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Abstract

Driven by the growing concern for environmental sustainability, there is an increasing need to explore innovative approaches
for repurposing industrial waste materials. This study focuses on investigating the potential uses and challenges associated
with cenosphere, a waste product derived from coal combustion in thermal power plants. Typically regarded as waste, ceno-
sphere offers an opportunity to contribute to sustainability efforts. The objective of this research is to evaluate the influence
of cenosphere, a ceramic-rich industrial waste, on the mechanical properties of woven CFRP-Rubber-CFRP (Carbon fibre-
reinforced polymers) sandwich composites. The composite specimens were fabricated using the conventional hand lay-up
technique, incorporating different weight percentages (5, 10, 15, and 20 wt.%) of cenosphere as a particulate filler. Tensile,
flexural, and impact testing were conducted according to ASTM standards to assess the impact of the filler content on the
mechanical properties. The results demonstrate that the inclusion of approximately 15% by weight of discarded cenosphere
significantly enhances the tensile strength, flexural strength, interlaminar shear strength (ILSS), and impact strength of the
sandwich composites, yielding improvements of approximately 1.6, 1.56, 2.06, and 1.85 times, respectively, compared to
unfilled composites. Microscopic analysis of the composites reveals a well-dispersed cenosphere distribution within the
matrix, contributing to the notable enhancement in overall strength characteristics.

Keywords Cenosphere - CFRP - Mechanical characterization - Sandwich composite - Rubber core

1 Introduction ordinary metals [1-3]. In general, the classification of poly-
mer composites is dependent on the type of reinforcement,

In the present period, polymer-reinforced composites, which ~ which can be either in the form of fibre or filler, and the
are well known as an unique category of components used  material, which is used as matrix. Since the function of
in manufacturing various mechanical parts are replacing  the fibre is to bear the applied load and the function of the
matrix is to transmit the load, the choice of matrix, fibre, and
their individual qualities are crucial in determining the over-
all effectiveness of composites. The key factors influencing
P4 Vinyas Mahesh the properties of composites are the weight percentage load-
vinyas.mahesh @gmail.com; vinyas @mech.nits.ac.in ing of the fibre, the matrices, the fillers, process variables

of production system, and the methods used in modifying
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als, is commonly used in the production of fibre-reinforced
polymer (FRP) composites [8] because of its impressive
durability against corrosive environments and chemicals,
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various types of reinforcing materials including both natu-
rally available and man-made along with attempt to include
particles to the polymer phase to create what are known
as hybrid composites. Although composites incorporating
natural fibrous materials as reinforcements are affordable,
environmentally friendly, and biodegradable, their uses are
still limited as a result of their affinity to absorb moisture and
water along with below par adherence with polymers [9].

As a result, synthetic fibres have become the greatest
option for creating fibre-reinforced composites. The most
popular fabrics for creating FRP composites include Kev-
lar, aramid, basalt, glass, and carbon. Carbon-based fibres
get top priority among others due to their exceptional tribo-
thermo-mechanical properties combined with cost, which
also permit minimal density and great durability due to
which carbon textiles are promising and widely favoured.

In the world of aerospace, carbon fibre has provided
greater mechanical and tribological performance [10]. The
carbon fibre laminated composites have a high fracture initi-
ation and crack propagation capability via a variety of failure
modes [11]. One of the main fracture propagation modes is
delamination, which significantly reduces the in-plane stiff-
ness and strength [12]. Another issue is that carbon fibre has
poor interfacial interactions with polymer matrix due to its
surface inertness [13]. All the previously mentioned flaws
possess a significant capacity to trigger a catastrophic col-
lapse of the entire composite structure. Within this realm,
numerous approaches have been devised to amplify the
mechanical properties, prominently including Z-pinning
[14], fibre stitching [15], the creation of 3D fabric designs
[16], surface modification of fibres [17], and most notably,
alterations to the matrix [18]. These techniques for modi-
fication, despite their immense complexity and substantial
costs, have demonstrated remarkable efficacy in enhancing
interlaminar mechanical characteristics. Traditionally, the
process of matrix alteration has been regarded as relatively
straightforward and inexpensive, with no adverse impact on
the composite’s other mechanical and structural attributes.
By using particles in the micron to nano size, CFRP’s prop-
erties could be even more tailored.

