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Abstract

In response to the rising demand for sustainable engineering materials and waste valori-
sation strategies, this study investigates the multi-objective optimisation of eco-friendly
hybrid composites reinforced with natural fibres and industrial waste. Sixteen composite
specimens were fabricated using compression moulding by varying sisal fibre from 0 to
45 wt.%, banana fibre from 0 to 45 wt.%, NaOH alkali treatment from 0 to 6%, and red mud
filler from 1 to 4 wt.%. Mechanical properties were evaluated following ASTM standards
D256 for impact strength, D790 for flexural strength, D638 for tensile strength, D5379 for
shear strength, and E18 for hardness. The Taguchi method combined with grey relational
analysis was employed to identify optimal processing conditions. The best mechanical
performance, with an impact strength of 6.57 |, flexural strength of 72.58 MPa, and tensile
strength of 65.52 MPa, was achieved with 30 to 45 wt.% sisal fibre, 15 wt.% banana fibre,
6% NaOH, and 3 to 4 wt.% red mud. ANOVA revealed that NaOH treatment had the
most significant influence on mechanical properties, with high F values and p values close
to 0.05. Grey relational analysis proved more effective for multi-objective optimisation,
with the highest grey grade of 0.894 observed in the specimen containing 45 wt.% sisal
fibre, 6% NaOH, and 2 wt.% red mud. These findings highlight the critical role of fibre
treatment and hybrid reinforcement in enhancing performance. The optimised composites
demonstrate strong potential for use in automotive interior panel applications, offering a
sustainable alternative with balanced strength and reduced environmental impact.

Keywords: banana fibre; sisal fibre; red mud; mechanical properties; taguchi method; grey
relational analysis

1. Introduction

The generation and disposal of industrial waste pose significant challenges to global
sustainability efforts. Among these wastes, red mud, a highly alkaline by-product of the
Bayer process used in aluminium refining, is one of the most voluminous and problem-
atic [1]. According to recent reports, over 175 million tonnes of red mud are produced
globally each year, and more than 4 billion tonnes have been stockpiled worldwide as of
2023 [2]. Improper management of red mud poses serious environmental threats due to
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its caustic nature (pH > 12), high heavy metal content, and long-term soil and groundwa-
ter contamination risks. Countries such as India and China, with large-scale aluminium
production, are experiencing rising pressure to develop circular economy strategies to
reuse this waste [3]. Despite its hazardous characteristics, red mud possesses favourable
properties such as high iron oxide and alumina content, making it a potential functional
additive in construction and composite materials. In recent years, research has increasingly
focused on repurposing red mud to reduce the environmental footprint of manufacturing
processes while also adding value to waste [4]. The integration of red mud into polymer
composites remains underutilised, particularly in natural fibre-reinforced polymer compos-
ites (NFRPCs), which are a class of sustainable materials gaining traction as substitutes for
synthetic fibre composites. NFRPCs made from banana and sisal fibres are biodegradable,
lightweight, and derived from renewable agricultural sources. These fibres are widely
available in tropical regions and possess high tensile strength and stiffness. Nevertheless,
their hydrophilic nature often leads to poor fibre-matrix bonding. Surface modification
through alkali treatment and hybridisation with fillers has been shown to improve their
interfacial adhesion and mechanical performance. The sustainable incorporation of red
mud as a filler in NFRPCs not only addresses the issue of industrial waste disposal but also
enhances composite strength, wear resistance, and thermal properties.

The performance of hybrid composites is influenced by various factors such as fibre
content, filler loading, and processing conditions. Determining the best combination of
these variables is essential to achieving optimal mechanical and wear resistance. Traditional
trial-and-error methods for optimisation are often time-consuming and inefficient. As an al-
ternative, statistical approaches like the Taguchi method and grey relational Analysis (GRA)
provide a more efficient and systematic means of parameter optimization [5]. The Taguchi
approach helps streamline experiments by minimizing the number of trials required while
still accounting for the influence of various input parameters. It employs orthogonal arrays
to assess factor influence and identify suitable levels. However, the evaluation of composite
performance is usually a multi-objective task, involving different and sometimes competing
responses such as tensile, flexural, hardness, and wear rate. GRA simplifies multi-response
optimisation by transforming several output variables into a single grey relational grade
(GRG), thereby enabling single-objective decision-making. The main strengths of GRA lie
in its capacity to handle multiple objectives, standardise variables with different units, and
improve the decision-making process by ranking combinations based on overall perfor-
mance. When integrated with the Taguchi method, GRA enhances optimisation accuracy
while reducing experimental effort [6]. Despite these advancements, several important
gaps still exist. While red mud offers significant potential as a functional filler, it remains
underutilised in natural fibre composites. Furthermore, most existing works either do not
optimise performance or consider only a single mechanical parameter. A comprehensive,
multi-objective approach for optimising fibre/filler combinations, particularly with red
mud, is lacking.

