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HYBRID POLYESTER COMPOSITES REINFORCED WITH SUNN
HEMP AND FLAX FIBRES: SHORE D HARDNESS AND
DIMENSIONAL STABILITY ANALYSIS

Summary

Fibres are incorporated into polymeric matrix materials such as polyesters and epoxies
to enhance the overall mechanical properties and open up a new range of applications in
engineering. Natural fibres are recognized as alternatives to synthetic fibres due to their
properties of being environmentally friendly, renewable, and lightweight. The aim of this
paper is to experimentally determine the Shore D hardness and dimensional stability of
polyester composites reinforced with sunn hemp and flax fibres. The water, oil, and acid
absorption tests conducted on this composite (10 days) showed the maximum water, oil, and
acid absorption levels of 13.4 %, 5.7 %, and 5.5 %, respectively.

Key words: Hybrid natural fibres, Polymer matrix composites, Shore D hardness,
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1. Introduction

In recent decades, polymer matrix composites have been considered an emerging trend
in the field of natural fibre-reinforced polymer composites due to their high strength-to-
weight ratio, biodegradability, wide-range availability, and affordable cost. Natural fibre-
reinforced composites are used in engineering applications such as the automotive industry
(e.g., car dashboards), aerospace industry (e.g., engine blades and wings), and sports
equipment (e.g., hockey sticks). Natural fibres have high specific strength and low density, so
they can be used as reinforcements in composites with either polyester or polypropylene to
get a better result in thermal properties [1]. Bio-composites can be obtained from coir, banana,
sisal, and jute and can be used as reinforcements for automotive interiors and false ceilings,
due to their observed mechanical properties [2]. Polymer composite materials have superior
corrosive resistance and high strength and are preferably used in automotive and aerospace
industries and for sports equipment where a better strength-to-weight ratio and a low
coefficient of thermal expansion are required [3]. The factors to be considered for using
natural fibres are mechanical stiffness, redundancy in density, and enhancement in the
existing mechanical strength. The bonding between fibres and the matrix is vital for the
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strength and overall performance of the composite material; the fibres provide the strength
and stiffness, whereas the matrix holds the fibres in place and distributes the stress to the
fibres [4]. The hybrid sisal-pineapple fibre was fabricated; the improvement in mechanical
and tribological properties of the hybrid fibre composites was achieved by adding 40-50% of
hybrid sisal-pineapple fibre [5]. The hybrid sisal-roselle fibre can be used for various
automobile parts such as car side panels and dashboards because of its good insulating
characteristics [6]. The Shore D hardness values of Cyperus pangorei-polyester composites
were studied by varying the fibre length. The use of nanoparticles with the reinforcement
reduces the influence of the friction coefficient on hardness behaviour and dimensional
stability of stem-based natural fibres, namely sunn hemp (Crotalaria juncea) fibres and flax
(Linum usitatissimum) fibres in combination with polyester resin, by varying the fibre length
and orientation angle, i.e., the random, angular, and multiaxial orientation of polyester
composites reinforced with sun hemp and flax fibres. The mechanical behaviour of the
polymer matrix composites was enhanced by reinforcing them with various natural and hybrid
natural fibres, such as abaca [8], bamboo [9], kenaf [10], agave [11], Typha angustifolia [12],
golden cane [13], Rumex acetosella [14], jute-banana [15], jute-bamboo [16], sisal-caryota
[17], and hemp-banana [18]. In the listed studies, it is noted that mechanical properties are
improved, e.g., tensile, flexural, impact and hardness values increase when polymer
composites are reinforced with various natural and hybrid natural fibres. In addition to this,
several studies are focused on the tribological and hardness properties of polymer composites
reinforced with natural and hybrid natural fibres, such as areca [19], cotton [20], Nettle-
Bauhinia vahlii [21], jute-carbon [22], Prosopis juliflora, abutilon indicum, and tapsi fibres
[23]. The wear performance of the hybrid epoxy composites reinforced with optiva and vahlii
fibres predominantly depends on the fibre content, sliding velocity, sliding distance, and
normal load. The hybridization of fibres enhances mechanical properties and reduces the slide
wear rate; it is recommended to use this process in lightweight applications, such as door
panels, insulation boards, tennis rackets, etc. [24]. The mechanical and wear properties are
enhanced when peanut oilcake is added as a filler to hybrid epoxy composites reinforced with
pineapple and flax fibres; this epoxy composite can be used for brake pads [5]. The water
absorption test was conducted on hybrid polypropylene composites reinforced with banana
and coir fibres for 24 hrs, 48 hrs, and 72 hrs; it was observed that a longer time of soaking
increases the water absorption percentage of the composite specimen [24]. The water
absorption behaviour of hybrid phenol formaldehyde composites reinforced with calotropis
gigantea and palmyra fibres was observed for 5 days. The results revealed that a rise in the
fibre volume increases the percentage of water absorption; however, the composite specimen
attains equilibrium, and no weight percentage increase is noted after 120 hours [25]. In
response to the increased demand for fibrous materials, researchers have developed an
environmentally friendly material. There is some relevant literature on polymer composites
with agricultural residue and fibre, but little research is being conducted to promote the
commercial production of these new materials and provide excellent economic returns to
farmers. This study should be encouraged to stimulate the commercial production of these
novel materials and provide good economic returns to farmers. Research on flax fibres has
been extensively conducted, but sunn hemp fibre has barely been discussed. To the best of our
knowledge, the hybridization of hemp and flax fibre has been less addressed.

