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Abstract

The composite production has been commonly researched because of its crucial properties such as low density, light weight,
having better mechanical behaviors, and stiffness. There are numerous uses in marine, automotive, sporting, and aerospace
industries. In this study, fiber-reinforced composites were produced with Alcea Rosea L. fiber and epoxy resin. Besides, an
image processing technique was proposed and put into use to specify the average fiber thickness of Alcea Rosea L. fiber.
The composites were prepared at 5:95, 10:90 fiber:epoxy resin weight percentages. Before the composite synthesis, Alcea
Rosea L. fibers were treated to alkali surface modification with 10% sodium hydroxyl for 30 min. The thermal conductivity
coefficient, sound absorption coefficient, and tensile strength of composites were measured. The thermal conductivity coef-
ficient of samples decreases with increase in Alcea Rosea L. fiber weight percentage. The sound absorption coefficient and
mechanical properties of samples improve with increase in Alcea Rosea L. fiber weight percentage. These results show that

Alcea Rosea L. fiber-reinforced sustainable composites can be used as a potential thermal and acoustic insulator.

Keywords Alcea Rosea L. fiber - Epoxy resin - Fiber-reinforced composite - Thermal conductivity - Sound absorption -

Tensile strength - Image processing

1 Introduction

Cellulosic fibers from natural resources are increasingly used
as reinforcement material for developing polymer matrix-
based composites as a result of rising environmental aware-
ness and environmental regulations, which have prompted a
focus on eco-friendly materials for a variety of industrial and
domestic applications [1]. In literature, it is emphasized that
these fibers have a variety of perfect properties which are
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biodegradability, low cost, high-specific strength, renewabil-
ity, capacity of carbon dioxide absorption, high mechanical
properties, and consumption less energy. For these advan-
tages of cellulosic fibers, many researchers were focalized
on cellulosic fiber-reinforced composites and to success-
fully utilize them as reinforcement in composites [2]. Sev-
eral plant-based natural fibers which are Acacia nilotica L.
[3], Zingiber Officinale [4], Strelitzia reginae [5], Thespesia
populnea [6], Abutilon Indicum [7], Lavender [8], Calamus
manan [9], Sambucus ebulus L. [10], and Brassica oleracea
var. Illatlic [11] have been investigated as a potential rein-
forcement in composite materials [12].

Epoxy resins, known as low molecular weight polymers,
are a type of thermoset polymers involved covalent bonds.
Recently, researchers have focused on epoxy resin because
of high mechanical behaviors, chemical resistance, heat
resistance, and high adhesiveness. Epoxy resin has been
utilized in many applications which are painting, coating,
encapsulating, fiber-reinforced composites, advanced com-
posites, and broad materials [13].

Composites are commonly accepted as engi-
neered materials consist of two or further constituents
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(reinforcement and matrix material). Every constituent
frequently comprises different chemical and physical prop-
erties. On a macroscopic level, within the finished con-
struction, both constituents in a given composite material
continue to be distinct and separate. Composite materials
have been utilized since prehistoric times by many civi-
lizations, and most famous example contains the bricks
prepared with the use of mud and straw. The matrix in
polymer composite materials serves as reinforcement,
which can range from inorganic to organic components.
Fibers, specifically all properties of composites, have been
usually used as a reinforcement. The matrix also keeps
the reinforcement and aids in load distribution along the
reinforcement. Polymer composites are typically catego-
rized based on the type of reinforcement. Polymer com-
posites can be divided into fiber and particle-reinforced
composites depending on the type of reinforcement used.
Especially, the interest in the use of cellulosic fibers as
reinforcement increases due to better studying conditions.
Natural fibers have several benefits over their synthetic
equivalents, but they also have a few drawbacks such as
their hydrophilic nature and sensitive to moisture absorp-
tion. Depending on the applications, chemical treatments
can be used to remedy the majority of drawbacks [14].

Plant-based fiber-reinforced composites has been com-
monly used in the automotive industry. It is reported that
75% of fuel consumption is directly related to vehicle
weight, and every 10% decrease in vehicle weight results
in an increase in fuel efficiency of 6-8%. Every 100 kg
of weight saved in an automobile reduces CO, emissions
by about 20 g/km for regularly used powertrains. Euro-
pean automobile manufacturers support the reduction of
vehicle weight with using composites. Plant-based fiber-
reinforced composites are generally utilized in interior
parts of automobiles due to relatively low mechanical
behaviors and intrinsic moisture sensitivity. New exam-
ples of plant-based fiber-reinforced composites appli-
cation include abaca-reinforced composites for fender
components, flax/vinyl ester composites for automobile
hoods, kenaf/epoxy composites for spall liners, bamboo/
polyurethane composites for acoustic insulator for door
panels, flax/Acrodur composites for fast molding parts
in automobile [12].

