particles resulted in a remarkable improvement both in tensile 
and flexural modulus; however at a cost of impact strength and tensile strength. Meanwhile, flexural stress at conventional 
strain values were barely affected by the presence of wood flour and rice husk. The SEM images confirmed that there is a 
limited interfacial adhesion between the components, which supports the results obtained during mechanical tests. Both the 
differential scanning calorimetry (DSC) and the dynamic mechanical analysis indicated that the glass transition temperature 
of PLA was not affected by the incorporation of filler particles; however, the crystalline structure was gradually altered with 
increasing filler loading according to the DSC. Additionally, the particles were observed acting as nucleating agents, thereby 
increasing the overall crystallinity of PLA.

Keywords  Poly(lactic acid) · Wood flour · Rice husk · Biocomposite · Mechanical properties · Structure-property 
relationships

Introduction

Recently, growing environmental concerns have made it 
imperative to replace as much petrochemical plastics as pos-
sible with sustainable biopolymers [1]. The research and 
development of such biobased and compostable materials 
is also greatly spurred by growing oil-shortages and energy 
demand. Among the polymers obtained from renewable 

resources, poly(lactic acid) (PLA) is one of the most ver-
satile materials.

PLA is a thermoplastic polyester produced by the polym-
erization of lactic acid monomer. Lactic acid is generally 
derived from starch-rich agricultural feedstocks (corn, 
wheat, sugarcanes, etc.) through fermentation [2]. Con-
sidering its properties, PLA is a promising substitute for 
conventional petrol-based plastics for various applications, 
including packaging, biomedical equipment, and automo-
tive components as well [1, 3]. Its excellent strength and 
stiffness and good processability make PLA comparable to 
other conventional polymers, like polystyrene or polyethyl-
ene-terephthalate. Despite all these qualities, PLA has some 
major drawbacks that hinder its spread, such as brittleness, 
low thermal stability, and high production costs. Unless its 
price can be reduced from its current level (~ 4–5 €/kg), its 
large-scale market penetration is not expected [4]; conse-
quently, the development of PLA-based polymer blends 
[5–7] and composites [8–10] with low-cost secondary com-
ponents have drawn a large body of scientific interest over 
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the last several years. Besides, numerous studies have been 
devoted to the preparation of PLA-based composites filled 
with innovative nanoparticles to improve the mechanical and 
thermal properties of this biopolymer [11, 12]. In order to 
preserve its “green” characteristics, PLA is mostly paired 
with polymers and additives that are also derived from natu-
ral sources themselves.

The utilization of low-cost filler materials for the sake of 
price reduction is commonly applied in the plastic industry. 
Generally, residues originating from industrial and agricul-
tural processes are used for this purpose [13]. Incorporating 
these by-products into polymeric materials does not only cut 
back the production costs, but also promotes the sustainable 
development through finding a suitable function for these 
waste materials that would be otherwise dumped or burned. 
Such by-products, including the various forest industry- and 
agricultural residues, are abundantly available natural mate-
rials. In many countries, these residues are being disposed 
of through open burning, which is responsible for serious 
deterioration of air quality, thereby also affecting public 
health. Rice husk (RH) is a waste that is separated from 
rice grains throughout the milling process. According to the 
literature, for every ton of rice produced, 0.23 tons of RH is 
also generated [14]. Considering the fact that average world-
wide rice production was approximately 500 million metric 
tons annually between 2017 and 2021, the RH formed per 
year exceeds 100 million metric tons [15]. This immense 
amount of waste biomass presents a major disposal issue, 
especially in countries with the most production (China, 
India, Indonesia). RH contains cellulose (~ 35%) hemicel-
lulose (~ 35%), lignin (~ 20%), and ash (10%) [16]. Since 
the nutrient value of RH is rather poor and its composting 
time is also relatively long due to its high lignin content, the 
rice husk is often used as a source of cheap energy through 
combustion, which greatly contributes to environmental pol-
lution [14, 17]. As a consequence, a large body of work has 
been published on the topic of reusing RH in a sustainable 
way, including its incorporation into polymer matrices to act 
as reinforcement [13, 18–20].

