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ABSTRACT 

Selection of appropriate materials for composite design is very crucial in critical engineering 

applications such as aerospace, marine and automobile industries. This study focused on 

developing lightweight hybrid-filled foam composite panels with enhanced mechanical and 

thermal properties. Hollow glass microspheres (HGM) and nanoclay were the fillers used in the 

foam core. The HGM content was varied from 1wt.% to 3wt.% in foam composites panel while 

nanoclay content was varied from 1wt.% to 5wt.% in each of the HGM-filled series of foam 

composites panel, these foam composite panels were fabricated using a conventional resin 

casting method. These hybrid-filled foam panels were also reinforced with banana fibres as 

facesheet in the sandwich composites. Comprehensive characterization was carried out on the 

foam composite panels, this involve investigating their physical properties. The results obtained 

showed that tensile and flexural strength improved by 12% and 23.1% respectively with the 

infusion of hybrid fillers content of 3%wt.HGM+1%wt.clay and 1%wt.HGM+1%wt.clay into 

the epoxy when compared to neat epoxy. Thermal strength was optimum with infusion of 

1%wt.HGM+5%wt.clay into the epoxy while the buoyancy results revealed that the sample 

with 3%wt. hollow glass microspheres concentration has the highest buoyancy due to the low 

density of the HGM used which is 0.19 g/cm3  and because sample 3%wt.HGM  has the highest 

concentration of HGM with the respect to series of samples considered in this study. Similar 

trend of improvement in mechanical properties and physical properties was observed when the 

fabricated hybrid-filled foam panels was used as core in the sandwich composites developed 

which resulted to 22.11% and 29.53% improvement as flexural strength and tensile strength 

while there was 32.26% improvement in the impact energy. Also, there was 8.61% reduction 

in the water uptake.  Furthermore, the tensile and flexural results was validated numerically by 

using finite element method and abaqus® 6.13 software and this revealed that most of the 

modelled samples are stronger than the experimental tested samples with up to 9% increase 

from experimental values obtained because of limitation in some parameter estimation of the 

numerical model such as the thermal properties, perfect contact and linear failure criteria. 

Since the improvement in mechanical and thermal properties has been established, the 

composite panels developed are suitable for applications in manufacturing ship propellers. 

Future studies aims to improve the fire retardation of sandwich composites for marine 

applications.   
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CHAPTER 1 

1.1 Introduction 

This study focused on developing and enhancing the properties of foam composite cores with 

hybrid fillers for industrial applications where lightweight materials with good mechanical 

properties are required. The hybrid-filled foam cores were made using hollow glass 

microspheres and nanoclay particles. Also, the hybrid-filled foam core was reinforced with 

banana fiber as a facesheet. The current development of epoxy-based sandwich foam 

composites with enhanced thermal and mechanical properties is one of the priority research 

areas surrounding sandwich foam composites made with hybrid core and biodegradable 

materials as facesheet. The aim was to broaden the range of applications of hybrid-filled foam 

cores and sandwich foam composite panels with natural fiber facesheet to include high-

performance usage which is previously dominated by synthetic fiber-reinforced foam 

composites. 

The foam composites and sandwich foam composites reinforced with synthetic fibres are 

currently the most used for applications requiring lightweight, good thermal, and mechanical 

properties1-5. The substitution of synthetic fiber with natural fiber in sandwich foam composites 

and single filler with hybrid filler in the foam cores in these applications tackles several issues 

related to synthetic fiber-reinforced foam composites, including toughness, stiffness, high 

production costs, and end-of-life waste disposal. 

1.2 Background of the Study 

The development and design of syntactic foam composites and sandwich foam reinforced with 

synthetic fibers as replacements to steel structures was a great achievement as it brought about 

improvements such as lightweight, resistance to corrosive substances, and high strength-to-low 

weight ratio. Many foam composites are becoming increasingly common in today's sectors due 

to their mechanical and thermal properties6, 7. Various metallic-based foam composites (MFC), 

polymer foam composites (PFC)8, ceramic foam composites (CFC), nano-synthesized syntactic 

foam composites (NSSFC)9, 10, and hybridized foam composites (HFC), and fiber reinforced 

foam composite (FRFC) are gaining popularity in the market 11, 12. They are used in buoyancy 

applications, marine applications, and automotive applications such as drive shafts, gears, 

instrument panels, leaf springs, and automobile body interior panels because of their strong 
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hydrostatic and hygroscopic strength, elevated stiffness at low density, and ability to absorb 

impact.13, 14. 

The production and processing of these foam composites, as well as sandwich foam composites 

reinforced with synthetic fibres, are expensive and energy-intensive. The inability of sandwich 

composites reinforced with synthetic fibers to biodegrade presents another significant issue, 

making it difficult to dispose of them after usage. Strong evidence indicates that synthetic fiber-

reinforced sandwich composites, play a major role in the world's waste issue 15-20. It has been 

discovered that suggested initiatives like recycling, landfilling, and incineration have their 

difficulties in the quest for answers to the problems with synthetic fiber-reinforced sandwich 

composites. These difficulties include the high costs of recycling, landfill taxes, and the release 

of greenhouse gases during incineration. In light of this, a sandwich panel with a hybrid core 

and a facesheet made of natural fiber is anticipated to address the issue of the scarcity of 

sustainable materials in the automotive industry, marine industries. This will be a suitable 

replacement for metallic materials due to its stiffness, toughness, strong acoustic resistance, and 

thermal stability21-24, for instance the propeller of ship because hybrid filled sandwich 

composite propellers are increasingly used in smaller boats, yachts, and high-speed vessels. 

These materials provide the required strength while being lighter than metal propellers. For 

structural applications, a hybrid-filled foam core that serves as the sandwich panel's core and is 

characterized for its physical, mechanical, structural, morphological, buoyancy, and water 

absorption properties is one of the many outcomes this study hopes to achieve based on low 

weight and high strength materials. 

Furthermore, these proposed initiatives exclusively address sandwich foam composite panels 

and hybrid-filled foam cores, ignoring other issues related to typical polymer composites 

reinforced with synthetic fibers. Developing sustainable solutions centered around fiber-

reinforced composites is the fundamental philosophical realignment that is required. This 

suggested using biodegradable ingredients to create a sandwich foam composite panel with a 

bio-base structure. 

1.3 Problem Statement 

Yung etal.25 has previously prepared HGM–filled epoxy composites, with filler content ranging 

from 0 to 51.3 vol.%, these were prepared in order to modify the dielectric properties of the 

epoxy. The results showed that the dielectric constant (Dk) and dielectric loss (Df) of the 

composites decreased simultaneously with increasing HGM content, which was critical for the 
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provision of superior high-frequency device performance but little improvement was observed 

in the thermal strength and tensile strength of the composites25. Qiao etal.26 conducted research 

on lightweight epoxy foams, which are crucial for reducing weight in a variety of industries, 

including high-speed rail, shipbuilding, aircraft, and aviation. Using a template and moulding 

technique, they created a new lightweight epoxy foam with a macro-sized hollow structure by 

arranging hollow glass microspheres/epoxy resin (HGMs/EP) hollow spheres as filler and EP 

as a matrix26. Metallic foam, polymeric foam and phenolic foam have been previously used to 

develop sandwich panel which resulted in high fuel consumption 27.Also, different core 

materials such as nomax honeycomb, kraft honeycomb and syntactic foam have been 

hybridized with glass fiber face-sheet to produce sandwich composite material28.However, 

hybridizing banana fiber facesheet with hybrid core has not been studied. Owing to the 

drawbacks associated with the existing foams with HGM filler  such as that has also been in 

use previously as sandwich foam composites' core materials with synthetic fiber facesheet in 

terms of stiffness, toughness, and capacity to mitigate the environmental harm caused by 

synthetic fibers recyclability, it was inevitable to develop a novel buoyant hybrid filled foam 

core material with natural fiber facesheet, which will be beneficial in structural applications and 

reasonably cost-effective and environmentally friendly. Because of this, a novel hybrid-filled 

foam core material was developed which combines high strength, low density, and lightweight 

to make it widely usable. 

Materials used in literature to create sandwich composites filled with hybrid foam core include, 

but are not limited to epoxy resin, hardener, synthetic fiber, foam core, poly-vinyl chloride PVC 

foam (R55), and polyurethane (PU) foam cores. 29, 30, metallic foam, polymeric foam, phenolic 

foam31 , and polymer foams (DIAB) 34, ceramic foam, agglomerated cork 32, honeycomb 

(aramid and cellulose) 33, 34, 3-D integrated core 35, polyethylene terephthalate, etc. 

However, there are certain drawbacks to using these foams as sandwich composites, which are 

illustrated in Figure 1.1 
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1.7 Scope of this Research  

Although many natural fibers are available on the market, this study only used banana fiber 

since it is more readily available than other natural fibers at the time of this research effort. 

NaOH was used in this investigation to treat banana fibres despite the fact that many chemicals 

are used to surface treat natural plant fibres because. Additionally, because it can modify the 

chemical composition and enhance the interfacial interaction between the polymer matrix and 

natural fibres in composite materials36-38. This surface treatment can significantly enhance the 

mechanical and physical properties of the resulting composites. Although there were many 

different types of fillers in the market, only a hollow glass microsphere (HGM) and nanoclay 

were employed in this investigation. 

1.8 Motivation 

The growing global aviation and marine industries, coupled with the desire for lighter, more 

fuel-efficient aircraft, are driving the foam composites market's expansion. The manufacturing 

of more sophisticated materials and the launch of new goods by several significant aerospace 

industry players are what are fuelling the market's growth. There is a surge in growth in the 

aerospace foam market with the projection been displayed in Figure 1.2. It is growing 

increasingly as a result of advantageous government regulations in developing countries like 

China, India, and Brazil as well as a rise in bio-based foam composites in other parts of the 

world. 

 

     Figure 1.2: Foam composite market 39 
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1.9 Justification  

This research helps sustainability by developing partially biodegradable sandwich composites 

of low cost, light in weight, and made with a hybrid core. It also offers an industry for low-

income countries whose people can begin producing natural fibers with little financial input. 

This research finding help in developing lightweight buoyant sandwich panels that are well-

suited for marine and offshore applications and it also helps in enhancing the barrier properties 

of the sandwich panel by incorporating nanoclay as hybrid fillers in the foam core. 

1.10 Contributions of the research work  

This work contributes to the current body of knowledge in this field as follows; 

 • A unique hybrid-filled foam composite material was created for use in applications requiring 

low weight while maintaining high strength such as marine structures like propeller of ships. 

The material is distinctive and original due to the utilization of micron and nanoparticle 

materials such as HGM and nanoclay. The material is also unusual in that it is lightweight, and 

floats on water. 

• Determines the optimal volume percent of hybrid fillers in foam cores intended for high-end 

applications. 

• Establishes the theory behind the sandwich structure behavior of natural fiber-facesheet with 

hybrid core composites and their buoyancy response.  

 

1.11 Structure of Thesis  

This Thesis contains a total of nine (9) chapters, namely. 

 Chapter One: This includes the introduction, background, problem statement, aim, 

objectives, assumptions, scope, justifications, contributions of the research work, and 

structure of the thesis 

 Chapter Two: This includes a literature survey of composite materials, fiber-reinforced 

composites, foam composites, sandwich foam composites, fillers selected, Natural 

fibers, and modeling. 

 Chapter Three: This includes the raw materials used in the study, the characterization 

methods used to determine mechanical, morphological, structural, and thermal 
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properties of hybrid filled foam composite core and sandwich foam composites, the 

step-by-step procedure of fabrication, mechanical testing conducted, and test 

configurations used method, and numerical response analysis method used in this study. 

 Chapter Four: The influence of hybridizing fillers on the mechanical properties of foam 

composite panels is discussed in this chapter. 

 Chapter Five: Thermal and Wettability Properties of Nanoclay-Filled Epoxy-Based 

Foam Composite as Lightweight Material are discussed in this chapter. 

 Chapter Six: The development of an Epoxy-based sandwich composite panel with 

Hollow glass microspheres/Clay hybrid core and banana fiber facesheet for structural 

applications are discussed is this chapter.  

 Chapter Seven: The effect of surface modification on mechanical properties of hollow 

glass microspheres (HGM)-filled epoxy foam composites is discussed in this chapter 

 Chapter Eight: Modelling/Numerical Analysis was discussed in this chapter. 

 Chapter Nine: This section is labeled general conclusions and recommendations, as well 

as future studies. The overall conclusion, recommendations, and proposals for future 

work are gathered from the full set of experiments, results observation, and discussion 

of future study directions. 
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    CHAPTER 2  

2.1 Introduction  

The literature review covered topics such as composite materials, foam composite material 

kinds, qualities, and applications; sandwich foam composites, fiber-reinforced composites, 

natural fibers. Additionally, reviewed are hybrid-filled foam composite materials as well as 

various fillers that have been used in composite materials in the past. Also, modeling and 

different software packages that have been used for modeling in the past. The literature review 

provided a thorough grasp of the topic and indicated areas in need of further investigation. 

2.2 Composite materials  

Literature defines a composite in terms of a minimum of two distinctive phases or constituents 

in a material 40-44. Hybrid composites result when at least two reinforcing materials are used 41, 

45, 46. The usage of composites is primarily driven by three factors: reduced weight, corrosion 

resistance, and part count 41. Because of the low density of the polymers employed as matrices 

and reinforcing fillers, composites are lightweight materials. In the industrial sector, composites 

are very desirable and are replacing traditional materials like steel 41, 47. Reducing the number 

of parts in an assembly, manufacturing, or inventory often results in savings that offset higher 

material costs 41, 47. The primary criteria used to categorize composite materials are 

reinforcement, laminate configuration, and hybrid structure 41. Unlike heterogeneous materials, 

which are composed of two microscopic elements with discrete phases and continuous or non-

continuous layers, composite materials are composed of stronger fibers encircled by a weaker 

matrix substance. They are made up of at least two different components that work together to 

give a material certain properties that set it apart from its component parts 48. In practical terms, 

the majority of composites are made up of a bulk substance called a matrix and some sort of 

reinforcement to increase the matrix's strength and stiffness; the reinforcement is typically in 

the form of fibers. Kamal 49 claims that because of their excellent corrosion resistance, light 

weight, flexibility, impact strength, fatigue strength, and other properties, composite materials 

are either being used or being researched as a potential replacement for metals and traditional 

materials in the aerospace, automotive, civil, mechanical, and other industries. Because of their 

excellent performance, composite materials are highly sought-after because of their high 

strength, high specific stiffness, and controlled anisotropy. 
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 The special quality of composites is their capacity to carefully evaluate the matrix and filler to 

customize the final product towards a specific technical purpose. These qualities enable them 

to be beneficial for various applications 49. 

2.2.1 Advantages of Composites 

Composite materials can be used in many different ways and constructions because they can be 

made to meet certain functional requirements, such as the ones listed below 49 : 

1. Aerospace and Aircraft: The aerospace industry makes considerable use of composite 

materials in the construction of several parts for satellites, gliders, galleys, trolleys, 

enclosures, ground support equipment, and containers, among other things. 

2. Engineering: In engineering and business, composite materials are used for many 

different things. Some of these applications include fittings and assemblies, different 

enclosures, trays, bins, safety helmets, pallets, medical supplies, and equipment 

components.  

3. Defense: Composite materials are used by the military industry to create a variety of 

products, including simulators, allied devices, rocketry and ballistics items, enclosures 

and containers, pipes and ducts, armor for soldiers, and shipping and transit containers. 

4. Infrastructures: Composite materials are used to construct more durable infrastructure. 

These days, a broad range of infrastructure applications employ unique fiber-reinforced 

composite designs. 

5. Electrical and Electronic Applications: Applications for electromagnetic composites 

include distribution posts and pylons, power poles, fuse tubes, ladders, cableways, 

transformer elements, insulators, circuit boards, generating and transmission parts, 

fittings and internal and exterior aerial parts. 

6. Transportation: Composite materials are formed into engine and body panels for trucks, 

cars, buses, campers, and other vehicles, as well as various elements and components 

of vehicles; sea and land containers; railroad tracks and signals; traffic signs; seating; 

window coverings; and partitions, among other things. 

7. Sports: Composite materials offer cutting-edge materials for both commercial modes of 

operation and the sports goods industry. Among other sporting products, composite 

materials are used to produce fishing rods, golf clubs, hockey sticks, bicycle supports, 

baseball bats, and marine hulls. 
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8.  Maritime Applications: Composite materials find great use in window masks, buoys, 

boat accessories, subassemblies, and interior moldings and fittings for trawlers, 

workboats, ferries, and cruise ships, among other marine gear. 

9. Building and Construction: Composite materials function better than wood or boards 

when it comes to making external and interior cladding, shutters, permanent and 

temporary formworks, ornamental and structural construction elements, fencing, 

walkways, etc. 

2.2.2 Disadvantages of Composites 

Although composite materials have many benefits, they also have certain inevitable drawbacks, 

some of which include 49: 

1. Manufacturing difficulties: The cost of producing high-quality composites increases 

when composite materials are made because of the technology involved. 

2. The cost of producing consumer goods at competitive prices is significant. For example, 

producing general-purpose goods is not practical in the automobile and aerospace 

industries due to the high expense of operating machinery, tools, and other overhead. 

3. There are limited, and often hard to assess, sources about the material economy and its 

operations. 

4. Without a technology in place to allow for the competitive manufacture of goods, the 

full potential of composite materials cannot be realized.  

5. Complex geometry, such as flat, flat with a curve, and flat with a curvature to the cone, 

presents a challenge for composite products. 

6. High pressure is not a feasible way to achieve a high volume percent of fiber and lower 

the void content in products made of composite materials with intricate geometries. 

2.3 Sandwich Foam Composite Panel:  

The type of sandwich structure that is frequently utilized in numerous applications is sandwich 

foam composite panel, mostly due to its concept's suitability for lightweight structures. It 

consists of three layers: two thin stronger outer layers(factsheet) and a thicker, lightweight core 

material in between the facesheet as shown in Figure 2.1. The configuration offers combination 

of high strength and low weight making sandwich panels useful in variety of applications. 

However, fabricating epoxy-based sandwich with hybrid-filled core and banana fiber facesheet 
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has not been studied and this was critically looked into in the course of this study to satisfy the 

objective two of this study  

 

 

 

 

Figure 2.1: Schematic drawing of sandwich foam composite panel 

2.3.1 Processing of Sandwich Foam Composite Panel  

Sandwich foam composites are primarily processed in two ways: first, the face sheets are 

prepared, and then the face sheets and core are joined. The middle section of sandwich 

composites, known as the core, is determined by the applications and performance 

specifications. The core material, which is mechanically or adhesively bonded to the faces, must 

have low specific weight and sufficient shear stiffness to absorb applied shear stresses and 

distribute them over a wide region 50. Three main types of popular core materials exist: 

Expanded, cellular high-density materials, low-density solid materials, and foams with both 

open and closed cell structures: Expanded high-density materials in web core, honeycomb, and 

corrugated form: Trusses and corrugated sheets. The most common types of cores include 

wood, polystyrene, polyurethane, PET, and polyvinyl chloride (PVC) foam cores. When 

hybrid-filled foam is used as the core material, it can save weight in marine applications, 

improve its stiffness, and improve the performance of sandwich structures, which are not often 

used51. 

The sandwich composites' skin, or face-sheet, is recognized for carrying the compressive, 

tensile, shear, and flexural strengths that act parallel to the sandwich panel. Meanwhile, the 

reinforcement and low specific weight of the core ensure sufficient shear stiffness to absorb 

applied shear forces. To maintain structural continuity throughout the depth of the sandwich 

panel, an adhesive is utilized to join the face sheets and the core. A sandwich composite 
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structure is effective when the combined weight of the facesheet and the core is about equal 30, 

52. 

2.3.2 Properties of Sandwich Foam Composite Panel: 

Sandwich foam composites' characteristics are determined by the dimensions of the skins and 

core, as well as by their respective thicknesses and bonding strengths. The facesheets and the 

core are the two main parts of sandwich foam composites. The bending and in-plane loads are 

carried by the facesheets, while the core supplies compressive strength, flexural stiffness, and 

out-of-plane shear 53. Sandwich structured composites are novel class of composite materials 

that have become quite popular due to their high specific strength and bending stiffness. 

Sandwich panels are well known for their exceptional durability and appropriateness in a wide 

range of applications in industries that include automotive, maritime, wind turbine, aerospace, 

railway systems, and structural applications.These materials are particularly well suited for 

usage in space, aviation, and marine applications due to their low density 54. Two rigid panels, 

or face sheets, made of light materials are linked by a thick foam core to produce a sandwich 

composite. This is done to give the composite material low density and high bending stiffness. 

Over two decades have passed since the sandwich construction concept was first used, using 

various processing methods. Researchers have experimented with a variety of core and skin 

layers for sandwich panels in the past, but foam core is currently the most popular choice for 

composite sandwich panels due to its high bending rigidity, superior acoustic damping 

properties, better thermal insulation, and lighter weight 13, 55. 

2.3.3 Advantages of Sandwich Foam Composite Panel  

The following are a few advantages and applications of sandwich foam composites: 

 The potential to customize qualities by selecting suitable constituent elements and their 

volume percentages.  

 wide variety of readily available components for the core and skins 

 Low-density results in weight savings.  

 High bending stiffness  

 Increased resistance to damage 

 In-situ fabrication  

 High ability to dampen vibrations.  
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 Low density leads to saving of weight.  

Structural applications in aircraft, spacecraft, submarines, ships, and boats, surface transport 

vehicles, building materials, etc.  

2.3.4 Disadvantages of Sandwich Foam Composite Panel: 

 The following are a few drawbacks of sandwich foam composites: 

 Higher thickness of sandwich foam composite  

 Increased preparation and processing costs 

 challenging to join.  

 Difficult to repair if damaged. 

2.4 Foam Composite core  

Since the filler and matrix have a distinct structure, foam composite core has many beneficial 

properties, such as a low coefficient of thermal expansion, a high strength-to-weight ratio, low 

density, excellent acoustic qualities, low moisture absorption, and strong resistance to 

hydrostatic pressure. Most of these unique properties are caused by a variety of factors, 

including as filler sizes, matrix types, volume fractions, void fractions, filler/matrix interfaces, 

and production conditions that allow for particular applications 56. Because foam composite 

cores are lightweight, they are excellent material for underwater, floating, and maritime 

equipment. Additionally, they are excellent option for reinforcement since their mechanical 

properties outperform those of other foams with porosity in the matrix material. Their properties 

differ from those of simple foam composites when reinforced, and this is often accomplished 

using a matrix made of vinyl ester, epoxy, and phenolic resins 49, 57. 

 Furthermore, nanomaterials have been of recent advantages to the reinforced composite in 

science and technology, especially in the field of multiscale reinforced composites. The 

structure, physical, and morphological properties of nano and micro-scale reinforced foam 

composites manufactured with polymer matrix can be analyzed to identify the trend at which 

their properties might likely affect the design and the application of the composite. In this study, 

the micro filler (hollow glass microsphere) and nanofiller (nanoclay) materials are taken into 

consideration for use in the processing of the foam composite core as hybrid fillers and their 

structural behavior was studied in other to satisfy the objective one of this study. Due to the 

growing usage of various forms of reinforcement in foam composites, it is necessary to 
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comprehend the relationships between the structure and properties of these different types of 

reinforced foam composites in order to spot trends and create lightweight composites for 

engineering structures54. Foam composite cores as shown in Figure 2.2 can multi-function so 

that they can be used to perform different purposes and can be tailored for the specific 

application. For such applications to be unique, their properties such as tensile, flexural, impact, 

hardness, and thermal properties must be known. All these properties are considered and 

experimented with within this study. 

The structural application of foam composite core is controlled by the density and volume 

fraction of the constituent materials by their mechanical properties. The tensile property of the 

foam composite core is responsible majorly for their structural applications most especially 

when reinforced with other materials such as warp-knitted spacer fabric (SF-WKSF) 58, carbon 

fabrics 59, 60, carbon nanofibers 61, glass-fiber/polymeric matrix 62-65, and resin impregnated 

paper honeycomb (RIPH) 28. The compressive strength and modulus of foam composites vary 

generally with different types of foam composite core concerning their density, this can either 

be epoxy foam 2, 25, 66, 67, vinyl ester foams 68, polyetherimide (PEI) foam composites, 

magnesium alloy foam 69, cyanate ester foam 70, high-density polyethylene (HDPE) syntactic 

foams 71, A356 aluminum alloy syntactic foam 72 and more were studied in the literature. 

 

 

 Figure 2.2: Sandwich panel showing foam core 73 

2.4.1 Applications of Foam Composite core 

Foam composite core is a lightweight composite material that can be used in a variety of 

engineering industries or sectors. Some of these applications include: 

1. Aircraft: Foam composite core finds application in fabrication of many components of 

aircraft which includes, fuselage, wing boxes, empennage boxes, control components, interior 

components, and exterior components, among other key structural components 42, Boeing 
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(Chicago, IL) and Airbus Americas (Herndon, VA) have both used foam composite as 

reinforcement in the hollow arrears within the aircraft 57.  

2. In Helicopters: To ensure an aerodynamic profile and to act as a filler material to avoid profile 

distortion, foam composite is utilized on the helicopter blade. The blade is made up of an 

envelope or box. To manage the stiffness and torsion, the blade is formed by two shells under 

pressure.  

3. Yoke rotor: This mechanical arrangement enables the blades to rotate and to move in small 

amplitude angular displacements while they are rotating 42.  

4. Automobiles: Components utilized in the construction of automobiles, including the roof, 

doors, seat frames, side panels, hatchback doors, motor cap, headlamp supports, oil tanks, 

transmission shaft, and chassis sections, can be made with foam composites, etc.  

5. In marine structures: foam composite's strong hydrostatic compressive strength and minimal 

moisture absorption make it ideally suited for buoyant behavior in the maritime environment. 

Foam composite is mostly used in marine structures, where it is used as blocks in the front and 

aft free-flood zones of Trelleborg Emerson & Cuming (TEC) and Trelleborg Offshore. 57.  

6. Oil and gas industry: Pipelines carrying oil have been insulated using foam composite to 

enhance the thermal insulation properties.  

7. Consumer Products: Foam composites have been used by the sports industry to make soccer 

balls. Adidas Inc. manufactured the 2006 World Cup ball out of polyurethane foam. The ball 

was able to go farther and along the exact trajectory because the foam composite layer assisted 

in promptly returning the ball to its spherical shape once it was kicked 57.  

8. Furniture Industry: Polyvinylidene chloride saran microballoons combined with epoxy or 

polyester are used to create synthetic wood. The product accepts machine screws, nails, and 

staples and feels like real wood. Synthetic wood, as opposed to actual wood, is utilized in small 

boats and synthetic marble bathroom fittings like bathtubs since it is extremely resistant to 

moisture exposure 57. 