The main aim and contribution of this study is to
manufacture Alcea Rosea L. plant stem fiber reinforced
epoxy resin composite. To the best of authors’ knowledge,
there is no other research in literature on a new compos-
ite material reinforced with Alcea Rosea L. plant stem
fiber. In this study, plant-based fibers were successfully
extracted from Alcea Rosea L. plant stem of 592.14-um
thickness. The obtained fibers were treated with surface
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modification with 10% sodium hydroxyl (NaOH). After,
Alcea Rosea L. (ARL) fiber-reinforced composites were
manufactured with using epoxy resin polymer matrix via
hand lay-up technique. The composites were produced at
5:95, 10:90 fiber: resin weight percentages. The thermal
conductivity coefficient, sound absorption coefficient,
density, and tensile strength of composites were analyzed
in terms of fiber:resin weight percentages. According to
the results, the density of ARL fiber-reinforced compos-
ites decreases with increase in ARL fiber weight percent-
age. The thermal conductivity coefficient of samples
diminishes with rising of ARL fiber weight percentage.
The sound absorption coefficient and mechanical prop-
erties of samples improve with increase in ARL fiber
weight percentage. These results show that sustainable
ARL fiber-reinforced composites can be used in many
areas such as buildings and vehicles.

2 Materials and methods
2.1 Materials

In the natural fiber-based reinforced epoxy resin compos-
ites, Alcea rose L. fiber was utilized as reinforcement and
epoxy resin was used as matrix. Alcea rosea L. often reaches
heights of 2 to 2.5 m. Alcea Rosea L. stems were cultivated
from the Black Sea Region, Sakarya, Turkey, in June 2020.
For 3 weeks, the stems were submerged in water to pro-
mote microbial degradation. The outer layer of the plant’s
stem becomes soft after microbial deterioration, and the fib-
ers are manually collected. The fibers (Fig. 1) were then
dried for a week in direct sunlight. Alcea Rosea L. fiber was

Fig.1 The image of ARL fiber [15]
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Table 1 Alcea Rosea L. fiber characteristic properties

Density (g/ Thickness Crystallinity Crystallinity ~ Thermal Tensile Young’s mod- Elongation at
cm’) (um) index (%) size (nm) degradation strength ule (GPa) break (%)
temperature (MPa)
O
ARL fiber 0.45 592.14 80 3.89 361.39 80.96 3.28 2.47
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Fig.2 Flowchart of the proposed image processing technique

characterized in our previous study and the results was sum-
marized in Table 1 [15].

The fiber thickness of the ARL fiber was measured using
an electron microscope that renders images of the fibers in
longitudinal direction. The average fiber thickness was deter-
mined in this work utilizing a new image processing tech-
nique proposed using images from an electron microscope.
The flowchart of the proposed technique is shown in Fig. 2.

As shown in the flowchart, firstly, the SEM image of the
ARL fiber is read in the MATLAB environment. The fiber
image is converted to grayscale. An edge detection process
is applied using the Sobel filter, and then the noise in the
image is removed. Afterwards, the region of the fiber in the
image is specified, and all thickness pixel values along the
fiber are calculated. Subsequently, the thickness values are
proportioned with the reference SEM thickness results, and
the actual thickness values are attained. Finally, the average
fiber thickness is computed for the selected ARL fiber. The
average fiber thickness was calculated using the proposed
image processing technique to be 592.14 pm. The thickness
histogram of the ARL fiber is demonstrated in Fig. 3.

Fig.3 The thickness histogram 180
of ARL fiber
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2.2 Method
2.2.1 Surface modification

In order to improve the adhesion between fibers and epoxy
resin, ARL fibers were treated with 10% NaOH for 30 min at
room temperature. The surface modification was performed
by a conventional method in a bath ratio of 1:50. Then the
fibers were washed with distilled water to remove NaOH.
Then fibers were sun-dried for 8 h and were then oven dried
at 50 °C for 2 h.

