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Abstract

In an attempt to increase the biodiversity of natural fibers, new sources of natural fibers should be discovered. Long textile-
grade date palm (DP) fibers were used in the manufacturing of 50:50 polypropylene nonwoven composite. DP fibers are
considered newcomers to the natural fiber library. The main aim of this work was to benchmark different types of DP fiber
composites in comparison to other commercial leaf fiber composites, namely, sisal, abaca, and banana, in addition to Flex-
Form automotive composites. The composites were mechanically and physically characterized in order to determine their
properties. The results showed that the void content in DP composites was lower than that in sisal and abaca by 33% and 40%
respectively. DP composites have tensile strength within the same range as sisal composites and higher than that of banana by
nearly 33%. The modulus of elasticity and failure strain of DP composites were nearly 3 GPa and up to 3% respectively. The
flexural strength of DP composites (35 MPa) was in the same range as that of sisal and abaca. The normalized impact energy
of DP composites was higher than that of banana by 50%. The dynamic mechanical analysis of the six composites showed
similar behavior with a glass transition temperature around 10 °C. Finally, the water absorption behavior of DP composites
was better than the other composites (lower than sisal by 63%). The results showed that DP fibers are good candidates for
applications in automotive interior composites, given their competitive performance and high potential availability.
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1 Introduction on Clean Transportation, the weight of vehicles is directly cor-

related to the CO, emissions and fuel consumption [2, 3]. There

The automotive industry is one of the major contributors to the
greenhouse gas emissions. An average vehicle produces nearly
26.6 tonnes of waste and 922 m? of polluted air before being
put into use, according to the German Environment and Fore-
casting Institute. This huge amount of emissions is considered
nothing compared to the environmental impact during its life
cycle [1]. According to a fact sheet by the International Council
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is a global movement to decarbonize the automotive industry
to achieve the net-zero goals set forth by many countries. Con-
sequently, the new race in the automotive industry is no longer
speed but rather sustainability and light weighting. Natural fiber
composites (NFCs) are good candidates for sustainable light-
weight vehicles. NFCs are now being used in manufacturing
interior auto parts by major car manufacturers such as Mer-
cedes-Benz, BMW, Porsche, and Ford [4—7]. NFCs are used in
the manufacturing of door panels, parcel shelves, trunk covers,
floor mats, luggage compartments, and ceiling liners [8].

Despite the great progress achieved by original equip-
ment manufacturers (OEM) in incorporating natural fibers
in the automotive industry, yet only bast fibers like flax,
kenaf, and hemp are being used. The global production
of bast fibers is limited and there is a need to explore new
sources of vegetable fibers to fulfill the growing demand
by the automotive industry.

Vegetable fibers from plant leaves, also known as leaf fib-
ers, represent a good candidate for automotive composites.
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The research on leaf fiber composites is very limited com-
pared to that on bast fibers. Several attempts were made to
reinforce thermoplastic and thermoset polymers with leaf
fibers. The most common leaf fibers are sisal, banana, pine-
apple, and abaca. They were used with several thermoplas-
tics like polypropylene (PP), polylactic acid (PLA), polybu-
tylene adipate terephthalate (PBAT), and corn starch [9-16].
PP nonwoven composites are manufactured by compression
molding or thermoforming. The manufacturing temperature
is between 180 and 190 °C [17, 18].

