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Abstract

This study explores the potential of utilizing nanocellulose extracted from Selenicereus undatus (dragon fruit) and kenaf
fiber to enhance the properties of vinyl ester composites. With a focus on sustainable and high-performance materials, our
research aims to innovate by reinforcing composites with bioderived nanocellulose and natural fibers. We employ traditional
hand layup techniques for precise assembly and abrasive water jet machining for accurate specimen preparation, merging
conventional fabrication methods with advanced material science. The integration of nanocellulose and kenaf fibers is
expected to significantly enhance the mechanical durability and environmental resistance of the composites, addressing both
performance and sustainability concerns. Our comprehensive analysis, following ASTM standards, evaluates mechanical,
wear, fatigue, creep, and dynamic mechanical properties of the developed composites. The standout composite, designated
VC2, exhibits notable performance improvements, including a tensile strength of 162 MPa, flexural strength of 191 MPa, and
impact energy absorption of 5.12 J, among others. Furthermore, VC3 demonstrates exceptional fatigue resistance, while VC4
shows reduced creep strain, highlighting the material’s resilience under cyclic loading and prolonged stress. These findings
underscore the synergistic effects of combining nanocellulose and kenaf fibers within a vinyl ester matrix, resulting in marked
enhancements in both mechanical properties and durability. The successful application of these biobased reinforcements
opens new avenues for sustainable composite materials across industries, from automotive to aerospace. This research not
only advances our understanding of biocomposite materials but also demonstrates the feasibility of incorporating agricultural
waste products into high-value engineering applications. Future studies will focus on optimizing composite formulation and
exploring scalability for commercial use, further advancing the field of sustainable material science.
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1 Introduction

The biomass extracted fiber or filler particulates are gain-
ing interest presently, due to their possibility of producing
non-toxicity, biodegradability, renewability, and sustain-
ability materials [1]. Generally, this biomass is a non-edi-
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Moreover, the crystalline nanocellulose has enhanced prop-
erties when compared to the fibrillated cellulose. This is
because of their well-packed long cellulose chain structure
along with side-by-side strong hydrogen bonds present on
it [4]. The presence of strong hydrogen bonds within the
cellulose promotes even dispersion of particle, as well as
even loads distribution. Mostly, these features of cellulose
particle are naturally present in the plant cell. One such plant
species is Selenicereus undatus growing in most part of the
tropical and sub-tropical region, and it belongs to the cactus
family. Here the fruit from this species commonly called as
dragon fruit contained cellulose and lignin-like composition
within it [5].

Especially, the waste outer cover contained a small leaf-
like part which represents yellow, green pigmentation and
which represents the presence of cell wall containing cellu-
lose substances. This inherent presence of cellulose in agri-
cultural plant biomass has made an opportunity to research
scientists to study about crystalline nanocellulose and which
could be utilized for various applications in composite mate-
rial [6]. Bosenbecker et al. [7] have conducted a study on
mechanical characterization of HDPE reinforced with cel-
lulose from rice husk biomass. The rice husk cellulose addi-
tion of 10 wt.% has profoundly improved impact strength as
well as elastic modulus of the composite. Similarly, micro-
crystalline cellulosic filler from Borassus flabellifer flower of
size 70.73 nm reinforced polymer composite was evaluated
by Sunesh et al. [8]. The authors found out that the addition
of this fine sized microcrystalline cellulose has significantly
increased the mechanical, thermal stability properties of the
composite material. Furthermore, Nagarajan et al. [9] have
investigated the effects of agrowaste cellulosic micro filler
reinforced composite material and their mechanical and ther-
mal properties. The study concluded that addition of 15 wt.%
of cellulosic filler into composite shows enhanced mechani-
cal and thermal properties. Based on the above literature
studies, it is known that the addition of crystalline cellulose
into the composite could potentially enhance properties of
the material.

