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ABSTRACT 

Polymer matrix composites provide lower weight structures and result in improved 

efficiency and performance in many transportation engineering applications. 

Thermosetting polymers reinforced with suitable hollow particle constituents, higher 

specific properties can be achieved. Development of syntactic foams with cenospheres 

serves dual purpose of beneficial utilization of industrial waste fly ash and reduction in 

the component cost in addition to weight reduction. In the present study, LAPOX L-12 

epoxy resin is used as the matrix material and fly ash cenospheres in as received and 

silane modified conditions are used as filler material. Manual stirring method is 

employed for developing cenosphere/epoxy syntactic foams with as received and 

surface treated cenospheres in 20, 40 and 60 volume %. Sandwich composites are also 

prepared using sisal fiber woven fabric reinforced in epoxy as facings and syntactic 

foam as core. With increasing cenosphere content, density of untreated and silane 

treated foams decreases in general. Influence of cenosphere surface treatment and 

volume fraction of cenospheres in epoxy matrix on buckling and dynamic 

characteristics are experimentally investigated in this work. 

 

Buckling and free vibration behavior of cenosphere/epoxy syntactic foams under 

mechanical and thermal loadings are investigated experimentally in this work. Buckling 

load is obtained from the load-deflection curve based on the Double Tangent Method 

(DTM) and Modified Budiansky Criteria (MBC). Further, the influence of axial 

compression load on the natural frequencies associated with the first three transverse 

bending modes is analyzed. Finally, the buckling loads predicted using DTM and MBC 

are compared with the buckling load calculated based on the vibration correlation 

technique (VCT). It is observed that the buckling loads predicted through the three 

different methods are in close agreement. Experimental results revealed that the 

buckling load and natural frequency of syntactic foams increase with cenosphere 

volume fraction. It is observed that natural frequencies reduce with increase in axial 

compression load for all the modes. However, rapid increase in the fundamental 

frequency is observed when the compressive load is near and beyond the critical 



buckling load. It is observed that silane modified cenosphere embedded in epoxy matrix 

registered superior performance (rise in critical buckling load and natural frequencies 

to the tune of 23.75 and 11.46% respectively) as compared to untreated ones.  

Experimental results are compared with the analytical solutions that are derived based 

on Euler-Bernoulli hypothesis and results are found to be in good agreement. Finally, 

property map of buckling load as a function of density is presented by extracting values 

from the available literature.  

 

Experimental investigation on deflection behavior of fly ash cenosphere/epoxy 

syntactic foam under thermal environment (three different heating conditions) is 

investigated. Three different heating cases (increase-decrease, decrease and decrease-

increase) are considered. Influence of fly ash cenosphere volume fraction and nature of 

temperature variation on deflection behavior of syntactic foam beam is discussed 

elaborately. The temperature rise on the test specimens are measured using K-type 

thermocouples and lateral deflections are measured using Linear variable differential 

transducer (LVDT). The data is collected with the help of in-built LabVIEW program 

to plot temperature deflection curve. Results reveal that the syntactic foam beam 

experience snap-through buckling under thermal environment and is reflected by two 

bifurcation points in temperature-deflection plot also. It is observed that the time 

duration for which the syntactic foam beam stays in the first buckled position increases 

with increase in cenosphere content. Thermal environment induces compressive 

stresses in the samples causing such snap-through buckling. However, such 

phenomenon is not observed when the syntactic foam beams are exposed to mechanical 

compressive loads. Temperature variation across the beam length strongly influences 

snap-through buckling in syntactic foams in addition to volume fraction of filler 

content.  

 

An experimental study on buckling and dynamic response of cenosphere reinforced 

epoxy composite (syntactic foam) core sandwich beam with sisal fabric/epoxy 

composite facings under compressive load is presented. Influence of cenosphere 

loading and surface modification on critical buckling load and natural frequencies of 

the sandwich beam under compressive load is presented. The critical buckling load is 



obtained from the experimental load-deflection data while natural frequencies are 

obtained by performing experimental modal analysis. Results reveal that natural 

frequencies and critical buckling load increase significantly with fly ash cenosphere 

content. It is also observed that surface modified cenospheres enhance natural 

frequencies and critical buckling load of the sandwich beam under compressive load. 

Vibration frequencies reduce with increase in compressive load. Fundamental 

frequency increases exponentially in post-buckling regime. Experimentally obtained 

load-deflection curve and natural frequencies are compared with finite element analysis 

wherein results are found to be in good agreement.   

 

Buckling behaviour of sandwich composites made of syntactic foam core and sisal 

fabric/epoxy composite facings subjected to non-uniform heating is investigated. The 

critical buckling and snap-initiation temperatures are found from the temperature-

deflection plots. It is observed that, the critical buckling temperature increase with the 

filler content in the core material and surface treatment show slightly higher buckling 

temperature. The sandwich beams undergo snap-through buckling at higher 

temperatures due to developed viscoelastic forces. Due to increase in stiffness of the 

beam with filler content the deflection of the beam found to be less. The sandwich 

beams showed higher buckling temperatures than the neat syntactic foam samples. 

 

Keywords: Syntactic foam; Epoxy; Fly ash cenosphere; Natural fiber; Surface 

treatment; Buckling; Free vibration; Thermal environment. 
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1 INTRODUCTION 

1.1 Composite materials 

A formal definition of composite materials given by ASM Handbook (ASTM D3878-

18) is “macroscopic combination of two or more distinct materials, having a 

recognizable interface between them”. Increasing performance demands for modern 

technology applications make it necessary to look for new materials. More down-to-

earth, however, is the fact that our society has become more energy conscious. This 

has led to an increasing demand for lightweight yet strong and stiff structures in all 

walks of life (Chawla 2012). Composite materials are widely used to enhance the 

properties of materials to sustain higher service loads. Composite materials can 

strengthen the properties like strength, stiffness, corrosion and wear resistance, weight 

reduction, fatigue life, temperature dependent behaviour and thermal properties. 

Composite materials are widely used in aerospace, marine and automobile sector due 

to their lightweight and high strength. Almost all modes of transportation and sports 

equipment also use considerable number of composites. These materials provide 

unique combination of properties, which cannot be obtained from any of the 

constituent material used individually.  

 

Composites are classified based on two phases namely matrix and reinforcement. 

Matrix phase is a continuous phase and reinforcement is a discontinuous or dispersed 

phase. Interface between matrix phase and the reinforcement is a third phase of 

composite. Based on the matrix material, composites can be classified as Metal matrix 

composite (MMC), Ceramic matrix composite (CMC) and Polymer matrix composite 

(PMC). PMC’s are becoming promising materials for variety of structural and 

automotive applications since they possess favourable combinations of mechanical 

properties (Barbero 2018). PMC’s are extensively used because of their relative ease 

of processing, low density, desirable electrical/thermal properties and excellent 

chemical/corrosion resistance. Hence, these find applications ranging from specialized 

functions in aerospace and electronics engineering to day-to-day consumer industries 

like construction and transport. 
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PMC’s consist of thermoplastic or thermosetting resin reinforced by filler (fiber, 

particle, etc.). These materials can be molded into a variety of shapes and sizes. 