Mu et  al. [21] fabricated high density polyethylene 
(HDPE)-based composites with the incorporation of various 
agricultural residues, namely rice straw, RH, wheat straw, 
sugarcane cotton stalk, bagasse and bamboo. Even though 
the rice husk proved to be the least effective reinforce-
ment particle out of the listed ones, it still improved both 
the tensile (~ 18 MPa => ~21 MPa) and flexural strength 
(~ 21 MPa => ~39 MPa) of HDPE. Similarly, the tensile 
(~ 1.1 GPa => ~3.5 GPa) and flexural (~ 0.8 GPa => ~3.3 
GPa) moduli were also greatly enhanced; however, at a cost 
of impact resistance (~ 31 kJ/m2 => ~7.5 kJ/m2). Farhan 
Zahar and Siddiqui [22] incorporated RH of three different 
sizes (250–355 μm, 355–500 μm, 500,710 μm) at three dif-
ferent loading (5%, 10%, 15%) into polystyrene matrix. They 

reported a maximum tensile strength at 5% concentration 
for RH with a size of 355–500 μm, which was attributed 
to the best dispersion of the filler particles for this specific 
composition.

Other than RH, there is a considerable number of other 
low-cost natural fillers used in polymeric composites. 
Among the various bio-fillers, wood is the most wide-
spread. It has been effectively used as an additive in numer-
ous polymer matrices for decades now. While previously 
it has only been embedded into petrochemical commodity 
plastics; lately, there is a progressively growing number of 
studies dealing with its incorporation into bio-based and/
or biodegradable plastics, like PLA. Borysiuk et al. [23] 
introduced bark wood filler into PLA-based composites at 
different concentrations and different sizes (10–35 mesh, 35 
mesh+). It was found that with increasing bark content the 
modulus of elasticity and modulus of rupture of the fabri-
cated samples deteriorated. Regarding the particles’ size, the 
larger ones were preferable considering the mechanical and 
physical properties. Andrzejewski et al. [24] fabricated com-
posites filled with cork/wood in the amount of 0–30 wt%. 
PLA and polypropylene (PP) were used as matrix materi-
als. Regardless of the type of additive, the tensile strength 
and the elongation at break of both PLA and PP decreased 
with increasing filler content. The authors also concluded 
that wood was superior in comparison with cork in terms 
of strength and stiffness, while cork was an effective agent 
to improve the dimension stability of the polymers in the 
presence of moisture.

The various agricultural- and forest industry wastes tend 
to exhibit greatly varying physical and mechanical proper-
ties. This fact has recently driven some researchers to fab-
ricate composites by incorporating multiple types of bio-
fillers at the same time, thereby creating hybrid composites. 
The hybrid approach makes it possible to exploit the poten-
tial of both additives, and in some specific cases a synergis-
tic effect might also occur. Anggono et al. [25] developed 
PLA-based composites containing sugarcane bagasse (25 
wt%) and rice husk (0–10 wt%). They applied two types of 
pretreatment for the bagasse component, namely steaming 
and alkali treatment; however, the rice husk was pre-steamed 
in all cases. The authors found that the alkali treatment is 
more beneficial in regard to the flexural properties than the 
steaming. Pannu et al. [26] fabricated hybrid composites of 
PLA reinforced with banana waste and rice husk (up to 40 
wt%) with 1:1 banana to rice husk ratios. It was found that 
both the flexural and tensile strength of PLA increased by 
around 2.5 times as a result of bio-reinforcement. Moreover, 
the impact strength reported was also roughly twice as com-
pared to unfilled PLA.

In summary, there is an extensive literature available 
about biocomposites paired with specific biomass deriva-
tives, however, there is much yet to be discovered regarding 
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the potentials in their hybridization considering the diver-
sity of properties. The present research aims to utilize wood 
flour (WF) and RH waste simultaneously as potential fillers 
for PLA-based sustainable hybrid biocomposites. Through-
out the experimental work, ternary composites with 0–10 
wt% additives were prepared through extrusion followed 
by injection molding. The highest filler concentration was 
limited at 10 wt%, since above this level serious process-
ability issues occurred due to the intensive degradation of 
the PLA matrix, which was also accompanied by drastically 
deteriorating toughness and strength, similar to what have 
already been reported in the literature for natural fiber rein-
forced biocomposites [27]. Subsequently, the influences of 
WF and RH on the mechanical, thermal, thermomechanical, 
and morphological properties of the PLA were investigated.