The aim of this research is to examine the hardness behaviour and dimensional stability
of stem-based natural fibres, namely sunn hemp (Crotalaria juncea) fibres and flax (Linum
usitatissimum) fibres in combination with polyester resin, by varying the fibre length and
orientation angle, i.e., the random, angular, and multiaxial orientation of polyester composites
reinforced with sun hemp and flax fibres. The photographic images of sunn hemp fibres and
flax fibres are shown in Figs. 1 and 2.
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Fig. 1 Sunn hemp fibres. Fig. 2 Flax fibres.

2. Materials Preparation
2.1 Sunn hemp (Crotalaria juncea) Fibre

Sunn hemp is a shrub that grows to a height of 1.5 to 3 meters. It is sometimes called
Madras hemp. This plant is widely accessible in India, Bangladesh, and Brazil. Sunn hemp
generally grows in temperatures ranging from 28 to 35°C. The stems are cylindrical, with a
diameter ranging from around 1.5 to 2.5 cm. The fibres are extracted by a technique known as
water retting, in which the plant stems are submerged in water. During the steeping, bundles
of fibres are put in water in a single layer to allow for better absorption. After extraction, the
fibres are thoroughly cleaned in water and dried in the sun before being retted. The proper
washing process bonds the finer components of fibres into large layers, resulting in a more
uniform appearance. Towards the lower ends, the fibres are twisted and linked together. Sunn
hemp is beneficial in enhancing soil qualities by reducing soil erosion, conserving water, and
recycling nutrients from the plants that grow in it. The major constituents of sunn hemp fibre
are crystalline cellulose (64.2 to 70.5 %), hemicellulose (16.99 to 23.79 %), lignin (5.68 to
7.96 %), pectin (1.37 to 1.64 %), and fats and waxes (0.52 to 0.73 %) [26].

2.2 Flax (Linum usitatissimum) Fibre

Flax is a 30-50 cm tall perennial plant, also known as linseed. The temperature range of 21-
30°C is the most suitable range for flax plant growth. This plant is widely accessible in southern
India, Canada, Argentina, and France. It is good for pH levels ranging from 6.6 to 7.6. Flax fibre is
more durable and has a higher strength-to-weight ratio than cotton fibre. The flax fibre was
extracted by water retting in the extraction process that took around 3-5 days. The major
constituents of flax fibre are crystalline cellulose (64.57 to 75.38 %), hemicellulose (12.97 to 26.07
%), lignin (4.78 to 7.44 %), pectin (0.45 to 3.23 %), and fats and waxes (0.83 to 1.9 %) [26].