Owing to lower density of the constituents the polymer composites often show 

excellent specific properties. In particular, polymer matrix has low strength and 

stiffness comparable with metal and ceramic. This implies that there is a considerable 

benefit to be gained by reinforcing polymers with the reinforcements, to have special 

properties. Secondly, the processing of PMC’s need not involve high pressures and 

temperatures. Problems associated with the degradation of the reinforcement during 

manufacture are less significant for PMC’s than for composites with other matrices. 

Also, the equipment required for PMC’s are simpler. For these reasons PMC’s 

developed rapidly and soon become accepted for structural applications.  

 

Today glass fibre reinforced polymers (GFRP) are still by far the most used 

composite material in terms of volume with the exception of concrete. There are two 

types of polymers namely thermoset and thermoplastics. Thermosetting polymers are 

insoluble and infusible after cure as the chains are rigidly joined with strong covalent 

bonds. Typical examples of thermosets include epoxies, polyesters, phenolics and 

polyamides. While thermoplastics are formable at high temperatures and pressure 

since the bonds are weak and are of Van-der-Waal type. Typical examples of 

thermoplastics include polyethylene, polystyrene, polyether-ether-ketone (PEEK) and 

polyphenylene sulfide (PPS). To see the advantages in using composite materials, a 

comparison between their properties and those of newer class of composites should be 

done in terms of specific values (per unit of weight). When it comes to weight saving 

without sacrificing structural performance, composites and in particular syntactic 

foam (SF) composites are without doubt far superior to other traditional composites. 

In the present scenario, SF is a special class of structural composite which has become 

very popular due to high specific strength and bending stiffness. Low density of these 

materials makes them especially suitable for use in aeronautical, space, marine and 

sports applications (Gupta et al. 1999). 
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1.2 Syntactic foam composites 

Lightweight materials are of great interest in several structural engineering 

applications. In transportation engineering applications, the structural weight 

reduction directly translates into fuel saving and increased payload capacity. Porous 

materials can provide significant weight saving potential but their applications are 

limited by their low strength and modulus. In this context, a unique class of composite 

material, called syntactic foam, is rapidly gaining attention wherein porosity is 

incorporated in matrix resin to reduce the structural weight without compromising on 

mechanical properties (Gupta et al. 2014).  

 

Syntactic foams (SF’s) are composite materials prepared by dispersing hollow 

particles in matrix. The term was originally coined by the Bakelite Company of New 

York in 1955, for their lightweight composites made of hollow phenolic microspheres 

bonded to a matrix of phenolic, epoxy, or polyester. These foams are low-density 

materials. Foams are classified as open cell and closed cell foams. Due to the cellular 

materials, open cell foam always has limitations due to lower compressive strength 

and modulus (Gupta et al. 2004). In order to overcome these prevailing issues, a class 

of closed cell foam known as syntactic foams were introduced by dispersing rigid 

hollow particles in matrix material (Puterman et al. 1980). These composites are 

found to possess high specific strength and low thermal conductivity (Gupta et al. 

2005). These materials were developed in the 1960s as buoyancy aid materials, for 

deep sea applications. Currently they are used in aircraft, spacecraft and ship 

structures (Gupta et al. 2002). One of the major advantages of syntactic foams is 

ability to be designed and fabricated according to the physical and mechanical 

property requirements of the application. Microspheres can be considered versatile 

fillers compared to any other fillers because these materials can develop a variety of 

products and process improvements including low density, improved dimensional 

stability, increased impact strength, smoother surface finish, greater thermal 

insulation, easier machinability, faster cycle times, as well as cost savings (van Belle 

2002). Microspheres are made from rigid shell materials such as polymeric (i.e., 

thermoplastic or thermoset resin), ceramic, carbon, metal and glass (Wouterson et al. 

2005) to obtain excellent properties. On the other hand, the matrix material binds the 
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microspheres and gives the composite its shape and further determines the quality of 

its surface finish. Depending upon the service conditions the matrix can be chosen 

from a wide range of thermosetting and thermoplastic resins. Similarly, microspheres 

of glass, polymer, ceramic or metal can be chosen (Gupta et al. 2005, Gupta et al. 

2004) based on the requirements.  

 

SF’s are usually a two-phase structure, namely matrix and microballoons. These 

foams are classified as closed pore foams, due to the existence of porosity within the 

microballoons. However, during fabrication of syntactic foams, air or voids can be 

entrapped within the matrix. The presence of air or voids within the matrix is termed 

as open cell porosity and thus making syntactic foams a three-phase structure.  Two-

phase syntactic foam consists of hollow spheres dispersed in a matrix resin either in 

loose or close-packed structures whereas a three-phase syntactic foam consists of 

hollow spheres dispersed in a matrix resin containing gaseous voids. Usually, 

conventional syntactic foams are in two-phase systems. It has high density and 

superior mechanical properties compared to the conventional blown foams, 

particularly in compression. The lowest practical densities for two-phase syntactic 

foams containing glass microspheres are limited and lie in the range of 500–600 

kg/m3 (Narkis et al. 1980).  Schematic representation of different phases present in 

syntactic foam microstructure is shown in Figure 1.1. 

  
(a)                                                       (b) 

Figure 1.1 Schematic representation of syntactic foams (a) two phase (b) three phase 

(Gupta et al. 2013). 

MicroballoonMatrix
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Microballoon
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As seen in Figure 1.1, there are two constituents in SF namely, hollow particles 

(cenospheres) and matrix. For stresses to efficiently get transferred from matrix to 

filler, interfacial bonding between them plays a very vital role. Surface modification 

of the constituents might improve the performance of the SF’s. When two or more 

constituents are blended together, often times they are not compatible with each other.  

Thus, the resulting blend has insufficient properties for most end uses. Functional 

additives can improve this compatibility. Compatibilizers are often used as additives 

to improve the compatibility of immiscible polymers and thus improve the 

morphology and resulting properties of the blend. Similarly, it is often challenging to 

disperse fillers effectively in the polymer matrix of a composite. The general principle 

of compatibilization is to reduce interfacial energy between the constituents in order 

to increase adhesion. Generally, adding compatibilizer also results in finer dispersion, 

as well as more regular and stable morphologies. Compatibilizer addition (typically at 

5 - 7 wt. %) increases mechanical performance and surface properties. If a polymer 

(or blend) contains reinforcing fillers (such as inorganic fibers), an additive that can 

compatibilize the polymers in a blend may also act as a "coupling agent" enhancing 

interfacial strength and thus increase the stiffness (modulus), strength and impact 

toughness of the composite (Wu et al. 2007).  

 

1.3 Processing of syntactic foams 

Every material system has unique physical, mechanical and processing characteristics. 