Materials and Methods

Materials

PLA pellets (Ingeo™ Biopolymer 2003D) were obtained 
from NatureWorks® LLC (Minnetonka, MN, USA). This 
PLA grade has a melting temperature of 170 °C, a density 
of 1.24 g/cm3, and a number average molecular weight of 
~ 100 500 g/mol.

Fine particles of North Indian rosewood (Dalbergia sis-
soo) WF were sourced from Krishna Timber store (Dadhol, 
Himachal Pradesh, India), while the RH was collected from 
a local farmer. The WF and RH particles that passed through 
a 60 mesh sieve (roughly 250 μm) were taken for composite 
preparation. Sieved particles were treated for 12 h with 2 
wt% NaOH solution and oven-dried for 4 h at 80 °C after 
cleansing with distilled water. The SEM image of the WF 
and RH particles is presented in Fig. 1a, b, respectively.

Preparation and Processing

All the components were dried at 80 °C for 6 h in a DEGA-
2500 type dehumidifier (DE.GA S.p.A., Corte Franca, Italy) 
before the melt compounding and prior to the injection 
molding procedure as well.

Biocomposites with a filler content of 0–10 wt% (WF:RH 
ratio 1:1) were prepared by means of melt mixing using an 
LTE 20–44 co-rotating twin-screw extruder (Labtech Engi-
neering Co., Ltd., Samut Prakarn, Thailand) with an L/D 
ratio of 44 and a screw diameter of 20 mm. The screw speed 
was fixed at 30 rpm, while the temperature of the barrel 
(from feeder to die) was set to 155–185 °C. Subsequently, 
the extruded filaments were pelletized using a Labtech 
LZ120/VS type strand pelletizer (Labtech Engineering Co., 
Ltd., Samut Prakarn, Thailand). The composition and des-
ignation of the samples is collected in Table 1.

The prepared samples were injection molded into dumb-
bell-shaped specimens (EN ISO 527–2, type A) with an All-
rounder Advance 420 C Golden Edition injection molding 
machine (Arburg, Lossburg, Germany). The injection unit’s 
barrel temperature profile from feed zone to nozzle was the 
following: 175, 180, 185, 190, 195 °C. The screw diameter 
was 35 mm and the injection rate was set to 40 cm3/s. The 

Fig. 1   The SEM image of the wood flour a and rice husk b particles

Table 1   Composition and designation of the prepared samples

Designation PLA content
[wt%]

Rice husk 
content
[wt%]

Wood flour 
content 
[wt%]

PLA 100 0 0
PLA_2.5 97.5 1.25 1.25
PLA_5 95 2.5 2.5
PLA_7.5 92.5 3.75 3.75
PLA_10 90 5 5
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holding pressure profile was 750-650-250 bar (for a total of 
15 s) and the mold temperature 35 °C.

Characterization

The surface morphology of PLA and its composites was 
studied using an S-3400 N (Hitachi, Tokyo, Japan) scanning 
electron microscope (SEM) with an acceleration voltage of 
10 kV. The surfaces of the samples were sputter-coated using 
an SC7620 type sputter coater (Quorum Technologies Ltd, 
Laughton, UK) prior to the SEM inspection.

The quasi-static mechanical properties of the fabricated 
samples were tested on an Instron 5582 universal testing 
machine (Instron Ltd., Norwood, USA). The tensile strength, 
Young’s modulus and elongation at break parameters were 
determined according to the EN ISO 527 standard at a cross-
head travel speed of 5 mm/min (1 mm/min for Young’s 
modulus). The flexural mechanical properties were meas-
ured according to the EN ISO 178 standard at a crosshead 
speed of 5 mm/min (1 mm/min when determining the flex-
ural modulus). Flexural tests were carried out on rectangu-
lar specimens with a sample geometry of 80 × 4 × 10 mm 
(length, thickness and width, respectively) and a span length 
of 64 mm. Both measurements were repeated five times to 
obtain an average and a deviation.

