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(RH) in weight ratios of 100%, 70/30, 50/50 and 30/70 using thermoset resin matrix. Thermal

conductivity was measured by Lee's Disc Method, the 100% RH sample obtained the lowest Keywords

Natural fibre composites

thermal conductivity of 0.03502 W/mK, which showed a good insulation performance.
Sugarcane bagasse

Mechanical characterization according to the standards of tensile strength and flexural o N

strength of the samples in accordance with ASTM D3039, D790, and D256 showed that the Thermal conductivity
50/50 SCB-RH composite had the highest tensile strength (80.1 MPa) and flexural strength Sound absorption
(78.9 MPa). Acoustic performance, which was determined through ASTM E1050-12, and the Mechanical properties
50/50 hybrid was determined as the most effective sound absorber with a peak coefficient of

0.75 at 1900 Hz. The Scanning Electron Microscopy analysis revealed that there was good

dispersion of fibres and low voids in hybrid samples and this is one of the reasons why they

exhibit better multifunctional behaviour. In general, the 50/50 SCB-RH composite has the

best thermal, mechanical and acoustic performance and it has great potential in the application

of insulation and noise control in the automotive and architectural industry.

1. Introduction

Natural fibre composites (NFCs) have received significant interest in recent years due to their sustainability, low
environmental impact and applicability in lightweight engineering systems [1]-[3]. These materials possess good
properties, such as high specific strength, biodegradability, and cost-effectiveness, that make them competitive with
conventional synthetic fibre composites [2], [4]<Their.inherent cellular and porous properties provide efficient thermal
insulation and sound-damping, which are very attractive for acoustic panelling, automotive interiors, and building
applications [5], [6]. Natural fibres such-as sugarcane bagasse (SCB) and rice husk (RH) can exhibit good tensile
behaviour, high stiffness, and high impact resistance when properly processed, further increasing their multifunctional
use. The selection of SCB and RH as materials for hybrid composite development is based on their complementary
physicochemical properties [7]-[8]. The cellulose, hemicellulose, and lignin content of sugarcane bagasse is 40-50 %, 25-
30 %, and 20-25 %, respectively, forming a rigid network of fibres that enhances load-bearing capacity and adhesion with
polymer matrices due to the high lignocellulosic content. Conversely, rice husk contains 15-25% amorphous silica, which
confers it with high thermal stability and resistance to degradation at high temperatures [9]-[11]. When combined, these
two fibres synergistically enhance thermal insulation, mechanical performance, and acoustic absorption, making SCB-
RH hybrids_promising. candidates for multifunctional bio-composite applications [12]-[14]. Strong fibre-matrix
interfacial’bonding is a major issue in composite fabrication and directly affects the mechanical and acoustic properties
of the final composite. As a result of the hydroxyl (-OH) groups on natural fibres, these fibres are susceptible to moisture
and‘incompatible with hydrophobic polymer matrices [15]-[16]. To overcome this, chemical treatments such as alkaline
(NaOH) treatment, silane coupling agents, or acetylation are used to improve interfacial adhesion and fibre dispersion in
the matrix. It has been shown that alkali-treated sugarcane bagasse and rice husk exhibit improved tensile properties due
to increased surface roughness, which enhances mechanical interlocking between the resin and the fibres [17]. In addition,
the final strength, thermal insulation, and acoustic damping of the composite depend on the distribution of fibre particle
sizes. Fine particulate reinforcement increases surface-area interactions, coarse particles increase bulk strength, and an
optimal balance is required for the intended application [18]-[19].

Numerous studies have examined the acoustic potential of natural fibre composites owing to their porosity,
biodegradability, and sustainability. A hybrid system of sugarcane bagasse and bamboo charcoal was reported by
Sakthivel et al. [4], with enhanced sound absorption at mid-frequencies attributed to the porous architecture and good
dispersion of fibres within the matrix. In a comprehensive analysis, Jang [3] reviewed various green materials and
emphasised that factors such as thickness, flow resistivity, and surface morphology are directly related to acoustic
absorption, particularly in lignocellulosic materials such as sugarcane bagasse and rice husk. Bagheri et al. [20] found
that adding tea waste and nanoclay to a polypropylene matrix resulted in significantly improved high-frequency acoustic
performance, suggesting the importance of filler synergy and compatibility with the matrix. Rachman et al. [21] used
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coconut fibres with citric acid to develop environmentally friendly acoustic panels, in which chemical modification
enhanced surface bonding and absorption coefficients at higher frequencies. As stated in Azhar et al. [22], the type of
fibre, the method of layering, and the density of the material play a crucial role in the frequency-dependent effectiveness
of acoustic panels, and coir and kenaf fibres have positive damping characteristics. Bachtiar et al. [23] emphasised the
lack of standardisation in correlating mechanical integrity and acoustic response across different natural fibre composites,
indicating inconsistencies in material design methodologies. Meanwhile, Taban et al. [24] conducted a comparative study
of coir and date palm fibre composites and concluded that low- and mid-frequency sound absorption is affected by fibre
diameter, packing structure, and interfacial bonding.

Despite these improvements, most previous studies have considered either mechanical or acoustic characterisation in
isolation and have typically employed single-fibre systems. Very few studies have been conducted on hybrid natural fibre
composites, especially in the sugarcane bagasse-rice husk systems. This research addresses this research gap by evaluating
the performance of SCB-RH hybrid composites and exploring ways to develop sustainable materials with multifunctional
applications in structural acoustics, transportation, and building insulation. Given the need for thermally insulating yet
acoustically efficient materials, there has been increased focus on the sound absorption properties of NFCs. The sound
absorption coefficient is one of the most important parameters for assessing the sound attenuation of a given material
within certain frequency ranges. Natural fibre composites have good sound-damping properties because their porous
structure allows sound waves to scatter and dissipate energy. Furthermore, the thermal conductivity of NFCs is important
for applications that require heat management; hence, it is widely used to evaluate their thermal performance using Lee's
Disc Method. Past research on natural fibre composites indicates that these materials have lower thermal conductivity
than traditional synthetic materials, as plant fibres are inherently porous.