9. Composite Tooling and Vacuum-Forming Plug Assists: Since foam composite is lightweight, 

easy to machine, and has low conductivity and thermal stability, it is utilized as tooling boards 

and plug aids for composite materials57.  
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2.4.2 Disadvantages of Foam Composite Core  

The primary drawback of foam composite core containing glass-based microspheres is that they 

are not recoverable due to their stiffness, brittleness, and susceptibility to damage when 

subjected to high strains 74. 

2.4.3 Processing of Foam Composite Cores  

Various researchers have used a variety of techniques in the past to create foam composites 

which include: 

1. Extrusion Technique: To perform this technique, 5–10%wt of microballoons made of PE 

powder were allowed to pass through a heated zone in a laboratory for approximately one 

minute at a temperature of roughly 170oC. Low-density polyethylene (PE), which has a melting 

point of 102oC, was used as the matrix. Particle sizes for this technique range from 6 to 9um, 

with a starting temperature of 98–104oC 75. 

2. Firing Technique: By bonding the fillers using an inorganic binder solution comprising 

mono-aluminum phosphate and Al(H2PO4)3 in water, the fire technique is carried out. To 

produce a complex hydrate and evaporate water, the solution is heated. When the temperature 

rises over 300 degrees Celsius, the hydrates break down into an amorphous material having the 

formula Al2O3.3P2O5. The mixture of the fillers/mono-aluminum slurries is then molded and 

vacuum-filtrated, dried at 50-90oC, and heated for 24 hours at 230oC. Thereafter, the foams are 

made by firing the fillers with spherical intergranular cavities for 3 hours at 600oC 75.  

3. Coating Technique: Foams can be produced using coating methods such as polymer 

precipitation, vacuum filtration, or resin coating. The slurry solution is vacuum filtered and 

washed on the filter, however, the resin coating causes unnecessary agglomeration due to a thin 

layer of the polymer. The coated spheres are subsequently vacuum-dried, yielding a molded 

powdery form of the discrete particles. Subsequently, the fillers coated by drying are pressed 

into the necessary volume using a mold charging process, and the mixture is allowed to cure at 

room temperature. 

4. Stir Mixing Technique: This is the most common method of all the techniques which has 

been adopted by many researchers in the past for the fabrication of foam composites 56, 76-79. 

This consists of mixing manually the fillers and the resin i.e., the filler and the matrix. The filler 

was added gradually into the matrix and gently stirred together to prevent the breakage of the 

fillers. This can be done in a beaker and the thorough mixture is poured into a pre-designed 

mold made either from steel, aluminum, copper, or plastic PVC materials. The mold can be in 
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any shape depending on the desired outlook of the foam composites to be produced. Mostly, a 

rectangular mold is used and then, the foam composite is machined to the desired shapes after 

curing. A new system of conservative mixers is used nowadays with the help of a stir mixing 

machine by using a glass rod and a magnetic bar which most time perform better. This method 

can be shaken manually for gelatinizing the starch as fillers are in the container. The 

conservative mixing method must be performed carefully to avoid filler breakage or container 

breakage. The desired quantity of fillers and the matrix resin to be mixed must be measured on 

a weighing scale inside a beaker. The mixture is then mixed thoroughly until a slurry solution 

is formed to remove or reduce the viscosity. This study also employed the use of stir mixing 

techniques because of their ability to control and give a better quality of the specimens. The 

degassing method was used to overcome the challenges of stir mixing and to ensure 

uniform/homogenous dispersion during the experiment. Molds of different shapes and sizes are 

designed for the fabrication of foam composite cores. Many researchers have used rectangular 

and cylindrical molds made from copper, steel, aluminum, and plastic PVC materials for 

compressive, tensile, and flexural test samples yielding excellent performance, according to 

specific test standards. 

2.4.4 Properties of Foam Composites 

The unique structure of foam composites between the filler and the binder gives rise to a number 

of advantageous characteristics, including low thermal expansion, high strength-to-weight 

ratio, low density, low moisture absorption, and strong hydrostatic pressure resistance. The 

majority of these unique properties are brought about by a number of variables, including the 

filler sizes, kind of binder utilized, volume fraction taken into account, void fraction, 

filler/matrix interface, and manufacturing conditions that permit unusual applications56. 

Because foam composites are lightweight, they are an excellent material for underwater, 

floating, and marine applications. Because of their superior mechanical properties over other 

foams with matrix material porosity, they are an excellent option for reinforcing. 

When reinforced, their properties diverge from those of simple foam composite; a matrix, such 

as epoxy, phenolic, or vinyl ester resins, is typically used in this process49, 57. Recently, 

reinforced composites have benefited from nanomaterials in science and technology, 

particularly in the area of multiscale reinforced composites. It is possible to analyze the 

structure, morphological behavior, and physical attributes of nano- and micro-scale reinforced 

foam composites made of polymer matrix to determine the degree to which these properties are 
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likely to influence the composite's design and intended use. The usage of nanofiller (nanoclay) 

and microfiller (hollow glass microsphere) in the manufacturing of foam composites was 

considered in this work. Because different types of reinforcement have been used in foam 

composites more frequently, it is important to understand the structure and property correlations 

of the different types of reinforced syntactic foams in order to spot trends in the design of 

lightweight composites for engineering structures 57. Foam composites have multiple uses and 

can be customized for a given application, making them multifunctional materials. Their tensile, 

flexural, hardness, impact, and thermal properties, among other attributes, must be understood 

for such applications to be distinct. This study, which was designed in response to other studies 

on similar topics in the literature, takes into account and experiments with all of these 

properties. The density and volume proportion of the component materials, along with their 

mechanical properties, determine how foam composites are used structurally. 

2.4.4.1 Mechanical Properties 

It is crucial to comprehend the operation of a composite panel by taking into account how well 

its mechanical properties can be applied. Contemporary engineering practice continuously 

stresses the material and many of the traditional designer approximations80, 81. An engineer 

takes the material's mechanical characteristics into account when recommending a certain 

material for a given application. The combination of reinforcement and matrix acts as a 

synergistic force to control the mechanical properties of a composite panel82 

2.4.4.1.1 Hardness 

Composite material's ability to withstand localized plastic deformation brought on by abrasion 

or mechanical indentation is measured by its hardness. Different composite materials have 

varying degrees of hardness; for instance, soft metals like sodium and metallic tin, wood, and 

common polymers are softer than strong metals like titanium and beryllium. Although strong 

intermolecular interactions are typically indicative of macroscopic hardness, there are various 

ways to quantify hardness because of the complexity of solid material behavior under force. 

Three types of hardness: rebound, indentation, and scratch 83. The hardness of pure magnesium 

(Mg) increased steadily as HGM particles were added one at a time, according to Manakari et 

al. 83 study on the microhardness measurement of Mg and foam composite. 
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2.4.4.1.2 Tensile Strength 

Tensile properties of foam composite quantify the longitudinal stress that the composite can 

bear without breaking or before breaking. Tensile properties are highly helpful in characterizing 

the behavior and failure mode of foam composite in structural core changes, particularly when 

it comes to its structural use for sandwich applications 55, 84. 

Uniaxial strain alters the far less desired character of foam composite, leading to frequent brittle 

fracture. Depending on the kind of filler utilized, the tensile strength for uniaxial loading can 

range from 25 to 55% of the compressive strength; however, the modulus in tension is 

significantly smaller than the compressive modulus 66, 85. 

The tensile strength of foam composite increases as the volume percentage of microballoons 

increases; this observation merely indicates that the microballoon content has a substantial 

impact on foam composite tensile strength86. It has also been studied how strong syntactic foam-

reinforced materials can be tensed. The addition of nanofibers was found to improve the tensile 

properties according to research by Dimchev et al 87 and Colloca et al.88 due to the matrix's 

function in fracturing under tensile stress within the composites. 

2.4.4.1.3 Flexural Strength 

A machine with a three- or four-point bend configuration device is used to perform flexural 

testing. A material's flexural strength, also known as bending strength or transverse rupture 

strength, is its maximum bending stress in the outermost layer of the foam composite, 

immediately preceding its yield point. On the convex or tension side of the foam composite 

panel, this is computed at the specimen's surface. The stress versus the deflection curve slope 

is used to get the flexural modulus of foam composite. The flexural modulus of foam composite 

is crucial because it establishes the strain energy release rate of the fracture specimen and allows 

the fracture test process to be validated using the specimen deflection and maximum load to 

failure85. 

The flexural properties of foam composite have been the subject of numerous investigations 

using various techniques, fillers, and matrices. Injection-molded cenosphere/HDPE was utilised 

by Bharath Kumar et al.71 to investigate the surface treatment of the flexural properties of foam 

composite. The study demonstrates that as cenosphere content rises, foam composite's flexural 

strength does as well. Similarly, Doddamani et al. 89 investigated the flexural properties of foam 

composites using epoxy resin and functionally graded fly ash cenosphere. Furthermore, they 

utilized epoxy resin, HGM, and chopped strands of E-glass fibre. Additionally, Karthikeyan et 
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al. 90investigated the impact of fibre reinforcement on the flexural behavior of syntactic foam. 

Twin-screw extruder was employed by Liang91 to create a composite with hollow glass beads 

and an ABS matrix and their flexural properties was studied. 

Additionally, in order to prevent the microballoons from breaking, Patil et al.92 recently used 

the hand layup approach to investigate the behaviour of hybrid HGM/fly ash cenosphere filled 

vinyl ester foam composite. In this investigation, the same hand layup approach was used. 

2.4.4.1.4 Impact Strength 

In order to determine the foam composite's fracture resistance, a Houndsfield impact tester is 

often utilized, and the test is carried out at room temperature. The impact test of composite 

materials has not received much research. The impact stiffness of the repaired composite was 

consistently higher than that of the unrepaired composite, according to Jefferson Andrew et al. 

93. This indicates that the bonding between the composite materials is well-suited for 

withstanding impacts. Additionally, sandwich panels including an aluminium honeycomb core 

and carbon epoxy shells were the subject of an investigation by Davies et al.94. Since the 

impactor severely caused the skin's rear face to debond, the studied panel was a greater energy 

absorbent than the thin skins. 

Furthermore, in a separate study, Patil et al.92 found that the absorbed impact energy in vinyl 

ester matrix syntactic foam increases with an increase in the wall thickness of HGM and 

decreases inversely with the volume percentage of HGM. According to impact tests, foam 

composite typically has good rigidity and can withstand impacts 

2.4.4.2 Thermal Properties 

Understanding the thermal characteristics of composite materials is essential to comprehending 

how well they function in a variety of applications, especially those in which temperature 

changes play a significant role, such as maritime and aircraft applications95. The thermal 

properties to be studied includes: 

2.4.4.2.1 Thermal Conductivity 

A material's capacity to conduct heat is gauged by its thermal conductivity. It is commonly 

stated in watts per meter-kelvin (W/m·K) and is symbolized by the sign 𝑘. 

Heat may be transferred efficiently by materials with high thermal conductivity, such as metals 
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(such as copper and aluminium), whereas insulators, such as wood and rubber, have low thermal 

conductivity. 

Important elements influencing thermal conductivity consist of: 

 Material composition: the thermal conductivities of various materials vary naturally 

 Temperature: the temperature can affect the thermal conductivity of many materials 

 Phase: The thermal conductivities of solids, liquids, and gases vary; solids usually 

conduct heat more effectively than liquids or gases. 

 Microstructure: How quickly heat is transported through a material can be influenced 

by the arrangement and bonding of atoms. 

2.4.4.2.2 Coefficient of thermal expansion(CTE) 

A material's capacity to expand or contract in response to temperature changes is expressed in 

terms of its CTE. The fractional change in length (or volume) per degree change in temperature 

is what it is commonly represented as, and its symbol is 𝛼. Usually, the units are stated in either 

Kelvin (K) or degrees Celsius (°C).96 

2.4.4.2.3 Specific heat capacity 

The quantity of heat energy needed to raise a unit mass of a substance's temperature by one 

degree Celsius (or one Kelvin) is known as its specific heat capacity, also just denoted as 

specific heat. Units of measurement for it are usually joules per kilogramme per degree Celsius 

(J/kg·°C) or joules per kilogramme per Kelvin (J/kg·K). It is represented by the symbol C. 

2.4.4.2.4 Dynamic Mechanical Analysis(DMA) 

The advanced method known as DMA is used to examine how materials behave mechanically 

under different frequency and temperature conditions. Understanding a material's viscoelastic 

behavior—which is essential for comprehending how materials behave in practical 

applications—means measuring the material's response to deformation under oscillatory 

stress.97 

Essential concepts 

 Viscoelasticity: DMA evaluates how materials respond to stress by displaying both 

viscous and elastic properties. This is especially crucial for complicated materials like 

polymers. 
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 Storage Modulus (E'): Indicates the material's elastic response and the amount of energy 

stored when the material is distorted. 

 Loss modulus (E''): This is viscous response which indicates how much energy is lost 

as heat during deformation. 

 Damping Ratio (tan δ): The material's energy dissipation is indicated by this ratio, which 

compares the loss to the storage modulus. Greater damping and less energy storage are 

indicated by a higher tan δ 

2.4.4.2.5 Thermogravimetric analysis(TGA) 

A method called TGA is used to calculate how much a material's mass changes when it is 

heated, cooled, or kept at a constant temperature. This technique offers insightful information 

about the compositional changes and thermal stability of materials98. The essential parameters 

to the noted are: 

 Weight Change Measurement: Usually conducted in a controlled environment (such as 

air, nitrogen, or argon), TGA determines a sample's mass as a function of temperature 

or time. 

 Thermal Stability: The findings can reveal the temperatures at which a substance 

liquefies, disintegrates, or experiences other chemical transformations. 

 Analyses Stages:  

- Decomposition: Mass loss as a result of thermal breakdown or disintegration. 

- Evaporation: Mass loss brought on by volatile components escaping. 

- Oxidation: Reactions with oxygen cause mass changes. 

2.4.4.3 Morphological properties 

At high magnifications, Scanning Electron Microscopy (SEM) is a powerful tool for analyzing 

the composition and surface morphology of materials. It collects data about the material and 

creates finely detailed images using concentrated electron beams.99 

Important Composite Morphology Aspects are: 

 Matrix and Strengthening: 

-Matrix: Usually a polymer and this continuous phase is what secures the reinforcement   

material in place. 
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-Reinforcement: Discrete materials (plates, fibres, or particles) that provide something 

rigidity and strength. Aramid, carbon, and glass fibres are examples of common 

reinforcements 

 Interface: Stress transfer and overall performance depend on the interface between the 

reinforcement and matrix. The mechanical characteristics and load distribution are 

enhanced by a well-bonded contact 

 Distribution and Orientation: The mechanical characteristics can be greatly affected by 

the distribution and orientation of reinforcing fibres or particles. As an illustration, 

randomly orientated fibres might have isotropic qualities 

2.4.4.4 Physical properties 

This section discusses the physical properties of foam composites, including density, buoyancy, 

water contact angle, and water absorption, as they impact the composite material's behaviour. 

2.4.4.4.1 Density 

To comprehend a composite panel's attributes and performance qualities, its density must be 

measured. Density affects a material's general behaviour, thermal conductivity, and mechanical 

strength. 

2.4.4.4.2 Buoyancy 

An upward force applied by a fluid against the weight of an item partially or fully submerged 

is known as buoyancy or upthrust. Variations in a fluid's density under the influence of gravity 

give birth to buoyancy force, which causes a variety of significant phenomena in numerous 

fields of fluid mechanics. The buoyancy force exerted on an item is directly proportional to its 

volume; that is, the larger the weight of the submerged solid object, the greater the buoyancy 

force acting on it 100. Ren & colleagues 101 created buoyant material using SiO2 and hollow glass 

microspheres and investigated its properties for use in high-temperature resistance applications. 

Because ships and boats are built to maximise buoyancy by optimising the form and volume of 

the hull to displace enough water, ensuring they float and retain stability, this feature is 

extremely important for marine applications. Because they offer the required strength without 

being overly heavy, materials like steel are frequently utilised for larger ships and fibreglass or 

aluminium for smaller boats102 but in this study, hollow glass microspheres and nanoclay 



24 

 

particles were used to fabricate the panels and their buoyancy level was tested which justifies 

the objective three of this study. 

2.4.4.4.3 Water Absorption 

A technique to assess syntactic foam's ability in an aquatic environment is water absorption. 

The water concentration gradient is thought to cause water to stay in a single free phase and 

enter the resin. Foam composite panel may swell and become plasticized as a result of water 

absorption103. Water can permeate the materials in multiple directions under most 

circumstances. Since the coefficient of diffusivity generally changes with direction, edge effects 

can become significant and ought to be taken into account in any analysis of foam composite 

structures' water uptake that exposes many surfaces to water diffusion. It is also important to 

remember that water seeping into resin matrix composites might alter their mechanical 

characteristics. According to Tagliavia et al.104, foam composite panel can be absorbed into 

water in a variety of environments, including freshwater, saltwater, and deionized water at room 

temperature. According to Gupta and Woldesenbet 105, the attenuation coefficient of foam 

composite panel might vary due to changes in its density and mechanical properties caused by 

moisture or water absorption. 

2.4.4.4.4 Water Contact angle 

Measurements of the water contact angle on composite panels reveal important details about 

how wettable and hydrophobic their surface is. The angle that forms at the interface of a liquid 

(such as water), a solid (the composite panel), and the vapour phase is known as the contact 

angle. Understanding how surfaces interact with liquids and how this affects characteristics like 

adhesion, staining, and corrosion resistance is made possible by this crucial parameter. Essential 

parameters to be noted while measuring contact angle are: 

 Definition: The angle formed by the tangent to the liquid surface at the contact point 

and the solid surface is known as the contact angle(θ). 

 Wettability: 

-Hydrophilic Surface: A surface is deemed hydrophilic(ater-attracting) if its θ value is less than 

90°. 

- Hydrophobic Surface: A hydrophobic (water-repelling) surface is one where θ > 90°. 

-Superhydrophobic Surface: Extreme water repellency is displayed on the surface if θ > 150°. 
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2.5 Review of the Material Selection 

2.5.1 Hollow Glass Microspheres 

Glass bubbles, also known as hollow glass microspheres or microballoons, are made mostly of 

a borosilicate-soda lime glass blend and possess great heat and chemical resistance along with 

low density. The usual thickness of the glass microsphere walls is 10% of the sphere's diameter. 

Nowadays, a wide variety of spherical microparticles with diameters ranging from 5µm to 

180µm and densities ranging from as low as 0.06g/c3 to as high as 0.8g/c3 are accessible. The 

walls' thickness determines the crush strength of hollow spheres, and as could be assumed, the 

crush strength rises with sphere density. The chemically stable, noncombustible, nonporous, 

lightweight hollow glass spheres offer good water resistance. These characteristics are used in 

deep-sea oil drilling equipment and submersible hulls, when other types of foam would break. 

Syntactic foams made of hollow spheres made of other materials have different characteristics. 

For instance, light syntactic aluminum foam can be produced using ceramic balloons. 106 

There are also glass microspheres that are hollow and coated with conductive materials. While 

maintaining the weight-saving advantage of hollow-core low-density materials, spherical 

particles with strong conductivity and shielding capabilities are produced via conductive 

coating with a customized thickness. These conductive microbubbles have great potential uses 

in biology, electronics, medical devices, military applications, and other specialized fields. 

2.5.1.1 Synthesis and Production of Hollow Glass Microspheres 

Microspheres are spherical particles that fall into one of two categories: hollow or solid 107. It 

is possible to create hollow and solid microspheres from glass, ceramics, carbon, or plastic. 

According to Watkins and Prado 108 and Bobkova et al. 109, because soda-lime glass has a low 

melting point and is chemically inert, it is commonly used to manufacture solid glass 

microspheres. Glass microspheres can be produced using a variety of techniques, and the 

chosen production method will determine the product's characteristics. Glass microspheres 

were treated by Watkins and Prado using the in Flame Spherodization Method (IFSM), which 

involved feeding irregularly shaped glass particles into a flame that was hotter than the vitreous 

temperature (Tg). The microspheres were gathered after passing through the cool region of the 

flame into a cyclone system that collected all of the spheroid particles 108. Understanding the 

principles of dispersion was essential to comprehend the potential for handling and combining 

HGM. Simple, forceful mixing of materials with extremely tiny (often microscopic) particles 
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can lead to complications because the materials retain mechanical, molecular, and/or electrical 

connections after mixing 110. 

2.5.1.2 Application of Hollow Glass Microspheres 

Hollow glass spheres have several uses in thermal insulation because of their great strength, 

low density, and chemical resistance. As was already mentioned, one method of energy 

conservation in drilling and extraction was the use of glass hollow spheres. Application and 

mixing are made easier when microspheres are used in composite components 111. The ball-

bearing effect improves flow and lowers viscosity in resin mixtures, which makes them easier 

to process and leads to quicker cycle times, greater machinability, and cost savings. The 

spherical, smooth shape of microspheres allows for efficient packing and even dispersion. 

Microspheres can be used in the majority of extrusion and injection molding procedures used 

in the manufacture of thermoset and thermoplastic polymers. The ability to integrate seamlessly 

into compounds makes them appropriate for a variety of industrial processes, including casting 

and spraying. 

To lighten and prolong resin, hollow glass microspheres are utilized in the paint, abrasive, 

automotive, automotive aircraft, construction, explosive, marine, and sporting goods 

industries112  

2.5.2 Nanoclay 

Layered silicate mineral nanoparticles make up nanoclays. They are divided into several 

classes, such as montmorillonite, bentonite, kaolinite, hectorite, and halloysite, according to 

their chemical makeup and nanoparticle form. Because of their exceptional engineering 

properties such as better thermal behavior, high fatigue endurance, stiffness, high specific 

strength, high damping, and low density, innovative polymer/nanoclay composites have seen 

the birth of novel applications113, 114. About 75–80% of polymer/nanoclay composites are used 

in the automotive, aerospace, and packaging industries.The adoption of nanoclay filler as the 

second filler in this study was due to the above-mentioned characteristics of nanoclay, which is 

one of the research’s emphasis areas115. Additionally, the high aspect ratio of nanoclay particles 

creates a tortuous path for gases and liquids, which significantly reduced moisture permeability 

and gas diffusion. This makes the composite produced more resistant to moisture absorption, 

chemical infiltration, and environmental degradation. Additionally, the improved barrier 
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properties of nanoclay contributed to the improvement in the moisture absorption rate of the 

panels produced from this study116, 117. 

 

2.5.2.1 Overview of Nanoclay 

An essential type of layered aluminosilicate is nanoclays. 118-120. Typically, platelet sizes fall 

between 10 and 100 nm. Nanoclays can be created artificially, but they also occur naturally. 

The constituent nanolayers of nanoclays are either [AlO3(OH)3]
6 octahedra or SiO4

4− tetrahedra. 

Van der Waals forces are commonly used to stack the layered nanosheets of aluminosilicate 

together. Ions between the platelets have been ensnared by the stacked nanosheets. The 

structural, morphological, mechanical, thermal, and barrier properties of the nanoclay-based 

nanostructures are remarkable because the nanoclays' unique nano-scale structure has made 

them useful as nanofillers in polymeric matrices to create nanomaterials. 121, 122 Alkyl cations 

are often used to treat layered silicates to create organoclays, which increase the inorganic 

nanoclays' compatibility with organic polymers 123, and mechanical robustness, thermal 

stability, and flame resistance are all properties of polymer/nanoclay nanocomposites. 

They also consist of tiny crystals of mixed metallic ions that are obtained through a 

hydrothermal process from alkaline volcanic ash 124. Clay nanoparticles can also come from 

waste products from mining and mineral processing 125. Phyllosilicates, such as the hydrous 

silicates of aluminum, magnesium, iron, and zinc, constitute the primary basis for clays 124. 

Microscopically, clays appear in a platelet fashion with layers consisting of silica (SiO2) and 

alumina (Al2O3) 
124. The clay families include 124: 

• kaolinite/kaolin family with chemical formula Al2[Si2O5](OH)4  

• The family Halloysite, which exhibits a tube-shaped structure and an empirical formula 

Al2Si2O5(OH)4.2H2O  

• MMT family which combines many minerals and has a large quantity of SiO2 and a small 

quantity of Al2O3  

• laponite family which is a synthetic clay and its chemical structure is Na+0.7[(Si8Mg5.5 Li 

0.3)O20(OH)4] 
-0.7  

• layered double hydroxide clays which are referred to as hydrotalcite with a large amount of 

water with chemical structure [M2+ 
(1-x) +M3+

(x) (OH)2]X
+ (An- )x/n·mH2O. 
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2.5.2.2 Synthesis of Nanoclay 

Many methods, including solution-blending, melt-blending, and in-situ polymerization, can be 

used to create nanoclay. The homogeneous dispersion of nanoclay in the polymer matrix is a 

crucial step in the production of polymer/nanoclay composites. Because of its low viscosity and 

powerful agitation power, the solution-blending method frequently produces a larger dispersion 

of clay layers in the polymer matrix than melt blending. On the other hand, melt blending is 

seen to be both ecologically benign and industrially feasible, with significant economic 

potential126. The reason the in-situ polymerization procedure is so common in synthesis is that 

it produces uniform dispersion and can be adjusted by changing the polymerization parameters 

127. Recently, several innovative synthesis techniques have been developed to create 

polymer/nanoclay composites with distinctive characteristics. 

2.5.2.3 Application of Nanoclay 

Nanoclay has recently discovered several new area of applications due to its exceptional 

technical properties. These includes, packaging, aerospace, and automotive, where 1–10% of 

nanoclay particles are utilised. This is because it is commonly used as reinforcement in polymer 

matrix composites, which improve mechanical, thermal, and anticorrosion properties. 

Entrepreneurs have invested billions of dollars in developing novel synthetic nanoclay materials 

128, 129. 

2.5.3 Fibers 

Fibres with high modulus, strength, and stiffness are frequently used as reinforcement in the 

fabrication of composites41, 130, 131. 

The preferential orientation of the molecules makes them significantly more potent than their 

bulk counterparts. Their covering, a substance called size, serves to prevent moisture absorption 

while shielding them from potential harm that would arise from coming into contact with other 

fibers or equipment 132. A measure of the linear density (grams per 1000 m) of fibers, filaments, 

tows, and yarns, "Tex" is frequently used to describe fibers. The choice of fiber type to be used 

as reinforcement is a trade-off among considerations such as mechanical properties, 

environmental properties, and cost 133. The fibers employed in the reinforcement can be 

synthetic or natural, or a combination of the two in the case of some hybrid composites. The 

functions of fibers are described in Figure 2.3 
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production of contaminants that end up in the environment, both toxic and non-toxic. 

Additionally, the industry's emissions of greenhouse gases and byproducts such as volatile 

organic compounds damage the environment. 

• They are usually landfilled after use due to their low capacity for recycling. Because landfill 

space is scarce everywhere and costs are high, this presents a dilemma. Because incinerating 

something releases toxic fumes, it is not a viable alternative. 

2.5.3.2 Natural Fibres 

Fibers that arise naturally are known as natural fibers. They are categorized as plant, animal, or 

mineral fibers because they originate from different parts of plants, animals, or minerals. 

