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ABSTRACT: This study investigates the development of hybrid-reinforced polyester composites using
corncob and urea particles as reinforcement for sustainable applications. Composites were fabricated by the
stir casting method with varying weight fractions of corncob and urea. The mechanical and physical properties
of the developed composites were evaluated, while fracture surface morphology was examined using scanning
electron microscopy (SEM). The burning rates of the samples were investigated to evaluate their flame-
retardant potential. The results demonstrate that incorporating corncob and urea effectively enhances stiffness-
related mechanical properties, including tensile and flexural moduli and hardness. Composite containing 12
wt% urea and 3 wt% corncob exhibited the highest flexural moduli and hardness with an improvement of 122%
and 45%, respectively. Composite with 3 wt% corncob and 18 wt% urea has the highest flexural strength with
an increase of 44%, composite with 9 wt% corncob and 18 wt% urea has the highest tensile modulus with an
improvement of 22%. In addition, it was found that the presence of corncob and urea reduced burning rates,
with the sample containing 15 wt% corncob and 18 wt% urea exhibiting the lowest burning rate, indicating
better flame-retardant potential. Thus, the findings indicate that corncob—urea hybrid reinforcement offers a
promising, sustainable approach to enhancing the mechanical stiffness and reducing the burning rate of
polyester composites. These materials have potential for use in applications requiring improved durability and
low burning rate potentials while reducing reliance on conventional synthetic additives.
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1. Introduction

In recent years, polymer composites have gained attention across various industries. Advancements in
composite reinforcement are progressing rapidly, with innovations such as hybrid fibers, nano-cellulose,
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and eco-friendly materials enhancing the performance of polymer composites [1-3]. Hybridization of
polymers enables the strategic design of a composite that achieves a balanced combination of mechanical
strength, reduced weight, durability, and functionality by leveraging the benefits of different reinforcements
while minimizing their limitations [4]. The inclusion of filler additives or particulates into the polymer
matrix can be tailored to improve specific properties, including mechanical strength, thermal conductivity,
electrical resistivity, and wear resistance. Careful selection of these fillers enables the engineering of
polymer composites to meet targeted performance requirements. Current research increasingly focuses on
waste-derived materials as sustainable alternatives to fossil-based resources. Environmentally friendly
nanofillers are being investigated for the fabrication of innovative, sustainable polymer composites.
Agricultural waste and co-products are widely utilized due to their abundant availability, low-to-zero cost,
and satisfactory performance [5]. Commonly investigated bio-based waste fillers include eggshell powder
[6], wheat straw [7], rice husk [8], sawdust [9], sugarcane bagasse [10], oat straw [11], coconut shell [12],
and corn husk [13], among others. The cob residue from corn is becoming an attractive feedstock due to its
accessibility, biodegradability, and renewability. Also, it is non-toxic, supports efficient processing, and is
readily available at little to no cost [14]. Studies indicate that corncob exhibits a slow, progressive
combustion process, maintains thermal stability up to 200 °C, and enhances both the thermal and
mechanical properties of its polymer matrix [15-17].

Polyester is one of the commonly used polymers, valued for its excellent chemical resistance and ease
of processing. It is applied in industries such as packaging, coatings, electronics, tissue engineering,
automotive, and construction [18,19]. Polyester has low thermal stability and high flammability, which
limits its performance in high-temperature applications. To improve its flame-retardant properties, the
incorporation of nanoparticles has been explored [18]. Fillers can improve the polymer’s heat tolerance,
making it suitable for engineering applications requiring fire-retardant properties. Hamdy [20] reinforced
recycled polyester with Mg(OH)2 nanoparticles, successfully enhancing its flame resistance by reducing
flame propagation and combustion heat while also improving its mechanical properties. Similarly, Femiana
[21] used iron powder filler as a filler to enhance the flammability resistance and mechanical properties of
the polymer matrix; however, this modification also increased composite density. Ribeiro et al. [22]
developed nano and micro based polyester composites reinforced with SiO2 and Al2Os3, achieving improved
fire-retardant performance. However, their study revealed a decrease in the mechanical properties of the
polymer matrix due to poor adhesion between the polymer and the filler [22].