Charpy impact tests were carried out in accordance with 
the standard EN ISO 179 using a Ceast 6545 impact testing 
machine (Ceast S.p.A., Pianezza, Italy). The impact energy 
was 2 J and the bearing distance was 62 mm. The specimens 
were un-notched, rectangular bars with a geometry of 80 mm 
× 4 mm × 10 mm. An average value of the Charpy impact 
strength and its standard deviation was calculated using five 
parallel measurements.

Differential scanning calorimetric measurements (DSC) 
were performed using a Netzsch DSC 200 F3 device 
(Netzsch-Gerätebau GmbH, Selb, Germany). The analyses 
were carried out with samples of ~5 mg weight in a nitrogen 
atmosphere. The following procedure was applied: heating 
from 30 to 200 °C at a rate of 5 °C/min then cooling down 
to 30 °C at the same rate. The whole process was performed 
twice; throughout the first one the thermal history of the 
samples were eliminated and throughout the second heat-
ing run the material properties were determined. The rate 
of crystallinity (Xc) was calculated based on Eq. (1) with an 
ideal melting enthalpy of PLA (ΔH∞ mPLA ) taken as 93 J/g 
[28]:

 where ΔHmPLA (J/g) is the melting enthalpy of PLA and 
ωPLA is the weight fraction of PLA in the sample.

(1)x
c
=

�H
mPLA

�H
∞

mPLA
× �

PLA

Dynamic mechanical analyses (DMA) were carried out 
in order to analyze the viscoelastic properties (i.e., storage 
modulus, loss factor) of the prepared samples. For this pur-
pose a DMA Q800 machine (TA Instruments, New Castle, 
Delaware, USA) equipped with a dual cantilever grip was 
applied. A heating rate of 2 °C/min was used in the tem-
perature range of 0–160 °C. The selected amplitude was 
20 μm while the frequency was 1 Hz. The specimen was a 
rectangular bar with a length of 55 mm and a cross-section 
of 10 mm × 4 mm.

Analysis of variance (ANOVA) and the Tukey’s honestly 
significant difference (HSD) test at a significance level of 
5% (p < 0.05) were used to statistically evaluate the data 
obtained through the measurements.

Results and Discussion

Morphology Analysis

The fractured surfaces of PLA and the WF/RH-filled PLA 
composites obtained during the Charpy impact tests were 
studied using SEM to investigate the potential failure 
mechanism. The corresponding micrographs are presented 
in Fig. 2. Comparing the micrographs in Fig. 2, the pure 
PLA fractured surface (Fig. 2a) appeared to be smooth with 
no pores or voids and with some distinct river markings. 
Also, no signs of plastic deformation can be detected on the 
surface. Similar fracture characteristics have already been 
observed for unfilled PLA in the literature, and it was con-
sidered as an indication for its brittle characteristics [29]. 
The fractured surfaces of WF/RH filled PLA composites 
(Fig. 2b-e) showed a somewhat different behavior than 
pure PLA resin. The surroundings of the embedded fillers 
appeared to be smooth, similar to unfilled PLA indicating 
the brittle character of these composites. Similar results were 
reported in the literature for walnut shell filled PLA compos-
ites by Orue et al. [30]. In addition, some voids and gaps can 
also be observed between the interfacial region of PLA resin 
and the filler particles. The voids that are present between 
the components due to the improper adhesion between PLA 
and the particles are expected to generate concentrations of 
tensions during an impact load and result in a deterioration 
of impact mechanical properties as found experimentally. 
These facts are in agreement with the reduced strength val-
ues of the PLA composites with increased lignocellulosic 
fillers, well reported in the literature [24, 30, 31].

Tensile Mechanical Properties

The tensile mechanical properties of unfilled PLA and 
its WF and RH filled hybrid composites are collected in 
Table 2, while the typical tensile curves recorded during 
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Fig. 2   Fracture surface morphology a PLA_0, b PLA_2.5, c PLA_5, d PLA_7.5 and e PLA_10

Table 2   Tensile mechanical 
properties of the PLA/WF/RH 
samples containing 0–10 wt% 
additives

Different letters in the superscripts (a,b,c,d) indicate significant difference between the composites according 
to the Tukey’s HSD test

Sample Ultimate tensile 
strength [MPa]

Young’s modulus [GPa] Elongation at yield [%] Elongation at break [%]

