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Highlights
What are the main findings?

e The composites of bio-based high-density polyethylene (HDBPE), curaua fibers, and
plant-based oils exhibited better properties when processed with a twin-screw extruder
and injection molding rather than an internal mixer and thermopressing.

o The flexural properties and impact resistance demonstrated that castor oil, in comparison
to canola oil and epoxidized soybean oil, performed better as a compatibilizer between
hydrophilic fibers and a hydrophobic matrix.

What are the implications of the main findings?

o The optimal conditions identified for producing composites using HDBPE, curaua
fibers, and plant-based oils are applicable to a range of other lignocellulosic fiber and
thermoplastic polymer matrices.

o The methodologies and results outlined in this research can potentially drive the scalable
fabrication of composites using bio-derived matrices, plant-based oils, and plant fibers.

Abstract: The study examined composites composed of curaua fibers (10%) and a high-
density bio-based polyethylene (HDBPE) matrix, emphasizing the effects of processing
methods on their final properties. In addition, plant-derived oils were applied as com-
patibilizers to improve the interfacial adhesion between the hydrophilic fibers and the
hydrophobic HDBPE, thereby supporting the process’s sustainability. The comparative
analysis of HDBPE/curaud fiber/plant-based oil composites utilized distinct method-
ologies: compounding with an internal mixer, followed by thermopressing and mixture
composition using a twin-screw extruder with subsequent injection molding. Castor oil
(CO), canola oil (CA), or epoxidized soybean oil (OSE) were employed as compatibiliz-
ers (5%). All composites displayed high levels of crystallinity (up to 86%) compared
to neat HDBPE (67%), likely due to interactions with curaua fibers and compatibilizers.
The use of twin-screw extruder/injection molding produced composites with higher im-
pact and flexural strength/modulus-assessed at 5%(approximately 222 J/m to 290 J/m;
22/700 MPa to 26/880 MPa, respectively), considerably exceeding those formed via internal
mixer/thermopressing (approximately 110 J/m to 123 J/m; 14/600 MPa to 20/700 MPa).
Micrographs of the composites indicated that the extruder separated the fiber bundles into
smaller-diameter units, which may have facilitated the transfer of load from the matrix to
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the fibers, optimizing the composite’s mechanical performance. As a compatibilizer, CO
enhanced both properties and, when combined with the twin-screw extruder/injection
technique, emerged as the optimal choice for HDBPE/curaué fiber composites.

Keywords: curaua fibers; bio-based polyethylene; vegetal-based oils; internal mixer/
thermopressing molding; twin-screw extruder/injection molding

1. Introduction

Synthetic fibers, including glass fibers, carbon fibers, and metal fibers, are commonly
employed by industries as reinforcing agents in polymer composites [1-4]. In contrast,
polymer composites reinforced with plant fibers have also garnered extensive attention [5-8].

The utilization of lignocellulosic fibers in the manufacture of polymer composites is
particularly appealing due to their low cost, the wide variety available in nature, and their
suitability for high-volume applications [9-14].

The cellulose content of plant fibers plays a crucial role in determining their crys-
tallinity and tensile properties, which subsequently affects their performance as reinforce-
ments in polymer materials [8,15]. For this reason, curaud fibers were selected for the
study, as they contain approximately 63% cellulose and have a crystallinity index of around
64% [16]. These characteristics make curaud fibers especially well suited for reinforcing
polymer matrices when the objective is to incorporate plant fibers into composites.

Sourced from the curaud plant (Ananas erectifolius), which grows in the Amazon region,
these fibers are valued in composite materials applications for their favorable processing
characteristics, excellent specific mechanical performance, and low density [17-20]. Curaua
was grown in agricultural fields near urban centers like Santarém in Par4, Brazil, in the
Amazon region. The primary purpose of this cultivation was to produce fibers for the auto-
mobile industry [21]. The incorporation of curaud as a reinforcement in composites has the
potential to broaden the scope of large-scale applications significantly. This development
may enhance the market for these fibers and collaborate to foster economic growth within
the region.