Previous studies have investigated the incorporation of corncob and urea in polymer matrices. Corncob
fillers have been studied with polypropylene [14], PHB-PLA [23], Epoxy [24], Polyamide [25], and
Polyester matrices [26], demonstrating their influence on improved water absorption and solvent sorption,
mechanical performance, thermal stability, and potential flame-retardant properties. Similarly, Urea
functions as a plasticizer, potentially enhancing flexibility, improving moldability, and reducing surface
friction during composite processing [27]. Urea-based additives have been widely investigated in polymeric
materials, such as poly (vinyl alcohol) composites [28] and polypropylene [29], where improvements in
interfacial bonding, mechanical strength, and thermal properties have been reported. Despite these efforts,
a systematic investigation of a hybrid reinforcement system combining corncob and urea within a polyester
matrix has not been reported. The present study addresses this gap by investigating the synergistic effects
of corncob—urea hybrid reinforcement on the mechanical and physical properties of polyester composites,
thereby offering new insight into sustainable hybrid composite design. Also, studies on the incorporation
of waste materials with low burning rate that could culminate to flame-retardant properties into polyester
resin are limited. Corncob particles were expected to reduce burning rate of the polyester composite. In
addition, this study also evaluates the density of the polyester composites.
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2. Materials and Method
2.1. Materials

Corncob was obtained from a farm in Akure, Ondo State, Nigeria. Sodium hydroxide and urea of
analytical grade were purchased from Pascal Scientific Chemicals (Akure, Ondo State, Nigeria), while the
unsaturated polyester resin, accelerator, and catalysts were procured from Ibadan, Oyo State, Nigeria.

2.2. Preparation and Treatment of Corncob

The corncobs obtained were treated to remove unwanted materials, washed thoroughly with distilled
water to remove impurities, dried at room temperature, and pulverized in a grinding mill. The pulverized
corncob was treated with 5% NaOH in a shaker water bath for two hours at 45 °C. To achieve neutrality,
the treated corncob was rinsed with tap water and then distilled water. It was then oven-dried at 105 °C for
2 h to remove moisture. The dried and treated corncob was blended and sieved through a 150 um mesh to
obtain a fine powder (as shown in Figure 1).

Tl

Figure 1. Corncob powder obtained after processing.

2.3. Development of Composite Samples

The composites were developed using the hand lay-up technique, in which corncob and urea were
incorporated into the polyester resin at varying weight proportions, as shown in Table 1. Catalyst and
accelerator were added to aid composite curing. They were manually mixed with a stirrer to form a uniform
dispersion of the constituents in the composites. The homogeneous mixtures were poured into designated
moulds tailored for each property under investigation, as specified in the ASTM standards, and allowed to
cure before removal from the moulds. Thereafter, the samples were post-cured at ambient temperature. The
fabricated specimens are shown in Figure 2.

Table 1. Formulation for the developed composites (per volume fraction).

Polyester (%) Corn Cob (%) Urea (%)
100 - -
88 - 12
85 - 15
82 - 18
85 3 12
82 3 15
79 3 18
79 9 12
76 9 15
73 9 18
73 15 12
70 15 15

67 15 18
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Figure 2. Fabricated specimens composed of (a) polyester with urea; (b) 100% polyester; (¢) 15% corncob and 15% polyester
composite.

2.4. Evaluation and Characterization of Corncob and the Developed Composites
2.4.1. XRD Spectrum

X-ray Diffraction (XRD) analysis of the treated and untreated corncob particles was carried out to
determine the phases present in the particulate by measuring over 20 = 0-70° using a Bruker D2 Phaser®
diffractometer (Bruker Corporation, Billerica, MA, USA) with a copper Ka radiation source. The machine
operated at 25 °C with generator settings of 30 kV and 20 mA, and the patterns were analyzed using
PANalytical X’pert Highscore software (v3.0e). It aids in calculating the crystallinity index of treated and
untreated corncob. The Cil is a critical parameter for quantifying the relative amount of crystalline material
in corncob samples and provides insight into the degree of order within the cellulose structure. The
comparison between the C:l of treated and untreated corncob particles reveals the impact of treatment on
the cellulose crystallinity, which can influence the material’s mechanical properties and potential
applications. The crystallinity index for both treated and untreated corncob particles was calculated using
Equation (1).

