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of syntactic foams with varying volume fractions (20%, 40%, and 60%) of cenospheres (SFC)

and rubber crumb (SFR), benchmarked against neat epoxy (NE). The key findings indicate that KEYWORDS
rubber crumb-reinforced foams (SFR60) exhibit the highest absorbed energy of 16.75 J at an Syntactic foams
impact energy of 118.82 J, surpassing the NE (6.46 J), indicating superior impact dissipation. Cenosphere
Cenosphere-based foams (SFC60) achieve the highest specific energy absorption (SEA) of Rubber crumb
0.0115 Jm/kg, a 117% improvement over NE (0.0053 Jm?/kg), due to their lower density and Core material

increasing filler content from 20% to 60% significantly enhances both absorbed energy and Low velocity impact
SEA, with cenosphere-reinforced foams exhibiting higher efficiency per unit mass. These Energy absorption
findings highlight the performance trade-offs between energy absorption capacity and material Gradation test

efficiency, providing valuable insights for designing sustainable syntactic foams for aerospace,
automotive, and protective applications.

1. INTRODUCTION

The demand for lightweight, high-strength materials with excellent impact resistance is growing across various
industries, particularly in aerospace, automotive, and marine applications [1]. Syntactic foams, which are composite
materials typically consisting of hollow microspheres embedded in a polymer matrix, have gained significant attention
due to their unique combination of low density and enhanced mechanical properties. These materials are designed to
absorb and dissipate energy, making them ideal for applications requiring resistance to impact and other dynamic loads
[2]. Particulate composites are often used as the core materials in composite sandwiches because they offer a robust and
lightweight framework. Additionally, impact resistance, electrical properties, magnetic characteristics and damage
tolerance can all be enhanced by adding reinforcing particle fillers to epoxies [3] - [7]. In lightweight applications such
as aerospace construction, where weight reduction can lead to improved fuel efficiency and performance, particulate
composites are particularly advantageous. Furthermore, due to their enhanced properties, particulate composites can also
be used in applications such as packaging, where there is a risk of damage. Typically, two strong and rigid face sheets are
sandwiched around a lightweight material to form the core of a sandwich structure. The core functions are to reduce
weight while simultaneously enhancing the rigidity and strength of the sandwich structure [8], [9].

Achieving high specific compressive strength and bending stiffness in a sandwich construction can be accomplished
by utilizing a particulate-filled composite material as the core. The lightweight core design reduces the overall weight of
the structure, while the particle fillers enhance the mechanical properties of the composite material. Sandwich structures
with particulate-filled composite cores are ideal for aerospace and other weight-sensitive applications where high
performance is essential. Furthermore, the improved mechanical characteristics of the particulate-filled composite core
provide increased resistance to impact and various types of damage, making them well-suited for use in harsh
environments [10] - [12]. Many different types of particles are used as fillers in composite materials. The choice of filler
material is determined by the desired properties of the composite. Fillers serve multiple functions, including reducing the
overall cost of the final product and enhancing various properties to meet specific application requirements. Materials
such as minerals, metals, ceramics, polymers, and industrial waste can all be utilized as polymer fillers [13] - [16].

The study on the low-velocity impact behavior of functionally graded, treated, and untreated cenosphere-based
syntactic foams examines the impact resistance of syntactic foams in relation to the influence of functional gradation and
surface treatment of cenospheres. The researchers developed functionally graded foams by varying the filler concentration
through the thickness of the specimen, aiming to improve energy absorption and damage tolerance. Treated cenospheres,
modified to enhance interfacial bonding with the matrix, were compared with untreated counterparts under low-velocity
impact loading. The findings revealed that functionally graded syntactic foams with treated cenospheres exhibited
superior impact resistance, reduced damage propagation, and better energy dissipation compared to their uniformly filled
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or untreated counterparts. This study highlights the effectiveness of both particle surface treatment and gradient design in
optimizing the mechanical performance of syntactic foams for impact-critical applications [2].

Recent advancements in cenosphere-reinforced syntactic foams have increasingly focused on enhancing specific
strength to meet the demands of weight-sensitive structural applications. These foams, composed of hollow alumino-
silicate microspheres embedded in a polymer matrix, offer an excellent balance of low density and mechanical
performance. Researchers have explored various strategies to improve specific strength, such as optimizing cenosphere
volume fractions, employing hybrid reinforcement with fibers or nanoparticles, and surface-treating cenospheres to
improve interfacial adhesion. Studies have shown that incorporating cenospheres up to an optimal threshold significantly
increases specific strength by reducing composite weight while maintaining or enhancing stiffness and load-bearing
capacity. Additionally, advanced fabrication techniques, such as functionally graded layering and controlled filler
dispersion, have further enhanced the strength-to-weight ratio. These developments position cenosphere-based syntactic
foams as promising candidates for lightweight structural components in aerospace, automotive, and marine sectors, where
high specific strength is critical [17].

A study examining the effects of reinforcement using both waste glass and barley straw on the water resistance,
mechanical, and thermal properties of polyethylene composites presents a sustainable approach to composite development
by utilizing agricultural and industrial waste as reinforcement in a polyethylene matrix. The dual inclusion of waste glass
fibers and barley straw aimed to balance the mechanical performance and environmental impact of the resulting
composites. The findings demonstrated that waste glass improved the stiffness and tensile strength of the composites,
while barley straw contributed to reduced density and enhanced biodegradability. The hybrid reinforcement also
significantly influenced thermal stability and water absorption behavior, with the treated fibers showing better interfacial
bonding and reduced moisture uptake. Overall, the study highlights the potential of combining organic and inorganic
waste reinforcements to produce environmentally friendly composites with competitive mechanical and thermal
properties, suitable for lightweight structural and semi-structural applications [18].