Curauad fiber-reinforced composites featuring a hydrophobic matrix, similar to many
thermoplastics, exhibit certain limitations that need to be addressed before they can be
widely adopted. The hydrophilic properties of curaua fibers pose challenges when com-
bined with hydrophobic thermoplastic matrices, which may lead to insufficient interfacial
adhesion [16,22].

The growing demand for alternatives to petroleum-based products has heightened the
focus on bio-based polymers, especially in applications where renewability and biodegrad-
ability are crucial advantages. In this study, the composite matrices consist of bio-based
high-density polyethylene (HDBPE), contributing to the capture and fixation of carbon
dioxide (CO2) during production. Specifically, ethylene is derived from the dehydration of
ethanol produced through the fermentation of sugarcane juice. Subsequently, polyethy-
lene is synthesized from ethylene in a process involving fewer greenhouse gas emissions
than the manufacturing process for fossil-based polyethylene, with approximately 2 kg of
CO; being captured from the atmosphere for every kg of HDBPE produced [17,23]. Thus,
HDBPE has a natural origin, is easily processed, and has the same physical properties as
its equivalent petrochemical, in addition to having high ductility and water resistance,
favoring its use in the production of composites [16,24]. It is essential to highlight that
the global production capacity of bio-based plastics has more than doubled from 2010 to
2022, with approximately 2.2 Mt or 0.5% of the plastics in the worldwide market being
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bio-based. It is also important to note that the share of bio-based polymers in total plastics
production is increasing slightly yearly (from 0.54% in 2013 to 0.56% in 2022) as fossil-based
plastics also increase [25]. These facts demonstrate the importance of valuing polymers of
biological origin, such as HDBPE, in producing other materials, e.g., polymer composites
reinforced by plant-based fibers [17].

Integrating plant fibers into a polymer matrix introduces a biodegradable compo-
nent, thereby reducing the environmental impact typically associated with traditional
polymers. Plant-based materials like lignocellulosic fibers serve as a nutrient source for
microorganisms. These attracted microbes can decompose plant components, generating
more opportunities for microbial colonization and enzymatic activity. The breakdown
of fibers creates fissures, which facilitate the penetration of water, oxygen, and microbes
deeper into the material. This interplay of factors, coupled with the degradation of the
fibers themselves, can enhance the breakdown of the surrounding polymer [26]. The in-
corporation of plant fibers into polymer composites has the potential to reduce weight
compared to using neat polymer, contingent upon the density of both the fibers and the
polymer utilized. Plant fibers can also improve the material’s acoustic and insulation
properties [26]. These attributes render them potential candidates for applications within
the field of civil construction.

The properties of the fiber-matrix interface in composite materials are critical in
determining their overall characteristics, particularly their mechanical properties. This
interface is vital in effectively transferring stress from the matrix to the reinforcing fibers. A
robust interface facilitates efficient stress transfer, enhancing the composite’s mechanical
properties. Moreover, strong adhesion at this interface is essential to prevent phenomena
such as fibers debonding, which can significantly undermine the structural integrity of
the composite [27,28]. In this context, significant efforts have been undertaken to establish
robust adhesion at the interface between hydrophilic plant fibers and a hydrophobic matrix.
The treatment of fibers, whether chemical or physical, is an important research area focused
on enhancing adhesion at the interface [29-33].

An alternative approach involves incorporating a small amount of compatibilizer to
enhance the fracture resistance of thermoplastic composites. In this context, hydroxyl-
terminated polybutadiene (LHPB) was used as a compatibilizer for HDBPE and curaud
fibers [16]. Vegetal-based oils can also serve as compatibilizers due to their hydrocarbon
chains, which have an affinity for hydrophobic polymers, and their polar groups, which
can interact with the polar components of lignocellulosic fibers, namely, cellulose, hemicel-
luloses, and lignin (Figure 1). These compatibilizers are derived from renewable resources,
aligning with efforts to produce materials through sustainable processes.