2.2.2 Manufacturing of composites

In order to manufacture composite parts, initially, molds
are produced by machining block material according to the
desired size and shape. Four different molds are produced
for test samples with the shapes of a 100 X 120 X 20-mm
rectangle, 25 cm long 4-mm thick dog bone, and 4-mm
thick circles with @ =25 mm and @ =29 mm. For the test
samples, molds are produced using PTFE, which is a mate-
rial with very low adhesion, for facilitating the demolding
process. Before molding, a mixture of epoxy resin and fib-
ers is prepared with strict weight ratio by using a weight
scale with precision of 0.1 g. For the test samples, Resinin
Mass Lite epoxy with 2:1 resin-stiffener weight ratio and
24-h curing time is used. This epoxy resin is preferred
for its transparency, which allows easy detection of any
manufacturing defects. Also due to its long curing time,
relatively slow reaction of the epoxy allows the heat dis-
sipation rate in a thermally insulated mold made of PTFE
to be similar to the heat generation rate, so heat accumula-
tion that expands the epoxy resin is prevented. The mix-
ture shrinks during curing. In order to obtain parts with
the thickness of the mold, the prepared mixture is poured

Fig.4 Summary of the manu-
facturing process of composites

into the mold with some overshoot, which is allowed by
the surface tension of the epoxy. After demolding, sample
parts are trimmed to the demanded thickness. Rectangle
sample part with 100 X 120 X 20 mm dimensions is molded
in three steps with approximately 7-mm thickness at each
step. The thickness at each step is limited to prevent non-
homogenous distribution of resin and fiber due to the
density difference and to prevent expansion of the epoxy
especially near the bottom of the mold due to thick upper
cover and PTFE undercover. The manufacturing process
is summarized in Fig. 4.

2.2.3 Sound absorption coefficient measurement

Sound absorption coefficient of composites was gauged
with Briiel & Kjaer Impedance Tupe instrument accord-
ing to ISO 10534-2 [16] standard. Briiel & Kjaer Imped-
ance Tube involves of two tubes having 2.9-cm and
10-cm diameters. The bigger tube was used to measure
the material in the frequency range of 0—1600 Hz, while
the smaller tube was used to measure the material in the
frequency range of 600-6300 Hz. A loudspeaker was
positioned at one end of the tube to serve as a sound
source, and the material was placed at the other end of
the tube. Some of the waves sent from the loudspeaker
to the material are absorbed by the material and some
are reflected by the material. The reflected waves are
measured by the microphone. The ratio between the
amount of incident wave and the amount of reflected
wave expresses the sound absorption coefficient of the
material. The test substance was positioned at the other
end of the tube to measure its ability to absorb sound.
Three iterations of the sound absorption coefficient
measurements were performed.

Composites

Alcea rose L. plant fiber

>

‘Mixture L, | manufacturing

Epoxy resin matrix
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2.2.4 Thermal conductivity coefficient measurement

Thermal conductivity coefficients of samples were deter-
mined with using KEM QTM 500 instrument. The samples
were prepared 120 X 60X 20 mm dimensions to tests. The
thermal conductivity coefficient measurements were iterated
three times.

2.2.5 Tensile property measurement

Tensile property of ARL-ERC was characterized based
on ISO 6892-1:2019 standard method with 3 mm/min of
crosshead movement at 25 °C room temperature. In order
to determine the tensile properties of each sample, five dif-
ferent measurements were carried out and the average value
was calculated.

3 Results and discussion
3.1 Thermal conductivity coefficient measurements

The thermal conductivity coefficient results of randomly ori-
ented ARL fiber reinforced composites are given in Fig. 5.
The average thermal conductivity coefficient of ARL
fiber-reinforced composites and epoxy matrix were 0.2510
W/m.K and 0.2877 W/m.K, respectively. According to
Fig. 4, it is clearly shown that thermal conductivity coeffi-
cient of samples displays as a function of ratio of ARL fiber.
Increase in ratio of ARL fiber in composites causes decrease
in the thermal conductivity coefficient of samples. The ther-
mal conductivity of composites has a decreasing behavior
trend as the fiber ratio is increased, relative to the thermal

Thermal Conductivity Coefficient (W/mK)

0 5 10
Sample Code

Fig.5 Thermal conductivity coefficient results of randomly oriented
ARL fiber reinforced composites

conductivity of the polymer matrix. The decreased heat con-
ductivity of the fiber inserted in the polymer matrix appears
to justify this behavior of polymer composites. At high fiber
ratio, non-thermally conductive fibers can generate overlap-
ping contacts and interconnecting network helpful for the
heat path formation through the composites, decreasing in
the thermal resistance. The greater the fiber volume, the
larger of heat resistance routes shaped within the polymer
matrix composite [17, 18]. Furthermore, the thermal con-
ductivity behavior of composites varies in accordance with
matrix polymer and fiber [19].