The study on the effect of alkaline treatment on the thermal and mechanical properties of sugar palm fiber-reinforced
thermoplastic polyurethane composites investigates the influence of surface modification on the performance of natural
fiber-reinforced polymer composites. Alkaline treatment (typically using NaOH) was applied to sugar palm fibers to
remove impurities, waxes, and non-cellulosic components, thereby improving fiber-matrix adhesion. The results revealed
that treated fibers led to enhanced mechanical properties, including increased tensile strength and modulus, due to better
stress transfer at the interface. Thermal analysis showed improved thermal stability of the composites with treated fibers,
attributed to cleaner fiber surfaces and stronger interfacial bonding. Moreover, the treatment reduced moisture absorption,
enhancing dimensional stability. This study underscores the importance of chemical treatment in improving the
compatibility of natural fibers with polymer matrices like thermoplastic polyurethane (TPU), making such composites
more viable for structural and semi-structural applications in automotive and consumer industries [19].

The primary criterion for material selection is the required functionality of the composite. Since the morphology of
filler particles significantly influences the properties of the composite, particles are often classified based on their shape.
The most common morphologies include flaky, fibrous, spherical, cubical, and block-like forms. The size of the interfacial
zone between the particle and the matrix resin is affected by differences in surface area among these shapes for a given
volume. Each geometry exhibits a distinct stress concentration factor due to variations in aspect ratio and corner radius
of curvature [20], [21]. Fillers with spherical particles are more commonly used than those with other shapes. The use of
cenospheres, hollow spherical particles, in the production of low-density, highly damage-tolerant core materials has
increased significantly in recent years. These low-density materials are classified as near-cell-structured foams and are
commonly referred to as "syntactic foams." The density or composition of cenospheres can be tailored to customize the
density of syntactic foams across a wide range [22], [23].

Recent advancements in syntactic foam technology have focused on enhancing its energy absorption capabilities
through the incorporation of various types of fillers. Filler-reinforced composites represent a class of advanced materials
in which a matrix, typically a polymer, is reinforced with filler materials such as nanoparticles, fibers, or particulates.
These fillers play a crucial role in improving the mechanical, thermal, and electrical properties of the composite, providing
a synergistic effect that exceeds the performance of the individual components [24], [25]. By strategically incorporating
fillers into the matrix, filler-reinforced composites can be engineered to achieve tailored properties such as increased
strength, stiffness, toughness, and wear resistance, while maintaining or even reducing the overall weight. Furthermore,
the type, size, shape, and concentration of fillers can be precisely adjusted to meet specific performance requirements and
application needs across a wide range of industries, including automotive, aerospace, electronics, and biomedical
engineering [26], [27]. The development and optimization of filler-reinforced composites remain a central focus of
research, driving innovations in material design, processing techniques, and applications. These advancements hold the
potential to revolutionize various technological sectors while addressing critical challenges related to sustainability and
performance [28], [29].

Rubber crumb particles, derived from recycled tires, represent an innovative approach to enhancing the impact
resistance of syntactic foams. These highly elastic particles can undergo significant deformation under stress, effectively
absorbing and dissipating energy through hysteresis [30]. When embedded in a polymer matrix, rubber crumbs create
localized regions of high deformability, further enhancing the composite’s capacity to absorb impact energy [6], [31].
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Despite extensive research on syntactic foams, particularly those reinforced with cenospheres, a notable lack of
comparative studies remains to evaluate their low-velocity impact performance against alternative reinforcements, such
as rubber crumb. While cenosphere-reinforced foams are well recognized for their lightweight and strength
characteristics, the impact resistance of rubber crumb-reinforced syntactic foams, especially under low-velocity
conditions, has not been adequately explored. Furthermore, direct comparisons between these two reinforcement types
under identical testing protocols are scarce, making it difficult to understand the distinct roles they play in energy
absorption, damage tolerance, and overall mechanical behavior.

To address this gap, the present study aims to perform a systematic comparative assessment of cenosphere and rubber
crumb-reinforced syntactic foams under low-velocity impact loading. By evaluating and comparing their energy
absorption capabilities, peak and critical force responses, and failure mechanisms, this work aims to provide deeper
insights into material selection for impact-critical applications in the aerospace, automotive, and marine sectors. The
outcomes of this study are expected to guide material design choices where optimized impact resistance is essential.