Moreover, there is a raise in concern towards achieving
sustainable development goals among the nation; the natu-
ral fibers are researched and being utilized actively in most
of industrial application. In addition to the environmental
protection, the natural fiber utilization also improved the
strength and stability of the material, and this makes people
to switch towards the natural fiber in the replacement of
synthetic, non-biodegradable material [10]. Among vari-
ous natural fibers such as pineapple, bamboo, sisal, hemp,
coir, palm, banana, and abaca, the kenaf fiber is considered
the world’s important natural fiber, under denomination
of “International Year of Natural Fibers 2009.” The bast
part of the kenaf plant constituents is nearly 40% of fiber;
because of this, it is majorly utilized in most of the polymer
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composite industry [11]. Further, due to their high tensile
strength of 800 MPa, it is suitable to utilize as natural fiber
in various engineering applications.

For example, Fajrin et al. [12] investigated the mechanical
properties of kenaf fiber reinforced composite material. The
authors resulted that the study shows that the addition of uni-
directional kenaf fiber into the matrix shows maximum ten-
sile, flexural properties of 76.5 MPa, and 151.3 MPa, respec-
tively. Similarly, Muralidharan et al. [13] conducted a study
on flammability, thermal stability properties of treated and
untreated kenaf fiber reinforced polymer composite material.
Author reported that kenaf fiber under silane treatment of 6%
NaOH, resulted maximum thermal stability, flame retard-
ant properties of material. Moreover, the kenaf fiber along
with granite filler reinforced polymer composite and their
behavior studied by Raja et al. [14]. In this author concluded
that addition of kenaf fiber as significantly improves the ten-
sile, flexural, impact, and hardness properties of composite
material. Thus, due to their non-toxicity, renewability, high
strength, and stiffness nature, the kenaf fiber was studied in
a polymer composite field [15, 16]. Further, production of
strong bonding adhesion and even load distribution of the
composite is achieved by treating the fiber and filler under
silane treatment condition [17].

Thus, from the above references, it is cleared that the
potentiality of natural kenaf fiber reinforced composite has
enhanced the mechanical and thermal properties of the mate-
rial. Further, the addition of biomass extracted silane-treated
crystalline cellulose particle could profoundly enhance the
load carrying capacity of the material. Therefore, the present
study investigates the silane-treated kenaf fiber and crystal-
line nanocellulose particle reinforced composite material
and their mechanical, fatigue creep, and DMA behavior. In
addition to these characteristics, the biodegradability, light
weight, low cost, and eco-friendly nature of the biocompos-
ite materials are utilized in automobile, aviation, space sci-
ence, sports, and civil and marine engineering applications.

2 Experimental procedure
2.1 Material

In this study, the vinyl ester resin grade name (AY-9102) of
density 1.05 g/cm? and viscosity of 350 cps was used along
with catalyst, accelerators, and promoters to initiate the cur-
ing process of the matrix. These resin and other additives are
purchased from Aypols Polymers Private Limited. Further,
the natural kenaf fiber woven mat of density 0.75 g/cm?® and
aerial density of 320 GSM was procured from Metro Com-
posite, Chennai, India. The silane treatment was carried out
by using 3-aminopropyltriethoxysilane (CAS No:919-30-2),
and it was supplied by Sigma-Aldrich, USA. For preparing
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the crystalline nanocellulose particle from Selenicereus
undatus (dragon fruit) outer cover waste biomass was pur-
chased from fruits export traders, Chennai, India.

2.2 Crystalline nanocellulose preparation
from Selenicereus undatus

The present paper study used crystalline nanocellulose as
filler particle which were obtained from Selenicereus unda-
tus (SU) fruit’s outer cover via alkaline pulping process (in
this the alkaline solution is used to react with the hydrocar-
bons of plant based raw materials). First, the outer cover
is removed from the fruit and washed thoroughly under
distilled water and dried out under hot air oven at 80°C for

Dragon Fruit

Dragon fruit
peel powder

90 min, in order to remove the waste dust and moisture
contaminants. Now, the dried SU fruit cover is grained well.
The obtained grained powder of 10 g was mixed with 12 ml
of 1 Mol of NaOH and 88 ml of distilled water solution,
and it was continuously stirred under magnetic stirrer at
300 rpm for 2 h at 80°C. After being stirred, the obtained
solution is filtered using Whatman filter paper grade 41.
Following this delignification process, it is now allowed to
dry out for 24 h at room temperature [18]. Now, these parti-
cles are bleached in a solution of 50 ml sodium hypochlorite
(NaOCl) and 50 ml of distilled water and stirred again at
80°C for 1 h. It is a oxidation process and during this the
dissolving sodium hypochlorite in water leads to the forma-
tion of the hypochlorous acid H C 1 O and the hypochlorite

