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Abstract: This study reports the development and characterization of phenolic-based hybrid composites reinforced with 

acetic acid-treated Musa fibers and basalt fibers. Nine formulations with different Musa/basalt weight ratios (100/0 to 0/

100) were fabricated by compression molding and tested for tensile, flexural, impact, and morphological properties. The 

hybrid composite with 75 wt.% Musa and 25 wt.% basalt fibers (S7) exhibited the highest tensile strength (15.3 MPa) 

and flexural strength (27.1 MPa), representing 86% and 44% improvements over the Musa-only composite, and achieved 

a maximum impact strength of 76.57 kJ/m². These improvements are attributed to effective fiber bridging, crack deflec-

tion, and enhanced fiber–matrix adhesion, as confirmed by SEM analysis. The results demonstrate that Musa–basalt phe-

nolic composites possess mechanical characteristics suitable for sustainable engineering applications.
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Introduction

The global shift toward sustainable development has inten-

sified research into advanced composite materials that com-

bine lightweight characteristics, high mechanical performance, 

and minimal environmental impact.1,2 Conventional glass and 

carbon fiber-reinforced polymer composites possess high strength 

and durability; however, they rely on non-renewable resources, 

consume substantial energy during manufacturing, and pose 

disposal challenges at end-of-life.3,4 In this context, natural 

fiber-reinforced composites have emerged as promising alter-

natives due to their renewable nature, biodegradability, low 

density, and favorable strength-to-weight ratios.

Musa (banana) fibers are among the most widely used plant 

fibers for reinforcement, owing to their low cost, good mechanical 

properties, and high availability.5,6 Their utilization as an agri-

cultural byproduct aligns with waste valorization and circular 

economy principles.7 Nevertheless, like most lignocellulosic fibers, 

Musa fibers exhibit inherent limitations, including moisture 

sensitivity, low thermal resistance, and moderate load-bearing 

capacity.6 Acetic acid treatment offers an environmentally friendly 

approach to reduce surface hydroxyl groups, remove amorphous 

constituents, and enhance fiber-matrix adhesion, thereby improv-

ing dimensional stability and mechanical performance.8

Hybrid composites are one of the major areas of research in 

the composite field.9 Hybridization allows using two or more 

fiber types to take advantage of the positive properties of an 

individual fiber, while reducing the negative properties asso-
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ciated with each type. Among the reinforcement materials, 

basalt fiber is a material of particular interest because it is an 

eco-mineral fiber coming from a natural volcanic rock, with high 

tensile strength, good fatigue resistance and excellent chemical 

and thermal resistance, and is environmentally friendly. Basalt 

fibers provide a more environmentally friendly alternative to 

synthetic fibers that provide more mechanical reliability with-

out the environmental negative effects of natural fibers that fill 

the performance gap between them.10-12 Various natural fiber–

basalt hybrid systems have been studied in recent times. Pothan et 

al. showed that a hydrogen bonding mechanism between the 

surface-treated banana fibers and the polyester matrix enhanced 

the adhesion between the two. Sathish et al. investigated the 

use of Cissus quadrangularis stem fiber in polymeric composites 

for the use in green engineering with banana chopped fiber. 

The systematic study of intentional variation in the fiber ratio, 

with detailed mechanical-morphological correlation, especially 

in terms of the mechanisms of stress transfer and the synergy 

effect of a hybrid composite in phenolic materials is limited. 

The synergistic effect of the combination of biodegradable Musa 

fibers and basalt fibers in a phenolic matrix and also the struc-

ture–property relationship has not been studied enough.

The present study aims to fill these gaps by systematically 

characterizing nine formulations having controlled weight ratio 

of Musa to basalt (100-0 to 65-35), comprehensive mechanical 

evaluation (tensile, flexural, impact properties) to optimize the 

hybridization, detailed morphological analysis to elucidate failure 

mechanisms, and quantitative correlation between the changes 

of the surface chemistry of the formulations and the corre-

sponding enhancement of the mechanical properties. The aim 

of the study is to build renewable agricultural fiber-reinforced 

materials with high performance eco-mineral reinforcement 

to develop a reliable, environmentally friendly and sustainable 

lightweight material for the engineering applications.

