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Abstract

This study places emphasis on investigating the impact of integrating Sterculia foetida fiber and natural fillers into an epoxy
matrix. An experimental investigation was conducted to examine the impact of incorporating natural fillers on the physical,
mechanical, and thermal properties of a novel series of epoxy-based composites reinforced with fibers. The physical and
mechanical properties of the composites produced in this study exhibited a higher level of concordance with the previously
developed composites that incorporated natural fibers. It was determined that the composites containing 5% fillers and Stercu-
lia foetida fiber exhibited low percentage error and moisture absorption. The composite manufactured with a 5% filler content
exhibited superior mechanical qualities in terms of tensile strength, impact resistance, and Rockwell hardness compared to
the other composites investigated in this study. The results of thermogravimetric analysis indicate that the incorporation of
Sterculia bark and rice husk filler into the composites leads to an enhancement in thermal stability, specifically in relation to
the Sterculia foetida content. The cellulose fiber utilized in this study exhibited thermal stability, indicating its appropriate-
ness for usage in applications involving moderate temperatures.

Keywords Sustainable development - Sterculia foetida - Epoxy matrix - Physical properties - Mechanical properties -
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in the automotive sector has been examined, revealing that
around 23% of worldwide carbon emissions can be attrib-
uted to the operation of motor vehicles [4]. Lightweight
composites in automotive components result in excellent
fuel efficiency and lesser CO, emission leads to induce
various manufacturers to use natural fibers as reinforce-
ment for their product. Epoxy resin has better adhesive
properties, improved resistance to fatigue and microcrack-
ing [5]. It has been widely used as engineering plastics
because of its high-performance characteristics, such as
good mechanical, thermal, and electrical properties [6].
The Sterculia foetida contains 30% of cellulose, 16% of
hemicellulose, and 45.3% of lignin. The extract of Ster-
culia foetida fruit fiber has good protection against ultra-
violet rays with the potential to be used as a reinforcement
material with polymer matrix. Single fiber characteriza-
tion study is conducted on Sterculia fiber to determine the
tensile properties. It was observed that the Sterculia fiber
had a rough structure and low porosity which results in
higher tensile properties [7]. It is commonly accepted that
the properties of composites are mainly dependent on the
properties of their constituent materials, their orientation
and the bonding interaction among them [8]. The addi-
tion of filler material with polymers increases the adhe-
sion between the reinforcement and matrix material. It
may be used as the additional reinforcement material with
another reinforcement in a composite. The coir fibers and
coir shell particles to produce composite based on polypro-
pylene matrix [9]. The result observed that adding particle
with fiber increases the interfacial adhesion between fiber
and matrix. Composite with 5% particle with coir fiber
showed higher tensile strength and thermal stability than
the composite with 5, 10, 15, and 20% particle content
in the composite [10]. Fabricated the three different glass
fiber—reinforced epoxy composites filled with 5%, 10%,
and 15% rice husk powder. Results showed that the 5%
rice husk—filled composite obtained higher tensile strength
(279 MPa) than the 10% (229 MPa) and 15% (144 MPa)
rice husk—filled composites [11]. Through a literature
study, the crucial contribution of natural fiber—reinforced
composite in replacing conventional automotive and aero-
space material has been identified. So far the composite
materials were fabricated by incorporating various natural
fibers with the polymer matrix [12]. To increase interac-
tions between the fiber and polymer various techniques
were followed like surface treatment of fibers, hybridiza-
tion of fibers and matrix, and addition of fillers with fiber
and matrix [13]. Although there have been numerous stud-
ies on the mechanical behavior of natural fiber-reinforced
composites, only a few references are available on Sterculia
foetida—based polymer composites [14]. Study on a new
set of natural fiber—reinforced epoxy composite such as
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Sterculia foetida and natural fillers is not performed so far.
Evaluating the suitability of these natural fibers as rein-
forcement with polymer matrix gives effective alternative
lightweight material for automotive manufacturers [15].

