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Abstract. Polypropylene (PP) composites are widely used in structural applications. However, few studies
have explored the combined reinforcement of natural fibers and ceramic particles. This study addresses that
gap by investigating the effects of sugarcane bagasse (SCB) fibers and titanium carbide (TiC) particles on the
mechanical and physical properties of PP composites. SCB and TiC were pre-milled for 60 minutes and
incorporated into the PP matrix using reflux synthesis, followed by hot pressing at 170 °C. The result shows
that the composite containing 5 wt.% TiC and 5 wt.% SCB exhibited optimal performance, with a tensile
strength of 25 MPa, flexural strength of 30 MPa, and impact strength of 10 kJ/m? - representing significant
improvements over neat PP. The X-ray diffraction analysis revealed an increase in crystallinity with the
addition of TiC, while SEM images showed a ductile fracture morphology and uniform TiC dispersion. These
findings demonstrate that dual reinforcement with SCB and TiC effectively enhances the structural
performance of PP, offering a sustainable and high-performance composite material.
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1. Introduction

The fiber-reinforced composites have attracted significant attention from many researchers due
to their promising mechanical performance, environmental sustainability, and potential for
lightweight structural applications. Besides these characteristics, the durability of materials is also
important, especially for those used for long-term environmental exposure. Durability refers to a
material’s ability to retain mechanical integrity, resist moisture, maintain thermal stability, and
sustain fiber-matrix adhesion under service conditions (Sanjay et al. 2018). Composites reinforced
with natural fibers and Titanium Carbide (TiC) has been shown to significantly enhance the
mechanical integrity of the material (Xiong et al. 2024). TiC acts as a key reinforcing filler that
improves mechanical properties and wear resistance (Chelliah, 2019), and contributes to the
microstructural stability of the composite (Radhakrishnan et al. 2021), resulting in enhanced
performance across various applications.

The use of natural fibers such as sugarcane bagasse (SCB) contributes not only to improved
fatigue resistance in polypropylene (PP) matrix composites (Pamudji et al. 2021), but also provides
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notable sustainability advantages. Although natural fibers typically exhibit relatively low inherent
strength, their performance can be significantly enhanced through optimization strategies such as
fiber loading, surface treatments, and the use of coupling agents (Monroy Vazquez et al. 2022). Rich
in cellulose, SCB fibers provide effective mechanical reinforcement and can be processed into
various forms, including fibers or nanocellulose, which are compatible with a range of polymer
matrices (Mokhena et al. 2018, Wirawan et al. 2012).

However, natural fibers are inherently hydrophilic, leading to water absorption, dimensional
instability, and mechanical degradation particularly in humid environments (Dogra et al. 2021). The
presence of moisture can cause swelling, interfacial debonding, and strength reductions of up to 31%
(Sanjay et al. 2018). Surface treatments such as alkali and silane modifications have been shown to
reduce hydrophilicity, enhance surface roughness, and improve fiber matrix adhesion, thereby
increasing tensile strength, stiffness, and thermal stability (Anggono et al. 2017, Correa-Aguirre et
al. 2020, Vaneewari and Saranya 2023).

Hybrid reinforcements, such as the combination of natural fibers with ceramic or nano-fillers,
have the potential to overcome moisture sensitivity, thermal instability, and interfacial weaknesses
in natural fiber composites. The introduction of TiC nanoparticles into thermoplastic matrices has
been shown to improve tensile strength and crystallinity (Tebeta et al. 2024, Vidakis et al. 2023).
Similarly, nano-sized bio-fillers enhance compatibility, moisture resistance, and dimensional
stability, mainly due to their reduced particle size, increased crystallinity, and improved thermal
performance at the filler matrix interface (Shravanabelagola Nagaraja Setty et al. 2022). In
particular, the integration of Titanium Carbide (TiC) via mechanical stirring into natural fiber-based
composites significantly enhances mechanical strength and moisture resistance, highlighting the
effectiveness of in-situ dispersion during synthesis (Arshad ef al. 2021). In natural rubber
composites, TiC nanocrystals dispersed in the solid phase during internal mixing enhance elasticity,
tensile strength, and thermal resistance (Jayasinghe ef al. 2020). Moreover, the introduction of TiC
particles into a hemp-epoxy fiber matrix, fabricated by hot compression molding, has shown the
substantial improvements in toughness, interfacial adhesion, and crack resistance (Karthikeyan et
al. 2025). The synthesize of natural fiber composites with Titanium Carbide (TiC) and other
nanostructured reinforcements can be carried out using the reflux method. This technique has proven
effective for the synthesis of nanoparticles and nanostructured materials (Chandel et al. 2022). By
modifying variables such as reaction duration, precursor concentration, and solvent type, this
method allows precise control over particle size, morphology, and crystallinity (Vossmeyer et al.
1994, Zhang et al. 2006).