2.3 Fabrication of Composite Plates

A hydraulic-based compression moulding machine (closed mould) of 30 tons was utilized
to make plates of polyester composites reinforced with sunn and flax fibres. Compression
moulding is a closed-mould method that uses high pressure. When the sunn hemp and flax fibres
are placed in the lower mould, it is possible to create a variety of composite goods. The
compression moulding machine is capable of both product manufacturing and curing at the same
time. The die is made of mild steel. As a result of high pressure exerted by the upper mould and a
high temperature, the excess resin comes out via the orifice provided in the lower mould. Hence,
it is necessary to cover the die plates with a clear wax applied on a transparent sheet to prevent
the composite plate from adhering to the mould during the preparation phase. The sunn hemp
and flax fibres were prepared by varying fibre lengths (15 mm, 30 mm, and 50 mm), fibre
orientation angles (0°, 45°, and 90°), and multiaxial fibre orientation (biaxial and triaxial).
Compared to sunn hemp-polyester composites, the tensile strength values of polyester
composites reinforced with sunn hemp and flax fibres were increased by 13.8 % in the random
orientation and a fibre length of 50 mm. In the 0° angular orientation and triaxial orientation of
polymer composites reinforced with sunn and flax fibres, the tensile strength values were
increased by 23.4 % and 21 %, respectively. The fibre length and fibre orientation angle play a
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vital role in enhancing the tensile, flexural, and impact properties of polymer composites
reinforced with sunn and flax fibres. The thermosetting polyester resin of G-0051 grade was
used. Initially, a catalyst and an accelerating agent in the proper proportions are required for
polyester resin. The catalyst is methyl ethyl ketone peroxide (MEKP), which is used for the
chemical reaction resulting in the resin hardening and increased temperature required for curing.
Specifically, cobalt octoate, a purple liquid with low toxicity and little odour, was used as an
accelerator. The use of cobalt octoate helps to speed up the reaction between resin and the
catalyst. To make use of 300 g of polyester resin, 4.5 ml of catalyst and 1.5 ml of the accelerator
are mixed. The catalyst and the accelerator are blended in a 3:1 ratio. With the polyester resin
accounting for 70% of the overall weight of the composite plate, the sunn hemp fibre and the flax
fibre account for 15% each. The hybrid fibres (sunn hemp and flax) were chopped into lengths of
15 mm, 30 mm, and 50 mm. A bunch of each length of hybrid fibres was placed on the die plate
in the steel frame. Then, the fibres of around 30 strands were tied together in a frame made up of
steel rods with dimensions of 300 mm x 300 mm at multiple angle orientations, i.e., 0°, 45°, and
90°, biaxial and triaxial. To compress the hybrid fibres and the resin mixture, they were kept at a
temperature of 76°C and a pressure of 2.6 MPa for 20-25 minutes. Composite plates were
manufactured by preserving them at an average room temperature of 30°C and relative humidity
between 45-55 %. Subsequently, the samples were cut from composite plates in precise
dimensions to perform hardness tests on properties of the composites. The weight proportion of
hybrid fibres in the composite is around 30% (£ 2%). The photographic images of various plates
before and after fabrication are shown in Fig. 3 and Fig. 4, respectively.

15 mm 30 mm

45° Orientation 90° Orientation Bi axial Tri axial

Fig. 3 Photosgraphic images of various plates before fabrication.

3. Mechanical Behaviour Testing and Dimensional Stability Analysis
3.1 Shore D Hardness Test

The Shore D (Durometer) hardness test was used to measure the hardness of the hybrid
polymer composites reinforced with sunn and flax fibres. Hardness testing involves the
evaluation of the resistance of a material to permanent distortion; the testing is performed by
the penetration of a harder substance into the tested material. The hardness test is used to
assess the qualities of a material, its strength, ductility, and resistance. The hardness test
can be done using any of the following testers: the Shore, Brinell, Vickers, and Knoop. Here,
the Shore D hardness tester is used. The Shore D hardness test measures the
material’s resistance to needle penetration under a defined spring force. For each sample, the
average hardness value was measured. The analogue Shore D (Durometer) hardness tester
determines the hardness value of polyester composite reinforced with sunn hemp and flax
fibres. The hardness of the polymer composites reinforced with sunn and flax fibres was
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tested on a total of eight samples, and indentations were done in three different positions
following the ASTM D 2240 standard.

30 mm 50 mm

45° Orientation 90° Orientation Bi axial Tri axial

Fig. 4 Photos of various plates after fabrication.