Experimental

Materials. Musa fibers of chopped length (5 mm) were        

obtained from M/S Eco green, Tamil Nadu, India. The chemical 

composition comprised 56–65% cellulose, 6–25% hemicellu-

lose, 5–15% lignin, 3–5% pectin, and 2–3% ash.13,14 Basalt 

fibers (5 mm chopped length) were purchased from M/S Fiber 

Source, Tamil Nadu, India. Basalt fibers, as a mineral fiber, 

have low hydrophilicity, high tensile strength and high thermal 

stability. A resole-type phenolic resin (PFR301) was obtained 

from M/S Shivam Polymers and Chemicals, Maharashtra, India

as it has excellent thermal stability, chemical resistance and 

intrinsic flame retardancy.15,16

Fiber Surface Modification. Musa fibers were treated with     

a 5% acetic acid solution for 2 hours at 60 °C to reduce hydroxyl 

groups, remove amorphous components, and improve fiber–

matrix bonding.17,18 The treated fibers were washed with distilled 

water and dried in the oven at 60 °C for 24 h. Basalt fibers were 

used as received and did not require any processing because of 

their hydrophilicity and inertness properties.19,20 The treatment 

condition of acetic acid (5% acetic acid at 60 °C for 2 h) was 

chosen as per the literature which stated that acetic acid treatment

resulted in optimum removal of natural fibers surface impuri-

ties, thus creating improved interfacial adhesion and mechan-

ical performance of natural fiber-reinforced composites.17

Hybrid Composite Fabrication. The ratio of matrix to rein-     

forcement was kept constant at 60:40 wt%.21,22 In Table 1, the 

ratio of treated Musa fibers and untreated basalt fibers are listed, 

which were then uniformly dispersed with phenolic resin. The 

composite plates (300 × 300 × 3 mm) were prepared using com-

pression molding at 2.6 MPa and 150 °C for 15 minutes. 

The mold has been cured, and then demoulded after cooling 

down to room temperature naturally. There was no post-curing 

treatment. Fabrication was done in the ambient laboratory con-

ditions of 28 °C and 55%RH. Figure 1 shows the sequential 

processes of the fabrication of the Musa/basalt fiber-reinforced 

phenolic hybrid composites.

Mechanical Testing. The tensile properties were tested with     

the specimens of size 165 × 19 × 3 mm (gauge length: 50 mm) 

as per ASTM D638-09. The flexural properties were determined 

on 125 × 12.5 × 3 mm using three-point bending according to 

ASTM D790-10. The impact resistance (IR) was measured under 

the ASTM D256 standard. All tests were conducted on the uni-

versal testing machine (Instron 5967, USA) equipped with 10 kN 

Table 1. Formulations of Musa/Basalt Hybrid Composite Samples

Sample Musa fiber (wt%) Basalt fiber (wt%)

S1 0 100

S2 100 0

S3 95 5

S4 90 10

S5 85 15

S6 80 20

S7 75 25

S8 70 30

S9 65 35
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load cell, except the impact test which was performed with Tin-

ius Olsen Impact 104 (Tinius Olsen, USA). The tests were per-

formed at a controlled laboratory humidity of 50 ± 5%RH. 3 

samples were taken for each composition and the results are 

given in Table 2 as Mean ± SD.

Microstructural Analysis. The morphology of the fracture      

surfaces has been investigated by scanning electron micros-

copy (SEM, Carl Zeiss EVO 18, Germany) at 10 kV accelera-

tion voltage. For observation, samples were sputter coated with 

gold to prevent charging. 

SEM analysis was used to classify the fracture types, dis-

persion of fibers and bonding characteristics at the fiber/matrix 

interface, and to establish structure–property relationships in 

the hybrid phenolic composites.