Animal fibers are composed of proteins like keratin and collagen, while plant fibers are 

naturally cellulosic 140, 141. Figure 2.5 shows the categories of natural fibers. 

 

 

 

Figure 2.5: Classification of Natural fibers 
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The most common natural fibre used in composite reinforcement is plant fibre140. The most 

common and viable sustainable fibers for use as reinforcement in composites include flax, 

banana, hemp, jute, sisal, kenaf, and coir140, 142. For this reason, companies using plant fibers as 

reinforcing materials need to know annual production data and producing countries. Table 2.1 

shows natural fibers’ annual production, costs, and largest producers. 

Table 2.1: World annual production of selected natural fibers, cost and largest producers 140, 143-150 

Fiber 

Producers 

Species Production (103 

tons) 

Cost ($/Kg) Largest 

Banana Musa indica 200 0.81 India and Brazil 

Kenaf Hibiscus 

Cannabinus  

970 0.38 USA, India, 

South Africa & 

Bangladesh 

Coir  Cocos nucifera 100 0.50 India & Sri 

Lanka 

Pina Ananas 

comosus 

74 0.10 Philippines, 

India, Thailand 

& Indonesia 

Sisal Agave sisalana 378 0.65 Brazil & 

Tanzania 

Cotton Gossypium 2500 1.5-2 SriLanka & 

India 

Hemp Cannabis Sativa 214 1.55 China, 

Philippines, and 

France 

Jute Corchorus 

Capsularis 

2500 0.90 Bangladesh, 

India, and China 

Ramie Boehmeria 

nivea 

100 1.52 India, Brazil, 

Philippines & 

China 

Flax Linum 

Usitatissimum  

 

830 3.11 Belgium, 

Canada, And 

France 



33 

 

 

 

Developing nations profit socially and economically from the production and use of natural 

fibers. The living conditions of low-income workers and small-scale farmers are improved and 

supported by starting plant cultivation for the production of natural fiber. For instance, the 

Indian jute industry directly employs around 260,000 people and raises the standard of living 

for about 4 million families. 150. In 2008, a similar situation existed in Bangladesh, where 2.5 

million people worked in jute processing facilities and approximately 750,000 farmers were 

engaged in the production of jute plants 150. These situations highlight the benefits of growing 

plants for the production of natural fiber and owning mills for the processing of natural fiber. 

Living standards rise and the unemployment rate declines nationally. 

Unlike artificial fibers like carbon, glass, and aramid fibers, which are not biodegradable, 

natural fibers are environmentally safe 151. They come from abundant renewable sources, like 

self-renewing plants and plants cultivated by humans, in large quantities. The main energy 

source needed to produce natural fiber is solar energy. They don't increase the strain on the 

country's power infrastructure, which keeps the demand for energy from rising steadily. 

Because natural fibers can be obtained for less money than synthetic fibers, they are more 

affordable. In contrast to the manufacture of synthetic fiber, which calls for expensive 

equipment and large investments, the creation of natural fiber requires less expensive 

equipment. Compared to the creation of synthetic fibers, less skill is needed in the process of 

producing natural fibers. Therefore, developing nations might simply produce them. Because 

they have substantially lower densities than synthetic fibers, natural fibers can aid in weight 

loss more than synthetic fibers do. The density of natural fibers ranges from as low as 1.20 

g/cm3 to as high as 1.5 g/cm3 whilst that of E-glass and carbon fibers are 1.8 g/cm3 and 2.1 

g/cm3, respectively 152. According to the literature, the modulus-to-weight ratio of some natural 

fibers is greater than that of some synthetic fibers, such as E-glass fibers 152. This suggests that 

natural fibers like these could compete with E-glass in designs where stiffness is crucial 152. 

Because plants utilize carbon dioxide during photosynthesis and release oxygen, their growth 

lowers their carbon footprint. This ultimately lowers greenhouse gas emissions and hence 

global warming. Understanding natural fibers' chemical and mechanical properties is essential 

when working with them. The natural fibers found in plants are lignocellulosic, consisting of 

cellulose, hemicellulose, lignin, pectin, and waxes 145, 150. Table 2.5 shows the chemical 
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compositional status of selected natural fibers and the quantities of the different components. 

Table 2.5 Chemical compositional status of selected natural fibers. 

The bulk of the chemical components of natural plant fibers, which are lignocellulosic in origin, 

include cellulose (-cellulose), hemicelluloses, and lignin.151, 153, 154. Natural plant fibers also 

contain ash, pectin, waxes, and moisture content. Because the cellulose component is strong 

and stiff, the fiber surface is covered in many hydroxyl (-OH) groups, which gives the fibers 

their intrinsic hydrophilicity.151, 153, 155, 156. It is composed of a lengthy chain of anhydroglucose 

polymer units that are linked together to create microfibrils. 151, 153. Figure 2.15 shows the 

cellulose structure. 

The -OH groups facilitate both intramolecular hydrogen bonding inside the macromolecule and 

intermolecular hydrogen bonding between airborne hydroxyl groups and other cellulose 

macromolecules 151. 

All natural plant fibers are composed primarily of cellulose, which is found as fibrils throughout 

the length of the fiber 153. In addition to increasing tensile and flexural strength, cellulose also 

increases stiffness, inflexibility, and rigidity 153, 157. The natural plant fiber's ability to reinforce 

itself depends on the kind and crystallinity of its cellulose 153. Natural plant fibres' mechanical 

properties are determined by cellulose. Another non-cellulose material called hemicellulose 

serves as a matrix for cellulose microfibrils. It is very hydrophilic, hydrolysing in acids and 

soluble in alkali153, 155, 158. It improves the fiber's ability to absorb water 154. Lignin is a three-

dimensional complex hydrocarbon copolymer composed of aliphatic and aromatic constituents 

that are insoluble in many solvents and cannot be decomposed into monomeric components 153, 

158. It is amorphous and extremely hydrophobic, and it gives plants stiffness 153, 158. Hydroxyl, 

carbonyl, and methoxyl groups have been discovered in lignin.153 158. Lignin is a thermoplastic 

polymeric component with melting and glass transition temperatures (Tg) of 170 and 90 degrees 

Celsius, respectively 153. Although acids do not hydrolyze lignin, it is soluble in hot alkali, 

rapidly condensable in phenol, and easily oxidizable. 153. It is difficult to separate lignin from 

plant fibers 159. Hetero polysaccharides, or pectins, are what give plant fibers their flexibility. 

They typically contain a range of alcohol.153, 159. The complex structure of pectin is usually 

caused by the cross-linking of arabinose sugars and calcium ionic components with its side 

chains 157. Pectins are the most hydrophilic natural plant fiber constituents due to the presence 

of carboxylic groups, which makes them particularly vulnerable to fungus invasion 160. Wax is 

composed of various kinds of alcohols153, 158. Elimination of non-cellulosic components 
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including waxes, lignin, hemicellulose, and pectins alters the mechanical properties of natural 

plant fibers and their ability to form interfacial bonds with matrix elements 161. 

However, natural fibers are not without flaws. Some of the main issues with natural fibres are 

depicted in Figure 2.6. 

 

               Figure 2.6: Problem associated with natural fibers 

The properties of natural fibers can vary or be inconsistent. Their physical characteristics vary 

depending on the farming region, weather, soil type, and harvesting season 162. Another big 

issue is how easily natural fibers can degrade and how little resistance they have to microbial 

attack. This is an issue for storing materials for an extended period, transporting fibers, 

especially via ships, and creating composites 162. Nonetheless, the advantages of 

biodegradability include sensitivity to microbial attack and rotting fragility. Processing 

temperatures are impacted by the limited or poor heat stability of natural fibers. The majority 

of natural plant fibers degrade at temperatures higher than 200 degrees Celsius, which is the 

optimum processing temperature 162. The chemical and physical structures of the fibers are 

altered by heat. Depolymerization, dehydration, oxidation, decarboxylation, hydrolysis, and 

recrystallization are a few possible changes162. In this study, banana fiber was used because is 

environmentally safe and possess good mechanical and thermal properties 
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2.5.3.2.1 Banana Fibre 

In South-east Asia, the Malaysian-Indonesian region is home to banana plants, which are 

endemic to the Musa family. Worldwide, countries with tropical and subtropical climates 

generate large amounts of bananas and have an abundance of natural resources 163-165. The 

banana plant is among the most useful plants on the planet. Nearly every component of this 

plant, including the fruit, peel, leaves, stalk, pseudo-stem, and inflorescence (flower), is 

edible165, 166. They are used as fibers, thickeners, organic fertilizers, colorants, flavorings, 

sources of macro- and micronutrients, livestock feed, and bioactive chemicals, among other 

uses both linked to and unrelated to food 166. The banana leaf is widely utilized in food 

processing, food aesthetics, food packaging, and other related fields (in some countries, such 

as Indonesia). The banana fruit is one of the most widely consumed fruits and a staple of many 

diets due to its high nutritional value 166, as a result, it gains value as a commodity globally. 

Additionally, research has been done on the use of banana pseudo-stems as filler, textile fibre, 

pulp and paper, or structural reinforcement in composite materials167-170. Furthermore, every 

part of the banana plant has some additional medicinal benefits. For example, people with 

diabetes, pneumonia, diarrhea, and ulcers can prepare and eat the flower. The pseudo-stem sap 

of bananas can be administered externally to bites and stings or eaten internally. The young leaf 

can be applied as a poultice on inflamed skin. Certain countries also employ the roots, ashes 

from leaves, peels, and seeds for medicinal purposes171. Bananas as shown in Figure 2.7 are 

currently the world's fourth-most important fruit crop in terms of production. Global banana 

fruit production is estimated to be 72.5 million tons per year 165. Once ripe, the fruit can be 

eaten raw or processed to make a variety of goods, including as flour, ice cream bread, 

smoothies, dried fruit, and so on. 172 Another option is to prepare the flower bud into a meal. 

Abaca (Musa textiles) is the most well-known species of banana plant used for its fiber. In 

contrast to the most popular banana, which is a member of the Musa acuminate species, its fibre 

is extremely prominent within the leaf fibre group 172. A picture of a banana tree and its various 

sections can be found in Figure 2.5. The pseudo-stem is the part of the banana plant that 

transports and supplies nutrients from the soil to the fruits. Since the banana plant cannot bear 

more banana fruit, this pseudo-stem will be chopped and converted into waste biomass once 

the banana fruit is fully ripe and collected163, 173, 174. For every tons of bananas that are harvested, 

roughly 100 kg of rotten fruit are rejected, and about 4 tons of biomass waste (leaf, pseudo-

stem, rotten fruit, peel, fruit-bunch-stem, rhizome, etc.) are produced. Consequently, for each 

cycle of banana fruit production, four times as much biomass waste is produced174. An 
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estimated 220 tons of biomass waste might be produced by a single hectare of banana farming, 

according to additional literature174. Typically, farmers burn these wastes or dispose of them in 

lakes and rivers. If not correctly managed, the trash from banana trees can harm the environment 

174. This agricultural waste is thought to have more sensible uses, such as serving as a supply 

of cellulose fiber for future projects 175. A portion of the banana plant called the pseudo-stem 

resembles a trunk and is made up of tightly wrapped leaf sheaths that enclose up to 25 fragile 

leaf cores. When these leaf sheaths are fully developed, they separate from the stem and become 

identifiable banana leaves. With its base where the leaf sheaths begin, the banana plant can 

reach a height of 7.5 meters, and some of its inner leaves are roughly the same length as the 

tree. On the outside, on the other hand, the later-growing leaves are smaller. Leaf widths on 

bananas can get as large as thirty centimetres176. 

 

Figure 2.7: Banana tree 

2.5.3.2.1.1 Extraction of Banana Fibres 

Banana pseudo-stem leaf fibre extraction can be facilitated with the use of a decorticator 

machine. This device removes wood, grain, bark, and skin. The process of extraction 

commences as soon as the pseudo-stem's leaves are cut. The typical method in practice is a 

combination of scraping and water retting. In the initial stage, referred to as tuxing, the fibre 
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bundles are isolated from the other components. Manual or mechanical methods can be used to 

perform tattooing177. The leaves are removed from the sliced pseudo-stems. After inserting a 

knife at the butt end between the outer and middle layers, the outer portion of the leaf shaft is 

firmly grabbed and pulled out. The fibre bundles created by the tuxing process were around 5-

8 cm broad, or the length of the leaf. The second step after the tuxing operation is to remove 

the gum or non-fibrous tissue and any leftover items inside the fibres176. The fibres also go 

through a rigorous washing and drying procedure. Both skill and patience are essential for these 

treatments. In general, there are merely 11 outer leaf sheaths on the banana pseudo-stem that 

can be removed to extract the fibres. It is discovered that the inside sheaths' fibres are weak and 

brittle, making it challenging to remove them178 .     

2.5.3.2.1.2 Characteristics of Banana Fibers 

In addition to its many other qualities, banana fiber has unique physical and chemical features 

that contribute to its high quality. 

1. Banana fiber resembles ramie and bamboo fiber in appearance, although it is finer and 

spinnable than both of them. 

2. The three components of banana fiber are cellulose, hemicellulose, and lignin. 

3. The fiber is quite strong. 

4. The elongation is smaller. 

5. It seems relatively sparkly, depending on how the extraction and spinning processes were 

carried out. 

6. It is lightweight. 

7. It has a high capacity to absorb moisture. It quickly both absorbs and releases moisture. 

8. Because it is environmentally benign and biodegradable, it can be categorised as eco-

friendly fibre. 

9. Its average fineness is 2400Nm. 

10. It is possible to spin it using nearly every technique, including ring, open-end, bast fiber, 

and semi-worsted spinning, among others. 
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2.5.3.2.1.3 Applications of Banana Fiber 

Banana fiber had very little use in the past; it was mostly used to make ropes, mats, and other 

composite materials 179, 180. But as environmental consciousness and the need for sustainable 

materials have increased, banana fibre has been more widely known for all of its advantages 

and is now being used in a variety of different industries, such as the home furnishings, 

aerospace, automotive, and apparel sectors180. However, it has been used in Japan to make 

traditional clothing like kimonos and kamishimo since the Edo era (1600–1868). Because it's 

comfortable and lightweight, many continue to choose it for their summer wardrobe. 

Banana fibre is also used to make purses, tablecloths, curtains, neckties, and other delicate 

products. Rugs made from banana silk yarn fibres are quite popular all over the world.181-183. 

2.5.3.2.1.4 Surface Modification of Banana Fiber 

Although banana fibers are more affordable, less dense, recyclable, and abundant in nature than 

synthetic fibers, they do have certain drawbacks of their own, including a tendency to absorb 

moisture, quality fluctuations, thermal instability, and wettability 184-186. The hemicellulose is 

primarily responsible for the ability to absorb moisture. Furthermore, the hydrophilicity of 

lignocellulosic biofiber rather than the hydrophobicity of resin causes poor interfacial bonding 

at the fiber-matrix interface, which diminishes the mechanical properties of natural fibre 

composites187. Strong interfacial bonding results in poor stress transfer between the fibre and 

matrix, which reduces the mechanical strength of natural fibre composites, as Wang et al.188 

had researched. Furthermore, the reactive functional groups at the surface are hidden by pectin 

and waxes, which further hides the interaction with the matrix. The process of altering the 

surface characteristics of unprocessed natural fibers by applying different physical and 

chemical treatments results in a decrease in the fiber's absorption of moisture and an increase 

in the interfacial bonding between the fibre and the resin. boosts the mechanical strengths of 

natural fibre composites187. The following are a few typical surface modification methods: 

2.5.3.2.1.4.1 Physical methods  

The physical surface characteristics of the fibre are changed by physical treatment techniques 

in order to improve the connection between the fibre and matrix. Nevertheless, there is no 

chemical structural change at the fiber's surface 189. The following are the most often utilized 

physical treatment techniques.  
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2.5.3.2.1.4.1.1 Plasma treatment  

One type of electric discharge is plasma therapy, which balances the concentrations of positive 

and negative particles in the ionized gas inside the tube based on macroscopic volume and 

duration 190. One efficient technique for physically altering a surface is plasma treatment. More 

than chemical modification techniques, plasma treatment has been demonstrated to improve the 

fiber-matrix's thermal resistance and interfacial strength 191. The process of plasma treatment 

increases the fibers’ hydrophobicity 192. Thermal and non-thermal plasma treatments are the 

two types of plasma treatment. Either air pressure or vacuum can be used for the plasma therapy 

190. Other well-liked surface treatment techniques for the physical treatment of fibre surfaces 

include corona treatment and cold plasma.  

2.5.3.2.1.4.1.2 Ultrasound modification  

The process of ultrasound treatment involves breaking down saccharides using ultrasonic 

vibration. The primary components of lignocellulosic fibres, cellulose and hemicellulose, allow 

natural fibres to absorb water187. Saccharide breakdown is facilitated by the use of ultrasonic 

therapy to natural fibre 193. The removal of lignin, pectin, hemicelluloses, and other surface 

contaminants by ultrasound treatment at varying temperatures strengthens the fiber-matrix 

adhesion in composites. Additionally, compared to untreated fibers, the composites have 

demonstrated greater thermal stability and less moisture absorption 194. Chang et al. 195 claims 

that combining chemical treatment with ultrasonic assistance yields better results than utilising 

chemical treatment alone. 

2.5.3.2.1.4.1.3 Ultraviolet modification or UV modification  

Another method that has been suggested for altering the surface of banana fibers is ultraviolet 

modification. The chemical composition and mechanical characteristics of banana fibre are 

altered by UV treatment. It is discovered that the fiber's UV treatment greatly increased its 

tensile strength and young's modulus values 196. Abdullah Al Kafi et al’s research 197 indicates 

that composite tensile strength, impact strength, tensile modulus, and impact modulus values 

were higher for UV-treated fibres. According to M.M. Rahman et al. 198 , the UV pre-treatment 

of the fibre increased its tensile capabilities because of the "inter-cross linking" that UV 

radiation causes between the cellulose molecules in the fiber's adjacent molecules. 
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2.5.3.2.1.4.2 Chemical methods  

It has been demonstrated that chemical treatment methods increase the interfacial adhesion 

between the fibre and matrix and reduce the amount of water that the fibres absorb199. The 

success of chemical treatment techniques in improving fibre matrix compatibility, fibre fitness, 

and fibre strength in natural fiber reinforced composites(NFRCs) has varied depending on the 

chemical reagent used 200. For the purpose of improving mechanical interlocking and bridging 

the hydrophilic features of cellulosic fibre with the hydrophilic plastic matrix employing 

bifunctional molecules with intermediate properties, chemical treatment procedures are usually 

employed to remove lignin and wax from the fiber's surface201. Poor adhesion between fibre 

and matrix is one of the main issues with NFRCs, and this is mostly because of the fiber's 

hydrophilic nature and the matrix's hydrophobic nature. Poor adhesion is caused by the polar 

natures of the matrix and fibre200. However, if the surface properties of the fibre are specifically 

altered to improve interfacial bonding, high interfacial adhesion can be attained. This might 

potentially be achieved by chemically modifying the surface properties of fibres through 

chemical grafting, chemical coating, and chemical coupling of fibres with suitable additives 

that contain desirable functional groups187. Improved adhesion between the lignocellulosic fibre 

and the matrix results from chemical treatment of the fibre202. For thermoset matrices, altering 

the fibre by a variety of chemical processes has been proposed and implemented203, 204. The 

most effective method to increase fibre matrix adherence has been demonstrated to be the 

application of alkali treatment in conjunction with other coupling agents such as titanates and 

silanes202, 204-207. Before, a number of different approaches were taken to increase integrity. 

While the physical method concentrates on surface roughening, the chemical process results in 

changes to the crystal structure and increases compatibility by reducing the hydrophilicity of 

the fibre and isolating weak areas like lignin and hemicelluloses from it137, 190. It is also evident 

that the treatment's concentration and duration have a significant impact on the fiber's 

properties208. Chemical treatment procedures are those types of modification that entail altering 

the chemical structure of the fibre surface by a chemical reagent reaction. In this study, alkali 

treatment was used. 

2.5.3.2.1.4.2.1 Alkali treatment  

Natural fibres can have their surface properties altered chemically by applying an alkali or 

NaOH treatment, which has been demonstrated to be very successful in improving the 

mechanical properties of composites made of natural fibres199. The process of alkylation 
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enhances the interfacial adhesion between the matrix and fibre209. Thus, improving the stress 

transfer 210. The fiber's thermal properties are improved by alkylation because it eliminates wax 

layers and surface impurities211. 

Fiber-OH+NaOH Fiber-O-Na+H2O 

Natural fibres are treated chemically by being immersed in a solution containing a known 

concentration of NaOH for a set period of time at a steady temperature. The alkaline treatment 

aids in removing lignin, hemicellulose, waxes, and oils from the fibre surface to promote 

improved bonding between the fibre and resin212. When fibre is treated with NaOH, the fibre 

cell membrane swells, forming an amorphous area on crystalline cellulose. Alkylation 

decreases the fibers’ propensity to absorb water by breaking down alkali sensitive hydrogen 

bonds and forming new reactive hydrogen bonds213, 214. It is possible to argue that the 

elimination of micro voids results in a more uniform fibre surface and improved bonding. 

Furthermore, a rise in aspect ratio following a decrease in diameter enhances stress 

transmission215. On the other hand, above-average alkali concentration produces delignification 

in excess, weakening fibre, and should be rigorously avoided188, 200. Therefore, mercerisation, 

alkylation, or alkyl treatment is a useful technique for boosting the strengths of composites 

made of banana fibres216-218. 

2.5.3.2.1.4.2.2 Silane treatment 

During the silane treatment process, silane bonds to the fibre surface through a number of 

stages, including condensation and hydrolysis. When humidity and hydrolysable alkoxy groups 

are present, silane changes into silanol, which then combines with cellulose hydroxyl to 

improve fiber-matrix adhesion and increase the fiber's strength200, 219. By means of Siloxane 

Bridge, a chemical connection can be formed between the resin and the cellulose fibre surface 

thanks to the composition of silane coupling agents, which are bifunctional siloxane molecules. 

Moreover, it supplies the hydrocarbon chains that prevent fibres from expanding into the matrix 

188. According to 

Valadez-Gonzalez et al. 220 , composites treated with silane performed better in mechanical tests 

than composites treated with mercerisation. Seki 221 investigated the effects of silane treatment 

on the bending behaviour of composites made of jute, polyester, and epoxy.  
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2.5.3.2.1.4.2.3 Acetylation or acetyl treatment 

Cellulosic fibres are plasticised via the well-known "esterification method" of acetylating 

natural fibres. Acetyl groups take the place of the OH group at the fibre surface's cell walls after 

chemical treatment‘‘acetic anhydride (CH3-C (=O)-O-C(=O)–CH3)”. The fibre surface cell 

walls' hydroxyl groups are removed and replaced with acetyl groups by the chemical 

modification process using acetic acid. The fibres become hydrophobic due to this change in 

chemical makeup, which improves their compatibility with hydrophobic polymer matrix222. 

2.5.3.2.1.4.2.4 Benzoylation or benzyl treatment 

 Benzoyl chloride is the main reagent used in benzoylation treatment. When a benzoyl group is 

added to the fibre, its hydrophilic character decreases and it becomes more compatible with 

hydrophobic matrix38. 

2.6 Numerical Modeling 

The mechanical characteristics of foam composites made of epoxy can be determined through 

a variety of experimental verifications and by using numerous mechanical models included in 

software programs like Abaqus, ANSYS, CIRCLY, ASTRAN, STRAND, and many more.  

 223. When predicting experimental outcomes, numerical modeling is employed; it is more 

economical and time-efficient than conducting actual research. During the composite 

production process, modeling helps engineers feel less stressed 47, 224, 225. After the model is 

developed and validated, it can be used for simulation to observe how the composite behaves 

under different condition226, 227, this simulation was performed in this study which satisfy the 

objectives four and five of the current study. In particular, in areas such as sandwich panel 

constructions where numerous materials were involved, the micromechanical model can be 

utilized to anticipate the optimal mix of constituent materials to be used for composite 

manufacture and to meet design considerations for the materials. These models can provide 

insights into the basic workings of reinforcement. The foam composite is simulated in to 

forecast its distress performance using the mechanical reaction models included in software 

programs like Abaqus. 
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2.6.1 Finite Element Analysis  

FEM describes an indirect identification method that uses eigenfrequencies and experimental 

examination of a composite plate specimen to forecast the mechanical properties of composites. 

Madke and Chowdhury228 have employed corresponding numerical eigenvalue analysis and 

optimization methods to model debonding during interphase to analyze fiber-matrix debonding. 

Both the surface between the fiber and the matrix, known as the interface, and the zone in the 

matrix phase known as the interphase, which has a limited thickness and is influenced by fiber, 

are thought to be bonded and have a thickness of zero. And using (ABAQUS) as a 

computational program for modeling and simulating. Lisle et al. 229 utilized the ANSYS 

program's finite element approach to estimate bending stress and forecast the gear teeth design 

on the ANSYS workbench. 

The mechanical strength of glass fiber/resin polyester, glass fiber/resin epoxy, and glass 

fiber/PVC foam under tensile loading conditions was investigated by Shohel et al. 230 in ANSYS 

and ANSYS ACP. Their study has demonstrated that glass fiber bonded with resin epoxy 

composite has a higher life cycle and high stress-bearing capacity compared to glass fiber/resin 

polyester and glass fiber/PVC foam. Faizan and Gangwar 231 prepared the car roof panel made 

of carbon fibre-reinforced polymer composite material and tested its mechanical strength. 

Furthermore, FEM is more accurate than the multilayer elastic approach and can handle 

complex loading situations, including static, dynamic, and spatially distributed forms. 

The application of FEM to solve any problem consists of three separate stages, as shown in 

Figure 2.8.  

 

Figure 2.8: FEM application stages (Abaqus 2013) 
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2.7 Summary of the Review:  

Based on the information presented in this chapter, it is clear that sandwich composites and 

hybrid-filled foam cores are most useful in various marine applications especially for 

fabrication of ship propellers and hulls because their combination of mechanical and thermal 

properties are more beneficial to marine industries than nomax honeycomb, kraft honeycomb 

and syntactic foam which have been in use previously. Therefore, we present a method through 

which our research study takes into account using two fillers for the processing of hybrid-filled 

foam cores. Furthermore, Chapter 3 discusses in detail the materials, methods, and processing 

techniques adopted in this study to fabricate hybrid-filled foam composite core and sandwich 

foam composite panel. 
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CHAPTER THREE 

3.1 Materials, Manufacturing and Methods 

3.1.1 Introduction 

The materials, equipment, and techniques used in this work are covered in this chapter. Testing, 

testing standards, characterizations and analyses performed in this work are also discussed in 

this chapter. The Figure 3.1 shows the summary of experimental design carried out in this work.  

 

 

Figure 3.1: Experimental design Summary 
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3.1.1.1 Materials  

Table 3.1 shows the properties of the hollow glass microsphere (HGM) and nanoclay 

specifications from the manufacturer.  