3.2 Dimensional Stability Studies on Polymer Composites Reinforced with Sunn and Flax

An experimental study on water absorption, oil absorption, and acid absorption showed
that absorption can disrupt hydrogen bonds among segments of the polymers and cause
swelling of the polymer. The water absorption increases the diffusion coefficient of water
within the polymer. Testing of the water absorption behaviour of composite samples was
performed using the ASTM D 570 standard, with the sample dimensions of 76.2 x 25.4 x 3
mm. Samples of each type of composition were taken and dried in an oven for 24 hours at a
temperature of 60°C. Then, the samples were submerged in distilled water at room
temperature for about 1-10 days. The same procedure was followed in the oil and acid
absorption test, but the sample dimensions were 10 x 5 x 3 mm as per the ASTM D 543
standard. Crude oil was taken for the oil absorption test, and the acetic acid was taken for the
acid absorption test. Weight differences between dried and submerged samples were measured
at regular intervals using high-precision weight balance. Water absorption of polyester
composites reinforced with sunn hemp and flax fibres is to be computed using equation (1).

WA(L) = [(We- Wo)/ Wo ] x 100 (1)

The term WA (t) is the water absorption (%) at time t, Wo is the weight measured after oven
drying, and Wt is the weight of the sample at a given immersion time t. The photographic
images of samples of polyester composite reinforced with sunn hemp and flax fibres immersed
in water, oil, and acid (1st day) at room temperature are shown in Figs. 5, 6, and 7, respectively.
Moisture absorption in the samples occurs by surface concentration and diffusion process due to
the polymer resin. During the oil and chemical absorption, there is a chance of a breakdown in
hydrogen bonds between polyester fragments. The tested plates of polyester composite
reinforced with sunn and flax may swell or gain weight due to the absorption of water, oil, and
chemical agent. Dimensional stability behaviour in terms of water absorption, oil absorption
and acid absorption is studied on composite samples to determine the withstanding capacity of
the material under hazardous environmental conditions.
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Fig. 5 Photographic image of water absorption test with samples of polyester composite
reinforced with sunn and flax fibres.

reinforced with sunn and flax fibres.

reinforced with sunn and flax fibres.

4. Results and Discussion

Fig. 6 Photographic image of oil absorption test with samples of polyester composite

Fig. 7 Photographic image of acid absorption test with samples of polyester composite

The Shore D hardness test results, water absorption, oil absorption, and acid absorption
test results have been evaluated; each sample was tested five times, and the standard deviation
values for the triaxial orientation of the polymer composites reinforced with sunn and flax
fibres are better than those for the biaxial, random orientation (15 mm, 30 mm, and 50 mm)
and angular orientation (0°, 45°, and 90°). The experimental results for Shore D hardness,
water absorption, oil absorption, and acid absorption of hybrid polymer composites reinforced
with sunn and flax are given in Table 1; Figure 8 gives a comparison of Shore D values for
various hybrid fibre composites. The maximum value of Shore D hardness is 75.1.

Table 1 Experimental values of Shore D hardness, water absorption, oil absorption, and acid absorption

. .| Water absorption (% Oil absorption (% Acid absorption (%
Fibre Types | Shore D Hardness (Unit) | 4 eng ?f day(l 0)) (At the enle of da(y 1)0) (At the endq:)f day( 13)
15mm 62.1+04 13.8+0.7 6.0+£0.8 59+0.7
30mm 63.1£0.5 13.7+0.6 59+0.7 5.8+0.7
50mm 64.4+04 13.5+0.7 57+0.8 57+0.6
0° 67.6£0.7 13.4+£0.6 5.5+0.8 5.4+0.7
45° 69.2+0.6 13.2+0.6 53+0.9 53+0.6
90° 69.5+0.7 12.9+0.9 52+0.8 50+£0.8
Biaxial 71.8£0.9 12.8+£0.8 5.0+0.8 49+0.7
Triaxial 75.1+1.0 12.6 £0.8 48+0.9 4.7+0.8
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Fig. 8 Comparison of Shore D hardness values of various hybrid fibre composites.

4.1 Water Absorption Analysis of Polymer Composites Reinforced with Sunn and Flax

The water absorption behaviour of polymer composites reinforced with sunn and flax
was determined by immersing samples of the material in distilled water for 10 days. The
water intake in the polymer composites reinforced with sunn and flax samples was measured
consecutively for 10 days by the difference in weight before immersion in the water and after
it. At the end of day 1, the polymer composites reinforced with sunn and flax sample absorbed
about 10.3 % of water. At the end of day 5, water absorption increases by up to 2 %. At the
end of day 10, water absorption attained a peak value of 13.41 % due to the hygroscopic
nature of fibres and consecutive immersion in distilled water. The graph for the water
absorption behaviour of polymer composites reinforced with sunn and flax is shown in Fig. 9.