A new emerging source of leaf fibers is the date palm
(DP). Fibers could be extracted from the midrib, spadix
stem, leaflets, and leaf sheath (mesh) of the palm [19]. In the
literature, date palm midrib and spadix fibers were mainly in
the form of chopped and milled fibers. DP composites were
manufactured by hand lay-up, injection molding, compres-
sion molding, and resin transfer molding [20-28]. Several
types of polymers were used with DP fibers to manufacture
composites. In a study by Refaai et al., they reinforced epoxy
with bamboo, DP midrib, spadix stem, and mesh fibers.
The composites were manufactured using the hand lay-up
method. However, the fibers in this work were very short
(0.8—-1 mm) [29]. In another research, chemically treated
chopped mesh fibers were recently used to reinforce epoxy
resin. The results showed that NaOH is better than HCI and
CH;COOH for fiber treatment to improve the interfacial
bond between fibers and matrix [30]. Ghori et al. investi-
gated the properties of 50% wt.% hybrid DP and kenaf epoxy
composites. The type of DP fibers in this work was not
mentioned and they were in powder form (0.5—-1 mm). The
composites were manufactured using the hand lay-up tech-
nique. The results showed that the treated fibers increased
the composite mechanical properties and dimensional sta-
bility [31]. The thermal behavior of DP/bamboo fibers was
investigated by Jawaid et al. In this study, short (0.8—1 mm)
DP fibers extracted from the midrib, spadix stem, mesh,
and trunk were used to reinforce epoxy resin. The fibers
were in powder form and they could be considered parti-
cle. The composite was manufactured using the hand lay-
up technique with a 50% fiber weight fraction. The results
showed that the addition of DP and bamboo fibers to epoxy
has improved the thermal properties of the composites [32].
Another attempt to manufacture DP epoxy composite from
DP mesh was made by Ali in 2023. The fibers’ length was
between 2.5 and 10 mm long and the fiber/matrix mixture
was poured into silicon molds. Although the length of fib-
ers in this work is longer than that in other studies, it is
still considered short compared to textile-grade fibers. The
results showed that increasing the fiber wt.% had a posi-
tive effect on the mechanical properties of the composites
[33]. The attempts in the literature to extract long fibrillated
date palm fibers were not always successful. Most of the
previous attempts in the literature were considered wood
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plastic composites and not natural fiber composites. Conse-
quently, the composites made from date palm fibers usually
had properties lower than the neat polymer since the fibers
in this case acted as inclusions [34, 35]. The most DP suc-
cessful composites were reinforced with mesh fibers since
they already exist in the fibrous form [36-38].

By reviewing the work done on DP fibers, it can be con-
cluded that none of the previous attempts succeeded in uti-
lizing long textile fibers in making natural fiber compos-
ites that complies with the automotive standards. Hence,
the purpose of this research is to develop composite panels
from long textile date palm midrib and spadix fibers in a
nonwoven structure blended with 50% wt. thermoplastic fib-
ers according to the automotive standards, and to benchmark
in comparison to other commercial leaf fiber composites.
This article is considered the first attempt to develop and
manufacture nonwoven thermoplastic panels from long date
palm fibers and to benchmark them against other leaf fiber
composites.

2 Materials and methods
2.1 Materials

The materials used in this work are divided into 2 categories:
natural fibers as reinforcement and a polymeric material as
a matrix. The natural fibers used were sisal, abaca, banana,
date palm midrib (DPM) core and skin, and DP spadix stem
fibers. Sisal and abaca fibers were provided by Canal Rope
Company located in Port Said, Egypt. Banana fibers were
obtained from the “Egypt Foundation for Integrated Devel-
opment — El Nidaa.” Date palm (DP) fibers were supplied
by Valorizen, Egypt, under the trade name PalmFil [39, 40].

Table 1 shows the properties of the fibers used. All natu-
ral fibers were cut into 70-mm-long fibers using scissors.

Polypropylene (PP) was used in fiber form as a matrix
material, supplied by Egyptex Co. It was chosen specifically
due to the faster manufacturing process and better recyclabil-
ity. PP was in the form of short staple fibers of about 70 mm
in length, with a fineness of 17 dtex, a density of 0.91 g/cm3,
and a melting temperature of about 165 C.

2.2 Composite manufacturing

Six different nonwoven composite samples were prepared,
in which each panel is reinforced with a single type of fiber.
The composites were made from 50% wt. leaf fiber and 50%
wt. PP fiber. This ratio was specifically chosen as per the
automotive standards. The high leaf fiber wt.% results in
large void content. However, this is desirable in the automo-
tive industry to enhance the thermal and acoustic insulation
of the composite at the expense of the mechanical properties.
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Table 1 Average properties of the six natural fibers [41]

Equivalent

Tensile

Young’s Failure

Fiber diameter (le:/lcs:z) Ceg)l/ﬂ)o s¢ strength Modulus strain ((‘J)/rg A Fe::l)re‘;nce
(um) 8 ’ (MPa) (GPa) (%) ’ PP
Sisal 167.7 1.33+0.12 49.5 777.9 11.67 43 59.5
Abaca 199 1.58 +£0.08 70.9 946.7 11.4 8.3 69.8
Banana 121.4 1.28 £ 0.09 57.2 3717.5 12.2 3.1 52.4
DPM 1317 135+001 525 583.5 225 26 585
Core
DPM 252 13502 527 393 13.9 28 64
Skin
DP
Soadi 123 1.32+0.21 59 601.7 19.6 5.1 59.9
padix
The preforms were made by blending equal weights of A .1 density( ¢ /mz) _m )
natural fibers and PP. The fibers were blended thoroughly to A
ensure equal distribution of natural fibers. Afterwards, the
blended nonwoven fiber webs were laid into a mold with Pc(kg /m3) =m )
dimensions 30X 30 cm. v
Before composite manufacturing, the fiber preforms were
. o : I—w; w
dried for 4 h at 80 .C to remove excess moisture. Aft(.:rwards, Void content (%) = 1 — p, [ 3)
the composite laminates were prepared by hot pressing. The P Ps