Poyyathappan et al. [7] investigated the effect of drilling parameters on alkali-silane-
treated areca fibre epoxy composites. Using the Taguchi-grey analysis, they identified
silane concentration as the key factor influencing machinability. The optimised composite
(AAS1, 4 w/v% silane) showed enhanced mechanical properties, while AAS2 (6 w/v%
silane) achieved lower kerf width. SEM analysis confirmed improved fibre-matrix bonding,
highlighting the importance of silane treatment for better drilling performance. Thangaraj
et al. [8] fabricated a hybrid composite by integrating short sisal and banana fibres (1-2 cm)
with a polypropylene matrix and nano-sized marble powder (50-60 nm) through injec-
tion moulding. The addition of nano marble dust enhanced the composite’s flexural and
impact strength and thermal conductivity and reduced its water absorption. However,
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the composite made only with banana and sisal fibres showed better tensile strength than
those containing marble dust. Anbalagan et al. [9] fabricated polyester-based composites
reinforced with banana and sisal fibres in varied weight proportions such as 40:60, 50:50,
and 60:40. The composite containing 40% banana and 60% sisal fibres demonstrated higher
compressive strength, impact resistance, hardness, and heat transfer rate. In contrast, the
sample with 60% banana and 40% sisal fibres absorbed more water. Kumari et al. [10]
used banana and sisal fibres along with sawdust as reinforcements in epoxy composites,
prepared via hand lay-up with a resin-to-hardener ratio of 4:1. The composites included
20 wt.% reinforcing fibres and 80 wt.% matrix material. Their results indicated that adding
more sawdust enhanced the mechanical strength, hardness, and water absorption capacity,
suggesting the potential of these natural fibre composites to replace synthetic alternatives.
Karthikeyan et al. [11] explored the mechanical performance of composites reinforced with
banana and sisal fibres, targeting applications in construction, automotive, and marine
industries. They found that increasing the fibre content led to improvements in tensile and
flexural properties. Devi et al. [12] examined the effect of moisture on hybrid sandwich
composites prepared of banana and sisal fibre woven fabrics, epoxy resin, and a polyethy-
lene foam core. Although the foam improved overall mechanical strength, long-term water
exposure reduced tensile, flexural, and impact performance due to moisture seeping into
the fibre-matrix interface. Siva et al. [13] produced a hybrid composite using banana and
sisal fibres in a sandwich structure and compared its mechanical properties with those of
single-fibre sisal-epoxy composite and banana—epoxy composites. Their results showed
that the sisal/epoxy composite exhibited the superior flexural, tensile, and impact strengths
among all configurations. Gupta et al. [14] optimised hybrid banana-sisal composites
by adjusting fibre loading and distribution. They created CAD models using CREO 5.0
software and conducted Finite Element Analysis with ANSYS 16.0, following ASTM stan-
dards. Their findings showed that increasing total fibre volume improved both flexural and
tensile strength, with higher banana fibre content offering better results due to its superior
mechanical characteristics compared to sisal.

Although a considerable amount of research has been conducted on hybrid banana-
sisal fibre composites, several important gaps still exist, particularly in relation to op-
timisation and characterisation when using red mud as a filler. Most previous studies
have focused on traditional fillers such as nano marble dust and sawdust, while the use
of red mud, an industrial by-product with promising reinforcement potential, remains
underexplored. In addition, while mechanical properties like tensile and flexural strength
have been widely investigated, there is a noticeable lack of multi-objective optimisation
approaches that consider several key performance indicators simultaneously. The use of
the Taguchi-grey relational analysis (GRA) method to optimise hybrid banana/sisal/red
mud composites has also been scarcely reported. Furthermore, the combined effects of
fibre and filler contents on mechanical behaviour have not been fully examined. Although
moisture absorption is recognised as a factor that weakens natural fibre composites over
time, the specific influence of red mud on water absorption and long-term durability has
not been thoroughly evaluated. Finally, very few studies have linked experimental results
with computational modelling, such as Finite Element Analysis (FEA), to simulate and
validate composite performance under various loading conditions.

To address the identified research gaps and promote sustainable materials devel-
opment, this study focuses on the fabrication and optimisation of hybrid natural fibre
composites reinforced with banana and sisal fibres, using red mud as a functional filler.
Four fibre loadings (0%, 15%, 30%, and 45% by weight) were selected to evaluate their
influence on composite performance. To enhance fibre-matrix adhesion, the natural fibres
underwent sodium hydroxide treatment at concentrations of 0%, 2%, 4%, and 6%. Red mud,
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a hazardous by-product of bauxite refining and a global environmental concern due to its
high alkalinity and heavy metal content, was incorporated as a filler at 1%, 2%, 3%, and 4%
by weight. This approach serves a dual purpose: improving composite performance while
simultaneously valorising an industrial waste stream. A hybrid statistical optimisation
method combining the Taguchi design of experiments with grey relational analysis (GRA)
was employed to identify the optimal combination of fibre content, alkali treatment, and
filler loading for maximising mechanical characteristics.

This paper contributes a novel approach by combining red mud, an industrial waste,
with hybrid banana/sisal natural fibres in polyester composites. The Taguchi-grey rela-
tional analysis is employed to identify the optimal formulation across multiple mechanical
properties. This integrated experimental and optimisation approach has not been widely ap-
plied to red mud-filled NFRPCs, making this study a significant advancement in sustainable
material research. The results of this study are anticipated to contribute to the advancement
of high-performance, sustainable composite materials tailored for structural and industrial
uses, supporting the goals of a circular economy and cleaner production practices.

2. Materials and Methods
2.1. Materials

Banana stems and sisal leaves were sourced from agricultural regions in Madurai,
Tamil Nadu, India. The fibres were separated using the traditional water retting process.
Initially, the harvested stems and leaves were dried for two weeks, followed by immersion
in clean water for 75 h to facilitate fibre extraction. The extracted fibres were then washed
thoroughly with fresh and deionised water, dried under sunlight for up to 10 days, and
stored in plastic containers to prevent contamination. Bauxite residue (red mud) was
obtained from NALCO, Bhubaneswar, Odisha, India. Figure 1 presents a comprehen-
sive characterisation of red mud through SEM imaging, XRD analysis, and particle size
distribution. The SEM micrograph (a) reveals a highly agglomerated morphology with
submicron-sized particles exhibiting irregular shapes and rough surfaces, typical of bauxite
residue. Such morphology suggests high surface area but also strong inter-particle adhe-
sion, which may affect dispersion in composite matrices. The XRD pattern (b) displays
broad and overlapping peaks indicative of a multiphase structure comprising crystalline
components such as haematite, goethite, and anatase, along with possible amorphous
content. These phases highlight the mineralogical complexity and potential reactivity of
red mud. The particle size distribution (c) shows that the mean particle size of red mud
used was approximately 7.02 um. The epoxy matrix consisted of LY556 resin and HY951
curing agent, both procured from GVR Enterprises, Chennai, Tamil Nadu, India.
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Figure 1. Red mud properties: (a) SEM image, (b) XRD pattern, and (c) particle size.