SFRPC SAMPLES

16
14

12/4’—‘_‘_“
10 |

Water Absorption (%)

——SFRPC

O N &M O

[1]2]3]als]6]78]9 10
—+—SFRPC|10.3/10.9/11.5/11.9/12.4/12.8/13.1/13.4/13.4[13.4
Days

Fig. 9 Water absorption graph (SFRPC = Sunn and Flax-Reinforced Polymer Composite).

4.2 Oil Absorption Analysis of Polymer Composites Reinforced with Sunn and Flax

The thickness swelling behaviour of the polymer composites reinforced with sunn
and flax sample was tested by immersing it in crude oil for 10 days. The oil absorption of the
sample was measured consecutively for 10 days by the difference in thickness before
immersion in the crude oil and after it. At the end of day 1, oil absorption of the polymer
composites reinforced with sunn and flax sample was observed to be 4.2%. At the end of day
5, the swelling increased by up to 0.72%. At the end of day 10, a peak oil absorption value of
5.7% was observed. The graph of the oil absorption behaviour of polymer composites
reinforced with sunn and flax is shown in Fig. 10.
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4.3 Acid Absorption Analysis of Polymer Composites Reinforced with Sunn and Flax

The acid absorption behaviour of the polymer composites reinforced with sunn and
flax sample was tested by immersing it in hydrochloric acid (HCI) for 10 days. The acid
absorption of the sample was measured consecutively for 10 days by the difference in
weight before immersion in HCI and after it. When exposed to HCI, the bond between fibres
and matrix breaks. At the end of day 1, the polymer composites reinforced with sunn and
flax sample exhibited a 4.1 % weight loss. It was also observed that the weight loss
increased gradually in the upcoming days. At the end of day 5, the weight loss increased by
up to 0.9 %. At the end of day 10, a peak weight loss value of 5.5 % was observed. The

graph of the acid absorption behaviour of polymer composites reinforced with sunn and flax
is shown in Fig. 11.

SFRPC Samples
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Days

Fig. 10 Oil absorption graph (SFRPC = Sunn and Flax-Reinforced Polymer Composite).
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Fig. 11 Acid absorption graph (SFRPC = Sunn and Flax-Reinforced Polymer Composite).

Figures 9, 10, and 11 show that maximum values of water absorption, oil absorption, and acid
absorption are 13.4 %, 5.7 %, and 5.5 %, respectively.

5. Conclusion

In this study, the Shore D hardness and dimensional stability of polymer composites
reinforced with sunn and flax were tested. The following conclusions are drawn based on the
test results:

— The maximum Shore D hardness value of the polymer composites reinforced with sunn
and flax sample was 76.1. It was measured for the Shore D unit in triaxial orientation.
The minimum hardness value was 62.5, measured for the Shore D unit in 10 mm
random fibre orientation of polymer composites reinforced with sunn and flax.
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The other intermediate samples showed hardness values ranging from 62.6 to 76.0
Shore D unit. However, the composite’s shore D hardness value increased by 14.6%
compared with polyester composites reinforced with individual flax fibre and sunn
hemp fibre.

The dimensional stability results of polymer composites reinforced with sunn and flax
showed the maximum water absorption, oil absorption and acid absorption of 13.4 %,
5.7 %, and 5.5 %, respectively.

REFERENCES

[1]

[10]

[11]

[12]

[13]

[14]

Merkel, K.; Rydarowski, H.; Kazimierczak, J.; Bloda, A. Processing Characterization of reinforced
polyethylene composites made with lignocellulosic fibres isolated from waste plant biomass such as
hemp, Composites Part B: Engineering 2014, 67, 138-144.
https://doi.org/10.1016/j.compositesb.2014.06.007

Guo, X. M.; Qiu, Y. P. Hemp Fiber Reinforced Composites: Morphological and Mechanical Properties,
Advanced Materials Research, 2011, 332, 121125.
https://doi.org/10.4028/www.scientific.net/AMR.332- 334.121

