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This study aims to investigate the mechanical and morphological properties of hybrid
composites fabricated from a Date Palm Mesh Fiber (DPMF) and glass wool reinforced
with unsaturated polyester. The development of eco-friendly and efficient thermal
insulation materials is crucial for reducing energy consumption and addressing
environmental concerns. The hybrid composites were manufactured using the Bulk
Molding Compound technique, and various factors such as fiber composition weight
percentage, particle size, and quantities of DPMF and glass wool fibers were evaluated.
Tensile, impact, and flexural bending tests were conducted to assess the mechanical
properties of the composites. Design-Expert 12 software and analysis of variance ANOVA
were employed to analyze the effects of fiber ratio, matrix ratio, and fiber size on the
mechanical properties. The experimental results showed that the fiber content, DPMF
content, and DPMF particle size in the matrix significantly influenced the mechanical
properties of the hybrid composites. Increasing the fiber content and DPMF particle sizes
improved the interfacial bonding between DPMF and the polymer matrix, enhancing the
matrix’s tensile strength and flexural strength of the composites. However, high amounts
of DPMF resulted in poor energy absorption abilities of the composites under impact load.
The fractography analysis using FESEM confirmed the mechanical test results by revealing
a rough fracture surface in the composites reinforced with DPMF, indicating stronger
bonding between the fibers and the unsaturated polyester matrix. This study highlights the
potential of hybrid composites as eco-friendly and efficient thermal insulation materials
and provides insights into the influence of various parameters on their mechanical
properties.

1. INTRODUCTION

Composite materials are extensively utilized in several
range of applications.

engineering fields for a wide

whereas the matrix serves to secure the reinforcement in its
designated position [3, 4].

Researchers are primarily interested in natural fibers, which
are biodegradable and renewable, since they are the most

Composites offer a wide range of possibilities for applying
physical properties through constitutional design, making
them highly appealing [1]. The construction industry is a
significant consumer of resources, including materials and
energy, and is known for its high pollution levels, particularly
in terms of CO2 emissions. Additionally, it generates a
substantial amount of waste. Hence, in the pursuit of
constructing environmentally friendly buildings, the focus is
directed towards investigating the appropriate utilization of
industrial and agro-industrial materials [2]. Composite
materials are highly desirable materials that possess unique
features not found in natural substances. They are composed
of two or more chemically distinct components, namely the
polymeric matrix and reinforcement. The reinforcement often
exhibits more rigidity and strength compared to the matrix,
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environmentally friendly material for economic growth [5, 6].
In abundance all over the globe are natural fibers that are
regarded as waste material, including sisal, kenaf, hemp,
pineapple leaf, jute, date palm, and oil palm [7, 8]. Natural
fibers offer several benefits over synthetic ones, including
being biodegradable, not abrasive, using little energy, being
inexpensive, and having good mechanical qualities [9, 10].
Using natural fibers such as date palm as a filler or reinforcing
material in thermoplastic and thermoset polymer composites
has been extensively studied and shown to be useful in
construction and automotive applications [11-13]. The Palmae
family encompasses date palms, among the most ancient,
cultivated plants [14]. For seven thousand years, it has been of
utmost importance to the lives of people in the Middle East,
particularly in the Arabian Peninsula [15]. The fibers derived
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from the date palm (Phoenix dactylifera) are considered one of
the most plentiful natural fibers [14]. Approximately 2.6 — 2.8
million tons of date palm biomass wastes are generated each
year, remaining unused [16]. The use of these quantities has
the potential to enhance industrial sustainability through the
production of cost-effective, environmentally friendly
products [17].

Composites are formed by combining two or more
components to create distinct characteristics. By employing
the principle of combined activity, they intentionally choose
certain combinations of materials, resulting in improved
qualities through synergistic interactions. The utilization of
this approach is a crucial element in the academic study and
advancement of materials science [18]. Although conventional
fiber-reinforced polymer composites exhibit remarkable
material characteristics, their lack of biodegradability presents
significant environmental, economic, and resource-related
obstacles. It is essential to address these problems to make
progress towards adopting more sustainable and eco-friendly
material options in different sectors [19]. Recently, the
challenge has been addressed by developing composite
materials that are totally or partially biodegradable and bonded
with natural fiber [15]. In the process of creating bio-
composites, polymers are strengthened using natural fibers
like kenaf [20], banana [21], and rice husks [22]. Bio-
composites achieve environmental sustainability by
integrating polymers and fibers obtained from plants or
biodegradable sources.

