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Abstract: Natural fibers are among the most employed reinforcements in the manufacturing process
of innovative fiber-based composite materials. As with any composite materials, the properties of
composites depend on the type and properties of the fiber, fiber structure, composition (hybridization),
and treatment. In this study, the composite was fabricated by using hand lay-up with 100/0, 75/25,
50/50, 25/75, and 0/100 Enset/Sisal (E/S) hybridization ratio. Three cases, i.e., untreated, 5%, and
10% NaOH treatment were considered. The effects of hybridization and treatment on the mechanical
and water absorption properties of woven and unidirectional orientation of E/S hybrid composite
were evaluated by using a two-factors analysis of variance. The fiber–matrix interfacial fractured
surface was characterized by scanning electron microscopy. The treated (5% NaOH) and woven
fiber orientation exhibited better mechanical properties than untreated and unidirectional hybrid
composites. The flexural and tensile strength of the woven composite was improved by 5% and
9%, respectively, when compared with woven untreated 50/50 volume ratio of composites. In both
samples and orientations, the hybridization effects show a higher percentage contribution to the
mechanical properties. But, in both orientations of composite samples, the treatment effects show a
higher percentage contribution for water absorption properties.

Keywords: natural fiber; fiber treatment; hybridization; mechanical properties; fiber orientation

1. Introduction

Natural fibers (NFs) are alternative materials to environmentally harmful synthetic
fiber materials. Nowadays, natural fibers used as alternative reinforcements in polymer
composites have received a lot of attention in research and in various industries due to
their advantages over glass and carbon fibers because of their low environment impact,
light weight, low energy consumption, abundance, and wide range of applications [1].
Natural fiber-based composites have a wide range of applications in automotive and
construction industries [2]. In addition to the fiber and matrix properties, fiber treatment,
fiber orientation, fiber volume and hybridization are the most common factors that govern
the properties of natural fiber composites [3–6].

Fiber treatment is one way of reducing its hydrophilic tendency for improving compat-
ibility with the matrix materials [7]. Alkali (mercerization) treatment is the most common
fiber chemical treatment method using Sodium hydroxide (NaOH), which is widely em-
ployed to modify the cellulosic molecular structure by removing the amorphous contents
like lignin, wax, and oils that cover the external surface of the fiber and make a strong
link between the fiber and the matrix [8]. To improve the physical, mechanical, chem-
ical, morphological, and thermal properties of natural fibers, the composites fibers are
chemically treated using Alkali (NaOH), Acetic acid, Silane, Benzoyl peroxide, Isocyanate
treatment, etc. [9–12]. Alkali treatment (mercerization) is the most common chemical treat-
ment method using Sodium hydroxide (NaOH), which is widely employed to modify the
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crystal structure by modifying the cellulosic molecular structure of fibers. It removes weak
components like lignin and hemicelluloses, wax, oil, and other impurities that cover the
parts of the fiber surface to increase the roughness of the surface of the fibers [8,13]. The
effect of treatment on the mechanical property of the Cordia dichotoma fabric was studied
and the result shows that the 5% alkali-treated fabric shows better mechanical (tensile)
strength than bleached and untreated fabric [14]. The percentage of alkali affects the fiber
surfaces, which determines the mechanical properties of the composite. High percentages
of alkali may cause fiber surface damage, leading to a decrease in the mechanical properties.
As the percentage of alkali concentration decreases, only a few impurities are removed
from fiber surface. This affects the fiber–matrix interfacial and influences the mechanical
properties of the composite [15,16].

The mechanical behavior (tensile, flexural, and impact strength) of an untreated and a
NaOH-treated sisal-jute fiber hybrid epoxy composite was studied and the results showed
that the treated-fiber composite improved in all cases of mechanical properties [17]. In
addition to fiber treatment, fiber volume and fiber orientation, a hybrid of two or more
different fibers improves the mechanical properties of its composites [18,19].

When fiber volume is increased, the composite becomes stiffer and harder leading to
decreased elongation at the break point of the composites. With increasing fiber loading,
the tear strength of the composites increases due to the fiber, which makes the tear path
more difficult for crack propagation. In the article reported in [20], oil palm empty fruit
bunch (EFB)/jute fiber reinforced epoxy bi-layer hybrid composites were fabricated by the
hand lay-up technique with a total fiber loading of 40% by weight (1:4) and the effect of
jute fiber loading on the tensile, storage modulus, loss modulus, and damping properties
were studied in comparison with the pure EFB and jute composite. The result showed that
the storage modulus of EFB and jute (4:1) hybrid composite was the lowest. It also showed
that when jute fiber loading increased, the effectiveness of stress-transfer increased. Hybrid
composite materials exhibit unique properties compared with EFB and jute composite.
These properties suggest potential applications of oil palm–epoxy composite with jute
fibers [21]. The effects of hybridization for sisal/glass, jute/glass, and sisal/jute/glass
polyester reinforced composites were studied and the hybrid composite (sisal/jute/glass)
had better mechanical strength [22]. The mechanical properties (tensile, flexural, impact,
and hardness) of natural fiber-based composites (jute/epoxy, hemp/epoxy, flax/epoxy)
and their hybrid composites (jute/hemp/epoxy, hemp/flax/epoxy, and jute/hemp/flax/
epoxy) were characterized and the results showed that hybrid composites had better
mechanical properties [23]. Similarly, in pure jute, jute/sisal, and jute/curaua composites
the hybrid composite had better mechanical properties [24].