Area under all the crystalline peaks

Cl=

X 100% )

Area under all crystalline and amorphous peaks

2.4.2. Fourier-Transform Infrared Spectrophotometer (FTIR)

The Perkin Elmer TGA 4000 Fourier-Transform Infrared (FTIR) spectrophotometer (PerkinElmer,
Waltham, MA, USA) was used to assess the functional groups found in the treated and untreated corncob
particles. The spectra range of 4000400 cm ™! wavelength was used for the analysis, which shed light on
the chemical bonds and molecular vibrations found in the samples. The FTIR spectra were obtained at a
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resolution of 4 cm™!, allowing the identification of key functional groups, including hydroxyl (O-H),

carbonyl (C=0), and alkyl (C—H). This analysis is essential for understanding the chemical modifications
induced by the treatment process, particularly regarding the content of cellulose, hemicellulose, and lignin.
By comparing the FTIR spectra of treated and untreated corncob particles, it is possible to identify any
structural alterations, component removal, or degradation that may have an impact on the material’s
characteristics and possible uses.

2.4.3. Burning Test

As specified by ASTM D635, the horizontal burning (HB) test was used to evaluate flame retardancy.
It provides only a qualitative classification. The material was used in a horizontal position within a specified
time following the ignition source, according to the linear burning rate. When the material was removed,
the HB-class material burned at a maximum rate of 75 mm/min [30]. Each specimen’s linear burning rate
was determined using Equation (2).

V=— )

where V is the linear burning rate in milliseconds per minute, L is the damaged length in millimeters, and ¢
is the time in seconds.

2.4.4. Density Test

One of the most crucial factors influencing the weight of the freshly created composite is its density.
The density of the matrix and reinforcement materials contributes to the overall density of composite
materials. Consequently, Archimedes’ principle was used in the current study to determine the density of
the manufactured composites. The composite samples were fabricated in accordance with ASTM D-792
for the density test [31].

2.4.5. Hardness Test

In accordance with ASTM D2240, the specimen’s hardness was measured using a conventional Shore D
hardness tester, Model 3105 (Zwickroell, Ulm, Germany). The digital scale was used to record the reading
after samples of each weight fraction were placed on a fixed lower plate and indented using a lowered
indenting tip. Every sample was randomly indented at five distinct points to guarantee the accuracy of the
outcome [32].

2.4.6. Impact Test

The impact test was used to determine whether the composites would crack in a brittle or ductile
manner and to evaluate the energy absorption capacity of the notched specimen prior to failure. In
accordance with ASTM D256-10, the notched IZOD impact test was performed using an IZOD Impact
Testing Machine, Model H10-3, No 3915 (Testing Machines Inc., New Castle, DE, USA). The samples
used had dimensions of 64 x 11 x 3 mm. Every sample used had a center notch, and it was positioned
horizontally on the impact tester with the two supporting lines spaced 60 mm apart. After positioning and
clamping the apparatus, the pendulum was set to fall freely onto the test samples from a specified height,
after which the readings were obtained. For each composite sample, triplicate tests were performed using a
pendulum swing to break the sample, with the notched samples positioned in a cantilever arrangement to
obtain reliable data. Each composite’s average data were then determined [33].
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2.4.7. Tensile Test

According to ASTM D3038M-08 specifications, tensile tests were conducted using an Instron
Mechanical Universal Testing Machine (Instron, Norwood, MA, USA), Series 3369, with a load cell
capacity of 50 kN. ASTM D412 was used to prepare the test samples. Tensile tests were performed at a
displacement rate of 10 mm/s. Dumbbell-shaped specimens measuring 90 x 10 x 5 mm were used. Each
weight fraction was analyzed in triplicate, and the averages were used as representative values to ensure
the precision and reliability of the tensile test results.

2.4.8. Flexural Test

According to ASTM D790 [34], a three-point bending test was used to evaluate the samples’ flexural
strength. The tests were performed using an Instron Series 3369 universal testing machine (Instron,
Norwood, MA, USA). The specimen’s dimensions were 3 mm for thickness, 15 mm for width, and 120
mm for length. A displacement control rate of 10 mm-min~! was used for the tests. A distance of 65 mm
was covered at a test speed of 5 mm-min~!. Each composition was tested on three samples, and the
representative value was calculated as the average of the outcomes.