Based on the above literature, the objective of this
work is to fabricate the composite laminates by using
the natural fiber and epoxy matrix blende the filler
material to identify the general properties of this hybrid
composite.

2 Experimentation
2.1 Fabrication of composites

Figure 1 shows the extraction process of Sterculia foet-
ida fiber used as reinforced. The low temperature curing
epoxy resin (Araldite LY 556) and corresponding hard-
ener (HY951) were mixed in a ratio of 10:1 by weight as
recommended. The polymer matrix of epoxy (LY 556)
and corresponding hardener HY-951 was supplied by
Javanthee Enterprises, India. It has superior mechani-
cal and physical properties (Table 1). Rice husk powder,
coconut shell powder, and Sterculia bark powder were
used as the natural fillers in the present research. In order
to study the effect of the addition of fillers with natural
fiber and epoxy resin, natural fillers were added at 5%
and 10% by volume of the composite. The density of
rice husk is 0.12 g/cm?, Sterculia foetida bark is 0.68 g/
cm?’, and coconut shell powder is 1.60 g/cm’. By using
those above fillers, the composites are expected to pos-
sess advantages such as strong and rigid structure, envi-
ronmentally friendly, abundance availability of material,
and light in weight. Rice husk, coconut shell, and Ster-
culia bark were collected locally, and these species were
converted into powder form. Subsequently, the powder
underwent the process of sieving utilizing a sieve with a
mesh size of 38 pm. Composite materials are manufac-
tured in the form of square plates measuring 300 mm by
300 mm, with a thickness of 5 mm. A total of six com-
posite plates were manufactured, each possessing distinct
compositions of fiber, filler, and matrix. Specifically,
the three different natural filler materials were utilized
in combinations of 15:5:80 and 15:10:75 [16]. The com-
position and the designation of the composites prepared
for this work are listed in the Table 2. Each composite’s
cast underwent a curing process while subjected to a load
of approximately 50 kg for a duration of 24 h before to
its removal from the mold [17]. Finally, the specimens of
the suitable dimensions are cut by using a diamond cutter
for the testing. Table 3 shows the applications of natural
fibers in various industries.
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Fig. 1 Extraction method of
Sterculia foetida fiber

-

(e) Extracted sterculia foetida ﬁber‘

Table 1 Applications of natural fibers in various industries

Sl.no Field of application

Fiber used

Part name

1 Construction

2 House hold products

3 Electrical
Marine

5 Aerospace

6 Textile

Oil palm fiber, jute, coir, sisal, and flax fibers

Hemp, cotton, ramie, stalk, and wood fibers
Flax, coir, kenaf, and hemp fibers

Bamboo, flax, and coir
Kenaf, sisal, and cotton fibers

Window frame, panels, fencing, decking, roofing system, rail-
ing system, construction drains, and pipelines and flush door
shutters

Storage tank, post boxes, helmets, mirror casing, cushions, din-
ing tables, and furniture

Laptop cases, mobile cases, insulations, projector cover, voltage
stabilizer cover and television cases

Spinnaker pole, boat hull, boat building components
Aircraft interior components, wings and blades

Jute, hemp, kenaf, cotton, coir, and ramie fibers Packaging, geotextiles, clothing, bags, yarns for the net, and

mattresses

Source: Mwaikambo 2006; Corradi and Soleri 2009; Ticoalu et al. 2010; Bongrade and Shinde 2014; Duigo et al. 2014; Mohd & Faizel 2018

@ Springer



The International Journal of Advanced Manufacturing Technology

Table 2 Properties of Sterculia foetida and epoxy resin

Fiber type Density (g/cm?) Tensile strength  Young’s modu-  Elongation at Water absorption, References
(MPa) lus (GPa) break (%) (24 h at 20°c)
Sterculia foetida 0.87 145-213 2.14-4.97 8.1-11.9 0.2-0.42 Selvalumar et al.
(2022) and Teli et al.
(2018)
Epoxy LY556 1.1-1.4 35-100 3-6 1-6 0.1-0.4 Chandan et al. (2002)