Enset provides fiber as a byproduct of decorticating leaf sheaths. In rural areas, the
Enset fiber is used to make sacks, bags, ropes, cordage, mats, construction materials (such
as tying materials that can be used in place of nails), sieves, etc. Similar to other cellulosic
natural fibers, enset fiber is chemically composed of cellulose, hemicellulose, lignin, pectin,
moisture, wax, and oils [25–27].

Alkali treatment of fiber modifies the interfacial adhesion of fiber and the matrix, which
improves the mechanical properties of enset polyester composites. Alkali-treated enset fiber,
treated with 5.0% NaOH, exhibited the highest Young’s modulus, flexural modulus, static,
and dynamic properties compared to untreated enset fibers [26]. The promising application
of 5.0% alkali-treated enset fiber polyester composite is for automotive components like
parcel shelves, dashboard, seat cushion, door trim panel, backrests, and cabin linings.
They can also be used in non-structural applications like in packaging industries (egg
shelves), consumer products, and sports items (hubbub handle, bicycle frame) [25,28].
The mechanical properties of sisal-banana hybridized natural fiber composites with a
distinct weight fraction were investigated and the results showed that the flexural strength
value could be improved by decreasing the proportion of banana fiber and that the tensile
strength improved by adding a greater proportion of banana fiber [29].
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Moisture absorption is a chief hindrance that leads to poor fiber–matrix adhesion,
a decrease in the interfacial bonding between the fiber and the matrix, and a decrease in the
mechanical properties of the composite. The high cellulose content of natural fibers con-
tributes to higher water absorption of the composite. Greater water absorption leads to fiber
swelling, which develops the stresses that cause failure in the composite [30]. As observed
from different literature [3,31,32], hybridization and treatment are the main parameters
considered for the enhancement of the mechanical and water absorption properties of
natural fiber-based composites.

The most common thermosetting polymer composite fabrication methods are hand
lay-up, resin transfer molding, and pultrusion. Composite manufacturing using the hand
lay-up technique is the simplest method which has low mold costs, low processing costs,
the ability to manufacture complex designs, availability of the tools required for production,
and uses molds that are easy to maintain. The process is also known for having long
processing times and being labor intensive, which are among the few disadvantages
associated with the technique [33,34].

Modifications have been major topics in natural fiber reinforced composites to improve
the interfacial adhesion and, in turn, to improve the overall properties of the composite
product. It is known that poor adhesion between the fiber and matrix affects the mechanical
properties of composites. Furthermore, fiber treatment is used to improve the hydrophilic
character of natural fibers, which make poor interfacial interactions with hydrophobic
polymeric materials that limit the stress transfer between the composite components. In
addition, fiber hybridization and fiber orientation are both promising strategies to improve
the mechanical and physical properties of the composite. When two or more types of fibers
are combined in a matrix of composite materials, the drawback of the type of fibers is
mitigated by keeping the benefits obtained from the others.

As observed from the literature, better mechanical properties of the composite can be
obtained when the fiber orientation is aligned in the load direction, while the composite is
too weak when loaded at an angle that is different from the fiber orientation. Therefore,
fiber hybridization is a promising strategy to improve the mechanical properties of natural
fiber-based composite to mitigate the drawbacks of the type of fiber, while keeping other
benefits. Furthermore, the mechanical properties of hybrid composites are affected by
the fiber volume ratio, fiber orientation, and the treatment of fibers. Thus, the aim of
the research reported in this article is to investigate the effect of chemical treatment and
hybridization on the mechanical- and water-absorption properties of E/S hybrid composite,
which are not sufficiently addressed in the existing published works.

2. Materials and Methods
2.1. Materials

For this study, enset (false banana) and sisal fibers were collected from Southwest
Ethiopia, where these plants are widely distributed. The leaf parts of the Agava sisalana
plant were used to extract sisal fiber, while the pseudostem part of the enset plant was
used to obtain enset fiber. Ensete ventricosum is widely cultivated in East Africa and is
mostly known as a wild species in Ethiopia; it is abundantly concentrated in the southern
highlands and southeastern parts of the country. Enset, however, is usually larger than
banana, with the largest plants up to ten meters tall and with a pseudostem up to one
meter in diameter. The pseudostems, which may be two to three meters tall, contain
an edible pulp and quality fiber. The rest of the materials, such as wax, hardener, and
unsaturated polyester resin, were bought from a local supplier called World Fiber Glass in
Addis Ababa, Ethiopia.

2.2. Composites Fabrication Methods

The mold used to prepare the composite was prepared from wood and had a dimen-
sion of 300 mm × 300 mm × 5 mm. The hand lay-up method was applied to manufacture
the E/S hybrid composite. To make the hybrid composite, a total E/S fiber volume ratio of
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30% and a total volume of polyester ratio of 70% were used. After calculating the volume
and mass of each composite using the rule of mixture, the hybrid composite was prepared
considering three cases: (1) untreated, (2) 5% treated, and (3) 10% treated with NaOH, and
varying hybridization ratios of E/S (i.e., 100/0, 75/25, 50/50, 75/25, and 0/100) were used
with unidirectional and woven orientations. The mechanical (tensile, flexural) and water
absorption properties were investigated.

2.3. Composite Mechanical Testing

The test specimens were prepared before undergoing different mechanical testing
(i.e., tensile test and flexural test) and moisture absorption per the relevant ASTM standards.
Five specimens were tested for each set of samples and the average value was taken
for analysis.