Santos et al. [34] studied the influence of the addition of 2.5 wt% castor oil (CO) on the
composition of electrospun composite membranes of poly(ethylene terephthalate)/ cellulose
nanocrystals (CNCs). The authors observed that the composite membrane of nonaligned
fibers containing 10 wt% CNCs and CO in its composition presented a tensile strength
three-fold higher than pristine PET membrane, evidencing the effective performance of CO
as a compatibilizing agent between the matrix/reinforcing agent [34].

Barbalho et al. [35] investigated HDBPE composites reinforced with NaOH-treated
curaua fibers, utilizing polyethylene grafted with maleic anhydride (10 wt%) to intensify
the interactions fiber-matrix at the interface. Their dynamic mechanical analysis (DMA)
revealed that across the entire temperature spectrum from —40 °C to 100 °C, the composite
incorporating HDBPE grafted with maleic anhydride and 5 wt% curaua fibers exhibited a
storage modulus (E’) significantly superior to pure HDBPE. This investigation involved
chemically modifying the polymer (using a reagent from a fossil source) and treating the
fibers with an aqueous alkali solution, distinguishing it from the present study. To follow
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investigating the performance of HDBPE composites reinforced with curaua fibers, in the
present study, castor oil (CO, major component: ricinoleic acid triglyceride), canola oil (CA),
or epoxidized soybean oil (OSE), Figure 1, was added to the matrix aiming to assess their
role as compatibilizers [17]. Two distinct methodologies were employed to integrate these
oils and fibers into molten HDBPE.
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Figure 1. Chemical structures of lignin, cellulose, ricinoleic acid triglyceride, and epoxidized soybean oil.

Extrusion compounding is one of the most promising methods for industrial process-
ing due to its easy scale-up and the possibility of further molding the materials [36,37].
Short fibers can be processed using extruders, followed by injection molding, and polymer
composites can be continuously produced [38-42]. Extruders effectively disperse short
fibers uniformly within the polymer matrix, resulting in consistent mechanical properties
across the composite material. Additionally, their continuous operation and automation
features can reduce production costs, enhancing efficiency in manufacturing processes [43].
Using an internal mixer can also effectively incorporate additives and/or fibers into molten
polymers [44,45]. The resulting blend can then undergo thermopressing, a widely utilized
method in the production of composite polymer parts [46]. Composites reinforced with
natural fibers, such as those sourced from plants, can be manufactured utilizing either
an internal mixer process or a twin-screw extrusion technique. Following these initial
processing methods, subsequent operations like thermoforming or injection molding can
be employed to finalize the production [47-49].

This study explored the characteristics of HDBPE composites reinforced with curaud
fibers and utilized vegetal-based oils as compatibilizers to bridge the gap between the
hydrophilic nature of the fibers and the hydrophobic polymer matrix. Two methodolo-
gies were employed to fabricate these composites, aiming to determine which method
would more effectively enhance the impact of the vegetal-based oils as compatibilizers and
improve the composites’ properties, particularly impact resistance and flexural strength.
The first approach involved compounding the materials in an internal mixer, followed by
thermopressing to shape the composite [17]. The second method employed a twin-screw
extrusion process, followed by shaping through injection molding.

As far as it is known, this study is the first of its kind.
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2. Materials and Methods
2.1. Materials

HDBPE (SGF4950HS, “green polyethylene”, melt flow rate of 0.10 & 0.01 g/10 min,
the density of 0.95 g/ cm? [50]) from Braskem (Rio Grande do Sul, Brazil) was used in the
present study. The plant-based oils (CO, CA, and OSE), and the curaud fibers sourced from
plants cultivated in the Santarém region (density: 1.1 & 0.1 g/cm?, a—cellulose: 63.4%,
hemicelluloses: 29.6%, lignin: 5.2%, crystallinity index: 64%, [50]) were from Azevedo
Ind. Com. (Sao Paulo, SP, Brazil) and Pematec Triangel of Brazil Ltd. (Sao Paulo, SP,
Brazil), respectively.

2.2. Composites Preparation
2.2.1. Internal Mixer/Thermopressing Molding

The composites were prepared following the procedures outlined in Scheme 1.