Table 3 Composition and designation of composites

Sl no Composite laminate  Sterculia foetida fiber/natural fill-

designation ers/epoxy matrix respectively
Filler used (In volume %)

1 SRH-A Rice husk 15/5/80

2 SSB-B Sterculia bark 15/5/80

3 SCS-C Coconut shell 15/5/80

4 SRH-D Rice husk 15/10/75

5 SSB-E Sterculia bark 15/10/75

6 SCS-F Coconut shell 15/10/75

2.2 Physical characterization

Determining the density of plastic is used in many areas to des-
ignate certain properties of materials or products. The actual
density (p,.) of the composite is determined experimentally by
simple water immersion technique using the following equa-
tion [18],

Densityp,, = mass/volume

The accuracy of experimental density is determined by
comparing it to the theoretical density. Accuracy is reported
as percentage error, which is calculated using the formula as
follows [19],

2.3 Mechanical characterization

An average value of mechanical characteristics was obtained
by testing three specimens per composite. The tensile test
was conducted using a universal testing machine, adhering to
the ASTM D638 standard, with a crosshead speed of 2 mm/
min. The specimens that were created exhibit a dog-bone
shape, characterized by a center zone of constant width that
widens at the ends. The dimensions of the specimen were
measured to be 165X 19 x 5 mm?>, with the width and length
of the narrow part being 13 mm and 57 mm, respectively.
The investigation involves determining the tensile strength
of a specimen by observing the highest force necessary for
its fracture under equal pull conditions. The tensile test was
performed using a universal testing machine to measure the
maximum load and displacement at the breaking point of the
sample. These values were then utilized to calculate the ten-
sile strength and Young’s modulus of the samples. The Izod
impact test was conducted in accordance with the ASTM
D256 standard utilizing an impact tester. The specimen is
constructed with dimensions of 65 mm X 12.7 mm X 5 mm,
and the depth beneath the notch measures 10 mm. The deter-
mination of the impact toughness of a material involves
subjecting a V-notched specimen to fracture by means of a
pendulum hammer. The energy absorbed during fracture is
measured and subsequently correlated with the cross-sec-

experimental dencity — theoritical dencity) X 100

Percentage error in density =

(theoretical density)

In order to determine the chemical compatibility between
human hair and epoxy matrix, the water absorption test is car-
ried out as per the standard ASTM D570-98. Water immersion
technique is used to determine the density of the composites
prepared. Percentage increase in weight is calculated as fol-
lows [20],

Weight of wet speciment — weight of dry specimen

tional area of the specimen. The impact of indentation on
composites can be examined through the utilization of hard-
ness testing. The determination of the resistance to plastic
deformation of a composite material was conducted using
a Rockwell hardness tester in accordance with the ASTM
D785 standard [21]. Commonly HRL scale was followed

* 100

Percentage gain of moisture =

weight of dry specimen
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Fig.2 Composite sample prepared for TGA

for determining the hardness of the soft or plastic materials.
The steel ball indenter of a size 1/16"” was used to perform
the Rockwell hardness test on the composite samples [22].

2.4 Thermal characterization

Thermogravimetric analysis (TGA) is used to analyze the
degradation of the material as a function of increasing
temperature with a constant heating rate. The sample in the
form powder was prepared as shown in Fig. 2. The thermal
gravimetric analysis (TGA) of composites was performed
in accordance with the established protocol outlined in
ASTM E1131. The assessment of the deterioration of com-
posite samples due to a steady rise in temperature was con-
ducted using the thermogravimetric analyzer SEIKO TG/

DTA 6200. A quantity of power composite sample ranging
from 7 to 10 mg was prepared for the purpose of conduct-
ing the test for each composite. The powder material that
had been manufactured was subjected to heating within a
nitrogen environment, with temperatures ranging from 32
to 820 °C. The heating process was conducted at a rate of
20 °C per minute [23].