NaOH
solution +
Peel powder
solution

Extracted

Filtered

NaOCl +

cellulose particles at distilled water
particles hot air oven + dried
particles

Fig. 1 preparation of crystalline nanocellulose from Selenicereus undatus
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Fig.2 a FESEM, b XRD, and ¢ BET analysis graphs of extracted nanocellulose from Selenicereus undatus

ions C 1 O —. The stirred particle is filtered under What-
man filter paper grade 41. Now these obtained cellulose
particles are washed under distilled water for 3 h and kept
in a hot air oven to neutralize the pH (pH =7) of the par-
ticle. Finally, the particles are fine grained using ball mill
for 20 min in order to obtained crystalline nanocellulose
of size 200-400 nm with the purity of 98% (from XRD
plot). The process flowchart for preparation of crystalline
nanocellulose is mentioned in Fig. 1. Figure 2 shows the
FESEM, XRD, and BET graph of extracted nanocellulose
from Selenicereus undatus. The FESEM image (Fig. 2a)
revealed that the nanocellulose is in submicron level with
moderate size uniformity. Similarly, the XRD (Fig. 2b)
shows two major peaks at 15.068° and 21.486° which indi-
cate the presence of cellulose type 1, exhibiting monoclinic
structure. Finally, the BET analysis shows the adsorption
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and desorption curves of nanocellulose in N, gas flow. From
the graph, it is observed that the BET surface area of the
nanocellulose is 742 (m?g~") with a pore volume of 0.86
(cmg™") and pore size of 26 nm.

2.3 Silane treatment

The silane treatment is imposed mainly to achieve strong
mechanical and bonding strength between the matrix and
reinforcement components; the natural fiber and the bio-
filler reinforcement in both the fibers and fillers underwent
a silane treatment process. Kenaf fiber and crystalline nano-
cellulose particles underwent a two-step silane treatment.
Before starting the process, safety measures were under-
taken such as using laboratory mask and glovers with apron
to avoid hazardous accidents. The silane solution was first
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Fig.3 FTIR spectra of silane-treated nanocellulose

Table 1 Composite designation and with composition percentages

Composite Vinyl ester resin  Kenaf fiber Crystalline

designation (vol.%) (vol.%) nanocellulose
(vol.%)

\% 60 40 -

VCO0 59.5 40 0.5

VCl1 59 40

vC2 58 40 2

VC3 56 40 4

V vinyl ester resin, C cellulose

made by combining 5% water and 95% ethanol. The pH of
the mixture was then adjusted to a range of 4.5 to 5.5 using
acetic acid. Moreover, the mixture was continuously agitated
using a magnetic stirrer to guarantee the removal of methoxy
groups and the full incorporation of silanol groups [19]. The
silane was added to the solution gradually at a concentration
of two weight percent until the required saturation level was
reached. After immersing the fiber and filler particles in the
silane solution for 10 min, the fiber and filler particles are
heated to 110 °C for 20 min. The strength of the composite
has been greatly increased by this silane treatment. Figure 3
shows the FTIR spectra of silane treated nanocellulose. The
peak at 3408 cm™! indicates the presence of NH, functional
group which is from the silane substance. Similarly, the
peaks at 2924, 1635, and 1234.44 cm~! indicates the C-H
stretch from the attached propyl group and the parent cellu-
lose molecules. Similarly, a peak at 1041.56 cm™' indicates
the C-N rock vibration from the primary cellulose polymeric
chain to attached nitrogen and the asymmetrical stretch of

Si—O-Si structure which is the condensed silanol groups
on the cellulose structure. Finally, the peak at 695.64 cm™!
indicates the C—C rock from the primary cellulose. Thus,
the FTIR study on silane-treated cellulose indicates that
the silane grafting is effective and induced NH, functional
groups on the cellulose structure, which could possibly react
with resin during composite making process.