Mixture: 10 wt% curaua fibers (average length: 3 mm, previously dried for 4 h in an air-circulated stove at 105 °C

to eliminate moisture),
5 wt% of CO, CA, or OSE, HDBPE

Haake torque rheometer, equipped with a RHEOMIX 3000 P

mixing chamber (Thermo Fisher Scientific, Massachusetts, USA), 180 °C, rotational speed of 60 rpm, 6 min

4

40 g HDBPE/CO, CA , or OSE/curaua fiber blend: positioned between two Teflon sheets = sandwiched between
two sheets of stainless steel = secured with an aluminum frame to achieve the specified final thickness

. 4

Mixture: thermally pressed at 180 °C for 3 min [by using Carver press (Carver, Indiana, USA)] = kept under
pressure (force: 2 tons) and cooled to room temperature (water circulating within the system) 2>

plates (12 x 13 cm) with a thickness of approximately 2 mm were obtained

Scheme 1. Composite preparation via internal mixer/thermopressing molding.

The criteria regarding the percentages and lengths of the fibers, along with the propor-
tion of plant-based oils, were based on the findings of a previous research study [17]. The
remaining parameters demonstrated suitability throughout the investigation period.

2.2.2. Intermeshing Twin-Screw Extruder/Injection Molding

The composites were prepared per the procedures delineated in Scheme 2.

Various conditions were explored during the study’s development, and those outlined
in Scheme 2 were the most appropriate. The specimens underwent injection molding
utilizing molds that adhere to ASTM D256 standards [51] (last updated: 1 January 2025) for
impact resistance evaluation and ASTM D790-03 standards [52] (last updated: 24 July 2017)
for assessing flexural properties.
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Mixture: 10 wt% curaua fibers (average length: 3 mm, previously dried for 4 h in an air-circulated stove at 105 °C to
eliminate moisture),
5 wt% of CO, CA, or OSE, HDBPE

MT19TC co-rotating twin screw extruder [diameter 19.0 mm; L/D 25; screw speed: 80 rpm;
profile temperature: 60 °C/170 °C/180 °C/190 °C (B&P Process Equipment and Systems, Michigan, USA)]

A 4

Injection molding using an Arburg Allrounder model 270V injection molding machine (Arburg, Baden-Wirttemberg,
Germany)
Mixture: first passes through a heating zone (205 °C/210 °C/215 °C/215 °C/215 °C) at 100 bar

. 4

Injected into a mold pre-conditioned at 50 °C
Injection speed of 20 cm3 s71; back pressure: 25 bar
Whole process: 48 s

Scheme 2. Composite preparation via twin-screw extruder/injection molding.

2.3. Composites Characterization

The composites were characterized according to Scheme 3.

' Thermogravimetry (TG) * Shimadzu TG 50 instrument (Shimadzu, Maryland, USA)

* 5 mg of the samples were placed in appropriate pans

* Heating rate of 10 °C min~! (from 20 to 800 °C) under an atmosphere of N, at a flow rate of 10 mL min~?

N\
~ Differential Scanning Calorimetry (DSC) « Shimadzu TA-50WSI instrument (Shimadzu, Maryland, USA)

* Heating rate of 10 °C min~2 (from 25 to 200 °C) under an atmosphere of N, at a flow rate of 20 mL min~?

AN

\. J/
N L L e R e e oL © Thermal analyzer, TA Instruments model Q800 (TA Instruments?
Delaware, USA)

\- Flexural mode, oscillation amplitude of 20 mm, 1 Hz frequency, heating rate of 2 °C min~! (from —130 to 100 °C)

\
Flexural tests * Universal testing machine [EMIC DL2000 (Instron, Massachusetts,
USA)]

* Cross head speed of 5 mm min, according to ASTM Standard D790-03 (Last updated: July 24, 2017) p

- zod | e h * lzod Impact Tester, CEAST Resil 25 (Compagnia Europea
20N Zengt Apparecchi Scientifici, Turin, Italy)

* lzod-type notched samples, room temperature, impact speed of 4 ms™!, according to ASTM Standard D256 (Last

9 updated: January 01, 2025) y

4 N
Scanning Electron Microscopy (SEM) «  Zeiss DSM 940 instrument (Carl Zeiss Microscopy, Jena, Germany)

* Fractured samples (to analyze the interfacial adhesion) were covered with a thin layer of gold using a sputter-coat
system prior to analysis

J/

Scheme 3. Composites characterization, ASTM Standard D790-03 [52]; ASTM Standard D256 [51].
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A minimum of seven specimens were utilized to assess impact and flexural strength.