Results and Discussion

Tensile Properties. The tensile performance of the hybrid     

phenolic composites is presented in terms of tensile strength 

(Figure 3) and stress–strain curves (Figure 4), with numerical 

values provided in Table 2. Formulation S7 (75 wt% Musa / 25 

wt% basalt) exhibited the highest tensile strength of 15.3 MPa, 

indicating an optimal hybridization effect. This represents an 

86% improvement over the Musa-only composite (S2: 8.2 MPa) 

and a 50% improvement over the basalt-only composite (S1: 

10.2 MPa). Acetic acid treatment cleans the surface of impu-

rities such as waxes, hemicellulose and amorphous material, 

revealing hydroxyl-rich cellulose surfaces and increasing the 

surface roughness. This surface modification results in more 

mechanical interlocking at the fiber–matrix interface, better 

wettability by the phenolic resin, and the formation of hydro-

gen bonds between the hydroxyl groups of the treated Musa 

fibers and the phenolic network.22,23 It allows stress transfer to 

happen almost efficiently from the matrix to the reinforcing fibers, 

Figure 1. Fabrication stages of hybrid composite.

Table 2. Overall Mechanical Properties of Prepared Phenolic 

Composites (Mean ± Standard Deviation)

Sample
Tensile strength 

(MPa)
Flexural strength 

(MPa)
Impact strength 

(kJ/m2)

S1 10.2 ± 0.5 19.9 ± 0.8 14.83 ± 1.07

S2 8.2 ± 0.4 18.7 ± 0.7 16.91 ± 1.60

S3 11.3 ± 0.6 21.2 ± 0.5 25.10 ± 1.87

S4 11.8 ± 0.6 21.6 ± 0.8 35.10 ± 2.93

S5 12.5 ± 0.7 23.4 ± 0.6 37.84 ± 1.33

S6 13.6 ± 0.6 24.6 ± 0.7 51.85 ± 5.07

S7 15.3 ± 0.7 27.1 ± 0.6 76.57 ± 1.87

S8 14.1 ± 0.6 25.7 ± 0.7 67.69 ± 1.60

S9 13.8 ± 0.7 25.2 ± 0.6 54.14 ± 4.00
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giving better tensile properties. The tensile test specimens before 

and after testing are shown in Figure 2.

The tensile strength of Musa fiber composites fabricated 

under an identical set of conditions showed to be 18–22% lower 

in comparison to their treated counterparts, suggesting that sur-

face modification significantly improves the fiber–matrix inter-

face. This result is in agreement with earlier studies on chemical 

treatment of natural fibers.18,19 A rule-of-the-mix approach was used 

to calculate the hybridization efficiency for S7. The experi-

mental tensile strength (15.3 MPa) was 19.5% higher than the 

ROM prediction (12.8 MPa), showing a positive hybrid effect. 

This synergy is believed to be the result of complementary 

reinforcement mechanisms between Musa and Basalt fibers.10,23

The stress–strain curves (Figure 4) show an initial linear elastic 

regime, which is associated with elastic deformation of the matrix 

and fibers, followed by nonlinear deformation associated with 

matrix yielding and progressive debonding of the interfaces. 

The highest strain-to-failure (2.8%) is shown by the S7 for-

mulation, indicating proper distribution of stresses and good 

inter-interfacial bonding, resulting in increased ductility. As shown 

in the SEM analysis (Figure 7(c)), the fiber pull-out phenome-

non was observed in low performance samples while the fiber 

breakage phenomenon was observed in the optimized S7 for-

mulation, confirming strong fiber–matrix interface bonding, 

which is common in those with good performance.23

The lower tensile strength of the basalt-only composite (S1: 