2.2. Fibre Treatment

The banana and sisal fibres underwent alkali treatment using sodium hydroxide
(NaOH) to eliminate impurities, hemicellulose, and wax, thereby improving their crystalline
structure and adhesion to the matrix. The fibres were treated by soaking in sodium
hydroxide solutions with concentrations of 0%, 2%, 4%, and 6% for a duration of six
hours. After treatment, they were thoroughly washed, sun-dried, and then subjected
to oven drying at 80 °C for four hours. Finally, the dried fibres were manually cut into
8 mm lengths.

2.3. Composite Fabrication

The composites were manufactured using the compression moulding process. The
fibres were initially positioned within a steel mould measuring 300 x 300 x 3 mm?>. In
accordance with the supplier’s guidelines, epoxy and hardener were blended in a 10:1 ratio.
The resulting matrix was subsequently poured over the fibres arranged in the mould. The
mould was subsequently closed and subjected to a compression pressure of 20 MPa at
120 °C for 12 h. Once curing was complete, the composite samples were demoulded and
trimmed to the specified dimensions in accordance with ASTM standards for subsequent
testing and evaluation. Figure 2 illustrates the composite fabrication process.

A Taguchi-based (GRA) was employed to optimise the process parameters. An L16
orthogonal array with mixed levels for four different parameters was constructed using the
Taguchi method, resulting in the production of 16 distinct composite specimens. Table 1
presents the selected parameters and their corresponding levels.
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Fibre treatment Compression moulding P repared composite

Figure 2. Composite fabrication methodology followed.

Table 1. Process parameters and their levels.

Levels
Process Parameters Symbols

1 2 3 4
Sisal fibre (wt.%) A 0 15 30 45
Banana fibre (wt.%) B 0 15 30 45
NaOH concentration (%) C 0
Red mud (wt.%) D 1

2.4. Testing

Tensile testing of the composite specimens was conducted according to ASTM
D3039 [15] standards, using samples sized 25 mm x 250 mm. A UTM (Instron 5967)
with a load capacity of 30 kN was used at a constant crosshead speed of 2 mm/min. The
equipment was sourced from Instron, Norwood, MA, USA. Flexural strength was measured
following ASTM D790-10 [16], using samples sized 12.7 mm X 125 mm, and the same
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machine was used for the tests. Impact strength was evaluated with a Tinius Olsen Impact
Tester (Model 1T504), following ASTM D256-10 [17] guidelines, using samples of size
64 mm X 12.7 mm. The equipment was sourced from Tinius Olsen, Horsham, PA, USA.
Shear strength was determined based on ASTM D5379 [18] using V-notched specimens,
with the tests performed on the same UTM at a 2 mm/min crosshead speed. Hardness
was assessed according to ASTM E18 [19] using a Rockwell hardness tester with a B-scale
setup. The test was carried out using a TRS-Rockwell B model, manufactured by Mitutoyo
Corporation, located in Kawasaki, Japan. All mechanical testing was carried out at Metro
Composite Lab, Chennai, Tamil Nadu, India. For each mechanical test, three samples were
tested, and the average value was recorded for analysis.

To gain deeper insights into the failure mechanisms of the composites, SEM was per-
formed on the fractured surfaces of tensile-tested specimens. The imaging was performed
using a TSCAN Floor Model SEM in Secondary Electron (SE) mode, which provided
detailed surface morphology. The equipment was manufactured by TESCAN ORSAY
HOLDING a.s., located in Brno, Czech Republic. Before imaging, a thin gold coating was
applied to the samples using sputter coating to enhance electrical conductivity and improve
image resolution. The SEM was operated at an accelerating voltage of 30 kV, using a tung-
sten filament as the electron source. The instrument was also equipped with a Backscattered
Electron (BSE) detector for contrast imaging and an Energy Dispersive Spectroscopy (EDS)
system from EDAX Inc., Mahwah, NJ, USA, to analyse elemental composition.

2.5. Optimising Results with GRA

The Taguchi design of experiments was utilised to assess how control parameters
affect the response variables. Its primary objective is to enhance quality efficiently in terms
of time and cost. Using Taguchi’s orthogonal arrays allows for a significant reduction in the
number of experiments while maintaining statistical reliability. This technique facilitates
systematic analysis and optimisation of multiple process parameters to determine the
optimal conditions. In this method, outcomes are transformed into S/N ratios, which assist
in pinpointing the key factors affecting performance. S/N ratios are interpreted according
to the desired outcome of the process, whether aiming for consistency around a specific
value, minimising the response, or enhancing it to the highest possible level [20].

2.6. Ratio of Signal to Noise

In this research, the parameter exhibiting the highest S/N ratio was chosen for anal-
ysis. The impact, tensile, and flexural strengths of natural composites reinforced with
banana fibre (BF) and sisal fibre (SF) were assessed by the “larger-the-better” criterion
during material characterisation. The corresponding S/N ratios were determined using
Equation (1) [21].

S . 151
Nratlo = —10log10— Z = 1
a=j “ab

In the equation, y indicates the number of replications and Z,, refers to the observed
outcome for each trial, where a and b range from 1 to y.

2.7. Normalised S/N Ratio

Normalisation, also called standardisation, is a process applied to individual data
points to evenly scale and distribute values, making subsequent analysis more effective. The
variable x;; is normalised within the range of 0 to 1 (i.e., 0 < Z; < 1) using Equation (2) [22]
to balance the effects of different measurement units and minimise variability.

@

Normalisation (x;;) =
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2.8. Grey Relational Coefficients and Its Grades

Based on the normalised S/N ratios, Equation (3) was used to calculate the grey
relational coefficient. Subsequently, the grey relational grade was obtained by combining
these coefficients, as shown in Equation (4) [23].