2. METHODS AND MATERIALS

2.1 Materials

In order to develop the syntactic foams in this work, rubber crumb of grade CRMB60, obtained from SM enterprises,
Bengaluru, Karnataka, India and cenosphere of grade CIL 100, obtained from Cenosphere India Pvt. Ltd., Kolkata, West
Bengal, India, are used as fillers in the epoxy-based matrix Lapox L12, coupled with K6 hardener. The components used
in the development of syntactic foams are shown in Figure 1.
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Figure 1. Raw materials utilized for production of syntactic foams: (a) cenosphere; (b) rubber crumb; (c) epoxy matrix

2.2 Methods

Syntactic foams are fabricated by mixing resin at room temperature with a specified volume percentage of cenospheres
or rubber crumb. After the components are blended, 10% hardener (in a 1:10 ratio) is added to the mixture, which is then
degassed to remove entrapped air before being poured into aluminum molds. This process results in a uniform and
consistent slurry. The cast slabs are allowed to cure at room temperature for 24 hours. Three distinct syntactic foams are
prepared using cenosphere/rubber crumb concentrations of 20%, 40%, and 60% in an epoxy matrix. Additionally, virgin
specimens, those without any matrix filler, are prepared for comparison. The methodology used to fabricate the proposed
syntactic foams is illustrated in Figure 2.
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2. Steps involved in preparation of syntactic foams
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The produced composites and their designations are displayed in Table 1. The fabricated laminates are shown in Figure
3. Specimens required for the various tests conducted in this study were cut from the resultant laminates in accordance
with the relevant ASTM standards. The uniform dispersion of rubber crumb and cenosphere particles within the epoxy
matrix is illustrated in Figure 4.

Table 1. Syntactic foams and their designations

Syntactic Foam Designation

Neat Epoxy NE

20 Vol% Cenosphere reinforced in Epoxy SFC20
40 Vol% Cenosphere reinforced in Epoxy SFC40
60 Vol% Cenosphere reinforced in Epoxy SFC60
20 Vol% Rubber Crumb reinforced in Epoxy SFR20
40 Vol% Rubber Crumb reinforced in Epoxy SFR40
60 Vol% Rubber Crumb reinforced in Epoxy SFR60

Matrix §% -
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Figure 4. Uniform distribution of (a) cenosphere and (b) rubber crumb in epoxy matrix

The density of the developed composites was calculated using Eq. 1. The obtained density is used to calculate specific
energy absorption (SEA).

— mass
p= / volume (1)
2.3 Gradation Test

Cenospheres are composed of a range of solid, hollow, and composite particles, typically exhibiting a spherical shape.
While cenospheres are hollow fly ash particles, plerospheres are composite particles consisting of smaller solid particles
enclosed within a hollow spherical shell. Due to their varying densities, cenosphere particles tend to rise to the surface
when mixed with epoxy and poured, leading to gradation in the prepared specimens. This gradation occurs as the
cenosphere concentration decreases with depth, resulting in a higher epoxy content and increased weight at the bottom,
and lower weight at the top. Figure 5(a) illustrates the functional gradation (FG) schematic of a cenosphere-based core
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sample. Dispersing rubber crumb into an epoxy matrix yields a type of rubber-toughened composite, which enhances the
material's toughness and impact resistance. The natural settling tendency of denser rubber crumb particles during the
curing process can be leveraged to create a functionally graded material (FGM), in which the bottom layer contains a
higher concentration of rubber crumb and the top layer contains a lower concentration. Figure 5(b) shows the schematic
of the rubber crumb-based core.

A syntactic foam specimen with dimensions of 10 x 10 x 10 mm was fabricated for each configuration. This was then
sectioned into four equal slices (10 x 10 x 2.5 mm) along the vertical axis. Each slice was weighed, followed by thermal
treatment in an electric Bunsen furnace until the organic matrix was fully combusted, leaving behind the inorganic fly
ash/rubber crumb content. The residual weight was recorded, and the fly ash/rubber crumb weight fraction in each layer
was calculated using Equation 2. This method enabled a quantitative assessment of filler distribution across the specimen's
height. This procedure was designed based on methodologies adapted from related literature and was implemented to
maintain consistency and reproducibility [32].

, . Weight of Residue
Weight of Filler = ( ght of /Weight of Sample) )
©)
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Figure 5. Schematic representation of gradation in (a) cenosphere; (b) rubber crumb-based cores and (c) procedure of
gradation test

2.4  Low Velocity Impact

As shown in Figure 6, the energy absorption capacities of the proposed syntactic foams were evaluated using a low-
velocity impact (LVI) test conducted with a drop-weight impact tester and a hemispherical impactor, following the ASTM
D7136 standard. The specimen size was 150 mm x 150 mm. For each testing condition, three samples were tested, and
the average value was reported as the result.
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Figure 6. Set up used to perform drop weight impact testing
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The weight of the impactor assembly is 8.09 kg. The drop height is set to 0.5 m, 1 m, and 1.5 m, which corresponds to
impact velocities of 3.13 m/s, 4.42 m/s, and 5.42 m/s during impact testing utilizing specimens in the specimen holder of
the impact machine. Thus, the relative impact energies are 39.62 J, 79.02 J, and 118.82 J. The experiment was conducted
at room temperature. To get the various impact energies, the impactor's drop height was altered. As the drop height rises,
so does the energy held within the impactor.

The impact velocities and impact energies are calculated using Eq. 3 and Eq. 4, respectively.

v; = /2gh 3)
1

E = Emviz “4)

where, v ; is the impact velocity in m/s, g is the acceleration due to gravity (9.81 m/s?) and h is the drop height in m, m
is the mass of the impactor in Kg (8.09 kg), E; is the impact energy in Joules.

3. RESULTS AND DISCUSSIONS
3.1 Gradation Test

Utilizing the weight approach on the FG core, gradation characterization is achieved. The variation of weight in each
layer of foams is presented in Figures 7(a) and 7(b) for cenosphere and rubber crumb particles, respectively.