PLA 57.9 ± 0.3a 2.56 ± 0.04a 2.95 ± 0.15a 5.22 ± 0.76a

PLA_2.5 51.1 ± 1.0b 2.77 ± 0.05b 2.32 ± 0.03b 2.70 ± 0.18b

PLA_5 51.2 ± 1.4b 2.79 ± 0.04b,c 2.26 ± 0.02b,c 2.58 ± 0.15b

PLA_7.5 50.1 ± 0.3b 2.89 ± 0.06c 2.15 ± 0.03b,c 2.47 ± 0.14b

PLA_10 50.2 ± 0.5b 3.02 ± 0.05d 2.11 ± 0.03c 2.30 ± 0.17b
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the tensile tests for the various samples are presented in 
Fig. 3. It was clear that unfilled PLA exhibited superior 
ultimate tensile strength (57.9 MPa) but a lower Young’s 
modulus (2.56 GPa), compared to any other compositions. 
The addition of 2.5 wt% WF/RH decreased the strength of 
PLA to 51.1 MPa, from this point; however, further addition 
of natural fillers did not result in any significant difference 
according to the statistical analyses. The strength values of 
2.5–10 wt% WF/RH containing composites were all in the 
small range of 50.2–51.1 MPa, which is relatively lower than 
that of unfilled PLA by 11–13%. The reduced strength of 
the composites compared to unfilled PLA can be ascribed 
to the inadequate interfacial bonding between the matrix 
material and the additives. Similar results, namely poor 
adhesion and limited strength, were reported in the literature 
for various combinations of hydrophobic polymer / hydro-
philic natural fiber composites[32, 33]. On the other hand, 
a gradual improvement in Young’s modulus was observed 
with increasing filler content, peaking at 3.02 GPa for the 
PLA_10 sample, which is a relative increment of 18%, com-
pared with PLA. The superior modulus of the composites is 
attributed to the higher stiffness of the incorporated fibers 
compared to the matrix material. The elongation at yield 
and the elongation at break of PLA gradually declined as a 
function of WF/RH concentration, bottoming at 2.11% and 
2.30%, respectively.

Comparing these results to our previous experiments [34, 
35], where only WF was used as filler without the addition 
of RH, it can be concluded that the presence of the latter 
additive results in a slightly lower strength (50.2 MPa vs. 
50.9 MPa – at 10 wt% overall filler content) and deformabil-
ity (2.3% vs. 2.4% – elongation at break at 10 wt% overall 
filler content), and a higher modulus (3.02 GPa vs. 2.97 GPa 
– at 10 wt% overall filler content). This can be ascribed to a 

more rigid characteristics of rice waste compared to wood 
particles. Besides, those literatures dealing with the prepa-
ration of RH-filled PLA composites mostly report intensive 
reduction in tensile strength paired with excellent modulus 
due to the rigid nature of this filler particle [36, 37].

Flexural Mechanical Properties

The flexural properties of unfilled PLA and its WF and RH 
filled hybrid composites are collected in Table 3, while the 
typical flexural curves recorded during the 3-point bending 
tests for the various samples are presented in Fig. 4. Follow-
ing the ISO 178 standard, for specimens (PLA, PLA_2.5, 
PLA_5, PLA_7.5) that did not break until the point of 
conventional deflection the flexural stress at conventional 
deflection values were reported, while for the sample that 
broke earlier than this point (PLA_10) the flexural strength 
was given. Based on the results summarized in Table 3, it 
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Fig. 3   Typical tensile curves of the PLA/WF/RH composites contain-
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Table 3   Flexural mechanical properties of the PLA/WF/RH samples 
containing 0–10 wt% additives

Different letters in the superscripts (a,b,c,d,e) indicate significant differ-
ence between the composites according to Tukey’s HSD test
An asterisk in the superscript (*) means that flexural strength values 
instead of flexural stress at conventional deflection are given, as the 
specimens broke before reaching the point of conventional deflection

Sample Flexural stress at conven-
tional deflection [MPa]

Flexural modulus [GPa]

PLA 99.5 ± 0.2a 3.43 ± 0.02a

PLA_2.5 99.7 ± 0.6a 3.58 ± 0.02b

PLA_5 99.3 ± 0.9a 3.69 ± 0.07c

PLA_7.5 97.8 ± 0.5a,b 3.92 ± 0.03d

PLA_10 97.4 ± 1.4b,* 4.03 ± 0.03e
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can be concluded that the calculated strength of the dif-
ferent PLA composites was in a relatively small range of 
97.4–99.7 MPa, peaking at 2.5 wt% WF/RH content. It has 
to be noted that according to the statistical analysis there 
wasn’t any significant difference in the strength of the sam-
ples, except the PLA_10 composite, which exhibited a 
slightly lower strength compared to the other ones.