2.5 Scanning electron microscopy

The scanning electron microscope (SEM) is utilized to
examine objects at an exceptionally high resolution, reach-
ing the nanoscale scale. The analysis is conducted at certain
point locations on the internal surface of cracked tensile test
specimens to ascertain the bonding relationship between the
fiber and matrix, interface structure, and matrix crack during
the execution of the tensile test [24]. The specimen surfaces
are directly examined by the scanning electron microscope
(SEM).

3 Results and discussion
3.1 Density of composites

The void content in the composite is considered as impor-
tant factor which is mostly characterized through density
of the composites. Figure 3 shows the percentage error
between the actual density and the theoretical density of the
composites. This may also be called a void fraction of the
composites. Sterculia foetida—reinforced composite with 5%
and 10% Sterculia foetida bark filler, rice husk shows that

Fig.3 Error % between experi-
mental density and theoretical
density
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Fig.4 Percentage moisture
absorption at every 24 h
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the 10% filler added composite obtained higher experimen-
tal density than the theoretical density of the composites
when compared to the 5% filler composites which mean
higher percentage error [25]. Moisture content in the com-
posites increases the experimental density. The percentage
error between the experimental and theoretical density is
increased when the fiber content increases.

3.2 Water absorption

Figure 4 shows the weight of all composite specimens
increased by a certain amount at every 24-h interval. The
moisture absorption of the composite specimen exhibits
a progressive increase when the duration of immersion is
extended. The values exhibit a tendency towards conver-
gence during a time frame of around 4 to 5 days. Initially, the
moisture gain for all the composite specimens was observed

to be high. Then it was reduced at every 24 h. After 7 to
8 days, the composite’s water absorptivity maintains a con-
stant rate. Sterculia foetida with 5% filler content absorbed
less moisture (0.213-0.261%) than the 10% filler composites
(0.497-0.569%). that 5% filler in the composite was the opti-
mum value for achieving the better quality of the composites
[26]. When evaluating the absorptivity of composites rein-
forced with Sterculia and coir fiber, it was observed that all
specimens exhibited increased absorptivity compared to the
composite containing human hair, jute, Sterculia, and a 5%
filler. The flax fiber reinforced epoxy composite exhibited a
moisture gain ranging from 6.23 to 9.76% [27].

3.3 Mechanical properties

Three specimens per composites were prepared from 6 com-
posites, a totally of 18 specimens were tested and the average

Fig.5 Tensile strength of
composites
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Fig.6 Tensile modulus or
Young’s modulus of composites
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values of tensile strength are shown in Fig. 5. When adding
the rice husk, Sterculia bark, and coconut shell powder by
5% the tensile strength was increased to 0.28%, 17.16%, and
37.52% respectively. But when increasing the filler to 10%
by volume with 15% Sterculia fiber, the tensile strength was
decreased. The jute fiber composite with 1%, 2%, and 5%
coconut shell powder showed higher tensile strength than the
composite with 10% filler content. From tensile strength, it
was observed that the composite with 5% filler shows higher
tensile strength than the 10% filler composites. Higher filler
content may affect the stress transfer between fiber and
matrix. It leads to the reduction of force that breaking the
specimen under tension [28].

Addition of 5% and 10% fillers such as Sterculia bark, rice
husk and coconut shell powder with Sterculia fiber shows
less Young’s modulus than the Sterculia fiber—reinforced
composite without filler content. Composite with 5% coco-
nut shell powder obtained higher Young’s modulus when
comparing the fillers added composites [23]. The observed

augmentation in Young’s modulus of the composite mate-
rial, as a result of the inclusion of filler content, aligns with
findings reported in previous studies. The Young modulus of
composites exhibits a positive correlation with the filler con-
tent, as depicted in Fig. 6. The inclusion of fillers impeded
the mobility of the polymer chains within the epoxy matrix,
as well as the overall stiffness of the composite material.
The rigidity of the composite is increased with the use of
peanut husk fillers.