Layer 4
Layer3
SFC60 | 153 | 206 2.05 316 | |Laver2l| sFR60 | 574 | 332 478 6.06
& Layer 1
SFC40 | 198 | 221 316 325 SFR40 | 221 | 315 432 5.02
Layer 4
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SFC20 | 2.28 236 364 425 SFR20 | 2.32 2.78 3.96 434 =L aver2
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Figure 7. Gradation establishment in syntactic foams reinforced with (a) cenosphere and (b) rubber crumb

As the cenosphere content increases from SFC20 to SFC60, the total weight of the syntactic foam decreases. This is
expected because cenospheres are hollow particles with a lower density, reducing the overall weight of the composite.
Similar trends have been reported by Doddamani et. al.[32] where increased cenosphere content led to a reduction in
density and overall weight, enhancing the specific strength and buoyancy of syntactic foams. For SFC20, the top layers
(Layer 1 and 2) contribute 36.9% of the total weight, while the bottom layers (Layer 3 and 4) contribute 63.97%. In
SFCA40, the weight distribution shifts slightly towards the bottom layers (Layer 3 and 4), contributing 60.47%, while the
top layers (Layer 1 and 2) contribute 39.53%. SFC60 has the most pronounced weight distribution towards the lower
layers, with the bottom layers (Layer 3 and 4) contributing 63%, and the top layers (Layer 1 and 2) making up 37%. This
gradient effect is consistent with findings by Rohatgi et al. [33], who observed particle sedimentation in aluminum matrix
syntactic foams depending on particle density and viscosity of the matrix. However, unlike high-density fillers,
cenospheres, due to their low density, are less prone to significant settling, which aligns with our observed marginal
weight variation in SFC foams.

In the case of syntactic foam with rubber crumb particles, the weight increases consistently from Layer 1 to Layer 4,
with a gradual but noticeable jump between layers. This indicates that, at 20% rubber crumb content, the material tends
to settle more toward the bottom layers, but there is still a moderate distribution of the rubber crumbs throughout the
foam. The difference in weight between Layer 1 and Layer 4 is approximately 2.02 grams, showing that while there is
some settling, the gradation is not overly steep. This suggests that at lower rubber crumb content (20%), the matrix
remains relatively homogenous, and the rubber particles are not excessively settling toward the bottom. In the case of
SFR40, there is a more pronounced weight increase between the layers compared to SFR20. The jump between Layer 1
and Layer 2 is significant (0.94 grams), and the weight continues to increase steeply through Layer 3 and Layer 4. The
difference between Layer 1 and Layer 4 is now 2.81 grams, a larger gradient than in SFR20. This suggests that with 40%
rubber crumb content, the particles tend to settle more toward the bottom layers during curing. The higher content of
rubber crumbs likely enhances the gravitational settling, leading to a bottom-heavy structure where the lower layers are
significantly denser. SFR60 shows the most dramatic increase in weight from Layer 1 to Layer 4. The jump from Layer
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1 to Layer 2 is 1.18 grams, which is the largest gap so far, and the difference between Layer 3 and Layer 4 (1.28 grams)
is also substantial. The overall difference between Layer 1 and Layer 4 is 3.92 grams, indicating that the rubber crumb
particles are predominantly concentrated in the bottom layers. At 60% rubber crumb content, the matrix shows significant
gradation, with the top layers remaining relatively lighter and the bottom layers becoming heavily reinforced and much
denser. The stronger gravitational settling at higher crumb content can be attributed to increased particle agglomeration
and delayed gelation of the resin, as similarly observed in the work of Zhao et al. [34], who noted that at higher filler
loadings, rubber particles tend to sink more rapidly unless strong particle—matrix interfacial bonding or thixotropic agents
are used to suspend them. This illustrates that as the rubber crumb percentage increases, the material becomes increasingly
bottom-heavy, with greater amounts of rubber crumbs settling in the lower layers due to their density and the slower
curing time allowing them to sink.

3.2 Impact Energy Absorption

During an impact event, a portion of the overall impact energy is dissipated by the specimen through the creation of
damage. This dissipated portion is referred to as the absorbed energy. At the moment of contact (t = 0 s), the impactor
transfers its kinetic energy to the specimen. Part of this energy is temporarily stored as elastic deformation, while the
remainder is primarily lost due to damage formation, with minor losses occurring through friction, sound, and heat. Once
the impactor’s entire kinetic energy is transferred, it is converted into elastic strain energy stored in the specimen. This
stored energy is then partially returned to the impactor until separation occurs, after which the load—time curve shows a
descending trend [35]. The proposed syntactic foams were subjected to low-velocity impact (LVI) testing at varying
impact velocities of 3.13 m/s, 4.42 m/s, and 5.42 m/s, corresponding to impact energies of 39.62 J, 79.02 J, and 118.82 J,
respectively. Table 2 summarizes the impact characteristics of the syntactic foams under the specified conditions.