2.4.9. Energy Dispersive X-ray Spectroscopy (EDS) and Scanning Electron Microscopy (SEM)

The elemental composition of the developed composites was analyzed using a Phenom ProX scanning
electron microscope (SEM) integrated with Energy Dispersive X-ray Spectroscopy (EDS) (Thermo Fisher
Scientific, Waltham, MA, USA). The SEM was operated at an accelerating voltage of 15 kV, providing high-
resolution images of the sample surface, which enabled detailed observation of the composites’ morphology.
Prior to SEM analysis, the samples were coated with a thin layer of gold to minimize charging effects and
improve image quality. The EDS system was employed to identify and quantify the elemental composition of
the developed composite.

3. Results and Discussion
3.1. XRD of Treated and Untreated Corncob Particles

Figure 3 displays the XRD patterns of both untreated and treated corncob particles. The crystallinity
index (C:l) was calculated using Equation (1), yielding values of 38% for untreated corncob particles to 41%
for the treated particles. While this change suggests a modest enhancement in structure order, the magnitude
of the increase is relatively small, reflecting partial removal or modification of amorphous constitutes such
as hemicellulose and lignin. The removal or alteration of certain organic compounds during the treatment
process may have likely contributed to the slight increase in crystallinity, as amorphous regions were
reduced slightly, and crystalline phases were retained or slightly enhanced.
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Figure 3. XRD of treated and untreated corncob.

3.2. FTIR of Treated and Untreated Corncob Particles

Figure 4 presents the FTIR spectra of both treated and untreated corncob particles, showing distinct
absorption bands that indicate the presence of various functional groups. For the untreated corncob, the
absorption bands observed at 3626 cm™! and 3438 cm™! correspond to O—H stretching vibrations, indicative
of hydroxyl groups, which are typically associated with cellulose, hemicellulose, and moisture content in
natural fibers. The band at 1649 cm™! is attributed to C=C stretching vibrations, the presence of aromatic
rings, likely derived from lignin components. The absorption band at 1028 ¢cm™' corresponds to C-O
stretching vibrations characteristic of ester and phenol groups, further indicating the presence of lignin and
hemicellulose. Additionally, the absorption peaks at 785 cm ™! and 684 cm ™! represent out-of-plane bending
vibrations of aromatic rings, which are also linked to the lignin structure [35,36]. In the case of the treated
corncob particles, notable shifts in the absorption bands suggest chemical modifications resulting from the
treatment process. The broad band at 3424 cm™!, representing the O—H stretch, indicates the presence of
hydroxyl groups, although the slight shift and reduced intensity compared to the untreated corncob may
suggest partial removal or alteration of some of these groups, possibly due to the breakdown of
hemicellulose and lignin. The absorption band at 1457 cm™' corresponds to CH bending vibrations,
indicating structural changes in the cellulose framework that could be linked to the removal of amorphous
components such as hemicellulose. The band at 1090 cm™!, representing C—O stretching of esters and
phenols, confirms the retention of some cellulose and lignin components after treatment. These FTIR results
suggest that the treatment process has led to the partial removal or modification of lignin and hemicellulose,
contributing to the observed shifts in absorption bands. This chemical alteration is consistent with the
increase in crystallinity index observed in the XRD analysis, as the reduction of amorphous lignin and
hemicellulose typically enhances the crystallinity of cellulose. The presence of hydroxyl and ester groups
in both treated and untreated samples confirms the natural polymeric structure of corncob, which is essential
for understanding its behavior in composite applications.
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Figure 4. FTIR of treated and untreated corncob.

3.3. Burning Rate

The burning rate (mm/min) of the different composites is shown in Figure 5. The composite with 100
wt% polyester gave the highest burning rate of 13.51 mm/min, indicating its greater susceptibility to flame
propagation, and a lack of inherent flame resistance. The flame propagation of composites decreased
significantly with increasing corncob and urea fillings; all the composites showed enhanced fire-retarding
performance compared with 100 wt% polyester, indicating that a hybrid combination of urea and corncob
reduces flame propagation. The 15 wt% corncob had the best resistance to flame propagation, which
suggests that the combination of corncob filler and urea significantly enhanced the reduction in flame
propagation of the composite. Yuan et al. [37] reported an excellent performance of nitrogen-based flame
retardant, of which urea is part. They also reported other benefits, including low toxicity, low cost, smoke
suppression, and excellent thermal stability to light. When exposed to heat, urea generates ammonia and
other gases, which lowers the amount of molecules in the gas phase of combustible gases. Simultaneously,
the nitrogen-based flame retardant thermal decomposition process will also take in directly some of the
heat. In the condensed phase, the NH3 and HCNO produced by urea decomposition will enhance the
formation of a char layer, which gives rise to an improved flame retardancy effect [38]. Rybinski et al. [39]
reported that even the presence of 10% lignin improves the resistance of natural fibres to fire. They also
reported that, in the presence of an additive flame retardant, as the amount of biofillers increases, the
resistance of composites to fire increases.