In recent years, natural and inorganic fillers have been
commonly added to polymer matrix composites (PMCs)
to enhance their tribo-mechanical properties. The accepted
approach for including natural fillers in the manufacturing
of composite laminates is to achieve a uniform dispersion
of the fillers within the matrix material by the conventional
mixing and stirring process. This meticulous process, which
has been adopted in this study guarantees effective amalga-
mation and widespread distribution of the fillers through-
out the composite laminate, ultimately leading to improved
mechanical properties. This has attracted significant atten-
tion from aerospace, marine, and automotive sectors. Fillers
are incorporated at micron and submicron levels, showing

@ Springer

synergistic effects on mechanical and tribological character-
istics. Factors such as particle size, type, processing, chemi-
cal treatment, weight ratio, etc., contribute to these effects.
In India, about 73% of power production comes from ther-
mal power plants, primarily using bituminous coal. Indian
bituminous coal contains 30-45% more ash compared to
imported coal, leading to increased fly ash waste generation.
Disposing of fly ash waste poses significant environmental
and land use challenges, contributing to soil and air pollu-
tion. India’s fly ash management takes utmost precautions
in handling and disposing of fly ash particles. Fly ash, a
byproduct of coal combustion, can be effectively utilized by
other industries to create useful products. In 2015-16, the
Indian government reported that approximately 62% of fly
ash generated was being efficiently utilized. The reuse of fly
ash instead of its disposal as waste offers a promising solu-
tion to reduce environmental impact [19]. Fly ash particles
have garnered significant interest from engineers, research-
ers, and scientists. These particles, primarily hollow micro-
spheres, hold immense potential for creating lightweight
materials due to their ability to lower composite density
[20]. Additionally, their superior thermal stability, attributed
to their formation at temperatures around 1000 °C, makes
them an attractive choice for applications requiring high
thermal stability and low conductivity, such as in tribology
applications [21]. In composite materials, the incorporation
of fly ash particles has been found to enhance properties like
modulus and fracture toughness, with the optimal composi-
tion for polypropylene composites being 20% [22]. Studies
have also investigated the effects of fly ash addition on the
physio-mechanical properties of rubber and demonstrated
the improved thermal mechanical properties of surface-mod-
ified PEEK composites with cenosphere [23, 24]. Further-
more, the introduction of submicron cenosphere particles
has been shown to enhance the wear properties of vinyl ester
composites [25]. These findings underscore the potential of
fly ash particles in various applications, promoting sustain-
ability and resource efficiency. According to Chand et al.
[26], adding cenosphere particles improved tribo-mechanical
properties of HDPE composites. Fly ash-filled vinyl ester
composites showed superior wear resistance compared to
plain resin, as observed by Dipa Ray and Gnanamorthy [27].
However, Suresha et al. [20] found poor wear performance
when cenospheres were added to glass epoxy composites.
Load and abrading distance were identified as key param-
eters affecting wear loss. Fly ash particles enhanced elec-
trical, rheological, mechanical, and tribological properties
of composites, supported by Mohammad Rahail Parvaiz’s
findings [28]. Cenosphere-reinforced polypropylene com-
posites exhibited improved thermo-mechanical and dynamic
mechanical capabilities [29]. Fly ash addition proved benefi-
cial in metal matrix composites, rubber-based composites,
and ceramic matrix composites [30, 31]. The incorporation
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of fibres and fillers into polymers has captured the attention
of researchers due to its intriguing nature. Notably, studies
have demonstrated that the addition of fillers to polymer
matrix composites (PMCs) leads to an improved modu-
lus, consequently reducing material costs [32, 33]. Hybrid
composites, which combine both fibre reinforcement and
fillers within the matrix, exhibit exceptional characteristics
such as enhanced strength, stiffness, and ductility that sur-
pass those of single fibre-reinforced composites. Moreover,
these hybrid composites outperform single fibre-reinforced
composites in terms of fatigue life and fracture toughness,
making them an innovative and advantageous approach in
composite materials. The primary objective of this study is
to thoroughly examine the profound influence of cenosphere
inclusion in sandwiches fabricated with CFRP and natural
rubber. By incrementally introducing the filler up to a maxi-
mum of 20%, and employing the conventional hand lay-up
technique, the research successfully obtains the specimens
for meticulous analysis of the intricate mechanical behaviour
exhibited by this innovative sandwich composite.