Contrary to the strength, the flexural modulus of the com-
posites was found to gradually rise with increasing filler con-
tent. The lowest modulus (3.43 GPa) was exhibited by the 
neat PLA, which then increased to 3.58 GPa. 3.69 GPa, 3.92 
GPa and 4.03 GPa at 2.5 wt%, 5 wt%, 7.5 wt% and 10 wt% of 
WF/RH loading, respectively. Again, the increased modulus 
can be attributed to the high stiffness of filler particles. The 
reason that the fillers to are able increase the stiffness of 
PLA without providing superior strength can be explained 
by the poor interfacial bonding between the components as it 
was shown in the SEM images previously (Fig. 2). While an 
improvement in strength could only be achieved with proper 
adhesion, interfacial bonding does not play a crucial role 
when it comes to the stiffness of multicomponent materials.

Overall, similar to the tensile test results, higher modulus 
was found when using WF and RH hybrid filling, compared 
to those samples containing solely the WF [34]; however, at 
a cost of slightly lower strength, which can be ascribed to the 
more rigid characteristics of rice waste compared to wood. 
Yussuf et al. [38] also concluded in their study dealing with 
the characterization of natural fiber reinforced PLA-based 
composites that the incorporation of RH tends to reduce the 
flexural strength of the PLA matrix. Dimzoski et al. [36] 
achieved similar results as well for PLA/RH composites, 
reporting a drastic drop (-43.3%) in the flexural stress above 
20 wt% filler content.

Impact Strength

Impact strength is defined as the ability of the material to 
withstand fracture under stress applied at high speed. The 
effect of WF/RH content on the Charpy impact strength of 
the prepared samples is depicted in Fig. 5. Considering the 
impact strength, neat PLA (15.3 kJ/m2) outperformed all 
the other composites investigated in this experimental study. 
Even a 2.5 wt% WF/RH addition caused a relative decrement 
of 25% in the toughness of PLA. However, for composites 
with further filler content there was no significant change 
found, the impact strength of all PLA/WF/RH materials 
was in the range of 8.8–11.4 kJ/m2. Organic fillers, such 
as rice waste and wood waste, tend to be highly stiff, as 
already concluded throughout the discussion of tensile and 
flexural tests. High stiffness in most cases is accompanied 
with considerable rigidity too. The incorporation of these 
rigid fillers is assumed to be one of the foremost reasons 
for the drop in toughness. On the other hand, the voids that 

are present between the components due to the improper 
adhesion between PLA and the particles (also observed on 
the SEM images) generate concentrations of tensions during 
an impact load, and this results in a deterioration of impact 
mechanical properties as well. Comparing the results of 
PLA/WF/RH ternary composites with PLA-based compos-
ites filled only with wood waste [34] it can be concluded 
that the introduction of RH slightly decreased the impact 
resistance of the biocomposites. This is in good accord with 
the improved modulus values of RH containing composites 
determined throughout the tensile and flexural tests, since 
higher stiffness generally comes with a more rigid behav-
ior. Similar results, namely reduced impact resistance was 
reported in the literature for rice husk-filled composites of 
various polymer matrices, including PLA [37–39].

