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ABSTRACT

Sandwich composites were fabricated successfully with the balsa wood as core material
and regenerated cellulose fabric bio-based polypropylene (PP) composite skins. The re-
generated cellulose fabric PP composites were produced using two different methods: the
conventional stacking lay-up and directly using PP pellets. Sandwich composites were
made using the hot press equipment with the customized mold. The sandwich composite
system and bio-composite laminate were designed to achieve very close weight to compare
the key mechanical properties that each design can bear. It was evidenced from the
experimental results that 416% increase in the bending load bearing property of the part
can be obtained when sandwich structure was used. These experimental results were in
close agreement with one of the analytical modelling utilised. The drop weight impact test
results demonstrated that the sandwich specimen is capable of withstanding more than
6 kN load and absorbing the impact energy of 28.37 J.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

the other hand, physical, mechanical and uniform morpho-
logical properties of synthetic fibers. Diverse manufacturing
routes together with different matrices were experimented to

Man-made regenerated fibers have been demonstrated to
provide substantial promise as reinforcing agents in thermo-
plastic systems both in the form of short fibers [1,2] and
continuous fibers [3]. They offer the merits of both natural and
synthetic fibers, which comprise on the one hand low density,
CO, neutrality, non-abrasiveness to manufacturing equip-
ment and biodegradability of natural fibers (NFs) [4—7], and on
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produce rayon (man-made regenerated fiber) thermoplastic
systems spanning melt mixing processing followed by injec-
tion molding [2,8—10], resin infusion method [3,11] and
compression molding for long fiber material systems.
Polypropylene (PP) is a commonly used matrix on account
of lowest price and density in comparison with other polymer
materials [12] and even other bio-polymers such as polylactic
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acid (PLA). Glass fibers (GF) are used as a reinforcement in
many applications, however, recent research has been paid
special attention to the substitution of GF with NF reinforced
PP composites, which possess lower density compared to GF/
PP counterparts [12]. These characteristics meet, in particular,
the requirements of transport industries where vehicles
should be low in weight to decrease fuel consumption and are
made of potentially low cost and sturdy materials [13]. Over
the last years, the necessity for broadening crude materials
and the environmental awareness pursue attempts at use of
recourses with renewable nature. Regenerated cellulose fibers
offer these merits while inducing good performance. Low
density and high tenacity provide high specific strength of
resulting PP composites which fit the requirements of light-
weight applications. These bio-based composites can be
incinerated after utilization [8,10].

The structural properties of regenerated cellulose fabric PP
composites can be tailored to reach the desired requirements.
For semi-structural applications, sandwich composites are
one of the main structures or forms of panels used in industry
[14]. Sandwich structures provide low weight and high me-
chanical properties. Presently, these types of structures are
utilised in packaging, automotive, construction and aviation
industries among others [15]. These panels consist of two
facings bonded to a thick, lightweight core material. Com-
posites and metals are principally used as facings whereas
honeycomb structures, foams and balsa wood are the choices
of the core material [16]. Employment of NFs in panels is a new
research area, and hitherto limited investigations have been
performed [17]. Kolahchi et al. [18] studied the buckling of
polymeric composite structure containing carbon nanotube
(CNT) and carbon fiber for aircraft conical shells and modelled
it based on Halpin-Tsai theory, stability performance [19] of
magnetostrictive facings loaded with graphene platelets as
well as the vibration properties and Youngs modulus of
polymeric composites consisted of graphene platelets and
piezoelectric layers [20].

Different theories can be used to predict the properties of
composites: e.g. Mori-Tanaka model was used as the basis to
study the effect of earthquake load on concrete pipes rein-
forced by fiber reinforced composites [21]. In another investi-
gation [22], a method on the basis of Hamilton was selected to
obtain the dynamic behaviours of sandwich nanocomposite
conical shell in magnetic and thermal conditions. Al-Furjan
et al. [23] studied the effective properties of nanocomposite
using Halpin-Tsai micromechanics model. The material sys-
tem was a micro sandwich beam containing core of elastomer.

