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Abstract: This paper presents an experimental investigation of six different types of compos-
ite sandwich panels manufactured from waste-based materials, which are comprised of two
different types of skins (made from hemp and recycled PET (Polyethylene terephthalate)
fabrics with bio-epoxy resin) and three different cores (composite wood, recycled plastic,
and styrofoam) materials. The skins of these sandwich panels were investigated under five
different environmental conditions (normal air, water, hygrothermal, saline solution, and
80 °C elevated temperature) over seven months to evaluate their durability performance.
In addition, the tensile and dynamic mechanical properties of those sandwich panels were
studied. The bending behavior of cores and sandwich panels was also investigated and
compared. The results indicated that elevated temperatures are 30% more detrimental to
fiber composite laminates than normal water. Composite laminates made of hemp are more
sensitive to environmental conditions than composite laminates made of recycled PET. A
higher-density core makes panels more rigid and less susceptible to indentation failure.
The flexible plastic cores are found to be up to 25% more effective at increasing the strength
of sandwich panels than brittle wood cores.

Keywords: sandwich panels; hemp skins; PET skins; composite wood; waste plastic;
styrofoam cores

1. Introduction

The lightweight, strong, and stiff nature of composite sandwich panels has drawn
a great deal of attention in aerospace, automotive, and construction applications where
being lightweight, high performance, and resource efficient are crucial [1-3]. The sandwich
panels consist of two skins separated by a thick core, offering a versatile solution. By
strategically combining materials, these panels enhance structural strength and stiffness
while addressing essential factors such as energy efficiency and cost-effectiveness.

There are various types of commercially available sandwich panels, and each panel is
designed for specific applications. A common type of skin is a fiber-reinforced polymer
(FRP), such as carbon fiber-reinforced polymer (CFRP), glass fiber-reinforced polymer
(GFRP), or aramid fiber-reinforced polymer (AFRP) [4,5]. These materials provide high
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strength-to-weight ratios and excellent fatigue resistance. A metal skin, particularly alu-
minum or stainless steel, can also withstand harsh environments due to its durability [6]. In
certain applications, thermoplastic skins like polypropylene and polyethylene are versatile
and cost-effective [7]. Materials for the cores are equally diverse, with lightweight foam
cores such as polyurethane, polystyrene, and polyvinyl chloride (PVC) providing good
thermal insulation [8-10]. Aluminum, Nomex (aramid), and paper honeycomb cores offer
exceptional strength and rigidity while remaining lightweight [11,12]. Cores made of wood,
especially balsa wood, are valued for their stiffness and low density [13,14]. Furthermore,
corrugated cores, made of plastic or metal, provide structural support and are frequently
used in the construction and packaging industries [15,16]. In addition, in relation to the ge-
ometry and the orientation of the corrugated core, the Kirigami corrugated cores have good
impact resistance, 3D-printed bi-directional corrugated cores are better than conventional
cores, trapezoidal corrugated cores are good shock absorbers, axial/circular corrugated
cores have good impact resistance characteristics, and trapezoidal, rectangular, and tri-
angular cores have a higher energy absorption ability [16]. Through the combination of
these skins and cores, sandwich panels can be customized to meet the performance, weight,
durability, and cost requirements of various industries. While these materials provide good
structural performance, their environmental sustainability in terms of carbon emissions
remains an issue.

In recent years, there have been several attempts to develop low-emission sandwich
panels. Researchers [17] investigated the bio-based sandwich beams made from paper
honeycomb core filled with foam and flax fiber-reinforced composite skin with different
orientations. This type of sandwich panel meets some structural requirements, but these
panels are not available on the market yet. Another researcher [18] studied balsa wood core
and cellulose fabric bio-based polypropylene composite skins; however, their bio-based PP
contained only around 30% bio-based content. Moreover, another experimental study was
carried out with the corrugated cardboard core sandwich beams with bio-based flax fiber
composite skins having different orientations of core and skins for large-scale building
applications [19]. The mechanical properties of sandwich panels manufactured from
recyclates, flax fiber, and bio-based epoxy for semi-structural applications were studied [20].
Another researcher [21] studied aluminum sheet skins, a gapping bamboo ring core, and
castor oil biobased adhesive, and the outcome showed that the 40% increase in the internal
void by bamboo ring cores reduced the maximum load and flexural strength by 63% and
59%, respectively, and the team has suggested, for future research, small gaps of bamboo
rings and large dimensions, which will ensure the bending conditions. In addition, some
other researchers tested Tetra Pak waste as a core and aluminum face sheets as skins [22].
Moreover, the waste tire rubbers with polyester resin and four layers of jute fabric laminate
as skins were used to manufacture the sandwich panels [23]. In the case of bio-resin use in
sandwich panels, the bio-polyurethane (bio-PU) adhesive made from the castor oil plant
was used in sandwich panels, the core was waste rubber with Portland cement, and the
skins were aluminum faces [24]. Overall, the above researchers attempted to produce low-
emission panels; they can further be improved by incorporating 100% natural bio-based
and waste-based materials.

Recently, several initiatives, including a net-zero emission plan and circular economy,
have been taken by world leaders to minimize global carbon emissions. Australian legisla-
tion aims to achieve net-zero emissions by 2050, where by 2030, 43% of emissions will be
reduced to below 2005 levels [25]. Another proposed roadmap of the Australian govern-
ment shows that 80% of all types of waste materials will be recovered by 2030 [26]. Also,
circular economy initiatives are crucial to achieving net-zero emissions, so construction
materials should be included in these initiatives [27]. Therefore, construction materials
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should be manufactured using green alternatives and waste-based materials in order to
meet all of the objectives.

In this study, three different waste-based core materials were combined with natural
and recycled plastic fabric skins, along with bio-based resins. This approach aimed to
meet both performance and environmental requirements, including low-carbon emissions
and adequate mechanical strength. The carbon emissions of the materials were studied to
assess the carbon footprint of the proposed material. The tensile and dynamic mechanical
properties of skins and bending properties of cores and sandwich panels were evaluated
in order to gain a better understanding of their behavior. The outcome of this study will
contribute to the development of sustainable sandwich panels today and in the future.