samples were first pre-heated under 3 MPa for 1 min then hot
pressed for 15 min under 15 MPa at 183 °C. The final shapes
of the six composites are shown in Fig. 1.

2.3 Testing
2.3.1 Density and void content

The areal and volumetric densities were calculated for each
composite using Eq. (1) and Eq. (2) respectively, where m
is the composite mass, A is the composite area, and v is the
composite volume. For density calculation, the average of
12 readings was calculated and reported. The void content
was calculated using Eq. (3) according to ASTM D2734-16.

where p,. is the composite’s densities, while py, P, Wr, and Wi
are the fiber’s density, matrix density, fiber weight fraction,
and matrix weight fraction respectively.

2.3.2 Tensile properties

The tensile properties were determined according to the
standard ASTM D3039/D3039M. Figure 2 shows a sche-
matic diagram of the test. The tests were conducted using
ZwickRoell Z100 at a strain rate of 2 mm/min. The sample
size was 24 X 160 mm. Six specimens were tested per sample
and the average was reported. The fractured surface of the
six composites was analyzed using a field emission scanning
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Fig. 1 Composite preparation
(left) and manufacturing and
final specimens’ shape (right)
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1
1
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Fig.2 Tensile, flexural, and
impact test schematic diagrams

Tension
Direction

Tensile test

electron microscope (FESEM) (Quanta 250 FEG, FIE, Neth-
erlands) with an accelerating voltage of 20 kV.

2.3.3 Flexural properties

The flexural properties, using the three-point test, were
determined based on the standard test ASTM D7264/
D7264M. Figure 2 shows a schematic diagram of the test.
The test was conducted using ZwickRoell Z100 at a strain
rate of 2 mm/min. The span length was set to be 32 times
the specimen’s thickness. The average composite thickness
was 2 mm; hence, the span length was set to 64 mm. Six
specimens were tested per sample. Following the ASTM
standard procedures, the flexural chord modulus was calcu-
lated using Eq. (4).
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Drop weight impact test

L*m

E=4bh3 @

where E is the flexural modulus in MPa, L is the span length
in mm, b and & are the width and thickness of the speci-
men respectively in mm, and finally, m is the slope of the
force—displacement curve.

2.3.4 Impact properties

The impact properties were determined as per the ASTM test
number D3762. Figure 2 shows a schematic diagram of the
test. Instron Tower Impact CEAST 9350 was used to conduct
drop weight impact tests. The specimen was square-shaped
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having a side length of 60 mm. Five specimens were tested
per sample. The impact velocity was 4.4 m/s with a maximum
value of change 20%. The striker had a diameter of 12.7 mm
and the specimens were pneumatically clamped during the
test.

2.3.5 Dynamic mechanical analysis (DMA)

The DMA tests were conducted according to ASTM D4065-
01 to determine and compare the viscoelastic properties of the
six composites. TA (DMA Q 800) instrument was used for the
DMA analysis which operated in a three-point bending mode.
The testing was at temperature ranging from — 100 to 160 °C
under controlled sinusoidal strain at a heating rate of 5 °C/
min and a frequency of 1 Hz under controlled amplitude. The
specimens’ dimensions were 60X 12.5x 3 mm.

2.3.6 Water absorption and moisture content

The water absorption (WA) and moisture content (MC) were
determined for the six composites according to the standard
test number BS EN 322. The weight of all specimens was
measured with an accuracy of 0.01 g. The specimens were
in the form of a square having a side length of 3 cm, and 5
specimens were tested per sample. For the water absorption
test, the samples were immersed in distilled water at room
temperature. The test was conducted for 168 h. The weight was
recorded before and after immersion every 24 h. The increase
in the specimen’s weight was calculated using Eq. (5). As for
the moisture content test, the specimens were subjected to
3 drying rounds and each was 6 h long. The drying was at
100+ 5 °C and the weight was recorded before and after each
round. The moisture content was calculated using Eq. (6).