Replacement of GF with NFs in the sandwich panels was
found to enhance the vibration damping and sound properties
[24] and to promote significant environmental merits [25] of
structures containing thermoset polymers. In another study,
synthetic PP polymer and jute fabrics were hot pressed to
produce sandwich composites with polyethylene tere-
phthalate (PET) foam, honeycomb PP and balsa core materials
[17]. It was found out that the flexural rigidity increased
outstandingly as compared to that of composites without the
core. It was also revealed that laminates with the balsa wood
core demonstrate greater bending rigidity than the panels
with other cores used in this investigation. Some models are
used to predict the mechanical performance of the composite

structures. For instance, sandwich composites filled with
graphene platelets were modelled based on the Halpin-Tsai
micromechanics theory to obtain Young's modulus [26].
Several methods of tensile test studies for fiber reinforced
polymeric composites were reported in Al-Furjan et al. article
[27].

Very few works have been reported on utilization of re-
generated cellulose fabrics in sandwich panels. Moreover, to
the best of authors’ knowledge, utilization of bio-based PP in
sustainable sandwich bio-composites has not been investi-
gated prior. The combination of the regenerated cellulose
fabric (rayon in this study) and the bio-based PP were not
considered for composite production as either composites or
facing materials used in panels thus far. In this work, the
above-mentioned composite laminate and bio-based sand-
wich composites were manufactured. The PP polymer used
had about 30% bio content and labelled as recyclable like other
synthetic PPs. It is specified as a grade of high impact resis-
tance, good processability and medium stiffness. This PP
grade is processed similar to other synthetic PP types in order
to make parts. The effect of incorporation of rayon fabrics in
the bio-based PP in terms of tensile and flexural properties
was investigated. The impact of inclusion of the polymer in
the forms of pellets and films on the mechanical properties of
the composites were also studied. The bending behavior of
sandwich bio-based composite, balsa wood and the control
composite were focused, and the flexure of sandwich panel
was modelled with Euler-Bernoulli and Timoshenko theories.
Additionally, the load bearing capability and energy absorp-
tion performance of sandwich structure under low velocity
impact test was also investigated, which were not focused
much on previous experiments before with these constituents
included in the composite skins.

2. Materials and methods
2.1. Materials

The bio-based PP containing around 30% bio-based content
was purchased from NaturePlast, France. PP possessed the
density (23 °C) and melt flow index (230 °C) of 0.9 g/cm? and
70 g/10min, respectively. 0/90 man-made cellulose (rayon)
fabrics were provided by Cordenka company, Germany. The
Cordenka® 700 2440 dtex had an areal weight and density of
442 g/m? and 2482 dtex, respectively. Balsa wood used as core
material in the sandwich composite was purchased from
hobbymodeller, Sweden, and had the density and thickness of
0.12 g/cm? and 6 mm, respectively. Rayon fabrics were dried in
a convection oven for a period of 24 h at 70 °C prior to the
composite processing to avoid moisture absorption. PP films
and pellets were also dried for the same time at 40 °C before
further processing.

2.2. Film preparation and optimization

PP granules were compressed into films with the aid of a 20-
ton manual bench press equipment (Rondol Technology Ltd.,
UK). The area, where granules was pressed, was measured
190 mm (length) x 190 mm (width) and it was aimed to obtain
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around 0.4 mm thick bio-based PP films. To achieve the target
thickness, varying compressive pressure and amounts of PP
pellets were used for a period of 60 s at 200 °C. Ultimately,
0.8 bar pressure was applied to 10 g bio-based PP in order to
attain the 0.4 mm thick film. This resulted in the target fiber
mass fraction in the composite by optimizing the PP film
thickness obtained by varying press pressure and PP quantity.
Fig. 1 illustrates the various process parameters used for
optimization of PP film thickness.

2.3. Rayan PP composite and sandwich manufacturing
A conventional film-stacking method, constructed by the
addition of alternating layers of man-made cellulose fabric
and PP film, was used to produce rayon fabric PP-sheet com-
posites using the same hydraulic hot press utilised for the film
fabrication. After stacking the layers as per Fig. 2 (which
included three layers of rayon (R) and five sheets of PP film) in
the 2 mm thick mold, the press pressure was gradually

increased in 1 min to reach the level of 50 bar (5 MPa) at 200 °C.
Then, the whole system was held for a period of 10 min for
consolidation before cooling the material under 0.08 bar
pressure for 180 min at room temperature (RT). The composite
plates measuring 180 x 180 x 2 mm with the fiber mass
fraction of 61.4 wt% was obtained from this manufacturing
system.