The synthesis of composite reinforced by natural and ceramic filler systems has been widely
studied by many researchers, with a primary focus on the individual reinforcement effects of SCB
and TiC. However, the interaction between SCB fibers and TiC particles within a PP matrix remains
underexplored. Selecting an appropriate synthesis model selected for this composite remains a
challenge, particularly in achieving desirable characteristics and interfacial uniformity. This study
addresses the research gap by systematically investigating the dual reinforcement of PP composites
using both SCB fibers and TiC particles, synthesized via the reflux method. Specifically, it examines
how varying TiC-SCB compositions affect mechanical performance, crystallinity, moisture
resistance, and thermal stability. By integrating bio-based and nano-ceramic reinforcements within
a controlled synthesis framework, this research aims to develop a lightweight yet durable composite
system suitable for demanding applications such as vortex turbine components where mechanical
reliability, environmental durability, and weight efficiency are critical.
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Fig. 1 Schematic of sample preparation and testing stages of PP/SCB and PP/TiC/SCB material

2. Material and method

The schematic diagram illustrating the composite fabrication and testing procedures in this
investigation is shown in Fig. 1.

2.1 Material

Polypropylene (PP) was used as the matrix, with titanium carbide (TiC) and sugarcane bagasse
fiber as reinforcement materials. In this study, PP was sourced from PT. Lotte Chemical Titan in
Jakarta, Indonesia, and TiC particles (with an average size of 1.4 um, a density of 4.94 g/cm3 and a
melting point of 3500 °C) were supplied by CHENGDU HUARUI INDUSTRIAL CO., LTD. in
Chengdu, China. Sugarcane bagasse fibers were obtained from North Sumatra, Indonesia, the fibers
were dried at 37.5 °C to remove moisture content and refined to a particle size of approximately 0.4
mm.

2.2 Synthesis of PP/SCB and PP/TiC/SCB composites

In this current study, different composites were designed with varying compositions as shown in
Table 1. The reinforcement materials consist of TiC particles and SCB fiber. Specifically, for the
PP/TiC/SCB composite, the mixing process and refinement of both TiC and SCB were performed
using mechanical alloying (MA) with 5 mm diameter grinding balls at 300 rpm for 60 minutes.
Furthermore, the model composites - PP/SCB and PP/TiC/SCB - were homogenized using the reflux
method.

The reflux process was carried out using a CORNING PC-400D hotplate to dissolve PP with a
xylene solution within a 1-liter three-neck flask, heated to 180 °C. The composites were prepared
by stirring using an IKA-RW 20 electric stirrer running at 500 rpm for 80 minutes. The mixing
process of SCB and TiC/SCB into PP polymer according to weight ratio is shown in Table 1.
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Table 1 The model composite material’s composition

Models composite Compos_ite Composition
designation Polymer (wt.%) TiC (wt.%) SCB (wt.%)
PP/SCB-1 1A 95 PP/SCB-1 1A
PP/SCB-2 2A 90 PP/SCB-2 2A
PP/SCB-3 3A 85 PP/SCB-3 3A
PP/TiC/SCB-1 1B 90 PP/TiC/SCB-1 1B
PP/TiC/SCB-2 2B 83 PP/TiC/SCB-2 2B
PP/TiC/SCB-3 3B 76 PP/TiC/SCB-3 3B

Following the reflux treatment, the PP/SCB and PP/TiC/SCB model composites are cooled to room
temperature, and the residual solvent is removed through evaporation or filtration. The resulting
composite materials were formed using a hot press machine with predefined molds conforming to
applicable standards. The hot pressing was conducted at a temperature range of 100 °C to 300 °C,
using a conduction-based heating method, with pressure levels were controlled by a hydraulic
system (Lyutyy et al. 2024). The hot press process was carried out for 20 minutes at 180 °C under a
pressure of 12 MPa (Nadhari et al. 2020).