This research aims to provide an overall understanding of the structural performance of sugarcane bagasse and rice
husk composites, with an emphasis on their potential for sound-absorption applications. These composites can be used as
an alternative to petroleum-based materials, as they can be optimised to provide the required structural integrity, thermal
performance, and sound-damping capabilities, and made sustainable. The findings from this study will advance high-
performance bio composites by offering insights into their feasibility for-industrial-scale acoustic applications. Further
investigation into fibre-matrix compatibility, long-term durability, and advanced fabrication methods will be essential to
unlocking the full potential of these materials in next-generation engineering solutions. While there have been several
studies on natural fibre composites, most have been conducted on single-fibre-systems or on the separate evaluation of
mechanical, thermal, and acoustic properties. Very limited work has been done on SCB-RH hybrid composites, and no
previous study has systematically correlated the composite's ‘microstructure with its combined tensile, flexural, thermal,
and acoustic behaviour. The novelty of this work is in the optimisation.of the SCB-RH compositions and determination
of the contrasting chemistries of the cellulose-rich SCB and silica-rich RH on the stiffness, deformation behaviour,
thermal insulation, and sound absorption in a single composite system. This integrated evaluation offers new insight into
the multifunctional performance of agro-waste-based hybrid composites, filling an obvious gap in existing literature.

2. Materials and Methods

2.1 Fibre Preparation

Sugarcane bagasse is an agricultural-industrial by-product composed mainly of cellulose (40-50%), hemicellulose (25-
30%), and lignin (20-25%). The porous structure and high aspect ratio of SCB fibres enhance their sound-absorption
properties, so SCB fibres have applications in acoustics. The lignin content provides moisture resistance and thermal
stability, conferring advantages for acoustically active panels in various environmental conditions. Nevertheless, raw SCB
fibre is hydrophilic due to the presence of hydroxyl (-OH) groups in its structure, and, therefore, it poses a problem of
compatibility with hydrophobic polymer matrices. The adhesion and interaction between fibres and the matrix were
enhanced by-modifying the SCB fibre surfaces, such as through alkali treatments and silane coupling [25].

Sugarcane bagasse Dried Sugarcane bagasse Sugarcane bagasse fiber
Figure 1. Fiber preparation

Rice husk is a natural reinforcement material with a high silica content (15-25%), hence it has high thermal insulation,
flame resistance, and dimensional stability [26]. RH is a good addition to acoustic composites because its microporous
structure enhances sound absorption. Its hard outer shell and micro-scaled particles contribute to the increased interfacial
area in the composite, increasing the contact between the matrix and fibre. Moreover, the thermal conductivity of RH is
low (0.035-0.045 W/mK), which facilitates heat insulation and decreases the chances of thermal degradation in composite
panels. Nevertheless, it is brittle; thus, the fibre-matrix ratio must be optimised to balance structural integrity and acoustic
performance. Figure 1 shows the process of fibre preparation. The matrix material used to bond the SCB and RH fibres
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is a thermosetting resin system that provides support and additional acoustic damping. The resin used, as shown in the
uploaded images, has sufficient integrity and some flexibility, allowing sound waves to dissipate. The hardener has been
chosen to provide the required crosslinking and polymerisation, thereby improving the composite and enhancing
resistance to environmental degradation [27]. Controlling the curing process improves adhesion between the fibres and
helps reduce void formation, which is detrimental to maintaining uniform sound properties throughout the panel. The
SCB and RH in different weights work well to optimise the mechanical strength, thermal insulation and acoustic damping
properties. The fibrous morphology of the SCB increases the composite's porosity, thereby improving sound absorption
by trapping air and reducing reflection. The microscale structure and silica-rich composition of RH provide sound
attenuation through internal damping and reduced sound transmission. The two components, working in conjunction with
an optimised resin-hardener system, permit the production of a composite that is lightweight, durable, and highly effective
at providing sound absorption as acoustic panels for sound control in industrial or residential settings.

2.2 Composite Preparation

The sugarcane bagasse and rice husk materials used in the study were processed through several steps to enhance
compatibility with the polymer matrix and improve acoustic characteristics [28]. First, the raw SCB and RH materials
were washed with distilled water to remove contaminants, then dried at 80 °C for 6 h to remove any remaining moisture.
After drying, the materials were ground in a high-speed ball mill and sieved to obtain an average particle size of 250-500
pum, promoting consistency and uniform distribution within the polymer matrix and thereby improving sound absorption.
An alkaline treatment with a 5% NaOH solution was also carried out on the fibres to enhance interfacial adhesion with
the epoxy resin and increase pore volume, thereby increasing acoustic damping. The treatment removed amorphous lignin
and hemicellulose, increasing the fibre surface roughness and exposing more cellulose, thereby enhancing the mechanical
interlocking capacity of the fibre and resin. The treated fibres were then repeatedly washed with distilled water to remove
excess NaOH and placed in an oven at ambient temperature for 4 h to continde drying. The modified fibres exhibited
enhanced wettability, hydrophobicity, and pore volume, thereby improving effective sound absorption. The composite
preparation process is shown in Figure 2.

Prepared Sample

| | [e000ee
Boxypesi | [m—
Part A Resi] HARDENER
Mot gt SO0 Pan (Hyrgees?
o M
s

Compression Moulding Machine

Figure 2. Composite preparation procedure

Table 1. Composition of composite panels and their sample code

Sugarcane bagasse  Rice husk Epoxy resin  Hardener

Sample Code (%) %) %) %)
Sample 1 (S100R0) 100 0 20 10
Sample 2 (SoR100) 0 100 20 10
Sample 3 (S7oRs0) 70 30 20 10
Sample 4 (SsoRs0) 50 50 20 10
Sample 5 (SzoR70) 30 70 20 10

The composite panels were fabricated using the hand lay-up technique to ensure uniform fibre distribution and
minimise matrix impregnation. A thermosetting epoxy resin (bisphenol-A-based) accompanied by a polyamine-based
hardener was utilised as the matrix. The per cent fibre-matrix ratios were kept in check by the formulation codes as
provided in Table 1. To minimise fibre agglomeration and achieve uniform fibre distribution, the requisite amount of
fibres was gradually added to the resin while stirring continuously. The mixture was poured into preheated moulds (200
mm x 200 mm x 5 mm) and vacuum-degassed to eliminate air voids, which were detrimental to acoustic performance.
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The moulded panels were left to cure at room temperature for 24 hours and then post-cured for 2 hours at 60°C to increase
the crosslinking density and the mechanical and acoustic properties of the resins. The cured composite sheets (Figure 3)
were then cut into standard specimen sizes for sound absorption coefficient analysis, thermal conductivity, mechanical
properties characterisation, and morphological analysis. In total, the five sample types changed the per cent composition
of SCB and RH as listed in Table 1.