Amin + (Amax

y(xa(y),xb(y)) = Aab(y) + CAmax ®)
Vi = ;{; Vij (4)

In this context, 1; signifies the GRG for the jth experiment, while k indicates the
performance index.

3. Results and Discussion

Table 2 details the L16 orthogonal array alongside the experimental results, while
Table 3 displays the S/N ratios and normalised S/N values for the hybrid composites.

Table 2. L16 orthogonal array and results of mechanical properties.

Sisal Fibre Banana NaOH Red Mud Impact Flexural Tensile Shear
Exp. No. (Wt.%) Fibre Treatment (Wt.%) Strength Strength Strength Strength Hardness
(wt.%) (%) (1) (MPa) (MPa) (Mpa)
1 0 0 0 1 1.98 47.58 26.81 16.1 57.14
2 0 15 2 2 3.86 64.25 45.68 27.39 77.51
3 0 30 4 3 4.19 69.38 50.28 30.12 83.62
4 0 45 6 4 5.01 71.58 56.81 34.01 59.19
5 15 0 2 3 2.98 51.25 31.53 18.86 61.05
6 15 15 0 4 4.96 70.28 54.53 32.54 84.43
7 15 30 6 1 6.16 60.27 61.57 36.57 7223
8 15 45 4 2 5.58 70.89 58.92 35.21 85.71
9 30 0 4 4 6.13 61.58 63.53 38.21 73.19
10 30 15 6 3 6.57 63.57 65.52 39.13 76.82
11 30 30 0 2 2.08 49.87 29.98 17.28 59.48
12 30 45 2 1 3.57 63.51 34.59 20.52 76.12
13 45 0 6 2 5.52 72.58 60.51 36.12 87.01
14 45 15 4 1 6.08 63.51 62.95 37.66 76.12
15 45 30 2 4 4.58 71.82 56.21 33.37 86.81
16 45 45 0 3 4.05 72.19 58.53 35.21 86.26
Table 3. S/N ratio and normalised S/N ratio of the composites (mechanical properties).
S/N Ratio Normalised S/N Ratio
Exp. No. Impact Flexural Tensile Shear Impact Flexural Tensile Shear
Strength Strength Strength Strength  Hardness  Strength Strength Strength Strength  Hardness
(1)} (MPa) (MPa) (Mpa) (1) (MPa) (MPa) (Mpa)

1 5.933 33.548 28.566 24.137 35.139 0.000 0.000 0.000 0.000 0.000
2 11.732 36.157 33.195 28.752 37.787 0.557 0.711 0.596 0.598 0.725
3 12.444 36.825 34.028 29.577 38.446 0.625 0.893 0.704 0.705 0.905
4 13.997 37.096 35.088 30.632 35.445 0.774 0.967 0.840 0.842 0.084
5 9.484 34.194 29.974 25.511 35.714 0.341 0.176 0.181 0.178 0.157
6 13.910 36.937 34.733 30.248 38.530 0.766 0.924 0.795 0.792 0.928
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Table 3. Cont.

S/N Ratio Normalised S/N Ratio
Exp. No. Impact Flexural Tensile Shear Impact Flexural Tensile Shear
Strength Strength Strength Strength  Hardness  Strength Strength Strength Strength  Hardness

()} (MPa) (MPa) (Mpa) (1)) (MPa) (MPa) (Mpa)
7 15.792 35.602 35.787 31.262 37.174 0.946 0.560 0.930 0.924 0.557
8 14.933 37.012 35.405 30.933 38.661 0.864 0.944 0.881 0.881 0.964
9 15.749 35.789 36.060 31.644 37.289 0.942 0.611 0.965 0.973 0.589
10 16.351 36.065 36.327 31.850 37.709 1.000 0.686 1.000 1.000 0.704
11 6.361 33.957 29.537 24.751 35.487 0.041 0.111 0.125 0.080 0.095
12 11.053 36.057 30.779 26.244 37.630 0.491 0.684 0.285 0.273 0.682
13 14.839 37.216 35.637 31.155 38.791 0.855 1.000 0.911 0.910 1.000
14 15.678 36.057 35.980 31.518 37.630 0.935 0.684 0.955 0.957 0.682
15 13.217 37.125 34.996 30.467 38.771 0.699 0.975 0.828 0.821 0.995
16 12.149 37.170 35.348 30.933 38.716 0.597 0.987 0.874 0.881 0.979

3.1. Impact Strength

The maximum impact strength of 6.57 ] was recorded in the 10th experiment, which
used 30 wt.% sisal fibre, 15 wt.% banana fibre, 6% NaOH treatment, and 3 wt.% red mud.
This combination created a balanced reinforcement system. Sisal fibres, known for their
stiffness and strength, helped bear loads effectively, while banana fibres added flexibility
and toughness. The hybrid structure allowed the composite to benefit from the individual
strengths of both fibres, resulting in improved impact resistance. In contrast, the lowest
impact strength of 1.98 ] was observed in the 1st experiment, which had no natural fibres, no
NaOH treatment, and only 1 wt.% red mud. Without the reinforcing fibres, the composite
lacked the structural support needed for strong mechanical performance [24]. The results
showed that increasing the NaOH concentration and red mud content generally led to
higher impact strength. Figure 3 illustrates the impact strength of the composites under
various processing conditions. The best impact performance, based on the S/N ratio, was
achieved with 45 wt.% sisal fibre, 15 wt.% banana fibre, 6% NaOH treatment, and 4 wt.% red
mud. Raising the fibre content from 15 wt.% to 30 wt.% significantly improved the impact
strength. This is likely due to the increased surface area for bonding between the fibres
and the matrix, which enhances fibre—matrix interaction. Better adhesion allows stress to
be transferred more effectively, helping the composite absorb and spread impact energy.
Arumuga Prabu et al. [25] examined the mechanical behaviour of polyester composites
reinforced with sisal and banana fibres and filled with red mud. Their findings indicated
that the addition of red mud enhanced both impact and flexural strengths. Specifically,
sisal fibre composites exhibited a maximum impact strength of 11 J, while banana fibre
composites showed 6 J. The study also noted that sisal fibres provided better impact
strength compared to banana fibres, attributed to stronger fibre-matrix bonding.
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Figure 3. Impact strength.