A suitable manufacturing method must be chosen to transform the material to its final 

form. Processes used for the fabrication of parts prepared from composite materials 

have evolved in the later twentieth century from skilled labour operations to 

sophisticated microprocessor systems having automatically controlled equipment. 

Hand lay-up techniques or spray-up in open molds are used by early pioneers to form 

the final system by combining raw materials and cured at ambient temperature.  

Advantages of PMC’s have steered these synthetic materials to enter almost every 

other market worldwide, from consumer products, automotive and marine to primary 

structural elements of aircraft and bridges. Such extensive growth in product 

applications commanded corresponding growth in materials technology, design 

approaches, and fabrication processes. In case of fabricating syntactic foam 
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composites, processing route must be carefully designed to effectively reinforce 

hollow particles into the resin. It is necessary to avoid particle breakage and 

unintentional effect of higher matrix porosity by steadying gas bubbles in polymer 

matrix. The processing methods need to be efficient enough in helping wetting of 

reinforcement by the matrix resin, breaking clusters without damaging reinforcement 

and attaining uniform distribution of reinforcement in the resin material. Figure 1.2 

presents commonly used fabrication method for thermoset based syntactic foams. In 

this method, a two-step mixing process is used. Reinforcement (Cenospheres) is 

added to the neat resin and thoroughly mixed until the slurry of consistent viscosity is 

obtained in first step. In the second step, the hardener or catalyst is added to the resin 

and stirred slowly. The mixture is cast into the molds and cured as per the resin. 

 

   

Figure 1.2 Illustration of syntactic foam fabrication steps (Gupta et al. 2013). 

 

1.4 Role of interface and its modification 

Interfacial bonding between reinforcement and matrix plays a very vital role in 

transferring load from matrix to cenospheres. Surface modification of the constituents 

might improve the performance of these SF’s owing to better compatibility. 

Improvement in the morphology and resulting properties of the composite can be 

attained by using additives in the form of compatibilizer. Interfacial energy between 

the constituents reduces due to compatibilization resulting in increased adhesion. 

Generally, adding compatibilizer results in finer dispersion, alongside more regular 

Cenospheres

Resin 

Resin + Cenospheres

Stirrer
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and stable morphologies resulting in higher stiffness, strength and impact toughness 

of the resultant composites.  

 

A key region that influences mechanical properties of the composite is the 

matrix/reinforcement interface (Guru et al. 2015). A series of phenomena takes place 

at such interfaces. The structure of interface and the stresses developed during 

different stages of processing and services have a bearing on the fracture and failure 

of the composite. Hence, it is essential to consider the interfaces in detail and examine 

their effect on the composite properties, so as to alter the properties to suit ones need 

in the end product. Good interfacial bonding is essential to have effective load transfer 

from matrix to the filler. The interfacial characteristics can be improved in different 

ways; chemical treatment is one such effective method. Reinforcing materials such as 

fly ash cenospheres contain oxides like Al2O3, SiO2 and Fe2O3 which form links to 

hydroxyl groups during their contact with moisture and convert into water molecule 

(Rugele et al. 2017). The presence of water, additionally, reduces the wettability of 

the reinforcement as it lowers the surface energy. Coatings that function as coupling 

agents are expected to raise the effective surface energy of the reinforcement. The 

coupling agents are primarily aimed at creating a bridge between the oxide groups on 

the surface of filler and molecules of the matrix (Plueddemann 2016).  

 

General formula of silane coupling agents is R-Si-X3, wherein this multifunctional 

molecule reacts with filler surface on one side and polymer phase on the other. In 

these ‘X’ group represent hydrolysable and thereby hydrolysis silane to corresponding 

silanol (R-OH) in the presence of aqueous solution. These silanol molecules and 

water molecules compete with each other to form hydrogen bonds with the hydroxyl 

groups that are strongly bonded to the reinforcement surface (Hull and Clyne 1996). 

Once the reinforcement is dried, the free water is taken away and condensation takes 

place both at silanol/surface junction and between the adjacent silanol particles. The 

resultant is a polysiloxane (X-R-Si (OH)3) coating bonded to the filler/reinforcing 

surface offering an array of ‘R’ functional groups to the environment. These open 

functional groups involve in curing reaction with the polymer matrix and establish a 

bond (Hull and Clyne 1996). Besides improving the bonding and the mechanical 
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properties, the coupling enhances the electrical, thermal and magnetic properties due 

to increased effective contact at the interface. Another important feature is the 

increased resistance to environmental effects. The bonding also serves to reduce the 

effect of hostile environments at the reinforcement causing degradation and thus 

retains useful mechanical properties of the composite in spite of its exposure to such 

environments.  

 

Silane treatments help in better wetting, wherein dirt or greasy/oily layers envelope 

the fillers the effectiveness of the medium to wet reinforcements/fillers reduces 

(Farinha et al. 2000). Their presence also affects the properties including mechanical 

behaviour. The mechanical property of polymer-cenosphere composite is lower 

attributed to poor interfacial interactions between the hydrophilic surface of 

cenospheres and hydrophobic polymer (Guhanathan et al. 2001). However, surface 

treated cenosphere is found to improve the interfacial interactions (Thongsang and 

Sombatsompop 2006).  

 

A mechanism of interaction between Silane-69 (Bis (3-triethoxy silyl) propyl 

tetrasulfide) coupling agent and fly ash (Alkadasi et al. 2004),  is shown in Figure 1.3. 

Effect of surface treated fly ash on the mechanical properties of high density 

polyethylene (HDPE) as compared to conventional calcium carbonate filler reveal 

increase in tensile strength on addition of fly ash (Atikler et al. 2006). However, 

higher increase is noticed when modified fly ash is used with 30% filler content. The 

decrease in elongation at break is higher for ash filled composites when compared to 

calcium carbonate ones. The decrease in property is higher in case of treated fly ash. 

Mechanical behavior of mica/epoxy composites is investigated to study the effect of 

silane and zirconate coupling agents (Bajaj et al. 1992). Tensile modulus and flexural 

strength are improved by the surface treatment. Properties of silica filled styrene-

butadiene rubber composites are enhanced through plasma surface modification of 

silica (Kulkarni and Kishore 2002). Scanning electron microscopy revealed improved 

filler dispersion post plasma and silane treatment. Mathew et al. (2004) reported that 

the fly ash filled epoxy composite presented better strength in compression post 

exposure to aqueous media but the surface treated fly ash fillers in epoxy exhibited 
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reduction in compression strength. Ramakrishna et al. (2006) concluded that the 

toughened epoxy/fly ash composites revealed improved compressive and impact 

strength. However, the tensile strength decreased while modulus increased with 

increase in fly ash content (Srivastava and Shembekar 1990). Surface modifications 

are crucial and influence mechanical behaviour to a greater extent (Shahapurkar et al. 

2018b). 

 

 

Figure 1.3 Reaction between Silane-69 coupling agent and fly ash (Alkadasi et al. 

2004). 