2.3.1. Tensile Test

Tensile tests were used to measure the force required to break the test specimens and
the extent to which the specimens stretched or elongated up to the breaking point. The
specimen dimension used for the tensile tests was 250 mm × 25 mm × 5 mm (length ×
width × thickness) per the ASTM D3039 standard [35]. The test was carried out using a
universal test machine (Bairoe, Shanghai, China) with a 50 kN capacity and a test speed
of 5 mm/min crosshead speed and 150 mm gauge length. The test setup is displayed in
Figure 1a.
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Figure 1. Test setup using UTM test machine for (a) tensile test and (b) flexural test. 

  

Figure 1. Test setup using UTM test machine for (a) tensile test and (b) flexural test.

2.3.2. Flexural Test

A flexural test was carried out to find the ability of the material to resist the defor-
mation under a three-point bending load, which promotes failure by inter-laminar shear.
Rectangular cross-section test specimens were cut from the molded samples. This test was
conducted using a UTM (WP 310 universal material tester (Gunt, Germany)) per the ASTM
D790 standard [36] with a test speed maintained between 0.5 and 1 mm/min. For this
study, the lowest test speed, i.e., 0.5 mm/min was used. The specimen dimension was
127 mm × 13 mm × 5 mm. The setup for this test is displayed in Figure 1b.
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2.4. Water Absorption

Testing the water absorption properties of enset/sisal hybrid composites in water at
room temperature was recommended. A water absorption test was carried out per the
ASTM D570 standard. To study the water uptake, the specimens were immersed in water
at room temperature. The samples were taken out periodically and weighed immediately,
followed by cleaning of the surfaces of the samples with a dry cloth. Then, the samples were
weighed using a precise 4-digit balance to find out the content of absorbed water [37,38].
All the samples were dried in an oven until a constant weight had been reached before
immersing them again in the water. The percentage of water absorption was determined
using the formula in Equation (1).

WA(%) =
m2 − m1

m2
(1)

where WA = water absorption, m = 1 and m = 2 are the weight of dry and wet samples of
composites respectively.

2.5. Analysis of Variance

Analysis of Variance (ANOVA) is a statistical technique which can infer some impor-
tant conclusions based on analysis of the experimental data. This method is rather useful
for revealing the level of significance of the influence of factor(s) or their interaction on a
particular response. Most of the time, a key result of ANOVA is determined by the p-value
(denoted by alpha (α)) or by comparing the F-value and Fcrit. value, in which case the factor
is considered statistically significant if F is greater than Fcrit. [39].

2.6. Morphological Surface

The morphological characterization of the composite fracture surface was conducted
using a scanning electron microscope (SEM), a Gemini SUPRA 35VP (Carl Zeiss, Jena,
Germany) equipped with EDAX type Energy Dispersive Spectroscopy (EDS). The fractured
surface was examined following the tensile test for woven (untreated, 5%, and 10% NaOH
treated) and unidirectional (untreated, 5%, and 10% NaOH treated).

3. Results and Discussion
3.1. Flexural Test Results

The flexural strength of untreated, 5%, and 10%NaOH treated unidirectional and
woven enset/sisal fiber hybrid composite are shown in Figure 2a,b. It was observed that
in all the hybrid composites, the flexural strength increased with increasing sisal fiber
volume percentages. It was observed that in all the hybrid composites, the flexural strength
increased with increasing sisal fiber volume percentages. The flexural strength increased by
8.47%, 12.65%, and 15.20%, 8.31%, 10.88%, and 48% for 75/25, 50/50, and 27/75 enset/sisal
hybrid composites, respectively, when compared with the 100/0 enset/sisal composite.
These results agree with some published materials such as reported in [30,31,33]. Improved
interfacial adhesion due to treatments was found to reduce the defragmentation of fibers
from the matrix, increasing the properties of the hybrid composites [40]. Besides, from
earlier research [41], it was found that the flexural properties of hybrid composites were
also influenced by the composition and adhesion levels of the fibers. Similar to tensile
strength, the 5% NaOH treatment has better flexural strength than untreated and 10%
NaOH treated. This indicates that untreated fiber contains amorphous elements and the
10% NaOH damages the fiber which affects the properties of the composite materials.
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Figure 2. Flexural test results of (a) Unidirectional composite and (b) Woven composite of E/S
polyester composite.

3.2. Tensile Test Results

Figure 3a,b show the test results of the tensile strength of untreated, 5%, and 10%
alkali-treated enset/sisal hybrid composites for unidirectional and woven composites
respectively. From the plots of the tensile strengths, positive hybrid effects are observed
for the composites. It can also be noted that increasing the sisal fiber content in the
composite resulted in increased tensile and flexural strength of the composites. The tensile
strength of E/S hybrid (75/25, 50/50, and 25/75) for the unidirectional composite were
improved by 28%, 38%, and 47%, 8.06%, 20.58%, and 36.02%, 20.18%, 30.02%, and 42.11%,
respectively, compared with the 100/0 composites. Similarly, the tensile strength of the
woven composites improved by 29.27%, 51.29%, and 55.84%, 29.43%, 41%, and 45.81%,
34%, 61.54%, and 56.81%, respectively, compared with the 100/0 composites. The works
reported in [30,31,33] closely support our findings in this research. In both cases, the tensile
strength increases almost linearly with the sisal fiber. In other words, positive effects of
hybridization on the composites are observed. Hybridizing high-strength sisal fibers with
enset and using treated fibers as reinforcement can be attributed to the enhancement in the
properties of both types of fiber orientation hybrid composites. Fiber treatment with 5%
NaOH showed better tensile strength than untreated and 10% NaOH treatment. Thus, it
can be concluded that 5% NaOH treatment is the optimum treatment for both enset and
sisal fiber, which is used to improve the fiber–polymer interfacial bond resulting in better
tensile strength of composite material. As can be observed from the results, the tensile
strength of 5% NaOH treatment provided a better tensile strength than untreated and
10%NaOH treated.
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The tensile strength of untreated enset/sisal of 100/0 is 67.92 MPa and 0/100 is
152.32 MPa for unidirectional composites due to the sisal fiber having a higher tensile
strength and better interfacial bonding with the polyester materials. The tensile strength of
untreated enset/sisal of 100/0 is 56.42 MPa and 0/100 is 159.94 MPa for woven composites.