2.3 Mechanical characterization

The Investigation of mechanical characteristics was carried out using several standardized
methods, including flexural and tensile strength tests, referred to ASTM D790-03 and D638-22 were
performed by using a universal testing machine (UTM), 2 mm/min loading rate applied in flexural
and tensile test at room temperature. The Archimedes’ Method was utilized for the density
measurement of the composite materials. Furthermore, the impact test was conducted using the 1zod
method in accordance with ASTM D256-10, performed on a GT-7045-MD machine at room
temperature.

2.4 Structure analysis and morphology analysis

X-ray diffraction (XRD) analysis was conducted to examine the role of TiC particles on the
crystallinity of polypropylene (PP) composites reinforced with sugarcane bagasse fibers. The
measurements were performed using Cu Ka radiation (A = 1.5406 A) with a 2-theta (20) scan range
of 40°-80°, a scanning speed ranging from 0.01° to 100° per minute, and a minimum step size of
0.005°. In addition, the morphologies of the polymer matrix composite fracture were observed with
the aid of a scanning electron microscope (SEM).

3. Result and discussion

3.1 Physical and mechanical aspects

Fig. 2 illustrates the density values of varying PP composites reinforced with SCB and TiC
particles. It was observed that the incorporation of TiC into the PP/TiC/SCB-1 composite led to a
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Fig. 2 The density of model composites with varying PP/SCB and PP/TiC/SCB compositions

slight increase in density compared to the PP/SCB-1 composite. However, the densities of
PP/TiC/SCB composites were lower than those of PP/SCB composites with higher SCB content (10
and 15 wt.%), as seen in samples 2B and 3B (in Fig. 2), which recorded density values of 0.83 g/cm?
and 0.85 g/cm?, respectively. This difference may be attributed to the absence of pre-processing in
the PP/SCB samples, resulting in SCB has a high moisture content (Chen et al. 2021). The retained
moisture in SCB contributes to the increased density observed in the PP/SCB composites, making
them denser than the PP/TiC/SCB variations. The change in density due to moisture affects the load
capacity and overall performance of the composite material (P Subramaniyan et al. 2021). In fiber-
reinforced polymer composites, moisture changes density and adds weight (Airale et al. 2016).
Conversely, the PP/TiC/SCB composites variation involves the pre-milling TiC/SCB fibers using
MA. The mechanical alloying (MA) process successfully synthesized composite materials with a
uniform distribution of particles in both metal and polymer matrices (Oliveira et al. 2019). It is
believed that the density of composites is influenced by the composition of SCB and TiC,
distribution, the interfacial bonding between the PP matrix and the reinforcement, and also the
homogeneity of the composites (Motaung et al. 2015). The density of the PP/TiC/SCB-2 composite
did not vary significantly, likely due to the correlated with their small ratios between TiC/SCB with
total density. Based on the results, the PP/SCB and PP/TiC/SCB composites have lighter densities
than Polylactic Acid (PLA), which is commonly used as a material for vortex turbine impellers, with
densities of 1.1 g/cm3(Khor et al. 2024).

The tensile strength of the composite materials, PP/SCB and PP/TiC/SCB, is presented in Fig. 3.
The tensile strength of the composites tended to decrease with increasing amounts of SCB and TiC
reinforcements. The highest tensile strength, 24 MPa, was achieved by 5 wt.% for TiC and SCB in
the PP/TiC/SCB-1, while the lowest strength, 15 MPa, was recorded for PP/SCB-3 with 15 wt.%
SCB. In this study, the tensile strength showed an increase of approximately 21.8%. These findings
are in line with those of Vidakis et al. who reported a 17.1% improvement in tensile strength when
TiC is added to the PP matrix (Vidakis ez al. 2023). This enhancement is attributed to the intrinsic
strength of TiC particles, which exhibit tensile strength values close to 140 MPa (Suraya et al. 2014).
The increasing tensile strength in the PP/TiC/SCB correlated with TiC particles, which have superior
mechanical properties and minimize micro-deformation in the PP matrix when subjected to tensile
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Fig. 3 Tensile strength test result of the composite materials
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Fig. 4 Tensile elastic modulus result of the composite materials

load (Long et al. 2020). Not only originated from their strength, but the particle size and
homogeneous distribution of TiC particles also play a crucial role in enhancing the mechanical
performance of composite materials (Maziarz et al. 2020). Furthermore, the inclusion of TiC
particles significantly affects the tensile elastic modulus, as illustrated in Fig. 4.