We i — W. ...
WA = final initial % 100 (5)
Winitial
W....—W..
MC = mn;; final % 100 (6)

initial

where Wy, ., and W, ;. are the specimen’s final and initial
weights respectively.

2.3.7 Thickness swelling

The composite thickness swelling (TS) was determined
according to the standard test BS EN 317. The specimens’
thickness was measured before and after water immersion
for 24 h. The specimens were immersed in distilled water at
room temperature. The test was carried out for 168 h. The
specimens were square-shaped with a side length of 3 cm.
Thickness swelling was calculated using Eq. (7).

Tfina}_ Tinitial % 100 (7)

initial

TS =

where Ty, and T, are the specimen’s average final and
initial thickness values respectively.

3 Results and discussion
3.1 Density and void content

The composite density is a very important parameter in
designing lightweight components. The density of the com-
posite is influenced by two main factors: density of con-
stituents (i.e., fiber and matrix) in addition to void content.
In designing nonstructural automotive interior composites,
it is common to have void content in the range of 30% to
increase the thermal and acoustical insulation, even if this
will be at the expense of the mechanical performance. The
void content also has a direct influence on other performance
parameters, such as water absorption, thickness swelling,
and vibration damping of the produced composites. Hence,
calculating the void content will be important in interpreting
all subsequent testing results. The results of the composite
densities and void contents are presented in Table 2.

The void content in the composites is resulting from 2
sources: first the voids in the fiber microstructure and sec-
ond the voids between the fiber and the matrix due to poor
wetting and creation of air pockets at the cross-over points
between fibers. The voids in the fiber microstructure are
either in the form of vascular cavities or lumens, while the
voids created between the fiber and the matrix are heavily

Table 2 Thickness, void

. Fiber Thickness Areal density Volumetric density ~ Void content
fiontc?qt, areal anq volumetr.lc (mm) ( gm/mz) (kg /m3) (%)
ensities of the six composites
Sisal 2.7+£0.25 1815 680.6+70 36.9+2.2
Abaca 2.6+0.14 1815 690.3+36 40.3+£1.02
Banana 1.98+0.20 1488 750.9 +87 293+£22
DPM core 2.07+0.06 1694 818+28 24.7+0.1
DPM skin 2.12+0.07 1730 815.8+28 22.1£045
DP spadix 1.9+0.12 1597 829.7+59 25.7+0.36
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dependent on the fiber’s ability to deform and fill the gaps
in the structure, which depends on the fiber bending rigidity
which is influenced by the fiber diameter.

Abaca composite had the highest void content (40.3%)
due to the presence of lumens and due to the large rigid
fiber bundles; this was followed by sisal (36.997%) which
had smaller fiber bundles but rather had large vascular cavi-
ties in addition to existing lumens. Despite that banana fiber
bundles had very large lumens and very thin cell walls, yet
the fact that they have relatively small diameter resulted in
less void content (29.34%) compared to sisal and abaca. As
for date palm composites, they had the least void contents
(<26%) due to the small lumen sizes (negligible) and small
fiber bundles which were capable of deforming easily and
conforming to the structure gaps. All fiber cross-sectional
shapes are presented in the SEM micrographs in Fig. 3.

3.2 Tensile properties

The most significant factors that affect natural fiber com-
posite strength are the fiber weight fraction, fiber strength,
composite defects, and the interfacial bond between fibers
and matrix. Voids or air pockets are considered composite
defects that appear due to insufficient wettability between
matrix and fibers, whereas the interfacial bond between fib-
ers and matrix is affected by the surface impurities, fiber
size, and surface roughness.

DPM Core

DPM Skin

The typical tensile stress—strain curves and the average
tensile properties are shown in Fig. 4a. Figure 4b shows
the tensile strength of the composites in the light of the
fibers’ strength. The tensile strength of the composites
followed the same trend as those of the fibers. This was
expected since the fiber tensile properties have a high
influence on the composite tensile properties. The abaca
composite was the toughest composite, and it showed
considerably the highest tensile strength among the 6
composites of 32.13 +4.02 MPa. This was due to the high
strength of fibers in spite of the high void content in the
abaca composite. The abaca composite was followed by
sisal and date palm spadix composites, which had tensile
strength values of 24.5 +2.78 MPa and 23.56 +2.95 MPa
respectively with no statistical significance between the
two composites. Additionally, it was noticed that the ten-
sile strength of date palm core and skin midrib composites
has nearly the same tensile strength with the midrib core
composite having a higher stiffness than that of the midrib
skin composite. The tensile strength of midrib core and
skin composites was 21.53 + 1.6 MPa and 20.3 + 1.87 MPa
respectively, which were not consistent with the fibers’
strength behavior. This could be attributed to the surface
difference between the midrib core and skin fibers. Both
date palm midrib core and skin fiber bundles are lined with
silica crystals on their outer surface which create mechani-
cal interlocks between the fibers and the matrix as shown
in Fig. 5. However, in the case of the midrib core, the