2. Materials and Methods

2.1. Materials
2.1.1. Bio-Epoxy Resin

In this study, a 100% bio-based epoxy resin was utilized to manufacture the laminates
and binders of sandwich panels. Bio-epoxy resin is a non-toxic, recyclable resin created
from a by-product of biodiesel [28]. The pH of the bio-resin was 6-8, and the thermal
decomposition temperature was 180 °C. This bio-epoxy can be used for structural adhesives.
Bio-epoxy resin consists of two components, part A and part B, with densities of 1.24 kg /L
and 0.93 kg/L, respectively, as well as a mixing ratio of 75% to 25% (by weight). The
viscosity of part A resin is 750 cP (centipoise), the viscosity of part B resin is 15 cP at 25 °C,
and the mixed viscosity is 150 cP at 25 °C.

2.1.2. Fabric

The two types of skin materials used were hemp fabric and PET (Polyethylene tereph-
thalate) fabric. A hemp fabric is a fabric made from natural hemp fibers grown in Australia,
which is primarily used in composite reinforcement applications. The hemp fabric had a
simple woven pattern and was uniform in its strength. The density of lightweight, strong,
and 100% biodegradable hemp fabric is about 135 g/m? [29]. Similarly, PET fabric made
from recycled PET polyester has a woven pattern and is uniform in strength, with a density
of about 105 g/ m? [29].

2.1.3. Waste-Based Core Materials

The three types of selected core materials were composite wood, recycled plastic
panel, and recycled styrofoam, which were manufactured by COEN, Replas products, and
polystyrene products [30-32] in Brisbane, Australia. The composite wood core material was
made up of 60% recycled wood flour, 30% recycled HDPE plastic, and 10% binding agent.
The composite wood was engineered for use in structural applications such as decking,
cladding, and fencing [33]. The recycled plastic cores were made from waste plastics and
primarily used for decking bollards and fencing. Recycled plastic products have numerous
benefits, including being environmentally friendly, low maintenance, termite resistant, and
long lasting [32]. The recycled styrofoam cores were made from waste styrofoam, are eco-
friendly, and can be customized in density and size [31]. The densities of composite wood,
recycled plastic, and recycled styrofoam were approximately 1300 kg/m3, 900 kg/m?3, and
15 kg/m3, respectively. The waste-based core materials were selected to reduce the carbon
emissions associated with the sandwich panels, thereby aligning with the objectives of
the experiment.
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2.2. Methods
2.2.1. Manufacturing of Composite Materials
Manufacturing of Skins

The vacuum bagging process was used to manufacture the skins of sandwich panels.
The vacuum bagging process has the capability to produce superior performance and
high-quality composite materials. Five layers of fabric with 0° orientation were placed in a
vacuum bag to achieve the desired skin thickness, as shown in Figure 1a,b. The resin was
then infused into the vacuum bag under a pressure of approximately 14.7 psi, converting
the soft fabric layers into high-quality laminates [34]. Laminates are cured in an oven at
100 °C for one day. In general, hemp and PET (Polyethylene terephthalate) composite
laminates are approximately 900 mm long and 400 mm wide, with a 2 mm thickness and a
35% fiber and 65% bio-epoxy resin content (after trial mixing process). The full laminates
were cut to the desired sizes using a water jet cutter. Skins were exposed to normal air and
four extreme environmental conditions, including water, hygrothermal (60 °C temperature
and 98% humidity), 10% concentrated saline water, and 80 °C elevated temperature. In
this research, only the skins were chosen for environmental testing, as the outer surface of
sandwich panels is typically the one that faces severe environmental impact. A period of
seven months was considered for weathering sandwich skins.

Figure 1. Composite laminate preparation: (a) vacuum bagging process; (b) typical PET skin
laminates; (c¢) manufacturing of sandwich panels; (d) typical sandwich panels.

Manufacturing of Sandwich Panels

Two skins including hemp and PET (Polyethylene terephthalate) were cut to specific
dimensions along with three core types, including composite wood (350 mm long, 75 mm
wide, 25 mm thick), recycled plastic panel (350 mm long, 70 mm wide, 25 mm thick), and
recycled styrofoam (350 mm long, 75 mm wide, 25 mm thick), using similar dimensions
to the relevant core sandwich panel. Bio-epoxy resin was used to adhere to the desired
size cores and skins. The resin was first injected onto the rough skin surface, and film
applicators were used to ensure even coverage; then, it was placed onto the bottom glass,
and the core was then gently placed on the skin. Secondly, the rough side of the other skin
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was chosen for spreading resin and placed on the core. Finally, the top glass was set, and
clamps and weights were placed in a systematic manner. As the base and top plates, two
25 mm thick glass plates were used, and four clamps and a 20 kg steel weight were used to
apply uniform and adequate pressure to the paneling system so that consistent bonding
could be ensured across the skin and core interface. The panels were subjected to pressure
for approximately one day. A total of six different types of panels were prepared.

2.2.2. Testing of Skins
Tensile Test of Skins

The ASTM D3039 testing standard was followed to test 10 different types of tensile
samples (2 skins and 5 environments) [35]. Five samples of each type of composite skin
were tested. The samples were cut into a dog-bone shape to ensure the failure at the
mid-span. Over the course of seven months, the skins were exposed to five different
environmental conditions (normal air, water, hygrothermal, 10% concentrated saline water,
and elevated temperatures to simulate a normal environment, rainwater, a warm and
humid environment, a coastal area or marine environment, and a high heat environment,
from the sun, respectively). For each type of laminate, five replicate samples were tested.
The tensile test result of the skin was obtained using the MTS 10 kN capacity testing machine
(manufactured in Tokyo, Japan). All samples were tested at a speed of 2 mm/min. The
appropriate data collection process was implemented to collect the required information.