Nevertheless, if just one constituent, the polymer or the
fiber, is sourced from sustainable materials, the resultant
composites are deemed to be only partially environmentally
beneficial [23]. Natural fibers provide the advantages of being
cost-effective, capable of decomposing naturally, having a low
mass per unit volume, and exhibiting high strength.
Biocomposites are well-suited for applications such as
protective packaging, disposable consumer items, and
lightweight uses [19]. Optimizing the use and integration of
natural fiber composites across a broad spectrum of
applications requires a thorough investigation of their different
properties. Several factors impact the suitability of any novel
material for a particular application. These include material
properties, durability, cost, availability, processing and
manufacturing compatibility, environmental impact, safety,
and health [15]. Using natural fibers or particles as
reinforcement in polymeric composites has several drawbacks,
including low mechanical properties, biodegradability,
processing difficulties, low-temperature resistance, and issues
with  moisture absorption, variability, adhesion, and
compatibility.

Structure, microfibrillar angle, chemical content, cell size,
and defects are the main factors affecting natural fibers'
mechanical properties [24]. Along with the fiber axis, there is
also a micro-fibril angle. Angles determine the mechanical
characteristics of fibers. Reduced angles increase the stiffness
and strength of the fiber, whereas increased angles increase its
ductility. Increased cellulose content, longer cell length,
polymerization, and a decreased microfibrillar angle are all
characteristics of mechanically more robust natural fibers.
Hakeem et al. [15] found that cell length and cellulose content
increase tensile strength. Al-Maadeed et al. [25] examined the
attributes of Sheshi female and unidentified male date palm
leaves. The study revealed that female leaves have greater
tensile strength, which diminishes in the presence of alkali.
Treating male leaves with NaOH partially enhances their
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mechanical properties, which are comparatively inferior to
female leaves. Ali et al. [26] conducted a study using recycled
polymer (RP) composites. These composites were produced
by compressing molded RP along with Date Palm Fibers (DPF)
of varying lengths 10 mm DPF specimens with 20 wt.%
exhibited superior tensile strength compared to other
composite specimens. The thermal, mechanical, and
morphological characteristics of PVC/LDPE blends at three
different concentrations were investigated by Maou et al. [27].
At ten weight percent, they discovered that DPLF marginally
enhanced the tensile strength of the matrix made of polymer
blends. Making use of Iraq's date palm trash is vital.

Hassan et al. [28] developed and investigated oil palm fiber
from palm oil mill waste as a thermal insulator. They
compared the thermal conductivity and temperature gradient
between the existing commercial rock wool and the developed
oil palm fiber as a thermal insulator for a chimney of a water
boiler. The values of the measured thermal conductivity were
0.116, 0.105, and 0.114 W/m'K for 78, 96, and 112 kg/m? of
packing density, respectively. Although not able to match the
values at higher temperatures and temperature differences,
other factors, such as the cost and the environmental benefits
of using oil palm waste material should be taken into
consideration.

Summing up, the potential of date palm waste as a thermal
insulation material has yet to be thoroughly explored. Thermal
insulation plays a crucial role in buildings and industrial
systems by helping to maintain the correct internal
temperatures, minimizing energy usage, and assuring the
comfort of occupants. The innovation is in the use of date palm
waste for insulation, which has the potential to integrate the
advantages of sustainability, biodegradability, resource
efficiency, and thermal performance. This technique provides
a sustainable and cost-effective substitute for conventional
insulating materials, in accordance with several international
and local regulations aimed at managing and reducing the
environmental impact of urbanization. SDG 11 of the United
Nations Agenda 2030 prioritizes advancing sustainable urban
areas and communities.

This study aims to develop an eco-friendly hybrid bio-
composite thermal insulator using DPMF and glass wool (GW)
fibers. It evaluates the impact of fiber composition weight
percentage, particle size, and quantities of DPMF and GW
fibers on mechanical properties. Design-Expert 12 software
has been used to optimize parameters like DPMF particle size,
DPMF/GW ratio, and fiber/polymer ratio to enhance tensile
strength and overall performance. This research innovatively
integrates DPMF with GW fibers to create an eco-friendly
hybrid thermal insulator. It employs mathematical modeling
through Design-Expert 12 software to optimize parameters for
fabricating the hybrid composite. This approach allows for
enhanced mechanical properties and performance, addressing
the need for sustainable insulation materials in various
applications.