Banana

2 »\ -
DP Spadix

Fig.3 SEM micrographs at 2600 X magnification showing the cross-section of sisal, abaca, banana, DP midrib core, and skin fibers and DP spa-

dix fibers
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Fig.4 a Typical tensile stress—
strain curves and average values
of b tensile strength, ¢ modulus
of elasticity, and d strain at
break of the six samples
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bundles are usually used after splitting; hence, the silica
crystals will only be lined on one side, which represents
a segment of the outer surface, whereas in the case of the
midrib skin, the fiber bundles are non-fibrillated, and the
entire bundle surface is lined with silica crystals. Thus,

Surface scales

DP Midrib Core

Surface impurities

®1 (d)

Strain at Break (%)

,_‘
DPM Core H

midrib skin composites had enhanced interfacial adhesion
due to the circumferential interlocking; furthermore, they
had lower void content which led to enhanced behavior.
Although the tensile strength of sisal fibers was higher
than that of date palm fibers, as shown in Fig. 4b, their

Micro beads

DP Midrib Skin DP Spadix

Fig.5 Longitudinal view of sisal, abaca, banana, DP midrib core and skin fibers, and DP spadix fibers
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composite strength was nearly within the same range. This
is due to the lower void content of date palm compos-
ites compared to sisal composites which resulted in better
adhesion between fibers and matrix. Finally, the banana
composite (15.78 +3.13 MPa) was the weakest among the
other composites. This is due to the low strength of banana
fibers (377.5 + 149 MPa) and the presence of several air
voids inside the banana composite as discussed earlier.
Date palm composites have high tensile strength within the
same range as sisal PP composites and even higher than
banana composites by nearly 25%.

The strain at the break of the composites also followed the
same trend as the fibers’ failure strain. The average strain at
break of the abaca composite was also the highest among the
6 other composites as shown in Fig. 4d. The strain at break
of sisal composites (3.07 +0.629%) and date palm midrib
skin (2.34 +£0.67%) and date palm spadix (2.71 £0.13%)
composites were not statistically different. This is similar to
the strain behavior of the fibers; the strain of sisal and DP
spadix fibers were also within the same range. The strain at
break of banana composite (2.32 +0.087%) was within the
same range as date palm midrib core and skin composites:
2.09+0.134% and 2.34 +0.67% respectively.

As for the modulus of elasticity results, there was no sta-
tistical difference between all the average values except for
banana fibers which were the lowest as shown in Fig. 4c.
The tensile properties of the date palm composites are com-
parable to other composites reinforced with commercially

Matrix

ntinuity Matrix

' Biscgginuitywﬂ _

DP Midrib Core
Fig. 6 SEM micrographs of the composite fractured surfaces
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DP Midrib Skin

available fibers. The tensile behavior of the composites in
this work is in agreement with the literature [14, 16, 17].

3.2.1 Tensile fracture surface

The morphology of the fractured surfaces of tensile
specimens is shown in Fig. 6. The SEM micrographs
show that the composites experienced fiber pull-out and
debonding as a result of the tensile fracture. The presence
of dry fibers inferred a reduction in bond strength between
natural fibers and PP. All composites experienced fiber
pull-out, debonding, and fiber fracture. According to Fig. 6,
sisal and abaca composites had large areas of dry fibers and
matrix discontinuity resulting in void creation.