3.2. Flexural Strength

The maximum flexural strength of 72.58 MPa was recorded in the 13th experiment,
which used 45 wt.% sisal fibre, no banana fibre, 6% NaOH treatment, and 2 wt.% red mud.
The high amount of sisal fibre contributed substantially to increasing the flexural strength
of the fabricated composite. Sisal fibres are strong and stiff, helping the material carry more
load when bent. The 6% NaOH treatment cleaned the fibre surface and made it rougher,
which improved bonding with the matrix. This stronger connection between fibre and
matrix helped the composite resist bending forces more effectively. Adding 2 wt.% red
mud also improved the flexural strength by acting as a filler. Red mud helped increase
the density of the composite and reduced defects like air gaps, which are important for
maintaining high strength. Figure 4 shows the flexural strength of the composites under
different conditions, based on the S/N ratio. When the sisal fibre content increased from
15 to 30 wt.%, the S/N ratio dropped slightly (from 35.94 to 35.47). This may be due to fibre
crowding, which can block proper stress transfer. However, increasing the sisal content
from 30 to 45 wt.% improved fibre distribution in the matrix, raising the S/N ratio from
35.47 to 36.89 and boosting the composite’s load-bearing ability. For banana fibre, the S/N
ratio rose from 35.19 to 36.30 as the content increased from 0 to 15 wt.%. It then dropped
slightly to 35.88 at 30 wt.%, likely due to fibre overcrowding, and increased again to 36.83 at
45 wt.%, suggesting improved bonding between the matrix and the fibres at higher loading.
The S/N ratio also increased with higher NaOH concentrations, showing that stronger
fibre treatment helped the composite perform better. Increases in red mud from 1 to 2 wt.%
and from 3 to 4 wt.% also led to better S/N ratios, indicating improved matrix properties.
In summary, the best flexural strength was achieved with a composition containing 45 wt.%
each of sisal and banana fibre, 6% NaOH treatment, and 4 wt.% red mud.
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Figure 4. Flexural strength.

3.3. Tensile Strength

The highest tensile strength of 65.52 MPa was achieved in the 10th experiment,
where the optimal combination of variables was 30 wt.% sisal fibre, 15 wt.% banana
fibre, 6% NaOH treatment, and 3 wt.% red mud. This specific formulation demonstrated
a synergistic effect, maximising the tensile strength of the composite. The selected fibre
content provided a balanced reinforcement, while the NaOH treatment likely enhanced
the fibre-matrix adhesion, resulting in improved load transfer. Additionally, the inclusion
of red mud further contributed to the mechanical properties by enhancing the compos-
ite’s structural integrity. This combination highlights the importance of optimising the
composition and surface treatment for achieving superior mechanical performance in
fibre-reinforced composites. The lowermost tensile strength of 26.81 MPa was obtained
at 0 wt.% of sisal fibre, banana fibre, 0% of NaOH treatment and 1 wt.% of red mud. The
lowest tensile strength of 26.81 MPa was recorded in the 1st experiment, characterised
by the absence of sisal fibre and banana fibre (0 wt.%), no NaOH treatment (0%), and a
minimal inclusion of 1 wt.% red mud. This configuration indicates a significant lack of
reinforcement within the composite, as the absence of natural fibres resulted in reduced
structural integrity and load-bearing capacity. Furthermore, the absence of NaOH treatment
likely impaired the bonding between the matrix and any available fillers, exacerbating the
material’s weakness. The limited amount of red mud also contributed to the overall inferior
mechanical performance. Maurya et al. [20] recently examined the thermo-mechanical
and viscoelastic properties of linear low-density polyethylene composites reinforced with
sisal/banana fibres, processed using microwave techniques. The study found that the
sisal and banana fibre hybrid composite demonstrated improved mechanical properties,
achieving tensile strength of 22.82 MPa, flexural strength of 15.87 MPa, and impact strength
of 254.35 J/m. These results highlight the effectiveness of hybridisation and advanced
processing techniques in improving composite performance. These results further sup-
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361

Mean of SN ratios for tensile strength

321

port the idea that combining natural fibres and using advanced processing methods can
significantly improve composite performance.

Figure 5 shows the tensile strength of the composites under different conditions, based
on the S/N ratio. The results indicate that increasing sisal fibre content up to 45 wt.% leads
to a clear improvement in tensile strength, as shown by the highest S/N ratio at this level.
A similar trend is seen with banana fibre, where noticeable peaks appear at 15 wt.% and
again at 45 wt.%, suggesting these fibre levels contribute to better mechanical performance.
NaOH treatment had the most consistent and positive effect. Higher percentages of NaOH
treatment improved the S/N ratio, showing that surface treatment of fibres enhances
bonding with the matrix and improves tensile strength. Red mud also helped improve
tensile properties. The highest S/N ratio for red mud was found at 4 wt.%, suggesting that
it supports the structure by filling gaps and increasing the composite’s strength. Overall,
the graph highlights the importance of selecting the right combination of fibre content,
chemical treatment, and filler loading to improve the tensile strength of the composite. The
tensile stress—strain curve shown in Figure 6 demonstrates a linear increase up to the peak,
indicating elastic behaviour. After reaching the maximum stress, the composite fractures
suddenly, reflecting its brittle nature.

| Sisal fiber (wt.%) | Banana fiber (wt.%) |NaOH treatment (%) | Red mud (wt.%) |

i U DR C R R

T T T u T T T

15 30 45 0 15 30 45 0 2 4 6 1 2 3 4

Signal-to-noise: Larger is better for tensile strength (MPa)

Figure 5. Tensile strength.
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Figure 6. Stress—strain curve.