2. MATERIALS AND METHODS
2.1 Materials
2.1.1 Materials of the developed hybrid insulation
DPMF was obtained from the sheath surrounding the stems

of date palm trees. These fibers comprise a natural woven mat
with distinct crossed fibers of varying diameters, as depicted



in Figure 1. The DPMF mesh was collected from a local farm
located on the outskirts of Baghdad city in Iraq. The DPMF
chemical composition and physical and mechanical properties
are in Tables 1 and 2. The data in Table 1 is extracted from
Gheitha et al. [29] and Lemougna et al. [30]. The data in Table
2 is extracted from Sldozian et al. [31] and Hammood [32].
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Figure 1. The texture of date palm mesh and glass wool
fibers insulator

Table 1. The chemical components of date palm mesh fiber
and glass wool [29, 30]

Components Content (% by weight)
Date Palm Mesh Fiber (DPMF)
Cellulose 26.92
Hemicelluloses 43.21
Lignin 27.42
Extractives 1.7
Others 0.7
Glass Wool (GW)
Silicon Dioxide (SiO2) 63.4%
Calcium Oxide (CaO) 8.3%
Aluminum Oxide (Al203) 1.9%
Magnesium Oxide (MgO) 2.5%
Sodium Oxide (Na20) 16.1%
Potassium Oxide (K20) 0.6%
Iron Oxide (Fe203) 1%
Other Trace Elements 6%

Table 2. The physical and mechanical properties of iraqi date
palm mesh fiber [31, 32]

Property Value
Tensile strength (MPa) 95-190
Young's Modulus (GPa) 2.7-5.8
Elongation at break (%) 2.5-5
Density (g/cm®) 1-1.98
Length (mm) 10-20
Diameter (um) 100-900

Glass wool is a type of thermally insulating material that is
manufactured using glass fibers. These fibers are arranged via
a binding agent to form a texture similar to wool, as depicted
in Figure 1. In addition to the precursors, including unsaturated
polyester (Resin) utilized as a transparent liquid with a density
of 1.1 g/lcm?, Styrene Monomer and Para-Benzoquinone
industrial chemicals from Sigma company are also utilized.
Trig-21  OP50  (tert-butyl,  peroxy-2-ethylhexanoate),
Triglyceride C (tert-butyl Peroxybenzoate), and highly
performance Polivaks wax type are used as release agents.

2.2 Experimental methodology

2.2.1 Hybrid composite sample preparation

This process consists of several steps, outlined in Figure 2,
as follows:

Step-1. The raw DPMFs were cleaned and cut. The fiber
cuts were then washed under running water to remove the
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remaining dust particles.

Step-2. DPMF cuts were chemically treated by soaking in
5% (w/v) sodium hydroxide (NaOH) for an hour. The fibers
were removed from the NaOH solution after 60 minutes and
washed with clean water to remove all the solution. The treated
fibers were dried in a laboratory oven at 70<C for 24 hours to
eliminate moisture.

Step-3. Grinding of DPMF and GW by using an electric
grinder and sieved into three different particle sizes by using a
sieve shaker and classified according to sieve size to 0.2, 0.4,
and 0.6 mm for DPMF and 0.2 mm for GW.

Step-4. The matrix was prepared by wet mixing. The
composite matrix was unsaturated polyester resin mixed with
LP1 (Styrene monomers) to make a homogenous mixture, then
Para-Benzoquinone was added while mixing, then Trig C and
Trig 21-OP 50 were added. Last, wax was added as a release
agent. According to Table 3, all samples added these
components by weight % to the mixture. Hand lay-up at room
temperature homogeneous matrix components in 5 minutes.

Figure 2. The process of DPMF treatment with NaOH

Table 3. The percentage by weight of matrix compounds

Components Weight %
Unsaturated Polyester 66.3
Styrene monomers 28.50
Para-Benzoquinone 0.025
Tert-Butyl Peroxybenzoate 0.48
Tert-Butyl Peroxy-2-ethyl hexanoate 1,055
Wax 3.64




Step-5. Treated DPMF and GW were mixed in three weight
percentages at 85/15, 70/30, and 55/45 % of DPMF/GW using
an industrial mixer for 5 minutes. The mixture of fibers was
then reinforced into the matrix at three different percentages,
35/55, 25/65, and 15/75% ratios of fiber/ polymer, and placed
in a steel mold 180 mm X 180 mm x 3 mm to create various
composite mixtures. Hot press equipment was used to
construct the specimens after hand-laying them in the mold.
To fabricate the samples, the mixtures were heated in a hot
press machine for 1 minute and 30 seconds at 170°C, then
pressed in a square plate mold under 50 bars of pressure for 1
minute at the same temperature.

Step-6. The final step is preparing the testing samples by
cutting the composite sheets to specific sizes and dimensions
using a band saw machine based on the required test types, as

shown in Figure 3.

Figure 3. Cutting the composite specimens to different sizes
using a band saw machine before performing tests

The prepared 27 samples with the specifications of each one
are listed in Table 4. They are named from sal to sa27.

Table 4. The prepared 27 samples with the full specification of each of them

Fiber to Polymer Mixing Ratio

Particle Size Ratio Fiber Mixing Ratio.