A composite laminate production method with the aid of
PP pellets was also performed for comparison purpose. PP
pellets were manually distributed between the three layers
of the rayon fabrics in the same 2 mm thick mold. The
weight of fiber was subtracted from the mass of rayon
reinforced PP film composite to use the same amount of PP
for the composite fabricated with the direct use of PP pel-
lets. The final mass of rayon reinforced PP pellet-based
composite was then weighed to ensure that the same
weight for both types of the composites was obtained.
Exactly, the same fabrication conditions as described above
were applied. The whole material system underwent
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Fig. 1 — The method of optimization for PP film to obtain the required thickness.
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Fig. 2 — Composite laminate design.
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Fig. 3 — Flying wind demonstrator with wings and tails
made of bio-based sandwich composite with the balsa
wood core.

continuous pressure in 1 min to reach 5 MPa pressure at
200 °C. The assembly was under the pressure for 10 min and
subsequently, was cooled down with the same above-
mentioned condition at the RT. In the same manner, neat
bio-based PP polymer plate was also prepared with 100 wt%
of the polymer as the control, measuring 2 mm thickness. It
is worth mentioning that the wings and tails of a flying
plane (toy), which was originally made from foam polymer,
were successfully replaced with bio-based PP composites
containing the balsa core as a demonstrator (Fig. 3).

The rayon bio-based PP sandwich composite with the balsa
wood core was fabricated in such a way that a layer of rayon
fabric was placed at the top and another one at the bottom of
balsa wood. On top and bottom of each viscose fabric a layer of
PP sheet was positioned and the whole assembly was placed
in a mold measuring the cavity of 100 x 100 x 7 mm (Fig. 4). A

layer of PTFE film was placed on the very top and bottom
surface of the assembly for easy demolding. Ultimately, a bio-
based sandwich composite with balsa as core material was
produced and the resulting composite panel had the thickness
of 7 mm. In order not to create permanent deformation to
balsa wood while compacting, the whole sandwich composite
was hot pressed for the same duration, 10 min, as rayon fabric
PP sheet composite laminate was produced, at 0.5 MPa pres-
sure (which was lower than the compressive strength of the
balsa wood). The bending test samples were cut along the
axial grain direction of the balsa wood using the laser cutting
machine. Scanning electron microscope (SEM) tests were
performed on the fractured bio-based panel and the balsa
wood core.

3. Characterizations

The neat PP, bio-based composite laminate and sandwich
composite samples were tested under bending loading ac-
cording to BS EN ISO 14125 [28] with the aid of a Tinius Olsen
H10KT universal testing instrument and their flexural prop-
erties were compared. The crosshead speed of 5 mm/min,
span length of 64 mm and sample dimension of 80 mm
(length) x 20 mm (width) were used for the tests. The load-cell
of 250 N was connected to the equipment. All the specimens
were conditioned for 24 h at the humidity of 50% and the
temperature of 23 °C prior to the testing. The average values of
the results were accordingly reported.

The tensile behaviors of dog-bone man-made cellulose
fabric composite and neat PP polymer samples were investi-
gated in accordance with EN ISO 527-4 (type 1B specimen) [29].
The crosshead speed of 2 mm/min, initial distance between
the grips of 115 mm and span length of 50 mm was used for
the tests. The equipment was connected to the load-cell of
5 kN and the instrument was equipped with a 100R mechan-
ical extensometer. A GCC Laserpro Spirit GLS instrument was

Rayon 1—
PP 2

Balsa wood

PP 3
R2
PP 4

Hot press:

10 min, 0.5 MPa, 200°C

Rayon PP
sandwich panel

Fig. 4 — Schematic diagram of the sandwich composite preparation.
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used for all the composite sample preparations. The samples
were conditioned for 24 h at the temperature of 23 °C and the
humidity of 50% prior to the testing.

The low velocity impact tests were performed on the
sandwich composite and the balsa wood specimens using a
Zwick/Roell HIT230F drop weight tester. Three sample di-
mensions measuring 70 x 70 mm were cut by a laser cutting
instrument (GCC Laserpro Spirit GLS, Boras, Sweden). The
weight of impactor was 23.11 kg, which includes both
impactor mass of 22.832 kg and tup mass of 0.278 kg. This
creates a 25-J incident energy by falling the impactor from the
height of 110 mm at the ambient temperature. The diameter
of the tup, which is made of the hemispherical steel, was
19.8 mm. The samples were mounted on the rigid clamping
supports. With the aid of a strain-gauge striker and a load-cell
installed on the machine several parameters were obtained.
Displacement, force, time and absorbed energy were recorded
during the tests. In order to prevent multiple impacts on the
samples, an anti-rebound device was connected to the
instrument.