Table 3.1:Hollow glass microspheres(HGM) and Nanoclay specifications from the manufacturer 

Materials 
Appearance True density g/cm3 Particle size µm

     

HGM-7019 White Powder     0.19 5-150 

Nanoclay-25A Cream powder      0.19 2-13 

 

 

The materials utilized to create hybrid-filled foam composites (HFFC) are listed in Table 3.2.  

Table 3.2: Materials that were used for fabrication of hybrid-filled foam composite (HFFC) 

Materials 
Supplier 

Diglycidyl ether of bisphenol „A‟ (DGEBA) 

epoxy resin (LR 30) 

AMT Composite, Durban. South Africa 

Cycloaliphatic amine-based hardener (LH30) AMT Composite, Durban.   South Africa 

Cloisite® 25A clay was natural 

montmorillonite (MMT) USA. 

 

Southern Clay Products, Inc., USA. 

Hollow glass micro balloons (HGM 7019) AMT Composite, Durban. South Africa 

 

Table 3.3 shows the materials that were used for the fabrication of the sandwich foam 

composite. 

Table 3.3: Materials for SFCs  

Materials 
Supplier 

Diglycidyl ether of bisphenol „A‟ (DGEBA) 

epoxy resin (LR 30) 

AMT Composite, Durban. South Africa 

Cycloaliphatic amine-based hardener (LH30) AMT Composite, Durban. South Africa 
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Cloisite® 25A clay was natural 

montmorillonite (MMT) 

Southern Clay Products, Inc., USA. 

Hollow glass micro balloons (HGM 7019) AMT Composite, Durban. South Africa 

Banana fibers Reddcolt Enterprises in India 

 

 

Table 3.4: Materials used for HGM-filled foam composite with compatibilizer  

Materials 
Supplier 

Diglycidyl ether of bisphenol „A‟ (DGEBA) 

epoxy resin (LR 30) 

AMT Composite, Durban. South Africa 

Cycloaliphatic amine-based hardener (LH30) AMT Composite, Durban. South Africa     

Hollow glass micro balloons (HGM 7019) AMT Composite, Durban South Africa     

Maleic anhydride grafted polypropylene 

(MA-g- PP) 

VladaChem Gmbh Germany 76316, Malsch, 

Bruhruckstra, 14a 

 

 

Figure 3.2: Figure 3.2:Materials for hybrid-filled foam cores and sandwich composite 
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Table 3.5: Densities of constituent materials used for sandwich composites 

Constituent Materials 
Density(g/cm3) 

Banana fibre x  1.20 

Matrix resin y 1.13 

Sandwich composite x 1.157 

HGM y 0.19 

Clay y  0.19 

x Calculated 

y As received from the supplier 

 

3.1.1.2 Fabrication Methods of Foam Composite Core with Sandwich Foam Composite 

3.1.1.2.1 Fabrication of Hybrid filled Foam Composite core  

The epoxy-based foam panel was produced by weighing epoxy resin into a beaker as shown in 

Figure 3.3 and heating it to 60 degrees to decrease the resin's viscosity and ease the addition 

and mixing of hollow glass microspheres with nanoclay. To create a homogeneous mixture, 

epoxy resin, HGM, and nanoclay were combined using a magnetic stirrer running at 500 RPM 

for 60 minutes. As directed by the manufacturer, 10:20 was the weight ratio of epoxy resin to 

hardener in a calibrated beaker. After that, HGM with nanoclay was added according to the 

volume fraction for each sample preparation. The volume of HGM varied from 1-3%, while 

nanoclay also varied from 1-5% for each of the HGM-filled series. The selection of the lower 

percentage of these fillers were considered because of Strength and Stiffness; while hollow 

glass microspheres reduce the density and contribute to buoyancy, they can also reduce the 

strength and stiffness of the composite. At higher percentages, the microspheres may not 

provide sufficient reinforcement, leading to lower tensile strength, flexural strength, and 

modulus. A lower percentage helps maintain the structural integrity of the composite while a 

lower percentage of nanoclay ensures compatibility with other fillers and also ensures that it 

does not interfere with the synergy between different reinforcements or disrupt the overall 

composite matrix.  The mixture prepared was poured into a silicon mold. To make removing 

the foam composite panel from the silicon mold easier, silicon grease was applied to the mold's 
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surface before filling it. After the foam panel had cured for 24 hours at room temperature, 

tensile, flexural, and impact test samples were cut from it using a cutting grinder equipped with 

fine-grit abrasives to ensure a flawless cut while reducing surface damage. Also, it should be 

noted that when the concentration of HGM and nanoclay is high, it will affect the curing time 

but it will not affect the degree of curing due to exothermic heat. Exothermic heat will influence 

the curing of epoxy more strongly and accelerate its curing process in proportion to its 

thickness. 

 

 

Figure 3.3: Manufacturing process of hybrid filled foam core 
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Figure 3.4: Schematic diagram showing the HGM/Clay and Matrix structures in the foam composite  

3.1.1.2.2 Surface modification of banana fibers 

Unidirectional fibers were used in this work because unidirectional fibers align all the fibers in 

a single direction, making them stronger and stiffer in that direction232, 233. This is especially 

important for fabrication of marine structures like ship propeller where high strength and 

stiffness is required. Also, unidirectional fibers provide efficient load transfer along the fiber 

direction. Since the fibers are aligned, they can efficiently bear the load and resist tensile, 

compressive, and shear forces along their axis234, 235. Literature reported that modification of 

fibers brings about positive effects that improve interfacial adhesion 36, 37, 137, 236-238. Chemical 

modification was chosen in this work among all other available fiber modification techniques. 

This is because chemical modification is relatively cheap and easily performed 161. Sodium 

hydroxide (NaOH) was used as the surface modification chemical as seen in Figure 3.6 due to 

its ability to alter the chemical structure and improve the interfacial bonding between the natural 

fibers/fillers and polymer matrix in foam composite materials239, 240. This surface treatment can 

significantly enhance the mechanical and physical properties of the resulting composites. 

Additionaly, NaOH treatment can increase the fiber's hydrophilicity by opening up the fiber 

surface and introducing additional hydroxyl groups. The increased hydrophilicity improves the 

wetting of fibers by the polymer matrix, leading to better fiber-matrix adhesion. This can also 
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improve the durability of the composite, especially in moisture-prone applications. The 

chemical treatment conditions used in this work were selected based on literature 37, 238, 241-245. 

The banana fibers were in dry state before the surface modification because water is considered 

a contaminant most of the time246. However, it has been proven that, thanks to its unique 

structure and physicochemical properties, water might lead to particular interactions like 

polarity247, hydrogen bonding248, hydrophobic effects249, and trans-phase interactions250; 

therefore, it determines the reaction course246.  Drying of treated banana fibers was done at 

room temperature for 7 days. 

3.1.1.2.3 Fabrication of sandwich foam composites with hybrid core (SFCHC): 

The production of sandwich panel with banana fiber facesheets and the HGM/Clay hybrid core 

method includes the production of unidirectional banana fiber laying up, surface modification 

of the fibers, and the actual fabrication of the sandwich foam panel. 

Production of sandwich panels was made using a banana fibers facesheet. Before the composite 

was put into the mould, the banana fibres were first evenly aligned in a single direction to 

prevent misalignment. Then, they were completely soaked with resin to prevent weak points. 

. The fiber length was an average of 30 mm. A standard hand lay-up technique is used to create 

the sandwich composite panels, and then a moderate compression molding operation is 

performed. It was created by sandwiching the hybrid-filled core between the sandwich 

composites' top and bottom face sheets as seen in Figure 3.6. By varying the volume fraction 

loading of fillers in the hybrid core, nine groups of sandwich composite samples were produced. 

Table 3.6 shows the identification of the hybrid core composition in the sandwich composite 

while in chapter 6, Table 6.1 shows the experimental density and theoretical densities of the 

sandwich composites developed for this study. Figure 3.5 depicts a schematic representation of 

sandwich composite production. The hybrid core was inserted as needed between the top and 

bottom facesheets of the sandwich composites. Banana fibers were prepared in a unidirectional 

method with (14.68g) by weight and 1.2mm thickness each as top and lower facesheet. The 

selection of 1.2 mm thickness for each of the facesheets and 14.68 g weight in the facesheet 

design can be justified based on a combination of structural performance, the expected panel 

properties, weight optimization, thermal resistance, and manufacturing considerations for ship 

propeller and hull in marine structures. This thickness offers a balance of mechanical strength 

and protection, while the weight aligns with performance and cost-effectiveness goals, ensuring 

the composite meets application-specific requirements, particularly in industries such as 
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aerospace, automotive, and high-performance structural components. The size of the panel 

created for each sample was 300× 140 × 5.4mm3. The angle for overlaying the facesheet was 

00/900 for all the sandwich composites. A± 0.01mm discrepancy in facesheet thickness was 

discovered, which can be explained by undulation during the fiber laying up process. For quick 

and easy removal of the sandwich composite material, wax was applied on the surface of the 

mold. By using a gradual mixing method and a spatula to gently push any bubbles that might 

have formed to the surface during composite preparation, care was taken to prevent the 

formation of air bubbles during the preparation process.  

Careful control of material handling, processing conditions. For efficient bonding, epoxy 

adhesive was used and thereafter a 50Kg load made of mild steel material was applied from the 

top, but before then a flat sheet plate made of neat epoxy material was placed on the panel for 

even distributions of resin in the facesheet of the sandwich panel, and the mold was then allowed 

to cure at room temperature for 48 hours. After 48 hours, the samples were removed from the 

mold and post-cured in a 70°C oven for 4 hours before cutting into the required size for tensile, 

flexural, impact, and water uptake tests with specifications according to their respective ASTM 

standards and tested accordingly. Each sandwich composite formulation was tested with three 

samples. 

Table 3.6: Designation and detailed composition of the sandwich panel 

            Sandwich Composite notation 
 

Composition 

EPF Filler(0%)+Epoxy(100%) 

1HF HGM(1%)+ Clay(0%)+Epoxy(99%) 

1H1CF HGM(1%)+ Clay(1%)+Epoxy(98%) 

1H3CF HGM(1%)+ Clay(3%)+Epoxy(96%) 

1H5CF HGM(1%)+ Clay(5%)+Epoxy(94%) 

3HF HGM(3%)+ Clay(0%)+Epoxy(97%) 

3H1CF HGM(3%)+ Clay(1%)+Epoxy(96%) 

3H3CF HGM(3%)+ Clay(3%)+Epoxy(94%) 

3H5CF HGM(3%)+ Clay(5%)+Epoxy(92%) 
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Figure 3.5: Figure 3.5: Schematic illustration of Sandwich composite panel 

 

 

Figure 3.6: Fabrication sequence of sandwich composite panels 
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3.1.1.2.4 Fabrication of Foam composites with compatibilizer 

The foam composites were created by using a hand lay-up casting method. 251. The procedure 

has been reported in our earlier work 252. Table 3.7 shows the composite foam formulations of 

HGM and PP-g-MA. The volume by weight of HGM varied from 0% wt. to 5%wt. The uniform 

mixture prepared as shown in Figure 3.7 was poured into the silicon mold. Silicon grease was 

applied to the surface of silicon mold before pouring it into the silicon mold so that the foam 

panel could be removed with ease. 253. The foam panel was allowed to cure for a full day at 

room temperature following curing, and after that, samples for mechanical properties and water 

contact angle tests were cut from the foam composite panel with the use of cutting grinder with 

fine-grit abrasives so as to obtain smooth cut by minimizing surface damage. 

3.1.1.2.4.1 Surface modification of HGM filler with compatibilizer 

HGM fillers were placed in a vacuum drying box, it was dried for 24 hours at 800C. The HGM 

were then added to a (3:1) combination of ethanol and water with polypropylene-grafted maleic 

anhydride (PP-g-MA) (3%).  This mixture was then heated to 750C, washed with distilled water, 

and dried under vacuum at 800C. This process was carried out for attaching hydroxyl groups on 

the surface of the HGMs for successful subsequent reaction. After that, a volume fraction of 

modified HGM (1%, 3%, and 5%) was added to epoxy resin. The mixture was heated to 700C 

and stirred for six hours using a magnetic stirrer. A hardener was subsequently added to the 

mixture. After that, the mixture was put into a mold and allowed to cure for a whole day. At 

700C, post-heat treatment was carried out for four hours. 

 

Table 3.7: Foam composite sample formulation with HGM and PP-g-MA content 

Samples 
Epoxy resin(wt.%) HGM(wt.%) PP-g-MA(wt.%) 

Neat epoxy 100 0 0 

1% wt.HGM 99 1 0 

1%wt.HGM+ PP-g-MA 96 1 3 

3% wt.HGM 97 3 0 

3%wt.HGM+ PP-g-MA 94 3 3 

5% wt.HGM 95 5 0 
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5%wt.HGM+ PP-g-MA 92 5 3 

 

 

 

 

Figure 3.7: HGM-filled foam composite mixed with PP-g-MA  

Table 3.8:Lists of Characterization Techniques Performed in the study 

Microscopy analysis Purpose of the test 

 

Scanning electron microscopy(SEM) 

Determination of distribution of particles, 

porosity and defects within the samples 
produced and also fracture surface of the 

samples produced 

Transmission electron microscopy(TEM) To reveal details about the microstructure of 

including defects and phase distribution 

 

Mechanical test Purpose of testing 

 

 

Tensile test 

To determine the maximum tensile stress that 

a panel can bear before failing or cracking. 

 

 

Flexural test 

To measure the force required to bend the 

samples and to  determine its resistance to 

stiffness 

 

Impact test 

To determine the impact resistance and 

performance of the panel to sudden 

mechanical stress 

Hardness To measure the panel’s resistance to 

indentation or penetration 
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Physical test Purpose of the test 

 

Water contact angle(WCA) 

Measure the samples wetting behavior and 

surface interactions with water 

Buoyancy Measure the floating behavior of the panels 

 

Water absorption 

Determination of the panel’s resistance to water 

uptake 

Density To determine the mass per unit volume of the 

panel 

 

 

Thermal tests Purpose 

 

Thermogravimetric analysis(TGA) 

Determination of  the thermal stability of the 

panels by monitoring their weight loss or  

gain as a function of temperature 

 

Dynamic mechanical analysis(DMA) 

This is to study the viscoelastic properties of 

panels as a function of temperature, 

frequency, or time 

Coefficient of thermal expansion(CTE) To quantify how a panel's dimensions change 

in response to changes in temperature 

 

Specific heat capacity 

To the determine the panel’s ability to store 

and release thermal energy per unit mass 

when subjected to temperature changes 

Thermal conductivity To determine/quantify how the panel 

conducts heat 

 

3.1.1.3 Characterizations of foam Composite 

3.1.1.3.1 Physical Property  

The physical properties of HFFC such as density, water contact angle, water absorption and 

buoyancy were carried out because they affect the functionality of the composite material 
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3.1.1.3.1.1 Density 

Theoretical density can be achieved concerning weight fraction based on the rule of the mixture 

and was calculated with the equation below. In contrast, the experimental density was 

calculated using a specimen specification of 25×25×12.5mm3, according to Ajayi et al.254. Four 

specimens were prepared from the foam composite panel, and the mean results were recorded 

     

ɕ𝑡ℎ = ((
𝑊𝑓𝐻

ɕ𝑓𝐻
) + (

𝑊𝑓𝐶

ɕ𝑓𝐶
) + (

𝑊𝑚

ɕ𝑚
) )

−1

         [3.1] 

The volume fraction percentage of voids (Vv) in the foam panel is calculated by equation (ii) 

below: 

  

𝑉𝑣 =  
ɕ𝑡ℎ−ɕ𝑒

ɕ𝑡ℎ
 𝑋 100           [3.2] 

ɕ𝑡ℎ   = theoretical density   𝑊𝑓𝐶= weight fraction of nanoclay filler 

ɕ𝑒   = experimental density   ɕ𝑓𝐶= corresponding density of the nanoclay filler 

𝑊𝑓𝐻 = weight fraction of HGM filler 

 𝑊𝑚 = weight fraction of matrix 

ɕ𝑓𝐻 = corresponding density of the HGM filler 

ɕ𝑚 = corresponding density of the matrix 

3.1.1.3.1.2 Water Contact Angle (WCA) 

To determine the surface hydrophobicity of hybrid filled foam composites, contact angle 

experiments are typically performed. By measuring the contact angles of specific liquids on the 

epoxy-based foam composites, it is often possible to evaluate the interactions (interfacial energy 

difference) between fillers and the polymer matrix. To evaluate the wetting behavior of foam 

composite panels, the DropMeter A-100 contact angle system (Maist Vision Inspection & 

Measurement Co. Ltd.) was utilized for the water contact angle experiment, which was carried 

out utilizing the sisal drop method255. The foam composite panels (60 mm × 10 mm × 3 mm) 

were put on a rectangular glass slide, and droplets of deionized water were dropped at five 

different locations on the foam composite panel’s surface using a micro syringe of 25µL. The 

water contact angle was determined by measuring the contact angles at room temperature and 

calculating the mean of the obtained values. 
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3.1.1.3.1.3 Water Absorption Capacity of Hybrid filled foam Cores (HFFC) and 

Sandwich foam composites (SFC).  

The maximum percentage of water absorption for the manufactured HFFCs and SFCs was 

investigated under ASTM D570-98 standard. The samples were completely submerged in the 

distilled water and were taken out from the water after 24 h of immersion. Then the samples 

were weighted after all the water of the surface was removed with a clean dry cloth. This 

procedure was regularly repeated at an exposure of 24,48,72,96,120,144,336 and 720 hours. 

The water-absorption percentage is calculated using the following equation 3.3 

% water absorbed (D) =      (wet weight (Wf) – dry weight (Wi))    × 100                    [3.3] 

              Dry weight (Wi) 

 

For this study, the maximum weight gained W(s) was measured at saturated water absorption, 

or when the variance in weight acquired after 7 days (168 hours) is less than 0.1%. W(i) is the 

initial measurement made after the specimens were submerged in the distilled water for more 

than 24 hours. At the hybrid-filled foam cores' maximum moisture absorption, the diffusion 

coefficient W(d) is written as 

W(d) = W(s) - M(i)                                                           [3.4] 

3.1.1.3.1.4 Buoyancy Force Determination of HFFCs and SFCs:  

The upward force that a fluid exerts in opposition to an object's weight when it is partially or 

completely submerged is known as buoyancy. The samples of neat epoxy, HFFCs, and SFCs 

were immersed in a 400 ml test tube filled with water according to research by Afolabi and 

Nergaard etal. 256, 257. For accurate comparison, the submerged HFFCs and SFCs had the same 

weight. The experimental result related to the buoyancy of the sandwich has been published258. 

In the water-filled test tube depicted in Figure 3.8, three specimens each were immersed. 

Variations in the fluid's density under gravity give rise to the force of buoyancy. The buoyant 

force is determined by the Equation 3.15: 

Fb = Vo x D X Fg              [3.5]  

where Fb (N) is the buoyancy force acting on the object, Vo (m3) is the volume of the submerged 

object, D (Kg/m3) is the density of the fluid the object is submerged in, and Fg is the force of 

gravity 
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Figure 3.8: Buoyancy measurement procedure for HFFCs and SFCs 

3.1.1.3.1.5 Thermal Conductivity, Coefficient of Thermal Expansion(CTE) and Thermal 

Expansion 

For each of the new hybrid filled foam composites, thermal conductivity testing was done. The 

Unitherm Model 2022 is used to measure the thermal conductivity of the developed composites. 

According to the ASTM E-1530 Standard, the tests are conducted. One polished surface, 

controlled at a different temperature than the other, holds a sample of the material being tested 

under a uniform compressive load. To create an axial temperature differential in the stack, heat 

moves through the sample from the higher to the lower surface. Once thermal equilibrium is 

reached, the output from the heat flow transducer and the temperature differential across the 

sample are monitored. After that, the thermal conductivity is computed using these values and 

the sample thickness. The experimental results related to this study have been published259 

Using a Perkin Elmer DSC-7 Thermal Mechanical Analyzer, the glass transition temperature 

and the composites' coefficient of thermal expansion are determined. During the measurement, 

the specimen is heated from 30°C to 150°C at a heating rate of 5°C/min. For each measurement, 

two heating scans are used. The purpose of the initial heating scan is to get rid of any potential 

internal tension and moisture that might have been created during the sample preparation and 

curing procedures. The material's Tg and CTE are ascertained using the second heating scan. 
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3.1.1.3.1.6 Thermogravimetric Analysis (TGA) 

The thermal decomposition behavior of the hybrid-filled foam composite was analyzed using a 

thermogravimetric analyzer (TGA). This was performed on a combined differential scanning 

calorimeter and thermogravimetric analyzer, model SDT Q600 V20.9. ASTM E 1131 – 08 was 

followed in performing the thermal decomposition analysis 260. Specimens were heated at a rate 

of 10 °C/min in the presence of nitrogen that was flowing at 100 ml/min from a temperature of 

20 °C to 600 °C.  

3.1.1.3.1.7 Dynamic mechanical analysis  

Dynamic mechanical analysis (DMA) of the foam composite panels was conducted on a 

dynamic mechanical analyzer (DMA) Q800 V21.2. The tests were carried out according to 

ASTM D4065-01 261. DMA was done in three-point bending mode on a support span of length 

50mm at a frequency of 1Hz and amplitude of 20 µm. The heating temperature was ramped 

from 25 0C (room temperature) to 80 0C at a rate of 3 0C/min. Specimen dimensions of 60 mm 

x 10 mm x 3 mm were used and three specimens were tested per sample. The glass transition 

temperatures (Tg) were determined from the midpoint of the loss modulus peak and tandelta 

peak based on literature 262-265. 

3.1.1.3.2 Basic mechanical testing 

Basic mechanical testing of the specimens fabricated in this work consist of hardness test, 

impact test, tensile strength testing, and testing for flexural properties. The interaction between 

the reinforcement and the matrix determines an HFFC's mechanical properties rather than the 

reinforcement acting alone. The following variables, among several others, are anticipated to 

affect an HFFC's mechanical performance: 

• wettability and interfacial bonding,  

• the volume fraction of the fillers,  

• thermal stability,  

• dispersion of the fillers in the matrix,  

• fiber orientation,  

• the crystallinity of the matrix  

• the density of the filler material of HFFCs generally possesses good stiffness and tensile 

characteristics. 
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3.1.1.3.2.1 Impact 

Using a Hounsfield Balance Impact Tester made by Tensometer Ltd., Croydon, England, 

Charpy tests were carried out at room temperature to ascertain the impact resistance of sandwich 

foam composite panels and fabricated hybrid-filled foam composite panels. As per ASTM 

D6110-10, the Hounsfield Balance Impact Machine features a three-point calibration device. 

266. The test specimens' geometric dimensions were measured and they were cut from foam 

panels to measure 50 x 10 x 3 mm3. This technique allowed for fluctuation in the specimen's 

width for varying materials, whether brittle or ductile. The impact values should represent the 

width specified in the specification, which encompasses the measurable. The impact breadth is 

6 mm by the width area in all specimens due to a notch that is 4 mm deep in the middle of the 

section opposite the impact part. Figure 3.9 revealed the experimental set-up for the V- notch 

Charpy test. For every foam panel formation, five specimens were evaluated, and the impact 

velocity was roughly 6.7 m/s. The following formula was used to determine energy absorption 

based on the average values that were gathered. 

𝐼𝑆 =   𝐴𝐸       [3.6] 

          TW 

IS: impact strength (kj/m2)  

AE: absorbed energy (Joule)  

T: specimen thickness (m)  

W: Remaining width at notch (m) 
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Figure 3.9: Hybrid-filled foam composite sample under impact test 

3.1.1.3.2.2 Hardness  

The foam composite panel's hardness was ascertained using a Barber Colman Barcol impressor 

hardness tester, which is appropriate for testing both individual specimens and manufactured 

products for production control. The ASTM D 2583 test standard specification was followed 

for conducting the hardness test 267. As seen in Figure 3.10, the hardness test measures the depth 

of the indenter tip penetration to determine a material's indentation hardness. Specimens' 

hardness was measured using the Barcol impressor (model GYZJ-934-1) hardness tester, which 

is frequently used for composite materials. This impresser features an intender, or hardened 

steel truncated cone, angled at 260 degrees and with a 0.157 mm diameter flat point. Fitted into 

a hollow spindle, this was secured in place with a spring-loaded plunger. To balance on the 

testing specimen surface, it additionally features an indenter leg. Placing the Barcol impressor 

indenter point parallel to the sample plate was done, following Figure 3.10. To record the 

maximum value on the dial indicator, a consistent downward push was manually applied until 

it reached that point. A graphical depiction was created by taking the mean value of twenty 

indentation values that were randomly selected from samples. 
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Figure 3.10: Figure 3.10: Barcol hardness test being conducted on hybrid filled foam composite core’s 

surface  

3.1.1.3.2.3 Tensile strength testing  

Testing for the tensile strength of the foam composite was performed following ASTM D3039 

268. The tests were conducted on a universal testing machine (UTM), Model: MTS Criterion 

Model 43, and computer-controlled by MTS Suite software. The machine has a capacity 30 kN 

(in both the tension and compression modes), a sensitivity of 2.214 mV/V, and data acquisition 

rate of 10 Hz. The crosshead speed was 2 mm/min. The length, width and thickness of the foam 

composite specimens for tensile strength tests were 250, 25, and 3 mm, respectively. The gauge 

length was 150 mm. Five specimens were tested for each of the foam composite samples and 

relevant calculations on mean tensile strength values, strain at break, and Young’s modulus 

were done. Figure 3.11 demonstrates how the specimens were mounted on the UTM machine. 
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Figure 3.11: Hybrid-filled foam composite sample under tensile test   

3.1.1.3.2.4 Flexural tests  

The sandwich composite panels and hybrid-filled foam composite panels underwent flexural 

testing to evaluate their stiffness and strength. A three-point bending flexure test was performed 

following ASTM D790-03 test standard 269. As illustrated in Figure 3.12, the technique made 

use of a supported beam with a center loading support span and a span-to-thickness ratio of 

16:1. 

 

 

Figure 3.12: Three-point bending test of hybrid-filled foam composite specimen on a simply supported beam 
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The nominal thickness was 3 mm, width was 12.7 mm and the span length was 48 mm. The 

total length of each specimen was 128 mm. The foam composite specimens were deflected until 

they ruptured in the outer surface and in instances where rupture was not going to be achieved, 

the test would be stopped when a maximum strain of 5% was reached. The rate of straining was 

0.01 mm/mm/min. Each foam composite sample was tested five times, and the average flexural 

strength and modulus values were determined. The rate of crosshead motion was calculated 

using Equation 3.7 269 and set on the machine 

R =   XL 2                                               [3.7] 

         6d 

Where:  

R is the rate of crosshead motion (in mm/min), 

 L is the support span (in mm),  

d is the thickness of the panel in mm,  

X is the rate of straining of the outer exterior (in mm/mm/min) and it is taken as 0.01. 

Using Equation 3.7, the rate of crosshead motion to be used during the tests was 1.3 mm/min. 