Dynamic Mechanical Analysis (DMA) of Skins

The glass transition temperature of the composite laminate was measured with NET-
ZCH 242 E Artemis (produced in Yatala, Australia) according to ASTM D4065 [36]. The
DMA test of skins was conducted to know the failure temperature of the polymer com-
posite. Eight different types of samples were prepared from hemp and PET (Polyethylene
terephthalate) laminates (i.e., two skins with four environments). There were two replicate
samples of each type in four different environmental conditions (i.e., normal air, water,
hygrothermal, and 10% concentrated saline water). The dimensions of the samples were
45 mm long by 10 mm wide by 2 mm thick, cut by water jet. The laminates were placed
in a configuration and loaded at a frequency ranging from room temperature to 150 °C
with a ramp rate of 5 °C/min. Storage modulus (E’), loss modulus, and tan delta data were
recorded and plotted against temperature.

2.2.3. Bending Test of Cores

The three different core samples, each with three replications, were tested in accor-
dance with ISO 14125 [37]. Three-point bending tests were conducted to determine the
core’s bending capacity. The testing was conducted on an MTS 100 kN testing machine
(manufactured in Tokyo, Japan) with a 2 mm/min test speed to test the core sample with a
span length of 300 mm.

2.2.4. Bending Test of Sandwich Panels

Six types of sandwich panels were manufactured (i.e., two skins and three cores)
with three replicate samples of each type. The dimensions were approximately 350 mm
long, 75 mm wide for wood and styrofoam cores and 70 mm for plastic cores, and 29 mm
thick. Tests were conducted on all sandwich panels under three-point bending on an MTS
testing machine with a capacity of 100 kN, a support span of 300 mm, and a test speed
of 2 mm/min. The strain gauges were installed at the bottom of the mid-span in order to
measure the maximum bending strain of the panels.
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3. Results and Observation

3.1. Failure Mode
3.1.1. Failure Mode of Skins

Under uniaxial loading, the tensile test revealed the failure mechanisms for the sample
composite skins. An example of a typical skin failure following tensile testing on five-
layered composite skins can be seen in Figure 2. The failure of the specimens was observed
in the tensile span zone, demonstrating the specimens’ pure tensile capacity. The tab
location did not appear to be damaged.

e i

(a) (b)

Figure 2. Tensile sample failure patterns of composite skin. (a) Tensile test setup. (b) All skin samples
tested after 7 months (hemp skin, left side; PET skin, right side, with five different environments,
i.e.,, normal air, water, hygrothermal, saline solution, and elevated temperature from top to bottom
sequence).

3.1.2. Failure Modes of Cores

Different failure modes were observed as a result of the use of different cores, as
depicted in Figure 3. An abrupt failure of the wood core samples occurred at the mid-span,
representing the brittle nature of the failure. The plastic core deflected much higher than
the wood core before failure occurred at mid-span. This is due to the composition of the
material, which is a combination of different plastics, resulting in shorter polymer chains,
thereby causing greater deformation under stress. The styrofoam cores were able to deflect
rapidly at low loads as a result of their easily compressible cellular structure and relatively
low density.

Figure 3. Failure pattern of cores (wood, plastic, and styrofoam, respectively).
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3.1.3. Failure Modes of Sandwich Panels

Different failure modes were observed among sandwich panels based on the variations
in cores and skins (Figure 4). The brittle composite wood core panel failed at mid-span,
which caused the bottom skins to fail prematurely. Therefore, it is essential to design the
skin properly in order to be able to effectively utilize its strength for brittle cores. Sandwich
panels with a plastic core failed due to debonding between the skins and the core. Due
to the high deflection of the plastic core, there is a high horizontal shear stress between
the skin and the core during bending, causing the skin to debond from the core. This
indicates that, in the case of flexible cores, it is essential to take into account the bond
strength between the skin and the core. Sandwich panels with a styrofoam core failed due
to indentation, due to the variations in load-resisting capacity between the compressible
cellular structure of the core and the skin. Therefore, lightweight styrofoam cores may not
be appropriate for sandwich panels with high-stress concentrations.

Figure 4. Failure pattern of sandwich panels: (a) PET skin sandwich panels. PET skin with wood
composite core, PET skin with plastic core, and PET skin with styrofoam core sandwich panel (top
to bottom, respectively). (b) Hemp skin sandwich panels. Hemp skin with wood composite core,
hemp skin with plastic composite core, and hemp skin with styrofoam core sandwich panel (top to
bottom, respectively).

3.2. Tensile Stress—Strain Behavior of Skins

All tensile samples of skins were loaded uniaxially until failure. Figure 5a,b show
that the tensile strength decreased under different environmental conditions. The average
ultimate tensile strength of hemp skins was 60 MPa in normal air, 52 MPa in water, 48 MPa
in hygrothermal conditions, 48 MPa in saline solution, and 35 MPa in 80 °C elevated
temperature, as illustrated in Figure 5. The stress—strain curve of hemp skins was linear, and
sudden failure occurred as shown in Figure 5a. For the PET skin, the average ultimate tensile
strengths for normal air, water, hygrothermal conditions, saline solution, and elevated
temperature were 50 MPa, 40 MPa, 40 MPa, 45 MPa, and 39 MPa, respectively. According
to Figure 5b, the tensile stress—strain plot showed linear behavior until a certain stress and
strain level and then showed non-linear behavior with gradually increasing stress and
strain values, resulting in sudden failure.
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Figure 5. Variation in tensile stress—strain relationship of skin of sandwich panels in different
environments. (a) Hemp skin; (b) PET skin.

3.3. Dynamic Mechanical Analysis (DMA) of Skins

The graph in Figure 6 illustrates a typical DMA graph, with each sample display-
ing three glass transition temperatures that can be estimated from the tan delta, storage
modulus, and loss modulus. There is a clear difference in the glass transition temperature
(Tg) between the tan delta, storage modulus, and loss modulus curves. Determining the
glass transition temperature of the storage modulus involves drawing two tangents. The
first tangent starts from the beginning point of the glass transition curve, while the next
one begins between the inflection point and the approximate mid-point of the drop of the
storage modulus curve. The tan delta Tg value was measured from the peak of the curve,
where the value was slightly higher than the Tg of the storage modulus. However, various
studies consider different Tg values. For instance, the ASTM D7028 [38] test standard refers
to both values of Tg, while other researchers [39—41] suggest evaluating the Tg from the
peak of the tan delta curve. Conversely, the ASTM D4065 [36] standard suggests obtaining
the Tg from the peak of the loss modulus curve.