Sample Name Code (Fiber/Polymer) (DPF/GW) (DPF/GW)
sal F85G15U75 85/15
sa2 F70G30U75 15/75 0.4/0.2 70/30
sa3 F55G45U75 55/45
sad F85G15U65 85/15
sa5 F70G30U65 25/65 0.4/0.2 70/30
526 F55G45U65 55/45
sa7 F85G15U55 85/15
sa8 F70G30U55 35/55 0.4/0.2 70/30
sa9 F55G45U55 55/45
sal0 F85G15U75 85/15
sall F70G30U75 15/75 0.2/0.2 70/30
sal2 F55G45U75 55/45
sal3 F85G15U65 85/15
sald F70G30U65 25/65 0.2/0.2 70/30
sal5 F55G45U65 55/45
sal6 F85G15U55 85/15
sal7 F70G30U55 35/55 0.2/0.2 70/30
sal8 F55G45U55 55/45
sal9 F85G15U75 85/15
sa20 F70G30U75 15/75 0.6/0.2 70/30
sa21 F55G45U75 55/45
sa22 F85G15U65 85/15
sa23 F70G30U65 25/65 0.6/0.2 70/30
sa2d F55G45U65 55/45
sa25 F85G15U55 85/15
sa26 F70G30U55 35/55 0.6/0.2 70/30
sa27 F55G45U55 55/45

2.2.2 The experimental procedure

The assessment of mechanical properties, such as strength
and stiffness, through mechanical tests, is an essential aspect
of examining the suitability of composite fibers for structural
design purposes. This study comprises the most used
standardized mechanical testing techniques for composites,
mainly tensile, flexural, and impact tests.

a. Tensile test

A universal testing machine Type: Laryee WDWS50 is used
to conduct tensile tests for composite fiber samples to
determine the ultimate tensile strength of the composite fiber
material. The test quantifies the magnitude of force necessary
to fracture a composite or plastic specimen until it reaches its
fracturing point. The specimens for the tensile test will be
prepared following the ASTM D 3039 [33] standard with a
constant rectangular cross-section, measuring 21.5 mm in
width, 150 mm in length, and 3 mm in thickness, as seen in
Figure 4.
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Figure 4. The samples of the tensile test before and after the
test

b. Flexural bending strength test

A Laryee WDWS50 universal testing machine established
the three-point bending properties. The test specimens were
prepared in accordance with the standard ASTM D790
(Properties [34]), with dimensions of 100 mm in length, 13
mm in width, and 3 mm in depth. The bending tests were



conducted at a 2.0 mm/min crosshead speed. The procedure
used to measure the flexural strength is shown in Figure 5.
During the bending test, the load is applied to the transverse
section of the sample. The flexural strength is calculated as
follows:

Flexural strength (FS):ﬂ €))

2bh2

where, F: is the load necessary to produce fracture in the
bending test, L: is the distance between supports, b: is the
width of the beam sample, and h is the sample height.

Loading pin

Force

T

Supporting pins g

Figure 5. Scheme for the three points bending flexural
strength test

c. Impact test

In this work, the Izod notched impact test was used to assess
the impact load-carrying capacity of the composite samples.
The impact strength test for the samples was conducted using
the TIME Group Inc. impact device. The impact test will be
carried out following the ASTM D 256 standard [35].
Composite samples were obtained by cutting rectangular
shapes with 65 mm x 12.5 mm X 3 mm dimensions from
compression molded sheets using a band saw machine. These
samples were subsequently subjected to impact strength
testing. The impact test was conducted at room temperature for
all composite samples. All specimens exhibited failure through
separation into two separate parts.

The impact strength (IS) is determined based on Eq. (2)
proposed by Chawla [36]:

Energy of structure (kJ)
IS = . 2
Cross — section area (m?)

The ASTM impact energy is given in J/m. Impact energy in
J is divided by the specimen's thickness to determine impact
strength.

Figure 6. Scanning Electron Microscope (SEM) (TESCAN
MIRA3 model) field emission instrument

d. Field emission scanning electron microscopy (FESEM)

Microscopic examinations were carried out using a
Scanning Electron Microscope (SEM) [model: TESCAN
MIRAZ3] field emission instrument, as shown in Figure 6.
(SEM) was used to observe the surface morphology of the
prepared natural fiber samples and investigate the impacts of
chemical modifications upon the fiber surface. Also, the
microstructure and morphology characteristics of the cross-
section of tensile fractured samples were analyzed.

3. RESULT ANALYSIS AND DISCUSSION
3.1 Tensile strength results

The tensile strength of hybrid composites is a measure of
their capacity to withstand breaking when subjected to tensile
stress.