The tests were conducted in a displacement control mode. The test was to be terminated when 

the maximum strain experienced by the outer (exterior) surface of the foam composite specimen 

had reached 0.05 mm/mm and the deflection at which this strain occurs is calculated using 

Equation 3.8 

D = rL 2            [3.8] 

      6d    

where: 

 D is the mid-span deflection (in mm), 

 r is the strain in mm/mm and is taken as 0.05,  

L is the support span (in mm),  

and d is the thickness (depth) of the specimen in mm. 

Using Equation 3.8, the mid-span deflection was 6.4 mm. Flexural stress (σf) was calculated 

using Equation 3.9 269: 

σf = 3PL2                                                                               [3.9]  

            bd 2  

where; 

σf is the stress (in MPa) at the exterior surface at the mid-span of the specimen 

P is the load (in N) at a given point on the load versus deflection curve 
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L is the support span (in mm)  

b is the specimen width (in mm)  

d is the thickness (depth) of the specimen (in mm) 

Flexural strain (εf) was calculated using Equation 15 269 : 

Ɛf = 6Dd                   [3.10] 

         L 2 

Where, 

Ɛf is the flexural strain in the exterior surface (mm/mm) 

D is the maximum deflection of the center of the specimen (mm) 

d is the thickness (depth) in mm  

L is the support span in mm. 

The modulus of elasticity, EM (tangent modulus of elasticity) is determined using Equation 

3.11269 : 

EM = L 3m           [3.11] 

        4bd3 

where,  

EM is the bending modulus of elasticity (MPa), 

L is the support span in mm,  

b is the specimen width in mm,  

d is the thickness (depth) in mm, and  

m is the gradient of the initial straight-line portion of the load versus deflection curve, with the 

unit’s N/mm of deflection. 

3.1.1.3.3 Morphological Properties  

3.1.1.3.3.1 Scanning Electron Microscopy (SEM) 

It was used to study the microstructure of HGM, nanoclay, hybrid-filled foam cores, and 

sandwich foam composites using a Zeiss EVO 1 HD 15 Oxford instrument X-max scanning 

electron microscope (SEM). Before SEM (Carl Zeiss) observation, the specimen was gold 

coated for the flow of electrons using a Quorum Q 150R ES machine for 6 minutes.  
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3.1.1.3.3.2 Transmission Electron Microscopy  

The transmission electron microscopy resolution performed on the foam composite was used 

to transmit the bean of electrons of the hollow glass microscope to form an image. The image 

was formed because of the interaction between the electrons and the foam composite, and was 

examined with the aid of a higher resolution transmission electron microscopy (HR-TEM) Joel 

2100, from Japan. 

3.1.1.3.4 Sandwich Foam Composites  

3.5.2.1 Density Measurement The density of the sandwich foam composite was measured to 

track physical changes in hybrid-filled foam samples and sandwich composites. The measured 

density was calculated according to ASTM C271-94 270. Since density is equal to mass/volume 

in Equation 3.12 Therefore, volume is equal to mass/density in Equation. 3.13. Then the volume 

of the sandwich composite was calculated by adding the volumes of all the constituent materials 

together using Equation 3.14. 

 ɕ = 𝑚/𝑣                                                      [3.12] 

       

𝑣 = 𝑚/ɕ                            [3.13] 

       

Vs = Vf + VH + Vcl + Vm                         [3.14] 

where Vs, Vf, VH, Vcl, and V𝑚 are the sandwich composite volume, banana fiber volume, 

HGM volume, clay volume, and matrix resin volume respectively (cm3). The volume fraction 

of each constituent material is then calculated using Equation. 3.15 

 

 ɕ = 𝑚/𝑣              [3.15] 

                

where V is the volume fraction. 

Vc = VH + Vcl + Vf + Vm                [3.16] 

The sandwich composite density is therefore calculated using Equation 3.17 

ɕc  = ɕHVH+ɕclVcl + ɕf Vf + ɕmVm                                   [3.17] 

The percentage difference between the measured and theoretical density is taken as the matrix 

porosity (void) content using Equation 3.18. 

Pc = 
ɕ𝑡ℎ−ɕ𝑒

ɕ𝑡ℎ
 𝑋 100                                                     [3.18] 
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Where Pc is the sandwich composite porosity, ɕth is the theoretical density, and ɕe is the 

experimental density. 

3.1.2 Numerical Response Analysis 

3.1.2.1 Geometry of Foam Composite Mix Samples 

Since its highly accurate results indicate that the epoxy-based foam composite samples 

modelled in Abaqus software possess the most probable inclusive simulation of the actual 

problem, 3D modeling of the samples is part of this study. When composite structures are 

exposed to service loads, numerical response analysis provides a comprehensive and clear 

method for calculating the reaction rate of the structures. 

The samples were modeled following the experimental sample dimensions measuring 

250mm×25mm×3mm in length, width, and thickness for tensile and 150mm×14mm×3mm in 

length, width, and thickness for flexural was modeled 

3.1.2.2 Model Description 

A micromechanical model was used to predict the mechanical properties of the model 

composite based on the properties of its constituents and by considering the filler distribution 

as random and constant. For a completely random distribution of fillers, the distribution 

function is constant, as the distribution is assumed equal in all directions. 

  𝐸𝑐 = 𝑉𝑓(
16

45
𝐸𝑓 + 2𝐸𝑚)

8

9
𝐸𝑚 

Where Ec is the elastic modulus of the composite, Ef is the elastic modulus of the filler, Em is 

the elastic modulus of the matrix, and Vf is the volume fraction of the filler. The invariant 

properties of composites defined by Tsai and Pagano271 were used along with Puck’s 

micromechanics formulation to develop equation272 .For predicting the breaking strength of the 

composite, the equation by Piggott was used as a good approximation. In his fiber theory, 

Piggott considered for the elastic and plastic effects in the matrix. 

Thus, for composites having fillers/fibers which are random in 3D, the suggested an upper 

strength is, 

 𝜎𝑐 =
1

5
𝜎𝑓𝑉𝑓 + 𝜎𝑚𝑉𝑚 

Where σc, σf, σm, stand for the tensile strengths of the composite, the filler, and the matrix 

while Vf and Vm represent the volume fractions for the filler and the matrix and these are 

required as an input data for defining the material in ABAQUS. 
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b. Model geometry development  

1. Part development 

The composite specimen considered in this study is assumed isotropic for hybrid-filled foam 

core only. Therefore, a uniform material model was used in this work. Accordingly, the 

composites were developed with ABAQUS based on experimental sample dimensions 

measuring 250mm×25mm×3mm in length, width, and thickness for tensile and 

150mm×14mm×3mm in length, width, and thickness for flexural was modeled 

2. Assembly  

The finite element method (FEM) was used to model the crack location. 

3. Property definition  

Section creation and section assignment are other procedures to be completed under the 

property definition module 

4. Step  

A basic concept in ABAQUS is the division of the problematic history into steps. In its simplest 

form, a step can be just a static analysis, in ABAQUS/Standard, of a load change from one 

magnitude to another. This process can be imitated with the constant rate of loading (CRL) type 

of the tensile testing machines. The step definition includes the type of analysis to be performed 

and optional history data, such as loads, boundary conditions, and output requests. ABAQUS 

has two measures of time in a simulation. The first is the total time, which increases throughout 

all general steps and is the accumulation of the total step time from each general step. 

5. Load and boundary conditions (BCs)  

After specifying the steps in which the loads and BCs become active, the prescribed conditions 

of loads and BCs, which are step-dependent, must be specified. After defining the steps in the 

analysis, three boundary conditions were created: 

 The first BC (BC1) locates the specimen as a cell and constrains the 1, 3, 4, 5, and 6 

degrees of freedom and allows the 2nd degree of freedom, which is the load to be applied 

only in the Y direction as a distributed load. This BC allows the distributed load to be 

applied in the Y direction 

 For, the 3rd BC, a surface traction load was applied on the upper surface of the specimen 

to assign a distributed tensile load on the top face of the model composite. The load is 

applied during the general analysis step. 

 On the third BC (BC3), the 1, 3, 4, 5, and 6 degrees of freedom will be set zero and 

finally the BC should be modified, the 2nd degree of freedom (U2) activated, and the 
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value of the distributed force shall be set. The force applied will be in the form of stress 

as it is applied on the surface. 

6. Mesh  

A free meshing technique was used for seeding the part instance and applying the mesh 

to the instance. This technique was used because the whole part is not partitioned into 

cells for easy and convenient application of the crack initiation and growth. 

7. Job  

With the Job module, a job is created, submitted for analysis, and its progress can be 

monitored. If there is no error in the previous steps performed, the submitted job will be 

completed successfully and the output will be prompted for the visualization module, 

which will be discussed in the results section. Several jobs have been run by varying the 

crack location and five outcomes were selected for better simulation and comparison of 

the five experimental tests 

3.1.2.3 Material Characterization of Foam Composite Mix Samples 

The samples of foam panel mix may have any one of the following three types of model 

characteristics: viscoelastic, elastic, or visco-elastoplastic. However, because of the non-

convergence of the elastic model, this study considers the viscoelastic model. The laboratory 

(tensile and flexural test) results for samples in terms of stress and strain were plotted in 

MATLAB software using the curve fitting tool to obtain the Prony series values which helps in 

the non-linear material characterization of the samples through equation 3.19. It is worth noting 

that R square values for each of the mixes have a good correlation ranging from 0.97 to 0.99. 

The results Prony series and other material characterization used to effectively model and 

simulate foam composite mix samples in Abaqus (Table 3.8) 

𝐺′(𝜔) =   (𝐺𝑒) + £𝑖𝐺𝑖𝜔2𝜏𝑖2                                                                                            [ 3.19] 

                               1+𝜔2𝜏𝑖2  
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Table 3.9: Material characterization and Dimensionless Prony series coefficients input in Abaqus® for the 

foam composite mixture 

Neat Epoxy 
Density 

Young 

Modulus 
969.63 

Poisson 

Ratio 
0.280 1130 

Term gi ki i R2 

1 0.2492 - 0.04406 
0.98919 

2 0.2071 - 1.221 

A (1%wt.HGM)  

Young 

Modulus 
679.44 

Poisson 

Ratio 
0.278 1120 

1 0.2719 - 0.04101 
0.98951 

2 0.2258 - 1.115 

B (1%wt.HGM+1%wt.Clay)  

Young 

Modulus 
651.39 

Poisson 

Ratio 
0.278 1110 

1 0.4142 - 0.02853 
0.99188 

2 0.3049 - 0.681 

C (1%wt.HGM+3%wt.Clay)  

Young 

Modulus 
729.51 

Poisson 

Ratio 
0.276 1092 

1 0.3178  0.03618 
0.98997 

2 0.2559  0.9455 

D (1%wt.HGM+5%wt.Clay)  

Young 

Modulus 
1202.6 

Poisson 

Ratio 
0.274 1073 

1 0.3741  0.07007 
0.97637 

2 0.1963  3.265 

E (3%wt.HGM)  

Young 

Modulus 
525.67 

Poisson 

Ratio 
0.278 1099 

1 0.3191  0.03527 0.99005 
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2 0.2618  0.9137 

F (3%wt.HGM+1%wt.Clay)  

Young 

Modulus 
768.01 

Poisson 

Ratio 
0.277 1090 

1 0.2597  0.04265 
0.98933 

2 0.2157  1.172 

G (3%wt.HGM+3%wt.Clay)  

Young 

Modulus 
621.1 

Poisson 

Ratio 
0.275 1071 

1 0.3588  0.0322 
0.99065 

2 0.2868  0.8071 

H (3%wt.HGM+5%wt.Clay)  

Young 

Modulus 
778.34 

Poisson 

Ratio 
0.279 1052 

1 0.2713  0.04111 
0.9895 

2 0.2252  1.118 

 

3.1.2.4 Boundary Conditioning, Interaction and Loading 

To simulate the real experimental boundary condition, the boundary condition was chosen. 

Thus, both ends of the samples in terms of length were restrained from moving not only in the 

transversal, horizontal, and vertical direction but also no rotation allowed (i.e. the degree of 

freedom 1, 2, and 3) against the supports. The purpose of the fixation was to stop any 

displacement or rotation that could be brought on by the load's acceleration and velocity. 

Furthermore, all foam composite samples meshing size control size were 0.5 and modeled using 

the 8-node continuum three-dimensional brick element (C3D8R) with reduced order numerical 

integration available in Abaqus® (6.13). C3D8R element has the capability of representing 

large deformation, geometric, and material nonlinearity 273. Instead of the commonly used 

random mesh, sweep mesh was used for samples. On the other hand, the supports in the model 

were modeled as discrete rigid elements: 4-node 3-D bilinear rigid quadrilateral (R3D4). A 

standard load of 30 KN as in the load capacity of the universal testing machine(UTM) that was 

used in the experiment was applied to the sample perpendicularly at the middle length of the 

sample for flexural while that of the tensile was pulled apart at both ends. The experimental 
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results in this study have been published254. The contact area between the load and the sample 

was fixed in all direction apart from the vertical directions and all analysis are run as a visco-

analyses procedure type available in Abaqus. 
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CHAPTER 4: INFLUENCE OF HYBRIDIZING FILLERS ON 

MECHANICAL PROPERTIES OF FOAM COMPOSITE 

PANEL 

4.1 Introduction 

This chapter presents discussion of the journal paper titled “Influence of hybridizing fillers on 

mechanical properties of foam composite panel’’, by Ayodele Abraham Ajayi, Turup 

Pandurangan Mohan, and Krishnan Kanny published in the Journal of Polymer Engineering 

Science (2023), volume 63, Issue 8, pages 2565-2577. This paper focused on enhancing the 

mechanical properties of epoxy-based foam composites by hybridizing HGM with clay 

nanoparticles. 

4.1.1 Objectives of the journal paper  

The major objectives of this journal paper were to: 

 • To fabricate novel HGM/nanoclay hybrid foam composites with improved mechanical 

properties. 

 • To investigate the efficacy of hybridizing HGM and clay nanoparticles in enhancing the 

mechanical performance of the epoxy-based foam composites.  

• To determine the optimum HGM/clay particle content.  

• To determine the interfacial bonding and microstructure characteristics of the hybrid 

HGM/clay epoxy-based foam composites. 

4.1.2 Summary of the mechanical properties of hybrid filled foam composites. 

Materials designed to combine excellent mechanical properties with low density are used to 

make foam composite panels, which are filled with hybrid fillers. By mixing hollow glass 

microspheres (HGM) with nanoclay, this work aims to enhance the mechanical properties of 

foam composite panels made of epoxy and hybridised fillers. The HGM content was varied 

from 1 wt.% to 3 wt.% in foam composite panels, while nanoclay content was varied from 1 

wt.% to 5 wt.% in each of the HGM-filled series of foam composites panels, this foam 

composite panel was developed by employing a traditional resin casting technique. The 

mechanical properties such as tensile strength, impact strength, hardness, and flexural strength 

of the prepared hybrid-filled foam composite panels were determined and compared with the 



76 

 

neat epoxy. It was found that the hybrid-filled foam composite panels exhibited improved 

mechanical properties than the neat epoxy. Excellent interfacial adhesion between the hybrid 

fillers and the matrix was the reason for these enhanced properties. The enhanced mechanical 

properties may indicate that this material is appropriate for use in sectors requiring lightweight 

materials with strong mechanical properties. This study showed a new area of synthetic foam 

development research by enhancing mechanical properties using hybrid-filled.  

4.1.2.1 Tensile Strength 

Figure 4.1 shows how the percentage of HGM/nanoclay loading affects the mechanical 

characteristics of the foam composite panel. When the proportion of HGM in the foam 

composite panel was increased, it was found that the panel's tensile strength improved at that 

point and then reduced when the percentage of nanoclay in the foam composite grew. When 

the concentration of hybrid fillers HGM/nanoclay was at 3wt.%HGM+1wt.%Clay, there was a 

good synergy between HGM/nanoclay and matrix. When the foam composite was subjected to 

a load, the matrix and filler interface could absorb energy effectively274, 275 so the tensile 

strength of the foam composite was increased. Nevertheless, due to the higher loading of fillers 

which could not effectively withstand stress delivered from the matrix because of the decrease 

in matrix material, this later brought about a lower thickness of the interfacial layer 66, 276. 

Concurrently, the volume fraction of the foam composite's non-penetration areas and internal 

voids grew due to the cluster effect and the filler particles' close proximity277, 278. When the load 

was applied to the material, the filler was likely to detach from the matrix (Figure 4.1) until the 

foam composite was destroyed. In addition, Figure 4.1 shows that the foam composite's 

elongation at the breaking load decreased as the filler content increased. This occurred because 

adding the filler particles increased the hardness of the foam composite panel. Furthermore, the 

material broke before it yielded at rapid tensile loading rates. 

The Neat epoxy exhibited a much greater tensile strain at failure compared to the filled 

materials, suggesting that the unfilled epoxy possessed superior ductility than the filled 

materials. The increased number of voids found in the foam composites as a result of the filler 

percentage applied was the cause of this performance. High loading of HGM can cause 

agglomeration which can lead to reduced pulling strength and stress resistance in the foam 

composites 91, 279. Moreover, the decrease in the pulling strength of foam composites may be 

caused by the poor interfacial bond between the matrix and fillers as a result of the high loading 

of hybrid filled 280, 281. However, the improvement in tensile strength observed in this study was 
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a result of good interfacial adhesion between the matrix and fillers in the foam composites. 

Furthermore, N. Gupta et al. and Barbosa A et al. 275, 282  published findings that are similar to 

the current study, when a slight increase in filler concentration results in an increase in tensile 

strength. The influence of excellent interfacial adhesion between the matrix and the 

HGM/nanoclay has been revealed via the fracture surfaces in Figure 3. 

 

 

             Figure 4.1: Tensile strength of Neat and HGM/Clay foam composite 

 

4.1.2.2 Tensile Modulus 

Figure 4.2 shows the tensile modulus of the hybrid foam composite series. It was noticed that 

the tensile modulus of composites increased with a corresponding increase in filler loading. 

These results align with the study by Gupta et al.282 and Raju et al.276, which reported that foam 

composites have elevated Young's modulus in different percentage concentrations of filler than 

neat epoxy. However, it was noticed that the tensile modulus at 1wt.%HGM+3wt.%Clay 

declined due to high agglomeration between the hybrid fillers and the matrix as a consequence 

of mixing, which triggered quick brittle failure at that point. Because of the intrinsic 

characteristics of hollow glass microspheres and their impact on the overall composite structure, 

the measured decreased tensile modulus value resulted from changes in the matrix-filler 

interaction at very low amounts of HGM. Additionally, because to the microspheres' low 
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rigidity, poor adhesion to the polymer matrix at an only 1% concentration, and propensity to 

interfere with load transmission and matrix continuity. 

On ther other hand, the improved modulus can also be attributed to the softening improvement 

effect of HGM/Clay fillers in the foam composites since HGM and nanoclay have higher 

modulus properties than neat epoxy. 

 

 

                Figure 4.2:Tensile modulus versus Vol.% of filler  

 

Table 4.1: Tensile properties of Foam composite panels 

Materials 
UTS 

(MPa) 

Modulu

s 

(GPa) 

Strain 

(mm/mm) 

Specific Strength 

(MPa/g.cm3)   

Specific Modulus 

(GPa/g.cm3) 

Neat Epoxy 21.23 

± 2.5       

1.32 ± 

0.08 

0.0163 19.538 1.195 

1wt.% 

HGM                          

19.71 

± 2.6 

2.47 ± 

0.15 

0.00798 18.559         2.326 

1wt.% 

HGM+1wt.

% Clay     

14.73 

± 2.3 

2.83 ± 

0.17     

0.0052        14.042        2.698 
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1wt.% 

HGM+3wt.

% Clay     

21.59 

± 2.49     

2.51 ± 

0.15    

0.0084         20.238        2.451 

1wt.% 

HGM+5wt.

% Clay     

11.93 

± 1.49     

2.30 ± 

0.14 

0.0052        11.906        2.295 

3wt.% 

HGM 

19.67 

± 2.52     

1.92 ± 

0.12     

0.01024 19.247       1.879    

3wt.% 

HGM+1wt.

% Clay 

23.77 

± 1.29     

2.84 ± 

0.17 

0.00836 23.488       2.806 

3wt.% 

HGM+3wt.

% Clay     

13.64 

± 1.76     

2.97 ± 

0.18     

0.0046 13.764       2.997 

3wt.% 

HGM+5wt.

% Clay     

19.61 

± 1.83     

3.51 ± 

0.21     

0.00558        20.196       3.615 

 

4.1.2.3 Morphology Structure of Fractured Foam Panel 

The morphology of tensile fractured samples of foam composites was examined under a 

scanning electron microscope (SEM) which is as shown in Figures 4.3(a-i). 

Figure 4.3a shows the fractured surface of neat epoxy and rough plateaus micrograph on neat 

epoxy, indicating a brittle fracture. Meanwhile, Figure 4.3(b-i) represents the tensile fractured 

micrograph of foam composites with homogeneous HGM/nanoclay particle distribution. In 

Figure 4.3(f, h, i), a substantial cluster between the particles of the fillers and the matrix was 

observed in the micrograph. This cluster happened because of air entrapped in the process of 

mixing fillers with resin, which is obvious on the surface of the morphological structures by the 

tiny particles. In essence, these air bubbles are holes in the foam composite panel. Since air is 

not thick and does not interact effectively with light in SEM imaging techniques, these spaces 

will appear as dark patches in a micrograph image. The micrograph's dark patches or poor 

contrast regions may be signs of air bubbles that were trapped in the foam composite during 
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production. Typically, the bubbles are empty spaces rather than solid particles that lower the 

composite's density and mechanical integrity. 

Nevertheless, the homogenous distribution of HGM/nanoclay in the matrix was not affected. In 

Figure 4.3(b,c,e,g), ductile fracture occurs due to good adhesion, enhanced cross-linking 

network, and improved interface interaction between the HGM/nanoclay and epoxy resin 277, 

279. Uneven surface morphology with debris, deboned particles, and the fractured surface was 

observed, which is likely to be due to ductile fracture under loading conditions and resulted in 

high flexural strength and tensile strength. This also suggests compatibility between the hybrid 

fillers and matrix, which resulted in increased impact resistance at moderate loading of the 

fillers. On the other hand, in Figure 4.3d, there was an increase in the debris on its surface, 

which was a result of the percentage of nanoclay in the foam composites, which makes it exhibit 

ductile fracture, which is in line with the idea that during tensile stress, the adhesive force 

holding the nanoclay and epoxy matrix together diminishes, reducing their flexural strength. 

 

 

Figure 4.3: SEM image of Tensile fracture surfaces (a) Neat epoxy (b) 1%wt.HGM (c) 1% wt.HGM+1%wt.  

Clay (d) 1%wt.HGM+3%wt.Clay (e) 1%wt.HGM+5%wt.Clay (f) 3%wt.HGM (g) 3%wt.HGM+1%wt.Clay 

(h) 3%wt.HGM+3%wt.Clay (i) 3%wt.HGM+5%wt.Clay 
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4.1.2.4 Dispersion Characteristics of Hybrid-filled Foam Composite Panel –

Transmission Electron Microscopy (TEM) 

The clustered particles of hollow glass microspheres and nanoclay are visible in the TEM 

image, distributed throughout the hybrid-filled foam composite at every volume fraction. This 

dispersion of HGM/clay filler in the HFFC was investigated using transmission electron 

microscopy (TEM). The TEM images of HFFC at varying volume fractions of HGM/Clay in 

the matrix for the heterogeneous form are displayed in Figure 4.4 (a-i). As the concentration 

rose from Figure 4a–4i, the HGM/Clay filler was distributed unevenly across the matrix. This, 

particularly with the large loading volume fractions, had an impact on the HFFC's mechanical 

properties and raised the level of porosity in the matrix. Neat epoxy, 1wt.% HGM and 1wt.% 

HGM+1wt.%Clay shows little agglomeration of the HGM/Clay due to lower concentration. As 

shown in figures 4d through 4i, the agglomeration grew as the concentration rose with much 

clustering and percolation of fillers at 3wt.%HGM+3wt.%Clay and 3wt.%HGM+5wt.%Clay 

 
Figure 4.4: TEM of HFFC at (a) Neat epoxy (b) 1%wt.HGM (C)1%wt.HGM+1%wt.Clay (d) 

1%wt.HGM+3%wt.Clay (e) 1%wt.HGM+5%wt.Clay (f) 3%wt.HGM (g) 3%wt.HGM+1%wt.Clay (h) 

3%wt.HGM+3%wt.Clay (i) 3%wt.HGM+5%wt.Clay   
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4.1.2.5 Flexural Properties 

Flexural tests were performed to evaluate the strength and stiffness of neat epoxy and 

HGM/Clay foam composite panels. Figure 4.5 explains the behavior of the foam composite 

panel at different loading of HGM/nanoclay filler concentrations together with the neat epoxy. 

It was observed that some specimens are brittle and crack after getting to the highest yield stress. 

The hybrid-filled foam composite panels possess better bending capacity than the neat epoxy 

except for 3%HGM, 3wt.%HGM+3wt.%Clay, and 3wt.%HGM+5wt.%Clay composition 

which has lower stress values. This occurrence is possible because of the weak interaction of 

fillers with the matrix during the process of mixing, causing early cracks and lowering the strain 

of the samples. Besides, this could have occurred because of debonding and matrix cracking of 

the samples which could have led to early reduction in the failure strain in Figure 4.5. The 

highest stress value was achieved at 1wt.%HGM+1wt.%Clay due to low filler concentration. 

This can be related to adding a smaller quantity of HGM and nanoclay, giving better matrix 

dispersion during the mixing process, and resulting in high strength and stiffness 277, 283. It was 

also observed that even though the tension experiments indicated that the unfilled Neat epoxy 

would have much better ductility than the filled epoxies, the beam bending tests indicated that 

the 3wt.%HGM+1wt.%Clay + Epoxy would have the best ductility (strain to failure). This may 

be due to the formation of a solid epoxy skin on the surfaces of the beam samples.  

 

             Figure 4.5: Flexural stress versus strain curve of neat and HGM/Clay foam composite material. 
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Table 4.2: Flexural Properties of Neat and HGM/Clay foam composites. 