The PP/TiC/SCB composite model has a greater modulus than PP/SCB because of the increasing
TiC content. The highest tensile elastic modulus of 789 MPa was observed in PP/TiC/SCB-1 (1B),
in contrast, a low modulus of 403 MPa was obtained for PP/SCB-3 (3A). These results were higher
than 124.4 MPa, which were reported for TiC particle-reinforced PP matrix composite (Vidakis et
al. 2023). The inclusion of bagasse fiber is responsible for the increase in the tensile elastic modulus
(Zakaria et al. 2020). The combined reinforcement of bagasse fiber and TiC particles was
homogenized via ball milling, a method proven effective in improving the modulus of polymer
composites (Gao et al. 2023). The tensile elastic modulus improved by TiC particles through the
structure strengthened by particles, which causes more stiffness of the composites obtained (Vidakis
et al. 2023). On the other hand, the excessive SCB percentage potentially promotes the
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Fig. 5 Flexural strength test result of the composite materials
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Fig. 6 Flexural elastic modulus result of the composite materials

agglomeration phenomenon, void formation, and poor adhesion between SCB and the PP matrix
(Mustaffa et al. 2017). The tensile elastic modulus decreased due to more SCB content than TiC
particles, and the fiber with more elasticity reduced the composite stiffness. It is known that the SCB
elastic modulus is about 19 GPa, which is lower than TiC particles (Anidha et al. 2019). A 295~320
MPa tensile elastic modulus of the natural fiber-reinforced composite was reported in another
research (Safri et al. 2019, Md Shah et al. 2021). In the present study, the highest tensile strengths
24 MPa and 21 MPa for PP/TiC/SCB-1 and PP/SCB-1 composites, respectively, are significantly
higher than the PLA-Carbon Composite material, which has 10.7 MPa (Khor et al. 2024), and the
biocomposite material of pine resin reinforced with starch and hemp fiber, 13.97 MPa (Sakhare et
al. 2024). These results are likely associated with the pre-processing steps involving ball milling,
followed by the reflux treatment applied to the PP matrix, SCB fibers, and TiC/SCB mixtures.

Fig. 5 presents the flexural performance of the composite models, with the highest and lowest
flexural strengths recorded at 30 MPa and 15 MPa for PP/TiC/SCB-1 (1B) and PP/SCB-3 (3A),
respectively. The flexural strength is influenced by many factors such as reinforced materials,
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Fig. 7 Impact strength test result of the composite materials

homogeneity, and porosity (Simamora et al. 2023). In this current study, the flexural strength of
PP/TiC/SCB-1 corresponds well with its microstructure, as lower porosity was observed, as shown
in Fig. 10.

The presence of the porosities leads to a reduction in the flexural strength, contributing to uneven
stress distribution within the composite (Kultayeva, 2024). Furthermore, it is believed that the
unbalanced ratio between TiC particles and SCB fiber is closely associated with an ineffective
interface bonding, the negative effects of unbalanced reinforcement materials were reported in other
studies (Junaedi et al. 2020). The flexural modulus rises for PP/SCB-(1,2) but slightly decreases
with higher SCB content, as observed in PP/SCB-3 (Fig. 6).

The decrease in flexural modulus associated with higher SCB content promotes formation during
processing, causing imperfect fiber-matrix interaction and suboptimal interface bonding
(Subramonian et al. 2016, Mohit and Arul Mozhi Selvan, 2018). Although the flexural modulus of
PP/TiC/SCB is lower than that of PP/SCB, the addition of TiC particles still contributes to the
improvement in the flexural modulus of PP/TiC/SCB composites. The results indicate that the
flexural behavior of these PP composite models - including both strength and modulus - exhibits
variability and instability. This phenomenon is influenced by many factors, including fiber
composition, processing conditions, fiber-matrix interaction, and the presence of compatibilizers.
One of the critical factors is the formation of atactic fractions or random polymer structures
(Paukkeri and Lehtinen, 1993). It is believed that the molecular chains of the PP matrix become
dispersed and disordered, which significantly influences the mechanical properties, morphology,
and crystallization behavior of the material (Kiss et al. 2020).