2 Materials and methods
2.1 Materials

Existing work makes use of woven carbon fibres as one of
the reinforcement. Epoxy resin (L12) was used in the crea-
tion of the composite matrix. The resin was obtained from
CS Marketing, Bangalore, India, along with the hardener
K6. The composite was made using a 10:1 epoxy/hardener
ratio. The filler was cenosphere fly ash, which was obtained
from the nearby thermal power plant. The flotation method
was used to obtain cenosphere from fly ash. The properties
of the cenosphere used in the present study is presented in
Table 1.

XRD and SEM were used to describe the cenosphere.
With the use of a JEOL JSM-6480LV scanning electron
microscope, the fly ash’s surfaces were examined. Figure 1
shows SEM photos of the surface morphology of cenosphere
fly ash. The sphericity of the cenosphere particles is quite
high, as can be shown. From, the XRD, the main curve’s
broad ovoid form denotes the existence of an amorphous
phase, whereas the sharp peaks denote the presence of

crystalline phases. The crystalline phases contained in the
investigated cenospheres, according to XRD analysis, are
quartz, mullite, and calcite.

2.2 Fabrication of composites

The widely used hand lay-up technique was employed to
fabricate the envisioned sandwich composites, the fabrica-
tion process is as shown in Figure 2. In order to create hybrid
sandwich composites, the weight percentage of cenosphere
was systematically varied across four sets of laminate com-
posite samples (5%, 10%, 15%, and 20%), while also prepar-
ing unfilled sandwich composites for comparison purposes.
A 10:1 mixture of the L12 epoxy and K6 hardener was pre-
pared, to which cenosphere was added and well combined
with moderate stirring. Table 2 demonstrates that the weight
ratio of carbon fibre and rubber core was 40%, while the
incorporation of cenosphere took place in the epoxy and
hardener mixture, constituting 60% of the total weight. This
ratio remained consistent throughout the fabrication process,
with modifications made solely to the epoxy by adding ceno-
sphere. Two layers of carbon fibre (Twill weave) were used
as skin and were arranged randomly on each side of natu-
ral rubber core. The layers of carbon fibre and rubber were
arranged in desired order. The composites were loaded from
the top and given 24 hours at room temperature to cure. The
samples were removed from the mould after 24 hours and
cut using a diamond cutter to the necessary form and size
for mechanical testing.

The composite materials are categorized into different
designations based on their composition. These designations
are represented by the following codes: S-CO0, S-C5, S-C10,
S-C15, and S-C20. Each designation corresponds to specific
weight percentages of cenosphere, carbon, rubber core, and
epoxy. In the S-CO composite, there is no cenosphere pre-
sent, while the weight percentages of carbon, rubber core,
and epoxy are 20%, 20%, and 60%, respectively. As we move
to the S-C5 composite, the weight percentage of cenosphere
increases to 5%, while the other components maintain the
same weight percentages as S-C0. Similarly, the weight per-
centages of cenosphere increase to 10%, 15%, and 20% in
S-C10, S-C15, and S-C20 composites, respectively. In all
cases, the weight percentages of carbon, rubber core, and
epoxy remain constant at 20%, 20%, and 40%, respectively.