3.4. Shear Strength

Figure 7 presents the shear strength of the fabricated composites with different influ-
encing parameters. The influence of various process parameters on the shear strength of
the composite was analysed using a Taguchi-based S/N ratio plot, adopting the “larger is
better” criterion. The main effects plot revealed that all four parameters (sisal fibre content,
banana fibre content, NaOH treatment percentage, and red mud content) significantly
affected the shear strength. Among them, an increasing trend in S/N ratios was observed
with the rise in sisal fibre content, reaching a maximum at 45 wt.%. Similarly, banana fibre
exhibited a positive influence, with 15 wt.% providing the highest S/N ratio despite a
slight dip at 30 wt.%. NaOH treatment showed a steep improvement in S/N ratios, with
6% treatment yielding the most favourable response, indicating enhanced fibre-matrix in-
terfacial bonding. Red mud content also demonstrated a progressive increase in S/N ratios,
with 4 wt.% offering the best performance. Overall, the optimal parameter combination
for maximising shear strength was identified as 45 wt.% sisal fibre, 45 wt.% banana fibre,
6% NaOH treatment, and 4 wt.% red mud.
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Figure 7. Shear strength.

3.5. Hardness

Figure 8 illustrates the hardness of the composites with different influencing param-
eters. The effect of key process parameters on the hardness of the developed composite
was analysed using a Taguchi-based S/N ratio plot, adopting the “larger is better” crite-
rion. The main effects plot revealed that sisal fibre content, banana fibre content, NaOH
treatment percentage, and red mud content significantly influenced the hardness values.
An increasing trend was observed in S/N ratios with the rise in sisal fibre content, with
45 wt.% yielding the highest value, which can be attributed to the inherent rigidity and
effective stress transfer capability of sisal fibres at higher concentrations. Banana fibre
showed an initial sharp improvement in S/N ratio at 15 wt.%, followed by a slight drop
and recovery, indicating that moderate levels promote better dispersion and hardness. The
maximum S/N ratio for NaOH treatment was observed at 4%, suggesting that this level
provides optimal surface modification of fibres, enhancing matrix adhesion and resistance
to indentation, while higher treatment levels may degrade fibre quality. Red mud content
improved hardness up to 1-2 wt.% due to the presence of hard ceramic-like particles that
act as micro-fillers, although excessive filler content beyond this range may lead to agglom-
eration and void formation, adversely affecting the composite’s integrity. These findings
are in agreement with Rasu et al. [21], who reported that the incorporation of red mud as a
filler in natural fibre-reinforced composites enhances hardness and wear resistance due to
its high mineral content and fine particle dispersion. Thus, the optimal combination for
maximum hardness was found to be 45 wt.% sisal fibre, 15 wt.% banana fibre, 4% NaOH
treatment, and 1-2 wt.% red mud.
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Figure 8. Hardness.

3.6. Response Table for SN Ratio for Mechanical Properties

Performance characteristics of the hybrid composites were evaluated with varying
compositions of sisal fibre, banana fibre, NaOH treatment, and red mud and presented in
Table 4. Among all the factors studied, NaOH treatment had the most significant impact
on mechanical performance, particularly in improving impact strength, tensile strength,
and shear strength, as indicated by the highest delta (A) values and Rank 1 in these
categories. This highlights the effectiveness of alkali treatment in enhancing fibre-matrix
adhesion, thereby improving load transfer and resistance to failure. Sisal fibre showed
consistent performance across most properties, ranking second in impact, tensile, and shear
strength, and first in hardness, suggesting its strong contribution to both bulk and surface
mechanical behaviour. Banana fibre also demonstrated a moderate effect, particularly
notable in flexural strength where it ranked first, likely due to its inherent flexibility and
structural characteristics. Red mud, though beneficial as a filler, showed the least influence
on mechanical property variation, consistently ranking fourth across all categories. The
results clearly indicate that surface treatment of fibres plays a more dominant role than
mere inclusion of fillers in enhancing the mechanical properties of composites reinforced
with natural fibre.



J. Compos. Sci. 2025, 9, 357

16 of 22

Table 4. Response table for SN ratio for mechanical properties.

Mechanical Properties Composition 1 2 3 4 Delta Rank
Sisal fibre 11.027 13.53 12.379 13.971 2,944 2
(Wt.%)
Bar(‘ar:“o /ﬁ)bre 11.501 14.418 11.954 13.033 2916 3
Impact strength (MPa) W7o
NaOH (f;e)atmem 9.588 11372 14.701 15245 5.656 1
Red mud 12.114 11.966 12.607 14.218 2252 4
(Wt.%)
Sisal fibre 3591 35.94 35.47 36.89 143 2
(Wt. /o)
Bar(‘a‘f}, /ﬁ)bre 35.19 363 35.88 36.83 165 1
Flexural strength (MPa) wt-7o
NaOH
treatment 354 35.88 36.42 36.49 1.09 4
(%)
Red mud 35.32 36.09 36.06 36.74 1.42 3
(Wt. /o)
Sisal fibre 32.72 33.97 33.18 35.49 2.77 2
(Wt.o/o)
Bar(‘arf}, /ﬁ)bre 32.56 35.06 33.59 34.16 25 3
Tensile strength (MPa) wt. 7%
NaOH
treatment 32.05 3224 35.37 35.71 3.66 1
(%)
Red mud 32.78 33.44 33.92 35.22 2.44 4
(Wt. /o)
Sisal fibre 30.63 31.83 30.96 333 2.67 2
(Wt. /o)
Bar(‘jvr;ao /ﬁ)bre 3051 32.84 3141 31.97 2.33 3
Shear strength (MPa) 0
NaOH
treatment 30.04 30.3 33.13 33.25 322 1
(%)
Red mud 30.66 31.35 31.83 32.89 223 4
(Wt. /o)
Sisal fibre 36.7 37.52 37.03 38.48 177 1
(Wt.%)
Bar(‘fvrﬁ /ﬁ)bre 36.73 3791 37.47 37.61 118 2
Hardness e
NaOH
treatment 36.97 37.48 38.01 37.28 1.04 3
(%)
Red mud 36.89 37.68 37.65 37.51 0.79 4
(Wt. /o)