Materials 
Flexural Strength 

(MPa) 

Modulus(GPa) Strain(mm/mm) 

Neat Epoxy 

 

54.1±0.04 

 

4.59±0.005 

 

0.01175 

 

1wt.%HGM 61.61±0.10 5.81±0.009 0.01069 

1wt.%HGM+1%wt.Clay 66.21±0.09 8.70± 0.010 0.007484 

1wt.%HGM+3wt.%Clay 42.53±0.06 7.90± 0.010 0.0054 

1wt.%HGM+5wt.%Clay 

 

57.25±0.08 

 

8.44± 0.02 

 

0.0068 

 

3wt.%HGM 31.50±0.02 3.99± 0.003 0.0079 

3wt.%HGM+1wt.%Clay 55.48±0.15 

 

3.96± 0.015 0.0140 

3wt.%HGM+3wt.%Clay 38.50±0.13 5.68±0.02 0.0068 

3wt.%HGM+5wt.%Clay 34.30±0.05 8.17± 0.01 0.00411 

 

4.1.2.6 Impact Properties 

The impact strength for neat epoxy and fortified foam composite panels is shown in table 4.3, 

Improvement in strength is noticed for foam composite panels with up to 3wt.%HGM in each 

sample formulation and a decrease in the impact resistance at 1wt.%HGM+1wt.%Clay, 

1wt.%HGM+3wt.%Clay, and 3wt.%HGM+5wt.%Clay. This shows that adding a higher 

concentration of HGM filler than nanoclay fillers improves the impact strength of the epoxy of 

the foam composite panel. The increase in impact strength can be ascribed to the homogenous 

dispersion of the hybrid fillers bringing about a coordinated bond that improves the energy- 

absorbing capacity of the foam composite. Agglomeration brought on by greater weight 

percentages may produce a decrease in impact strength for a higher concentration of nanoclay 

in the constituent. 
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Table 4.3: Impact fracture strength of neat and HGM/Clay foam Composite materials. 

Materials 
Impact Strength(KJ/mm) 

Neat Epoxy 

 

108 ± 3.6 

1wt.%HGM 117 ± 4.2 

1wt.%HGM+1wt.%Clay 105 ± 3.7 

1wt.%HGM+ 3wt.%Clay 105 ± 3.9 

1wt.%HGM+5wt.%Clay 110 ± 3.9 

3wt.%HGM 113 ± 4.1 

3wt.%HGM+1wt.%Clay 109 ± 3.9 

3wt.%HGM+3wt.%Clay 139 ± 5.2 

3wt.%HGM+5wt.%Clay 107 ± 3.8 

 

4.1.2.7 Density. 

In Table 4.4 below, it was observed that the density calculated theoretically from the weight 

fraction does not equal the experimentally measured density due to the presence of void and 

pore during the experimental process that cannot be wholly avoided. This performance was due 

to voids in the foam panel because of hybrid fillers. It was observed that more voids and pores 

were found in the panel with a higher concentration of nanoclay and higher HGM. Also, as 

fillers keep increasing, a corresponding decrease in density was observed 

Table 4.4: Theoretical and experimental densities of foam composite panel along with the corresponding 

volume fraction of voids 

Percentage(%) of Filler 

Concentration 

Theoretical Density 

of Foam panels 

(g/cm3) 

Experimental 

Density of Foam 

panels (g/cm3) 

 

Void Fraction(%) 

0 1.130 1.105 2.21 

1wt.%HGM 1.120 1.062 5.18 

1wt.%HGM+1wt.%Clay 1.110 1.049 5.50 

1wt.%HGM+3wt.%Clay 1.092 1.024 6.23 

1wt.%HGM+5wt.%Clay 1.073 1.002 6.61 

3wt.%HGM 1.099 1.022 6.88 
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3wt.%HGM+1wt.%Clay 1.090 1.012 6.15 

3wt.%HGM+3wt.%Clay 1.071 0.991 7.47 

3wt.%HGM+5wt.%Clay 1.052 0.971 7.70 

 

One important component that determines the properties of foam panels is the density of a foam 

composite material, which is dependent on the corresponding mix of strengthening and matrix 

materials. The amount of pores is the primary reason for the difference between the values 

obtained from experimental density and values obtained from theoretical density when 

calculated. Some of the mechanical qualities are significantly impacted by the existence of 

pores, which in turn impacts how well the foam panel performs in real-time applications. A 

good foam composite panel should have fewer pores, although the complete absence of pores 

cannot be achieved in the fabrication of foam panels mainly through the hand lay-up method. 

4.1.2.8 Hardness  

The hardness values of neat epoxy and hybrid-filled foam composite panels are shown in Figure 

4.6. The hybrid fillers primarily influenced the hardness values obtained. An increase in the 

filler weight% of nanoclay in each constituent of HGM in the matrix increases its hardness due 

to its increase in wear resistance, as revealed in Figure 4.6. An increase in surface hardness 

means that the foam composite panel's wear and scratch resistance will increase, these are very 

vital properties in service which results obtained from this work by using hybridized filler have 

enhanced the foam composite panel's resistance to wear and scratch, which is similar to what 

was reported by Nzioka et al. 284. The filler content can vary for applications requiring different 

hardness levels to achieve desired results.  
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Figure 4.6: Hardness properties of foam panels infused with mixed fillers   

4.1.2.9 Dynamic Mechanical Analysis (DMA) 

Storage modulus estimates the energy stored in the yielding portion of the foam panel. In Figure 

4.7a, an increase in the storage modulus peak was noticed in 3wt.%HGM+3wt.%Clay when 

compared to neat epoxy. Nevertheless, the loss modulus which estimates the energy lost as heat 

under the deformation of foam panel showed varieties of trends in the neat epoxy and hybrid 

foam composite material283, 285 . It was observed in Figure 4.7b that the addition of nanoclay as 

a second filler into foam composite caused an increase of loss modulus at the glass transition 

temperature (Tg) which was more visible at hybrid foam composite with 

3wt.%HGM+3wt.%Clay loading. A higher peak value of 347.7MPa was observed in the loss 

modulus peak which was more than the neat epoxy value and other foam composite samples. 

Figure 4.7c reveals the damping factor (Tan δ), which measures the impact and elastic 

characteristics of the hybrid-filled foam composites, maximum height is near to the energy 

dissipation of hybrid foam composites. One can approximate the glass transition temperature 

(Tg) of hybrid foam composites by examining Tan δ's peak temperature. Figure 4.7c evaluates 

how the hybrid foam composites' tan delta (δ) varies for the homogeneous HGM/nanoclay. The 

Tg was obtained from the peak of tan δ at a temperature above 650C, which rose across various 

compositions up to 800C. The epoxy resin and HGM surrounding the nanoclay undergo a high 

Tg because the clay acts as a thermal barrier in the medium of the soft segment. This shows the 

effectiveness of nanoclay as a second filler. Tan δ Tg values reduced with an increase in the 



87 

 

concentration of nanoclay in hybrid foam composite materials. It is not amazing that no 

significant increase occurred in tan δ Tg values of the hybrid foam composite materials; this 

has also been previously reported 284, 286. The increase in the loss modulus's Tg value suggests 

that nanoclay functions as a catalyst in the medium, causing the polymer to exhibit a high 

viscous response as energy is released. It was demonstrated that using nanoclay as a second 

filler for strengthening is justified. 

Table 4.5: DMA properties of foam panel 

 

Materials 

Storage 

modulus 

Peak(MPa) 

Storage 

modulus 

Tg(0C ) 

Loss 

modulus 

Peak (MPa) 

Loss 

modulus 

Tg(0C ) 

Tan δ 

Peak 

Tanδ 

Tg(0C ) 

Neat Epoxy 1895 60 196 66 1.27 80 

1wt.%HGM 1313 60 145.7 66 1.013 80 

1wt.%HGM+1wt.%Clay 1805 60 196 66 1.076 70 

1wt.%HGM+3wt.%Clay 1648 60 234 68 1.141 78 

1wt.%HGM+5wt.%Clay 1599 60 227.4 66 1.041 75 

3wt.%HGM 1204 60 167.7 66 0.953 78 

3wt.%HGM+1wt.%Clay 1552 60 189.7 66 1.035 75 

3wt.%HGM+3wt.%Clay 2421 60 347.7 68 1.133 75 

3wt.%HGM+5wt.%Clay 1547 60 172 66 1.099 80 

 

 

                    Figure 4.7: Storage modulus of foam panels against temperatures 
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                   Figure 4.8: Loss modulus of foam panels against temperatures 

 

                  Figure 4.9: Tan delta of Foam panels against temperatures 

 

4.1.3 Conclusion. 

A hybrid epoxy-based foam composite comprising HGM, nanoclay, and epoxy resin was 

developed. The influence of HGM/clay on the mechanical properties of foam composites was 

investigated. The HGM content was varied from 1wt.% to 3wt.% in foam composites while 
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nanoclay content was varied from 1wt.% to 5wt.% in each of the HGM-filled series of foam 

composites. 

 The results of the hybrid filled foam composite panel showed superior and improved tensile 

strength, young modulus, flexural strength, hardness values, and impact strength of 23MPa, 

3.5GPa, 66.21MPa, 29.8 and139KJ/mm when compared with neat epoxy and other samples 

filled with only HGM filler and also there was reduced strain to failure under uniaxial tension 

with addition of filler. This was achieved because of excellent interfacial adhesion between the 

hybrid fillers and the matrix and also because of the unique nanometer-size dispersion of the 

layered silicates of nanoclay which arrested initiation and propagation of micro cracks.  

Therefore, improved properties of hybrid-filled epoxy-based foam composites suggest 

materials suitable for marine and aerospace applications. The potential future direction of this 

research could be a surface modification of fillers and to study their interfacial properties.  
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CHAPTER 5: THERMAL AND WETTABILITY BEHAVIOR 

OF HGM/NANOCLAY FILLED FOAM COMPOSITE  

 

5.1 Introduction  

This chapter presents discussion of the journal paper titled “Thermal and wettability properties 

of nanoclay-filled epoxy-based foam composites as lightweight materials’’, by Ayodele 

Abraham Ajayi, Turup Pandurangan Mohan, Krishnan Kanny, and Raman Velmurugan 

published in the journal of Material performance and Characterization (2023), volume 12, Issue 

1, pages 293-306. This paper focused on enhancing the thermal behavior of epoxy-based foam 

composites by hybridizing HGM with clay nanoparticles. 

5.1.1 Objectives of the journal paper  

The major objectives of this journal paper were to: 

 • To fabricate novel HGM/nanoclay hybrid foam composites with improved thermal 

performance and better resistance to water absorption. 

 • To investigate the efficacy of different HGM and clay nanoparticle contents in enhancing the 

thermal performance of the epoxy-based foam composites.  

• To determine the optimum HGM/clay nanoparticle content.  

5.1.2 Summary of Thermal and Wettability Properties of Nanoclay-filled Epoxy-based 

Foam Composite 

In this work, hollow glass microspheres (HGM) and clay are infused to improve the wettability 

and thermal properties of epoxy-based foam composite materials using hybridised fillers. These 

foam composite materials were created using a traditional resin casting process. The HGM 

concentration ranged from 1% wt to 5% wt, whereas the clay content varied from 1% wt to 5% 

wt in each of the HGM-filled series of foam composite materials. The thermal properties of 

hybrid-filled foam composite materials were examined and contrasted with neat epoxy and 

epoxy foam materials. These properties included thermal conductivity, thermal expansion, 

coefficient of thermal expansion, specific heat capacity, water contact angles, and percentage 

of water absorption. Because of the good chemical reactions and great interfacial adhesion 

between the fillers and matrix, it was discovered that hybrid-filled foam composite materials 
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demonstrated better thermal properties than neat epoxy material. These enhanced thermal 

properties may indicate that this material is appropriate for use in sectors requiring lightweight 

materials with favourable thermal properties. By using hybrid fillers to improve thermal 

properties, this opens up new research opportunities in the field of foam composite fabrication. 

5.1.2.1 Thermal Conductivity 

To safeguard passengers against thermal and acoustic stresses, insulating materials should have 

thermal conductivity values ranging from 0.030 to 0.840 W/(m×k) 287. Low thermal 

conductivities of HGM and clay are beneficial in effectively enhancing the thermal behavior of 

the foam composite panel. 

Figure 5.1 illustrates how foam composite materials infused with HGM and clay behave in 

terms of heat conductivity. The neat epoxy has a thermal conductivity of 3.54 W/(m×k) at 

1200C. It was observed in all foam composite compositions that thermal conductivity 

reduces when the temperature rises and likewise, the thermal conductivity decreases as the 

concentration of HGM and nanoclay increases in each sample formulation which could be 

attributed to the ability of HGM to effectively absorb moisture and also when nanoclay is 

added to epoxy, it fills the holes in its structure and shifts the atoms' orientation 288 in which 

as a result of this, heat flow is hindered. Additionally, the inclusion of HGM causes the 

composites' thermal conductivity to sharply fall since the HGM contains a rare gas or 

vacuum with very poor thermal conductivity 289. However, clay filler has a lower thermal 

conductivity of 0.11 W/mK which is lower than HGM filler, which has a thermal 

conductivity of 0.183 W/mK, the foam composite material with a higher concentration of 

clay showed the lowest thermal conductivity. As a result, the composite's overall thermal 

conductivity decreased when nanoclay was added as a hybrid filler. Thermal conductivity 

decreased from 3.73 W/m×K to 0.333 W/m×K for 1%wt.HGM+5%wt.Clay weight fraction 

composition. These composites are intended for use in thermal applications and can be used 

as the core material for sandwich composites. The composites can also be utilized to make 

electronic equipment casings that need to dissipate heat generated by operating electrical 

gadgets to the outside and cabin insulation for airplane interiors. 



92 

 

 

                      Figure 5.1: Thermal Conductivity of Neat Epoxy with HGM/Clay foam composite material 

  

5.1.2.2 Specific Heat Capacity 

The influence of hybrid fillers on the specific heat capacity of the foam composites was 

investigated in Fig. 5.2 

It was observed that the addition of fillers into the epoxy matrix led to an increase in specific 

heat capacity for the composite materials in all the selected temperature ranges. For the neat 

epoxy, the specific heat capacity was 0.92J/Kg0C at 1200C, and the addition of hybrid filler up 

to 5%HGM+5%Clay enhanced the specific heat capacity of the composite material but it was 

observed that composite material with 1%HGM+5%Clay has the highest specific heat capacity 

of 2.297J/Kg0C due to higher concentration of nanoclay in this formulation because the 

material's insulation increases as the concentration of nanoclay in it increases. The reason is the 

high heat capacity of nanoclay due to the presence of silicate in it which after mixing it with 

epoxy and HGM raised the composite's specific heat capacity. As observed across various 

selected temperature ranges, the specific heat capacity of each sample of foam composites keeps 

increasing as the temperature increases because as the material heats up, the average kinetic 

energy of the molecules increases in which collisions provide enough energy to allow rotation, 

which adds to internal energy and boosts the specific heat capacity 290. 
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                    Figure 5.2: Specific heat capacity of Neat Epoxy and HGM/Clay foam composite material 

5.1.2.3 Thermal Expansion 

Fig. 5.3 reveals the thermal expansion of foam composite infused with hybrid fillers and this 

measures the thermal stability of foam composite materials considered in this study. It was 

discovered that the thermal expansion varied with temperature changes. However, it was 

discovered in this study that the rate of thermal expansion decreases as the concentration of 

nanoclay increases in the hybrid-filled foam composites because nanoclay contains iron, and 

hydroxide ions which enhances the thermal stability as seen in Figure 5.3.  
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Figure 5.3: Thermal Expansion of Neat Epoxy and HGM/Clay Foam composite material Thermal  

Expansion 

 

5.1.2.4 Coefficient of thermal expansion(CTE) 

The coefficient of thermal expansion (CTE) indicates how the size of a material changes as the 

temperature changes. Specifically, it is a measurement of the little change in size per degree 

change in temperature under constant pressure. Thermo-Mechanical Analyzer (TMA) was used 

to calculate the coefficient of thermal expansion. CTE for neat and different compositions was 

found to be 1.08×10-4 (K–1), 0.0001 (K–1), 7.88×10-5 (K–1), 6.77×10-5 (K–1),  9.81×10-5 (K–1), 

9.07×10-5 (K–1), 7.03×10-5 (K–1), 9.31×10-5 (K–1), 8.64×10-5 (K–1) and 7.22×10-5 (K–1) and as 

seen in Fig.5.4 in which decrease was observed in CTE. This indicates that heat is absorbed by 

the hollow glass microspheres in the epoxy network structure, acting as a heat sink for the 

composite materials. The hollow glass microspheres prevent heat from diffusing throughout the 

epoxy and filler mixture and prevent the epoxy resins' surface cross-linking. The presence of 

nanoclay particles is ascribed to a much higher reduction of CTE because nanoclay has a very 

low coefficient of thermal expansion but epoxy, on the other hand, has a higher CTE value. 

When the composites are exposed to higher temperatures, the silica in nanoclay aids in 

preventing the material from expanding. 
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                         Figure 5.4: CTE of Neat epoxy and HGM/Clay filled foam composite material 

5.1.2.5 Thermal Gravimetric Analysis(TGA) 

Figure 5.5 shows the thermo-gravimetric analysis (TGA) for the HFFC and neat epoxy resin. 

The effect of hollow glass microsphere and nanoclay in pure epoxy resin on thermal stability 

was analyzed by comparing the weight loss as a function of temperature. Figure 5.5 begins to 

lose weight gradually after 1700 until 3200 followed by major decomposition between 3200 and 

4700 and the remaining inorganic components after 4700. It was observed that neat epoxy has 

the lowest weight % at maximum decomposition and it can be seen that HFFC has thermal 

stability more than neat epoxy. This suggested that adding HGM and nanoclay as hybrid fillers 

could increase the epoxy resin's thermal stability. The low molecular weight of the HFFCs may 

potentially be caused by inadequate cross-linking of the filler molecules' functional group 

during covalent bonding with the matrix. 
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Figure 5.5: TGA analysis of Neat Epoxy and HGM/Clay filled foam composite material  

 

5.1.2.6 Water Contact Angle(WCA). 

 The WCA is a crucial indication of the hydrophilicity and hydrophobicity of materials since it 

primarily relates to the surface microstructure and surface chemical characteristics 291. For the 

same material, the rougher the surface, the lower the contact angle. The contact angle test was 

used to analyze the wettability behavior of neat epoxy and HGM/clay-filled foam composite 

materials. According to Klein N S et al. and  Xiong B et al.292, 293, a surface is considered 

hydrophilic when the static water contact angle θ is less than 900 and hydrophobic when θ is 

greater than 900. Figure 5.6 illustrates how the surface became more hydrophilic following the 

addition of filler, which may have been caused by the samples' rough surfaces. Since the water 

contact angle of the water droplets on the surface of the foam composites changes concerning 

concentration of fillers. A summary of the water's contact angle with the foam composite panel 

surface is provided in Table 5.1. Every foam composite sample used in this investigation 

demonstrated hydrophilic behaviour, demonstrating their affinity for water. 

However, the study revealed that foam composite 5%wt.HGM displayed an average contact 

angle of 49.2 which is because water invades the interface layer of HGM and epoxy resin of 

HGM and the pores, this may cause damage to the HGM at higher concentrations while foam 

composite 1%wt.HGM+5%wt.Clay with the highest concentration of nanoclay displayed an 
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average contact angle of 73.74 because clay contains silicon-oxygen (SiO4) tetrahedron bilayers 

with deep-rooted octahedral layers of aluminum and iron which can resist moisture and shows 

that, as opposed to neat epoxy and other foam composites, the composite exhibits a markedly 

different hydrophilic behaviour as seen in Figure 5.6. 

 

 

 

Figure 5.6: Images of WCA of (a) Neat epoxy (b) 1%wt.HGM (c) 1%wt.HGM+1%wt.Clay (d) 

1%wt.HGM+5%wt.Clay (e) 3%wt.HGM (f) 3%wt.HGM+1%wt.Clay (g) 3%wt.HGM+5%wt.Clay (h) 

5%wt.HGM (i) 5%wt.HGM+1%wt.Clay (j) 5% wt.HGM+5%wt.Clay 
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Table 5.1: Water contact angles of foam composite materials.     

Materials 
Water contact angles(WCA) θ0 

Neat epoxy 33.39 ± 1.598 

Epoxy+1%wt.HGM 52.79 ± 0.634 

Epoxy+1%wt.HGM+1%wt.Clay 64.23 ± 0.589 

Epoxy+1%wt.HGM+5%wt.Clay 73.74 ± 0.592 

Epoxy+3%wt.HGM 51.03 ± 0.564 

Epoxy+3%wt.HGM+1%wt.Clay 58.941± 0.825 

Epoxy+3%wt.HGM+5%wt.Clay 71.635± 0.575 

Epoxy+5%wt.HGM 49.42 ± 0.634 

Epoxy+5%wt.HGM+1%wt.Clay 57.52 ± 1.652 

Epoxy+5%wt.HGM+5%wt.Clay 69.02 ± 0.286 

 

5.1.2.7 Water absorption 

Figure 5.7 reveals the percentage of water absorption of the foam composites at each volume 

fraction of fillers relative to the basic epoxy matrix. By taking into account the material's surface 

and subsurface characteristics as well as its internal porosity, the water absorption of foam 

composites can be characterized in a variety of ways. Moisture entrapped in the surface pore 

occurs before the sample's real diffusion occurs when submerged in water. Surface entrapment 

of this kind cannot provide the precise computation required for the diffusivity of the composite 

material, hence it is irrelevant in explaining the matrix material water diffusion mechanism 104. 

Any epoxy-based foam composite submerged in a marine environment will absorb some water; 

nevertheless, to preserve the material and prevent material degradation, the foam composite 

material must have a low water absorption rate. When compared to pure epoxy, it has been 

discovered that the inclusion of HGM generally lowers the modified composite's water 

absorption. This phenomenon can be explained by the filler's superior barrier qualities 294. 

Similarly, the water-repellent characteristics of the nanoclay incorporated into the epoxy-based 

composite aid in more effectively lowering the rate of water absorption 295.  

The same time range was considered for all the foam composite compositions and the neat 

epoxy since the samples in Fig. 5.7 were immersed in water all at once and remained there for 
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the specified amount of time. The first wet measurement was performed after 24 hours, and the 

last time that was taken into account was 720 hours. All of the samples have an increasing 

percentage of water absorption intake with time as a result of their prolonged stay in the water, 

which reflects their varying densities. Following a 24-hour period, 5HGM absorbs the 

maximum amount of water which is 0.108%. The results show that 5HGM is more capable of 

absorbing moisture than clay; after 48 hours, it has the highest percentage of water absorption 

(0.152%), followed by 5HGM+1Clay (0138%). By observation, 1HGM+5Clay shows the 

lowest value of percentage of water absorption among the foam composites after 720 hours 

which is 0.508 % while neat epoxy shows the highest percentage of water absorption after 720 

hours which is 0.606%.  The neat epoxy sample's highest percentage of water absorption shows 

that it has a more porous matrix than other foam composites, allowing for the absorption of 

more water.  

Thus, the hybrid-filled foam composites proved to be an effective solution for improving the 

foam composite's resistance to water. 

 

Figure 5.7: Percentage of Water Absorption of Neat and hybrid filled foam composites Percentage of  Water 

Absorption of Neat and hybrid filled Foam Composites 
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5.1.2.8 Buoyancy Behavior of Hybrid-filled Foam Composites 

The buoyancy force (Fb) of the hybrid-filled foam composites is displayed in Figure 5.8. The 

Neat had the lowest Fb of 0.0.0556N and the highest Fb of 0.0891N in the foam composite 5H. 

It was also noticed that there was a decrease in Fb as concentration on nanoclay is increased in 

each of the HGM-filled series of the hybrid-filled foam composites which turns to reduce the 

floating capacity of the foam composites which could be because of the nano-silicate layer 

features in nanoclay which does not enhance the floating behavior of the composite like the 

hollow spheres feature of HGM and its low density that enhances the floating capacity of the 

composites. Because 5H had a larger proportion of HGM than any other foam composite, it 

produced the greatest Fb that was discovered there. According to this research, the foam 

composite that produced more Fb has a higher buoyancy force than other foam composites 

filled with hybrid fillers when submerged in liquid. 

.  

 

 

                Figure 5.8: Buoyancy force of Neat and hybrid-filled foam composites  

5.1.2.9 Surface Morphology of Foam Composite Material. 

Using a scanning electron microscope (SEM), images of the foam composite materials' surface 

were taken in order to study their morphology, filler distribution, surface flaws, filler and matrix 

interaction of the tested composites296, 297. Morphology images of the hybrid filled foam 

composites prepared are presented in Figure 5.9 which shows dispersion of HGM and clay 
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particles in epoxy resin are uniform and had a certain degree of combination with each other. 

Figure 5.9(e, g, h, j) shows that the fillers were not closely combined resulting in more voids 

when compared with other foam composites additionally, the inclusion of HGM will cause 

bubbles to create pores and voids at greater concentrations. However, Figures 5.9(c&d) 

revealed a rough surface with fewer voids resulting in better thermal properties than other foam 

composites. In addition, the hybrid fillers prepared in this work by mixing HGM and clay in 

epoxy resin with different particle sizes produce a closer overlap between fillers and matrix 

which resulted in obtaining a better thermal conductivity.  

 

   Figure 5.9: SEM images of Neat and hybrid-filled foam composites  
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5.1.3 Conclusion 

By mixing HGM and clay with epoxy resin, the epoxy-based foam composite materials were 

successfully modified by employing hybrid fillers. The traditional resin casting procedure was 

utilized to create epoxy-based foam composites infused with varied volume fractions of 

HGM/clay. In foam composites, the HGM content was adjusted between 1% and 5% of the 

total weight, and in each HGM-filled series of foam composites, the clay content was adjusted 

between 1% and 5% on the total weight. The changes in properties of epoxy-based foam 

composite material as introducing HGM/clay fillers showed that the presence of hybrid fillers 

led to a decrease in thermal conductivity and an increase in specific heat capacity of the 

composite material due to nanometer-size dispersion of the layered silicates of clay in the 

matrix. The thermal expansion of the foam composite decreased from 0.296 to 0.173 for a 

sample containing 1%wt.HGM+5%wt.Clay. The coefficient of thermal expansion decreased 

from 1.08×10-4 (K–1) to 6.77×10-5(K–1), while water contact angles increased from 33.390 to 

73.740 as compared to the neat epoxy sample. A significant decrease in thermal conductivity 

was also seen for the foam composites containing a hybrid filler 1%wt.HGM+5%wt.Clay with 

a decrease from 3.73 W/m*K to 0.33 W/m*K. As compared to neat epoxy samples and other 

hybrid-filled foam composites, the foam composite containing 1%wt.HGM+5%wt.Clay of a 

hybrid filler shows better results. 

Therefore, improved thermal properties of epoxy-based foam composite material could suggest 

that this material can find application in marine and aerospace industries. 
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CHAPTER 6: DEVELOPMENT OF EPOXY-BASED 

SANDWICH COMPOSITE PANEL WITH HOLLOW 

GLASS MICROSPHERES/CLAY HYBRID CORE AND 

BANANA FIBER FACESHEET FOR STRUCTURAL 

APPLICATIONS 

6.1 Introduction 

This chapter presents discussion of the journal paper titled ‘’Development of Epoxy-based 

sandwich composite panel with Hollow Glass Microspheres/Clay Hybrid core and banana fiber 

facesheet for Structural Applications’’, by Ayodele Abraham Ajayi, Mohan Turup 

Pandurangan and Kanny Krishnan published in the Journal of Heliyon (2024), Volume 10, Issue 

9, pages 1-16. The paper focused on characterizing the performance of Sandwich Composite 

Panels reinforced with HGM/Clay hybrid core and banana facesheet exposed to various core 

loading conditions.  