 

1.5 Sandwich structured composites 

Sandwich structured composites are a special class of composite materials which have 

become very popular due to higher specific strength and bending stiffness. Low 

density of these materials makes them especially suitable for use in aerospace, 

automotive and marine structural engineering applications. Concept of sandwich 

structured composite materials can be traced back to as early as 1849 AD (Noor et al. 

1996) but potential of this construction was realized only during the second world 

war.  Developments in aviation posed requirement of lightweight, high strength and 

highly damage tolerant materials. Sandwich structured composites, fulfilling these 

requirements became the first choice for many applications including structural 

components. Now their structural applications spread even to the ground transport and 

marine vessels.  
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Sandwich composites comprise of two thin but stiff face sheets/facings/skins attached 

on either side of a lightweight, thick slab known as core.  Many variations of this 

definition are available but the key factor in making this type of materials remains the 

lightweight core, which reduces the overall density of the material and stiff skins 

provide strength.  The typical structure of sandwich composite is presented in Figure 

1.4. 

 

 

Figure 1.4 The structure of the Sandwich Composite. 

 

Bonding between facings and core prevents the interfacial failure under the applied 

load enhancing the flexural rigidity of sandwich composites.  There is no general rule 

about the relationship between the thickness of skin and core.  It depends on the 

application and required properties. Major advantage of sandwich structured 

composites is the possibility of tailoring properties by choosing appropriate 

constituting materials and their volume fractions.   

 

Sandwich composites basically consists of two components, facing and core as shown 

in Figure 1.4. If an adhesive is used to bind facings with the core, the adhesive layer 

can also be considered as an additional component in the structure. The thickness of 

the adhesive layer is generally neglected because it is much smaller than the thickness 

of skins or the core. The properties of sandwich composites depend upon properties of 

the core and skins, their relative thickness and the bonding characteristics between 

them. 

Face sheet

Face sheet
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1.5.1 Core materials 

As per requirement for the application of the structured component many types of 

materials can be used as cores in sandwich panels. The choice of appropriate structure 

for core provides additional parameter to design a sandwich composite as per given 

specifications or service conditions. Low density solid materials such as open and 

close cell structured foams, balsa wood and polymeric foams seems to have higher 

specific compressive strength than the expanded high density cellular (Honeycomb, 

web core) and corrugated materials (Truss and corrugated sheets). Use of hollow 

particles, known as cenospheres, has increased considerably in recent years in the 

production of core materials of low density and high damage tolerance. Density 

values of syntactic foams can be tailored over a wide range by changing the material 

or density of cenospheres. Syntactic foams are known for their high specific 

compressive strength, low moisture absorption and excellent damping properties. 

They are used as core materials in sandwich composites for weight sensitive structural 

applications. Syntactic foams are multi-functional composite materials due to their 

broad range of mechanical properties coupled with vibration damping characteristics, 

fire performance and ability to be fabricated in functionally graded configurations 

(Gupta et al. 2014). 

 

1.5.2 Facing materials 

A wide variety of materials are available to use as facing material. Sheets of metals 

like aluminium, titanium and steel and fiber reinforced plastics are some of the 

common examples of facing materials. In case of fiber reinforced facings, the material 

properties can be controlled directionally in order to tailor the properties of the 

sandwich composite. Fiber reinforced polymers are used widely as facings due to 

their low density and high specific strength. Another advantage offered by the use of 

polymer composites in facings is that the same polymer can be used to make the skin 

and the core. Cross-linking of polymer between core and facings would provide 

adhesion strength level equal to the strength of the polymer. This provides possibility 

of making the facings an integral part of the structure eliminating the requirement of 

the adhesive. When an adhesive is used to bond the facing and the core together, 
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selection of adhesives becomes very important as they should be compatible with both 

the facing and the core materials. The adhesion must have desired strength level and 

should remain unaffected by the working environment. In case of metallic 

components, welding or brazing is used as a means of binding the core and facings 

together. Use of adhesives is also possible but is limited to such cases where one or 

more of the components cannot withstand heat. Choice of facings is important from 

the point of view of the work environment as this part of the structure which comes in 

direct contact with the environment. Corrosion, heat transfer characteristics, thermal 

expansion characteristics, moisture absorption and other properties of the whole 

sandwich composite can be controlled by proper choice of facing material. In most of 

the cases facing layer of a sandwich composite is made of same material. However, it 

can be of different type of material depending upon specific requirements. Mechanical 

properties of a sandwich composites can be tailored in terms of materials, thickness, 

fiber orientation, fiber volume fraction or in any other possible form. 

 

1.6 Natural fiber composites 

In recent years, plant and animal fibres are utilized to produce fiber reinforced 

composite for mechanical, civil, aerospace, automotive part due to their low density, 

good acoustic behaviour, lower pollutant emission and availability of resource (Mittal 

et al. 2016). Because of their easier availability, natural fibers have become good 

alternative material compared to synthetic and man-made fiber. The natural fibres are 

reinforced in polymer matrix with short and random orientations. Recently, some 

researchers demonstrated that reinforcement of natural fibre in fabric form will 

increase the mechanical properties of the composite significantly  (Van Vuure et al. 

2000). 

 

Textile composites find applications in primary and secondary load bearing structures. 

Woven fabric composites are a type of textile composites wherein two or more yarn 

systems are interlaced at an angle. These composites have better properties in fabric 

plane and higher resistance under impact loading than the unidirectional composites. 

Due to interlacing of yarns higher out of plane strength can be achieved. This can take 

up the secondary loads due to load path eccentricities and local buckling. Handling of 
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woven fabric is easier as compared to continuous/short fiber form. Therefore, 

fabrication of woven fabric composites is less laborious forms, reduced 

manufacturing errors. These advantages are attained at the cost in-plane stiffness and 

strength properties due to the undulation of yarns (Naik and Shembekar 1992). 

 

Sisal fiber is one of the most widely used natural fiber and can be cultivated easily. It 

is hard fiber extracted from the leaves of the sisal plant. The botanical name of sisal is 

“Agave Sisalana”. A sisal plant produces about 200-250 leaves and each leaf contains 

1000-200 fiber bundles which is composed of 87.25% water, 8% dry matter, 4% fiber 

and 0.75% cuticle (Mukherjee and Satyanarayana 1984). Apart from ropes, general 

cordage and twines, sisal is also used in low-cost and specialty paper, buffing cloth, 

dartboards, geotextiles, filters, carpets, mattresses, handicrafts, and wire rope cores. 

Sisal has been utilized as an environmentally friendly strengthening agent to replace 

asbestos and fibreglass in composite materials in various uses including the 

automobile industry (Ku et al. 2011). 

 

1.7 Literature survey 

Exhaustive amount of research work has been carried out on characterisation of 

mechanical properties of syntactic foams and their sandwich composites. As 

demonstrated by various researchers through their theoretical and experimental 

investigations, the influence of particle size (Gupta et al. 2004), volume fraction 

(Bharath Kumar et al. 2016, Garcia et al. 2018, Shahapurkar et al. 2018a), 

reinforcements (Colloca et al. 2013) and functional grading of microballoons (Gupta 

et al. 2008) are seen to be used effectively to tailor the mechanical properties of these 

foams. 