The horizontal burning test (ASTM D635) helps to compare the flame propagation behaviour of
polyester based composite with the incorporation of urea and corncob; however, it does not give enough
details as regards the heat release, char yield, and smoke released.
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Figure 5. Variation of burning rate with corncob content and control.

3.4. Density

Figure 6 shows the density of the developed composites and the control. The result shows that the
composite with pure polyester had the lowest density. The composites with 3 wt% corncob and 18 wt% urea
gave the highest density (1.202 g/cm?). A downward trend is observed from 3—15 wt% of corncob. However,
density decreases with increasing corncob concentration. Orhan and Aydogmus [40] also observed a similar
trend with density decreasing as corncob content increases. A comparable trend was observed in Figure 7 for
the composite’s hardness, indicating a direct relationship between density and hardness. Oladele et al. [3] also
support the assertion that higher density contributes to increased material hardness.

m100% Polyester
m12wt% Urea
1.25
H 15wt% Urea
1.2 18wt% Urea
&1.15
£
3
en] 1.1
N’
>
=11.05
1]
5
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Control 3 9
|Corncob (wt%) |

Figure 6. Variation of density with corncob content and control.

3.5. Hardness

The hardness results for the developed composites and the control are shown in Figure 7. All the
composites had higher hardness values than the 100% polyester sample. The control with only urea gave
an improved hardness value. Composite with 12% urea had the highest hardness value of 76.625 N/m?, an
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increase of 61.90%. The composites with 3 wt% and 9 wt% corncob exhibit a drop in hardness as the
concentration of urea increases. Conversely, with 15 wt% corncob, the hardness increases with increasing
urea concentration. The increase in hardness is due to particle reinforcement, which fills gaps and reduces
voids formed during the molding. They enhance dispersion within the matrix and improve compaction
between the composite constituents, thereby reducing polymeric particle mobility and improving hardness.
The nature of the reinforcing material’s particles plays a role in the reinforcing process. Specifically, when
particles have high strength and hardness, they enhance the composite material’s toughness. Mohammed
and Salih [41] observed an increase in hardness value with the addition of corncob particles measuring 53
pm and 710 pm to unsaturated polyester resin.

20 E100% Polyester
80 H 12wt% Urea

I H 15wt% Urea
70

18wt% Urea
60 Ie

50
40
30

| Hardness (HS) |

20
10

0

Control 3 9
Corncob (wt%) |

Figure 7. Variation of hardness property with corncob content and control.

3.6. Impact Strength

The impact strength for the developed composites and the control is shown in Figure 8. It was observed
that the composite with 100% polyester, with an impact strength of 0.925 J/mm?, has the highest impact
strength, indicating that the fillers reduce the energy absorbed when they break. This is due to the formation
of agglomerates as observed by Rautaray et al. [42]. The composite with 15% corncob and 18% urea
exhibited an impact strength of 0.864 J/mm?, 6.59% decrease. The decrease in impact strength may be
attributed to non-uniform dispersion and agglomerated particles, which create stress concentration points
and facilitate crack initiation [43]. Oladele et al. [44] observed that the addition of 20 wt% of corncob ash
reduced impact strength. Similarly, Ali et al. [45] reported a decline in impact strength when corncob
nanofibers were incorporated into low-density polyethylene. Furthermore, Ali et al. [46] found that the
addition of corn cob and jute fibre to unsaturated polyester resin also led to a decrease in impact strength.
In conclusion, while adding urea and corncob fillers enhances certain mechanical properties, such as
hardness, it tends to reduce the composites’ impact resistance. The decline is primarily due to the lower
toughness of natural fillers relative to the polyester matrix, agglomerate formation, and non-uniform filler
dispersion. To mitigate the reduction in impact strength and enhance the composite’s suitability for
applications requiring resistance to sudden forces, optimizing filler content and dispersion is essential.
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Figure 8. Variation of impact resistant with corncob content and control.