Increasing the number of fibers in the matrix will increase
the maximum tensile strength at failure, as illustrated in Figure
7. This could be related to good bonding between the matrix
and the fiber particles due to the treatment of the natural fibers
with NaOH. This treatment enhances the interfacial adhesion,
which significantly impacts the mechanical characteristics of
the fiber-reinforced polymer composites, particularly the
tensile strength Al-Kaabi et al. [37]. The good bonding and
uniform fiber dispersion inside the matrix resulted in enhanced
reinforcement since stress was efficiently transmitted from the
matrix to the fiber. These results are also compatible with the
findings of Hussein [38].
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Figure 7. The impact of fiber/polymer ratio on the maximum
tensile strength of hybrid composites at (a) 55/45 DPMF/GW
ratio and (b) 0.6/0.2 DPMF/GW particle size and different
DPMF/GW ratios

Overall, the maximum tensile strength at the failure of the



hybrid composite samples decreases with an increase in the
concentration of DPMF. It reduces the GW in the fiber mixture,
as demonstrated in Figure 8. This may have occurred because
the natural fibers and the polymer resin matrix were
incompatible, leading to decreased interfacial bonding and
accumulated stresses at the areas of weakness caused by the
low adhesion forces between the matrix and the fibers. These
results are also compatible with the findings of Mohammed et
al. [39].

| #0.2/0.2 #0.4/0.2 #0.6/0.2

Tensile strength MPa

85/15

70/30 )
(DPMF/Glass-wool) Ratio

Figure 8. The impact of the DPMF/GW ratio on the
maximum tensile strength of hybrid composites at 35/55
fiber/polymer ratio and different particle sizes of DPMF

Among all the hybrid composite samples, the higher value
of tensile strength was observed at 55/45 DPMF/GW ratio. In
contrast, the maximum reduction in the tensile strength was
observed at a higher ratio of DPMF/GW 85/15 and a larger
DPMF particle size of 0.6 mm, as shown in Figure 9.

| #0.2/0.2 #0.4/0.2 #0.6/0.2 |

Tensile strength Mpa

55/45 70/30 . 85/15
(DPMF/Glass-wool) Ratio

Figure 9. The impact of the DPMF/GW ratio on the
maximum tensile strength of hybrid composites at 25/65
fiber/polymer ratio and different particle sizes of DPMF

Regardless of the DPMF/GW and fiber /polymer ratios,
increasing the DPMF particle size from 0.2 to 0.6 mm
increases the maximum tensile strength at the failure of hybrid
composite samples, as presented in Figures 10a and 10b. This
could be related to improving the interfacial bonding between
DPMF and the polymer matrix system, resulting from more
homogeneous  compounding and  greater  polymer
impregnation into the fiber. Consequently, a larger surface
area of DPMF is covered by the polymer matrix during
compounding, leading to the formation of a more compacted
composite. These results are highly compatible well with
Awad et al. [40].
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Figure 10. The impact of DPMF particle size on the
maximum tensile strength of hybrid composites at (a) 55/45
DPMF/GW ratio and (b) 85/15 DPMF/GW ratio and
different fiber /polymer ratios

3.2 Flexural strength results

The maximum flexural strength increases as the fiber
content increases, as presented in Figure 11. This can be
attributed to the excellent compatibility between the polymer
and the fiber. The inclusion of a substantial compatibilizer
between the DPMF with GW and unsaturated resin polymer
significantly impacted the increase in flexural strength values
for the new composite samples.

The highest value of maximum flexural strength at the
failure of hybrid composite samples was recorded at 35/55
fiber /polymer ratio, as presented in Figure 11a. Based on the
results in Figure 11b and regardless of the particle size of
DPMF, the maximum flexural strength of hybrid composite
samples increases to a maximum value. Then, it decreases as
the fiber/polymer ratio increases at 70/30 DPMF/GW ratio.
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Figure 11. The impact of fiber /polymer ratio on the
maximum flexural strength of hybrid composites at (a) 55/45
DPMF/GW ratio and (b) 70/30 DPMF/GW ratio and different

DPMF particle sizes

Comparing the results in Figures 12a and 12b, overall and
regardless of the DPMF particle size and fiber/polymer ratio,
increasing the content of DPMF fiber and decreasing GW
content dropped the maximum flexural strength hybrid
composites samples. The decrease in the maximum flexural
strength at the failure of DPMF-reinforced composite samples
can be attributed to the poor bonding between the fibers and
matrix, leading to inefficient stress transmission and, therefore,
resulting in reduced mechanical characteristics of the hybrid
composite samples. These results are compatible well with
Hussein [38].