2.4 Development of composite

By using a hand layup technique [20], the crystalline nano-
cellulose from Selenicereus undatus fruit cover and kenaf
fiber reinforced vinyl ester composite was prepared. This
method was chosen due to its simplicity, versatility, and
cost-effectiveness. Additionally, it requires minimal equip-
ment and is suitable for small-scale production or prototyp-
ing. Initially, the vinyl ester resin was mixed with crystalline
nanocellulose at various vol.% is mentioned in Table 1. This
mixture was stirred under ultra-sonicate in order to obtain
homogeneous solution. Before pouring this homogenous
solution matrix into the mold, molten wax was applied to get
smooth finished surface. Now, the resin mixture was added
into the catalyst to further initiating the curing process. For
100 ml of vinyl ester resin, 1 ml of catalyst was used to initi-
ate the curing process. Overall, 250 ml of resin was used for
each designation composite plate. After placing the natural
kenaf fiber mat (overall 3 layers of fibers with 0° orientation
was involved) into the mold (30 cm long and wide), the resin
was applied layer by layer of those fibers. By using a cotton
roller, the excess resin was scrapped off, to avoid void for-
mation. Now, it is allowed to cure in a ambient temperature
for 24 h. After curing process, further the composite plate
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Fig.4 Fabricated kenaf fiber and nanocellulose reinforced composite
material

was subjected to post curing in a hot air furnace for 4 h at
110 °C. The prepared composite and their designation are
represented in Fig. 4.

3 Characterization of composites

Once the post curing of the crystalline nanocellulose and
natural fiber reinforced composite, it allowed testing for
analyzing their performance. The performance of the com-
posite is analyzed by testing the specimen under ASTM
standard. Thus, as per ASTM standard, the testing such
as tensile, flexural, ILSS, impact, hardness, fatigue, creep,
and DMA was carried out by cutting under abrasive water
jet machine (Maxieum, 1515 KENT, USA). The abrasive
water jet machine operates with a water impinging pressure

Table2 ASTM standard testing and their machine specification

Fig.5 Testing specimen of kenaf fiber and nanocellulose particle
reinforced composite material

of 170 psi, particle size of 10 to 30 microns, and standard
deviation of 0.3 which were used as process variables. To
achieve well-finished specimens, a nozzle with a diameter
of 0.3 mm was employed. The testing ASTMs and machine
specification are mentioned in Table 2, respectively. Over-
all, five specimens were prepared for each test conducted as
indicated in Table 2. Test specimens as per ASTM standards
are shown in Fig. 5.

4 Results and discussion

4.1 Mechanical properties

Figure 6a—e illustrates the mechanical attributes of various
composite formulations denoted as V, VCO0, VC1, VC2, and

VC3. Initially labeled as V, this composite demonstrates
respectable mechanical properties including a tensile

Test ASTM  Dimensions Machine specification Reference
Tensile D 3039 Wide—25 mm, long—250 mm Testing was done under Universal Testing Machine. Instron 4855, UK. [21]
Flexural D790 Wide—13 mm, long—125 mm Machine run at a traverse speed of 1.5 mm/min [22]
ILSS D 2344 Wide—8 mm, long—50 mm [23]

Izod impact D 256

Wide—12.7 mm, long—63.5 mm Krystal equipment, India. Impact test will assess energy absorbed by a [24]

material during fracture. Maximum load capacity of 20 J

Surface hardness of the composite material is assessed by under Mitu- [25]

toyo, shore-D. Blue steel, India

Tension-tension fatigue machine MTS, Bionic landmark 370, USA was [26]

used. Load is applied of 25%, 50%, and 70% of UTS, stress ratio of 0.1,
R value of — 1, tensile modulus of 6 GPa, and frequency of 5 Hz

Metro precision machine tools India, Private Ltd. Load of 30% UTS, time [27]

of 15000 s and temperature of 50°C was set as process variables

Hardness D 2240 Wide—15 mm, long—35 mm
Fatigue D 3479 Wide—25 mm, long—250 mm
Creep D 7337 Wide—12.7 mm, long—127 mm
DMA D 4065 Wide—12.8, long—50 mm

SEIKO, DMS EXSTAR 6100, USA. Dual cantilever, sweep mode was [28]

followed with 1-Hz frequency

@ Springer



Biomass Conversion and Biorefinery (2024) 14:23231-23243

170 - (a)
| —(==Tensile strength I 1
£ 160 - )
3 T
£ 150 - . .
H 1
o
% 140 -
b T,
2 / !
130 -
@ f
120 T T T T T
\' vCo vCi vc2 vC3
composite designations
" == “
23 A