6.1.1 Objectives of the journal paper 

The major objectives of this journal paper are 

 To fabricate a lightweight sandwich panel with a hybrid core and banana facesheet 

with improved mechanical properties for structural applications 

 To determine the water absorption rate of the sandwich panel 

 To determine the mechanical performance of the sandwich panel.  

 To determine the buoyancy behavior of the sandwich panel.  

 To investigate the efficacy of different nanoclay particle contents in enhancing the 

water absorption resistance of the sandwich composite panel 

6.1.2 Summary of the journal paper  

Banana fibres were prepared in a unidirectional manner for the facesheet, and the sandwich 

composite panels were created using a conventional resin casting method. The HGM content 

of the core ranged from 1 weight percent to 3 weight percent in the sandwich composites panel, 

while the nanoclay content of the core varied from 1 weight percent to 5 weight percent in each 
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of the HGM-filled series of the sandwich composite panel. The mechanical, water absorption, 

and buoyancy behaviour were all carefully examined in this study, and the results showed that 

sandwich composites with hybrid core formulation and facesheets made of banana fibre 

performed better than sandwich composites without hybrid core formulation. This indicates that 

the strength of banana fibre with epoxy resin is restricted when it is used without a hybrid core. 

However, when HGM and clay particles are combined as the hybrid core, the performance 

improves due to the excellent interfacial adhesion between the hybrid core and the matrix. 

The enhanced mechanical characteristics may indicate that this material can find use in sectors 

requiring sandwich constructions that are both lightweight and mechanically sound. This work 

demonstrated a novel approach to sandwich structure construction by utilising hybrid core and 

banana fibres to improve mechanical properties. 

6.1.2.1 Density of Sandwich composites 

The density of sandwich composite is determined by the relative quantity of matrix and 

reinforcing elements, and this is one of the very critical factors defining composites' qualities. 

The inclusion of voids in the sandwich composites accounts for the disparity in theoretical 

and experimental densities. As a result, determining the percentage of voids in the prepared 

samples of sandwich composites becomes critical. Table 6.1 shows the theoretical and 

experimental densities, as well as the volume proportion of voids in the sandwich composites 

with the hybrid core. Sandwich composite had more voids, which were attributed to poor 

filler bonding or fiber/matrix bonding and, ultimately to the epoxy matrix not completely 

wetting the banana fiber. The content of voids in sandwich composites is determined by the 

behavior of the hybrid cores with facesheet due to particle concentration of fillers in the 

hybrid core and also because natural fibers have lumens in their cellular structure that behave 

as voids, implying that such fiber naturally transports these spaces. Thus, it may contribute to 

an increase in void content in the sandwich composite 298.  The density of the core as observed 

in Table 4.4 play a key role in determining the overall density of the sandwich panel because 

of the hybridization of HGM with nanoclay in the core and as the concentration of HGM 

increases in each of the formulation, it makes the sandwich panel to be more buoyant as 

observed in Table 6.1 
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Table 6.1: The experimental density of sandwich composites with hybrid core 

Composite notation   
Theoretical density 

(g/cm3 ) 

Experimental density  

(g/cm3) 

Porosity(%) 

EPF 1.157 0.997 3.797 

1HF 1.102 0.994 9.800 

1H1CF 1.091 0.987 9.532 

1H3CF 1.032 0.946 8.333 

1H5CF 0.978 0.916 6.339 

3HF 1.060 0.962 9.245 

3H1CF 1.032 0.981 4.942 

3H3CF 0.978 0.903 7.669 

3H5CF 0.931 0.880 5.477 

 

6.1.2.2 Tensile Properties of Sandwich Composites  

Determining the tensile properties is crucial because it offers details about different tensile 

characteristics (elastic limit, tensile strength, modulus of elasticity, etc.), and understanding 

how composite materials react to applied forces in tension is crucial because it offers details 

about the materials' ability to withstand tension. Since each composite has unique tensile 

characteristics, tensile tests are carried out to comprehend how various composites behave 299. 

The tensile strength and specific tensile strength of sandwich composites are depicted in Figure 

6.1 with the effect of hybrid core loading on the tensile strength of sandwich composites. 

Varying tensile strength results were observed in the composites, this performance was a result 

of the amount of voids observed in the sandwich composites due to the percentage of hybrid 

filler added in the core which is similar to results obtained by Basheer A. et al.300 and also 

because natural fibers have lumens in their cellular structure that behave as voids, implying that 

such fiber naturally transports these spaces but the highest tensile strength was observed in 

3H1CF which is 30.31MPa with 3%HGM+1%Clay of hybrid core loading with banana fiber 

facesheet. This is because the fillers in the hybrid core provide reinforcement, allowing stress 

to flow from the matrix to the fillers. The sandwich composites containing 3H3CF hybrid core 

loading show a decrease in tensile properties which could be because of the filler packing or 

filler loading in the core as well as insufficiently rich epoxy areas. Furthermore, the possibility 

of fiber entanglements and filler agglomeration occurs in the sandwich composite, resulting in 
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a reduction in stress transfer between the matrix and the fiber/filler. Similar results were 

reported by Boopaan et al.301 for fiber-reinforced sandwich composites. Porosity and cavities 

affect the matrix-dominated characteristics like tensile, the flexural strength. Additionally, as 

shown in Figures 6.1 and 6.2, the density values of the sandwich composites were utilized to 

normalize the tensile strength and tensile modulus, producing specific tensile strength and 

specific tensile modulus. Due to the volume percentage of fillers employed in the construction 

of the hybrid core, this has little impact on the material. It was also observed that the specific 

tensile strength and specific tensile modulus are higher than the tensile strength and tensile 

modulus in all the composites because of their strength-to-weight ratio. 

 

 

                 Figure 6.1: Tensile strength of sandwich composites with hybrid core  
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                Figure 6.2: Tensile modulus of sandwich composite with hybrid core 

 

            

             Figure 6.3: Tensile samples of sandwich composites filled with hybrid core after fracture   
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6.1.2.3 Flexural Properties 

Figures 6.6 and 6.7 show a summary of the flexural test 3-point bending findings which shows 

the graphs of the nine sandwich composite sequences. As can be seen in Figures 6.6 and 6.7, 

the flexural strength and flexural modulus were normalized using the sandwich composites' 

density values to get the specific flexural strength and specific flexural modulus. Due to the 

volume percentage of fillers employed in the construction of the hybrid core, this has little 

impact on the material. It was also observed that the specific flexural strength and specific 

flexural modulus are higher than the flexural strength and flexural modulus in all the composites 

because of their strength-to-weight ratio. The flexural strength of samples 3H3CF and 3H5CF 

decreases as the percentage of hollow glass microspheres increases because of their brittleness, 

which may make the sandwich composite panel less resistant to bending or flexural stresses. In 

contrast, nanoclay particles increase the flexural strength by enhancing the panel's stiffness, 

providing reinforcement at the nanoscale level, and improving the stress transfer between the 

matrix and fillers. Figures 6.4&6.5 display the average flexural performance of the sandwich 

structures, with the main form of failure observed at the lower face sheet undergoing tension as 

seen in Figure 6.5. It is worth noting that while the improved performance of sandwich 

structures with hybrid core may be due to the concentration of filler used in the core, the samples 

with hybrid core consist of slightly denser cores compared to the samples with virgin core as 

shown in Table 1. Figure 6.6 compares the flexural strength of the nine sandwich composites, 

67.79 MPa strength level at 1H1CF was observed and this represents the influence of the 

combined effect of hybrid core and banana fiber skin to increase strength. The differences in 

maximum flexural values are related to each sample's capacity to bear the bending force. A high 

degree of flexural strength at 1H1CF demonstrates the ability of the hybrid core in the sandwich 

structures to absorb more applied shear pressure than the HGM-filled core sandwich structure 

which is similar to work done by Pandey et al. 302. This is due to the good bonding structure 

that exists between the facesheets and the hybrid core when the loads are carried together 303. 

A significant correlation was detected between the strength values and the maximum flexural 

modulus, which was observed at 1H1CF. This suggests a strong link between the face sheets 

and the core. The rising sequence for flexural strength and modulus is > 1H1CF> 

1HF>1H5CF>3H1CF >EPF>3H3CF>3H5CF>1H3CF, with a percentage increase of over 

18.11% and 16.07% in terms of flexural strength and modulus, respectively. It was also 

determined that the bending strength exceeded the tensile strength, which corresponds to the 

Leguillon et al.304 investigations when they stated that the bending strength of the sandwich 
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composite panel was larger than the tensile strength. Overall, the sandwich composite structures 

using hybrid cores demonstrated better improvement in flexural properties, with 1H1CF 

showing an average flexural strength of 67.80 MPa, and 1H3CF showing a flexural modulus of 

8.74 GPa. 

   

Figure 6.4: Flexural test set up showing sample before fracture   

 

Figure 6.5: Flexural test set up showing sample after fracture   
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               Figure 6.6: Flexural strength of sandwich composites filled with hybrid core  

 

 

               Figure 6.7: Flexural modulus of sandwich composite filled with hybrid core      

                                         

6.1.2.4 Impact Properties of Sandwich Composites 

Impact tests are used to measure a material's toughness. The toughness of a material is a 

measure of its capacity to absorb energy during plastic deformation. Figure 6.8 depicts the 

effects of filler/fiber loading on sandwich composites' impact energy. The impact energy of the 

sandwich composites filled with HGM core is found to be lesser than the sandwich composite 

panels filled with the hybrid core. Fractures in the specimen begin with crack propagation 

caused by a lack of a high level of adhesion between the facesheets and the core, following that, 
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fiber breakage, matrix fracture, and pull-out ensue. The findings of the experiments revealed 

that using a hybrid core in sandwich composite material increases the bonding capability and 

this results in increased impact strength. The greatest amount of impact energy value of 168.1KJ 

was achieved for the sandwich composite at 3H3CF of hybrid core loading. A similar pattern 

of increasing impact strength value with increasing filler/fiber loading was also reported by 

Cabral et al. and Eyvazian et al. in their studies. 305-307. The increase in impact strength with 

increasing filler concentration in hybrid core loading could be attributed to more energy being 

required to break the connection between the interlaced filler/fiber bundles 308. 

 

                  Figure 6.8: Impact strength of sandwich composites with hybrid core   

 

6.1.2.5 Surface Morphology 

Following the tensile test, the surface properties of the sandwich composite material were 

investigated using a scanning electron microscope (SEM). Figure 6.9(a-i) shows a micrograph 

of a tensile test broken specimen of the sandwich composite materials. Using scanning electron 

microscopy (SEM), the microstructural pattern of the tensile cracked specimens on each 

composite during testing was characterized for sandwich composite materials with different 

hybrid core formulations. The shattered fibers and distributed fillers in Figures 6.9b, 6.9d, and 

6.9g exhibit improved load-bearing and reduced agglomeration as a result of the strong link 

between the facesheets and hybrid core which was also revealed in the tensile and impact 

strength of the panel as observed in Figures 6.2 and 6.8. The sandwich composites' strength and 
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modulus improved as a result. Clustered fillers with a rough surface that led to early breakage 

and low strength values were seen in Figures 6.9e, 6.9f, and 6.9h which corresponds to result 

of the flexural strength as seen in Figure 6.7. This might occur as a result of their independent 

load-bearing before the core fracture 309. Additionally, Figures 6.9c and 6.9i showed the tensile 

cracked fibers, indicating increased load bearing because of the strong link between the hybrid 

core and facesheets. As a result, the sandwich composites experienced an improvement in 

modulus and strength. 

 

Figure 6.9: SEM image of the tensile fracture surface of sandwich composite for (a) EPF (b) 1HF (c) 1H1CF 

(d) 1H3CF (e) 1H5CF (f) 3HF (g) 3H1CF (h) 3H3CF (i) 3H5CF 

6.1.2.6 Water Absorption Behavior of Sandwich Composites 

The water absorption capacity of sandwich composites as a function of immersion time is 

shown in Figure 6.10. It shows the hourly percentage of water absorption. It is evident that for 

about six days, the absorption behaviour increases gradually with the length of immersion. The 

graph shows that sandwich composites with HGM cores absorb water much more quickly than 

sandwich composites with hybrid cores. This is because water penetrates the pores and the 
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interface layer of HGM and epoxy resin, potentially causing more damage to the HGM at higher 

concentration. Given that the hybrid core contains nanoclay, which contains silicon-oxygen 

(SiO4) tetrahedron bilayers with deeply rooted octahedral layers of aluminium and iron that can 

withstand moisture, the sandwich composites with the hybrid core exhibit a maximum 

absorption of 4.54%, whereas the sandwich composites with the HGM core that has no nanoclay 

exhibit 8.61% and this is similar to result reported by Nemati Giv et al. 310 on water absorption 

behavior of composites filled with nanoclay. 

 

 

 

                       Figure 6.10: Percentage of Water Absorption of sandwich composites with hybrid core   

6.1.2.7 Water Contact Angle. 

The contact angle test was used to analyze the wettability behavior of the sandwich composite 

materials filled with the hybrid core. The contact angle of water on the transverse surface of 

sandwich composite panels is summarized in Table 6.2. According to Klein N S et al. and  

Xiong B et al.292, 293, a surface is considered hydrophilic when the static water contact angle θ 

is less than 900 and hydrophobic when θ is greater than 900. In this study, all the sandwich 

composite samples exhibited hydrophilic behavior, indicating their affinity for water because 

of their natural use as the facesheet. However, the study revealed that sandwich composite 

1H5CF with the highest concentration of nanoclay displays an average contact angle of 62.13 
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indicating a significant change in the hydrophilic behavior of the sandwich composite panel 

when compared to other samples of sandwich composite as seen in Figure 6.11. This behavior 

justifies the reason why the sandwich composite sample 1H5CF exhibits the lowest percentage 

of water absorption in Fig.6.6 due to the concentration of nanoclay in the hybrid core. 

 

 
Figure 6.11: Images of WCA of (a)EPF (b) 1HF (c) 1H1CF (d) 1H3CF (e) 1H5CF (f) 3HF (g) 3H1CF (h) 

3H3CF (i) 3H5CF    

 

Table 6.2: Water contact angles of sandwich composite panels. 

Materials 
Water contact angles(WCA) θ0 

EPF 47.41 ±0.43 

1HF 37.55 ± 0.39 

1H1CF 45.17 ± 2.13 

 

1H3CF 58.22 ± 0.87 

1H5CF 62.03 ± 0.34 

3HF 33.87 ± 1.85 

3H1CF 41.47 ±3.31 

3H3CF 52.74 ±0.63 

3H5CF 56.67 ± 2.74 
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6.1.2.8 Buoyancy Behaviour of Sandwich Composites 

The buoyancy force (Fb) of the sandwich composites is displayed in Figure 6.12. The 1H3CF 

had the lowest Fb of 0.102N, while the 3HF had the highest Fb of 0.147N. The maximum Fb 

found at 3HF may have resulted from its higher concentration of HGM than any other sandwich 

composite, suggesting that when submerged in fluid, it has a better buoyancy force than other 

sandwich composites because it has more Fb for an up-thrust to float than other sandwich 

composites filled with hybrid core. Additionally, 1H3CF will sink more quickly when 

submerged due to the high cellulose content of the banana fibres used as the face sheet and the 

concentration of nanoclay in the core. However, when a hybrid core containing a higher 

concentration of HGM is added to the sandwich composite, the low density of the fillers in the 

hybrid core can enhance the sandwich composites' floating capacity. 

 

 

 

                       Figure 6.12: Buoyancy Force (N) of hybrid-filled Sandwich Composites   

6.1.2.9 Strength-to-weight ratio 

The strength-to-weight ratio of the hybrid core refers to the relationship between the weight of 

a sandwich composite structure and the amount of weight it can support before collapsing. 
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Sandwich composite structures are known for having an exceptional strength-to-weight ratio, 

due to their density, which provides a balance between structural integrity and material usage. 

It was observed that the use of HGM and nanoclay as hybrid core enhanced the sandwich 

constructions' strength-to-weight ratio in tensile strength and flexural strength. Strength-to-

weight characteristics of the sandwich structures, as seen in Figures 6.1, 6.2, 6.6, and 6.7, 

undergoing tensile and flexural have improved with the addition of a hybrid core in the 

sandwich respectively.  

6.1.3 Conclusion 

In conclusion, the study demonstrates the feasibility of using hybrid core materials with banana 

fiber facesheet in a sandwich composite structure. The use of natural fiber at the facesheet 

provides a sustainable alternative to traditional structures made of non-environmentally friendly 

materials. The combined effect of HGM and nanoclay in the hybrid core enhanced the tensile 

strength, flexural strength, and impact resistance of the structures while reducing water uptake. 

The combined effect of HGM and nanoclay in the hybrid core enhanced the flexural strength 

and tensile strength by 22.11% and 29.53%, respectively. The sandwich composite structures 

with 3H3CF absorbed 32.26% more impact energy than other remaining samples with different 

hybrid core loading. The sandwich composite structure with a hybrid core showed improved 

tensile strength while reducing moisture uptake, making them a promising option for use in 

various applications, including aerospace, automotive, and marine industries. The sandwich 

structure with hybrid core showed a tensile strength that was 6.05% higher than those sandwich 

composites using solely HGM core and was found to be hydrophobic, leading to a reduction of 

8.61% in water uptake compared to solely HGM core and this is a significant because it gives 

the basis for comparison between sandwich panels with hybrid fillers in the core and sandwich 

panels with only HGM filler in the core. In summary, this study highlights the potential of using 

banana fiber as a facesheet with a hybrid core for sandwich composite offers desirable 

properties while being environmentally friendly, providing a valuable contribution to the 

growing body of research in sustainable materials for sandwich composite structures 
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CHAPTER 7: EFFECT OF SURFACE MODIFICATION ON 

MECHANICAL PROPERTIES OF HOLLOW GLASS 

MICROSPHERES(HGM)-FILLED EPOXY FOAM 

COMPOSITES 

7.1 Introduction:  

This chapter discussed the journal paper tittled “Effect of surface modification on mechanical 

properties of hollow glass microspheres (HGM)-filled epoxy foam composites” by Ayodele 

Abraham Ajayi, Mohan Turup Pandurangan and Kanny Krishnan submitted to Journal of SPE 

Polymer (Accepted with correction). 

The paper focused on characterizing the mechanical performance of foam composite panel with 

surface modification of HGM. 

7.1.1 Objectives of the journal paper 

The major objectives of this journal paper 

 To fabricate lightweight foam composite panel with hollow glass microspheres and 

compatibilizers 

 To determine the influence of surface modification on HGM filler 

 To compare the mechanical properties of HGM-filled foam composite with 

compatibilizer.  

 To investigate the efficacy of surface modification in enhancing the mechanical 

properties of foam composite panel 

7.1.2 Summary 

This work focuses on comparing the mechanical properties of epoxy-based foam composite 

panels with modified fillers by using polypropylene-grafted maleic anhydride (PP-g-MA) as 

compatibilizer to modify the surface of the filler so as to enhance its mechanical properties. 

Foam composite panels were made by conventional resin casting, with the HGM content 

ranging from 1 to 5 weight percent. The PP-g-MA content was 3 weight percent in each of the 

modified HGM-filled series of foam composite panels. The prepared epoxy-based foam 

composite panels with compatibilizer modification were tested for mechanical properties like 
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tensile strength, impact strength, hardness, and flexural strength. The results were compared to 

neat epoxy and foam composite panels without compatibilizer modification. 

It was found that the epoxy based foam composite panels that were modified with 

compatibilizer exhibited improved mechanical properties than the epoxy based foam 

composites that were not modified and the neat epoxy. The superior interfacial connection 

between the fillers and the matrix was the reason of these enhanced properties. Given its better 

mechanical properties, this material might be a good fit for applications requiring lightweight 

materials with strong mechanical properties. This work demonstrated a new field of study in 

synthetic foam production by employing modified HGM to improve mechanical qualities. 

7.1.2.1 Surface Morphology of Foam Composite(SEM) 

The microstructure of the composite is depicted in Figures 7.1(a,b,d,f) without the 

compatibilizer PP-g-MA. The broken surface is extremely clean in the absence of PP-g-MA, 

and the shattering of hollow glass microspheres suggests that there was insufficient interaction 

between the filler surface and the matrix. A hollow glass microsphere was incorporated into the 

polymer matrix without exhibiting any notable indications of a strong connection. The 

composite's microstructure with PP-g-MA acting as a compatibilizer is depicted in Figures 

7.1(c,e,g). The hollow glass microspheres were evenly distributed throughout the polymer 

matrix, as the image illustrates. The primary cause of this is improved stress transmission at the 

interface due to better bonding between the polymer matrix and the reinforcements. 

. 
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Figure 7.1: SEM images of Neat and HGM-filled foam composites (a) Neat epoxy (b) 1%wt.HGM (c)  

1%wt.HGM+PP-g-MA (d) 3%wt.HGM (e) 3%wt.HGM+PP-g-MA (f) 5%wt.HGM (g) 5%wt.HGM+PP-g-

MA         

7.1.2.2 Density 

Also in Table 7.1, it was observed that the density calculated theoretically from the weight 

fraction does not equal the experimentally measured density due to the presence of void and 

pore during the experimental process that cannot be wholly avoided. This performance was due 

to voids in the panel because of filler. Also, as PP-g-MA compatibilizer was introduced into the 

filler, there was a decrease in the density. This implies that the foam composites with 
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compatibilizer may find application where lightweight materials are required because of its 

reduced weight. 

A foam composite material's density depends on the corresponding proportion of matrix 

materials and compatibilizers, which is a critical factor in determining foam panels' properties. 

The amount of pores is the primary reason for the difference between the values obtained from 

experimental density and values obtained from theoretical density when calculated. Some of 

the mechanical properties are significantly impacted by the existence of pores, which in turn 

impacts how well the foam panel performs in real-time applications. A good foam composite 

panel should have fewer pores, although the complete absence of pores cannot be achieved in 

the fabrication of foam panels mainly through the hand lay-up method. 

Table 7.1: Foam composite Sample formulation with HGM and PP-g-MA content 

HGM-filled Samples 
Theoretical 

density(g/cm3) 

Experimental 

density(g/cm3) 

Void fraction (%) 

Neat epoxy 1.130 1.046 7.434 

1%wt.HGM 1.120 1.015 9.375 

1%wt.HGM+PP-g-

MA 

0.958 0.897 6.367 

3%wt.HGM 1.099 0.983 10.55 

3%wt.HGM+PP-g-

MA 

0.981 0.908 7.441 

5%wt.HGM 1.027 0.897 12.658 

5%wt.HGM+PP-g-

MA 

0.847 0.789 6.848 

 

7.1.2.3 Water Contact Angle 

The WCA is a crucial indication of the hydrophilicity and hydrophobicity of materials since it 

primarily relates to the surface microstructure and surface chemical characteristics 291. The 

contact angle decreases with increasing surface roughness for the same material. Figure 7.2 

illustrates how the hydrophobic behavior of the HGM-filled foam composites following filler 

surface modification may be examined by the measurement of water contact angle and 

contrasted with the HGM-filled foam composites prior to filler surface modification. All of the 
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foam composite panels that didn’t have their filler modified were found to demonstrate 

hydrophilic behavior, which is consistent with the findings from our previous studies 311. In 

contrast, foam composites that had filler surfaces modified showed hydrophobic behavior 

because of their water-repelling properties. Additionally, the research showed that the foam 

composite 5%wt.HGM showed an average contact angle of 35.28, as shown in table 7.2. This 

is because water infiltrates the pores of the HGM and epoxy resin interface layer, potentially 

causing damage to the HGM at higher HGM filler concentrations. 

.  

 

 

Figure 7.2: Images of WCA of (a) Neat epoxy (b) 1%wt.HGM (c) 1%wt.HGM+PP-g-MA (d) 3%wt.HGM 

(e) 3%wt.HGM+PP-g-MA(f) 5%wt.HGM (g) 5%wt.HGM+PP-g-MA 
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Table 7.2: Water contact angles of foam composite materials. 

Materials 
Water contact angles(WCA) θ0 

 

Neat epoxy 33.4 ± 2.0 

1%wt.HGM 52.8 ± 0.8 

1%wt.HGM+PP-g-MA 64.1 ± 0.7 

3%wt.HGM 51.1 ± 1.6 

3%wt.HGM+PP-g-MA 98.1 ± 0.7 

5%wt.HGM 49.7± 1.6 

5%wt.HGM+PP-g-MA 109.6± 0.6 

 

7.1.2.4 Tensile Strength 

Figure 7.3 displays the tensile strength of foam composites filled with HGM and PP-g-MA. 

The material's stiffness under axial loading is precisely measured by the Young's modulus.  

 312. The tensile strength and young modulus are increased by the addition of PP-g-MA. The 

epoxy-based foam composite with 5wt%HGM and PP-g-MA had the maximum tensile 

strength, measuring 29.87 MPa. When the weight fraction of HGM increases, the percentage 

increase in tensile strength relative to the neat increases from 1, 3, and 5% wt. as 0.88%, 5.57% 

and 16.35% respectively and likewise each of the modified HGM-filled foam composites 

increased with the percentage of improvements as 20.20%, 27.06% and 45.31% which is an 

indication that the HGM-filled foam composite panels with compatibilizer possess better 

resistance capacity to breaking under tension than the HGM-filled foam composite panels 

without compatibilizer which is similar to previous findings on PP-g-MA studies 313-316. Yet, 

lower tensile strength values at foam composites without the inclusion of PP-g-MA were 

ascribed to non-homogeneous reinforcement distribution in the matrix, resulting in the 

production of HGM agglomerates, which is consistent with the findings of Li et al 281 .  
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Figure 7.3: Tensile strength of Neat Epoxy and HGM-filled foam composite   

7.1.2.5 Tensile Modulus 

The HGM-filled foam composites series' tensile modulus is displayed in Figure 7.4. The 

findings showed that the tensile modulus rose in all HGM-filled foam composites; however, 

the tensile modulus rose even more in each HGM-filled series of foam composite after 

compatibilizer was added. This could be due to the filler's improved softening effect with 

compatibilizer, as well as better reinforcement distribution in the matrix, both of which work 

together to increase the stiffness of the composite. This aligns with the general pattern of 

outcomes documented by Sombatsompop N. et al. and Risite H et al.316, 317. As the weight 

proportion rises from 1, 3 and 5% weight, so does the tensile modulus percentage increases as 

60.71%, 93.60%, 104.29% respectively 
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Figure 7.4: Tensile modulus of Neat epoxy and HGM-filled foam composite     

7.1.2.6 Flexural Strength 

To determine the strength and stiffness of both modified and unmodified HGM-filled foam 

composite panels, flexural tests were conducted. The figure 7.5 explains the behavior of the 

foam composite panel at different loading of HGM filler concentrations together with the neat 

epoxy. When HGM filler is added, and as the filler content rises, the foam composites' overall 

flexural strength increases. However, the flexural strength increases more when the HGM was 

modified in each of HGM-filled foam composites. 