The Tg of hemp skin for storage modulus and loss modulus ranged from 45 °C to
55 °C in normal air. When hemp skin was placed in various environments, the Tg values
for the storage modulus and loss modulus ranged from 25 °C to 40 °C. The Tg value for
hemp skin in normal air was found to be 60 °C in the case of tan delta and ranged from
35 °C to 45 °C under varying environmental conditions. The Tg values of PET skin ranged
from 38 °C to 50 °C for both the storage modulus and loss modulus cases, and in various
environmental types, the Tg values ranged from 25 °C to 45 °C. The tan delta curve of PET
skins provided a Tg value of 57 °C, and in varied environmental conditions, the Tg value
varied from 35 °C to 45 °C. Table 1 provides a summary of the skin results.

Table 1. Summary of skin results.

Tensile Strength Tensile Modulus Tg from Tan Delta

Environmental Condition (MPa) (MPa) °O

Hemp PET Hemp PET Hemp PET

Normal Air
Water
Hygrothermal
Saline solution
Elevated temp.

60 50 1099 1772 60 57
52 40 690 662 35 35
48 40 852 880 38 38
48 45 611 909 45 45
35 39 681 462 - -
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Figure 6. Variation in dynamic mechanical properties with temperature. (a) Typical DMA plot (ASTM
D7028); (b) storage modulus vs. temperature (hemp left side and PET right side); (c) loss modulus vs.

temperature; (d) tan delta vs. temperature.
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3.4. Bending Properties of Core Materials

The stress—strain behavior of the sandwich core materials is presented in Figure 7a.
The wood core, being brittle, exhibited a linear response, while the plastic cores showed
slightly non-linear behavior, and the soft, lightweight styrofoam displayed a linear yet
highly flexible response. As a result of this study, the average bending stress of the wood
core, the highly flexible plastic core, and the soft and lightweight styrofoam core were
found to be about 28 MPa, 28 MPa, and 1 MPa, respectively. The density of materials
appears to play a significant role in determining their bending strength. The structure of
wood composites and plastics is usually more compact and has stronger intermolecular
forces, resulting in a higher degree of bending resistance compared with styrofoam, which
is less dense and has weaker intermolecular forces.

50 Wood core 50 —Hemp wood SP
— —_ PET wood SP
© J ©
% 40 —Plastic core % 40 Hemp plastic SP
‘é’ 30 - 5’30 PET plastic SP
0 —Styrofoam core o -Hemp styroform SP
= =
220 - 320 PET styrofoam SP
= C
2 2
2 10 - 2 10
0 : : o f—
0 0.03 0.06 0 0.03 0.06

Bending strain Bending strain

(a) (b)

Figure 7. Bending behavior of cores and sandwich panels. (a) Flexural stress—strain relationship of
cores; (b) flexural stress—strain relationship of sandwich panels (SP: sandwich panels).

3.5. Bending Properties of Sandwich Panels

The stress—strain behavior of the sandwich panels is shown in Figure 7b. The bending
stress—strain curves for the sandwich panels were plotted using the wood, plastic, and
styrofoam cores with specific additions of hemp and PET skins. The maximum bending
stress of wood core hemp skin sandwich panels, plastic core hemp skin sandwich panels,
and styrofoam core hemp skin sandwich panels were 39 MPa at strain 0.014, 49 MPa at
strain 0.027, and 3 MPa at strain 0.025, respectively. On the other hand, the bending stress of
wood core PET skin sandwich panel, plastic core PET skin sandwich panel, and styrofoam
core PET skin sandwich panels were 38 MPa at strain 0.015, 36 MPa at strain 0.053, and
3 MPa at strain 0.025, respectively. A full summary of the average bending results of cores
and sandwich panels is shown in Table 2.

Table 2. Summary of bending strength and bending modulus of cores and sandwich panels.

Sandwich Panel Average Results

Core Average Results

Core Hemp Skin PET Skin
Types Strength Modulus Strength Modulus Strength Modulus
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
Wood 28 2753 37 3103 34 3042
Plastic 28 990 47 2000 33 1352

Styrofoam 1 16 3 203 3 159
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4. Discussion
4.1. Effect of Environmental Conditions

The skins were tested for tensile strength and glass transition temperature after condi-
tioning for seven months in five different environments. In normal air, hemp skin samples
have a tensile strength of 60 MPa, which decreased by 13%, 20%, 20%, and 42% when
exposed to normal water, hygrothermal, saline water, and elevated temperatures, respec-
tively. Moreover, the tensile modulus of hemp skin in normal air is 1099 MPa, whereas the
tensile modulus of hemp skin samples under different environmental conditions decreased,
such as 37% in water, 22% in hygrothermal conditions (60 °C temperature and 98% humid-
ity), 44% in a saline solution environment, and 38% in elevated temperature conditions
(Figure 8). The glass transition temperature (Tg) of hemp skin is higher in normal air than
in the samples under different types of environmental conditions, as shown by the storage
modulus, loss modulus, and ten delta plots. The Tg of tan delta of hemp skin samples
in normal air is 60 °C, whereas the Tg value under different environmental conditions is
decreased, such as 42% in water samples, 37% in hygrothermal samples, and 25% in saline
solution samples, as shown in Table 1.
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£ 50 | t 1204 g50- L 1500 3
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Figure 8. Effect of environmental conditions on skin material. (a) Hemp skins; (b) PET skins.