DSC Results

  The results obtained during the second heating run of 
differential scanning calorimetry for PLA and its WF/RH-
filled composites are collected in Table 4, while the cor-
responding DSC curves are presented in Fig. 6. The first 
thermal transition exhibited by the unfilled PLA during 
the measurement was the glass transition at 58.7 °C. The 
Tg was followed by cold crystallization (Tcc), marked by 
an exothermic peak. The presence of cold crystallization 
indicates that chain molecules could not arrange during 
cooling down due to the slow crystallization kinetics of 
polymer molecules; therefore, the PLA matrix after cool-
ing was rather amorphous. Apparently, in the temperature 
range of 90–125 °C the increased chain mobility facilitated 
the arrangement of PLA molecules. With further increase 
in temperature, a double endothermic peak occurred in 
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the range of 125–160 °C corresponding to the melting of 
the semi-crystalline structure. Out of the two endothermic 
peaks, the first one, Tm1 (148.2 °C), was considered to 
be the major, while the second one, Tm2 (152.5 °C), was 
barely noticeable for unfilled PLA. For the double melting 
peak, multiple hypotheses have been introduced in the lit-
erature [40, 41]. According to Yasuniwa et al. [40], paral-
lel to the melting of PLA, a melt-recrystallization process 
is also taking place, resulting in the less perfect crystal-
lites being transformed successively into more stable ones. 
This model suggests that there are two crystalline species 
present in PLA, out of which one is less ordered, than 
the other. Since the recrystallization is a time-consuming 
process, the quantity of the recrystallized crystals is lim-
ited and it is dependent on multiple factors. For instance, 
the inclusion of reinforcement particles tend to promote 
the formation of the more organized PLA crystals [42]. 
The other hypothesis explains the double melting peak by 
two versions of the same crystallite being present, one of 
which is less stable (α′), thereby exhibiting a lower melt-
ing temperature than the stable type (α). According to this 
theory, the ratio of the α and α′ crystallites depends on the 
temperature where they were formed. When crystallization 
takes place below 120 °C, then α′ is the preferred type, 

while above this temperature it is α. The enthalpy meas-
ured during cold crystallization and the melting was rather 
similar, 24.1 J/g and 24.2 J/g, respectively, which confirms 
that little to no crystallites were formed during the cooling 
run. The rate of crystallinity determined for PLA based on 
Eq. (1) is 26%; however, it needs to be noted that it can 
only be applied for the small temperature range around 
~125 °C where the cold crystallization already finished 
and before the polymer started to melt. Other than that, 
the PLA was rather amorphous.

The DSC curves of PLA/WF/RH composites were quite 
similar to that of unfilled PLA with some obvious dif-
ferences. The Tg of all samples was found in the small 
range of 59 ± 0.3 °C, no discernible pattern based on the 
filler content was observed. On the other hand, there was 
an obvious trend in the cold crystallization temperature 
values that slightly increased gradually from 108.7 °C to 
109.7 °C with growing filler loading. Parallel to this, the 
ratio of the two melting peaks also shifted, the second one 
became more and more dominant. Depending on which 
theory of double melting is applied, it can either mean that 
(i) the presence of WF/RH particles promoted the recrys-
tallization phenomenon by increasing the quantity of the 
recrystallized crystals, or that (ii) the slightly increased 
Tcc led to the formation of more stable α crystalline types 
compared to the less stable α′. In order to more thoroughly 
understand the alterations of crystalline variants, further 
X-Ray diffraction analysis would be required to perform in 
the future. The melting enthalpy (ΔHm) of the samples also 
increased with the growing amount of WF/RH filler, which 
refers to a change in crystallinity. In fact, the initial degree 
of crystallinity (Xc) of PLA (26.0%) increased by 6.3% 
when 10 wt% of WF/RH was incorporated into the poly-
mer, which means that these natural additives facilitated 
the crystallization of PLA. Similar results have already 
been reported in the literature for PLA-based composites 
filled various natural fillers [8, 43, 44]. Since the growth 
in crystallinity was much more prominent than what was 
previously found for PLA-composites filled only with WF 
(1.7%) [34], it can be concluded that RH is a more efficient 
nucleating agent in the hybrid system.
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Table 4.   DSC data of the PLA/
WF/RH obtained from the 
second heating curves.