Table 2. Energy absorption of syntactic foams

Syntactic Energy (J) Density Specific Energy Absorption

foams Impact Elastic Absorbed (kg/m?) (SEA) in Jm’/kg
NE 39.62 37.86 1.76 1210 0.0015
79.02 74.25 4.77 0.0039
118.82 112.36 6.46 0.0053
SFC20 39.62 36.81 2.81 1115 0.0025
79.02 73.65 5.37 0.0048
118.82 111.75 7.07 0.0063
SFR20 39.62 36.50 3.12 1530 0.0020
79.02 72.80 6.22 0.0041
118.82 109.37 9.45 0.0062
SFC40 39.62 36.32 3.30 1030 0.0032
79.02 72.67 6.35 0.0062
118.82 107.50 11.32 0.0110
SFR40 39.62 36.06 3.56 1580 0.0023
79.02 71.94 7.08 0.0045
118.82 104.84 13.98 0.0088
SFC60 39.62 36.31 3.31 1005 0.0033
79.02 68.29 10.73 0.0107
118.82 107.28 11.54 0.0115
SFR60 39.62 35.44 4.18 1630 0.0026
79.02 66.59 12.43 0.0076
118.82 102.07 16.75 0.0103

The energy absorption behavior of the developed syntactic foams at different levels of impact energy is presented in
Figure 8(a). Each configuration, under each testing condition, is tested in triplicate. The neat epoxy samples show the
lowest energy absorption, with values of 1.76 J, 4.77 J, and 6.46 J at the three respective energy levels. The primary
reason for this low energy absorption is the homogeneous nature of the epoxy matrix, which lacks the microstructural
elements necessary for effective energy dissipation. Epoxy, being a brittle polymer, tends to fracture and fail without
significant deformation, resulting in limited energy absorption capacity. This is consistent with the findings of Mahesh
et. al.[36]. Introducing 20% filler content increases energy absorption both in the case of cenosphere and rubber crumb
bases SFs. SFC20 absorbs 2.81 J, 5.37 J, and 7.07 J, while SFR20 shows an enhanced ability to absorb energy by 11%-
33.66%. Rubber crumbs, being more deformable than cenospheres, provide better energy dissipation through their ability
to undergo higher levels of elastic and plastic deformation. This results in improved energy absorption ranging from 11%
to 33.66% compared to SFC20.
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Figure 8. (a) Energy absorption and (b) SEA of developed syntactic foams at various energy levels

The improvement in SFC20 is attributed to the presence of low-density hollow cenospheres, which act as stress-
distributing inclusions and absorb energy through microcrushing and matrix-filler debonding mechanisms, similarly
reported by Pandey et al. [37] in titanium matrix syntactic foams. In contrast, the deformable nature of rubber crumbs
allows for energy dissipation via viscoelastic deformation and localized plastic yielding. Studies by Pham et al. [38] on
hybrid syntactic foams confirmed that the inclusion of rubber phase improved impact energy absorption by up to 24%
compared to traditional microsphere-only systems. When the filler content is increased to 40 vol%, the energy absorption
capacity of the cenosphere-based syntactic foam (SFC40) improves by 17.43% to 60.11% compared to SFC20. This
enhancement is attributed to the increased density of energy-absorbing cenospheres within the matrix, which provides
more sites for energy dissipation through particle crushing and matrix—filler interactions. At the same filler concentration,
rubber crumb-based syntactic foams demonstrate even better energy absorption than their cenosphere-based counterparts,
with an overall improvement ranging from 7.87% to 23.5%. This superior performance is due to the highly deformable
and viscoelastic nature of rubber crumbs, which allows for greater energy absorption and dissipation during impact.

At 60 vol% filler contents, the energy absorption continues to increase for both types of syntactic foams. However,
the performance enhancement is more significant in rubber crumb-based foams. The energy absorption values for SFC60
are 3.31 J, 10.73 J, and 11.54 J, whereas for SFR60, they are 4.18 J, 12.43 J, and 16.75 J, respectively, across different
impact energy levels. Although higher filler content in cenosphere-based foams enhances energy absorption, it may also
introduce increased brittleness, limiting further gains. In contrast, rubber crumb-based foams benefit from rubber’s
inherent damping characteristics, which lead to better impact resistance. These results confirm that syntactic foams,
regardless of the type of filler used, exhibit superior energy absorption capabilities compared to neat epoxy. This
enhancement is primarily due to the unique microstructure of syntactic foams, which facilitates efficient energy
dissipation upon impact.

All syntactic foam variants consistently outperform their unfilled epoxy counterparts in energy absorption. In the case
of cenosphere-reinforced syntactic foams, the inclusion of 60 vol% filler leads to an improvement in energy absorption
by approximately 2.37 to 2.59 times compared to neat epoxy, owing to the stiff, lightweight, and crushable nature of
cenospheres that contribute to improved impact energy dissipation. A similar trend is observed in rubber crumb-reinforced
syntactic foams, where the SFR60 variant shows the highest energy absorption, outperforming both SFR20 and SFR40.
Specifically, SFR60 absorbs up to 2.56 times more energy than neat epoxy and 1.77 times more than SFR20. This is a
result of multiple synergistic effects: the excellent damping properties of rubber enable energy dissipation through internal
friction and viscoelastic deformation; increased rubber content enhances toughness and flexibility; rubber particles serve
as microcrack arresters and improve stress distribution; and effective interfacial bonding between rubber and the epoxy
matrix ensures efficient transfer and dissipation of impact energy. Together, these factors contribute to a composite system
where rubber crumbs provide localized deformation zones for energy absorption, while the epoxy matrix maintains
structural integrity and load distribution. The synergy between the rubber and matrix becomes more pronounced with
higher rubber content, resulting in significantly improved energy absorption and making rubber crumb-reinforced
syntactic foams especially suitable for high-impact applications. At 60 vol%, both filler types continue to improve energy
absorption. However, the gains in cenosphere-based foams (SFC60: 3.311J, 10.73 ], 11.54 J) become less pronounced,
potentially due to increased brittleness and filler agglomeration at high loading levels, as also noted by Wang et al. [39]
in epoxy-hollow particle systems. In contrast, rubber crumb—based foams at 60 vol.% (SFR60: 4.18 J, 12.43 J, 16.75)J)
demonstrate continued enhancement in energy absorption, likely due to more effective stress redistribution and the
formation of energy-dissipating microstructures during impact.