SEM test was performed on the fractured sandwich bio-
composite and balsa wood samples after the impact test to
obtain the SEM micrographs. A Philips XL30CP SEM instru-
ment was used to scan the impacted sandwich composites.
The samples were first prepared by metallizing with a thin
gold layer in a vacuum condition, and subsequently were
scanned at a 15 kV voltage. The sandwich specimens after the
bending and low velocity impact tests were found to have no
debonding or delamination between the core and the skins.
Therefore, the specimen after the impact test was chosen, and
the composite skin was scanned at the cross-section, where a
separation between the fracture part and the whole specimen
was formed, to investigate the microstructure of the com-
posite skin after the fracture.

Digital imaging microscope tests were carried out to
investigate the interfacial adhesion between the core and the
composite skin in the sandwich panel and between the fabric
layers and the bio-based PP polymer in the rayon PP sheet
composite sample after the processing. An eclipse LV150 N
microscope-digital imaging combined with advanced optical
system was used to capture the cross-sectional images of the
samples without surface coating.

Differential Scanning Calorimetry (DSC) tests were per-
formed on only the PPs selected from three different for-
mulations, namely neat PP, rayon PP pellet and rayon PP film.
This was to evaluate the crystallinity levels and melting
behavior of the PP for these three formulations due to vary-
ing processing of PP in these material systems. A DSC-2000
apparatus (TA Instruments, USA) was used to test the sam-
ples. Samples weighing 5-10 mg were placed in covered
aluminum crucibles. The samples were heated from —40 to
200 °C at a ramping rate of 10 °C/min in nitrogen atmosphere
and the flow rate of nitrogen gas was set to 50 mL/min.
Samples were maintained for 2 min at 200 °C to avoid the
inclusion of the thermal history in the measurements. Then,
the samples were cooled down to —40 °C at the same heating
rate. The samples were kept for 2 min at —40 °C and subse-
quently were heated up to 200 °C at 10 °C/min heating rate.
The measurements reported were from the second and third
cycles of the tests.

4. Results
4.1. Bending properties of composites

The bending strength and modulus values of neat bio-based PP,
man-made cellulose fabric PP sheet composites and man-made
cellulose pellet composite laminates are displayed in Table 1.
The bending strength and modulus were 22.8 MPa and 0.97 GPa
for the control, respectively. The combination of rayon fabric
and PP sheet to make the composite led to significant
improvement in modulus (2.71 GPa) by 180% increase. The
strength was found to enhance by 13% as well. This demon-
strates the reinforcing effect of bio-based fabrics in the com-
posite. Using PP in the form of pellets in the composites was
seen to enhance the flexural performance as compared to that
of neat PP whereas the flexural strength and strain were found
to decrease in comparison with those of rayon PP sheet com-
posite laminate counterpart. This implies that PP sheets pro-
vide better distribution of PP in the fabric layers. Ganster et al.
[8] investigated the bending properties of rayon tyre cord yarn
reinforced PP composite for injection molding applications. The
flexural modulus was obtained approximately 2.60 GPa at the
fiber weight fraction of ca. 40% in this study. Karaduman et al.
[17] produced 15 wt% jute reinforced synthetic PP composite
using the hot press equipment and the stiffness obtained was
1.88 GPa whereas the neat synthetic PP demonstrated the
modulus of 1.20 GPa. These values prove the practicality of
rayon bio-based PP composite systems with a high percentage
of the bio content in terms of the mechanical behaviors.

The samples were examined after the tests, and it was
found out that the neat PP and composite laminate samples
did not break, and the mode of fracture was micro-cracks on
their compression (top) sides. No sign of delimitation was also
observed in the samples.

The intrinsic mechanisms of a sandwich panel are to pro-
vide a high stiffness (/weight ratio) as compared to material
systems without core. A thicker core possessing less stiffness
and strength than facings is bonded to two skins with stronger
and stiffer properties. The material system promotes enhanced
flexural performance with the incorporation of low density,
thick and soft core whilst ensuring a panel of lightweight
structure [14]. Sandwich composite samples with 6 mm thick
balsa wood core were tested to compare with the rayon rein-
forced bio-based PP composite laminate specimens measuring
2 mm thickness. The sandwich composite was designed in
such a way to have proximately the same weight as the com-
posite laminate, as seen in the weight ratios in Table 2. The
deflection-force curves of the sandwich composite, rayon PP

Table 1 — Flexural properties of bio-based PP and rayon
composites.