3.3. Water Absorption Results

The water absorption of untreated, 5%, and 10%NaOH treated unidirectional and
woven enset/sisal fiber hybrid composites are shown in Figure 4a,b, respectively. The
results show that as the volume ratio of enset increases, more water is absorbed in the
hybrid composites. This indicates that hybridization of the sisal fiber in the composite is
used to improve the properties of the enset polyester composite. In all types of composites,
a woven type of composite absorbs less water than a unidirectional composite. The treated
fiber composite exhibits lower water absorption than an untreated composite in all types of
volume composites and in both fiber orientations. As the NaOH treatment concentrations
increase, the water absorption properties of the E/S hybrid composites improved. The
better interfacial bonding of fiber and polymer leads to improved mechanical and water
absorption properties of the composites. Similar to the mechanical test results, the woven
fiber orientation-based composites exhibit less water absorption following 5% NaOH
treatment, which is similar to the findings reported in [30].
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Figure 4. Water absorption properties of (a) unidirectional composite and (b) Woven composite of
E/S polyester composite.

3.4. Morphological Surface Analysis of the Composite

In composite materials, better mechanical results are obtained due to surface adhesion
between the matrix and reinforcement. From the fractured surface, fiber breakage, fiber
fracture, matrix breakage, debonding, and voids are observed. Wettability of the fiber
matrix determines the quality of a composite, which reduces fiber breakage [42]. From the
SEM images shown in Figure 5, the optimum result was chosen for both fiber orientation.
Figure 5a–f shows the SEM morphological images of the fractured tensile test of 5% NaOH
treated, for 50/50 E/S of woven and unidirectional composite, respectively.
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Good fiber matrix adhesion resulting from physical modification like formation of
rough surfaces, and defibrillation that occur on the fiber surfaces during alkali treatment
improved the properties of enset composites. Figure 5a–c shows the SEM images of the
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tensile fractured surfaces of the enset/sisal hybrid woven composites, for untreated, 5%
and 10% treated, respectively. It can be observed from the SEM image of 50/50 enset/sisal
that better bonding exists in the enset/ sisal hybrid composite. As shown in Figure 2, the
woven types of composites have a higher flexural strength than unidirectional composites.
The flexural strength of 5% NaOH treated was improved by 9.2% when the woven type
was compared with the untreated composites. From the mechanical test results, a higher
tensile strength was obtained for the woven types of enset/sisal hybrid composite than
that of unidirectional types of hybrid composites. From the mechanical test results, the 5%
NaOH treated fiber hybrid composite has a higher mechanical strength than the untreated
and 10% treated fiber hybrid composite. This is due to the lack of removal of impurities
from the fibers, which results in weak fiber–matrix interfacial strength and greater optimal
conditions for delignification, which causes weakening and damage of fibers. The removal
of impurities improves the interfacial strength of fibers with the matrix, which leads to
improved mechanical and water absorption properties of the composites. The SEM images
also confirm that a better fiber–matrix surface interfacial exists for the 5% NaOH treated
woven hybrid composite, as shown on Figure 5b.

3.5. Results of the ANOVA

In experimental studies, ANOVA is widely used because it effectively interprets
experimental parameters [43]. It compares the average values of the factors in consideration
to find the degree of difference or similarity between them. Among others, the Pareto
ANOVA technique and the signal-to-noise ratio are widely used [44,45] because they are
relatively easy to implement. In addition to assessing the percentage contribution of the
factors, the key results of ANOVA analysis are mostly determined by the p-value (denoted
by alpha (α)) or by comparing the F-value and Fcrit.-value. While most people take 0.05 as
a traditional cutoff for the p-value, i.e., α-value, for example in [46,47], where a significance
level of 0.05 indicates a 5% risk of concluding that no actual difference in the observation
exists, a p-value below 0.05 is considered significant for the result variation. The factor
is also statistically significant if F > Fcrit, in which case the null hypothesis is rejected,
indicating that not all population means are equal.

In other words, if the p value is less than or equal to the difference between the results,
some of the mean values are statistically significant indicating that the null hypothesis can
be rejected, and it can be concluded that not all population means are equal. If the p value is
greater than the difference, it implies that some of the means are not statistically significant.
In this case, there is not enough evidence to reject the null hypothesis that the population
means are equal.

In this study, a two-way ANOVA was conducted to investigate the effect of hybridiza-
tion and treatment on the mechanical properties of woven and unidirectional E/S hybrid
composites. The ANOVA test results are given in Tables 1–6. From the effects of hybridiza-
tion and treatment on tensile strength for the woven types of E/S composites (Table 1), it
can be observed that they make a 59.08% and 37.06% contribution, respectively, implying
that hybridization has a higher effect on influencing the tensile strength. Both factors
present statistical significance as the p-values were less than the traditional cutoff value
(α < 0.05) and F > Fcrit.

Table 1. ANOVA for tensile strength for woven composites.

Source of Variation SS DF MS F p-Value Fcrit %Contr.