  

1.7.1 Buckling under mechanical load 

Slender structural members subjected to in-plane compressive loads experiences 

lateral deflection beyond a threshold limit known as buckling loads. Buckling load is 

well below the load which causes yielding failure. Buckling instabilities of thick and 

thin elastic beams subjected with axial stresses is investigated by Matsunaga (1996) 

and the results are compared with Timoshenko beam theory with good agreement. 
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Tuttle et al. (1999) investigated buckling of flat laminated panel subjected to biaxial 

loading, and found that the buckling load increase with the load ratio. Byklum et al. 

(2004) presented computational model for global and post buckling analysis of the 

stiffened panels. They compared results obtained by the proposed model and with 

non-linear finite element method with good correspondence having high calculation 

efficiency. Esfahani et al. (2010) investigated the effect of delamination position on 

buckling load and buckling mode shape of carbon fibre and glass fibre reinforced 

polymer composites and found that the experimental results are in good agreement 

with the numerical results with higher buckling resistance compared with non-hybrid 

composites. Tariq et al. (2011) analysed tensile and buckling of polyester reinforced 

by natural jute fiber at different volume fractions. They found that the tensile stress 

and critical buckling load increases with increase in volume fraction. 

  

Shams et al. (2013) investigated non-linear buckling of a spherical shell embedded in 

an elastic medium under uniaxial compressive load. Numerical investigations 

revealed that failure of syntactic foam is not governed by the microballoon shell 

buckling, but rather is governed by shearing of the particle as syntactic foams are 

fabricated with thin walled particles to obtain weight saving advantage.  Sudhir Sastry 

et al. (2015) analysed pre-and postbuckling behavior of woven fabric carbon 

fiber/epoxy and E-glass/epoxy thin wall stiffened composite panels. They compared 

the variations of buckling stresses and loads obtained from numerical model with 

experimental results and found results were in good agreement. Li and Qiao (2015) 

reported buckling and postbuckling behavior of shear deformable anisotropic glass 

fibre reinforced epoxy laminated composite beams with initial imperfection subjected 

to axial compression. Their results revealed that the geometric, physical properties 

and boundary conditions have significant effects on postbuckling behaviour of 

anisotropic laminated composite beams. Abramovich et al. (2015) presented buckling 

and post buckling behavior of curved laminated composite panels and shells under 

axial compression. They observed large scatter between the results calculated from 

numerical and experimental analysis. Luu and Lee (2016) investigated the effects of 

geometric parameters on the buckling and post buckling of elliptical curved beams. 

They found that the symmetric snap-through mode governs the buckling of clamped–
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clamped elliptical curved beams. Yang et al. (2017) investigated buckling and 

postbuckling of functional graded multilayer graphene platelet reinforced composite 

beams resting on elastic foundation based on shear deformation theory. Their results 

show that buckling and postbuckling resistance of polymer composite beams 

increased with addition of graphene platelet nanofillers. 

 

1.7.2 Buckling and free vibration under axial compression 

Any repetitive motion is called vibration or oscillation. The phenomenon of vibration 

involves an alternating interchange of potential energy to kinetic energy and kinetic 

energy to potential energy. Hence, any vibrating system must have a component that 

stores potential energy (spring or elastic element) and component that stores kinetic 

energy (mass or inertia element). The initial excitation to a vibrating system can be in 

form of initial displacement and/or initial velocity of the mass element(s). This 

amounts in imparting potential and/or kinetic energy to the system. The initial 

excitation sets the system into oscillatory motion, which is called free vibration. When 

a structure is subjected to any pre-stress caused by a static load its dynamic behavior 

will be different from that of the stress-free condition. It is important to analyse free 

vibration characteristics of a structure subjected to axial compression for its better 

design as the axial compressive load alters the structural stiffness significantly.  

 

Although significant amount of work has been done on mechanical characterization of 

syntactic foam composites, studies on their free vibration behavior is very limited. 

Lateral vibrations of thin walled structures are of practical interest. Amba-Rao (1967) 

investigated fundamental frequencies in lateral vibration mode for straight bars under 

compressive loads for various fractions (less than one) of the Euler load for various 

boundary conditions. Later, Galef (1968) presented an approximate formulation 

relating fundamental natural frequencies of compressed and uncompressed beam with 

applied compressive and Euler buckling load. Investigation of  Shaker (1975) resulted 

in expressions for mode shape and characteristics equations for various boundary 

conditions. The effect of preload on natural frequencies and mode shape are 

represented graphically. Bokaian (1988) presented analytical solutions for variation of 

natural frequencies of an isotropic beam subjected to axial compression loads under 
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various boundary conditions and found that Galef’s expression is not valid for pinned-

free and free-free beams. 

 

Matsunaga (1999) analyzed natural frequencies and buckling stresses of deep beam – 

columns on two parameter elastic foundations taking account of shear deformation, 

depth change and rotatory inertia. He found that the natural frequency reaches zero 

when the beam is subjected to critical buckling load. Rahmani et al. (2009) 

investigated free vibration frequencies of sandwich beams with functionally graded 

syntactic foam core based on higher order sandwich panel theory. They found that 

natural frequency of the sandwich beam increases with inhomogeneity of the core 

material. Zhu et al. (2012) investigated bending and free vibrations of thin to 

moderately thick single walled carbon nanotube reinforced composite plates using 

finite element method based on shear deformation theory. They found that the carbon 

nanotube volume fraction, width to thickness ratio and the boundary conditions have 

influence on deflections in bending mode, natural frequencies and mode shapes of the 

composite plate.  

 

Recently Carpinteri et al. (2014) investigated the dependence of the fundamental 

frequency on the axial load in slender beams which were subjected to imposed axial 

end displacements. They observed that the zero frequency was never reached at the 

buckling load, due to the combined effects of geometric and material imperfections. 

Lenci and Rega (2016) analyzed free vibrations of planar elastic beams considering 

geometric non-linearities and linear elastic behavior of the material using asymptotic 

method. They observed that for slender beams, softening behavior for hinged–

supported and stronger hardening for hinged–hinged boundary conditions. Rajesh and 

Pitchaimani (2017) investigated buckling and free vibration behavior of woven 

natural fabric and sandwich composites with glass fiber facings and natural fiber 

fabric core under axial compression. They observed that the weaving pattern of the 

fabric have significant influence on the buckling strength pattern and the natural 

frequency reduces with increase in axial compressive load in pre-buckling regime. 
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1.7.3 Vibration correlation technique (VCT) 

Several investigators used VCT to predict the critical buckling load of structures 

under axial compression. Plaut and Virgin (1990) examined Singer's procedure and 

suggested guidelines to estimate lower and upper bounds on buckling load. Souza and 

Assaid (1991) presented a new technique for prediction of buckling loads of structural 

elements with post buckling unstable characteristics. They observed that the 

characteristic curves show linear relationship at lower load levels and there is sudden 

change in these curves when the load approaches the buckling value. Arbelo et al. 