N
2

e

ILSS (MPa)
N NN
[y

L
0.
19 4 ¥
'r/l
18 4 1
17

' vco VCi vCc2 vC3
composite designations

23237
200 1 (b)
= 190 I === Flexural strength I T
a 1 1
s \T
< 180 . 1
£ 1
& 170 - i /
e“ L
£ 160 - /
© T
5150 { ¢
3
o 140 4
130 T T T T T
\' vCo vCi vc2 vC3
composite designations
5.5 - (d)
- I
= 5 J_\
& T
4 1
5 4.5 .
¥ / L
o 4 4 T
g T " |
1
3.5 4
3 v T v T T
' VCo vCi vc2 vC3

composite designations

0 00
o N
1 1

Hardness (shore-D)
NN
o

N N
N B
1 1

~N
o
1

(e)

\ VvCo

vCc2

VC1 VvC3

composite designations

Fig. 6 Mechanical properties, a tensile strength, b flexural strength, ¢ interlaminar shear strength, d impact energy, and e hardness of different

composite designations

strength of 128 MPa, flexural strength of 151 MPa, inter-
laminar shear strength (ILSS) of 18.2 MPa, impact energy
of 3.71J, and a hardness of 76 Shore-D. The commendable
strength of the matrix can be attributed to the presence of
kenaf fibers, which confer stiffness to the vinyl ester matrix,
effectively reinforcing the structure and enhancing load dis-
tribution [29].

However, by incorporating nanocellulose particles at vari-
ous volumes (0.5%, 1%, 2%, and 4%) alongside 40% volume
of kenaf fibers, the mechanical properties of the composites

are significantly augmented, resulting in improved charac-
teristics for VCO, VC1, VC2, and VC3. Particularly notewor-
thy is VC2, which exhibits the highest mechanical proper-
ties among the composite designations, boasting a tensile
strength of 162 MPa, flexural strength of 191 MPa, ILSS
of 22.3 MPa, impact energy of 5.12 J, and a hardness of
80. Compared to the base composite V, VC2 demonstrates
a remarkable increase of 20.98% in tensile strength, 21.3%
in flexural strength, 18.3% in ILSS, and 27.3% in impact
energy. This enhancement is primarily attributed to the
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presence of nanoscale cellulose, which enhances the inter-
facial adhesion between kenaf fibers and the matrix. The
diminutive dimensions of cellulose particles facilitate supe-
rior integration, resulting in enhanced stress transfer and
overall mechanical performance [30]. Additionally, silane
treatment of kenaf fiber and nanocellulose filler contributes
to their uniform dispersion and enhanced adhesion within
the matrix [31].

On the contrary, VC3 experiences a slight decrement in
mechanical properties, with a tensile strength of 154 MPa,
flexural strength of 182 MPa, ILSS of 21.7 MPa, and impact
energy of 4.64 J. Compared to VC2, VC3 demonstrates a
reduction of 4.9% in tensile strength, 4.7% in flexural
strength, 2.6% in ILSS, and 9.3% in impact energy. This
decline is attributed to the agglomeration of cellulose parti-
cles within the matrix due to their higher concentration [32],
leading to the formation of stress concentration points that
result in breakage under load [33]. Nonetheless, the height-
ened concentration of nanocellulose in VC3 enhances the
rigidity of the matrix, resulting in increased hardness (83).
However, this heightened rigidity compromises flexibility,
impacting the material’s ability to deform and absorb energy.
Nevertheless, VC3 still outperforms the base composite V
in terms of mechanical properties.

Figure 7a—d displays scanning electron microscope
(SEM) images of fractured tensile specimens for V, VCO,
VCl, and VC3, respectively. In Fig. 7a, micro voids are evi-
dent in the matrix, contributing to diminished mechanical

Fig.7 SEM images of fractured
tensile specimens

properties. Additionally, there is a noticeable lack of strong
bonding between the kenaf fiber and the vinyl ester matrix
in this image, moving to Fig. 7b, due the presence of nano-
cellulose particles in the matrix results in reduced voids and
improved bonding with kenaf fibers [34]. This improvement
is correlated with enhanced mechanical properties, indicat-
ing that the addition of nanocellulose has a positive impact
on the structural integrity of the composite material. Fig-
ure 7c reveals even more enhanced adhesion in the matrix
with the further addition of nanocellulose. Voids are signifi-
cantly reduced, leading to improved structural integrity and
reinforcing the positive effects on mechanical properties.