3.7. Tensile Properties

Figure 9 shows the variation of tensile strength of the control and composite samples at different
concentrations. The results showed that the sample with 100 wt% polyester had the highest tensile strength
of 23.70 MPa. The incorporation of fillers reduced tensile strength, primarily due to poor adhesion between
the fibres and the matrix. The presence of voids and gaps within the fibre structure further contributed to
the decline in tensile strength [47]. Particle agglomeration may create a stress concentration point, resulting
in weak interfacial adhesion and inefficient stress transfer between the matrix and the reinforcing phase.

Sari et al. [48] similarly reported a decrease in tensile strength when coconut shell powder and corn
husk fibre were added to unsaturated polyester. Likewise, Ali et al. [46] observed a decrease in tensile
strength with the addition of corncob and jute fibre to unsaturated polyester resin.
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B 12wt% Urea
— 25 E 15wt% Urea
w 18wt% Urea
=Y
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=
s I
ot I
b
b I
210
@
=
)
=15
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Figure 9. Variation of maximum tensile strength with corncob content and control.

Figure 10 shows the tensile modulus of the developed composites, which measures the stiffness of the
composite samples under tensile loads. The results indicate that some of the composite samples exhibited
higher tensile moduli than the control, while those without corncob had lower tensile modulus than the
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control. The highest tensile modulus was recorded for the sample containing 9% corncob and 18% urea, at
1.2 GPa, an increase of 21.2% compared to the 100% polyester, which had a value of 1.0 GPa. The
improvement in tensile modulus with the addition of corncob particles can be attributed to a restriction in
the mobility of the polymer chain, which increases elastic stiffness. Ali et al. [45] also observed an
improvement in tensile modulus with the addition of fillers.

1.4
m100% Polyester m12wt% Urea = 15wt%_|_Urea 18wt% Urea
1.2 1 1
B
a 1
S I
2| o8
§ 0.6 !
S| 0
2
| 0.4
=
3
& 0.2
0
Control 3 9 15
Corncob (wt%) |

Figure 10. Variation of tensile modulus with corncob content and control.

3.8. Flexural Properties

Figure 11 presents the maximum flexural strength of the control and composite samples at various
weight percentages. Among all composites, the composite with 3 wt% corncob exhibited the highest
flexural strength, with the composite containing 3 wt% corncob and 18 wt% urea having the highest flexural
strength of 39 MPa with an improvement of 43.7% compared to the pure polyester, which is likely due to
its homogenous dispersion within the matrix. The increase in flexural strength with the initial addition of
corncob may be attributed to the alkaline treatment of corncob as reported by Balogun et al. [43]. This
finding aligns with Oladele et al. [49], who also observed that corncob enhances flexural strength. Sari et
al. [48] reported an increase in flexural strength with the addition of corn husk fibre and coconut shell
powder to unsaturated polyester. The composite containing 15 wt% corncob with urea exhibited the lowest
flexural strength. This is due to inefficient load transfer from the matrix to the reinforcements, resulting in
poor interfacial adhesion. Additionally, an improper constituent mix ratio may have contributed to a weak
interface, further reducing flexural strength [43]. In conclusion, the initial addition of corncob improves
flexural strength, while urea increases stiffness and bending resistance. However, optimizing the
composite’s flexural properties requires precise control over the reinforcement ratio and dispersion to
ensure effective load transfer and interface bonding.
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Figure 11. Variation of maximum flexural strength with corncob content and control.

Figure 12 shows the flexural modulus of the developed composites and the control sample, which
represents the materials’ stiffness. The results indicate that most of the developed composites exhibited
higher flexural modulus than the 100% polyester, which is also in line with what was observed by [15].
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Figure 12. Variation of flexural modulus with corncob content and control.

3.9. SEM Morphology of Composites

Figure 13 presents SEM images of polyester samples with and without fillers. The SEM image of the
pure polyester sample in Figure 13a shows a smooth and uniform surface morphology, characteristic of
polymeric matrices without reinforcing fillers. The absence of voids, stress concentrations, or internal
defects contributes to its mechanical properties. This uniform surface structure likely explains why pure
polyester has higher tensile strength and impact resistance compared to reinforced composites. Without
reinforcement-matrix interfaces that could act as weak points, pure polyester performs better in terms of
tensile strength and impact resistance because it can distribute stress evenly and withstand external forces.
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The smooth, uniform matrix structure eliminates pull-out or debonding issues typical of reinforced
composites, thereby improving energy absorption during impacts.