In literature, it is reported that polymer matrix plays a
significant role in obtaining thermal conductivity of compos-
ites. Experimental research and molecular simulations have
demonstrated that a polymer chain can have a relatively high
thermal conductivity in theory [20]. Besides, the polymers,
known as having bulk on macro scale, have low thermal
conductivity coefficient. The difference between the thermal
conductivity of bulk polymers and equivalent single chains
is evident. Moreover, bulk polymers have voids, polymer
chain ends, entanglements, and impurities which cause to
reduce the thermal conductivity coefficient. Furthermore,
crystalline polymers have high thermal conductivity coeffi-
cient compared with amorphous polymers like polyurethane.
Lower thermal conductivity coefficient is typically the result
of the addition of heavier atoms and the presence of side
chains or pendant groups [21]. In addition, cellulose-based
fibers have lumen layer extending along the longitudinal axis
of the fiber and containing air. Lumen layer is known one
of the main factors effected thermal conductivity coefficient
of cellulose-based fibers. Besides, the fiber bundle’s lumen
serves as a heat-transmission barrier [22]. Thermal conduc-
tivity coefficients of some plant-based fiber reinforced com-
posites are given in Table 2.

3.2 Sound absorption coefficient measurement

The sound absorption coefficient of a material is a quantity
that describes how much of the incident sound intensity is
not reflected by the material. Sound absorption coefficient
of ARL-reinforced epoxy resin composites is given in Fig. 5.
Upon consideration of the results with regards to ARL fiber
fraction, sound absorption coefficient of the sample having
10% (wt) ARL fiber is higher than epoxy resin and 5% (wt)
having ARL fiber reinforced epoxy resin composite. It is
known that cellulose-based fibers have hollow lumen layer
which cause the increase in the amount of air within the
ARL-reinforced epoxy composite, whereas sound absorp-
tion coefficients of the composite increased with the increas-
ing air fraction of composites [22]. The improvement in the
sound absorption coefficient based on the reinforcement
ratio may be owing to the large surface area of ARL fib-
ers in the epoxy resin matrix, where sound waves can be
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Table 2 Thermal conductivity

" Matrix Reinforced Reinforced loading (wt.%) Thermal References
coefficients of some plant-based conductivity
fiber reinforced composites (W/m.K)
Epoxy/poly-lactic acid Hemp fiber 76 0.19 [23]
Epoxy Alginate graphene 1.7 2.13 [24]
Epoxy Multi-layer graphene 5.7 1.5 [25]
Epoxy Bamboo 40 0.345 [22]
Epoxy Abaca 40 0.185 [22]
Polyester Typha angustifolia 0.32 (volume %) 0.137 [26]
Polyester Calotropis procera 10 0.166 [27]
Polyester Banana/sisal 0.4 (volume %) 0.153 [28]
Polypropylene Banana 0.10 (volume %) 0.217 [29]
Polypropylene Banana 0.50 (volume %) 0.157 [29]
Epoxy resin ARL 10 0.251 Recent study
—0
0.40 - 5 & ' [ T I J [ J T g
—10 - -
| — 0
5 0.35 4 .“\ 5 a
S 030- /! ©
K] I © -
= [l
8§ 025 [ s
&) P ) = ]
& 0.20- I A )
s e i g ]
5 o AN 2
g 0.15 - “‘ o _
3 oo A 7 T~ 5 i
3 \ L
0 0.05- e _
000 ¥ i
0 1000 2000 3000 4000 5000 6000 7000 1 | 1 | 1 | !
Frequency (Hz) 0.2 03 04 05

Fig.6 Sound absorption coefficient of ARL-reinforced epoxy resin
composites

transformed to heat energy depending on high frictions. Pore
and cell size of composites, open, closed, or semi-open pores
are significant factors effecting sound absorption coefficient
of composites [30].