Samples Strength Strength SD Modulus Modulus SD
(MPa) (MPa) (GPa) (GPa)
Neat PP 22.80 0.50 0.97 0.01
Rayon PP 25.80 0.90 271 0.10
sheet
Rayon PP 23.48 0.60 242 0.10
pellet
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Table 2 — Comparison between the bio-based composite

skin and its respective sandwich structure, as obtained
from the bending test results and flexural test specimens.

Samples Bio- Sandwich composite along Balsa
composite  the wood grain direction = wood
skin

Thickness 2 6.8 6
(mm)

Weight (g) 3.22 3.4 0.62

Weight 1 ~1.05 =
ratio

Max. Force 20.8 107.3 45.8

Initial 1 14 4.5
slope

ratio

laminate and balsa wood are shown in Fig. 5. The bio-
composite skin was found to offer approximately 21 N
whereas the greatest force was recorded for the sandwich
composite with the value of 107.3 N at the deflection of
approximately 2.1 mm demonstrating 416% increase in load-
bearing potential of the part. This demonstrates the success-
ful production and excellent effectiveness of the sandwich
composites. Balsa wood was seen to reveal higher maximum
force capacity (~46 N) than that of the composite laminate. It is
known that man-made cellulose fibers show lower stiffness
than NFs [3,30], and the incorporation of the core material can
compensate significantly for this issue.

The force-displacement behaviors of all three types of ma-
terials were totally different and presented varying trends
(Fig. 5). The composite skin was seen to demonstrate an elastic-
plastic deformation with a high value of elongation to break.
Balsa wood tested along the grain direction was found to show
greater stiffness than that of the bio-composite laminate along
with a more kind of the elastic behavior. However, the sand-
wich bio-composite can be seen that proving a totally different
behavior than the other two types of materials. The elastic
slope of the sandwich composite was 14 times faster than that

120 -
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Fig. 5 — Comparison of force-deflection responses between
sandwich composite, balsa wood and composite skin.

of the bio-based composite skin, which confirms again the
great effectiveness of the sandwich composite for nearly the
same weight as composite laminate. The sandwich composite
provided a synergy in such a way that possesses enhanced
properties in terms of force-displacement and ultimate load
bearing capacity. Moreover, the displacement followed the
trend of the bio-composite laminate i.e. a very long deflection.
Fig. 6 illustrates the top and bottom surfaces of the balsa
wood samples after the flexure. It can be observed that the
material bent under the load and dented on the top surface
(Fig. 6 (a)). At the bottom of the specimens, a continuous crack
along the width, right below where the load was applied, was
observed. For the bio-based sandwich structures with the balsa
wood core, the upper composite skin and the core, as shown in
Fig. 7 (a) and (b), were compressed and depicted a dent,
respectively. The lower surface of the bio-based composite,
however, experienced some micro cracks along the width of
the specimens at the tension side of the panel (Fig. 7 (c)). Itis
important to note that no sign of delamination was detected for
the sandwich composites with the balsa core in this work,
however, as investigated in another study, in case of PET foam
and PP honeycomb based sandwiches with jute fabric com-
posite skins, the panels experienced a significant delimitation
under flexure [17]. Moreover, they stated that Balsa sandwich
provided greater flexural performance than that of PET foam
core and the PP honeycomb core sandwich bio-composites.

4.1.1. Modelling the bending properties of balsa wood
sandwich bio-composites:

In order to predict the force-deflection behavior of sandwich
composites the panel was modelled using both Euler-
Bernoulli and Timoshenko beam theories, and the estima-
tions of models were compared with the flexural test results.
The boundary conditions were based on the two fixed sup-
ports with the span length of 64 mm where the sample was
resting on and a load applied to the middle of the specimen
allowing the displacement in -Y direction. According to Euler-
Bernoulli beam theory, the differential equation of the
displacement curve for beams loaded transversely is [31]:

d2
By )= -M (1)
where M is the flexural moment, I is defined as the moment of
inertia of the cross-section (with regard to the neutral axis),
and E is the elastic stiffness.

In the event of three-point bending force, the ultimate
displacement (Ymax) Obtains in the middle of the beam as
follows:

P’
Ymax = 2gF] ¥
where P is the bending force, 1 is the flexural span length, and
El is the bending rigidity, which, for the materials with core,
can be obtained based on the equation below [32]:

btd?
EI=E—— 3
— (3)
where E¢ is the tensile modulus of the skin, b is the width of
the sandwich material, t is the thickness of each skin layer,
and d is the distance between the central axes of the two
facings.
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(@ F

(b)

Fig. 6 — (a) The middle view of the top balsa wood samples and (b) the middle view of the bottom surface of the balsa wood

samples after bending.