3.3 Flexural properties

The bending strength of composites is affected by the in-plane
tensile modulus of the composites. Hence, it is expected that
the bending strength follows the same trend as the tensile
modulus. However, the fiber diameter directly affects the
flexural strength as well. As the fiber diameter increases, the
resistant against bending increases. The equivalent diameter
values of fibers are presented in Table 1. The typical bending
stress—strain curves of the six composites and the average
bending chord modulus values are shown in Fig. 7a and b
respectively. After analyzing the tensile and the flexural
data, it was expected that the bending strength of the sisal

[}

o — Pullo
& mag 1605

DP Spadix
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composite is higher than that of the abaca composites since
the sisal composite has a higher tensile modulus. However,
the abaca composite had higher average bending strength
due to its larger fiber diameter/size. The same was observed
between date palm midrib skin fibers, midrib core, and spadix
fibers. The date palm midrib skin composite had higher
bending strength than midrib core and spadix composites
despite its lower tensile modulus, which was due to the
large size of skin fibers compared to the other two fibers.
In conclusion, sisal and abaca composites had the highest
bending strength followed by date palm composites and
finally banana which had the lowest bending strength. There
was no statistical significance in flexural strength between all
composites except for banana fibers as shown in Fig. 7b. As
for the flexural chord modulus, it followed the same trend as
the bending strength. The abaca composite had the highest
modulus followed by sisal, midrib skin, midrib core, and
spadix composites. Finally, banana composites had the lowest
flexural chord modulus. Date palm PP composites have
flexural properties comparable to PP composites reinforced
with commercially available fibers such as sisal and abaca
fibers. Date palm could be used in various applications and
provide high durability. Additionally, the flexural properties
of PP composites reinforced with bast fibers were comparable

to the results in this work. The jute PP composite had flexural
strength of nearly 37.81 MPa [42], while in another study
by Kandola et al. [14], the flexural strength and modulus of
elasticity of jute PP composites were 45.4 +3.3 MPa and
3.7+0.2 GPa. Bamboo PP composites have bending strength
of nearly 53 MPa [43].

3.4 Impact properties

The impact test is considered a dynamic test which is differ-
ent from the tensile and flexural tests which are considered
quasi-static. The force applied to the specimens is in the
form of a striker weight that is dropped on the specimens in a
short period of time. The typical force—displacement curves
of the six composite samples are presented in Fig. 8a. The
initial part of the curves is due to the presence of disconti-
nuities followed by the appearance of the first peak. This was
followed by complex crack propagation due to debonding
between fibers and matrix. The presence of a second peak
in some of the cases is due to delamination. Afterwards, the
curves start to gradually drop due to the resistance of the
inner layers representing the penetration of the striker. The
behavior of sisal and abaca composites was different from
the other 4 composites. Full penetration occurred in the case
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of sisal and abaca composites which is confirmed by the
fracture surfaces shown in Fig. 9. On the other hand, the
force—displacement curves of date palm and banana com-
posites imply gradual delamination of composites.

The total energy values of the composites depend greatly
on the thickness. Therefore, for fair comparison, normal-
ized total energy values were calculated by dividing the
total energy by the composite thickness. The amount of
energy absorbed during the test is related to the toughness
of the fibers, the load-bearing element. Hence, as shown in
Fig. 8b, abaca composites had the highest normalized total
energy compared to the other 5 composites of 3.85+0.097 J/
mm followed by sisal composites (2.48 +0.088 J/mm).
Date palm core, skin, and spadix composites had normal-
ized total energy values near each other: 1.03 +0.09 J/mm,
1.2+0.06 J/mm, and 1.28 +0.038 J/mm respectively. The
normalized total energy of DPM skin composites was higher
than that of DPM core fibers due to the large diameter of
skin fibers. Finally, banana composites had the lowest nor-
malized total energy values of 0.63 +0.04 J/mm.

3.5 Dynamic mechanical analysis

DMA analysis is a test performed to determine the viscoe-
lastic properties of composites. DMA analysis is essential
to determine the properties of materials over a wide range of
temperature. The storage modulus E”, referred to as dynamic
modulus, is related to the composite’s stiffness. The stor-
age modulus is the ability of the material to store applied
energy and it determines how stiff is the composite. The
loss modulus E™°, referred to as dynamic loss modulus, is
the viscous response of the material. It is a measure of the