i

8
%

S1ooRo SoRloo

Sso0Rs0

Figure 3. Prepared composite samples

2.3 Characterisation Techniques

The fabricated composite materials were subjected to a series of characterisation tests to evaluate their morphological,
thermal, and mechanical properties. The characterisation methods used in this study are morphological characterisation
by Scanning Electron Microscopy (SEM), thermal conductivity by Lee's Disc method, and mechanical testing to
determine the tensile, flexural, and impact properties. Standardised testing protocols were followed to ensure reliability
and reproducibility of the results. In accordance with ASTM standards, all mechanical and thermal characterisation tests
were performed on 5 specimens of each composite type to ensure statistical accuracy. and consistent performance
evaluation.

2.3.1 Scanning electron microscopy

Scanning Electron Microscopy was used to assess the fibre distribution, fibre-matrix interface bonding, and fracture
surface morphology of the composite samples. The samples were mechanically tested, and the examination was performed
directly on their fractured surfaces without any conductive coating. Using this approach, natural fracture mechanisms,
including fibre pullout, matrix cracking and interfacial debonding; were observed under realistic failure conditions.
Qualitative evaluation of void formation, fibre breakage and matrix fibre compatibility critical to describing the
mechanical behaviour of the composites was performed with the aid of SEM imaging [30]. In accordance with ASTM
E766 [31], the procedure for visual inspection of fracture surfaces of composite materials, the analysis was performed.
The direct examination was useful for assessing the effectiveness of fibre reinforcement and the dependence of microscale
structural integrity on SCB-RH ratios.

2.3.2 Thermal conductivity test

The thermal conductivity (k) of the composite materials was measured using Lee's Disc Method, a widely accepted
method for assessing the heat transfer characteristics of insulating materials, as shown in Figure 4. The apparatus consisted
of a brass disc, a heating section, and thermocouples to evaluate steady-state heat transfer through the composite sample.
The specimens were prepared in accordance with the standard test method ASTM E1952 [32], which describes a method
for measuring the thermal conductivity of insulating materials. The experimental data were used to evaluate the
composites' intended use in sound absorption applications by assessing their ability to limit heat transfer, an important

aspect of acoustic damping performance.
Top (Steam)
Opposite Side —

Cooling Water
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Figure 4. Lee’s Disc method experimental setup
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2.3.3 Mechanical testing

The mechanical performance of the composite samples was evaluated by tensile, flexural and impact tests in accordance
with internationally accepted standards. Starting with tensile tests, tensile strength, Young's modulus, and elongation at
break were determined using a Universal Testing Machine (UTM) in accordance with ASTM D638 [33] for polymer
composites. Dog-bone specimens were prepared for the test, which was conducted at a constant strain rate up to failure
to determine the stress-strain behaviour. Flexural strength and modulus of the composites were measured using a three-
point bending test, according to the ASTM D790 [34] standards. This test subjected the material to a load applied at the
centre, with both ends supported, to determine the composite's resistance to bending deformation. The Charpy impact
strength of the composites was determined using an impact testing machine in accordance with the procedure of ASTM
D256 [35]. Each material underwent a notched pendulum impact test to measure energy absorption under sudden loading,
which is pertinent to toughness and shock resistance in acoustic applications. The data obtained through mechanical
testing provide an overall range of structural, thermal, and mechanical performance of sugarcane bagasse and rice husk
composites, highlighting their potential for sound absorption and acoustic insulation.

3. Results and Discussion

3.1 Thermal Conductivity Results

The thermal conductivity (K) of the composite samples was measured using the Lee Disc Method, a popular technique
for low-conductivity materials. The technique is particularly appropriate to the study of composite materials derived from
natural fibres, e.g. sugarcane bagasse and rice husk, due to their low thermal conductivity. This method presupposes that
heat conduction in the sample is evenly distributed and that the thermal conductivity can be measured. A steady-state
condition occurs when the temperature difference across the sample does not vary with time, making the measurements
reliable. The thermal conductivity was calculated using the following equation:

mc(T, T,
- el )
At -t,)
In equation (1), m represents the mass of the disc in kg, ¢ denotes the specific heat capacity of the material in J/kg K, (T2
— Ti) indicates the temperature difference between the upper and lower surfaces in K, A refers to the cross-sectional area
of the composite sample in m2, and (t= — t:) represents the steady-State temperature difference over time in s.

3.1.1 Thermal conductivity of sample 1 (S100Ro)

The thermal conductivity of Sample 1 (S100R0) Was determined by using Lee's Disc Method. This test was the first thermal
characterisation performed in this study and serves.as a baseline for'‘comparison with the other composite formulations.
The results obtained from steady-state temperature measurements and corresponding time intervals are presented in
Table 2. The thermal behaviour of this sample is mainly affected by porosity, density, fibre morphology and chemical
composition. Sugarcane bagasse fibres havea highly porous structure with large air pockets that act as thermal insulators
by reducing heat conduction. However, because of the lower packing density, the resulting voids enable convective heat
transfer, which, together with the packing density, results in an overall moderate thermal conductivity. The chemical
structure of sugarcane bagasse, which is primarily.composed of cellulose (40-50%), hemicellulose (20-25%), and lignin
(20-25%), also contributes significantly to heat transfer mechanisms. Thermal stability is caused by lignin, whereas
conduction is caused by cellulose along the fibre orientation. Also, it could have a relatively low thermal conductivity
due to the absence of silica, a major insulating material in rice husk. The secondary effect on thermal conduction is the
composite matrix, which'is a mixture of 20% epoxy resin and 10% hardener. Experimental measurements of the rate of
temperature change (R) were obtained and are given in Table 2. The mean of R was obtained as 0.02496 K/s. This
preliminary analysis will help elucidate the thermal characteristics of sugarcane bagasse-based composites, which will be
compared with other formulations in subsequent analysis.