From Fig. 7, it was observed that the Sterculia with
10% filler showed a decreased impact strength than 5%
filler added composites. The impact strength of the com-
posite was shown to decrease as the percentage of natural
filler increased. The observed decrease in impact strength
can be attributed to the insufficient matrix content in the
composite, which hinders the effective transfer of stress
during abrupt impacts. Additionally, the poorer absorp-
tion characteristic of the filler further contributes to this
phenomenon. It has been observed that the presence of

Fig.7 Impact strength of
composites Sterculia Foetida Fiber / Natural Fillers / Epoxy
14.00
NE 12.00
2 10.00
< 5 ; ;
% 8.00
2
s 6.00
S 400 — — —
(="
E 200 =
0.00
SRH-A SSB- B SCs-C SRH-D SSB-E SCS-F
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Fig.8 Rockwell hardness of

composites 200
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higher filler content led to increase in the fiber agglom-
eration, which results in regions of stress concentration
requiring less energy for crack propagation [17]. The
impact strength of natural filler added polymer compos-
ites depends on the nature of the filler such as surface area
and size. When incorporating fillers into natural fiber rein-
forced polymer composites at a volume percentage above
a specified threshold (namely, 10%), the presence of irreg-
ularly shaped fillers results in a deficiency of interlock-
ing between the fibers and the polymer matrix [8]. This
influences debonding at the interface during load applied,
which results in lower properties of the composites.
Figure 8 shows the Rockwell hardness obtained for
the prepared composites. Addition of 5% fillers such
as rice husk, Sterculia bark and coconut shell pow-
der with 15% Sterculia fiber obtained higher hardness
(144.20-159.80) than the Sterculia composites with 10%

fillers (139.20-152.60). Another study has found that the
hardness of human hair-reinforced rubber composites is
25-40. There was an increase in hardness of the composites
thus fabricated in the present research work which shows the
greater resistance offered by the composites against com-
pression [13].

3.4 Thermogravimetric analysis

The weight reduction of composite samples containing Ster-
culia foetida and natural fillers was measured at three dis-
tinct stages, as depicted in Fig. 9. The process of moisture
evaporation in the composite samples was seen, which was
then followed by a second stage of degradation character-
ized by the loss of molecular structures within the material.
Finally, the third degradation stage of the composite was
found. When adding the 10% filler with Sterculia foetida

Fig.9 Thermal degradation of
composites 100 Sterculia + Filler + Epoxy
90 ) ...-.._‘m
80 — - SRH-A
X
.g 70 —SSB-B
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S sob— e SCS-C
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10 S~ e——mma—aas  ceeess SCS-F
0
20 90 160 230 300 370 440 510 580 650 720 790
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Table 4 Temperature at

c ! Sl1. no Weight loss % Temperature (°C)

different percentage weight loss

of the composites SRH-A SSB-B SCS-C SRH-D SSB-E SCS-F
1 2 241 247 229 238 82 87
2 5 298 311 306 316 241 247
3 10 349 358 356 351 321 322
4 15 371 374 373 360 347 350
5 20 381 381 381 364 358 362
6 30 394 391 391 373 370 374
7 40 406 401 401 381 379 384
8 50 420 410 410 390 388 395
9 60 440 422 423 400 398 410
10 70 472 438 439 414 411 431
11 80 518 462 467 434 432 520
12 90 788 788 788 576 557 790

Fiber Peeling _

CEG&DMRVAR I mn X100 SE |, o
k! v

Fig. 10 SEM image of 5% Sterculia bark filler added Sterculia foetida
fiber—reinforced composite

and epoxy, the thermal stability was decreased as compared
to 5% filler added composites. Increasing the rice husk filler
with polypropylene showed lesser thermal stability than
the composite with lower filler content. It was due to the

fiber and matrix_ 3
separation
5

ler

J

Rich

Fig. 11 SEM image of 10% Sterculia bark filler added Sterculia foet-
ida fiber—reinforced composite