3. Results and Discussion

The results reported below refer to composites obtained after mixing components
using the intermeshing twin-screw extruder followed by injection molding. For comparison
purposes, the results of composites obtained using the internal mixer (Haake) are shown
for analyses in which the mixing methodology can impact the respective properties.

3.1. Thermal Analysis

Figure 2a displays the results of the first derivative analysis of mass loss (dTG) for the
composites processed using an intermeshing twin-screw extruder, followed by injection
molding. The dTG curves for HDBPE and curaua fibers are also included for comparison.
The dTG curve for curaua fiber reveals a minor peak occurring below 100 °C, indicating
the desorption of residual moisture. In contrast, the other materials displayed no mass loss
within the temperature range of 25 °C to 100 °C, which can be attributed to the hydrophobic
nature of HDBPE. A more pronounced peak at 371 °C corresponds to the thermal decom-
position of cellulose, while the shoulder around 300 °C indicates the decomposition of
hemicelluloses. Lignin undergoes decomposition over a broad temperature range, between
430 and 620 °C, with a peak at 526 °C [50,53,54]. In contrast, the dTG curve of HDBPE
shows a peak at 493 °C. Due to the low proportion of fibers in the composites, only the
mass loss associated with the most abundant component in the fibers (cellulose) is evi-
dent, peaking at 380 °C. The composites exhibit peaks at 486 °C, 489 °C, and 488 °C for
the HDBPE /5%CA /10%fiber, HDBPE /5%CQ/10%fiber, and HDBPE /5%OSE/10%fiber
composites, respectively, indicating the thermal decomposition of HDBPE. The thermal
decomposition of the vegetal-based oils was not detected in the dTG curves, attributable
to their minimal proportion (5%) in the composites. The materials processed through
internal mixing and thermopressing molding [17] exhibited behavior consistent with the
observations detailed herein.

The endothermic peak observed at 84 °C for the curaud fibers (Figure 2b) is attributed
to the volatilization of residual moisture. Peaks associated with the thermal decomposition
of the fibers were not detected since the scan was terminated at 200 °C. The polymer’s
melting temperature in neat HDBPE and in composites comprising CO and CA was ap-
proximately 136 °C. In contrast, the composite containing OSE slightly reduced melting
temperature to 131 °C. As discussed later in the analysis of the storage modulus results, it
appears that OSE interacted less than CO and CA with the fibers at the fiber—matrix inter-
face. This suggests that OSE might have engaged more with the noncrystalline regions of
the polymer, particularly those adjacent to the crystalline domains; this behavior could have
been preferential at elevated temperatures during scanning, facilitating greater mobility of
polymer segments near the crystalline regions and potentially triggering the movement
of segments within the crystalline domains. Consequently, this may have contributed to
a reduction in the temperature at which melting onset occurs. The plant oil composites
created through internal mixing and thermopressing exhibited melting temperatures (DSC
curves not shown) comparable to pure HDBPE (Figure 2b), recorded at 136 °C (CO), 135 °C
(CA), and 137 °C (OSE). In this processing method, the lower melting temperature for OSE,
discernible when using the intermeshing twin-screw extruder followed by injection mold-
ing, was not observed. This may be attributed to the variations in processing temperatures
and subsequent cooling inherent to each process (Schemes 1 and 2). Such differences may
have influenced the crystalline domains’ morphology and the compatibilizer’s spatial dis-
tribution within the polymer matrix. Consequently, the compatibilizer’s localization at the
interfaces between the noncrystalline and crystalline phases could have varied depending
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on the process used. However, the magnitude of the differences remains minor and is not
expected to affect the materials’ viability for future applications.
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Figure 2. Curaua fiber, processed HDBPE, and curaua composites (HDBPE/5wt%CO/5wt% fiber,
HDBPE /5wt%CA /10wt%fiber, HDBPE /5wt%OSE / 10wt%fiber): (a) dTG curves, (b) DSC curves.