Table 2. Thermal conductivity calculation for sample 1 (Si00R0)

S.No Temperature (K) Time (s) Range (AT)(K) Time (At)(s) R (AT/At)

1 347 0 1.0 39.0 0.02564
2 346 39 1.0 35.0 0.02857
3 345 74 1.0 43.0 0.02326
4 344 117 1.0 38.0 0.02632
5 343 155 1.0 36.0 0.02778
6 342 191 1.0 34.0 0.02941
7 341 225 1.0 48.0 0.02083
8 340 273 1.0 45.0 0.02222
9 339 318 1.0 37.0 0.02703
10 338 355 1.0 54.0 0.01852
11 337 409 - - -
Average R 0.02496
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3.1.2 Thermal conductivity of SoR100

Sample 2 (SoR100), Which is entirely made of rice husk, was measured, and its thermal conductivity (k) was found to be
0.01927 W/mK as shown in Table 3. The insulation properties of this formulation are far more favourable than those of
the sugarcane bagasse sample. The primary reason for this improved thermal insulation is the high silica content
(approximately 15-20%) in rice husk, which is well known for its ability to significantly reduce thermal conduction. Silica
has an extremely low thermal conductivity (in bulk form, 0.14 W/mK) and is therefore a good material for establishing a
thermal barrier within the composite structure. Moreover, the rice husk packing arrangement is more compact than the
sugarcane bagasse packing arrangement, implying minimal internal air pores that reduce convective heat transfer. The
amorphous silica particles present in the husk of rice enhance the insulation capacity of the material as phonons are
scattered and hence break the flow of heat and form lower thermal conductivity. Although the composite matrix,
consisting of 20 % epoxy resin and 10 % hardener, provides the material with some additional heat resistance, the natural
characteristics of rice husk remain the primary determinant of the composite's overall thermal conductivity. The steady-
state temperature values and their corresponding periods (Table 3) provide further evidence of a slow heat-transfer rate,
consistent with the insulating properties of the rice husk. The calculated rate of temperature change (R) forthis composite
was 0.01927 K/s, indicating a slower thermal response. These results indicate that rice husk-based composites can be
applied as sustainable, lightweight thermal-shielding materials for thermal insulation and heat-resistant structures.

Table 3. Thermal conductivity of sample 2 (SoR100)

S.No Temperature (K) Time(s) Range (AT)(K) Time (At)(s) R (AT/At)

1 337 0 1.0 34.0 0.02941
2 336 34 1.0 56.0 0.01786
3 335 90 1.0 52.0 0.01923
4 334 142 1.0 58.0 0.01724
5 333 200 1.0 54.0 0.01852
6 332 254 1.0 63.0 0.01587
7 331 317 1.0 48.0 0.02083
8 330 365 1.0 85.0 0.01176
9 329 450 1.0 42.0 0.02381
10 328 492 1.0 55.0 0.01818
11 327 547 - - -
Average R 0.01927

3.1.3 Thermal conductivity of sample 3 (S70R30)

The thermal conductivity of Sample 3 (Sz0R30), @ composite material comprising 70% sugarcane bagasse and 30% rice
husk (RH), was determined using steady-state temperature measurements. The rate of temperature change (R) was
determined to be 0.02536 K/s, and the thermal conductivity was calculated from it, as shown in Table 4. The thermal
conductivity of this hybrid composite falls between those of pure sugarcane bagasse (Sample 1, Si00Ro) and pure rice husk
(Sample 2, SoR100), indicating a‘combined influence of both materials. The silica content of rice husk plays an important
role in limiting heat transfer by scattering phonons, thereby contributing to the material's thermal insulation. However,
the dominant presence of sugarcane bagasse (70%) creates a relatively porous fibre structure that allows for some
convective heat transfer, resulting.in.a-higher thermal conductivity than that of pure rice husk. This combination results
in a balanced packing density, and the insulating properties of the rice husk are offset by the conductive properties of the
sugarcane bagasse. The 20% epoxy resin and 10% hardener matrix in this composite helps to ensure a uniform distribution
of the fibres, but not as muchras the fibres themselves regarding thermal conductivity. The steady-state temperature data
and-their corresponding time intervals (Table 4) further support these results, as the composite has a heat transfer rate
faster than that of 100% rice husk but slower than that of 100% sugarcane bagasse.

Table 4. Thermal conductivity of sample 3 (S70Rz0)

S.No Temperature (K) Time(s) Range (AT)(K) Time (At)(s) R (AT/At)

1 347 0 1 39 0.02564
2 346 39 1 35 0.02857
3 345 74 1 43 0.02326
4 344 117 1 38 0.02632
5 343 155 1 36 0.02778
6 342 191 1 34 0.02941
7 341 225 1 48 0.02083
8 340 273 1 45 0.02222
9 339 318 1 37 0.02703
10 338 355 1 54 0.01852
11 337 409 - - -
Average R 0.02536
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3.1.4 Thermal conductivity of sample 4 (SsoRso)

The thermal conductivity of Sample 4 (SsoRso), @ mixture of sugarcane bagasse and rice husk (RH) of 50% each, was
measured with an average rate of temperature change (R) of 0.01882 K/s. This composite has a lower thermal conductivity
than pure sugarcane bagasse and a higher thermal conductivity than pure rice husk, due to the combined effects of fibre
composition, silica content, porosity, and composite density. The 50% rice husk fraction, which contains amorphous silica
(around 15 - 20%), strongly hinders the transport of phonons, forming a thermal barrier, which limits the transport of heat
through the material. On the other hand, the 50% sugarcane bagasse content, with its highly porous fibrous structure,
allows air entrapment for insulation while still allowing some convective heat transfer through the interconnected voids.
This balanced combination makes the composite's bulk density higher than that of 100% sugarcane bagasse but lower
than that of 100% rice husk, making the structure more compact, partially eliminating air gaps, and better controlling heat
dissipation. The 20% epoxy resin and 10% hardener matrix provide structural integrity and some heat resistance, although
their effect on thermal conductivity is secondary to the properties of the fibre components. The constant temperature and
the change in heat flux (Table 5) indicate that the heat transfer rate is moderate, supporting the composite's intermediate
thermal conductivity relative to the pure SCB and RH samples. This hybrid composite offers a trade-off between thermal
insulation and mechanical stability by leveraging the silica-rich particles in rice husk and the porous cellulose-lignin
structure of sugarcane bagasse. As such, it is well-suited for energy-efficient structural applications;.including thermal
shielding panels, lightweight automotive components, and eco-friendly building materials, ‘where moderate heat
resistance and sustainable material use are key considerations.