The maximum displacement at the middle of the beam
(Ymax) is obtained with the equation below:

PI®

- 4
24E¢btd? @

Ymax =

The equation (4) (Euler-Bernouli) neglects the impact of
shear, however Timoshenko model considers additional
displacement as a result of shear forces. Therefore, the
maximum displacement at the middle of the sandwich beam
in three-point bending scenario is:

P’ a Pl
Ymax = 2851 T AG 2 ©)
where A is the cross-sectional area and calculated as A = bd?/c
for sandwich composites (c is the core thickness), o is the
shear correction factor and G is core shear modulus.

The two terms in equation (5) demonstrate the displace-
ment under flexure and additional deflection owing to shear
forces, respectively. On the condition that sandwich com-
posite is comprised of two composite skins (facings), Birman
and Bert [33] recommended taking « equal to 1. Hence, the
maximum displacement at the middle of the sandwich
structure for three-point bending can be obtained using the
equation as follows:

P’ Pl
Ymax = 2851 T 2AG )
In order to determine the sandwich beam shear properties
and calculate the core shear modulus, the following three
equations (7)—(9) were used according to ASTM D:7250/
D7250 M — 06 [34]. The equations are valid if the facings are
identical, and a single loading configuration test is carried out.

Ee(d®—c3)b
D _E(@ <) - ) 7)
P(S-L)
u :4 [A B P(zs-35L2+L3] ®)
96D
G:U(d — %t) (9)
d-t’

where D is flexural stiffness (N.mm?), U is transverse shear
rigidity, S is support span length (mm), L is the load span
length which is 0 for three-point mid-span configuration), A is
the beam mid-span deflection (mm) and G is core shear
modulus (MPa).

Bending force vs. deflection curves of sandwich bio-
composite obtained from the experiment, Euler-Bernoulli

Fig. 7 — The images of the sandwich composites after the flexure: (a) the upper composite skin bent, (b) the core material
bent together with the upper skin and (c) the bottom bio-based composite skin.
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model and Timoshenko model are presented in Fig. 8. The
prediction from Euler-Bernouli model was found to underes-
timate the deflection of the sandwich structure, which is
ascribed by the neglection of the displacement occurred by the
shear effect. This model provides inaccurate estimation when
the core shear modulus is low as the core material is the pri-
mary element which bears the shear loads [17]. However,
when deflection caused by shear loads were taken into ac-
count (Timoshenko model), the model gave greater prediction
with the experimental flexure in the elastic phase of the curve.
This emphasizes that shear forces cannot be disregarded for
this sort of sandwich structures. Similarly, it was reported
that for paper reinforced epoxy sandwich composites with
aramid honeycomb core [35] and for jute fiber reinforced
composite structure with PP honeycomb core [17], Timo-
shenko model provided good agreements with the experiment
that the Euler-Bernoulli theory. Timoshenko model is even
more prominent and provides better agreement with the
experiment when no significant amount of delamination oc-
curs under the flexural loading, which was the case for our
composite panel.

4.2.  Tensile behavior of composites

Tensile test was also carried out to investigate the effect of the
addition of the regenerated man-made cellulose fabrics into
the bio-based PP and the influence of incorporation of the PP
in the form of pellets in the composites. It was revealed that
the rayon fabric PP-sheet composite substantially enhanced
the tensile properties as compared to those of neat bio-based
PP, and it demonstrates the reinforcing effect of man-made
cellulose fabrics. For the tensile strength, the values
increased from 20 MPa to 98 MPa, proving 390% improvement
(Table 3). The Young's modulus was seen to improve from
1.12 GPa to 3.1 GPa showing nearly 177% enhancement. These
results can be ascribed to the superior tensile performance of
the rayon fabrics. The reinforcing effect was also significant
on the ductility of the composite, and the inclusion of rayon
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Fig. 8 — Force-deflection behavior of sandwich composite
as obtained from the experiment and models.

Table 3 — Tensile properties of the bio-based PP and
rayon composites.

Samples strength elongation tobreak modulus
(MPa) % (GPa)
rayon pp 93 30 2.5
pellet
rayon pp 98 32 3.1
sheet
PP ~20 ~6 1.12

fabrics into the PP polymer was found to considerably in-
crease the elongation to break from 6% to 32%.