Tensile properties and glass transition temperature analysis reveal that the skins
can be affected by weather conditions. Water absorption typically reduces fiber and
matrix strength, which leads to the degradation of the mechanical and thermodynamic
properties of laminates. A hygrothermal environment was created in which the skins
were placed in a chamber with a temperature of 60 °C and a relative humidity of 98%.
Before characterizing the environmental impact of the specimens, the specimens were
visually inspected. When the resin is exposed to hygrothermal conditions, it swells, softens,
or undergoes hydrolytic degradation, weakening its bond with the fibers. As a result,
the stiffness, strength, and dimensional stability can be reduced. Moisture absorption
increases at elevated temperatures, which speeds up degradation. Moisture can also cause
plasticization of the resin, resulting in a lower glass transition temperature (Tg), which
causes the resin to soften sooner. High moisture can also weaken fibers themselves and
lead to debonding of fibers and matrixes. This combination of elevated temperature and
moisture significantly reduces the durability and mechanical performance of skin materials
(i.e., 22% of the tensile strength and 37% of the glass transition temperature were reduced
for hemp skin). When exposed to saline environments (10% salinity), the polymer matrix
can swell, plasticize, and degrade. Moisture absorption weakens the interfacial bonding
between fibers and the matrix, reducing tensile strength, stiffness, and structural integrity.
Moreover, prolonged exposure to saline conditions can accelerate chemical degradation
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processes, such as hydrolysis, further compromising the composite’s durability. Tensile
tests of skin were conducted at an elevated temperature of 80 °C. When the resin is heated,
it becomes softer, and degradation mechanisms become more active. Moreover, the tensile
strength of hemp skin is reduced by 42% at elevated temperatures because the Tg of the
tan delta is 60 °C, which is lower than the 80 °C elevated temperature.

4.2. Effect of Skin Materials

The hemp and PET (Polyethylene terephthalate) skins were utilized in the study, and
the behavior of these skins was revealed by conducting the tensile tests and dynamic
mechanical analysis. Overall, the tensile strengths of natural fabric hemp skins under
different environments are affected more than the PET skins. In normal air, hemp skin has a
tensile strength of 50 MPa and PET skin has a tensile strength of 60 MPa, while their tensile
moduli are 1.1 GPa and 1.77 GPa, respectively. Despite this, both hemp and PET skins
exhibit similar glass transition temperatures (Tg), as shown in Table 1. The performance
of natural laminate hemp skin compared to PET skin in sandwich panels can be affected
by several factors. Biodegradable hemp skins possess a lower mechanical performance
than synthetic PET skins. The Tg of PET is determined by the mobility of the polyester
backbone, whereas hemp fibers have a Tg determined by the relaxation of the amorphous
regions within the cellulose matrix. Aside from this, recycling PET fibers may contain
structural changes as a result of processing and degradation, which lead to chain scission
and cross-linking, leading to a Tg similar to that of natural hemp laminates.

4.3. Effect of Core Materials

The core materials have a significant impact on the behavior of the sandwich panel, as
results shown in Figure 9. After manufacturing the sandwich panels, the bending strength
of wood cores with hemp and PET skins rose by 32% and 21%, respectively. Similarly, the
bending strength of composite plastic cores with hemp and PET skins increased by 68%
and 18%, respectively. In terms of styrofoam cores, the bending strength improved by 200%
for both hemp and PET skins. The hemp skin-composite wood core sandwich panels failed
with less bending strain compared to the hemp skin—plastic core sandwich panels due to
the stiff nature of the wood core. The hemp skin-wood core sandwich panels bending
strength and strain are 18% and 40% less, respectively, than the hemp skin—plastic core
sandwich panels, as shown in Figure 7. The reason for this is that the failure occurred in the
core for a skin-wood core sandwich panel, whereas the plastic core was able to withstand
significant deformation before failing.
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© [ © m mm @ Bending modulus | 3000 © ~ i _ ~
€50 | oBending strength | 000 & ¢ 50 By 1/ - &s0 1§ OBending strength | 30008
Z L 25005 =3 37 L 2500 S = 24 ® Bending modulus | 2500=
£40 1 @Bending modulus| ) 3 £40 17 2000 2 £40 33 3
€ 30 | 28 28 3 2 20005 2 20003
g301 £ 15008 930 $30 1352
220 990 = ® 1500 £ 3 » 1500 £
g 1000 220 2 22 1000
jofw0f  f g I
© ©

0l : Lo g10 32030 50 & & 3150 | 50 &
S & [l | | 0 Koo Bl L. 0
& ¢ g ——— PETwood PET  PET
Qd wood SP plastic SPstyrofoam SP  plasticSP styrgg:am
Types of cores SP
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Figure 9. Bending test results of sandwich panels. (a) Cores only; (b) hemp skin sandwich panels;
(c) PET skin sandwich panels.
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The density of the cores plays an important role in determining how they bend. There
is a general observation that panels with a high core density are generally stiffer. Wood
composites, plastic, and styrofoam cores have densities of 1300 kg/m?, 900 kg/m3, and
15 kg/m?3, respectively. Increasing the density of the core improves the material’s ability
to transfer shear forces between the face sheets, thereby reducing core deflection. When a
low-density styrofoam core is used in a design, greater shear deformation occurs, adversely
affecting the face sheet’s ability to distribute the load over the core. Due to excessive
compression at the loading point, the core’s yield strength is exceeded, which leads to
the indentation failure of the sandwich panels made from styrofoam. The use of recycled
styrofoam core sandwich panels can meet a variety of structural requirements, regardless
of these challenges, especially in non-load-bearing or low-impact environments. Due to
the lightweight insulation and buoyancy provided by the styrofoam core, these panels are
ideal for applications that require low weight and high thermal efficiency.

5. Theoretical Modeling for the Prediction of Failure Loads

An analysis of the theoretical modeling for the prediction of failure loads was con-
ducted in order to estimate the maximum load that the sandwich panel could withstand
before failure. The load capacity of the sandwich beams was determined based on experi-
mentally observed failure modes. These are core bending failures for composite wood core
panels, skin debonding failures for recycled plastic core panels, and indentation failures for
styrofoam core panels.

5.1. Brittle Wood Core Panel Failure Load

It is anticipated that the sandwich panels will fail during bending when the core’s
bending stress (0.) approaches its maximum value. In order to determine the ultimate
failure load (P}) resulting from the bending failure of a flatwise oriented sandwich panel
(Figure 10), Equation (1) should be used.