Table 5. Thermal conductivity of sample 4 (SsoRs0)
S.No Temperature (K) Time (s) Range (AT) (K) Time (At) (s) = R (AT/At)

1 347 0 1 41 0.02439
2 346 41 1 51 0.01961
3 345 92 1 55 0.01818
4 344 147 1 62 0.01613
5 343 209 1 57 0.01754
6 342 266 1 47 0.02128
7 341 313 1 55 0.01818
8 340 368 1 53 0.01887
9 339 421 1 57 0.01754
10 338 478 1 54 0.01852
11 337 532 - - -
Average R 0.01882

3.1.5 Thermal conductivity of Sample/5 (SsoR7o)

Sample 5 (Sz0R70) composed of sugarcane bagasse and rice husk in the ratio of 30% and 70%, respectively, showed a
thermal conductivity value corresponding to.an average temperature change rate (R) of 0.01880 K/s, which is lower than
the 50% SCB - 50% RH composite but higher than the pure rice husk. The lower thermal conductivity in this formulation
is mainly attributed to the higher proportion of rice husk, which contains a greater amount of amorphous silica (about 15-
20%). Silica is an insulating agent that acts as a thermal barrier, preventing heat conduction and increasing thermal
resistance, thereby reducing heat conduction through the material. This high silica content is responsible for the scattering
effects, which further hinder conduction pathways and reduce convective heat transfer. Additionally, the lower fraction
of sugarcane bagasse in this sample leads to lower porosity and fewer air gaps, resulting in a denser composite framework
that further reduces convective heat transfer. The 20% epoxy resin and 10% hardener matrix used in this composite
contributes to the composite’s structural integrity and makes a small contribution to heat resistance. The steady-state
temperature distribution, as shown in Table 6, indicates a slower thermal response, confirming the better insulating
properties of this hybrid composition compared with compositions with higher sugarcane bagasse content. By combining
the fibrous lignocellulosic structure of sugarcane bagasse with the silica-rich rice husk particles, SzR7o achieves an
optimal balance between thermal insulation and mechanical strength, making it a viable candidate for energy-efficient
applications. This composite is well-suited for use in thermal barrier coatings, aerospace insulation panels, and lightweight
eco-friendly construction materials where enhanced thermal resistance and durability are essential.

Figure 5 shows the differences in thermal conductivity among the 5 composite formulations, indicating the effects of
the fibre composition, pore structure, and silica content on heat transfer. The highest thermal conductivity of Sample 1
(S100R0) is due to its sugarcane bagasse composition, which has an interconnected lumen structure with larger pores,
allowing heat to flow through solid conductive channels with minimal internal convection. When rice husk was added to
the matrix for samples 2 (SoR100) and sample 3 (S7oR30), thermal conductivity was decreased due to the introduction of
silica-rich fine particles, which disrupt the conduction of heat by phonons and subsequently interrupt continuity of the
conductive pathways within the composite. Additionally, rice husk has the highest silica content in Samples 4 (SsoRso)
and 5 (SsoR7o), resulting in lower thermal conductivity due to the amorphous nature of the silica, which disperses heat
away from the matrix and increases resistance to thermal transport. Rice husk also increases the density of the grain
structure, thereby reducing air entrapment within the composite and the voids that can facilitate convective heat transfer.
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Across all samples, the epoxy matrix contributes minimally to heat transport, acting mainly as a binder, while the fibre—
matrix interface and the degree of fibre packing play decisive roles in determining the final conductivity. The gradual
reduction in thermal conductivity with increasing rice husk content in Figure 5 confirms the insulating nature of silica-
rich agricultural fibres and demonstrates how hybridisation can be used to tailor the thermal response of natural fibre
composites for specific engineering applications. The temperature-time relationships of all samples, as illustrated in
Figure 6, confirm the earlier conclusions that composites with greater additions of rice husks continue to lose heat at a
much lower rate than those with lower additions. This results directly from lower thermal conductivities associated with
high levels of rice husk content. Therefore, the evidence provided by both Figures 5 and 6 clearly indicates that increasing
the ratio of rice husk to silica will provide systematically enhanced performance (in terms of thermal insulation).

Table 6. Thermal conductivity of sample 5 S3R7o

S.No Temperature (K) Time (s) Range (AT) (K) Time (At)(s) R (AT/At)

1 338 0 1 41 0.02439
2 337 41 1 41 0.02439
3 336 82 1 56 0.01786
4 335 138 1 57 0.01754
5 334 195 1 58 0.01724
6 333 253 1 50 0.02000
7 332 303 1 55 0.01818
8 331 358 1 61 0.01639
9 330 419 1 63 0.01587
10 329 482 1 55 0.01818
11 328 537 - - -
Average R 0.01880
e [ Average R (K/s) [[77] Thermal Conductivity (W/m-K) y
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Figure 5. Thermal properties of hybrid polymer composite
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3.2 Mechanical Properties

3.2.1 Tensile testing

Tensile characteristics of the composite specimens are largely influenced by the fibre composition, fibre-matrix interfacial
adhesion and bonding, and the structural integrity of the polymer matrix. Sample 1 (S100R0) exhibited the lowest tensile
strength (59.8 MPa), primarily because of the highly porous nature of sugarcane bagasse fibres, which provides less load-
bearing capacity for the composite sample. SCB is composed mainly of cellulose (~40-50%), hemicellulose (~20-25%),
and lignin (~20-25%), and the relatively lower lignin content in SCB reduces structural stability under tensile loading.
Higher air voids and inconsistent fibre packing also limit stress transfer between the matrix and fibres, promoting earlier
failure under tensile loading. Sample 2 (SoR100) exhibited a slightly higher tensile strength (69.6 MPa), largely due to the
high silica content (~15-20%) in rice husk, which increases the stiffness and rigidity of the composite. However, despite
greater structural integrity, the brittle nature of RH fibres limits flexural behaviour and energy absorption, thereby
constraining improvements in tensile strength. Furthermore, although structural integrity is higher, the brittle nature of
RH fibres limits flexural performance and energy absorption, thereby preventing an increase in tensile strength. Moreover,
the poor interfacial bonding between RH and the epoxy matrix contributes to microstructural discontinuities, which tend
to crack easily and exhibit low ductility, as seen in Figure 7, which shows the pre- and post-test conditions of the tensile
specimens.