Furthermore, Fig. 6 indicates that the sound absorption coef-
ficient of ARL-reinforced composites is higher at 5300—-6000-
Hz frequency than at low frequencies. The results demonstrate
that the sound absorption coefficient of samples is lower at low
frequencies. Low frequency sound waves have a long wave-
length and a small amplitude, making it simple for them to pass
over the sound waves in contacting surface from behind. Sound
absorption coefficients of the ARL-fiber reinforced compos-
ites improved at 5300-6000 Hz as a result of the sound waves’
shortened wavelengths and increased amplitudes. An increase
in amplitude led to more interactions between sound waves
and the absorbing surface, which changed the nature of sound
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Elongation (%)

Fig. 7 The tensile strength measurement result for the composites

waves into a loss of heat energy. Additionally, sound waves
cause vibration in the pores of a fibrous material, increasing
frictions, when they pass through the material [30].

3.3 Tensile property measurement

In this study, alkali treatment was performed to ARL fib-
ers. It is known that alkali treatment causes to improve
fiber surface roughness as resulting increase in adhesion
between fibers and polymer matrix. The increase in adhe-
sion between fiber and matrix increases in tensile strength
of composite materials. The tensile strength measurement
result for the composites involved different fiber content is
indicated in Fig. 7.
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Table 3 Tensile strength and density of some plant-based fiber composites

Reinforcement Matrix polymer Reinforced loading Density of composite Mean tensile References
(Wt %) (kg/m?) strength (MPa)

Typha angustifolia Polyester 0.355 (volume %) 1010 48.92 [26]

Ficus benjamina L Polyester 40 - 77.71 [31]
Banana Polyester 51 - 59 [29]
Banana Epoxy - - 47 [29]
Pineapple/flax Epoxy resin 30 1197 23.04 [17]

Kenaf Acrylonitrile butadi- 2.5 - 321.73 [32]

ene styrene

Bamboo/polypropylene Polypropylene - - 367.3 [22]
Cellulose nano fiber Polyurethane 30 - 32 [22]

Jute Epoxy resin 18 - 10.5 [33]

Jute Polyester 18 - 12.46 [33]

Sisal Polyester 16.11 0.99 29.66 [34]

ARL Epoxy resin 10 750 8.5 Recent study

Figure 7 shows that tensile strength of epoxy resin improves
with ARL fiber reinforcement. Associated with epoxy resin
matrix, reinforcement and matrix can interlock and bind
manufacturing composites with high mechanical behaviors when
compared to un-reinforcement epoxy resin matrix. Furthermore,
after NaOH surface treatment, chemical bonding between
epoxy resin and treated ARL fiber was increased since ARL
fiber surface allows to create many hydrogen bonds between
epoxy groups and hydrogen groups of cellulose in fiber [1].
According to the results, it is determined that increasing in the
ARL fiber content in the epoxy resin matrix, the tensile strength
improves. This is owing to the fact that epoxy resin distributes
and transmits the measurement stress to ARL fibers, resulting in
a high strength. For this reason, the composite can tolerate higher
load then unreinforced epoxy resin. At the highest fiber content
(10 wt.%), it is discovered that the composites have a 41% higher
tensile strength than pure epoxy resin. This proves the viability
of creating novel composites including abundantly present in
nature fiber from ARL for application in low-cost housing, civil
engineering material, and vehicle panels [26]. Tensile strength
and density of some plant-based fiber composites are summarized
in Table 3. According to Table 3, tensile strength and density
values of some plant-based fiber-reinforced composites are
distributed over a wide range. The tensile property and density
of ARL fiber-reinforced composite have approximate values to
other plant-based fiber-reinforced composites.

4 Conclusions

In this study, Alcea Rosea L. fiber-reinforced epoxy poly-
mer composites have been manufactured with hand lay-up
technique. According to the thermal conductivity coefficient
measurement result, it is clearly determined that thermal

conductivity coefficient of samples displays as a function of
ratio of ARL fiber. Increase in ratio of ARL fiber in composites
causes to decrease in the thermal conductivity coefficient of
samples. The sound absorption coefficient measurement results
show that sound absorption coefficient of the sample having
10 wt.% ARL fiber is higher than epoxy resin and 5 wt.% hav-
ing ARL fiber-reinforced epoxy resin composite. According
to tensile test, it was proved that increased in fiber content
causes to increase in tensile strength of composites. The tensile
strength also improved with an increased in the fiber content,
the optimal tensile strength achieved at 10 wt.% was found to
be 8.5 MPa. Furthermore, the elongation at break (%) improves
with increased in fiber content an at 10 wt.%. In addition, it can
be mentioned that these composites can be utilized in many
technical areas which desired thermal and acoustic insulation.
Plant-based materials can be used to increase in thermal and
acoustic insulation without increase in the thickness of the
materials. As a result, sustainable development in composite
production will be encouraged and costs can be decreased.
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