Fig. 9 Drop weight impact
fracture surface
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material ability to dissipate applied energy. £ values are
very sensitive to the relaxation process and molecular mobil-
ity. Finally, Tan 6, which is referred to as the mechanical
damping factor, is a dimensionless parameter. Tan & is the
ratio between the loss modulus and the storage modulus. As
the value of Tan & decreases, it means that the material is
highly elastic. On the other hand, high Tan § values mean
that the material has high non-elastic strain [44]. Figure 10
shows the storage modulus, the loss modulus, and the Tan §
curves for the six composites. During heating, the material
goes from the glassy state to the rubbery state as shown in
Fig. 10a. The storage modulus decreased with the increase
in the temperature as shown in Fig. 10a. This could be due
to the softening of the PP matrix caused by the heating effect
[45, 46]. Table 3 shows the storage modulus values at tem-
peratures in the glassy, glass transition, and rubbery regions.
The increase in the storage modulus as in the case of abaca
and DP midrib core composites is due to the restriction of PP
mobility. Maximum loss modulus values in Fig. 10b corre-
spond to heat dissipation due to the relaxation phenomenon.
Tan § curves for the six composites are shown in Fig. 10c.
There was not a huge difference between the damping behav-
ior of the composites except a slight increase in the Tan &
values of the banana and midrib skin composites. The first
peak represents the glass transition temperature 7, and the
second peak corresponds to the melting temperature T,.
The glass transition temperature was nearly around 10 °C.
Mechanical damping is affected by the fiber-matrix inter-
facial bond, frictional damping due to slippage or delam-
ination, and damping due to defects in matrix and fibers
[47]. The behavior of the composites is similar to other PP
composites in the literature [45, 47-49]. From the literature,

DPM Skin

DP Spadix
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Fig. 10 Relationship between a storage modulus, b loss modulus, and ¢ Tan ¢ versus temperature for the six composites

Table 3 Storage modulus values of the six composites at various tem-
peratures

Composite Storage modulus (MPa)
At-=50°C At50°C At 125 °C

Sisal 3147.7 1733.02 792.8
Abaca 4377.4 2625.4 1154.1
Banana 5720.3 2605.8 1350
DPM core 4851.9 2666.7 1154.1
DPM skin 3204.3 1556.7 623.04
DP spadix 3147.7 1500.2 736.22

the storage modulus of 50% jute PP composite was nearly
4000 MPa at—50 °C. Additionally, the loss modulus and
Tan 6 for the same composite at 0 °C were found to be nearly
140 MPa and less than 0.05 respectively [46].

3.6 Water absorption and thickness swelling

The results of the water absorption and thickness swelling are
shown in Fig. 11. Water absorption in composites has three
mechanisms. The first mechanism is due to water diffusion
between micro gaps in the matrix. The second mechanism
is due to capillary action between fibers and matrix due to
poor interfacial bonds. Finally, the third mechanism is due
to water transport in micro cracks appearing due to natural
fiber swelling as a result of water storage [50]. Figure 11a
shows the three water absorption mechanisms. The water
absorption is affected by internal and external factors.
The internal factors are mainly the fiber weight fraction,
fibers’ structure, fiber-matrix interfacial bond, void content,
lumen size, and composite defects. The external factors
are related to the test conditions such as the humidity and
immersion water temperature. In this research work, only
the effect of the internal factors on the results is discussed
since all composites were tested under the same conditions.
Figure 11b shows the percentage of water absorption

versus immersion time in distilled water. The maximum
water absorption percentage was after 24 h of immersion.
Afterwards, the composite weights were slightly increased
linearly over the time. The water absorption of the sisal
composite (33.6+5.6%) was the highest among the other
six composites followed by abaca (20+2.6%) and banana
(18.76 +2.89%) composites. Date palm composites had
the lowest water uptake compared to the other composites
and had nearly the same water absorption percentages.
Date palm spadix, midrib core, and midrib skin composites
had water uptake values of 12.3+1.4%, 11.54 + 1%, and
13.76 +2.9% respectively. The water absorption of sisal and
abaca composites is mostly because their thickness values
are higher than the other composites and due to the high
void content compared to the other composites as shown
in Table 2. As mentioned earlier, the presence of voids in
composites leads to high water absorption percentages. In
spite of the small thickness of the banana composite, it had
high water absorption wt.%. This is due to the poor fiber-
matrix interfacial bond and the presence of voids in the
banana composite (Fig. 6). The high water uptake values are
due to the high fiber weight content. Kittikorn et al. [51]
studied the effect of fiber weight fraction on the amount
of water absorption. The results showed that the WA of
composites reinforced with 40% fibers has absorbed 6 times
the amount of water absorbed by composites that only have
20% fibers [18, 51]. The WA of hemp PP composites was
between 20 and 25% after 24 h of immersion [18].