Hybridization 12,891.09 4 3222.77 30.64 6.7 × 10−5 3.83 59.08
Treatment 8087.48 2 4043.74 38.45 7.88 × 10−5 4.45 37.06
Error 841.21 8 105.15 3.85

Total 21,819.78 14
DF—degrees of freedom, SS—sum of squares, MS—mean squares.
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Table 2. ANOVA for tensile strength for unidirectional composites.

Source of Variation SS DF MS F p-Value Fcrit %Contr.

Hybridization 10,383.43 4 2595.85 99.42 7.44 × 10−7 3.84 85.71
Treatment 1522.19 2 761.09 29.15 0.0002 4.46 12.56
Error 208.86 8 26.10 1.72

Total 12,114.5 14
DF—degrees of freedom, SS—sum of squares, MS—mean squares.

Table 3. ANOVA for flexural strength for unidirectional composites.

Source of Variation SS DF MS F p-Value Fcrit %Contr.

Hybridization 2766.07 4 691.51 26.78 0.0001 3.83 71.09
Treatment 917.83 2 458.91 17.77 0.0011 4.45 23.59
Error 206.57 8 25.82 5.30

Total 3890.48 14
DF—degrees of freedom, SS—sum of squares, MS—mean squares.

Table 4. ANOVA for flexural strength for woven composites.

Source of Variation SS DF MS F p-Value Fcrit %Contr.

Hybridization 10,953.55 4 2738.38 12.67 0.0015 3.83 69.02
Treatment 3186.40 2 1593.20 7.37 0.0153 4.45 20.07
Error 1728.83 8 216.10 10.89

Total 15,868.79 14
DF—degrees of freedom, SS—sum of squares, MS—mean squares.

Table 5. ANOVA for water absorption for unidirectional composites.

Source of Variation SS Df MS F p-Value Fcrit %Contr.

Hybridization 0.89 4 0.22 2.54 0.1210 3.83 13.23
Treatment 5.14 2 2.56 29.35 0.0002 4.45 76.36
Error 0.70 8 0.08 10.40

Total 6.73 14
DF—degrees of freedom, SS—sum of squares, MS—mean squares.

Table 6. ANOVA for water absorption for woven composites.

Source of Variation SS Df MS F p-Value Fcrit %Contr.

Hybridization 1.72 4 0.42 9.47 0.0039 3.84 33.64
Treatment 3.02 2 1.51 33.38 0.0001 4.46 59.25
Error 0.36 8 0.04 7.09

Total 5.10 14
DF—degrees of freedom, SS—sum of squares, MS—mean squares.

Table 2 shows the effects of hybridization and treatment on the tensile strength for
unidirectional types of E/S hybrid composites, where an 85.71% and 12.56% contribution
on the unidirectional composite, respectively, were observed. Both factors are statistically
significant as the p-values are less than the traditional cutoff value (α < 0.05) and F > Fcrit.

The ANOVA results shown in Table 3 indicate the effects of hybridization and treat-
ment on the flexural strength for unidirectional types of E/S hybrid composite. The
percentage contribution of hybridization was 71.09% and the percentage contribution of
treatment was 23.59%. Both have statistical significance as the p-values are less than the
cutoff value (α < 0.05) and F > Fcrit.

Similar effects on the flexural strength for woven types of E/S hybrid composite
were also observed as depicted from the ANOVA results shown in Table 4. In this case,
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hybridization and treatment made percentage contributions of 69.02% and 20.07%, respec-
tively. These values indicate that the effects on woven-type composites is slightly less
than the effects on unidirectional-type composites. We also found that both results were
statistically significant as the p-values were less than the cutoff value (α < 0.05) and F > Fcrit.

The ANOVA result of water absorption for the unidirectional E/S hybrid composites
is tabulated in Table 5. The percentage contribution of hybridization was 13.23% and
percentage contribution of treatment was 76.36%. In this test, hybridization presents
no statistical significance as the test p-value is greater than the traditional cutoff value
(α > 0.05), but the treatment presents statistical significance as the test p-value is less
than the cutoff value (α < 0.05) and F > Fcrit. On the other hand, the ANOVA results of
water absorption for the woven E/S hybrid composites (Table 6) indicates the statistical
significance of both hybridization and treatment. The percentage contributions were 33.64%
and 59.25%, respectively.

Generally, it has been observed from this ANOVA study that the treatment factor is
statistically significant for the considered cases (i.e., tensile, flexural, and water absorption
properties) for both woven and unidirectional composite samples. On the other hand, the
hybridization factor is statistically significant for the tensile and flexural strength of the
woven composites, while it was found to be statistically insignificant in the case of the water
absorption property of the woven samples. As reported in published research [44,45], the
importance of the ANOVA technique is to calculate the percentage contribution and identify
the relative effect based on the calculated percentage. As shown in Tables 1–4, the ANOVA
results for tensile and flexural strength show that the hybridization factor makes a higher
percentage contribution for the unidirectional and woven composite samples compared
with the treatment factor. This implies that, for the enhancement of tensile and flexural
strength, hybridization is better than treatment. On the other hand, the treatment factor
for both composite samples (Tables 5 and 6) shows the highest percentage contribution in
water absorption properties. This is because the water absorption properties are enhanced
by NaOH treatment of the fibers rather than by hybridization of the two natural fibers.

4. Conclusions

The results of this investigation allowed us to generally reach the following conclusions:

• The mechanical (tensile and flexural) properties enhanced as the sisal fiber volume
increased and water absorption improved as the enset fiber volume increased in the
E/S hybrid composite.