Figure 13b shows the SEM image of the polyester composite reinforced with 12 wt% urea,
demonstrating a uniform distribution of particles within the polyester matrix. By limiting the mobility of
the polymer chains and enhancing load transfer between the urea and the polyester, these urea particles
increase the composite’s hardness. The presence of white specks, likely representing agglomerated urea
particles or voids, affects the tensile and impact strength. This composite exhibits the highest hardness of
the urea-reinforced samples, while maintaining good modulus and flexural strength. However, the
improvement in hardness comes at the expense of tensile strength, as stress concentrations introduced by
the fillers may slightly weaken tensile properties.

The SEM image of the hybrid composite reinforced with 3 wt% corncob and 12 wt% urea, shown in
Figure 13c, reveals a more complex and rougher surface morphology. This roughness is characterized by
visible particle agglomerations and an uneven distribution of reinforcements. The agglomerated particles,
appearing as white or bright areas in the image, contribute to improved mechanical properties, including
higher tensile strength, flexural modulus, hardness, and flexural strength. The increased surface roughness
suggests stronger interfacial bonding between the reinforcements and the polyester matrix, enabling
effective stress transfer. However, uneven particle distribution may lead to localized weak points that act
as stress concentrators under loading, potentially accounting for the slightly reduced impact resistance. The
SEM analysis highlights the influence of reinforcement type and distribution on the mechanical properties
of polyester composites. The homogeneous matrix of pure polyester provides exceptional tensile strength
and impact resistance, along with a smooth, flawless surface. On the other hand, incorporating corncob and
urea enhances stiffness, flexural strength, and hardness. However, the introduction of fillers also introduces
potential weak points that may slightly reduce impact resistance. The key to maximizing these composites’
mechanical performance is balancing matrix integrity, interfacial bonding, and reinforcement dispersion.
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(c)
Figure 13. SEM images of developed composites. (a) Pure polyester; (b) 12% Urea; (¢) 12% urea and 3% Corncob.

3.10. EDX of Composites

The results of the Energy Dispersive X-ray (EDX) analysis provide valuable insight into the elemental
composition of the reinforced polyester composite and its correlation with the observed mechanical
properties and flame retardancy, as seen in Table 2. The major elements detected include oxygen (40.22%),
carbon (23.40%), and silicon (20.00%), along with smaller amounts of potassium (5.30%), sulphur (1.35%),
calcium (4.50%), and iron (5.23%). These elements directly influence the composite’s tensile strength,
flexural properties, hardness, and impact resistance.

The EDX analysis reveals a composition rich in elements that not only enhances the composite’s
mechanical properties but also improve its flame retardancy. The high concentrations of carbon and silicon
contribute to increased hardness, tensile strength, and flexural stiffness, though they slightly compromise
impact resistance. Additionally, these elements contribute to fire resistance, with carbon and silicon aiding
the formation of protective barriers that slow combustion.

Table 2. Composition based on EDX analysis of 12% urea with 3% corncob.

Element Composition (wt%)
Oxygen (O) 40.22
Carbon (C) 23.40

Potassium (K) 5.30
Sulphur (S) 1.35
Calcium (Ca) 4.50
Silicon (Si) 20.00
Iron (Fe) 5.23

4. Conclusions

This study showed that incorporating corncob and urea particles into the polyester matrix significantly
improves the mechanical properties and the burning rate resistance of the composites, except for tensile and
impact strengths. The results revealed that urea and corncob enhance key performance parameters,
including tensile modulus, flexural strength, and modulus, as well as hardness. Among the composite
samples, 12 wt% urea and 3 wt% corncob exhibited the best combination of mechanical properties. Burning
rate also revealed a significant improvement in fire resistance caused by the addition of corncob and urea.
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The results demonstrated that the composite with 15 wt% corncob and 18 wt% urea exhibited the lowest
burning rate, demonstrating excellent resistance to flame propagation. However, this study was performed
without a direct comparison with conventional flame retardants; hence, extensive evaluation using
additional fire-testing methods, such as LOI, TGA, and cone calorimetry, to ascertain flame retardancy,
and exploring surface treatments to improve interfacial bonding between the fillers and the matrix for even
better mechanical performance.is required to assess the flame-retardant potential of corncob-based
additives in polymer composites. Also, more research should be carried out to ascertain specific constituents’
compositions that can attain optimum performance with respect to mechanical, physical and flame retardant.
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