Table 1 Basic properties of

. . Material Density (g/cm?) Tensile strength (MPa) Young’s modu-  Flexural
materials as provided by the lus (GPa) strength
manufacturer (MPa)

Woven Bidirectional 1.5-1.9 4000-7000 200-700 Varies
Carbon Fibres

Epoxy Resin (L12) 1.1-14 60-80 2.5-4.0 80-110

Cenosphere Fly Ash 0.4-0.9 N/A N/A N/A

@ Springer
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Fig. 1 Scanning electron micro-
scope image of cenosphere and
its XRD
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Table 2 lists the details pertaining to proposed composites.
According to the supplier’s data sheet, the densities of epoxy
resin, carbon fibre, natural rubber, and cenosphere are 1.2,
1.8, 0.92, and 0.6 g/cm3, respectively.

2.2.1 Tensile testing

A diamond cutter was used to gently cut the specimen to
the prescribed length mentioned in the standard 250 mm
(span length) x 25mm (width) for the tensile test from the
laminate, and emery paper was used to finish it to the cor-
rect size as per ASTMD 3039 standard. The tensile tests
were performed on a Dak’s system series 9000 universal
testing machine equipped with a 50 kN load cell with emery
cloth tabs. Testing was conducted at a loading rate of 2 mm
per minute. Five identical specimens were evaluated for
composite configuration with a varied cenosphere weight

@ Springer

1
1.50

]
D
1 I

3.00

I 1 1 1

4.50 6.00 7.50 9.00 10.50 12.00

keV

fraction as mentioned in Table 2, and an average result was
produced.

2.2.2 Flexural testing

On the same apparatus used for tension test, 3 point bend-
ing (flexural) tests also were carried out in accordance with
ASTM D2344-84 at a loading rate of 2 mm/min with span
length of 152 mm, width 13 mm and thickness of 9.5 mm.
The flexural stress during a three-point bending test was cal-
culated using Eq. 1.

o =3LF,, /2bt* 1)

where F, . represents ultimate load in N, L is the support
distance in mm, width, and thickness in mm of the samples
used are represented by b and t, respectively.
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Carbon Fabric Epoxy Matrix

CFRP Facesheet Rubber Core

Fig.2 Fabrication of the proposed sandwich composites

Table 2 Composite configuration and details

Composite  Cenosphere: Carbon Rubber Epoxy
designation weight per-  weight per-  core weight — weight
centage centage percentage  percent-
age
S-CO 0 20 20 60
S-C5 5 20 20 55
S-C10 10 20 20 50
S-C15 15 20 20 45
S-C20 20 20 20 40

The specimens were prepared according to the dimensions
specified in the standard, maintaining a constant width of
13 mm. To achieve a span-to-thickness ratio of 16:1, a span
length of 152 mm was selected for the samples, which had a
consistent thickness of 9.5 mm. Flexural tests were performed
on a Dak’s system series 9000, equipped with 3-point bend-
ing test apparatus, universal testing machine equipped with a
5 kN load cell.

2.2.3 ILSS

An ILSS test was conducted per ASTM D2344-84. The cross-
head speed was kept at 2 mm per minute. Five identical speci-
mens were examined for various weight percentages of ceno-
sphere filler, and an average result was determined. Equation 2
was used to calculate ILSS.

ILSS = 3F,,, /4bt 2)

Cenosphere CFRP Facesheet

Sandwich Composite

CFRP Facesheet

2.2.4 Impact strength

The Charpy impact test may be used to determine how much
energy is absorbed when a typical specimen breaks under the
effect of an impact force. The specimens and the test were
conducted as directed. The specimens for the Charpy impact
test were created in accordance with ASTM D6110-18, the
dimension of the specimen is 80 mm span length and 10 mm
width. A Zwick/Roell Charpy impact test machine (HIT50P)
was used for the testing in accordance with the ISO 179/1fU
CHARPY.