In this current study, the impact strength of the PP composite models was evaluated using the
Izod method, as shown in Fig. 7. With increasing SCB fiber content, a slight improvement in impact
strength was observed. In contrast, a better strength of the composites with a combination of TiC
particles and SCB fiber was observed, particularly for PP/TiC/SCB-2, which has 10 kJ/m2of impact
strength. This result is better than neat PP, which has 5.4 kJ/m2 Previous studies proposed that
incorporating TiC into PP composites enhances mechanical performance (Vidakis et al. 2023).
However, a further increase in SCB content, as in PP/TiC/SCB-3, led to a notable decline in impact
strength.
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This phenomenon may be attributed to the formation of porosity, non-homogeneous interactions,
and unstable interfaces between the PP matrix (Watanabe et al. 2018), the TiC, and bagasse fibers,
which significantly contribute to the overall decrease in impact strength (George and Bhattacharyya,
2021). In contrast, the lowest impact strength (4 kJ/m3 for PP/SCB-1 which contains 5 wt.% SCB
and no TiC particles.

Fig. 8 presents the XRD spectra of polymer composites containing varying amounts of sugarcane
bagasse (SCB) fibers. The SCB percentage does not significantly affect the peak intensities. Four
main peaks appear at low 2-theta (20) = 14.22°, 17.16°, 18.72°, and 21.96°, respectively. These
peaks indicate that the PP/SCB composites exhibit a semi-crystalline phase, while the SCB itself is
predominantly amorphous (Caliari et al. 2017, Aprilia et al. 2018). The increase of SCB fiber
(15wt.%) reduced peaks, which correspond well with their origin characteristics. Furthermore, the
XRD spectra of the PP/TiC/SCB composites are shown in Fig. 9. The combination of TiC particles
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Table 2 The crystalline degree and crystallite size of PP/SCB and PP/TiC/SCB composite models

Composition Crystalline Degree (%) Average Crystal Size (nm)
PP/SCB-1 38.73 5.82
PP/SCB-2 39.62 5.09
PP/SCB-3 43.11 4.97
PP/TiC/SCB-1 43.19 10.43
PP/TiC/SCB-2 45.92 12.24
PP/TiC/SCB-3 46.51 16.66

$30 x500 50um E! 830 x1,000 Opm $30 X500 opm
PP+Serat Ampas Tebu:95%+5 01 Jul 2024 PP+, Tebu;95%+5' 01 Jul 2024 45, Tebu:90%+10 01 Jul 202

Fig. 10 presents SEM micrographs of PP/SCB fiber fractured surfaces, illustrating different SCB fiber
concentrations: (a) 5 wt.%, (b) 10 wt.%, and (¢) 15 wt.%

and SCB fibers induces significant changes in the XRD patterns, particularly due to the inclusion of
TiC particles. Consequently, the PP-related diffraction intensities disappeared, however, due to the
enlarged area at low 2-Theta, peaks were still detected (see Fig. 9b). The Ti-based crystalline was
observed at 27.68°, 36.4°, 42.16°, 54.8°, 60.9°, and 72.76° which is indicated as TiVOs, TiCy 59,
TiCo.51No.12, TiO2, and TiC. These findings closely resemble the TiC spectra reported by Zhang ef al.
(2022) in ZrC-SiC/TiC-NCs composite, which occurred at 2-Theta 36°, 43°, 61.9°, and 73.4°.

The increased TiC particle content within the PP matrix is evidenced by the increase in
crystallinity and the average crystallite size, see Table 2. The highest crystallinity was observed in
PP/TiC/SCB-3, which exhibited a value of 46.51%. The average crystallite size experienced a
reduction from 5.82 nm to 4.97 nm with the increase of the SCB fibers percentage. More SCB fiber
influences the interaction between PP and SCB, reducing PP molecular mobility during cooling and
finally discouraging crystal formation (Lila et al. 2018). Both TIC/SCB have a different effect on
the crystalline degree and crystallite size of the PP composite, TiC has a significant effect on
increasing the crystallite size and microhardness, as well as the homogeneity of particle distribution
(Alam et al. 2021). On the other hand, SCB reduces nanoparticles using ball milling, leading to a
55.2% enhancement in crystallinity (Kathiresan and Sivaraj, 2016). SCB-fiber changes the
morphology and particle size during the ball milling process, which affects crystallinity (Sitotaw et
al. 2023).