1)

dy |d

—b
X-

-X

b=
t{[
f ==

[ L X |

I il

Figure 10. Loading arrangement and sectional dimensions.

Equation (2) can be used to calculate the theoretical bending stiffness (EI) in a flatwise

b3 bty [ 12
EI= 120Ec+23(3s +d3)Es @

orientation.

where E; and E; are the skin and core modulus, respectively. The contribution of the core
to bending stiffness can sometimes be ignored in order to make the theoretical estimation
more conservative.
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5.2. Flexible Plastic Core Panel Failure Load

In flatwise orientation, the sandwich panels are expected to fail in the skin due to the
high deflection of the core. The ultimate failure load resulting from bending loads (P) of
flatwise sandwich panels can be determined using Equation (3).

4(EI)o,

b, = “udE. 3)

where 05 is the strength of the skins.

5.3. Soft and Lightweight Styrofoam Core Panel Failure Load

It is expected that soft and lightweight styrofoam core sandwich panels will fail in
indentation when oriented flatwise. The ultimate failure load of flatwise sandwich panels
resulting from bending loads (P;) can be determined by Equation (4).

p, %kbtsm @)

In this equation, k represents the support coefficient. In many cases, the load-carrying
capacity can be reduced by as much as 60% when switching from an elastic foundation to
simply supported conditions due to the loss of continuous support. Therefore, the value of
kis 1 if the beam is supported on an elastic foundation, while it is taken to be 1/3 if it is
simply supported [42].

5.4. Comparison Between Experimental and Theoretical Failure Load

The load—displacement relationship is used to evaluate the bending stress and bending
modulus experimentally, as shown in Tables 1 and 2. The experimental failure stresses are
determined from the laboratory data. Theoretically, the bending failure load of sandwich
panels in flatwise orientation can be estimated using Equations (1)—(4).

Figure 11 illustrates a comparison between the experimental and theoretical failure
loads. The theoretical estimation of failure load is slightly higher than the corresponding
experimental loads. This is perhaps due to the consideration of core stiffness in Equation (2),
where the bending loads of the beam are usually carried by skins. The results indicate that
the analytical equations are capable of reasonably estimating the actual failure load of the
sandwich panels.

8000 6000

] — O Theoretical — O Theoretical
6000 A @ Experimental m Experimental
— ~4000 -
z z
- 4000 - o
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- —2000 -
2000 -
0 : - 0 ‘ M|
Wood core Plastic core Styrofoam Wood core Plastic core Styrofoam
core core
Hemp skin sandwich panel bending load PET skin sandwich panel bending load
(a) (b)

Figure 11. Comparison between experimental and theoretical failure loads of the sandwich panels.
(a) Hemp skin panels failure load; (b) PET skin panels failure load.
6. Conclusions

This study investigates the mechanical and durability properties of two types of skins
(hemp and recycled PET) and three different types of waste-based cores (wood composites,
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recycled plastics, and styrofoam), incorporating six types of sandwich panels. The tensile
behavior and glass transition temperatures of the skins are studied under normal air, water,
hygrothermal, saline solution, and elevated temperature conditions. The bending behavior
of the cores and sandwich panels is investigated, and the capacity of the panels is predicted
using theoretical modeling. Based on the results, the following conclusions are drawn:

e  Temperature is found to be more detrimental to fiber composite laminates than other
environmental conditions (water, hygrothermal, saline solution, and normal air). The
reason for this is that elevated temperatures soften the polymers of the skins, which
results in a faster loss of mechanical properties than other environments.

e  Hemp skins are more sensitive to different environmental conditions than recycled
PET skins. While hemp skins lost up to 40% of their tensile strength, PET skins lost
around 20% due to aggressive environments. However, both hemp and recycled PET
skins drop their glass transition temperatures quite similarly, by 35%. Hemp skins
degrade faster than recycled PET skins due to their higher water absorption, as hemp
is a natural fiber.

e  The stiffness of the core plays an important role in the bending behavior of sandwich
panels. A stiffer core improves the material’s ability to transfer shear forces between
the face sheets, thereby reducing core deflection. Higher core stiffness makes panels
less likely to fail from indentation.

e  The type of core has a significant impact on the theoretical prediction of the failure
load of sandwich panels. The strength of the core dominates the load capacity in brittle
core sandwich panels, while the strength of the skin dominates the load capacity in
flexible core sandwich panels. In low-stiffness cores, the load capacity is dependent
upon the resistance to core indentation.

This study aims to develop sustainable sandwich panels created from natural and
landfill waste materials in order to reduce landfill waste, achieve net-zero emissions goals,
and create a circular economy. Based on the preliminary results of the investigation, it
appears that the goal may be achievable. A dynamic impact, fatigue, large-scale struc-
tural behavior, and free vibration study, including a simulation of panels under different
environments, will further confirm the viability of this technology.

Author Contributions: Conceptualization, W.E; Methodology, A.IL; Validation, W.E,; Formal analysis,
A.L; Investigation, A.L; Data curation, A.I; Writing—original draft, A.IL; Writing—review & editing,
WE, PB., K.N,, LY. and A.M,; Supervision, WE, P.B. and A.M.; Funding acquisition, W.F. and K.N.
All authors have read and agreed to the published version of the manuscript.

Funding: The second author would like to acknowledge the financial support from the Advance
Queensland Industry Research Fellowship (AQIRF056-2024RD7) program and Queensland-Germany
Bioeconomy Collaborative Science Program (QLDBMBF24038). Moreover, the financial support
from the Australian Government Department of Education, Skills, and Employment for the project
Sustainable Industry Manufacturing Planning for Long-term Ecosystems (SIMPLE) Hub is also
acknowledged.

Institutional Review Board Statement: Not applicable.

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

Acknowledgments: The authors acknowledge the technical support and resources provided by the
University of Southern Queensland.