3 Results and discussion

Table 3 shows a summary of the mechanical property’s out-
comes obtained from mechanical testing of the manufactured
composites.

3.1 Mechanical properties
3.1.1 Tensile strength

Figure 3 displays the variation of the sandwich composite
laminates tensile strength for different levels of cenosphere.
It is discovered that adding cenosphere as additional constit-
uents in the composite from 5 to 15 wt.% boosts the compos-
ite’s tensile strength. Tensile strength declines as cenosphere
are added further (20 wt.%) [34-36]. This might have hap-
pened as a result of a chemical reaction at the interaction in
between epoxy matrix and cenosphere leading to disrupted

@ Springer
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Table 3 Consolidated

. ) Test S-Co S-C5 S-C10 S-C15 S-C20
mechanical properties of the
proposed composites Theoretical density (g/cm®) 1.198 1.188 1.153 1.11 1.04
Actual density (g/cm?) 1.158 1.135 1.096 1.058 0.99
Void content (%) 3.34 4.46 4.94 4.68 4.81
Tensile strength (MPa) 1290.5 1466.14 1744.76 2075.22 1565.71
Flexural strength (MPa) 380.02 417.15 492.28 593.97 405.19
ILSS (MPa) 32.12 41.68 57.96 66.45 34.95
Charpy Impact strength (kJ/m?) 226.45 295.94 373.72 419.17 268.45
S-Co @ 2500
2000 (b)
207§.22
2000 B
E 1500 E 17414_1‘76
2 S 1565.71
= < 1500 1466.14 =
=4 I 1290.5
& T
S E 2
& 1000 A &
2 © 1000 4
%2} ‘7
500 500
O T T T 0 T . T T T T
0 8 9 S-CO S-C5 S-C10 S-C15 S-C20

Strain (%)

Fig.3 Variation in a stress stain curve and b tensile strength of proposed sandwich composites

matrix continuity, or it may have occurred because of the
irregularly shaped particles that cause stress concentration
in the epoxy matrix. S-C15 exhibits a tensile strength of
2075.22 MPa, which is 60.8% higher than unfilled S-CO
composite, which exhibits a tensile strength of 1290.5 MPa.
The fractured specimen subjected to tensile test is presented
in Fig. 4.

It is seen that the proposed sandwich composites undergo
brittle fracture at the skin/face sheet as shown in Fig. 4. Due
to the inserted carbon fabric’s three-dimensional struc-
ture, complex breakages such as matrix cracking and fibre
breakup were seen. A good interface between the carbon
fibres and the matrix materials was created, according to
observation of the fibre breaking, and the external tensile
load was effectively transmitted to the CF reinforcements.
When a tensile load is applied, the matrix material expe-
riences stress, and this stress is transmitted to the fibres
through the interfacial bonding. The carbon fibres, being
highly tensile strength materials, can withstand this load and
carry it efficiently. The observation of fibre breaking indi-
cates that the load is successfully transferred to the fibres,

@ Springer

resulting in the desired mechanical behaviour and reinforc-
ing effect.

3.1.2 Flexural strength

The variation in flexural strength and ILSS for the proposed
sandwich composites are presented in Figs. 5 and 6, respec-
tively. The pattern similar to tensile strength was seen in the
cases of flexural strength and ILSS. The improvement in
flexural strength and ILSS of S-C15 from unreinforced filler
S-C0 is approximately 56.3% and 106.8%. Flexural failure
is constrained in the case of carbon fibre-epoxy compos-
ites by the fibres. The findings of the flexural strength test
showed that the flexural strength of epoxy matrix hybrid
polymer composites varied as cenosphere concentration
increased. S-CO composites have a starting flexural strength
of 380.02 MPa.