20 #0.2/0.2 10.4/0.2 10.6/0.2

16
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Flexural strength (MPa)
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4
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Flexural strength (MPa)
oo

55/45 70/30

DPMF/GW Ratio
(b)

Figure 12. The effect of DPMF/GW ratio on the maximum
flexural strength of hybrid composites at (a) 15/75
fiber/polymer ratio, (b) 35/55 fiber/polymer ratio and
different particle sizes of DPMF

A considerable reduction in the maximum flexural strength
at failure is observed at the highest DPMF fiber content at

315

85/15 DPMF/GW ratio. At the 55/45 DPMF/GW ratio, the
maximum flexural strength increased as the DPMF particle
size increased from 0.2 mm to 0.6 mm for all ratios of
fiber/polymer, as shown in Figure 13a. When the DPMF
particles are smaller than 0.2 mm, the aspect ratio is extremely
low, and the composite lacks the necessary fiber length to
withstand stress or load. At a 70/30 DPMF/GW ratio, the
values of maximum flexural strength decreased to the
minimum. Then, they increased as the DPMF particle size
increased for all ratios of fiber/polymer, as demonstrated in
Figure 13b. At higher content of DPMF 85% DPMF/15% GW
ratio, the maximum flexural strength of the hybrid composites
increased to a maximum value. Then, it decreased as the
DPMF particle size increased for all ratios of fiber/polymer, as
shown in Figure 13c.
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Figure 13. The effect of DPMF particle size on the
maximum flexural strength of hybrid composites, (a) at 55/45
DPMF/GW ratio, (b) at 75/25 DPMF/GW ratio, (c) at (85/15)

DPMF/GW ratio and different fiber/polymer ratios



3.3 Impact strength results

One measure of a material's toughness is its impact strength,
which is its resistance to fracture failure when subjected to
stress at high speeds. The experimental results of impact
strength showed that regardless of the ratio of DPMF/GW and
DPMF particle sizes, it can be observed that the fracture
resistance of the hybrid composite under impact load increased
with increasing the fiber content from 15% to 35%, as
presented in Figures 14a and 14b. The maximum impact
energy absorption was attained at 35/55 fiber/polymer due to
the high fiber content. This may be associated with adding
more fibers, enhancing the composite's capacity to absorb
energy. These results are compatible well with Hussein [38].
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Figure 14. The effect of fiber/polymer ratio on the impact
strength of hybrid composites at (a) 55/45 DPMF/GW ratio
and (b) 85/15 DPMF/GW ratio and different DPMF particle
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Figure 15. The effect of DPMF/GW ratio on the impact
strength of hybrid composites at (a) 35/55 fiber/polymer ratio
and (b) 25/65 fiber/polymer ratio and different particle sizes
of DPMF

In general, regardless of the fiber/polymer ratio and DPMF
particle size, the maximum impact strength at failure
decreased as the concentration of DPMF increased and the
glass wool content decreased. The results demonstrate the poor
energy absorption abilities of hybrid composites reinforced by
high amounts of DPMF at 85 % DPMF/ 15% glass wool, as
shown in Figures 15a and 15b. These results are compatible
well with Hussein [38] and Awad et al. [40].

The results also showed that incorporating glass fiber with
DPMF into hybrid composites increases their maximum
impact strength. Including 55% DPMF/45% GW allowed the
hybrid composite to reach its maximal impact strength because
the glass fiber in the hybrid composite adhered so firmly to the
matrix and provided a high fracture resistance value, as shown
in Figures 16a and 16b.

Overall, the impact strength of the hybrid composite
samples increases with the increase in DPMF particle size, as
presented in Figures 16a and 16b. When DPMFs are in powder
form and have a particle size of < 0.2 mm, their aspect ratio is
extremely low. Since there is not enough fiber size that can
withstand any tension or load applied to the composite, the
maximal impact strength is also quite low, which similar to the
claim of Awad et al. [40].

Adding DPMF with a particle size of 0.6 mm to the matrix
resulted in the most significant impact strength compared to
smaller particle sizes. This may be attributed to the larger
DPMF's greater self-strength than the smaller DPMF in
comparison to the smaller DPMF. These results are compatible
well with Awad et al. [40].
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Figure 16. The effect of DPMF particle size on the impact
strength of hybrid composites, (a) 55/45 DPMF/GW ratio, (b)
at 85/15 DPMF/GW ratio, and different fiber/polymer ratios

3.4 Morphological analysis

The field emission scanning electron microscope (FESEM)
is highly effective for analyzing fibers’ surface morphology
and fiber composites' fracture surfaces. FESEM micrograph of
the untreated DPMF presented in Figure 17 shows that the
surface is adhered to a large quantity of material, likely
consisting of residual lignin and hemicellulose. Additionally,
surface contaminants like dust and sand exist, composed
explicitly of silica particles. FESEM images indicate that the
surface of untreated DPMF is smooth compared to the surface
of DPMF chemically treated with sodium hydroxide (NaOH).
The treated DPMF exhibits a porous nature and contains
irregularly shaped structural particles with varying sizes
ranging from 64 to 500 nm. These results are compatible well
with the studies [41, 14].