However, the combination of PP pellets and rayon fabrics
could not reach the level of tensile properties of those of rayon
PP film composite counterpart. When the bio-based PP was
utilised in the form of pellet to make the rayon fiber PP com-
posites, all tensile properties showed an apparent decrease in
particular modulus relative to those of rayon fiber composite
made of the PP sheets. The modulus, strength and elongation
to break were recorded 2.5 GPa, 93 MPa and 30%. This
demonstrated the importance of uniform thermoplastic dis-
tribution and impregnation throughout the fabrics.

Johonson et al. [1] studied the tensile strength and
modulus of wetlaid lyocell PP composites produced using a
hot press, and the tensile strength reported was 29% lower
than that of rayon PP sheet composites investigated in the
current study at the same fiber mass fraction whereas nearly
the same modulus was recorded for the lyocell PP composite
and rayon reinforced bio-based PP composite counterpart.
The difference between the elongation break values were
substantial, and the value of rayon PP composite from this
study was found to be 75% higher that of wetlaid lyocell PP
composite.

4.3. Impact test analysis

4.3.1. Force-displacement behaviors

Displacement versus force curves obtained from the drop test
for sandwich bio-composite and balsa wood samples are
depicted in Fig. 9.

From the curves of the sandwich composite specimens,
stable propagation of the force with respective to the
displacement can be found. The average maximum force was
recorded 6051.53 N at the depth of 7 mm (Table 4) whereas the
force-displacement behavior was different for the balsa wood
specimens. The force had sort of unstable trend indicating the
weight penetration in the specimen, fracture and tear as
illustrated in Fig. 10. Without the presence of composite skins,
it was observed that the balsa wood core demonstrated a very
small maximum force of 75.98 N at the depth of approximately
2.25 mm as compared to that of the sandwich bio-composite.
The maximum force was recorded almost 80 times higher for
the sandwich composite specimens.

The images (Fig. 10) illustrate that unlike wooden samples,
which failed completely, and the incident energy penetrated
the wood, the sandwich composite specimens were observed
to perforate significantly lesser (Fig. 10) (c) and (d). This could
be concluded that sandwich composites resist failure by
dissipating and absorbing energy.
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Fig. 9 — Force-displacement curves for (a) sandwich composite and (b) balsa wood specimens.
4.3.2.  Force-time behaviors 4.3.4. Failure and damage modes

The force-time results corresponding to the impact scenario
for both balsa wood and sandwich bio-composites are
shown in Fig. 11 (a) and (b). The force plotted is reaction
force exerted by the samples to the impactor tup. The
sandwich composites were seen to demonstrate a
mountain-like trend similar to parabolic whereas the force-
time behavior was different for the balsa wood. A very sharp
increase to the ultimate force was observed after around
23 ms contact with the impactor, followed by a prompt load
drop due to easy fracture of balsa wood grains, however, it
took approximately 35 ms for the sandwich specimens to
reach the maximum force. This proves the significant
improvement of impact resistance in the sandwich com-
posites, and that the initial damage and fracture occurred
over a longer period.

4.3.3. Energy-time behaviors

The absorbed energy-time curves are depicted for the sand-
wich composite and the balsa wood specimens. It was
revealed that the enhancement of impact energy was sub-
stantial with the incorporation of the bio-based composite
skins (Fig. 12 (a) and (b)). It was found that the maximum
energy improved by 98 times when the sandwich composites
were tested. The balsa wood specimens were entirely pene-
trated (Fig. 10 (a) and (b)), allowing the energy to pass through
the balsa wood, and therefore, a small amount of energy
(0.29]) was absorbed. However, upon the incident energy of
25 J, the sandwich composite specimens did not puncture,
and the maximum energy was recorded 28.37 ] for the
sandwich bio-composites.

Table 4 — Average drop test results for the wood and
sandwich composites.

Specimens Average SD Average SD
Maximum Energy (J) Maximum Force (N)
(N)
Wood 0.29 0.11 75.98 7.6
Sandwich 28.37 0.07 6051.5 30.71
Composite

Post-impact visual inspection for the balsa wood and sand-
wich composite are illustrated in Fig. 10. The balsa wood im-
ages (Fig. 10 (a) and (b)) present the damage to the wood
specimens and full penetration of the impactor as a circular
shape chunk was cut out from the samples. For the sandwich
composite specimens (Fig. 10 (c) and (d)), some cracks are
visible. On the front side of the sandwich specimen, a small
round crack formed whereas matrix cracking occurred mainly
in the middle of the specimen on the rear side.