However, in Fig. 7d, which corresponds to the inclu-
sion of a high-volume percentage of nanocellulose in VC3,
agglomeration of nanocellulose particles is observed. This
agglomeration creates stress concentration points in the
matrix, ultimately resulting in reduced mechanical proper-
ties. The clustered particles form areas of weakness, lead-
ing to compromised structural integrity. In overall, the
SEM images illustrate the correlation between microstruc-
tural features and mechanical properties. The progres-
sion from micro voids and weak bonding in V to reduced
voids and enhanced bonding in VC1 indicates the positive
impact of nanocellulose. Nevertheless, the agglomeration
observed in VC3 emphasizes the importance of optimizing
the volume percentage of nanocellulose to avoid detrimen-
tal effects on the mechanical performance of the composite
material.
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Fig.8 Fatigue counts of differ-
ent composite designations
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4.2 Fatigue properties

Figure 8 illustrates the fatigue counts associated with various
composite designations, including V, VC0, VC1, VC2, and
VC3. A fatigue test was conducted to evaluate the material’s
performance over multiple cyclic periods. This test aimed to
assess how the material behaved under repeated loading and
unloading cycles, providing insights into its endurance and
durability over time. The V composite designation exhibits
fatigue counts of 29,554, 24,643, and 19,271 for 25%, 50%,
and 75% of the ultimate tensile strength (UTS). The pres-
ence of kenaf fibers in the matrix contributes to improved
stress distribution within the composite, offering additional
pathways for stress dissipation and reducing the risk of local-
ized stress concentrations that might lead to fatigue failure
[35]. Furthermore, the addition of nanocellulose particles at
different volume percentages (0.5, 1, 2, 4) along with kenaf
fibers enhances fatigue counts in VCO, VC1, VC2, and VC3.
VC2, in particular, demonstrates the highest fatigue counts

fibers reinforced and
cellulose filler

Signat A~ SE2 ) (@) wm e 2000V
Mag= 100KX 3 __[ Wo=61mm Mag=

ENT= 2004V
W= 60men

of 40,982, 36,712, and 31,854 for 25%, 50%, and 75% of
UTS, respectively. Compared to V, VC2 shows significant
improvements of 27.8%, 32.8%, and 39.5% for the corre-
sponding UTS percentages. The nanocellulose within the
vinyl ester matrix, with its nanoscale dimensions, improves
interaction with kenaf fibers and the matrix, enhancing adhe-
sion at the interface [36]. This improved adhesion facilitates
better load transfer between the matrix and the fibers, poten-
tially mitigating the initiation and propagation of fatigue-
induced cracks.

However, as the content of nanocellulose in the matrix
increases, fatigue counts decrease. VC3, with higher nano-
cellulose content, delivers reduced fatigue counts of 38,939,
34,490, and 29,907 for 25%, 50%, and 75% of UTS. This
reduction is attributed to the increased rigidity resulting
from higher nanocellulose content in the matrix [37]. The
heightened rigidity, while providing enhanced hardness, can
limit flexibility and increase susceptibility to fatigue dam-
age during cyclic loading [38]. Nonetheless, the observed

: gtom‘erated

d G |} 3
c ‘I[;}lose filler

Fig.9 SEM images of fatigue specimens
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reduction in fatigue counts for VC3 is relatively slight, and
the fatigue performance remains better than that of the V
composite designation.VC2's fatigue properties indicate its
ability to withstand cyclic loading environments, making
it suitable for applications in aerospace, automotive, sports
equipment, marine structures, and infrastructure projects.
Its resilience under repetitive stress conditions promises
extended service life and enhanced safety across diverse
industries.