Mittal, G.; Rhee, K. Y.; Miskovié-Stankovié, V.; Hui, D. Reinforcements in multi-scale polymer
composites: Processing, properties, and applications, woodhead publishing 2018,138, 122-139.
https://doi.org/10.1016/j.compositesb.2017.11.028

Petroudy, SR Djafari. Physical and mechanical properties of natural fibers. Advanced high strength
natural fibre composites in construction, International Journal of Biological Macromolecules 2017, 59-
83. https://doi.org/10.1016/B978-0-08-100411-1.00003-0

Sumesh, K.R.; K. Kanthavel; V. Kavimani. Peanut oil cake-derived cellulose fiber: Extraction,
application of mechanical and thermal properties in pineapple/flax natural fiber composite, Composites
Part B: Engineering 2020, 150, 775-785. https://doi.org/10.1016/].ijbiomac.2020.02.118

Chandramohan, D.; J. Bharanichandar. Natural fiber reinforced polymer composites for automobile
accessories, American Journal of Environmental Sciences 2013, 9, 494.
https://doi:10.3844/ajessp.2013.494.504

Rajini, N.; Mayandi, K.; Siengchin, S.; Ayrilmis, N.; Bennet, C.; O. Ismail, S. Tribological properties of
cyperus pangorei fibre reinforced polyester composites, Journal of Natural Fibers 2021, 18(2), 261-273.
https://doi.org/10.1080/15440478.2019.1621232

Symington, M. C.; Banks, W. M.; West, O. D.; Pethrick, R. A. Tensile testing of cellulose based natural
fibers for structural composite applications, Journal of composite materials 2009, 43(9), 1083-1108.
https://doi.org/10.1177/0021998308097740

Yueping, W.; Ge, W.; Haitao, C.; Genlin, T.; Zheng, L.; Feng, X. Q.; Xushan, G. Structures of bamboo
fiber for textiles, Textile research journal 2010, 80(4), 334-343.
https://doi.org/10.1177/0040517509337633

Arjmandi, R.; Yildirim, I.; Hatton, F.; Hassan, A.; Jefferies, C.; Mohamad, Z.; Othman,N. Kenaf fibers
reinforced unsaturated polyester composites: A review, Journal of Engineered Fibers and Fabrics 2021,
16, https://doi.org/10.1177/15589250211040184

Robledo-Ortiz, J. R.; Gonzalez-Lopez, M. E.; Martin del Campo, A. S.; Peponi, L.; Gonzélez-Nufiez, R.;
Rodrigue, D.; Pérez-Fonseca, A. A. Fiber-matrix interface improvement via glycidyl methacrylate
compatibilization for rotomolded poly (lactic acid)/agave fiber biocomposites, Journal of Composite
Materials 2021, 55(2), 201-212. https://doi.org/10.1177/0021998320946821

Ramanaiah, K.; A. V. Ratna Prasad.; K. Hema Chandra Reddy. Mechanical properties and thermal
conductivity of Typha angustifolia natural fiber—reinforced polyester composites, International Journal of
Polymer Analysis and Characterization 2011, 16(7), 496-503.
https://doi.org/10.1080/1023666X.2011.598528

Atluri, Ratna Prasad V.; K. Mohana Rao.; A. V. S. S. K. S. Gupta. Experimental investigation of
mechanical properties of golden cane fiber—reinforced polyester composites, International Journal of
Polymer Analysis and Characterization 2013,18(1), 30-39.
https://doi.org/10.1080/1023666X.2013.745679

Patel, Vinay Kumar.; Shivani Chauhan.; Jitendra Kumar Katiyar. Physico-mechanical and wear properties
of novel sustainable sour-weed fiber reinforced polyester composites, Materials Research Express 2018,
045310. https://doi.org/10.1088/2053-1591/aabdd4

TRANSACTIONS OF FAMENA XLIX-1 (2025) 23



Naveen Krishna V, Sivasankaran R, Hybrid Polyester Composites Reinforced with
Srinivasa Daya Prasad, Govardhanan MS Sunn Hemp and Flax Fibres:

[15]

[18]

[19]

[20]

[21]

[22]

Shore D Hardness and Dimensional Stability Analysis

Prashanth, M.; Gouda, P. S.; Manjunatha, T. S.; Banapurmath, N. R.; Edacheriane, A. Understanding the
impact of fiber orientation on mechanical, interlaminar shear strength,and fracture properties of jute—
banana hybrid composite laminates, Polymer Composites 2021, 42(10), 5475-5489.
https://doi.org/10.1002/pc.26239