3.2 Morphological evaluation

The fracture morphology was examined to analyze the interfacial characteristics of PP/SCB and
PP/TiC/SCB composites, as shown in Fig. 10.
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Fig. 11 presents (SEM) micrographs of the fractured surfaces of PP/TiC/SCB composites with v
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composite with a 7/10 wt.% TiC/SCB ratio

It is observed that unbroken SCB fibers are detached from the PP matrix, generating voids in the
PP/SCB composite. These phenomena indicate that poor and unstable interaction between the matrix
and the fiber occurred in some areas. These phenomena cause debonding, voids, and cracks in those
areas. The largest void size 10.7 um occurred in the area between the matrix and SCB (5 wt.%), see
Fig. 10a. Due to fiber pull-out from the matrix, voids formed and were visible in the composite, see
Fig. 10(a-c). An uneven and wavy fracture surface typically indicates good ductility in the composite
material (Ez-Zahraoui et al. 2023).

The fracture morphologies of the PP/TiC/SCB composites are shown in Fig. 11. The fracture
surfaces of the composite models reveal the presence of multiple air voids, as indicated in Fig. 11(a-
¢). Additionally, Fig. 11b shows agglomeration of the matrix and evidence of pull-out still occurring
in some areas of composites, in which SCB fibers detach from the PP matrix, leading to void
formation, as seen in Fig. 11(a-c). The void formation is probably influenced by poor adhesion and
interaction between constituents (PP, TiC, SCB), as well as the non-homogenous distribution of both
TiC particles and SCB fibers.
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Fig. 13 EDS intensity of PP/TiC/SCB composites with 7/10 wt.% TiC/SCB ratio at different points in Fig.
12a, (a) point ‘A’, (b) point ‘B’, and (c) point ‘C’

Furthermore, EDS mapping of the PP/TiC/SCB composite was conducted, and the results are
shown in Fig. 12.

The Ti elements are visible and more homogeneously distributed between the matrix and SCB
(Fig. 12¢), with only a small portion of TiC particles forming clusters, which indicates that pre-
milling of TiC-SCB in the pre-processing was successfully refined and promotes homogeneous
distribution of the TiC particles. The C element reflects the main constituent element of the PP
matrix, which is dispersed in most areas of the composite.

Fig. 13 presents the EDS analysis of the polypropylene (PP)-based TiC/SCB composite
containing a 7/10 wt.% TiC/SCB ratio, conducted at three regions (A, B, and C) in Fig. 12a. Point
‘A’ which contains small bright particles less than 5 pm consists of 50.8 wt.% of Ti and 49.2 wt.%
C. This result confirms that the TiC particles were successfully dispersed within the PP matrix as
reinforcement materials. The point ‘B’ and ‘C’ which were identified as the SCB fiber and PP-
matrix, respectively, show that the C element is predominant (>98 wt.%) at both points. Only a small
portion of Ti, or less than 2 wt.% within this region. This finding is consistent with the EDS intensity
shown in Figs. 13(b-c). High C content at point ‘B’ is attributed to the SCB fibers, which originate
from natural sources and are rich in carbon-based constituents (Devadiga et al. 2020).

4. Conclusions

This study effectively demonstrates that incorporating Titanium Carbide (TiC) and sugarcane
bagasse (SCB) significantly enhances the mechanical performance of polypropylene (PP)
composites. The optimal ratios of 5% TiC and 7% SCB deliver the highest tensile, flexural, and
impact strengths. Nevertheless, morphological analysis reveals interfacial voids that may
compromise bonding quality. These findings underscore the critical importance of optimizing filler
and matrix materials to improve composite performance. Consequently, this research provides
valuable insights for developing environmentally friendly composites with enhanced engineering
capabilities, particularly for applications such as vortex turbine impeller materials.
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