The specific energy absorption (SEA) values for neat epoxy are the lowest among all samples, reflecting its limited
capacity to absorb and dissipate impact energy effectively, as shown in Figure 8(b). This is consistent with the inherently
brittle nature of the epoxy matrix. The incorporation of 20% filler content leads to a noticeable improvement in SEA
values for both cenosphere-based (SFC20) and rubber crumb-based (SFR20) syntactic foams, highlighting the positive
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influence of fillers on the energy absorption characteristics of the material. Notably, the SEA values of cenosphere-based
foams are higher than those of rubber crumb-based foams at the same filler loading. This difference can be attributed to
the lower density of cenospheres compared to rubber crumb, resulting in a more favorable mass-to-energy absorption
ratio. The presence of cenosphere fillers enhances the material's ability to dissipate energy through mechanisms such as
particle crushing and matrix—filler interactions, thereby significantly increasing the SEA values over neat epoxy. In
contrast, although rubber crumb fillers contribute to improved energy absorption, the slightly higher density and different
material behavior result in lower SEA values compared to cenosphere-based syntactic foams at the same volume fraction.
These findings underscore the importance of filler selection, particularly density and mechanical response, in optimizing
the specific energy absorption of syntactic foams.

The SEA values indicate that cenosphere-based syntactic foams (SFC20) exhibit superior energy absorption compared
to rubber crumb-based syntactic foams (SFR20). This difference is primarily attributed to the density contrast between
the two filler types. Cenospheres are low-density, hollow particles that efficiently absorb and distribute impact energy
through mechanisms such as crushing and localized deformation. Their low mass contributes to a higher SEA, as more
energy is absorbed per unit mass. In contrast, rubber crumbs, while highly deformable and effective in enhancing energy
absorption, possess a higher density than cenospheres. As a result, the energy absorbed per unit mass is comparatively
lower, leading to slightly reduced SEA values for rubber crumb-based syntactic foams, at higher filler loadings of 40
vol.% and 60 vol.%. A similar trend persists, with cenosphere-reinforced syntactic foams consistently outperforming
rubber crumb-reinforced foams in terms of specific energy absorption.

33 Coefficient of Restitution

In physics, the ratio of the final relative velocities of two objects following a collision to their initial relative velocities,
as shown in Eq. 5, is referred to as the coefficient of restitution (COR). It expresses the degree of "bounciness" a collision
has. The materials and forms of the objects, as well as the type of impact, all affect the coefficient of restitution. It offers
anumerical representation of the amount of kinetic energy retained following impact. A collision with a higher coefficient
of restitution is more elastic and conserves more energy, whereas a collision with a lower coefficient of restitution is more
inelastic and loses more energy [40], [41].

Ur )
CoR = —
Vi
where, v, and v;, respectively, are the residual and starting velocities. The energy loss percentage (ELP) is calculated
using Eq. 6
ELP = (1 — CoR*)x100 (6)

Table 3. CoR and ELP of syntactic foams
Syntactic Energy (J) Velocity

- CoR ELP

foams Impact Elastic ~ Absorbed  Vi(m/s) V: (m/s)
NE 39.62 37.86 1.76 3.13 3.05 0.98 4.46
79.02 74.25 4.77 442 4.28 0.97 6.04
118.82 112.36 6.46 5.42 5.27 0.97 5.44
SFC20 39.62 36.81 2.81 3.13 3.01 0.96 7.11
79.02 73.65 5.37 4.42 4.26 0.97 6.80
118.82 111.75 7.07 5.42 5.25 0.97 5.96
SFC40 39.62 36.32 3.30 3.13 2.99 0.96 7.89
79.02 72.67 6.35 4.42 423 0.96 7.88
118.82 107.5 11.32 5.42 5.15 0.96 7.96
SFC60 39.62 36.31 3.31 3.13 2.99 0.96 8.35
79.02 68.29 10.73 4.42 4.10 0.96 8.04
118.82 107.28 11.54 5.42 5.15 0.95 9.53
SFR20 39.62 36.06 3.56 3.13 2.99 0.95 9.00
79.02 71.94 7.08 4.42 4.22 0.95 8.97
118.82 104.84 13.98 5.42 5.09 0.94 11.77
SFR40 39.62 36.31 3.31 3.13 3.00 0.96 8.37
79.02 68.29 10.73 442 4.11 0.93 13.58
118.82 107.28 11.54 5.42 5.15 0.95 9.72
SFR60 39.62 35.44 4.18 3.13 2.96 0.95 10.57
79.02 66.59 12.43 4.42 4.06 0.92 15.74
118.82 102.07 16.75 5.42 5.02 0.93 14.10
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The computed impact velocity, residual velocity, CoR, and ELP are listed in Table 3. Neat epoxy (NE) has the highest
CoR, reflecting the best energy restitution and minimal energy loss, thereby indicating its least efficiency in absorbing
the impact energy. Cenosphere reinforced syntactic foams show a gradual decrease in CoR as filler content increases,
with the CoR remaining fairly consistent and higher than rubber crumb reinforced syntactic foams. This indicates that
rubber crumb SFs are better energy absorbers compared to cenosphere reinforced SFs. Increasing the cenosphere filler
content generally results in higher energy absorption but still retains moderate CoR, making it suitable for applications
requiring a balance between energy absorption and restitution. Increasing rubber crumb filler content leads to a significant
drop in CoR and higher ELP, making these materials better suited for applications where high energy absorption is critical,
but energy restitution is less important.