Tg glass transition temperature, Tcc cold crystallization temperature, ΔHcc enthalpy of cold crystallization, 
Tm melting temperature, ΔHm enthalpy of melting, Xc degree of crystallinity of PLA

Sample Tg [°C] Tcc [°C] ΔHcc [J/g] Tm1 [°C] Tm2 [°C] ΔHm [J/g] Xc [%]

PLA 58.7 108.7 24.1 148.2 152.5 24.2 26.0
PLA_2.5 59.3 108.8 24.8 148.2 152.9 25.0 27.6
PLA_5 59.0 108.8 25.5 148.2 153.5 25.7 29.1
PLA_7.5 59.1 109.0 25.6 148.3 153.9 25.8 30.0
PLA_10 58.9 109.7 25.7 148.3 154.4 27.0 32.3
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DMA Analysis

The storage modulus (E′) and the loss factor (tan δ) values 
of PLA and its WF/RH-filled composites as a function of 
temperature are shown in Fig. 7. According to Fig. 7a the 
storage modulus of PLA shows a gradually declining trend 
up until 60 °C, after which a sudden drop can be observed 
in the range of 60–66 °C, corresponding to the glass transi-
tion temperature (Tg) of the polymer. The reason for the Tg 
being slightly higher in this case than the one measured with 
the DSC technique is that DMA is performed at a specific 
frequency and thus the observed transition is the dynamic 
glass-to-rubber transition process, whereas through DSC 
the calorimetric glass-to-rubber transition temperature was 
determined. As a consequence of exceeding the Tg tem-
perature, the PLA exhibited its first rubbery plateau where 
the storage modulus bottomed at 5 MPa. Due to polymer 
chains having sufficient mobility in this state, development 
of crystalline regions occurred, leading to the regaining of 
part of the lost storage modulus in the temperature range of 
95–110 °C [45]. The cold crystallization was followed by 
the second rubbery plateau from 110 to 140 °C. In this zone 
the E’ of PLA increased up to 100 MPa, which can be attrib-
uted to the confinement effect of newly formed crystalline 
regions on the amorphous phases [46]. Above 140 °C the 
storage modulus declined once more due to the beginning 
of the melting. Regarding the loss factor (tan δ), a single 
major peak was observed for neat PLA. The presence of such 
sharp, intense peaks is typical for unfilled polymers since 
there is no additive that would hinder the polymer chain 
mobility [47].

In the case of WF/RH-filled composites, the characteris-
tics of the DMA curves appeared to be quite similar to neat 
PLA with some differences. Firstly, the storage modulus of 
the fabricated samples obviously increased with growing 
filler content throughout the whole measurement. Mean-
while, the Tg of the composites did not shift either to lower 

or to higher temperatures, which is in good agreement with 
DSC results and this can be attributed to the limited interac-
tions between the PLA matrix and natural particles used as 
additives. Upon incorporation of WF/RH, there is a gradual 
reduction in tan δ peak height, which can be explained by 
the restriction of chain mobility caused by the presence of 
filler particles.

Conclusion

In this study, the applicability of wood waste and rice husk 
was investigated as fillers for biopolymer-based compos-
ites. Composite samples were prepared using a twin-screw 
extruder and formed into specimens suitable for character-
ization as per injection molding. SEM images revealed a 
brittle fracture, which is typical for PLA. Meanwhile, in the 
WF/RH-filled composites voids were observed due to the 
improper adhesion between PLA and the natural particles. 
Gradually improving modulus values were found both dur-
ing the tensile and 3-point bending tests with growing WF/
RH content. Both the tensile strength and impact strength 
exhibited a slight drop when the lowest amount of fillers (2.5 
wt%) was incorporated; however, no significant decrease 
occurred in either of these properties for further particle 
loading. The values of flexural stress at conventional strain 
showed little to no change up until the highest (10 wt%) filler 
concentration, and even at that point only a slight decrease 
of 2 MPa was detected. The thermal analyses showed that 
the glass transition temperature of PLA was not affected by 
additives. On the other hand, according to the DSC traces, 
the cold crystallization temperature of PLA shifted to a 
slightly higher temperature, which also affected the crystal-
line structure of the fabricated biocomposites. Meanwhile, 
the incorporated particles acted as nucleating agents, leading 
to a higher crystalline ratio.

Fig. 7   Storage modulus (a) and 
loss factor (b) as a function of 
temperature for PLA and its 
WF/RH-filled biocomposites
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It can be concluded that amalgamation of wood waste 
and rice husk in PLA-based composites can be considered 
advantageous, since all evaluated properties either improved 
or only slightly dropped, while a substantial amount of PLA 
was replaced by waste materials that are essentially free. 
Considering these facts, the found benefits and decreased 
overall production cost are expected to promote PLA as an 
eco-friendly material worldwide.
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