(2014) used VCT for estimation of real boundary conditions and buckling load of 

unstiffened plates and cylindrical shells. They observed variation of natural 

frequencies of perfect and imperfect plate and found that the frequencies decrease 

with increase in compressive load. The fundamental natural frequency reached 

minimum value when buckling occurred and after buckling the frequency starts to 

increase. Abramovich et al. (2015) used VCT to predict buckling loads of stringer 

stiffened curved panels which are made of aluminium and laminated composites. 

Based on the modal tests performed on curved panels and on a shell, guidelines are 

formulated for the application of the VCT to thin-walled structures with stable post-

buckling behavior. 

  

1.7.4 Temperature dependent properties of syntactic foams 

Existing literature on the temperature dependent properties of the syntactic foams 

represent coefficient of thermal expansion (CTE), thermal conductivity (TC) and 

dynamic mechanical analysis (DMA) (Gupta et al. 2018). Parameters such as volume 

fraction and wall thickness can be used to tailor these properties effectively. Labella et 

al. (2014) examined CTE of vinyl ester matrix/fly ash and observed 48% decrease in 

CTE by with increasing filler content from 30 to 60 vol.%. In comparison with neat 

resin, foams exhibited lower CTE values. Li et al. (2017) presented numerical 

investigation of TC in syntactic foams. Their results revealed that TC of foam 

decrease with increase in volume percentage of GMB’s. Numerical investigation by 

Park et al. (2008) revealed that thermal conductivity ratio (ratio of thermal 

conductivities of microballoon shell to matrix)  increases significantly with relative 

wall thickness of the microballoons at all volume fractions. Effect of volume fraction 
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and wall thickness of GMB’s on thermo mechanical properties of epoxy matrix 

syntactic foams are studied by Lin et al. (2009). They observed that the CTE of 

syntactic foams is lower than the neat epoxy due to presence of ceramic particles. The 

filler volume fraction has a strong effect on the glass transition temperature as 

compared to wall thickness variations.  

 

Temperature dependent elastic properties of syntactic foam composites have been 

addressed by Sankaran et al. (2006) and Gupta and Pinisetty (2013). Gu et al. (2007) 

investigated DMA of fly ash/epoxy syntactic foams and reported that the addition of 

fly ash enhanced the damping capacity. Studies also revealed that the damping 

mechanism is governed by matrix viscoelasticity, grain boundary sliding with the 

cenosphere particles and interfacial sliding friction between the constituents. Similar 

trend is also observed for modified epoxy and fly ash cenosphere syntactic foams Wu 

et al. (2007). Hu and Yu (2011) investigated thermal, DMA and tensile properties of 

hollow polymer particle filled in epoxy resin. As compared to neat resin these foams 

showed higher damping with peaks shifting to higher temperature.  

 

1.7.5 Buckling under thermal load 

Thin walled slender members are exposed to heat during their service and subjected to 

thermal stresses when free expansion of the structure is restricted. The thermal 

stresses will change stiffness of the structure which in turn alter dynamic 

characteristics of the structure. The temperature rise above ambient temperature 

which causes buckling is known as critical buckling temperature. Thin-walled 

structural members with in-plane restrained deflections subjected to thermal 

environment results in buckling mode failure. Cotterell and Parkes (1962) analysed 

the buckling mode shapes of circular plates that were subjected to heating at centre 

and at the edge. Biswas (1976) analysed the thermal buckling behaviour of 

orthotropic plates having different geometry and edge constraints using Galerkin’s 

approach. Aydogdu (2007) obtained critical buckling temperature for cross ply 

laminated composite beams with different combinations of hinged and clamped edge 

constraints using Ritz method. Gupta et al. (2009) used finite element and intuitive 

formulations to investigate the thermal post buckling behaviour of slender and shear 
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flexible columns under different boundary conditions. Sharifian (2010) computed the 

critical buckling loads of isotropic rectangular plates having two simply supported 

opposite edges and the other two supported against rotation. Jeyaraj (2013) 

investigated the buckling and free vibration behaviour of isotropic plates subjected to 

arbitrarily varying temperature fields. The influence of free edge on the critical 

buckling temperature and corresponding modes shapes are detailed in the study. The 

impact of non-uniform temperature profiles on the thermal buckling behavior of 

anisotropic panels was investigated by Li et al. (2015).  

 

Several researchers investigated effect of thermal load on buckling behavior of 

structural components having simple geometrical shapes. However, most of the 

studies are based on analytical (Fu et al. 2014) and numerical (Jeyaraj 2013, Li et al. 

2015, Shen et al. 2017) approaches with a very less focus on experimental 

investigations. The influence of non-uniform temperature field on non-linear buckling 

behavior of isotropic beam is investigated through experimental and numerical 

methods by George et al. (2016). They observed that the critical buckling temperature 

is strongly influenced by temperature variation conditions. It was observed that the 

structure which is subjected to centre heating in comparison to edge heating have 

significant influence on the thermal buckling behaviour. Bhagat and Jeyaraj (2018) 

investigated buckling strength of the aluminium cylindrical panel subjected to non-

uniform temperature profiles through experimental approach. Results revealed that the 

buckling strength significantly varied with location of heating source. These studies 

bring forth the role of non-uniform temperature profile on the thermal buckling 

behavior of the structures and needs to be looked into. 

 

1.7.6 Snap-through buckling behavior 

The snap-through buckling of curved beams, shallow arches, cylindrical panels and 

shells under thermal and mechanical loads has been studied analytically and 

numerically by several researchers (Crisfield 1981, Haftka and Mallett 1971, Lee and 

Kim 2013, Watts et al. 2018). However, experimental investigation on snap-through 

buckling is scarce. The snap-through buckling of beam structures subjected to quasi-

static loading is analyzed by using elastic theory of prismatic bars by Huang and 



20 
 

Vahidi (1971). Chen and Hung (2011) studied the snap-through buckling of a hinged 

elastica subjected to a midpoint force theoretically and compared the results with 

experimental observations. Chandra et al. (2012) examined the performance of beam 

using continuum non-linear finite element formulations in conjunction with several 

popular implicit time stepping algorithms to assess the accuracy and stability 

associated with numerical simulations of snap-through events. Chandra et al. (2013) 

combined experimental-computational framework to analyse the snap-through 

buckling behaviour of clamped-clamped shallow arches subjected to harmonic 

distributed loadings.  