Matirx crack

Sy regions
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Fig. 12 SEM image of 5% coconut shell filler-added Sterculia foetida
fiber—reinforced composite

loss in fiber-matrix adhesion at the interface region of the
composites [24]. From a result, it was identified that the
weight loss between 30 and 100 °C is seen as 1 to 2% for all
the composite samples (shown in Table 4). Twenty percent

Fillers . 7"
agglomeration -

Y, )
i
{

CEG 5 DOkV 16.7mm x250 SE/:‘r»
"

Fig. 13 SEM image of 10% coconut shell filler—-added Sterculia foet-
ida fiber—reinforced composite
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weight loss occurred at around 360-398 °C for all the com-
posite samples tested. Fifty percent material degradation
was seen in between 388 and 441 °C. Then, there is a slow
loss of weight of the composites up to 15% was noted with
a gradual rise in the temperatures.

3.5 Scanning electron microscopic analysis

In Fig. 10, voids were observed due to the fiber pulled
out during the tensile test of the samples. It was noted
that the fibers were peeled off instead of breaking. As a
result, perfect bonding was observed between the fiber and
the matrix. Debonding between reinforcement and matrix
was observed which clearly indicated in Fig. 11 due to the
presence of a higher percentage of fillers in the compos-
ite. Adding more filler resists the fiber to interlock with
the matrix. Also, higher filler content results in porous
structure due to this matrix did not penetrate into the fiber
bundles. It causes reduced mechanical properties of 10%
filler-added composites.

In Fig. 12, the addition of 5% coconut shell powder with
Sterculia fiber shows the little fibrillation near the matrix
crack. It shows the proper distribution of the fiber, filler,
and matrix in the composites. According to the findings
presented in Fig. 13, it was seen that the clustering of
coconut shell particles resulted in the separation of the
fiber from the matrix, leading to a deficiency in the inter-
locking mechanism between the fiber and matrix [27].
Furthermore, the infiltration of the matrix into the fiber
was impeded as a result of the existence of a porous con-
figuration inside the structure.

4 Conclusion

The outcomes on the production of novel epoxy compos-
ites by the hand lay-up process, incorporating natural fiber
reinforcement from Sterculia foetida and natural fillers.
The present research work has proved the following results
based on several studies conducted on natural fiber rein-
forced composites. The composite material, which includes
5% Sterculia fiber filler, has greater tensile strength in com-
parison to the composites containing 10% filler. The stress
transfer between the fiber and matrix may be influenced by
an increase in filler content. This phenomenon results in a
decrease in the applied force required to fracture the speci-
men when subjected to tension. The measured density of
the produced composite closely approximated the theoretical
density, suggesting a minimal presence of voids. The scan-
ning electron microscopy analysis revealed that the fiber and
matrix interface region exhibited a consistent distribution of
fibers and fillers within the matrix during the fabrication pro-
cess. This uniform distribution contributed to the occurrence
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of fiber pull-out during testing, as well as a reduced presence
of voids and cracks in the composite material. The thermo-
gravimetric analysis revealed that the composites underwent
thermal degradation, which was observed to occur in three
distinct stages. Firstly, the evaporation of water content
within the specimen was observed to take place within the
temperature range of 230-270 °C. Subsequently, a loss of
molecular structure was noted to occur between the tempera-
ture ranges of 270-440 °C. Finally, the samples underwent a
final degradation process at temperatures ranging from 480
to 510 °C. The utilization of Sterculia foetida and natural
fillers in combination with an epoxy matrix enables the pro-
duction of composites that can serve as a viable substitute
material in several industries such as lightweight construc-
tion, automotive, and aerospace applications.
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