4.3.5.  Scanning electron microscope (SEM) of fractured
surface of the sandwich composite and balsa wood specimens
Fig. 13 shows SEM images of the sandwich structure and balsa
wood after fracture. Fig. 13 (a) illustrates the cross-sectional
image of the composite facing after the impact test and its
separation from the sandwich composite. It can be observed
that the fiber breakages, matrix cracking and slight delami-
nation are clear in the facing and are predominant failure
modes. For the balsa wood image, as shown in Fig. 13 (b), the
cross-sectional view of the structure of the balsa wood (the
axial grain direction) shows kind of honeycomb pattern of the
cells, which could also contribute to the load absorption ca-
pacity of resulting sandwich composites.

4.4. Digital imaging analysis

Fig. 14 presents the microstructure of the sandwich composite
with the PA core material and the facing as well as the rayon
PP sheet composite. As observed in Fig. 14 (a), good interfacial
adhesion between the core and the facing can be observed, as
highlighted in the red rectangular. Fig. 14 (b) illustrates suffi-
cient bonding between the fabric and PP polymer in the cross-
sectional view.

4.5. Crystallization and melting behaviours

The DSC thermograms of PP samples in neat PP and com-
posites with the incorporation of PP pellets and PP films are
depicted in Fig. 15. The crystallization temperature T. (°C),
melting temperature Ty, (°C), crystallization enthalpy AH. (J/g),
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Fig. 10 — Visual images demonstrating damage patterns of the specimens: (a) wood (front face), (b) wood (rear face), (c)
sandwich composite (front face) and (d) sandwich composite (rear face) after the drop test.
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Fig. 11 — Force versus time curves of the sandwich specimens and balsa wood samples.
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Fig. 14 — Microscopy images of the interface (a) between the composite skin and PA textile core and (b) between the fibers

and bio-based PP at 25x magnification.

melting enthalpy AH,, (J/g) and degree of crystallinity Xpsc (%)
are measured and displayed in Table 5. Almost no change was
found to detect in all the above-mentioned parameters where
the PP was used in the forms of either pellets or sheets in neat
PP, rayon PP pellet and rayon PP film. T. and T, were obtained
around 121-122 °C and 162-163 °C, respectively. For the

calculation of the degree of crystallinity, the heat of fusion of
pure crystalline PP, AH,, was taken as 209 J/g [36,37], and the
value of the degree of crystallinity was calculated ca. 36—37%.
This demonstrates that the intrinsic thermal behaviours of
the polymer system did not alter with the inclusion of the PP
in either form in the neat PP and composites.
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Fig. 15 — Differential scanning calorimetry (DSC) thermograms of PP in neat PP, rayon PP film and rayon PP pellet.

Table 5 — The T, Ty, AH, AH;,, and Xpsc obtained from the DSC measurements for PP in neat PP, rayon PP film and rayon PP

pellet.

Samples T. (°C) Tim (FC)) AH. (J/g) AHp, (J/g) Xpsc (%)
Neat PP (in PP plate) 122.5 162.6 84.8 79.1 37.8
PP in the composite in the form of pellets 121.6 163.3 84.2 77.0 36.8
PP in the composite with PP films 122.7 162.8 82.8 76.8 36.7

5. Conclusions

The experimental work was designed to study the effect of
bio-composite design on the mechanical performance of the
composites and the bio-based sandwich composite. The
effect of regenerated cellulose fabrics as reinforcement was
significant in terms of the improvement of tensile properties
and bending modulus as compared to those of neat bio-
based PP. The enhancement of flexural properties for both
maximum force and initial slope of elastic region was
remarkable when balsa core material was used to make
sandwich composite system without tangible weight in-
crease. Under the flexure, the sandwich bio-composite
samples did not present any evidence of delamination.
The bending force-displacement of the sandwich specimens
were predicted using the Euler-Bernoulli and Timoshenko
models, which the latter theory provides more precise
estimation due to the consideration of shear forces in the
concept. With the incorporation of the thin regenerated
cellulose fibre reinforced bio-based PP composite facings
onto the balsa core, the energy absorption and ultimate
force of sandwich composites was found to record signifi-
cantly higher values than the wood after the low velocity
drop test. Besides, SEM test analysis was carried out to
detect the mode of impact test fracture which was mainly

the fiber breakages and matrix cracking. For the future
work, it is suggested that film extrusion equipment can be
used to provide a more precise and faster solution for the
thermoplastic film making process.
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