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



Polymers 2025, 17, 1359 16 of 17

References

1. Ferdous, W.; Manalo, A.; Aravinthan, T.; Fam, A. Flexural and shear behaviour of layered sandwich beams. Constr. Build. Mater.
2018, 173, 429-442. [CrossRef]

2. Yu, S, Liu, Y.;; Wang, D.; Ma, C,; Liu, J. Theoretical, experimental and numerical study on the influence of connectors on the
thermal performance of precast concrete sandwich walls. J. Build. Eng. 2022, 57, 104886. [CrossRef]

3. Valenzuela Exp6sito, ].J.; Picazo Camilo, E.; Corpas Iglesias, F.A. Development of a Modular Sandwich Panel with a Composite
Core of Recycled Material for Application in Sustainable Building. Polymers 2024, 16, 3604. [CrossRef] [PubMed]

4. Shi, Z.; Cui, P; Li, X. A review on research progress of machining technologies of carbon fiber-reinforced polymer and aramid
fiber-reinforced polymer. Proc. Inst. Mech. Eng. Part C |. Mech. Eng. Sci. 2019, 233, 4508—4520. [CrossRef]

5. Charuk, A ; Irska, I.; Dunaj, P. Modeling the Dynamic Properties of Multi-Layer Glass Fabric Sandwich Panels. Polymers 2024,
16, 3074. [CrossRef]

6. Faidzi, M.; Abdullah, S.; Abdullah, M.; Azman, A.; Hui, D.; Singh, S. Review of current trends for metal-based sandwich panel:
Failure mechanisms and their contribution factors. Eng. Fail. Anal. 2021, 123, 105302. [CrossRef]

7. Joseph, A.; Mahesh, V.; Mahesh, V.; Harursampath, D. Introduction to sandwich composite panels and their fabrication methods.
In Sandwich Composites; CRC Press: Boca Raton, FL, USA, 2022; pp. 1-25.

8.  Garay, A.C.; Souza, J.A.; Amico, S.C. Evaluation of mechanical properties of sandwich structures with polyethylene terephthalate
and polyvinyl chloride core. J. Sandw. Struct. Mater. 2016, 18, 229-241. [CrossRef]

9. Khan, T.; Acar, V.; Aydin, M.R,; Hiilagii, B.; Akbulut, H.; Seydibeyoglu, M.O. A review on recent advances in sandwich structures
based on polyurethane foam cores. Polym. Compos. 2020, 41, 2355-2400. [CrossRef]

10. Basher, M.A.; Mahmood, M.S. Evaluation of the thermal conductivity property of polyvinyl chloride tubes core honeycomb
sandwich panels. In Proceedings of the AIP Conference Proceedings, Nineveh, Iraq, 29-30 June 2022; AIP Publishing: Melville,
NY, USA, 2023.

11.  Okur, M,; Ziya, S.K.; Tanoglu, M. Development of Aluminum Honeycomb Cored Carbon Fiber Reinforced Polymer Composite
Based Sandwich Structures. Master’s Thesis, Izmir Institute of Technology, Urla, Turkey, 2016.

12.  Liu, Y; Liu, W,; Gao, W.; Zhang, L.; Zhang, E. Mechanical responses of a composite sandwich structure with Nomex honeycomb
core. J. Reinf. Plast. Compos. 2019, 38, 601-615. [CrossRef]

13. Atas, C,; Sevim, C. On the impact response of sandwich composites with cores of balsa wood and PVC foam. Compos. Struct.
2010, 93, 40-48. [CrossRef]

14.  Chairi, M.; El Bahaoui, J.; Hanafi, I.; Favaloro, F.; Borsellino, C.; Galantini, F.; Di Bella, G. The effect of span length on the flexural
properties of glass and basalt fiber reinforced sandwich structures with balsa wood core for sustainable shipbuilding. Compos.
Struct. 2024, 340, 118187. [CrossRef]

15. Rejab, M.; Cantwell, W. The mechanical behaviour of corrugated-core sandwich panels. Compos. Part B Eng. 2013, 47, 267-277.
[CrossRef]

16. Tarlochan, F. Sandwich structures for energy absorption applications: A review. Materials 2021, 14, 4731. [CrossRef] [PubMed]

17.  Fu, Y,; Sadeghian, P. Bio-based sandwich beams made of paper honeycomb cores and flax FRP facings: Flexural and shear
characteristics. Struct. Eng. 2023, 54, 446—460. [CrossRef]

18. Khalili, P,; Skrifvars, M.; Dhakal, H.N.; Jiang, C. Regenerated cellulose fabric reinforced bio-based polypropylene sandwich
composites: Fabrication, mechanical performance and analytical modelling. J. Mater. Res. Technol. 2023, 22, 3423-3435. [CrossRef]

19. McCracken, A.; Sadeghian, P. Corrugated cardboard core sandwich beams with bio-based flax fiber composite skins. J. Build. Eng.
2018, 20, 114-122. [CrossRef]

20. Ravindran, B.; Feuchter, M.; Schledjewski, R. Investigation of the Mechanical Properties of Sandwich Composite Panels Made
with Recyclates and Flax Fiber/Bio-Based Epoxy Processed by Liquid Composite Molding. J. Compos. Sci. 2023, 7, 122. [CrossRef]

21. Napolitano, F; Santos, ].C.; da Silva, R.J.; Braga, G.G.; Freire, R.T.S.; Panzera, T.H. Sandwich panels made of aluminium skins and
gapped-bamboo ring core. J. Braz. Soc. Mech. Sci. Eng. 2022, 45, 250. [CrossRef]

22. Koh-Dzul, J.; Carrillo, J.; Guillen-Mallette, J.; Flores-Johnson, E. Low velocity impact behaviour and mechanical properties of
sandwich panels with cores made from Tetra Pak waste. Compos. Struct. 2023, 304, 116380. [CrossRef]

23. Balcioglu, H.E. Flexural behaviors of sandwich composites produced using recycled and natural material. Mugla J. Sci. Technol.
2018, 4, 64-73. [CrossRef]

24. Oliveira, PR.; May, M.; Panzera, T.H.; Scarpa, F.; Hiermaier, S. Reinforced biobased adhesive for eco-friendly sandwich panels.
Int. |. Adhes. Adhes. 2020, 98, 102550. [CrossRef]

25.  Australian-Govt. About the Net Zero Plan—Australian Govt. Available online: www.dcceew.gov.au (accessed on 15 March 2025).