The primary objective was to assess the peak corresponding to the melting of the crys-
talline domains of HDBPE to calculate the crystallinity index (Xc), using Xc = (AHm/AHm
¢m) X 100 (AHm: melting enthalpy of the sample, AH°m: melting enthalpy of the hy-
pothetical 100% crystalline HDPE, 293 J /g, and ¢m is the mass fraction of HDBPE in the
composites) [16].

Table 1 shows the calculated Xc values for the composites obtained after mixing using
the extruder and the internal mixer (DSC curves not shown). The Xc value for HDBPE is
also included for comparison.
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Table 1. Materials crystallinity index (Xc).

Material Xc (%)
HDBPE 67
HDBPE/5%CA /10%Fiber-extruder 84
HDBPE/5%CA /10%Fiber-internal mixer 82
HDBPE/5%CQO/10%Fiber-extruder 86
HDBPE/5%CO/10%Fiber-internal mixer 85
HDBPE /5%O0SE /10%Fiber-extruder 85
HDBPE /5%QOSE / 10%Fiber-internal mixer 84

All composites demonstrate higher degrees of crystallinity than HDBPE (Table 1),
which may be attributed to the fibers acting as nucleating agents that enhance the transcrys-
tallinity effect. This phenomenon arises from the interactions involving curaud fibers and
may encompass the interactions between HDBPE and compatibilizers. As discussed later in
the discussion of flexural properties, plant-based oils may also have acted as plasticizers. In
this case, the mobility of the polymer chain segments is favored, which may favor ordering
the segments and increase crystallinity [55].

Interestingly, there was almost no difference in the crystallinity index between the
composites processed with a twin-screw extruder and those produced using an internal
mixer (Table 1).

Figure 3a illustrates the impact of temperature on the storage modulus of HDBPE
composites containing curaud fibers. A slight enhancement in modulus is evident in the
HDBPE/5%CO/10%Fiber and HDBPE/5%CA /10%Fiber composites. This may be at-
tributed to the increased interface stiffness resulting from stronger fiber /matrix interactions
facilitated by CO and CA as compatibilizers. This fiber/matrix adhesion improvement re-
duces segment mobility in the interface region. In contrast, the HDBPE /5%OSE /10%Fiber
composite exhibits a storage modulus curve similar to that of HDBPE alone, suggesting
that the epoxy groups of OSE had minimal interaction with the polar groups of the curaud
fiber components (Figure 1).

In the present study, the presence of fibers and vegetal-based oils in the composites
increases the difficulty of interpreting the loss modulus curves. The peak that partially
appears around —120 °C may be attributed to the movement of segments of the HDBPE
chains from the noncrystalline regions, that is, the glass transition (Tg) [17]. In semicrys-
talline polymers, such as HDBPE, the peaks appearing at temperatures higher than T,
involving the leathery state, correspond to segment movements between the glass and
melting transition (approximately 135 °C, Figure 2) temperatures. HDBPE and its com-
posites presented high crystallinity (Table 1), which can lead to crystalline domains with
different dimensions, imposing distinct restrictions on segment movements. In this regard,
peaks 2 and 3 (Table 2) are suggested to be associated with segments whose mobility is
influenced by the heterogeneity and size distribution of the crystalline regions. For the
composites comprising CA and CO, the interactions between the plant-derived oils and the
polymer matrix may further contribute to the observed result. A more thorough analysis
would require detailed DMA beyond the scope of the current study.
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Figure 3. HDBPE and related curaua composites: (a) storage modulus and (b) loss modulus as a

function of temperature.

Table 2. HDBPE and related curaud composites: DMA peaks.