3.7. ANOVA for Mechanical Properties

The ANOVA results for mechanical properties reveal that NaOH treatment signifi-
cantly influences impact, tensile, and shear strength, indicated by relatively higher F-values
(6.82, 3.86, and 3.68, respectively) and lower p-values (close to 0.05) as shown in Table 5.
Although not statistically significant at the 95% confidence level (p < 0.05), it shows a
stronger effect compared to other parameters. Sisal and banana fibres contribute mod-
erately to all mechanical properties but with high p-values (p > 0.35), indicating limited
individual influence. Red mud shows minimal effect across all responses, especially in
hardness, where none of the factors, including red mud, had a notable impact (p > 0.6).
Overall, alkali treatment (NaOH%) appears to be the most influential factor in improv-
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ing mechanical performance, though not yet statistically significant, warranting further
focused optimisation.

Table 5. ANOVA for mechanical properties.

Mechanical Properties Composition DF Seq SS Adj SS Adj MS F p
Sisal fibre (wt.%) 3 20.82 20.82 6.939 1.62 0.351
Banana fibre (wt.%) 3 20.21 20.21 6.736 1.57 0.360
Impact strength (MPa) NaOH treatment (%) 3 87.69 87.69 29.231 6.82 0.075
Red mud (wt.%) 3 12.77 12.77 4.257 0.99 0.502
Residual error 3 12.85 12.85 4284 - -
Total 15 154.34 - - - -
Sisal fibre (wt.%) 3 4.330 4.330 1.443 1.03 0.492
Banana fibre (wt.%) 3 5.813 5.813 1.938 1.38 0.400
Flexural strength (MPa) NaOH treatment (%) 3 3.127 3.127 1.042 0.74 0.595
Red mud (wt.%) 3 4.046 4.046 1.349 0.96 0.514
Residual error 3 4224 4.224 1.408 - -
Total 15 21.539 - - - -
Sisal fibre (wt.%) 3 17.75 17.75 5.918 1.47 0.379
Banana fibre (wt.%) 3 13.16 13.16 4.385 1.09 0.472
Tensile strength (MPa) NaOH treatment (%) 3 46.50 46.50 15.499 3.86 0.148
Red mud (wt.%) 3 12.78 12.78 4.258 1.06 0.481
Residual error 3 12.05 12.05 4.015 - -
Total 15 102.23 - - - -
Sisal fibre (wt.%) 3 17.96 17.96 5.986 1.38 0.398
Banana fibre (wt.%) 3 13.21 13.21 4.402 1.02 0.494
Shear strength (MPa) NaOH treatment (%) 3 47.66 47.66 15.885 3.68 0.157
Red mud (wt.%) 3 13.18 13.18 4.394 1.02 0.495
Residual error 3 12.97 12.97 4.322 - -
Total 15 104.97 - - - -
Sisal fibre (wt.%) 3 7.169 7.169 2.3896 0.64 0.640
Banana fibre (wt.%) 3 3.020 3.020 1.0065 0.27 0.846
Hardness NaOH treatment (%) 3 2281 2.281 0.7603 0.20 0.889
Red mud (wt.%) 3 1.618 1.618 0.5392 0.14 0.927
Residual error 3 11.257 11.257 3.7523 - -
Total 15 25.344 - - - -

3.8. Response of Sisal Fibre- and Banana Fibre-Reinforced Hybrid Composites

The grey relational coefficient (GRC), GRG, and grey relational ranking for each trial
in the L16 orthogonal array were computed and are summarised in Table 6. Combining the
Taguchi method with GRA enabled the transformation of a multi-response optimisation
challenge into a single-response optimisation problem.
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Table 6. Grey relational coefficients, grade, and rank.

Exp. No. St:;llg :;t(]) Flexul(';}lsgength Tensi(l&?)tar;e ngth Shea(ll'vit)rae)ngth Hardness Grade Rank
1 0.333 0.333 0.333 0.333 0.333 0.333 16
2 0.530 0.634 0.553 0.555 0.645 0.583 12
3 0.571 0.824 0.628 0.629 0.841 0.699 11
4 0.689 0.938 0.758 0.760 0.353 0.700 10
5 0.431 0.378 0.379 0.378 0.372 0.388 14
6 0.681 0.868 0.709 0.707 0.875 0.768 8
7 0.903 0.532 0.878 0.868 0.530 0.742 9
8 0.786 0.900 0.808 0.808 0.933 0.847 3
9 0.896 0.562 0.935 0.949 0.549 0.778 7
10 1.000 0.614 1.000 1.000 0.628 0.848 2
11 0.343 0.360 0.364 0.352 0.356 0.355 15
12 0.496 0.613 0.412 0.408 0.611 0.508 13
13 0.775 1.000 0.849 0.847 1.000 0.894 1
14 0.886 0.613 0.918 0.921 0.611 0.790 6
15 0.624 0.953 0.745 0.736 0.989 0.809 5
16 0.553 0.975 0.798 0.808 0.960 0.819 4

The levels A4, B2, C4, and D4 showed the highest GRG values for the different factors
tested, namely, the weight percentages of sisal fibre, banana fibre, NaOH concentration,
and red mud. These results are presented in Figure 9. The analysis confirms that the best
combination for optimising the hybrid composite involves 45 wt.% sisal fibre, 15 wt.%
banana fibre, 6% NaOH treatment, and 4 wt.% red mud. The figure illustrates the response
of the composite to changes in these parameters. Sisal fibre is well known for its high tensile
strength and stiffness, which provide strong reinforcement to the composite [26]. Using
45 wt.% offers enough reinforcement while still keeping the matrix workable. This level
achieves a balance between good mechanical performance and ease of processing, allowing
the composite to maintain its structure under load. Although banana fibre is not as strong
as sisal, it adds flexibility and improves the ductility of the composite. At 15 wt.%, banana
fibre complements the stiffness of sisal, resulting in a material with better impact resistance
and reduced brittleness. This helps the hybrid composite absorb energy more effectively
under stress. The 6% NaOH treatment plays an important role in cleaning the fibre surface
by removing impurities, such as wax, lignin, and dust [27]. This improves the bonding
between the fibre and the polymer matrix, allowing better stress transfer. The selected
concentration of NaOH also ensures that the fibres remain strong and are not damaged
during treatment, which helps maintain the overall performance of the composite.