3.4  Failure Characterization Analysis

The proposed damage mechanism involving two different types of fillers used to produce syntactic foams is presented
in Figure 9. Cenospheres are lightweight, hollow ceramic microspheres predominantly composed of silica (SiOz) and
alumina (Al2Os). These materials impart high compressive strength and low density, making cenospheres suitable for
syntactic foam applications in weight-sensitive environments. However, their inherent brittleness, coupled with their thin-
walled hollow structure, makes them highly susceptible to failure under impact loading. During low-velocity impacts, the
applied stress is not evenly distributed across the material but becomes concentrated at points of contact, particularly
around surface imperfections or pre-existing flaws in the cenosphere shell.

Cenosphere Particle- Cenosphere Particle-

Syntactic Foam-SFC
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\ Cracking and Breaking - \
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Figure 9. Proposed damage mechanisms involved in SFC and SFR

This stress concentration initiates microcracks on the outer surface of the microsphere. Due to the brittle ceramic
nature, these cracks propagate rapidly through the thin wall of the cenosphere without significant plastic deformation.
Once a critical stress threshold is surpassed, the cenosphere catastrophically fractures, fragmenting into small shards. This
brittle fracture mode is characterized by a sudden release of stored strain energy, leaving behind sharp, angular fragments
visible in SEM as signs of shell rupture or particle pull-out. Importantly, brittle materials like cenospheres lack the ability
to undergo plastic deformation, which limits their capacity to absorb and dissipate impact energy. Instead of diffusing the
energy through material flow or ductile yielding, the majority of the energy is spent on crack initiation and propagation,
leading to abrupt failure. As filler volume increases (e.g., in SFC60), the cumulative effect of multiple weak spots from
packed cenospheres results in an interconnected network of microcracks, further compromising structural integrity. Thus,
while cenospheres contribute to improved stiffness and reduced density, they introduce a mechanically brittle path for
failure under impact loading.

In contrast, rubber crumb, obtained from mechanically ground recycled rubber (typically from tires), exhibits
hyperelastic behavior, significantly altering the failure dynamics of syntactic foams. Unlike brittle ceramic inclusions,
rubber particles can undergo large, reversible deformations under applied stress. When impacted, the energy is initially
absorbed through elastic stretching, bending, and compression of the rubber particles, causing a temporary shape change
rather than fracture. This energy is stored as strain energy within the molecular structure of the rubber, primarily through
elongation of polymer chains. Because of its viscoelastic nature, rubber crumb not only stretches but also exhibits damping
behavior, converting part of the impact energy into heat and reducing the amount of energy transmitted through the matrix.
Upon unloading, the rubber particles recover their original shape, demonstrating reversible deformation with minimal or
no residual damage. Moreover, the flexible rubber phase serves as an internal crack blunter or crack arrestor within the
composite. When a propagating crack encounters a rubber crumb, the particle deforms and redistributes the local stress,
effectively slowing down or halting crack progression. This contributes to a ductile failure mode where energy is absorbed
more gradually, and failure occurs in a more controlled, progressive manner.

At higher filler contents (e.g., in SFR60), rubber crumbs form a more interconnected energy-dissipating network. The
result is increased fracture surface roughness and tortuous crack paths, both of which are indicative of higher energy
absorption and delayed crack propagation. This morphology is evident in SEM as deep ridges, micro-tearing zones, and
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plastic flow features, highlighting a non-catastrophic and highly energy-dissipative failure mechanism. In essence, the
brittle fracture behavior of cenospheres makes them suitable for applications where weight reduction and stiffness are
prioritized, albeit at the cost of sudden failure under impact. On the other hand, rubber crumb's elastic and energy-
dissipative nature makes it ideal for use in protective structures, automotive safety components, or vibration-damping
systems, where gradual failure and high energy absorption are desirable. Thus, understanding these contrasting failure
mechanisms is crucial for tailoring syntactic foams to specific design criteria and impact resistance requirements.