The images in Fig. 9 illustrate the SEM (Scanning Elec-
tron Microscopy) views of fractured fatigue test specimens.
In Fig. 9a, the plain matrix is depicted, revealing the pres-
ence of voids and the formation of cracks. These imperfec-
tions significantly diminish the material's fatigue strength
under cyclic loading conditions. Moving to Fig. 8b, it show-
cases the incorporation of kenaf fiber reinforcement with cel-
lulose filler. This addition facilitates superior bonding within
the matrix, consequently mitigating the adverse effects of
cyclic loads. As a result, the fatigue strength of the material
is notably enhanced compared to the plain matrix observed
in Fig. 9b. Figure 9c provides insight into the impact of cel-
lulose fillers at higher volume percentages. Here, clusters of

Table 3 Quantitative comparison and percentage of improvement

Composite desig-  Percentage of increase in counts compared with

cellulose fillers are evident. However, instead of enhancing
the material’s fatigue resistance, these clusters create stress
points within the matrix. Consequently, the formation of
stress points leads to a reduction in fatigue counts, indicating
a decline in fatigue strength. In summary, the SEM images in
Fig. 8 highlight the influence of different reinforcements and
fillers on the fatigue behavior of the material. While kenaf
fiber reinforcement with cellulose filler improves fatigue
strength by promoting better bonding, excessive clustering
of cellulose fillers at higher volume percentages adversely
affects fatigue performance by creating stress concentrations
within the matrix. Table 3 shows the quantitative compari-
son and percentage of improvement between composites.

4.3 Creep behavior

Figure 10 provides an overview of the creep strain exhibited
by various composite designations, namely V, VCO, VC1,
VC2, and VC3. In the case of the V composite designa-
tion, the recorded creep strain values are 0.0031, 0.0068, and
0.0095 for time intervals of 5000 s, 10,000 s, and 15,000 s,
respectively. This indicates that the incorporation of kenaf
fibers enhances the dimensional stability of the composite
material. The presence of these fibers helps restrict matrix
movement, reducing the material’s susceptibility to deforma-
tion under sustained stress and temperature conditions [39].
The inclusion of nanocellulose in the matrix, in conjunction
with kenaf fibers, leads to further reductions in creep strain
[40], as observed in VCO, VC1, VC2, and VC3.
Consequently, an increased volume of nanocellulose cor-
responds to a decreased creep strain. Specifically, the VC3
composite designation exhibits the lowest creep strain val-
ues of 0.00053, 0.0012, and 0.0049 for the respective time
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VCO0 7.95 10 14.35
VC1 18.53 20.52 29.2
vC2 27.88 32.87 39.5
V(3 24.1 28.5 355
Fig. 10 Creep strain of different
composite designations 0.012 -
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Fig. 11 SEM images of creep test specimens

intervals. This emphasizes that the presence of nanocellu-
lose, when combined with kenaf fiber, significantly contrib-
utes to the improved dimensional stability of the composite
material. The nanoscale dimensions of cellulose particles
play a crucial role in filling void gaps within the matrix and
enhancing packing efficiency [41]. This, in turn, restricts
the movement of polymer chains, minimizing the propensity
for the material to undergo creep. The collaborative effects
of kenaf fibers and nanocellulose contribute to a compos-
ite material with enhanced resistance to deformation over
extended time periods, making it well-suited for applications
where dimensional stability is a critical consideration.
Figure 11 presents SEM images capturing the outer sur-
face of specimens subjected to creep testing. In Fig. 11a, b,
one can observe the emergence of minor cracks resulting
from the consistent load applied to the specimens. Moreover,
continuous crack formation is evident on the surface, indica-
tive of the sustained stress experienced during the testing
process. Figure 11c illustrates the phenomenon of elastic
deformation observed on the surface due to the application
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of load at elevated temperatures over a certain duration. This
deformation is a consequence of the material’s response to
the combination of elevated temperature and applied load,
resulting in observable changes in its surface morphology.
Overall, the SEM images in Fig. 10 provide valuable insights
into the effects of creep testing on the surface characteris-
tics of the specimens. The observed crack formation and
elastic deformation underscore the material’s response to
prolonged stress and elevated temperatures, highlighting
crucial considerations for understanding its creep behavior.
However based on the results obtained, the creep test could
be conducted with higher temperature and duration in order
to know the sever deformation on the real time products
when they are exposed to temperature and water.