Figure 17. FESEM micrographs of untreated date palm mesh
fiber (DPMF)

Untreated fibers have a weak outer layer that hinders strong
bonding with the polymer matrix, but treated DPMF had this
weak outer layer removed during treatment, to varying degrees,
by removing surface impurities and the fiber’s outer surface,
as shown in Figure 18. The chemical treatment roughens the
surface of the treated fiber, enhancing its bonding with the
polymer composites' matrix and giving the appearance of
smoothness. In addition, visible silica particles were still
projected from the fiber’s surface even after undergoing a
cleaning process with sodium hydroxide (NaOH). In addition,
visible silica particles were still projecting from the fiber’s
surface even after a cleaning process with sodium hydroxide
(NaOH). Void generation occurs when particles disappear
from the matrix at specific localized areas; these voids may be
ideal for polymer reinforcement because they provide points
of mechanical interlocking.
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Figure 18. FESEM micrographs of treated DPMF with
NaOH

Figure 19 displays FESEM micrographs depicting various
fracture surfaces in different magnifications of hybrid
composite samples with varying fiber ratios to the polymer. A
rough fracture surface was found in the compaosite when the
fiber content in the matrix was increased. The micrographs
indicate a stronger bond between the fibers and the unsaturated
polystyrene matrices, which indicates superior adhesion
between the fiber and matrix. This adhesion leads to a more
uniform transmission of stress and an increase in tensile
strength. This result agrees with the increase in tensile
properties, as discussed earlier and mentioned. This finding is
compatible well with Zadeh et al. [42], who mentioned that the
addition of date palm leaf fiber improves the adhesion between
the composite components.

-

Figure 19. FESEM micrographs of a fractured surface of
tensile test specimen with 55/45 DPMF/GW ratio and 0.2/0.2
mm particle size with different DPMF content

Figures 20 and 21 display FESEM micrographs of fractured
surfaces of hybrid composite samples at varying magnification
levels. Increasing the concentration of DPMF leads to gaps,
where poorly bonded fibers with the matrices and fiber
particles pull out and accumulate at the weak regions. This
indicates a lack of fiber-matrix adhesion, with higher DPMF
content at 85%, which appeared disoriented and pulled out
from the blend matrix. The FESEM analysis of the hybrid



composite samples supports the details in the preceding
sections, which indicate that the samples' mechanical strengths
(tensile, bending and impact strength) are reduced due to easy
fiber pullouts creating voids and poor adhesion between the
matrix and fibers. This finding aligns with the research
conducted by [43-45].

It has been observed that the orientation of the filler has the
greatest impact on the strength of the polymer composite.
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Figure 20. FESEM micrographs of a fractured surface of
tensile test specimen with 0.2/0.2 mm particle size and 35/55
fiber/polymer ratio and different DPMF/GW ratios
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Figure 21. FESEM micrographs of a fractured surface of
tensile test specimen with 0.4/0.2 mm particle size and 35/55
fiber/polymer ratio and different DPMF/GW ratios
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FESEM micrographs in different magnification levels of the
fracture surfaces of hybrid composite samples reinforced with
different DPMF particle sizes are presented in Figure 22. By
increasing the particle size of DPMF from 0.2 mm to 0.6 mm,
a more homogenous compounding is achieved, allowing for
more excellent impregnation of the polymer through the fiber.
As a result, a larger surface area of DPMF is covered by the
polymer matrix during compounding, forming a more compact
composite and improved interfacial bonding between DPMF
and the polymer matrix system. This result aligns with the
enhancement observed in the mechanical characteristics as
previously described.

- R s
| 0.2mm of DPMF particle size

Figure 22. FESEM micrographs of a fractured surface of
tensile test specimen with 35/55 fiber/polymer ratio and
70/30 DPMF/GW ratios with different DPMF particle sizes

4. STATISTICAL ANALYSIS

The experiment results were collected and analyzed using
Design-Expert 12 software. Analysis of variance (ANOVA)
and P-test applied to determine the impact of various
parameters on mechanical properties such as the tensile
strength of hybrid composite fiber. The ANOVA was carried
out at a confidence level of 95% P < 0.05. The F-test, also
known as Fisher's test, can be employed to identify the
parameter that notably impacts the mechanical properties. At
least three replicates of the measurements were performed for
each tested sample.