TENSILE

Before Testing After Testing
TEST

Sample 1
(S100R0)

Sample 2
(SoR00)

Sample 3
(S70R30)

Sample 4
(Ss0Rs0)

Sample 5
(SBOR7U)

Figure 7. Before and after testing images of the tensile tested samples
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Figure 8. Tensile load vs displacement

The hybrid composites exhibited a significant increase in tensile strength due to the synergistic effect between
sugarcane bagasse and rice husk fibres. Sample 3 (S7R30) indicated a tensile strength of 74.3 MPa, implying that the
increased proportion of rice husk contributed to increased stiffness, while the presence of SCB contributed to ductility.
Nevertheless, the high RH content imparted a microstructurally brittle nature and increased vulnerability to
microcracking, which limited further tensile enhancement. Sample 4 (SsoRso) had the highest tensile strength of 80.1 MPa,
attributed to the optimal balance between the ductile behaviour of SCB and the rigidity of RH. This composition enabled
it to distribute stress and transfer loads effectively within the matrix. This sample exhibited enhanced interfacial bonding,
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which was more favourable for good fibre-matrix bonding, thereby minimising the potential for fibre pullout and failure
under tensile loads. Sample 5 (S30R70) had a tensile strength of 77.7 MPa, which was though higher than SzoR30, but lower
than SsoRso due to the dominance of RH fibres. The high silica content in RH increased stiffness but reduced flexibility,
thereby reducing energy absorption capacity under uniaxial stress. These findings affirm that hybridisation significantly
outperforms single-fibre configurations, and that a 50:50 SCB—RH ratio offers the most effective combination of tensile
strength, toughness, and structural integrity for advanced composite applications.

Table 7. Comparison of tensile and flexural properties with various hybrid polymer composite

Tensile Strength  Flexural Strength

S.No. Literature  Composite Type (MPa) (MPa)
1 This Study SCB-RH/Epoxy 80.1 78.9
2 [37] Jute-Hemp/Polyster 26 70
3 [38] PALF-Ramie fabric/Polypropylene 84.82 88.30
4 [39] Jute-Glass fibre/Epoxy 90-110 120-150
5 [40] Hemp-Flax/Epoxy 44.17 44.6
6 [41] Sisal-Glass/Epoxy 70-100 100-140
7 [42] Glass fiber-Rice husk/Epoxy 132.71 183

The mechanical behaviour of the composites is also illustrated by the load-displacement curve in'Figure 8, which
highlights the stiffness and deformation responses prior to tensile failure. The highest maximum load, 990 N, was recorded
for sample 2 (SoR100), attributed to its high silica content and thick RH packing, which together contribute to high stiffness.
Conversely, samplel (Si00Ro) completely collapsed at 720 N because the SCB microstructure was porous, thereby
restricting load transfer and reducing its resistance to deformation. Hybrid samples showed an intermediate response,
with the best values of 540 N in sample 3 (S70R30) and around 600 N in sample 4 (SsoRso), and a more progressive load
increase curve, indicating enhanced stress redistribution through balanced fibre hybridisation. When compared with
previously reported natural-fibre polymer composites (Table 7), the tensile performance of the present SCB—RH hybrids
is comparable to several established systems. The optimised sample 4 (SsoRs0) (80.1 MPa) approaches the tensile strength
of the PALF-ramie/PP composite (84.82 MPa), falls within the lower range of jute—glass hybrids (90-110 MPa), and
exceeds that of the hemp—flax/epoxy composite (44:17 MPa)and sisal—glass/epoxy systems in their lower range (70-100
MPa). Although glass fibre—rice husk hybrids exhibit significantly higher-tensile and flexural strengths due to the presence
of synthetic reinforcement, the present SCB—RH natural-fibre hybrids demonstrate competitive mechanical performance
within the natural-fibre composite category. This confirms that fibre hybridisation is an effective strategy for improving
strength and stiffness through complementary interactions between the fibres.

3.2.2 Flexural testing

The flexural properties of composite samples were tested in accordance with ASTM D790. This standard specifies the
method for determining the flexural strength, flexural modulus, and resistance to deformation of the material under
bending loads. The test specimens were prepared.as specified to ensure consistent fibre orientation and matrix distribution,
so the results would not vary widely. Testing results indicate a strong correlation between flexural strength and factors
such as fibre composition, interfacial bonding, and the material's ability to withstand bending loads before fracture. The
maximum flexural strength of 78.9 MPa was recorded for sample 4 (SsoRs0), attributed to a balanced combination of SCB
and RH that improved stiffness without compromising ductility. In contrast, Sample 1 (Si00Ro) had the lowest flexural
strength of 60:40 MPa, likely due to the porous structure of SCB, which provides weaker structural integrity and reduced
resistance to bending loads. Among the hybrid composites, sample 3 (S70Rz0) showed a flexural strength of 70.20 MPa,
with an increase in RH content leading to increased rigidity but also brittleness. Sample 5 (SsoR70) recorded a flexural
strength of 68.26 MPa, indicating that an increased SCB ratio begins to reduce stiffness, although the presence of RH still
contributes to structural performance. These results emphasise the role of fibre hybridisation in the design of flexural
performance. A balanced composition can optimise the resistance to bending stress while maintaining structural integrity,
making such composites promising for structural and semi-structural applications. The fracture behaviour and bending
response before and after flexural testing are shown in Figure 9, further confirming the mechanical differences between
the compositions.