 

Plaut (2015) investigated numerically snap-through buckling characteristics of beams 

and circular arches with the help of unilateral displacement control technique. Liu et 

al. (2015) investigated the stochastic non-linear snap-through response of a clamped 

composite panel subjected to the combined severe acoustic excitation and a steady 

thermal effect using single mode Fokker plank distribution function. Studies indicated 

that the stationary statistical solution of the single-mode analysis captures the features 

of the displacement density distribution and showed the evolution from no snap-

through to a persistent stochastic response. Wang and Fancey (2015) studied bistable 

morphing of polymeric composite caused due to viscoelastic force induced owing to 

temperature changes. Dehrouyeh-Semnani et al. (2017) examined snap-through 

buckling behavior of microbeam made of functionally graded material when subjected 

to uniform thermal load using numerical method. Plaut and Virgin (2017) investigated 

snap-through behavior of shallow elastic arches under dynamic, unilateral 

displacement control, with the indenter moving at constant velocity. Keleshteri et al. 

(2018) investigated snap-through instability of functionally graded carbon nanotube 

reinforced composite plate with piezoelectric layers.  

 

1.7.7 Buckling and free vibration studies of sandwich composites 

Studies on syntactic foam sandwich composites are available in literature wherein 

majority of research is focused on mechanical characterisation of foams and their 

sandwiches. Gupta and Sankaran (1999) investigated compressive properties of glass 

microballoon reinforced syntactic foam core with glass-epoxy and glass-carbon-epoxy 
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skins. They observed delayed crack initiation for glass-carbon/epoxy hybrid skin than 

glass/epoxy ones. Gupta and Woldesenbet (2005) investigated flexural properties of 

sandwich composites with microballoons/epoxy syntactic foam core E-glass 

fiber/epoxy skins. They found that the core shear strength and skin bending stress 

decrease with radius ratio of microballoons. Islam and Kim (2012) investigated tensile 

and flexural response of sandwich composites with syntactic foam core and paper 

skin. They observed that, syntactic foams synthesized by lower particle size exhibits 

higher flexural properties than the sandwich with higher particle size. Salleh et al. 

(2016) investigated mechanical properties of GFRP/vinyl ester skin with glass 

microballoon/vinyl ester syntactic foam core sandwich panels. They found that the 

properties are dependent on the weight fraction of the glass microballoons, void 

content and interfacial bonding between the constituents. 

 

Buckling and free vibration studies of sandwich composites with syntactic foam cores 

are very scarce. Fleck and Sridhar (2002) carried out experimental investigations on 

sandwich columns made of woven glass fibre epoxy skins and PVC foams with 

different densities. They observed that the columns undergo different types of 

buckling phenomenon (Euler macrobuckling, shear microbuckling and face 

microbuckling) depending on the geometry of the sandwich columns. Mahfuz et al. 

(2005) studied buckling under in-plane compression of sandwich composites made of 

Klegcell foam core and S2-glass/vinyl ester face sheets. Their results revealed that 

buckling loads increased with density of the core material and high-density cores 

arrested the delamination between core and skin and core shearing phenomena during 

buckling. Analytical approach to evaluate the buckling load of sandwich made of 

glass/carbon and boron fiber laminate skin and PVC foam is established by Aiello and 

Ombres (2007). John et al. (2008) investigated tensile and compressive properties of 

glass microballoon/cyanate ester syntactic foam with carbon-cyanate ester skin and 

observed that the mechanical properties increase with resin content. The theoretical 

model predicted better global buckling behaviour of sandwich panels for lower values 

of skin ratio thickness to overall sandwich thickness. Jasion and Magnucki (2013) 

performed experimental, analytical and numerical analysis on buckling behaviour of 

aluminium foam core sandwich with aluminium face sheet subjected to axial 
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compression. Experimentally obtained critical buckling loads are found to be closer to 

analytical and numerical results. Mathieson and Fam (2014) investigated the effect of 

cross-sectional configuration and slenderness ratio on GFRP skin and polyurethane 

core sandwich composites. Lower slenderness ratios resulted in skin wrinkling mode 

of failure and length greater than critical slenderness ratios resulted in global 

buckling. Le Grognec and Saoud (2015) investigated numerically elastoplastic 

buckling and post buckling behaviour of sandwich columns with symmetric 

homogenous and isotropic core/skin layers subjected to axial compression. The results 

obtained numerically are found to be in good agreement with the available analytical 

solutions. Grygorowicz et al. (2015) presented analytical and numerical buckling 

analysis of sandwich columns with aluminium face sheet and aluminium alloy foam 

core. Smyczynski and Magnucka-Blandzi (2015) analysed buckling behaviour of 

simply supported sandwich beam with aluminium face and foam core numerically 

using transverse shear deformation effect. Tang et al. (2015) investigated buckling 

behaviour of fixed-fixed and hinged-hinged calcium silicate face sheets sandwich 

panels with polyurethane foam core subjected to axial load. Buckling load values 

obtained through analytical, numerical (finite element method) and experimental 

routes matches closely. 

 

Sokolinsky et al. (2004) investigated free vibration response of polymer foam core 

and steel face sheet cantilever sandwich beam analytically and experimentally. The 

results obtained using higher order theory are found to be in good agreement with 

experimental values. Wu et al. (2015) investigated buckling and free vibration 

response of functionally graded carbon nanotube-reinforced composite face sheets 

with Titanium alloy core using Timoshenko beam theory. They observed that carbon 

nanotube (CNT) volume fraction, slenderness ratio and end supporting conditions 

have significant influence on natural frequencies as well as critical buckling loads.  

Goncalves et al. (2017) investigated buckling and free vibration of PVC foam core 

sandwich with steel face sheets numerically using coupled stress finite element 

method. Microstructure dependent beam element predicted more accurate results than 

the classical Timoshenko beam model. 
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1.7.8 Thermal buckling of sandwich composites 

Lan et al. (1993) numerically investigated three layered bimodular sandwich beam 

consisting of thick skins and moderately stiff cores subjected to uniform and non-

uniform thermal loads. They found that the sandwich beams having lower thermal 

expansion coefficient undergo compression in hinged-hinged condition, whereas 

clamped-clamped beams show axial compressive strains in facings and its stiffness 

remain unaltered until buckling. Kant and Babu (2000) analysed thermal buckling 

analysis of skew symmetric laminates and sandwich panels with cross ply composites 

facings and honeycomb core. They observed that the first order shear deformation 

theory overestimates thermal buckling temperatures marginal than higher order shear 

deformation theory. Buckling of free-free plate under non-uniform thermal load is 

analysed numerically by Mead (2003). Shiau and Kuo (2004) investigated 

numerically postbuckling behaviour of graphite epoxy laminated face sheets and 

aluminium honeycomb core sandwich panels subjected to uniform thermal load. They 

observed that the buckling mode shape and temperature are influenced by fiber 

orientation of laminated face sheets and aspect ratio of the sandwich panel. Liu et al. 

(2006) investigated buckling behaviour of E-glass/vinyl ester laminate column 

subjected to combined axial compressive and uniform thermal load. They observed 

that the structure bends away from the heating source at lower temperatures and 

towards the heating source due to generated thermal moment. Pradeep et al. (2007) 

analysed vibration and thermal buckling characteristics of sandwich beam made of 

DYAD609 viscoelastic core and graphite/epoxy skin and plate. Considerable 

difference between the predicted buckling temperature and natural frequencies is 

observed for beam and plate elements because beam element does not consider 

transverse shear deformation. Yuan et al. (2014) experimentally investigated thermal 

buckling behaviour of sandwich panels with pyramidal truss core. They observed that 

experimental results are lower than the results predicated by analytical approach due 

to defects and imperfections induced during sandwich panel fabrication.  