Temperature (°C)

Peak 1 Peak 2 Peak 3
HDBPE —126 -50 37
HDBPE /5% CA /10% fiber —125 -53 36
HDBPE/5% CO/10% fiber —125 —57 40
HDBPE /5% OSE/10% fiber —129 —51 41

3.2. Mechanical Properties and SEM Micrographs

The impact strength of the composites prepared by extrusion and injection molding
was higher than that of the composite prepared by internal mixer and thermopressing
(Figure 4). The conditions used during mixing in the extruder probably led to a better
dispersion of the fiber and oils in the material, favoring the transfer of load from the matrix

to the fiber during impact.
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Figure 4. Izod impact strengths for HDBPE /10%Fiber, HDBPE /5%CA /10%, HDBPE /5%CO/10%,
and HDBPE/5%QOSE/10% curaud fiber composites (notched samples).

The compatibilizer that demonstrated the most effective performance was CO, with
its composite exhibiting an impact resistance of 290 J/m (twin-screw extruder/Injection
molding, Figure 4). In the absence of a compatibilizer, the material exhibited reduced
impact resistance, approximately 198 ] /m (HDBPE/10%Fiber, Figure 4). This diminished
performance, particularly when juxtaposed with the composites containing CA and CO,
is likely due to the incompatibility between the hydrophilic fibers and the hydrophobic
polymer matrix. Statistically, there were no significant differences in the outcomes between
the HDBPE10%Fiber and the HDBPE/5%OSE/10% formulations across both processes. CO
predominantly comprises ricinoleic acid triglyceride, distinguished by its polar hydroxyl
functional groups and hydrophobic domains (Figure 1). This structural characteristic fosters
strong interactions with the fibers’ polar constituents and the nonpolar matrix, enhancing
its function as a compatibilizer. Consequently, castor oil facilitates load transfer from the
matrix to the fibers, optimizing the composite’s performance. It is widely recognized
that the interface between the fiber and the matrix is critical in transferring load from the
matrix to the fiber through, e.g., shear stress. Weak interactions at this interface can result
in fiber pull-out or debonding, ultimately diminishing the composite’s durability. Con-
versely, a robust interface can inhibit crack propagation, thereby enhancing the composite’s
toughness [56,57].

Figure 5 presents the micrographs of the HDBPE composites.

Micrographs a/b, d/e, and g/h illustrate the composites produced through inter-
nal mixing (Haake) followed by thermopressing. In these images, the fiber is effectively
enveloped by the polymer matrix, enhancing load transfer from the matrix to the fibers,
Figure 5. Conversely, micrographs c, f, and i depict composites fabricated using the twin-
screw extruder and injection molding. Here, the shear forces likely led to the disaggregation
of fiber bundles into smaller-diameter units, significantly increasing the surface area avail-
able for load transfer to the matrix. This morphological change is presumably the primary
effect that contributed to the superior impact resistance observed in the composites pro-
cessed with the twin-screw extruder and injection molding method compared to those
made via internal mixing and thermopressing (Figure 4). Figure 5j k illustrate that the
absence of a compatibilizer can result in suboptimal adhesion at the fiber-matrix interface
(). This deficiency may manifest as fiber pull-out during impact (k), indicating deficiencies
in interfacial interactions.

Figure 6 presents the flexural strength and modulus of the HDBPE composites. The
composites did not fracture during the test and were then assessed at a strain of 5%.
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Consistent with the findings from the impact strength tests, the flexural strength exhibited
by the composites processed with the twin-screw extruder and subsequently molded by
injection was superior compared to those produced via internal mixing and thermopressing.

Matrix

ST

gDBPE-fiber

Figure 5. SEM images of fractured surfaces (after impact testing) of composites processed via internal
mixer/thermopressing molding (a,b,d,e,g,h) and twin-screw extruder/injection molding (c,f,i). The
micrographs labeled (j k) depict the HDBPE-fiber composite.
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Figure 6. (a) Flexural strength and (b) flexural modulus at 5% deformation for HDBPE/10%Fiber,
and HDBPE/5%CA /10%, HDBPE /5%CO/10%, HDBPE/5%OSE /10% curaud fiber composites.