10.2 MPa) is attributed to insufficient chemical bonding between 

the inert silica-rich basalt surface and the highly crosslinked 

phenolic matrix, which permits only weak physical interactions 

and limited load transfer. Conversely, the Musa-only compos-

ite (S2: 8.2 MPa) suffers from the inherent drawbacks of nat-

ural fibers, including moisture sensitivity and moderate load-

bearing capacity. These results are consistent with earlier reports 

on natural fiber/basalt hybrid systems.23

Flexural Properties. The flexural strength of all composite     

formulations is presented in Figure 5. The flexural strength of the 

Musa-only composite was 18.7 MPa while that of the basalt-only 

composite was 19.9 MPa, and Sample S7 had the highest 

strength at 27.1 MPa, which is a 44% improvement from the 

Musa-only composite, and a 36% improvement from the basalt-

only composite. This enhancement is due to three reasons: (1) 

the predominant network of treated Musa fibers provides good 

resin wetting and reduces interlaminar shear, (2) the high-mod-

ulus basalt fibers increase the bending rigidity, and (3) better 

interfacial adhesion allows efficient stress transfer under bending 

loads.23 The use of acetic acid increases the interfacial bonding, 

leading to a decreased amount of interfacial sliding and micro 

buckling under compressive stresses during flexural testing.

The low flexural strength of the basalt-only composite (19.9 

MPa) results from poor interfacial compatibility with the phe-

Figure 2. Tensile test specimens before and after testing.

Figure 3. Tensile strength of prepared composite samples.

Figure 4. Representative stress-strain curves for tensile testing of 

Musa/basalt hybrid composites.
 Polym. Korea, Vol. 50, No. 5, 2026
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nolic matrix, leading to interfacial sliding and micro-buckling 

under compression. The increase in flexural strength from 21.2 

MPa to 27.1 MPa with increasing basalt content up to 25 wt% 

demonstrates the positive contribution of basalt incorporation 

against bending stresses. However, flexural strength decreased 

at higher basalt concentrations (S8 and S9), indicating that exces-

sive basalt content introduces interfacial defects that compro-

mise flexural performance.

IR. Energy absorption under impact is an important criterion        

to evaluate the dynamic fracture behaviour. All formulations 

had impact strengths as indicated in Figure 6. The Musa-only 

composite (S2) had a low impact strength of 16.91 ± 1.60 kJ/

m2 because of the poor load transfer and brittle properties of 

the natural fibers at high strain rates. The impact strength value 

of the basalt-only composite (S1) was slightly lower (14.83 ± 

1.07 kJ/m2) due to poor interfacial adhesion which restricted 

the distribution of the stress.

The sample S7 showed the maximum impact strength of 

76.57 kJ/m2 which is a 416.18% improvement compared with 

the impact strength of the sample S1 (basalt only composite) 

and 352.75% improvement compared with the sample S2 (Musa 

only composite). The large improvement is largely due to good 

fiber-matrix interactions and the ability to absorb energy by means 

of crack deflection, fiber bridging and delayed crack propaga-

tion. The observed hybrid effect is repeatable and reliable as 

revealed by the statistical analysis (standard deviations in Table 2). 

The content of basalt fibers had a synergistic effect on increas-

ing the impact strength up to 25 wt% (from 25.10 kJ/m2 for S3 

to 76.57 kJ/m2 for S7). After this optimum (S8: 67.69 kJ/m2, 

S9: 54.14 kJ/m2), the impact strength decreased and followed 

the same trend as that of tensile and flexural properties. This 

drop is believed to be due to fiber agglomeration and loss of 

interfacial integrity at too high a basalt content.

Morphological Analysis. Scanning electron microscopy was     

employed to elucidate fracture mechanisms and interfacial 

characteristics of the hybrid phenolic composites. SEM micro-

Figure 5. Flexural strength of prepared composite samples.

Figure 6. Impact strength of prepared composite samples.
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graphs of representative samples (Figure 7) demonstrate the 

significant influence of fiber composition on dispersion quality 

and interfacial bond strength. Figure 7(a) (Sample S8: 70 wt% 

Musa / 30 wt% basalt) reveals fiber agglomeration when basalt 

content exceeds 25 wt%, resulting in insufficient resin cover-

age around basalt fibers. These agglomerated regions serve as 

preferential crack initiation sites and promote brittle fracture, 

explaining the reduced mechanical performance of S8 and S9 

(Figures 3–6). Figure 7(b) (Sample S3: 95 wt% Musa / 5 wt% 

basalt) shows extensive fiber pull-out, matrix cracks, and voids 

characteristics of poor interfacial bonding and inefficient stress 

transfer. The predominance of pull-out over fiber breakage explains 

the relatively poor mechanical properties of low-basalt formu-

lations.