4.4 DMA analysis

Figure 12a, b presents the dynamic mechanical analysis
(DMA) characteristics, including storage modulus and loss
factor, for different composite designations. In the case of the
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— \/C1

0.8 — \/C3
—\/C2

04 1

0

30 60 90 120
Tempertaure (0 C)

Fig. 12 DMA characteristics, a storage modulus and b loss factor, of different composite designations
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V composite designation, a storage modulus of 3.8 GPa and
a loss factor of 0.83 are observed. These values are attributed
to the presence of kenaf fibers, which facilitate stress distri-
bution uniformly within the material [42]. This effective load
distribution contributes to an enhanced storage modulus by
minimizing localized stress concentrations and improving
overall structural integrity. Upon further inclusion of nanocel-
lulose with kenaf fiber, the storage modulus is boosted. Con-
sequently, VCO, VC1, VC2, and VC3 exhibit storage moduli
of 3.8 GPa, 4.6 GPa, 6.8 GPa, and 6.1 GPa, respectively, with
corresponding loss factor values of 0.69, 0.6, 0.46, and 0.58.

Notably, VC3 shows a slight reduction in storage modulus
coupled with a slight increment in the loss factor, making
VC2 the designation with the highest storage modulus. The
observed enhancement in storage modulus is attributed to
the improved interaction between kenaf fibers and the matrix
facilitated by nanocellulose particles [43]. This enhanced
adhesion at the interface results in better load transfer and
stress distribution within the composite material. The syn-
ergistic effects of nanocellulose and kenaf fibers lead to an
improved storage modulus and reduced loss factor. However,
the observed slight reduction in VC3 is associated with the
higher volume of nanocellulose. Achieving uniform disper-
sion of nanocellulose throughout the matrix becomes chal-
lenging at elevated volumes [44], even with silane treatment.
Poor dispersion leads to uneven distribution and agglomera-
tion of particles [45], ultimately contributing to the reduced
storage modulus in the VC3 designation.

5 Conclusions

In conclusion, this research delved into the synthesis and
integration of nanocellulose from Selenicereus undatus
into kenaf fiber-reinforced Vinyl Ester composites. Among
the arrays of formulations, VC2 emerged as a standout per-
former, demonstrating remarkable mechanical strength with
a tensile strength of 162 MPa, flexural strength of 191 MPa,
ILSS of 22.3 MPa, impact energy absorption of 5.12 J, and
a hardness of 80. Due to increased rigidity with higher vol-
ume of nanocellulose, VC3 delivers higher shore-D hard-
ness of 83. Additionally, VC3 showcased exceptional fatigue
endurance, exhibiting fatigue counts of 40,982, 36,712,
and 31,854 for 25%, 50%, and 75% of the ultimate tensile
strength (UTS), indicative of robust cyclic loading perfor-
mance. Notably, VC4 demonstrated reduced creep strain
values of 0.0052, 0.0012, and 0.0049 for time intervals of
5000 s, 10,000 s, and 15,000 s, showcasing the material’s
resistance to deformation over extended periods. In terms of
dynamic mechanical properties, VC2 exhibited an impres-
sive storage modulus of 6.8 GPa, coupled with a reduced
loss factor of 0.46, highlighting efficient energy storage and
reduced dissipation during cyclic loading. Collectively, these

@ Springer

results underscore the superior performance of the VC2
composite across various mechanical and dynamic proper-
ties. Overall, the utilization of filler derived from Selenice-
reus undatus yielded superior reinforcement for the matrix.
Moreover, incorporating a natural source enhances the envi-
ronmentally friendly aspect of the material. This emphasizes
the efficacy of incorporating nanocellulose-reinforced kenaf
fiber and vinyl ester composites for diverse applications.

6 Future research direction

Future research needs to delve into exploring filler content
and its variability. The current study has encountered issues
with cluster and agglomeration formation when filler content
is high. The forthcoming investigations aim to mitigate the
effects of clustering and minimize filler agglomeration. Sim-
ilarly, researchers will explore the combination of extracted
fillers with various fibers to assess the resulting variations.
Moreover, since this biocomposite has essential properties
to be acts as structural material for automotives, the auto
industries could come forward to make automobile pumpers,
roof panel, and door inside panel using this material.
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