The inclusion of cenospheres in epoxy resin results in
enhanced mechanical properties observed in the result-
ing composites. Flexural strength improves slightly to
417.15 MPa at 5 wt.% cenosphere concentration and climbs
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Fig.4 Fractured tensile test specimen
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Fig.5 Variation in a stress strain curve and b flexural strength of proposed sandwich composites

to a maximum of 593.97 MPa at 15 wt.% cenosphere.
Strength declines at 20 wt.% cenosphere, but the resulting
value (405.19 MPa) is still higher than the composite with-
out cenosphere, which has a strength of 380.02 MPa. It’s
vital to remember that in composites, the strength divergence
increases after 5 wt.% of cenosphere. This amply demon-
strates how enhancing the mechanical characteristics of car-
bon fibre epoxy composites can benefit from the inclusion
of cenosphere. The interfacial connection formed between
the epoxy matrix and fibre via cenosphere may be the cause
of the increased strength.

The interfacial interaction of the fibre and epoxy
matrix affects the mechanical characteristics of carbon

fibre-reinforced polymer composites. ILSS is one of the
most useful metrics for determining how surfaces inter-
act. The ILSS of proposed composites is found to increase
with addition of cenosphere in the epoxy matrix up to 15
wt.%. ILSS of S-C15 is shown a 106.88% improvement
over S-CO composite. In fact, one of the benefits of the
enhanced ILSS is that the cenosphere disperses effectively
in the matrix, resulting in efficient cenosphere-matrix
bonding. Since epoxy also has hydroxyl as a functional
group, it forms hydrogen bonds with carbon fibres as well
as with molecules in the cenosphere. As a result, epoxy
has strong interfacial adhesion, which produces the “inter-
lock effect”.

@ Springer
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Fig.6 Variation in ILSS strength of proposed sandwich composites

At 15 wt.%, cenosphere dispersion was good, but after
that concentration, it began to aggregate. Therefore, as ceno-
sphere concentration rises over 15 weight per cent, ceno-
sphere aggregation also rises. After adding 15 wt.% ceno-
sphere, the negative impact of cenosphere on shear strength
is greater, and it gets worse as we add more cenosphere
content to epoxy. A decrease of ILSS from 66.45 MPa to
34.95 MPa for cenosphere contents of 15 and 20 weight
per cent, respectively. Therefore, there has been a 90.12%
reduction in ILSS from the highest ILSS value observed in
the case of 20 weight per cent cenosphere content. This dete-
rioration in ILSS is caused by a number of factors, includ-
ing cenosphere dispersion into epoxy, agglomeration, and
unintended bonding of cenosphere with a sizing agent. The
excess cenosphere addition beyond 15 wt.% was the cause
of the cenosphere agglomeration. The increased content of
cenospheres facilitates a greater binding with K6 molecules
due to the involvement of cenospheres in the binding pro-
cess with the hardener K6. This, in turn, weakens the con-
nection between the epoxy and K6 molecules. The reduced
availability of K6 molecules impacted the epoxy bonding

process, leading to a decrease in the degree of cross-link-
ing between the matrix and hardener. Consequently, this
decrease in cross-linking affected the interaction among the
cenosphere, epoxy, and fibre components. Decrease in ILSS
of composites for an increasing cenosphere concentration
as a result. The nature of damage due to flexural loading is
presented in Fig. 7.

It can be seen from Fig. 7 that S-C0, which exhibits
lower flexural strength undergoes delamination as opposed
to S-C15 where delamination is absent. The core material
being a compliant material arrests the crack generated in
the top face sheet to propagate to bottom face sheet. Thus,
the use of rubber core results in mitigating the damage due
to flexural loading. Due to shear strain on the top face sheet
of the suggested composite S-C0, delamination and layer
separation may be seen. As can be observed from the image,
samples of S-C15 do not completely separate into pieces,
and as a result, they demonstrate resistance to shear load-
ing because, a better and stronger interlaminar bonding was
created.