• A hybridization and treatment effect showed significant improvement for the mechan-
ical and water absorption properties in both types of composite orientations.

• Higher tensile and flexural strength was obtained for 5% NaOH in both unidirectional
and woven types of fiber orientation composites when compared with untreated and
10% NaOH treated composites.

• For tensile and flexural strength, the hybridization factor made a higher percentage
contribution for unidirectional and woven samples of composite than treatment. The
treatment factor, on the other hand, had more influence on the water absorption
properties in both E/S composites than hybridization factors.

• The morphology of untreated and 10% NaOH composite specimens after tensile testing
was affected. This is due to the hydrophilic nature of natural fibers which absorb
moisture, resulting in fiber swelling, fiber fracture, debonding and dislocation.

Author Contributions: Conceptualization, A.E.B.; methodology, A.E.B.; software, A.E.B.; valida-
tion, H.G.L.; formal analysis, A.E.B.; investigation, A.E.B.; resources, H.G.L.; data curation, A.E.B.;
writing—original draft preparation, A.E.B.; writing—review and editing, A.E.B. and H.G.L.; visual-
ization, A.E.B. and H.G.L.; supervision, H.G.L.; project administration, H.G.L.; funding acquisition,
H.G.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.



J. Compos. Sci. 2024, 8, 377 12 of 13

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: Authors wish to thank Wakshum M. Tucho at University of Stavanger for his
help in capturing the SEM images.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Sanjay, M.; Madhu, P.; Jawaid, M.; Senthamaraikannan, P.; Senthil, S.; Pradeep, S. Characterization and properties of natural fiber

polymer composites: A comprehensive review. J. Clean. Prod. 2018, 172, 566–581. [CrossRef]
2. Mohammed, L.; Ansari, M.; Pua, G.; Jawaid, M.; Islam, M. A review on natural fiber reinforced polymer composite and its

applications. Int. J. Polym. Sci. 2015, 2015, 1–15. [CrossRef]
3. Gupta, M.; Srivastava, R. Tensile and flexural properties of sisal fiber reinforced epoxy composite: A comparison between

unidirectional and mat form of fibers. Procedia Mater. Sci. 2014, 5, 2434–2439. [CrossRef]
4. Swolfs, Y.; Gorbatikh, L.; Verpoest, I. Fiber hybridisation in polymer composites: A review. Compos. Part A 2014, 67, 181–200.

[CrossRef]
5. Codispoti, R.; Oliveira, D.; Olivito, R.; Lourenço, P.; Fangueiro, R. Mechanical performance of natural fi ber-reinforced composites

for the strengthening of masonry. Compos. Part B 2015, 77, 74–83. [CrossRef]
6. Mosisa, S.; Sirhabizu, B. Study and characterization of flexural and tensile properties of hybrid bamboo/sisal fiber reinforced

epoxy composite. J. Mater. Sci. Eng. 2019, 8, 5.
7. Cai, M.; Takagi, H.; Nakagaito, A.N.; Li, Y. Effect of alkali treatment on interfacial bonding in abaca fiber-reinforced composites.

Compos. Part A 2016, 90, 589–597. [CrossRef]
8. Kabir, M.; Wang, H.; Lau, K.; Cardona, F. Chemical treatments on plant-based natural fibre reinforced polymer composites: An

overview. Compos. Part B 2012, 43, 2883–2892. [CrossRef]
9. Sood, M.; Dwivedi, G. Effect of fiber treatment on flexural properties of natural fiber reinforced composites: A review. Egypt. J.

Pet. 2018, 27, 775–783. [CrossRef]
10. Niaz, M.; Bakar, A.; Radzi, M.; Ismail, F.; Raza, M.; Muhamad, N.; Khan, M.A. Influence of alkaline treatment and fiber loading

on the physical and mechanical properties of kenaf/polypropylene composites for variety of applications. Prog. Nat. Sci. Mater.
Int. 2017, 26, 657–664. [CrossRef]

11. Siengchin, S.; Parameswaranpillai, J.; Jawaid, M.; Pruncu, C.I.; Khan, A. A comprehensive review of techniques for natural fibers
as reinforcement in composites: Preparation, processing and characterization. Carbohydr. Polym. 2019, 207, 108–121. [CrossRef]

12. Yan, L.; Chouw, N.; Huang, L.; Kasal, B. Effect of alkali treatment on microstructure and mechanical properties of coir fibres, coir
fibre reinforced-polymer composites and reinforced-cementitious composites. Constr. Build. Mater. 2016, 112, 168–182. [CrossRef]

13. Subramanian, S.; Rajkumar, R.; Ramkumar, T. Characterization of natural cellulosic fiber from cereus Hildmannianus. J. Nat.
Fibers. 2021, 18, 343–354. [CrossRef]

14. Jayaramudu, J.; Maity, A.; Sadiku, E.; Guduri, B.; Varada Rajulu, A.; Ramana, C.; Li, R. Structure and properties of new natural
cellulose fabrics from Cordia dichotoma. Carbohydr. Polym. 2011, 86, 1623–1629. [CrossRef]

15. Bekele, A.; Lemu, H.; Jiru, M. Experimental study of physical, chemical and mechanical properties of enset and sisal fibers. Polym.
Test. 2022, 106, 107453. [CrossRef]

16. Parida, C.; Dash, S.; Das, S. Effect of fiber treatment and fiber loading on mechanical properties of Luffa -Resorcinol composites.
Indian J. Mater. Sci. 2015, 2015, 1–6. [CrossRef]