Red mud, an industrial waste from aluminium processing, was used as a filler to
improve the composite’s properties. At 4 wt.%, it enhanced the mechanical, wear, and
thermal behaviours of the material [28]. The red mud particles helped fill micro-voids
and made the stress distribution more uniform. This low percentage ensured improved
performance without reducing the composite’s flexibility or making it too brittle.
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Figure 9. The grey relational grade value of fabricated composites.

3.9. Microstructural Analysis of Sisal-Banana Fibre Hybrid Composites

The fractured surface microstructures of the composites were examined using SEM.
The analysis focused on a composite containing 30 wt.% sisal fibre, 30 wt.% banana fibre,
2 wt.% red mud, and no NaOH treatment. Images taken at different magnifications are
presented in Figure 10. The SEM results revealed the presence of voids and fibre pullout
from the matrix. These features are mainly linked to the lack of NaOH treatment, which
affected the bonding between the fibres and the matrix. Normally, NaOH treatment is
used to clean the surface of natural fibres by removing unwanted substances such as lignin,
hemicellulose, and waxes. These impurities can reduce the ability of the fibre to bond
properly with the resin. In the absence of this treatment, the fibres kept their natural surface
characteristics, which made it harder for the resin to wet and bond with them. This poor
wetting led to the formation of small air gaps, or voids, within the composite. These voids
can become weak points where stress builds up, reducing the strength of the material. Fibre
pullout observed in the SEM images also indicates poor adhesion between the fibres and
the matrix. When tensile force is applied, the fibres are pulled out instead of helping to
carry the load. This weak fibre-matrix interface, especially in untreated fibres, prevents
effective stress transfer, which lowers the overall mechanical performance of the composite.
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Figure 10. SEM analysis of hybrid composites.

3.10. Sustainability and Cleaner Production Perspective

The integration of agricultural fibres and industrial waste in this study demonstrates
a viable pathway toward sustainable composite development and cleaner production.
The mechanical performance enhancements observed with increased sisal fibre content
(up to 45 wt.%) and red mud loading (up to 4 wt.%) underscore the dual functionality
of these reinforcements not only as structural contributors but also as environmental
burden reducers. From a sustainability standpoint, the utilisation of sisal and banana
fibres addresses the increasing need for renewable and biodegradable reinforcements.
These fibres are sourced from agricultural residues, requiring minimal processing and
generating negligible carbon emissions compared to synthetic alternatives. Their use aligns
with bio-based material development policies and supports decentralised material supply
chains in rural regions. The red mud filler, typically a waste stream from the aluminium
refining process, presents significant ecological hazards due to its high alkalinity and heavy
metal content. Incorporating red mud at optimised levels improved mechanical properties
such as tensile, impact, and flexural strength while simultaneously diverting hazardous
waste from landfill or tailing ponds. The uniform dispersion of red mud within the
epoxy matrix contributed to void filling and increased densification, thus enhancing stress
transfer and reducing composite porosity. Additionally, the application of the Taguchi-
grey relational analysis (GRA) framework reduced the number of experimental iterations
required, minimising material wastage and energy input. This statistical optimisation
approach exemplifies a low-resource-intensive strategy for material development, which
is critical for cleaner production workflows. The findings thus provide evidence for a
circular materials approach, wherein agricultural and industrial residues are valorised into
functional, high-performance engineering composites. These outcomes are particularly
relevant for automotive, construction, and infrastructure applications, where demand
for lightweight, strong, and environmentally compliant materials continues to grow. By
strategically combining natural fibre hybridisation with industrial waste inclusion and
process optimisation, this work offers a reproducible model for developing eco-functional
composites in line with sustainable manufacturing principles.
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4. Conclusions

The mechanical characterisation of the sisal-banana fibre hybrid composites revealed
that the maximum impact strength of 6.57 ], flexural strength of 72.58 MPa, and tensile
strength of 65.52 MPa were achieved with optimised compositions involving 30-45 wt.%
sisal fibre, 15 wt.% banana fibre, 6% NaOH treatment, and 3—4 wt.% red mud. The Taguchi
method, using S/N ratio analysis, identified NaOH treatment as the most influential
parameter on mechanical performance, particularly for impact, tensile, and shear strength,
as supported by high F-values (6.82, 3.86, 3.68) and p-values close to 0.05 in the ANOVA.
However, the grey relational analysis (GRA) provided a more integrated assessment across
all properties, yielding the highest grey grade (0.894) for the configuration in Experiment 13,
which included 45 wt.% sisal fibre, 0 wt.% banana fibre, 6% NaOH, and 2 wt.% red mud.
This confirms that while Taguchi is effective for analyzing individual responses, GRA is
better suited for multi-objective optimisation of composite materials.

The study highlights that alkali treatment plays a dominant role in enhancing fibre—
matrix adhesion, while hybridisation of natural fibres and judicious filler addition can
synergistically improve overall performance. Based on the achieved mechanical properties,
these optimised hybrid composites are particularly suitable for automotive interior panel
applications, where moderate strength, reduced weight, and material sustainability are
essential. Future work may focus on evaluating the long-term durability, thermal stability,
biodegradability, and dynamic mechanical behaviour of these composites under real service
conditions. Furthermore, integrating other sustainable fillers or nanomaterials could
offer opportunities to enhance multi-functional properties such as fire resistance, acoustic
insulation, and moisture resistance, broadening their industrial applicability.
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