The evident trend of cenosphere aggregation, which ham-
pers dispersion effectiveness, is observable. The adverse
consequences observed after incorporating more than 15%
cenospheres can be attributed to multiple factors, including
disrupted matrix continuity, interfacial stress concentration,
and the resulting increased brittleness of CFRP. Careful
consideration of the optimal cenosphere content becomes
crucial in order to strike a balance between the potential
benefits and the need to mitigate any detrimental effects on
the structural properties.

3.1.3 Impact strength

The Charpy impact strength of the proposed sandwich
composites vary in the order S-C15>S-C10> S-C5 >
S-C20 > S-CO0 as shown in Fig. 8, indicating that S-C15
exhibited highest impact strength of 419.17 kJ/m?, which
is greater by 85.10% compared to unfilled S-CO com-
posite exhibiting an impact strength of 226.45 kJ/m>.
The extraordinary improvement in impact resistance for

Fig.7 Damage due to flexural loading

@ Springer
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Fig.8 Variation in impact strength of proposed sandwich composites

S-C15 may be described as follows: The high modulus of
the carbon fibre outer layer facilitated the quick diffusion

Fig.9 Fractography of pro-
posed sandwich composites
subjected to impact test

of stress waves, the high compliance of the rubber in the
core layer facilitated the absorption of impact energy and
the cenosphere at 15 wt.% reduced the voids in the com-
posites mitigating the crack propagation. These show the
benefit of including a third phase (cenosphere particles)
into the composite for appropriate applications, increasing
all the mechanical properties.

After the Charpy impact test, microscopy was used
to further examine the morphology of the composites’
surfaces as shown in Fig. 9. The fibre layer on the com-
pressive side of the specimen delaminated and displayed
kinking failure, whereas the fibre layer on the tensile side
experienced tensile failure and had some fibres broken and
pulled out. CFRP, on the other hand, showed a fractured
fibre with acute brittle fractures and an overall fracture
with a through-thickness break that was clearly visible.
Due to a decrease in yield strength, the inclusion of rubber
core has increased the potential for ductile failure. Due to
the rubber’s ability to function as stress concentrators to
start yielding, the yield stress is decreased in the samples.
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4 Conclusions

The current research is being conducted to assess the effect
of cenosphere powder on the mechanical characteristics of
CFRP and natural rubber core sandwich composite. The
following conclusions are drawn from the present study:

e Adding 5-15 wt.% cenospheres enhances tensile
strength by 60.8% in S-C15 (2075.22 MPa) compared
to unfilled S-CO (1290.5 MPa). However, sandwich
composites exhibit brittle fracture at the skin/face
sheet interface. Flexural strength and ILSS in S-C15
improve by approximately 56.3% and 106.8%, respec-
tively, compared to unreinforced S-CO. The interfacial
connection between the epoxy matrix and fibre via
cenospheres contributes to the strength increase.

e The experimental findings reveal that the dispersion of
cenospheres within the matrix is effective, leading to a
strong cenosphere-matrix bonding and the generation
of an interlock effect. This interlock effect facilitates
crack arrestation, preventing crack propagation from
the top face sheet to the bottom face sheet. The pres-
ence of a compliant rubber core material contributes to
this behaviour by absorbing and dissipating the flexural
loading-induced damage. Consequently, the utilization
of a rubber core demonstrates a significant mitigation
effect on the structural damage caused by flexural load-
ing.

e Beyond a concentration of 15 wt.%, there is an observa-
ble trend of cenosphere aggregation, indicating reduced
dispersion effectiveness. The negative impact after
adding over 15% cenospheres is due to aggregation,
disrupted matrix continuity, inadequate bonding, and
interfacial stress concentration. Optimal cenosphere
content is crucial for balancing benefits and mitigating
negative effects on structural properties.

e The extraordinary improvement in impact resistance
for S-C15 is found to be due to the high modulus of the
carbon fibre outer layer, which facilitated the quick dif-
fusion of stress waves, the high compliance of the rub-
ber in the core layer, which facilitated the absorption of
impact energy and the cenosphere at 15 wt.% reduced
the voids in the composites mitigating the crack propa-
gation.
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