17. Perremans, D.; Hendrickx, K.; Verpoest, I.; Van Vuure, A. Effect of chemical treatments on the mechanical properties of technical
flax fibres with emphasis on sti ff ness improvement. Compos. Sci. Technol. 2018, 160, 216–223. [CrossRef]

18. Yang, Y.; Ota, T.; Morii, T. Mechanical property and hydrothermal aging of injection molded jute/polypropylene composites.
J. Mater. Sci. 2011, 46, 2678–2684. [CrossRef]

19. Shubhra, Q.; Khan, M.; Gafur, M. Mechanical and degradation characteristics of natural silk and synthetic phosphate glass fiber
reinforced polypropylene composites. J. Compos. Mater. 2011, 45, 1305–1313. [CrossRef]

20. Wongsorat, W.; Suppakarn, N.; Jarukumjorn, K. Effects of compatibilizer type and fiber loading on mechanical properties and
cure characteristics of sisal fiber/natural rubber composites. J. Compos. Mater. 2014, 48, 2401–2411. [CrossRef]

21. Jawaid, M.; Abdul Khalil, H.; Hassan, A.; Dungani, R.; Hadiyane, A. Effect of jute fibre loading on tensile and dynamic mechanical
properties of oil palm epoxy composites. Compos. Part B Eng. 2013, 45, 619–624. [CrossRef]

22. Ramesh, M.; Palanikumar, K.; Reddy, K. Influence of fiber orientation and fiber content on properties of sisal-jute-glass fiber-
reinforced polyester composites. J. Appl. Polym. Sci. 2016, 133, 1–9. [CrossRef]

23. Chaudhary, V.; Bajpai, P.; Maheshwari, S. Studies on mechanical and morphological characterization of developed
Jute/Hemp/Flax reinforced hybrid composites for structural applications. J. Nat. Fibers 2018, 15, 80–97. [CrossRef]

24. Cavalcanti, D.; Banea, M.; Neto, J.; Lima, R.; Silva, L.; Carbas, R. Mechanical characterization of intralaminar natural fibre-
reinforced hybrid composites. Compos. Part B 2019, 175, 107149. [CrossRef]

https://doi.org/10.1016/j.jclepro.2017.10.101
https://doi.org/10.1155/2015/243947
https://doi.org/10.1016/j.mspro.2014.07.489
https://doi.org/10.1016/j.compositesa.2014.08.027
https://doi.org/10.1016/j.compositesb.2015.03.021
https://doi.org/10.1016/j.compositesa.2016.08.025
https://doi.org/10.1016/j.compositesb.2012.04.053
https://doi.org/10.1016/j.ejpe.2017.11.005
https://doi.org/10.1016/j.pnsc.2016.12.004
https://doi.org/10.1016/j.carbpol.2018.11.083
https://doi.org/10.1016/j.conbuildmat.2016.02.182
https://doi.org/10.1080/15440478.2019.1623744
https://doi.org/10.1016/j.carbpol.2011.06.071
https://doi.org/10.1016/j.polymertesting.2021.107453
https://doi.org/10.1155/2015/658064
https://doi.org/10.1016/j.compscitech.2018.03.030
https://doi.org/10.1007/s10853-010-5134-8
https://doi.org/10.1177/0021998310380290
https://doi.org/10.1177/0021998313498790
https://doi.org/10.1016/j.compositesb.2012.04.068
https://doi.org/10.1002/app.42968
https://doi.org/10.1080/15440478.2017.1320260
https://doi.org/10.1016/j.compositesb.2019.107149


J. Compos. Sci. 2024, 8, 377 13 of 13

25. Negawo, T.A.; Polat, Y.; Buyuknalcacl, F.; Kilic, A.; Saba, N.; Jawaid, M. Mechanical, morphological, structural and dynamic
mechanical properties of alkali treated Ensete stem fibers reinforced unsaturated polyester composites. Compos. Struct. 2019, 207,
589–597. [CrossRef]

26. Bekele, A.E.; Lemu, H.G.; Jiru, M.G. Exploration of mechanical properties of enset-sisal hybrid polymer composite. Fibers 2022,
10, 14. [CrossRef]

27. Brandt, S.A. The ‘Tree against hunger’ Ensete-Based Agricultural Systems in Ethiopia; American Association for the Advancement of
Science: Washington, DC, USA, 1997; Volume 55.

28. Mizera, C.; Herak, D.; Hrabe, P.; Kabutey, A. Effect of temperature and moisture content on tensile behaviour of false banana fibre
(Ensete ventricosum). Int. Agrophys. 2017, 31, 377–382. [CrossRef]

29. Abdela, A.; Vandaele, M.; Haenen, S.; Buffel, B.; Sirahbizu, B.; Desplentere, F. Moisture absorption characteristics and subsequent
mechanical property loss of enset–PLA composites. J. Compos. Sci. 2023, 7, 382. [CrossRef]

30. Venkateshwaran, N.; Elayaperumal, A.; Alavudeen, A.; Thiruchitrambalam, M. Mechanical and water absorption behaviour of
banana/sisal reinforced hybrid composites. Mater. Des. 2011, 32, 4017–4021. [CrossRef]

31. Moshi, A.; Madasamy, S.; Bharathi, S. Investigation on the mechanical properties of sisal—Banana hybridized natural fiber
composites with distinct weight fractions. AIP Conf. Proc. 2019, 2128, 020029. [CrossRef]

32. Pappu, A.; Pickering, K.; Kumar, V. Manufacturing and characterization of sustainable hybrid composites using sisal and hemp
fibres as reinforcement of poly (lactic acid) via injection moulding. Ind. Crop. Prod. 2019, 137, 260–269. [CrossRef]