The flexural behaviour of the composites, as shown in Figure 10, reflects the stiffness and failure behaviour, which
are controlled by the fibre composition and microstructural packing. Sample 2 (SoR100) shows the sharpest load-
displacement response, reaching a peak of 209.8 N at around 9.8 mm, indicating high stiffness due to the silica-rich rice
husk. Its dense particles resist mid-span deflection and promote rapid load build-up. Sample 1 (S100R0), in contrast, has a
much gentler response, reaching a comparable displacement at a peak load of only about 150 N at about 20 mm, which
is attributed to the highly porous lumen structure of SCB resulting in the reduction of the bending rigidity and the
improvement of compliance to flexural strains. The hybrid composites have mediocre but composition-related reactions.
Sample 3 (S7oR30) approaches approximately 419 N at around 9.8 mm, but failure occurs sooner due to greater brittleness
and microcrack formation caused by the higher RH level. Sample 4 (SsoRso) shows a more gradual and consistent load
increment, reaching approximately 598-600 N at around 9.2-10 mm, demonstrating better crack bridging, stress rebound,
and improved fibre—matrix compatibility due to the balanced SCB—RH ratio. Sample 5 (S3oR7) reaches the maximum
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flexural capacity, peaking at about 470 N at around 24.5 mm, where the prevalence of RH provides high stiffness and
strong resistance to bending curvature, though at the cost of ductility after the peak.

FLEXURAL

Before Testing After Testing
TEST

Sample 1
(S100Rp)

o | PRGN Y

Sample 3
(S70Rs30)

Sample 4
(SsoRs0)

Sample §
(S30R70)

Figure 9. Before and after testing images of the flexural test samples

' — SioRo = SoRigp = SRy = S5oRso = SyoRyg
600 4

500
400 4

300 4

Flexural Load (N)

200 4

100 4

0 5 10 15 20 25

Displacement (mm)

Figure 10. Flexural Load vs Displacement

The combined flexural curves support the statement that silica-based RH enhances stiffness and peak load, whereas
SCB provides flexibility and deformation tolerance, and that tuned hybridisation allows flexural performance to be
customised by controlling rigidity, fibre packing, and crack propagation. When the flexural strengths obtained in this
study are compared with previously reported natural-fibre composite systems (Table 7), the SCB—RH hybrids demonstrate
competitive performance within the category of fully bio-based composites. The optimised hybrid S7T0R30, with a flexural
strength of 80.3 MPa, approaches the value reported for PALF-ramie/PP composites (88.30 MPa) and clearly exceeds
that of hemp—flax/epoxy composites (44.6 MPa). The balanced S50R50 sample (78.9 MPa) also falls within the upper
range of natural-fibre systems, although both SCB—RH hybrids remain below the flexural capacities of jute—glass (120—
150 MPa) and sisal—glass hybrids (100-140 MPa) due to the absence of synthetic glass reinforcement in the present study.
Although glass fibre—rice husk hybrids exhibit markedly higher flexural strength (183 MPa), the present SCB-RH
composites fall squarely within the natural-fibre composite range and outperform systems such as hemp—flax, confirming
the mechanical benefits of combining silica-rich RH for stiffness with SCB for deformation tolerance. This comparison
highlights that natural-fibre hybridisation alone can achieve structurally meaningful flexural performance without
synthetic reinforcement.

3.2.3 Impact testing

The impact properties of the composite samples were put to the test according to the ASTM D256 Standard Test Methods
of Determining the 1zod Pendulum Impact Resistance of Plastics. This test method provides an indication of a material's
capacity to absorb shock loading and energy before fracture. Sample 4 (SsoRso0) had the highest impact resistance of 3.2
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kJ/m? attributed to the effective energy dissipation provided by the sugarcane bagasse fibres and the structural rigidity of
the rice husk. Sample 5 (SzoR70) had an impact resistance of 2.9 kJ/m?, indicating that the two fibres are good contributors
to impact resistance, with an increase in SCB content facilitating energy absorption. Sample 3 (S7R30) had the lowest
impact strength of 2.4 kJ/m?, likely due to increased RH content, which leads to greater brittleness and reduced shock
absorption. Sample 1 (S100R0) had an impact resistance of 2.1 kJ/m?, indicating that although the porous structure of SCB
is beneficial for energy absorption, it lacks the structural integrity to withstand fracture under abrupt loads. Sample 2
(SoR100) showed the lowest impact resistance of 1.8 kJ/m? attributed to RH being rigid and brittle, which led to faster
crack propagation under impact. As summarised in Table 8, these findings indicate that the hybrid composite with a
balanced or higher percentage of SCB exhibits greater toughness and is more suitable for applications requiring improved
shock resistance. Figure 11 shows the progression of damage and the nature of fractures following impact testing, thereby
substantiating the variations in toughness among the samples.

Table 8. Impact strength of composite samples

Sample Code Composition (SCB/RH)  Impact Strength (kJ/m2)

Sample 1 (S1o0R0) 100% SCB 2.1

Sample 2 (SoR100) 100% RH 18

Sample 3 (SoRx) ~ 70% SCB + 30% RH 2.4

Sample 4 (SsoRs)) ~ 50% SCB + 50% RH 3.2

Sample 5 (SxR7)  30% SCB + 70% RH 2.9
IMPACT Before Testing After Testing
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Figure 11. Before and after testing images of the impact test samples

3.3 SEM Analysis Results
The fractured surfaces of the composite samples are analysed using Scanning Electron Microscopy to provide useful
information on microstructural properties, fibre-matrix adhesion, and failure mechanisms, as illustrated in Figure 12. The
presence of a poor fibre-matrix interface means that adhesion between the reinforcement and the matrix is poor; therefore,
stress transfer. is reduced, and failure occurs early when the material is subjected to mechanical load. The interfacial
adhesion is poor, allowing microcracks to develop that can propagate under applied loads, reducing the mechanical
integrity of the composite. On the other hand, areas of good bonding indicate strong interfacial adhesion, contributing to
mechanical performance through acceptable load sharing and limited stress concentration. The voids in the microstructure
can be attributed to processing deficiencies or incomplete resin infiltration, which act as stress concentrators and decrease
the strength and durability. Fibre pull-out may also indicate poor adhesion, as the reinforcing fibres are not adequately
captured within the matrix, thereby reducing load-transfer performance. The observed microstructures are a plausible
explanation for the mechanical test results: composites with better bonding exhibited greater tensile, flexural, and impact
strength, whereas composites with interfacial defects showed lower performance due to premature failure mechanisms.
In addition to these observations of the microstructure, the SEM images show distinct failure behaviours across the
different compositions. SCB-rich samples exhibit large fibre pull-out, collapsed lumens, and smooth fibre surfaces,
suggesting that interfacial separation is the major failure mode due to the porous nature of SCB. RH-rich samples exhibit
brittle fracture patterns, including sharp fibre breakage, microcrack branching, and clean fracture planes, which are
attributable to the stiff, silica-rich morphology of RH. The hybrid composites exhibit mixed-mode failure, partial fibre
pull-out, matrix shear, resin bridging, and fractured fibre bundles. Notably, Sample 4 (S50R50) shows fewer voids, tighter
fibre packing and well-bonded fibre-matrix regions, which encourage crack deflection and delayed catastrophic failure.
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These properties are strongly related to its improved mechanical performance, demonstrating that balanced fibre
hybridisation increases failure resistance through enhanced interfacial adhesion and the stabilisation of crack propagation
pathways.