The composites incorporating plant-based oils exhibited lower flexural strength and
modulus at 5% deformation compared to the HDBPE /10%Fiber composite, Figure 6. In
line with the International Union of Pure and Applied Chemistry (IUPAC) definition of
plasticizers as substances that enhance properties like flexibility in polymers, these findings
suggest that the oils functioned as plasticizers, increasing the flexibility of the materials.
There is a growing trend toward utilizing plant-based oil plasticizers, which can improve
composites” performance and align with sustainability in material production [29,58].

In the composites that include plant-based oils, the flexural strength at 5% strain
and the modulus were higher when processed using a twin-screw extruder and injection
molding instead of an internal mixer and thermopressing molding, Figure 6. For the
HDBPE/10%fiber composite, this difference was mainly observed in the resistance to
deformation, that is, in the modulus, Figure 6b.

Among the composites made with plant-based oils using a twin-screw extruder, the
one incorporating CO exhibited slightly superior flexural strength and significantly su-
perior modulus compared to the others (Figure 6). The analysis of the impact strength
results (Figure 4) concerning the influence of CO can also be applied to interpret the flexural
outcomes. The flexural modulus of the HDBPE /5%OSE/10% composite was significantly
lower than the other composites. This indicates that it exhibited lower resistance to 5%
deformation, suggesting that OSE primarily acted as a plasticizer rather than a compatibi-
lizer within the composite matrix. The oxygen atoms of the epoxy rings behave only as
hydrogen bond acceptors, restricting their interaction with the polar groups of the fiber
components (cellulose, hemicelluloses, and lignin). Such interactions are favored for the
hydroxyls present in the ricinoleic acid triglyceride (the major component of CO). This
could explain the low action of OSE as a compatibilizer between HDBPE and curaud fibers.
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Barbalho and co-authors [35] employed 5% curaua fibers and HDBPE grafted with 10%
maleic anhydride in their study. They reported a flexural strength and flexural modulus
of approximately 15 MPa and 620 MPa, respectively. Considering the results found in the
present study (10% curaud fibers and 5% plant-based oil, Figure 6), it is confirmed that the
use of compatibilizers from renewable sources is quite promising.

4. Conclusions

In the present study, the matrix was bio-based HDBPE, curaua reinforced the matrix,
and vegetal-based oils were used as compatibilizers between fibers and the matrix. The
composites were developed from raw materials characterized by a highly renewable nature,
which aligns with contemporary sustainability concerns regarding the fabrication of new
materials. Furthermore, substituting a portion of the polymeric components with vegetal-
based fibers has the potential to lower the overall production costs of the materials.

The comparative analysis of the impact and flexural properties of HDBPE/curaua
fiber /vegetal-based oil composites produced using an internal mixer followed by ther-
mopressing versus those generated via a twin-screw extruder and subsequently processed
through injection molding revealed that the latter methodology demonstrated significantly
superior performance. The composite incorporating 5% CO exhibited the most favorable
mechanical properties. The transition from an internal mixer to a twin-screw extruder
increased flexural strength and modulus (at 5% of deformation) from 20 MPa and 700 MPa
to 26 MPA and 880 MPa, respectively. Furthermore, the impact strength improved signifi-
cantly, rising from 114 J/m to 290 ] /m.

The findings of this study enabled the determination of optimal conditions for the
production of composites utilizing HDBPE and curaué fibers. These established conditions
may also apply to various other lignocellulosic fibers and extend to additional thermoplastic
materials beyond high-density polyethylene.

In response to the growing demand for sustainability, the production of bio-based
polymers is expected to increase significantly in the near future. The plant oils used
in this study are readily available in many countries, and alternative oils may also be
considered. Furthermore, fiber-producing plants are already cultivated widely across
various regions worldwide. The methodology used for composite formation is adaptable
for mass production. As a result, the strategies and findings presented in this study may
act as a catalyst for the scalable production of composites derived from bio-based matrices,
plant oils, and plant fibers.
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