26. Nationalretail. National Waste Policy Action Plan-Australian_Government. Available online: www.nationalretail.org.au (accessed
on 14 April 2024).

27. Kravchenko, E.; Lazorenko, G.; Jiang, X.; Leng, Z. Alkali-activated materials made of construction demolition waste as precursors:

A review. Sustain. Mater. Technol. 2024, 39, e00829. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2018.04.068
https://doi.org/10.1016/j.jobe.2022.104886
https://doi.org/10.3390/polym16243604
https://www.ncbi.nlm.nih.gov/pubmed/39771454
https://doi.org/10.1177/0954406219830732
https://doi.org/10.3390/polym16213074
https://doi.org/10.1016/j.engfailanal.2021.105302
https://doi.org/10.1177/1099636215617149
https://doi.org/10.1002/pc.25543
https://doi.org/10.1177/0731684419836492
https://doi.org/10.1016/j.compstruct.2010.06.018
https://doi.org/10.1016/j.compstruct.2024.118187
https://doi.org/10.1016/j.compositesb.2012.10.031
https://doi.org/10.3390/ma14164731
https://www.ncbi.nlm.nih.gov/pubmed/34443255
https://doi.org/10.1016/j.istruc.2023.05.064
https://doi.org/10.1016/j.jmrt.2022.12.186
https://doi.org/10.1016/j.jobe.2018.07.009
https://doi.org/10.3390/jcs7030122
https://doi.org/10.1007/s40430-023-04140-x
https://doi.org/10.1016/j.compstruct.2022.116380
https://doi.org/10.22531/muglajsci.421813
https://doi.org/10.1016/j.ijadhadh.2020.102550
www.dcceew.gov.au
www.nationalretail.org.au
https://doi.org/10.1016/j.susmat.2024.e00829

Polymers 2025, 17, 1359 17 of 17

28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
38.

39.

40.

41.

42.

Change-Climate. Change Climate. 2024. Available online: www.changeclimate.com.au (accessed on 10 March 2025).

Colan. Sustainable Materials. 2024. Available online: www.colan.com.au (accessed on 12 March 2025).
AustralianCompositeWood. COEN: The Composite Timber Manufacturer; COEN Composite Wood: Brisbane, Australia, 2023.
Polystyrene. Polystyrene Products. 2024. Available online: www.polystyreneproducts.com.au (accessed on 7 March 2025).
Replas. Recycled Plastic Products. 2024. Available online: www.replas.com.au (accessed on 8 March 2025).

Coen. Composite Wood. 2024. Available online: www.coen.com.au (accessed on 8 March 2025).

Spasojevic, PM. Thermal and rheological properties of unsaturated polyester resins-based composites. In Unsaturated Polyester
Resins; Elsevier: Amsterdam, The Netherlands, 2019; pp. 367-406.

ASTM-D3039; ASTM D3039-Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials. ASTM
International: West Conshohocken, PA, USA, 2017; Volume 360.

ASTM-D4065; ASTM D4065: Standard Practice for Plastics: Dynamic Mechanical Properties: Determination and Report of
Procedures. ASTM International: West Conshohocken, PA, USA, 2012.

ISO-14125; Fibre-Reinforced Plastic Composites—Determination of Flexural Properties. ISO: Geneva, Switzerland, 1998; p. 33.
ASTM-D7028; Standard Test Method for Glass Transition Temperature (DMA Tg) of Polymer Matrix Composites by Dynamic
Mechanical Analysis (DMA). ASTM International: West Conshohocken, PA, USA, 2008.

Li, G.; Lee-Sullivan, P; Thring, R. Determination of activation energy for glass transition of an epoxy adhesive using dynamic
mechanical analysis. . Therm. Anal. Calorim. 2000, 60, 377-390. [CrossRef]

Goertzen, W.K.; Kessler, M. Dynamic mechanical analysis of carbon/epoxy composites for structural pipeline repair. Compos. Part
B Eng. 2007, 38, 1-9. [CrossRef]

Shamsuddoha, M.; Islam, M.M.; Aravinthan, T.; Manalo, A.; Lau, K.-T. Characterisation of mechanical and thermal properties of
epoxy grouts for composite repair of steel pipelines. Mater. Des. (1980-2015) 2013, 52, 315-327. [CrossRef]

Gdoutos, E.; Daniel, I.; Wang, K. Indentation failure in composite sandwich structures. Exp. Mech. 2002, 42, 426-431. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


www.changeclimate.com.au
www.colan.com.au
www.polystyreneproducts.com.au
www.replas.com.au
www.coen.com.au
https://doi.org/10.1023/A:1010120921582
https://doi.org/10.1016/j.compositesb.2006.06.002
https://doi.org/10.1016/j.matdes.2013.05.068
https://doi.org/10.1007/BF02412148

	Introduction 
	Materials and Methods 
	Materials 
	Bio-Epoxy Resin 
	Fabric 
	Waste-Based Core Materials 

	Methods 
	Manufacturing of Composite Materials 
	Testing of Skins 
	Bending Test of Cores 
	Bending Test of Sandwich Panels 


	Results and Observation 
	Failure Mode 
	Failure Mode of Skins 
	Failure Modes of Cores 
	Failure Modes of Sandwich Panels 

	Tensile Stress–Strain Behavior of Skins 
	Dynamic Mechanical Analysis (DMA) of Skins 
	Bending Properties of Core Materials 
	Bending Properties of Sandwich Panels 

	Discussion 
	Effect of Environmental Conditions 
	Effect of Skin Materials 
	Effect of Core Materials 

	Theoretical Modeling for the Prediction of Failure Loads 
	Brittle Wood Core Panel Failure Load 
	Flexible Plastic Core Panel Failure Load 
	Soft and Lightweight Styrofoam Core Panel Failure Load 
	Comparison Between Experimental and Theoretical Failure Load 

	Conclusions 
	References