Poor _ fibgr _vénd‘.“
interface ./ | xS

Fiber pull out

Figure 12. SEM results of prepared composites

3.4 Sound Absorbency Test

The normal-incidence sound absorption testing, in“accordance with ASTM E1050-12, was conducted to assess the
acoustic performance of the developed composites. An impedance tube was used to measure the sound absorption
coefficient (a) over the frequency range 125 Hz to 6300 Hz. The findings were a clear indication that the fibre composition
was a major factor influencing the absorption behaviour within the frequency bands under test. Sample 1 (S100R0), with
high porosity due to its fibrous, loosely packed structure; showed very low absorption at low frequencies (alpha = 0.01 at
125 Hz) and a maximum of 0.24 at 3150 Hz. The random orientation of the SCB fibres improved internal reflection and
extended the acoustic path, allowing mid-frequency damping. However, due to low structural stiffness and low surface
impedance at higher frequencies, the composite was unable to maintain its absorption, with values decreasing beyond
4000 Hz. In contrast, Sample/2 (SoR100) With a denser and stiffer microstructure due to 15-25% silica content exhibited a
progressive increase with frequency and reached its maximum value of 0.28 at 6300 Hz, as shown in Figure 13. This can
be attributed to increased phonon. scattering and reduced sound transmission, made possible by the rigid granular RH
particles. However, its:small pore volume and low airflow resistivity meant that it was not effective at low frequencies,
where a was less than 0.08 up to 1000 Hz.
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Figure 13. Sound absorption coefficient of various samples
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The hybrid composites exhibited significantly enhanced broadband acoustic absorption, resulting from the synergy
between the SCB and RH properties. Sample 3 (S7R30) with high RH content delivered rather flat and low absorption,
with peak alpha only 0.15 at 3150 Hz, which means that too high RH decreased the number of interconnected voids and
limited the viscous and thermal losses. Sample 4 (SsoRso), with an equal balance of the two fibres, showed significantly
better performance, with a peak alpha of 0.27 at 4000 Hz, as the SCB fibres provided air permeability and tortuosity,
whereas RH provided stiffness for higher-frequency damping. Sample 5 (SsoR70) showed the best acoustic performance,
with a maximum absorption coefficient of 0.40 at 4000 Hz and maintained values above 0.27 across the frequency range
of 3150-5000 Hz. The dominant SCB matrix enhanced internal friction and energy dissipation of multiple scattering paths
in the porous structure, and the existence of RH enhanced impedance matching and reflection control at the material-air
interface. The optimised interfacial bonding in hybrid samples further minimised reflection losses and improved energy
absorption. These results highlight that adjusting the SCB-RH ratio directly affects the pore structure, airflow resistivity,
and energy dissipation mechanisms, and that Sample 5 (S:0R70) is the most acoustically efficient composite. Therefore,
this formulation is especially suitable for engineering applications that require broadband sound insulation, such as
acoustic wall panels, engine enclosures, or automotive interiors, where sustainable and high-performance materials are
prioritised.

4. Conclusions

The detailed assessment of sugarcane bagasse and rice husk hybrid composites confirms that fibre composition is of
paramount importance to the thermal, mechanical, and acoustic performance of the developed. materials. Thermal
conductivity testing showed that the lowest thermal conductivity was obtained for Sample 5 (SzoR70), with‘a value of
0.04073 W/mK, due to the optimised combination of SCB porosity and RH stiffness, while. Sample 1 (S100Ro) showed
the highest thermal conductivity (0.05407 W/mK) due to the porous structure of SCB. Among the hybrid configurations,
Sample 4 (SsoRso) achieved a balanced thermal conductivity of 0.04077 W/mK, indicating a synergistic insulating
behaviour between the two fibres. Mechanical testing done as per the standards of ASTM D3039, ASTM D790 and
ASTM D256 showed that Sample 4 (SsoRso) had the best mechanical performance, with the highest tensile strength of
80.1 MPa, maximum flexural strength of 78.9 MPa and impact strength/of 3.2 kJ/m?. This was attributed to optimal fibre-
matrix adhesion, improved stress distribution, and a balanced ratio of ductility from SCB and rigidity from RH. Acoustic
testing under the ASTM E1050-12 standard confirmed that Sample 4 (SsoRso)@lso exhibited the best sound absorption
characteristics, with a peak sound absorption coefficient of 0.75 at 1900 Hz, attributable to its fibrous porosity and
impedance-matching structure. The fractured surfaces of the samples were analysed by SEM, corroborating the results
from the mechanical observations and showing better dispersion of the fibres, lower voids, and improved interfacial
bonding in hybrid samples. These results make Sample 4 (SsoRso) the most promising configuration with an optimal
balance of thermal insulation, structural strength and acoustic damping. Consequently, this formulation is well-suited for
multifunctional applications such as building acoustics, automotive panels, and thermal insulation systems, where
lightweight, sustainable, and high-performance materials are.especially important. Future investigations might extend this
work by studying moisture resistance, long-term ageing behaviour, and environmental durability of SCB-RH composites
under different humidity and temperature conditions. Further studies on surface modification of the fibre, resin
optimisation, and nano-filler reinforcement may also improve mechanical stability and thermal-acoustic synergy.
Additionally, investigation of fatigue.response; recyclability and large-scale manufacturability would facilitate the wider
application potential of these sustainable hybrid composites.
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