4.1 Development of mathematical model

The results of the experiment were acquired and analyzed
to generate a regression model. The expert in statistical
software design recommended using a second-order quadratic
regression surface model to estimate the optimal conditions for
the produced hybrid composite. The input parameters
considered in this analysis were DPMF particle size,
DPMF/GW ratio and fibers/polymer ratio. They identified the
most accurate model in terms of equations to describe the
relationship between these variables. The mathematical



empirical relationship for tensile strength is presented below:

Maximum Tensile Strenght = —24.09 +
83.771A + 11.151B + 50.927C — 2.491A X B —
11.242A X C — 3.396B X C — 59.287A? —
1.283B% — 52.475C?

3)

where, A represents DPMF particle size (mm), B represents
DPF/GW ratio (%), C represents Fiber/Polymer mix ratio (%).

The positive coefficients have a positive influence on the
mechanical and thermal properties. In contrast, the negative
coefficient will reduce the mechanical and thermal properties
of the hybrid composite fibers.

Table 5. ANOVA analysis of tensile strength of hybrid
composite fiber

Degree

Source Sum of f Mean F- p-
Squares Freedom Square Value Value
Model 418.03 9 46.45 10.35 0.0016
A 150.68 1 150.68 33.59  0.0004
B 0.4516 1 0.4516 0.1007 0.7592
C 29.04 1 29.04 6.47 0.0345
AB 5.51 1 5.51 1.23 0.3001
AC 0.9902 1 0.9902 0.2207 0.6510
BC 12.33 1 12.33 2.75 0.1359
A= 2451 1 2451 5.46 0.0476
B= 86.77 1 86.77 19.34  0.0023
c= 25.67 1 25.67 5.72 0.0437
Residual 35.89 8 4.49
Lackof 47, 3 11.96
Fit
Pure
Error 0.0000 5 0.0000
Cor
Total 453.92 17
30
S //
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Figure 23. Validity relationship between experimental values
and predicted tensile strength of the hybrid composite fiber

The adequacy of the developed models was tested using the
ANOVA method with the aid of Design-Expert 12 software.
The ANOVA results for tensile strength for hybrid composite
fiber are shown in Table 5. There is a strong correlation
between the input parameters and the output results, as seen by
the highly significant Fisher's F value that all models produce.
For tensile strength, the minimal P value of 0.0016 meant that
there was only a 0.16% chance that noise could cause a model
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Fisher's value to occur. Also, the results of the F-test in Table
5 suggested that the DPMF particle size is the most significant
factor in tensile strength. For the tensile strength model, the
residual error value of 35.89 should be the sum of lack of fit
35.89 and pure error 0.0. By this column of fit summary, the
recommended quadratic model is statistically significant for
analyzing the tensile strength of the hybrid composite fiber.

Based on the results presented in Figure 23, the residual
values, which represent the difference between the calculated
values from the proposed model and the laboratory results, are
distributed closely around the line of equality (45-degree line)
and fall within the required 95% confidence level. This
suggests that the results obtained from the proposed model
closely resemble those obtained from experimental work,
indicating a solid simulation of the laboratory work and a
nearly perfect fit of the developed empirical models.

5. CONCLUSIONS

The present work provides insights into the mechanical and
morphological characteristics of a hybrid composite combined
with different quantities of DPMF and glass wool (GW). A
hybrid composite material made of unsaturated polyester and
reinforced with DPMF, and glass wool has been successfully
fabricated and characterized. Results show that the mechanical
performance of fiber-reinforced hybrid composite materials is
heavily influenced by the fiber content, DPMF content and
DPMF particle size in the matrix. The matrix's resistance to
breaking under tensile stress was significantly enhanced by
increasing the percentage of fibers DPMF and GW and DPMF
particle sizes by improving the interfacial bonding between
DPMF and the polymer matrix system. The highest value of
maximum flexural strength at the failure of hybrid composite
samples was recorded at 35/55 fiber/polymer ratio with DPMF,
a particle size greater than 0.2 mm.

Regardless of the ratio of (DPMF/Glass-wool) and DPMF
particle sizes, it can be observed that the fracture resistance of
the hybrid composite under impact load increased with an
increase in the fiber content from 15% to 35%. The maximum
impact strength at failure decreased as the amount of DPMF
increased, and the glass wool content decreased to 85%
DPMF/15% GW. Among the hybrid composites produced,
composites 35% fiber/55% Polymer and 55% DPMF/45%
GW with 0.6 mm particle size had the highest impact,
absorbing the energy of 0.27 kJ/m?, while the lowest impact
strength was at composites 15% fiber/75% Polymer and 85%
DPMF/15% GW with 0.2 mm particle size with 0.12 kJ/m?,
respectively. The FESEM results showed a good agreement
with mechanical test results, where FESEM images showed a
rough fracture surface was found in the composite reinforced
with DPMF, indicating a stronger bond between the fibers and
the unsaturated polystyrene matrices and providing better
mechanical properties of the fabricated hybrid composite.
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