The thickness swelling results are shown in Fig. 11c. The
factors that directly affect the thickness swelling are the void
% and the cell wall thickness. As the amount of water in fib-
ers increases, the cell wall of fibers absorbs more moisture
through the formation of hydrogen bonds. Consequently,
the cell walls swell significantly [52]. Figure 12 shows the
effect of water absorption on the fiber swelling. The major
increase in composites thickness was achieved after 24 h of
immersion in distilled water. The date palm skin composite
had the highest increase in thickness (19.4 +5.8%) which
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was followed by the spadix composite (16.5+5.23%). This
is because the thickness of date palm fibril is larger than
that of the other fibers. Hence, when the composites were
immersed in water, the fibers swelled more due to cell wall
moisture absorption. The lumen size contributes more to
the amount of water absorbed. Abaca and banana compos-
ites had nearly the same thickness swelling: 13.09 +3.82%

@ Springer
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Moisture content

and 12.88 +4.8% respectively. The thickness swelling of
the midrib core composite was nearly 11.05+4.15% after
24 h of water immersion. Finally, the sisal composite had
the lowest increase in thickness (7.11 £8.13%) compared to
the other six composites.

The moisture content results are shown in Fig. 11d.
Nearly all composites had the same moisture wt.% before the
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Table 4 Comparison between this work and automotive FlexForm panels [53] based on average values

PP%/NF% Thickness  Areal density Tensile Flexural Impact Water
(mm) (gm/mz) absorption
Strength Modulus  Strength Modulus  Peak load  Total energy after 24 h
(MPa) (GPa) (MPa) (GPa) (N/mm) (J/mm) (%)
ASTM ASTM ASTM ASTM ASTM ASTM ASTM BS EN 322
D3776 D3039 D3039 D790 D790 D3763 D3763
50/50 sisal 2.7 1815 23.52 2.93 38.2 243 954.2 7.5 33.6
50/50 abaca 2.6 1815 31 2.74 40.84 2.85 1337.5 9.9 20
50/50 banana 1.94 1488 16.2 2.07 28.6 1.9 262.4 1.22 18.8
50/50 DPM core 2 1694 21.1 2.93 34.7 24 430.05 2.2 11.58
50/50 DPM skin 2.1 1730 20.74 2.23 36.8 2.7 479.4 2.6 13.8
50/50 DP spadix 1.9 1597 22.4 2.47 33.0 2.2 426.2 2.5 12.3
FlexForm 1.95 1600 24.13 - - 2.6 - - 25
50PP/50NF [53]
FlexForm 22 1800 27 - - 2.55 - - 25

S50PP/50NF [53]

first drying cycle around 3 wt.%. The date palm core com-
posite had the lowest moisture content of 2.78 +0.2 wt.%
while the abaca composite had the highest moisture content
of nearly 3.09 +0.4 wt.%. After 12 h of heating, the moisture
content in the six composites dropped to less than 0.5 wt.%.

4 Benchmarking

The composites in this work were manufactured according
to the automotive standards. Table 4 compares between
the manufactured composites and FlexForm Technologies
(Elkhart, USA) 50PP/50NF panels. The properties of date
palm composites were near the properties of FlexForm
panels having 1600 gm/m? areal density. The water
absorption properties of all composites in this work
were better than FlexForm composites except for sisal
composites. By manufacturing process optimization, leaf
fiber composites including date palm have a high potential
in being used in the automotive industry.

5 Conclusion

The purpose of this work was to benchmark the composites
reinforced with a new class of natural fibers obtained
from date palm against other PP composites reinforced
with commercial leaf fibers. The results showed that date
palm fibers have competitive properties and high potential
availability. The tensile strength of DP composites
was within the same range as sisal composites with no
significant difference, while the tensile modulus of the DP
midrib core composite was similar to the abaca composite.

The flexural properties of the DP composites were similar
to abaca and sisal composites. Additionally, the water
absorption percentage of DP composites was much lower
than the other three composites. The WA% of sisal and
abaca composites were higher than DP composites by
nearly 70% and 50% respectively. The DMA results showed
that DP composites have storage and loss moduli values
comparable to the other three composites. The valorization
of date palm fibers may increase the biodiversity of natural
fibers and provide the composite industry with a new
sustainable fiber reinforcement. As per our knowledge,
this work is considered the first attempt to manufacture
nonwoven composites from long textile date palm fibers.
The results obtained in this work are very promising and
highlight the points of strength of date palm fibers and their
composites. Date palm fibers are still in their embryonic
stage, and with further research and development, the
fibers can reach new horizons to help support the regional
transition towards the circular bioeconomy of the future.
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