The fractography of the neat epoxy and foams subjected to the impact test is presented in Figure 10. The failure
morphology and energy absorption behavior of syntactic foams are strongly influenced by the type and volume fraction
of reinforcements, as clearly evident from the SEM micrographs, as shown in Figure 10 and the corresponding absorbed
energy and SEA values presented in Table 2. In the case of neat epoxy (NE), the smooth fracture surface and well-defined
river-like crack patterns (Figure 10(a)) point to a typical brittle fracture mode, where cracks initiate and propagate rapidly
with minimal resistance. The homogeneity of the matrix and lack of any filler-induced crack deflection pathways result
in low absorbed energy (6.46 J) and SEA (0.0053 Jm?®/kg at 118.82 J impact energy). This confirms that NE lacks inherent
toughening mechanisms and dissipates negligible energy during failure.
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Figure 10. Fractographic analysis of (a) neat epoxy; (b) SFC20; (c) SFR20; (d)SFC6O and (e) SFR60 after impact
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Upon the incorporation of 20 vol% cenospheres (SFC20), the fracture morphology (Figure 10(b)) transitions to a semi-
brittle mode, characterized by deeper river-like patterns and the presence of filler-matrix interfaces. The hollow nature of
cenospheres introduces microstructural heterogeneities that act as crack arrestors and cause crack deflection or branching.
This increased tortuosity in the crack path promotes enhanced frictional energy dissipation and matrix deformation,
reflected in the improved absorbed energy (7.07 J) and SEA (0.0063 Jm*/kg). However, due to the relatively lower filler
content, the extent of matrix toughening remains moderate.

journal.ump.edu.my/ijame 12709



Mahesh et al. | International Journal of Automotive and Mechanical Engineering | Volume 22, Issue 3 (2025)

In the case of SFR20 (20 vol% rubber crumb), the SEM image (Figure 10(c)) reveals ductile—brittle mixed-mode
fracture with deeper and more tortuous river-like features. The rubber crumbs, being elastomeric, contribute to localized
stress relaxation, matrix plastic deformation, and crack blunting. These mechanisms enhance energy absorption
significantly (9.45 J), although the SEA (0.0062 Jm?*/kg) is slightly lower than SFC20 due to the higher composite density.
The ability of rubber particles to elongate and deform under impact provides intrinsic toughening, allowing them to absorb
more energy despite not enhancing stiffness.

As the filler content increases to 60 vol%, the material behavior diverges distinctly depending on the reinforcement
type. For SFC60, the fracture surface (Figure 10(d)) becomes rough and uneven, with evident signs of particle
agglomeration, interfacial debonding, and void formation. These phenomena suggest a brittle fracture mechanism,
exacerbated by poor matrix infiltration and weakened load transfer at high filler concentrations. However, the crack path
becomes increasingly tortuous due to the dense filler network, enhancing energy dissipation through microcracking and
particle pull-out. This is confirmed by a notable rise in both absorbed energy (11.54 J) and SEA (0.0115 Jm3/kg)-the
highest among all compositions. Thus, while stiffness and SEA benefit from increased cenospheres, the risk of brittle
fracture due to poor interfacial bonding and filler clustering becomes more pronounced.

In stark contrast, SFR60 demonstrates extensive ductile failure, as seen in the aggravated uneven surface and fibrillated
fracture features (Figure 10(e)). The rubber crumbs facilitate large-scale matrix deformation, crack meandering, and
strain energy absorption. These effects culminate in the highest absorbed energy recorded (16.75 J at 118.82 J impact
energy), although the SEA (0.0103 Jm?¥kg) is slightly less than that of SFC60 due to higher composite density. The rubber
phase at high volume fraction significantly suppresses brittle fracture by promoting mechanisms such as void expansion,
crack tip plasticity, and energy dissipation through viscoelastic deformation.

The nature of reinforcement critically dictates the failure mode and energy absorption characteristics. Cenospheres,
while enhancing SEA due to their low density and ability to induce crack deflection, can lead to brittle behavior if poorly
bonded or agglomerated. Rubber crumbs, on the other hand, offer substantial improvements in total energy absorption
through ductile failure mechanisms and matrix toughening, albeit with a trade-off in specific energy absorption due to
increased density. Therefore, optimizing filler type and content enables tailored mechanical responses in syntactic foams,
balancing stiffness, toughness, and impact resistance for targeted structural applications.

4. CONCLUSIONS

This study successfully developed syntactic foams reinforced with cenospheres (SFC) and rubber crumb (SFR) and
investigated their low-velocity impact response. Both types of foams demonstrated improved energy absorption compared
to neat epoxy (NE), with performance increasing alongside filler content and impact energy. At 20%, 40%, and 60% filler
levels, SFR foams absorbed 11-33.66% more energy than SFC foams, highlighting the superior energy dissipation
capability of rubber crumb. However, SFC foams consistently exhibited higher specific energy absorption (SEA), with
SFC60 achieving the highest SEA of 0.0115 Jm*Kg at 118.82 J, making it optimal for weight-sensitive impact
applications. Fracture surface analysis further supported these findings, revealing increased surface roughness and
complexity with higher filler content. SFR foams, particularly SFR60, exhibited deeper and more irregular fracture
topography, indicating higher fracture energy absorption. In contrast, pure epoxy showed a smooth and brittle fracture.

Overall, SFC foams are preferable when a balance between weight and energy absorption is critical, whereas SFR
foams are more suitable for applications requiring maximum energy dissipation. These findings underscore the potential
of both filler systems in enhancing the impact resistance of polymer composites for structural and protective applications.
From a design perspective, SFC foams are recommended for applications where low weight and moderate energy
absorption must be balanced, such as drones, satellite panels, or portable enclosures. In contrast, SFR foams are more
suitable for shock mitigation and protective structures, including helmets, automotive bumpers, and packaging materials,
where maximum energy dissipation is essential. Furthermore, the use of waste-derived fillers like cenospheres (from fly
ash) and rubber crumb (from end-of-life tires) contributes to material sustainability and circular economy goals, making
these composites environmentally and economically attractive for structural and protective engineering applications.
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