This suggests that adding HGM filler to an epoxy matrix can increase its strength. Similarly, 

adding surface treatment to HGM filler can increase its strength. The weight fraction of HGM 

in foam composites increases in direct proportion to the increase in strength. The tensile 

strength reaches its maximum strength at the 5%wt.HGM weight fraction of HGM, 

corresponding to the highest flexural strength of 81.3 MPa at that weight fraction. This can be 

attributed to reduced agglomeration and strong intramolecular bonding during the composite 

mixing. With a rising weight fraction of HGM from 1, 3, and 5% wt., the percentage increase 

in flexural strength relative to the neat epoxy increases as 2.58%, 11.50% and 27.76% 

respectively and likewise each of the modified HGM-filled foam composites increased with the 

percentage of improvements as 17.20%, 19.85% and 31.33% which is an indication that the 

HGM-filled foam composite panels with compatibilizer possess better bending capacity than 

the HGM-filled foam composite panels without compatibilizer. It can also be said that surface 
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treatment of HGM with compatibilizer can give better matrix dispersion during the mixing 

process, and resulting in high strength and stiffness. Additionally, the enhanced matrix and 

interfacial properties brought about by the inclusion of HGM and the HGM's surface treatment 

may be responsible for the improvement in flexural properties. 

 

                      Figure 7.5: Flexural strength of Neat epoxy and HGM-filled foam composites 

7.1.2.7 Hardness 

Figure 7.6 shows the hardness values of HGM-filled foam composite, pure epoxy, and foam 

composite with and without compatibilizer. The hardness values obtained were predominantly 

influenced by the compatibilizer; as Figure 7.6 illustrates, the addition of PP-g-MA to the foam 

composites resulted in a decrease in hardness. The resistance of the foam composite panel to 

wear and scratches will decrease with a decrease in surface hardness. These are extremely 

important properties in service, and the results of this work by using compatibilizer to modify 

the filler have a negative influence on the resistance of the foam composite panel to wear and 

scratches. 
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                Figure 7.6: Hardness properties of Neat epoxy and HGM-filled foam composite panels 

A decrease in surface hardness means that the foam composite panel's wear and scratch 

resistance will decrease, these are very vital properties in service which results obtained from 

this work by using compatibilizer has negative influence on the foam composite panel's 

resistance to wear and scratch, which is similar to what was reported by 

7.1.2.8 Impact Strength 

The impact strength for neat epoxy, HGM-filled composites with PP-g-MA and without PP-g-

MA is shown in Figure 7.7. All foam composite compositions have impact strengths greater 

than neat epoxy, and the percentage of increase in strength rise with increasing HGM filler 

concentration. Since there is less agglomeration and greater dispersion with the epoxy matrix, 

it may be believed that a lower percentage of HGM filler below 10%wt. fraction can better 

absorb impact strength. This is consistent with our earlier research252. Also, increase in impact 

strength was noticed when HGM was modified in each HGM-filled foam composites which 

could be ascribed to the homogenous dispersion of the compatibilizer bringing about a 

coordinated bond that improves the energy-absorbing capacity of the foam composite, thereby 

adhering to the same general pattern as the flexural and tensile strengths. This demonstrates 

consistency in the results, indicating a positive reaction between the matrix, compatibilizer, and 

HGM filler mix that is consistent with the findings reported by Eker et al.312 
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              Figure 7.7: Impact properties of Neat epoxy and HGM-filled foam composite panels 

7.1.2.9 Dynamic Mechanical Analysis (DMA) 

Storage modulus estimates the energy stored in the yielding portion of the foam panel. In Figure 

7.8, an increase in the storage modulus peak was noticed in 5wt.%HGM+PP-g-MA when 

compared to neat epoxy and other foam composite panels. Nevertheless, the loss modulus 

which estimates the energy lost at heat per cycle under the deformation of foam panel showed 

varieties of trends in the neat epoxy and other HGM-filled foam composite materials 318, 319. 

Figure 7.9 shows that adding PP-g-MA as a compatibilizer for surface treating fillers in foam 

composites increased the loss modulus at the glass transition temperature (Tg). This effect was 

more pronounced in the foam composite with compatibilizer when the filler loading was 

5wt.%HGM+PP-g-MA. The loss modulus peak showed a greater peak value of 278.8MPa, 

surpassing both the clean epoxy value and other foam composite samples. 

Storage modulus estimates the energy stored in the yielding portion of the foam panel. In Figure 

7.8, an increase in the storage modulus peak was noticed in 5wt.%HGM+PP-g-MA when 

compared to neat epoxy and other foam composite panels. Nevertheless, the loss modulus 

which estimates the energy lost at heat per cycle under the deformation of foam panel showed 

varieties of trends in the neat epoxy and other HGM-filled foam composite materials 318-320        . 

 It was observed in Figure 7.9 that the addition PP-g-MA as compatibilizer for surface treatment 

of fillers in the foam composites caused an increase of loss modulus at the glass transition 

temperature (Tg) which was more visible at foam composite with compatibilizer when it was 
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5wt.%HGM+PP-g-MA filler loading. A higher peak value of 247.5MPa was observed in the 

loss modulus peak which was more than the neat epoxy value and other foam composite 

samples. Because of the reduced density and void content as well as the good interaction and 

interfacial bonding between the modified HGM and the matrix, the storage and loss modulus 

values are better than those of neat epoxy resin. As the temperature rose, the void rate of the 

composites reduced as a result of the air bubbles degassing during the manufacturing of the 

composites, which is consistent with previous findings by Sankaran et al. 64 and Ghamsari et 

al. 67 

 

                     Figure 7.8: Storage modulus of foam panels against temperatures  
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                       Figure 7.9: Loss modulus of foam panels against temperatures  

7.1.3 Conclusion 

Epoxy-based foam composite HGM filler, PP-g-MA compatibilizer, and epoxy resin was 

developed. The influence of modifying the HGM filler with PP-g-MA compatibilizer on the 

mechanical properties of foam composites was investigated. The HGM content was varied from 

1 wt.% to 5 wt.% in foam composites while PP-g-MA content was fixed to be 3 wt.% in each 

of the modified HGM filler in the foam composites. 

 The results of the foam composite panels with modified filler foam showed better and 

improved tensile strength, young modulus, flexural strength, of 28.06MPa, 2.75GPa, and 

134.8MPa but there was decrease in hardness values and impact strength when compared with 

neat epoxy and other samples filled with only HGM filler without surface modification. 

Outstanding interfacial adhesion between the HGM filler and the matrix allowed for this to 

happen. Therefore, improved properties of HGM-filled epoxy-based foam composites suggest 

materials suitable for marine and aerospace applications. The potential future direction of this 

research could be to study the interfacial properties of hybrid fillers. 
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CHAPTER 8: NUMERICAL/MODELLING ANALYSIS 

8.1 Introduction 

This chapter examine numerical analysis related to tensile and flexural strength. Moreover, 

Abaqus software simulation and modelling of the experimental work was demonstrated in order 

to assess the reliability of the acquired results. 

8.2 Modelling and Simulation  

Data entry for each sample formulation as collected from the experimental work is the initial 

step in the simulating process and data entry and flow chart is represented by step module in 

Figure 8.1. Additionally, the Representative Volume Element (RVE) method was used when 

entering data for a composite material.  

8.2.1 Modelling of Samples  

In order to create the model simulation for tensile and flexural samples, boundary conditions 

were included after the Abaqus geometry part was completed in order to compute the results 

using Finite Element Analysis and this was earlier explained under section 3.1.2. 
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Figure 8.1: General steps for the development of flexible hybrid foam composite panel (Abaqus®/CAE 

usage) 
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8.2.1.1 Modelling of Tensile and flexural Samples 

There is no predetermined order in which to model a member in Abaqus®/CAE; nonetheless, 

in any FEM analysis, the input (geometrically speaking) is fundamentally considered first. The 

load module and interactions were used to define the interface in line with the previously 

created stages in the step module since the foam composite shows a range of mechanical contact 

interactions, as illustrated in Figure 8.1. In an effort to depict the foam panel's on-site state, the 

load determines the transmitted load and boundary condition. 

Finally, the foam panel model built is submitted, analysed, and monitored using the Abaqus 

task module. The visualisation module then displays the results. 

When utilising Abaqus® software, each module was carefully examined to avert mistakes and 

alerts. Additionally, the stress and bending strength were determined using the velocity rate for 

tensile and flexural strength. Figure 8.2 represent modelled tensile sample while Figure 8.3 and 

8.4 represent the flexural sample after meshing and when in bending position 

 

 

 

 
Figure 8.2: Simulation of Tensile samples 
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Figure 8.3: Mesh of flexural sample  

 

 

Figure 8.4: Flexural sample bending process 
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Figure 8.5: Modelled of flexural samples after failure  

8.3 Discussion of Modelling results obtained 

This model was employed to study the efficiency of using the 3D model for design of hybrid 

filled foam composite panel and the effect of hybrid fillers on the tensile and flexural strength 

of the foam panel. Firstly, from Figure 8.6 and 8.7, it was observed that the addition of filler 

increased the tensile strength at 3%wt.HGM+1%wt.Clay which indicate that there is a good 

synergy between the matrix and filler interface so the tensile strength of the foam composite 

was increased. Nevertheless, due to the higher loading of fillers which could not effectively 

withstand stress delivered from the matrix because of the decrease in matrix material, this later 

bring about a lower thickness of the interfacial layer 254, 321. In addition, Figure 8.6 shows that 

the foam composite's elongation at the breaking load decreased as the filler content increased. 

This occurred because adding the filler particles increased the hardness of the foam composite 

panel. Furthermore, the material broke before it yielded at rapid tensile loading rates.  While 

for that of flexural strength, it was observed that some specimens are brittle and crack after 

getting to the highest yield stress. The hybrid-filled foam composite panels possess better 

bending capacity than the neat epoxy except some few samples which has lower stress values. 

This occurrence is possible because of the weak interaction of fillers with the matrix during the 

process of mixing, causing early cracks and lowering the strain of the samples. The highest 

stress value was achieved at 1wt.%HGM+1wt.%Clay due to low filler concentration. This can 



135 

 

be related to adding a smaller quantity of HGM and nanoclay, giving better matrix dispersion 

during the mixing process, and resulting in high strength and stiffness322, 323. It was also 

observed that even though the tension experiments indicated that the unfilled Neat epoxy would 

have much better ductility than the filled epoxies, the bending tests indicated that the 

3wt.%HGM+1wt.%Clay would have the best ductility (strain to failure). This may be due to 

the formation of a solid epoxy skin on the surfaces of the foam samples.  

8.4 Comparison Between Experimental data and Numerical simulation  

As can be seen from graphs in Figures 8.6, 8.7, 8.8 and 8.9 that were achieved from the 

comparative of experimental and Numerical analysis in which Abaqus was used. The results 

varied from Tensile and Flexural tests as compared to each other.  

In all points of tensile in the sample formulation of composites they have similar trend, but 

overall results show that the numerical results are higher than experimental results because of 

an experimental working on the real contact and interface occur and a rigid bond between fillers 

and epoxy resin takes place while in finite element analysis way this contact has not taken place. 

Also, from flexural test results, numerical results obtained shows that the flexural strength and 

experimental results are very close to each other but the numerical results are higher than 

experimental results while experimental results have higher values in some samples, because 

of the sufficient and complete interaction between the fillers and matrix324, 325. Also, effect of 

unavoidable voids during the sample preparation in the experiment was not taking into 

consideration in the numerical model which caused numerical values to be higher than obtained 

experimental values. 

 
Table 8.1: Comparison between Experimental and Numerical Tensile strength  

Samples Name Experimental Tensile 

Strength (MPa) 

FEM Tensile Strength 

(MPa) 

Neat epoxy 21.23 22.69 

1wt.%HGM 19.71 17.25 

1wt.%HGM+1wt.%Nanoclay 14.73 13.57 

1wt.%HGM+3wt.%Nanoclay 21.59 22.90 

1wt.%HGM+5wt.%Nanoclay 11.93 12.79 

3wt.%HGM 19.67 20.33 
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3wt.%HGM+1wt.%Nanoclay 23.77 24.68 

3wt.%HGM+3wt.%Nanoclay 13.64 6.57 

3wt.%HGM+5wt.%Nanoclay 19.61 19.93 

 

Table 8.2: Comparison between Experimental and Numerical Flexural Strength 

Samples Name Experimental Flexural 

Strength (MPa) 

FEM Flexural Strength 

(MPa) 

Neat epoxy 54.1 56.48 

1wt.%HGM 61.61 64.00 

1wt.%HGM+1wt.%Nanoclay 66.21 67.57 

1wt.%HGM+3wt.%Nanoclay 42.53 36.40 

1wt.%HGM+5wt.%Nanoclay 57.25 61.76 

3wt.%HGM 31.50 36.58 

3wt.%HGM+1wt.%Nanoclay 55.48 51.47 

3wt.%HGM+3wt.%Nanoclay 38.50 39.71 

3wt.%HGM+5wt.%Nanoclay 34.30 39.53 

 

 

                Figure 8.6:Tensile Stress-strain graph for 1%HGM filled series 
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                 Figure 8.7:Tensile Stress-strain graph for 3%HGM filled series 

 

 

 

 

 
                     Figure 8.8: Flexural Stress-strain graph for 1%HGM filled series 
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             Figure 8.9: Flexural Stress-strain graph for 3%HGM filled series 

The decision made in this study to model the foam composite panel situations and then forecast 

their structural performance using the Abaqus computer programme, which is based on the 

Finite Element Model (FEM). Using the Abaqus computer software packages, foam composite 

panel simulation was accomplished while taking static loading into account326. Additionally, 

the 3D and asymmetric geometric model, together with the nonlinear and viscoelastic material 

properties, were taken into consideration for the foam composite panel simulation327, 328. 

The overall FE model's loading and boundary conditions for the tested foam composite matting 

were applied in line with the results of the experimental testing (basically support conditions) 

as demonstrated in Figure 8.2 and 8.3  

8.5 Theoretical Modelling 

The mechanical behaviours of foam core and sandwich composites can be determined using a 

variety of mathematical models and experimental verifications. When predicting experimental 

outcomes, mathematical modelling is employed; it is more economical and time-efficient than 

conducting experimental research. Modelling helps engineers feel less stressed when creating 

composites224, 329, 330. In areas like sandwich composite panels, where various materials were 

employed in the design process, the mathematical model can be used to anticipate the optimal 

mix of constituent materials to be used in composites manufacturing. These models can provide 
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insights into the basic workings of reinforcement. In this investigation, two pre-existing 

mathematical models were utilized to validate the experimental data. 

The properties of the individual sandwich composite components and their configuration are 

the basis for the development of micromechanical composites models. These consist of the 

matrix component materials, the modulus, the tensile strength, and the volume percentages of 

the constituent materials (which were determined using the rule of mixture). 

The following theories were used to model the mechanical properties of sandwich 

composites: 

 (i) Series and parallel model: According to these models, the tensile strength and tensile 

modulus was calculated using Equation. 8.1-8.4. 224. 

For series model: 
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The volume fractions of all the component parameters used in the fabrication of each sandwich 

composite panel are the functions of the series and parallel model equations employed in the 

modelling. 

M
m

 is tensile modulus of matrix 

𝑀
SC

 is tensile modulus of sandwich composite 

𝑀
H
  is tensile modulus of HGM   

𝑀
C
  is tensile modulus of nanoclay 

𝑀
F
   is tensile modulus of banana fiber 

T
m

  is tensile strength of matrix 

T
SC  

is tensile strength of sandwich composite 

T
H  

is tensile strength of  HGM 
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T
C  

is tensile strength of  nanoclay 

T
f  

is tensile strength of banana fiber 

 

Table 8.3: Volume fractions of fiber, matrix,HGM and nanoclay foam composite used for the model.
  

Sandwich Vmatrix VHGM VClay Vfiber 

EPF 0.92 0 0 0.08 

1HF 0.94 0.006 0 0.08 

1H1CF 0.908 0.006 0.006 0.08 

1H3CF 0.896 0.006 0.018 0.08 

1H5CF 0.884 0.006 0.03 0.08 

3HF 0.902 0.018 0 0.08 

3H1CF 0.896 0.018 0.006 0.08 

3H3CF 0.884 0.018 0.018 0.08 

3H5CF 0.872 0.018 0.03 0.08 

 

Table 8.4: Experimental and theoretical modulus(GPa) values for sandwich composites model 

  
 

 

Table 8.5: Experimental and theoretical strength(MPa) for sandwich composite model 

Sandwich Tmatrix THGM TClay Tfiber Texpt. Tseries Tparallel 

EPF 34.23 86 101 28 23.38 30.28 37.72 

1HF 34.23 86 101 28 28.58 31.97 38.08 

1H1CF 34.23 86 101 28 27.20 32.31 40.71 

1H3CF 34.23 86 101 28 29.57 33.01 40.82 

1H5CF 34.23 86 101 28 28.74 33.68 40.91 

3HF 34.23 86 101 28 24.82 31.48 41.93 

3H1CF 34.23 86 101 28 30.10 32.82 43.11 

3H3CF 34.23 86 101 28 23.60 30.50 38.16 

3H5CF 34.23 86 101 28 24.61 31.17 41.49 

 

 

Sandwich Mmatrix MHGM MClay Mfiber Mexpt. Mseries Mparallel 

EPF 1.108 3.590 4.66 0.45 1.63 2.03 3.14 

1HF 1.108 3.590 4.66 0.45 2.39 2.44 3.49 

1H1CF 1.108 3.590 4.66 0.45 3.07 3.16 3.86 

1H3CF 1.108 3.590 4.66 0.45 2.54 2.69 3.65 

1H5CF 1.108 3.590 4.66 0.45 2.65 2.91 3.65 

3HF 1.108 3.590 4.66 0.45 2.30 2.66 3.61 

3H1CF 1.108 3.590 4.66 0.45 3.10 3.27 3.93 

3H3CF 1.108 3.590 4.66 0.45 2.87 3.10 3.87 

3H5CF 1.108 3.590 4.66 0.45 2.60 2.90 3.80 
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Table 8.3 shows the values of the volume fractions of fiber, matrix, HGM and nanoclay used 

for the theoretical calculations of the model. Also, Table 8.4 and Table 8.5 shows the theoretical 

modulus values (GPa) and theoretical tensile strength of sandwich composites in series and 

parallel compared with the experimental values. While Table 8.8 shows the theoretical tensile 

values (MPa) of sandwich composites in series and parallel compared with the experimental 

values used for the model. 

 

 

 

 

Figure 8.10:Variation of (a) experimental versus theoretical tensile strength and (b) experimental versus 

theoretical modulus values obtained for sandwich composite panel.
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Figure 8.11:Variation of (a)experimental versus theoretical tensile strength and (b) experimental versus 

theoretical modulus values obtained for foam core 
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Figure 8.10 (a, and b) shows the variation of the theoretical models (tensile strength, and 

tensile modulus) as a function of sandwich composite compared with the experimental results. 

From Figure 8.10a and 8.10b, the two models show an increase of theoretical tensile strength 

values compared to the experimental result, the highest tensile strength (MPa) values for the 

models are at 3H1CF and 1%wt.HGM+1%wt.clay, which shows that the model predicted better 

result for the combination of HGM and nanoclay fillers with banana fibers reinforcement in 

sandwich composites as well as combination of HGM and nanoclay fillers reinforcement in 

foam core. From Figure 8.10b and 8.11b, because the parallel model takes into account more 

parameters than the series model, the theoretical tensile modulus values for that model are larger 

than those of the series model, which displays a narrower range of results when compared with 

experimental values. This showed that, generally speaking, the tensile and tensile modulus 

values in the series model are closer to the results of the experimental results than those in the 

parallel model. 
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CHAPTER 9: CONCLUSION AND RECOMMENDATION 

9.1 Introduction 

This chapter presents the overall conclusions gleaned from this research work of enhancing the 

properties of hybrid filled HGM/nanoclay foam composites and sandwich foam composites and 

also the recommendations. A novel hybrid foam composites and sandwich foam composites 

that is lightweight and with positive buoyancy was developed in this research work and its 

properties enhanced by HGM/clay and banana fibers. Section 9.2 present detailed conclusions 

about the novel HGM/nanoclay foam composites and sandwich foam composites and 

recommendations. HGM loadings of 0 wt%, 3 wt%, 5wt% were used while nanoclay loading 

of 0 wt%,1 wt%,  3 wt%, 5wt% were also used in this work. 3wt%HGM+1%wt.Clay was 

optimum and hence the conclusions discussed in the next sections focus on 

3wt%HGM+1%wt.Clay hybrid filler loading. 

9.2 Conclusions 

This research resulted into development of novel, sustainable, lightweight and buoyant hybrid 

filled sandwich composite panel. The sandwich panels made had enhanced the basic 

mechanical, thermal and physical properties making them suitable for use in some high-

performance marine applications replacing the conventional synthetic fibre-reinforced composites. 

The hybrid filled core of the sandwich panel developed in this research work has an average density 

of 0.903 g/cm3.This clearly shows that the sandwich panels developed are lightweight and 

buoyant since their density is lower than density of water. In addition, this has addressed the 

research gaps regarding the limitation of previously fabricated sandwich composites for marine 

applications. 

Materials selection for composite design is very crucial in critical engineering applications such 

as aerospace, marine and automobile industries. 

Hybrid fillers were used to manufacture the foam composite panel. The foam core's fillers were 

nanoclay and hollow glass microspheres (HGM). These foam composite panels were created 

using a traditional resin casting process. The HGM content was adjusted from 1 weight percent 

to 3 weight percent in the foam composites panel, and the nanoclay content was adjusted from 

1 weight percent to 5 weight percent in each of the HGM-filled series of foam composites 

panels. The hybrid-filled foam composite fabricated was also used as the core material for the 
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sandwich foam composites (SFC) and banana fibre was used as the facesheet at upper and 

lower-layer face-sheets reinforcement. Hand lay-up method was used for the fabrication of the 

SFC. Comprehensive characterization was carried out on the foam composite panels, this 

involve investigating their physical (density, water absorption, water contact angle, buoyancy) 

properties, mechanical (hardness, tensile, flexural, and impact) properties and thermal (thermal 

conductivity, thermal expansion, coefficient of thermal expansion and specific heat capacity, 

Thermo-gravimetric Analysis) properties. The results obtained showed that tensile and flexural 

strength improved by 12% and 23.1% respectively while the infusion of hybrid fillers content 

of 3%wt.HGM+1%wt.clay and 1%wt.HGM+1%wt.clay into the epoxy when compared to neat 

epoxy.  Also an enhanced young modulus and flexural modulus by 165% and 78% respectively 

were observed with filler content of 3%wt.HGM+5%wt.clay and 1% wt.HGM+1%wt.clay 

when compared with neat epoxy. Likewise, it was observed that impact and hardness improved 

by 28.7% and 41.9% respectively with filler content of 3wt.%HGM+3wt.%clay and 3%wt. 

HGM+5%wt.clay when compared with neat epoxy. This improvement indicates that when this 

foam composite panel rubs or comes into contact with another surface, it is less likely to wear 

down, fracture, or display other symptoms of wear. This feature is very useful in applications 

where parts are frequently under mechanical stress. 

Addition of nanoclay particles at 5%wt. as the second filler enhanced the resistance of the foam 

composite panels to water absorption rate by 16.2% while the thermal stability also improved 

as evidence in the results obtained from thermal properties when compared with neat epoxy. 

The buoyancy results revealed that the sample with 3%wt. hollow glass microspheres 

concentration has the highest buoyancy due to hollow spheres nature of the hollow glass 

microspheres.  

The strength of each SFC material was determined by their mechanical (impact, tensile, 

flexural, and hardness) properties and discussed in chapter 6. The SFC tensile strength and 

modulus are highest at 3H1CF and 3H3CF with an increase of 28.2% and 86.4% respectively 

when compared with EPF. 

Also the flexural strength and modulus are highest at 1H1CF and 1H5CF with an increase 

of 20.5% and 17.9% when compared with EPF. It could be noted that in all the SFC, that 3HF 

and 3H3CF showed lowest tensile stress values due to low level of interaction of fillers with 

fiber at that volume fraction of hybrid fillers. Likewise, 1HF and 3HF revealed low flexural 

values due to single filler which couldn’t bear much load. However, it is worthy to note that 

impact energy was highest at 3H3CF with 32.3% increase when compared with EPF.  
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Generally, it can be observed that hybrid core can better perform as reinforcement in SFC than 

using single filler in the core. 

Also, the densities (experimental and theoretical) of hybrid-filled foam composites and 

sandwich foam composites were investigated. The experimental densities were calculated 

manually, while the theoretical density was determined by the rule of mixture and were more 

than the measured density. The difference was calculated in percentage as the void or porosity 

fraction values. The porosity of the HFFC and SFC increased with increase in the concentration 

of the fillers. The water absorption rate decrease as the concentration of nanoclay particles 

increases in the composite due to nano silicate layers in the nanoclay. 

The buoyancy was highest with 3HF concentration due to hollow sphere nature of HGM which 

means it can float effortlessly on a liquid surface better than other samples. Thus, a substance 

with a high buoyancy value displaces a significant volume of fluid relative to its own weight, 

exerting a strong upward force. As a result, instead of sinking, the material would usually float 

effortlessly on the fluid's surface. When buoyancy is required, such as in the design of boats, 

flotation devices, and even some types of building materials used in construction on water, this 

feature is helpful in such application. 

Finally, the tensile and flexural results was validated numerically by using finite element 

method and abaqus® 6.13 software and this revealed that most of the modelled samples are 

stronger than the experimental tested samples with up to 9% increase from experimental values 

obtained due to incomplete interface interactions between the fillers and matrix as a result of 

hand lay-up method employed for the fabrication of the samples during the experimental 

process. 

9.3 Limitation of the work and future recommendations 

Considering the contributions this study has added to the body of knowledge, more research 

can still be done in the future. As a result, additional study can be conducted in the areas listed 

below. 

 The banana fibres used in this study were in unidirectional layer and mercinarized, 

further research can be done on the woven mat to produce sandwich foam composite 

panel. 

 This research work focused on the hybrid core and single face-sheets. For a more 

useful implementation of the research, future study should concentrate on the use of 

hybrid faces-sheets and hybrid cores. 
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 The numerical analysis carried out was to Tensile and flexural strength, further study 

can consider numerical analysis of the thermal properties. 

 The surface modification of HGM filler was carried out while surface modification of 

nanoclay was not done. Hence, future study can focus on surface modification of 

nanoclay so as to improve the performance of the sandwich panel. 

 Peel strength which measures the adhesion between face skins and core can be 
evaluated in the future study  
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APPENDIX 

A-1: Influence of hybridizing fillers on mechanical properties of foam composite panel 
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A-2: Thermal and Wettability properties of Nanoclay-filled epoxy-based foam composite as 

lightweight material 
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A-3: Development of epoxy-based sandwich composite panel with hollow glass 

microspheres/clay hybrid core and banana fiber facesheet for structural applications 
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