Figure 7(c) (Sample S7: 75 wt% Musa / 25 wt% basalt) exhib-

its the most favorable morphology, with well-embedded fibers, 

no observable voids, continuous and uninterrupted fiber–matrix 

interfaces, and predominantly fiber breakage rather than pull-out. 

These features indicate strong interfacial adhesion and effective 

stress transfer, directly accounting for the superior mechanical 

properties of S7. The following consistent terminology will be 

used throughout this section: fiber agglomeration (clustering of 

multiple fibers), voids (empty spaces/pores), fiber pull-out (fiber 

debonding and extraction from matrix), fiber breakage (fracture 

of fibers), and interfacial debonding (separation at the fiber–

matrix interface). The SEM micrographs were then analyzed to 

determine the area fractions of agglomeration for each speci-

men, S8 (30 wt% basalt) and S9 (35 wt% basalt) had an area 

fraction of 18.3% and 22.7% respectively, while S7 (25 wt% 

basalt) had an area fraction of 6.2%. A direct correlation is 

observed between the agglomeration density and the decrease 

in mechanical properties, which supports the theory that as 

agglomeration density increases, stress concentration sites are 

also present that tend to induce brittle fracture.

Conclusion

In this study, nine phenolic composites reinforced with acetic 

acid-treated Musa fibers and chopped basalt fibers were suc-

cessfully fabricated by compression molding and systemati-

cally characterized. The following conclusions are drawn:

1. The hybrid composite with Musa fiber (75 wt%) and 

basalt fiber (25 wt%) (S7) showed the best mechanical proper-

ties with tensile strength of 15.3 MPa (86% enhancement when 

compared with composite containing only Musa fiber) and 

flexural strength of 27.1 MPa (44% enhancement when com-

pared with composite containing only Musa fiber) and impact 

strength of 76.57 kJ/m² (417% enhancement when compared 

with composite containing only Musa fiber).

2. The mechanical properties of the basalt/phenolic compos-

ites are low, which is due to high crosslinking of the polymer 

matrix and poor chemical adhesion between the phenolic matrix 

and the inert silica-rich surface of basalt. In contrast, acetic 

acid-treated Musa fibers have hydroxyl-rich surfaces which 

can favor hydrogen bonding and potential ether linkages with

phenolic network. The observed fiber pull-out to fiber breakage 

during SEM study is indicative of strong interfacial adhesion, 

which is consistent with the presence of hydrogen bonding 

mechanisms reported in the literature.

3. A basalt loading threshold of 25 wt% was identified; 

Figure 7. SEM micrographs of fracture surfaces: (a) S8 (70/30); (b) 

S3 (95/5); (c) S7 (75/25).
 Polym. Korea, Vol. 50, No. 5, 2026
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beyond this level, interfacial defects and fiber agglomeration 

compromise mechanical performance, establishing a critical 

processing structure–property relationship.

4. Morphological analysis revealed that the optimized com-

posite (S7) displays homogeneous fiber dispersion, minimal 

void content, and predominantly fiber breakage rather than pull-

out key indicators of effective stress transfer and strong inter-

facial adhesion.

5. The optimized Musa/basalt phenolic composite (75/25 

wt%) has shown good mechanical properties, as measured by 

tensile, flexural and impact properties. But full characterization of 

moisture absorption, thermal stability, flammability, fatigue 

characteristics, and environmental durability is needed to get a 

complete picture of its applicability to long-term sustainable 

applications.

The developed composites are suggested to be further inves-

tigated such as spectroscopic analysis to confirm the bonding 

mechanism at the interface, moisture absorption, thermal sta-

bility, flammability, fatigue and environmental durability stud-

ies to evaluate the long-term performance.
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