Subramaniyan, M.; Karuppan, S.; Eswaran, P.; Appusamy, A.; Shankar, A. N. State of art on fusion
deposition modeling machines process parameter optimization on composite materials, Materials Today:
Proceedings 2021, 45, 820-827. https://doi.org/10.1016/j.matpr.2020.02.865

Atmakuri, A.; Palevicius, A.; Kolli, L.; Vilkauskas, A.; Janusas, G. Development and analysis of
mechanical properties of caryota and sisal natural fibers reinforced epoxy hybrid composites, Polymers
2021, 13(6), 864. https://doi.org/10.3390/polym13060864

Ravi, Y. V.; Kapilan, N.; Rajole, S.; Balaji, Y. S.; Reddy, N. V. K.; Venkatesha, B. K. Damage resistance
evaluation of E-glass and hybrid hemp-banana natural fiber composite helmet using drop weight impact
test, Materials Today: Proceedings 2022, 54, 330-335. https://doi.org/10.1016/j.matpr.2021.09.213

Srinivasa, C. V.; K. N. Bharath. Impact and hardness properties of areca fiber-epoxy reinforced
composites, journal of materials and environmental science, 2011, 351-356.
https://doi.org/10.13005/0jc/310218

Parikh, Hiral H.; Piyush P. Gohil. Experimental investigation and prediction of wear behavior of cotton
fiber polyester composites, Friction 2017, 183-193. https://doi.org/10.1007/s40544-017-0145-y

Kumar, S.; Mer, K. K. S.; Gangil, B.; Patel, V. K. Synergistic effect of hybrid Himalayan
Nettle/Bauhiniavahlii fibers on physico-mechanical and sliding wear properties of epoxy composites,
Defence Technology 2022, 16(4), 762-776. https://doi.org/10.1016/j.dt.2019.08.006

Ravikumar, P.; A. R. Suresh.; G. Rajeshkumar. An investigation into the tribological properties of
bidirectional jute/carbon fiber reinforced polyester hybrid composites, Journal of Natural Fibers 2022,
19(3), 943-953. https://doi.org/10.1080/15440478.2020.1764444

Reddy, P. V.; Reddy, R. S.; Reddy, B.; Krishnudu, D. M.; Prasad, P. R.; Rao, P. S. Enhancement of the
dynamic mechanical and dielectric properties of prosopis juliflora fiber-reinforced composites by fiber
modification, Journal of Natural Fibers 2022, 19(13), 6780-6796.
https://doi.org/10.1080/15440478.2021.1932676

Bujjibabu, G.; Das, V. C.; Ramakrishna, M.; Nagarjuna, K. Mechanical and water absorption behavior of
natural fibers reinforced polypropylene hybrid composites, Materials Today: Proceedings 2018, 5(5),
12249-12256. https://doi.org/10.1016/j.matpr.2018.02.202

Sekar, S.; Suresh Kumar, S.; Vigneshwaran, S.; Velmurugan, G. Evaluation of mechanical and water
absorption behavior of natural fiber-reinforced hybrid biocomposites, Journal of Natural Fibers 2022,
19(5), 1772-1782. https://doi.org/10.1080/15440478.2020.1788487

Zommere, G.; Vilumsone, A.; Kalnina, D.; Solizenko, R.; Stramkale, V. Comparative analysis of fiber
structure and cellulose contents in flax and hemp fibres, Materials Science. Textile and Clothing
Technology 2013, 8§, 96-104. https://doi.org/10.7250/mstct.2013.016

Submitted: 08.6.2023 Naveen Krishna V*

Research Scholar, Department of

Accepted: 13.7.2024 Mechanical Engineering, Thiagarajar

24

College of Engineering, Madurai, India
Sivasankaran R

Govardhanan MS

Assistant Professor, Department of
Mechanical Engineering, Thiagarajar
College of Engineering, Madurai, India
Srinivasa Daya Prasad

Mechanical Lecturer,

University of Technology and Applied
sciences, Oman

*Corresponding author:
krishnaveen25@gmail.com

TRANSACTIONS OF FAMENA XLIX-1 (2025)