33. Nunna, S.; Chandra, P.; Shrivastava, S. A review on mechanical behavior of natural fiber based hybrid composites. J. Reinf. Plast.
Compos. 2012, 31, 760–769. [CrossRef]

34. Sivakandhan, C.; Murali, G.; Tamiloli, N.; Ravikumar, L. Studies on mechanical properties of sisal and jute fiber hybrid sandwich
composite. Mater. Today Proc. 2019, 21, 404–407. [CrossRef]

35. ASTM D3039/D3039M-08; Standard Test Methods for Tensile Properties of Polymer Matrix Composite Materials. ASTM
International: West Conshohocken, PA, USA, 2014. Available online: https://www.astm.org/d3039_d3039m-08.html (accessed
on 18 September 2024).

36. ASTM D790-10; Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating
Materials. ASTM International: West Conshohocken, PA, USA, 2016. Available online: https://www.astm.org/d0790-10.html
(accessed on 18 September 2024).

37. Pinto, M.; Chalivendra, V.; Kim, Y.; Lewis, A. Evaluation of Surface Treatment and Fabrication Methods for Jute Fiber/Epoxy
Laminar Composites. Polym. Compos. 2014, 35, 201–417. [CrossRef]

38. Alshammari, B.; Saba, N.; Alotaibi, M.; Alotibi, M.; Jawaid, M.; Alothman, O. Evaluation of Mechanical, Physical, and Mor-
phological Properties of Epoxy Composites Reinforced with Different Date Palm Fillers. Matererials 2019, 12, 2145. [CrossRef]
[PubMed]

39. Babu, G.; Babu, K.; Gowd, B. Effect of Machining Parameters on Milled Natural Fiber-Reinforced Plastic Composites. J. Adv.
Mech. Eng. 2013, 1, 1–12. [CrossRef]

40. Yousif, B.F.; Shalwan, A.; Chin, C.; Ming, K. Flexural properties of treated and untreated kenaf/epoxy composites. Mater Des.
2012, 40, 378–385. [CrossRef]

41. Peijs, A.; Tsman, P.; Govaert, L.; Lemstra, P. Hybrid composites based on polyethylene and carbon fibres Part 2: Influence of
composition and adhesion level of polyethylene fibers on mechanical properties. Composites 1990, 21, 513–521. [CrossRef]

42. Chaudhary, V.; Bajpai, P.; Maheshwari, S. Effect of moisture absorption on the mechanical performance of natural fiber reinforced
woven hybrid bio-composites. J. Nat. Fibers. 2018, 17, 84–100. [CrossRef]

43. Elmushyakhi, A. Parametric characterization of nano-hybrid wood polymer composites using ANOVA and regression analysis.
Structures 2021, 29, 652–662. [CrossRef]

44. Kumar, V.; Ganta, V. Optimization of process parameters in drilling of GFRP composite using Taguchi method. Integr. Med. Res.
2013, 3, 35–41. [CrossRef]

45. Venkateswarulu, G.; Davidson, M.J.; Tagore, G.R.N. Influence of process parameters on the cup drawing of aluminum 7075 sheet.
Int. J. Eng. Sci. Technol. 2010, 2, 40–49. [CrossRef]

46. Rozing, G.; Duspara, M.; Dudic, B.; Savkovic, B. Research on the effect of load and rotation speed on resistance to combined wear
of stainless steels using ANOVA Analysis. Materials 2023, 16, 4284. [CrossRef] [PubMed]

47. Savkovic, B.; Kovac, P.; Stoic, A.; Dudic, B. Optimization of machining parameters using the Taguchi and ANOVA analysis in the
face milling of aluminum alloys Al7075. Teh. Vjesn. 2020, 27, 1221–1228. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.compstruct.2018.09.043
https://doi.org/10.3390/fib10020014
https://doi.org/10.1515/intag-2016-0067
https://doi.org/10.3390/jcs7090382
https://doi.org/10.1016/j.matdes.2011.03.002
https://doi.org/10.1063/1.5117941
https://doi.org/10.1016/j.indcrop.2019.05.040
https://doi.org/10.1177/0731684412444325
https://doi.org/10.1016/j.matpr.2019.06.374
https://www.astm.org/d3039_d3039m-08.html
https://www.astm.org/d0790-10.html
https://doi.org/10.1002/pc.22663
https://doi.org/10.3390/ma12132145
https://www.ncbi.nlm.nih.gov/pubmed/31277304
https://doi.org/10.7726/jame.2013.1001
https://doi.org/10.1016/j.matdes.2012.04.017
https://doi.org/10.1016/0010-4361(90)90424-U
https://doi.org/10.1080/15440478.2018.1469451
https://doi.org/10.1016/j.istruc.2020.11.069
https://doi.org/10.1016/j.jmrt.2013.10.007
https://doi.org/10.4314/ijest.v2i11.64553
https://doi.org/10.3390/ma16124284
https://www.ncbi.nlm.nih.gov/pubmed/37374468
https://doi.org/10.17559/TV-20190621105149

	Introduction 
	Materials and Methods 
	Materials 
	Composites Fabrication Methods 
	Composite Mechanical Testing 
	Tensile Test 
	Flexural Test 

	Water Absorption 
	Analysis of Variance 
	Morphological Surface 

	Results and Discussion 
	Flexural Test Results 
	Tensile Test Results 
	Water Absorption Results 
	Morphological Surface Analysis of the Composite 
	Results of the ANOVA 

	Conclusions 
	References