 

A finite element method is developed to analyse buckling and non-linear analysis of 

multi-layered sandwich plates and shells by Moita et al. (2015). The facings and core 

materials are modelled using classic plate theory and Reddy’s third order shear 
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deformation theory. Bouazza et al. (2018) analytically investigated thermal buckling 

behaviour of jute fiber reinforced in epoxy laminate beams using higher order shear 

deformation theory. The results compared with other published literature found to be 

in good agreement. 

 

Chao and Lin (1990) numerically investigated static and dynamic snap-through 

buckling of sandwich spherical caps. The dynamic buckling load are found to be 

much lower than the static buckling loads. Sandwich with laminated face sheets and 

honeycomb core where numerically investigated by Shiau and Kuo (2004). The 

buckling mode and critical buckling temperature are dependent on the fiber 

orientation and aspect ratio of the plate. Mirzaei and Kiani (2015) analytically 

investigated snap-through buckling of sandwich beams with functionally graded CNT 

face sheets and homogenous/isotropic core using Chebyshev-based polynomial Ritz 

method. The intensity of snap-through phenomena increases with decease in volume 

fraction of CNT fibers. Sandwich beams with CNT face sheet and isotropic core 

subjected to thermal load is analysed analytically by Kiani (2016). Buckling 

behaviour of sandwich beams is influenced by CNT volume fraction, different skin 

and core thickness ratios. The sandwich beams with functional graded CNT’s showed 

higher buckling temperatures compared to uniformly distribution of CNT’s.  

  

1.8 Closure 

Though SF’s and their sandwich composites are widely used, thrust on developing 

these with variety of particulate fillers is overgrowing. Interest in utilizing the 

advantage of low density of syntactic foams and their sandwiches in variety of 

applications has made it necessary to characterize these materials for buckling and 

dynamic characteristics and also to study various parameters governing them. 

Operating conditions of such syntactic foam components in service vary due to 

mechanical and thermal loads necessitating their investigations under varying 

temperature conditions. Sisal fiber reinforced composites find applications in marine 

and automobile industries hence usage of such natural fibers in making of sandwich 

composites is worthy.  
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1.9 Motivation 

Fly ash, a waste by-product generated by combustion of coal in thermal power 

stations and available in abundance. The use of fly ash cenospheres as filler material 

in polymer composites is considered important from both economic and commercial 

point of view. Fly ash cenospheres are used as reinforcing filler in polymers to 

develop lightweight composites. Some studies have pointed to the excellent 

compatibility between fly ash and polymers. Other researchers have also shown the 

advantageous use of treated fly ash in a wide variety of polymer matrices.  

 

Natural fibers have several advantages such as low density, inexpensive and eco-

friendly compared to synthetic fibers like glass, kevlar and carbon fiber. These natural 

fiber reinforced polymer composite can be used as an alternative material to 

conventional metals and laminated composites in structural applications where the 

load carrying capacity of a structure is not vital. However, it is essential to analyse 

structural behavior of a material subjected to several loading conditions. Thin-walled 

structures under axial compression are subjected to buckling mode of failure. The 

present work is focused on investigation of buckling and free vibration characteristics 

of syntactic foam composites and their sandwiches under mechanical and thermal 

loads. 

 

1.10 Objectives of the work 

From the foregoing literature survey, it is clear that the buckling and dynamic 

characteristics of low-cost syntactic foams and their sandwiches are not investigated. 

Syntactic foam and their sandwich composites may replace conventional metals and 

laminated composites in several structural engineering applications. Hence, it is 

important to analyse buckling and dynamic behavior of structural members made out 

of these materials against mechanical and thermal loads for their better design. 

Main objectives of the proposed work are: 

• To investigate buckling characteristics of syntactic foam composites under 

mechanical and thermal loads. 

• To investigate free vibration characteristics of syntactic foam composites 

under axial loads keeping buckling load as a parameter. 
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• To analyse the influence of fly ash cenosphere loading and its surface 

treatment on buckling and free vibration characteristics. 

• To study buckling and free vibration characteristics of syntactic foam core 

sandwich composites with natural fibre fabric as face sheets under thermal and 

mechanical loads. 

• To compare the experimental of syntactic foam composite under mechanical 

load with analytical results. 

 

1.11 Outline of the thesis 

The systematic study carried out with respect to above objectives is presented in the 

thesis. A brief skeletal structure of the thesis is. 

Chapter 1. Intends to provide necessary details of the research on syntactic foam 

composites along with an exhaustive literature survey followed by objective and 

scope of the work.  

Chapter 2. Focuses on the constituents used for thermosetting syntactic foam and their 

sandwich composites, surface treatment details, fabrication route adopted and testing 

methodology. 

Chapter 3. Provides detailed results and discussions on material characterisation, 

Mechanical buckling and free vibration characteristics of syntactic foams subjected to 

axial compression.  

Chapter 4. Behaviour of syntactic foams under non-uniform heating conditions and 

volume fraction of cenosphere content is presented. 

Chapter 5. Presents buckling and free vibration characteristics of sandwich 

composites with syntactic foam core and sisal fiber woven fabric/epoxy facing 

subjected to axial compressive loads. 

Chapter 6. Behaviour of sandwich composites with syntactic foam core and sisal fiber 

woven fabric/epoxy facing subjected to non-uniform heating conditions are discussed 

in this chapter. 

Chapter 7. Presents summary, conclusions and future scope of work.  
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2 MATERIALS AND METHODS 

2.1 Constituents 

In present work, Lapox L-12 epoxy is used as matrix system to prepare syntactic 

foams and their sandwich composites. Lightweight syntactic foams are prepared using 

fly ash cenospheres in as received and silane treated form. Sisal plain woven fabric 

reinforced epoxy laminate is used as facing material in the syntactic foam core 

sandwich composite. Details about these constituents are dealt with in the sections to 

follow. 

 

2.1.1 Matrix  

Diglycidyl ether of bisphenol-A based epoxy resin, Lapox L-12 with a room 

temperature curing polyamine K-6 hardener, supplied by Atul Ltd., Gujarat, India, is 

used as the matrix resin and is as shown in Figure 2.1a. Lapox L-12 is a liquid, 

Unmodified epoxy resin of medium viscosity can be used with various hardeners for 

making composites. K-6 hardener is a low viscosity room temperature curing liquid 

hardener. The properties of epoxy resin and hardener are presented in Table 2.1. 

 

Table 2.1 Properties of epoxy resin and hardener*. 

Properties Test method 
 Values 

LAPOX L-12 K-6 

Appearance Visual Clear, viscous liquid Clear liquid 

Color (GS) ASTM D1544 Max 1 Max 1 

Viscosity @ 25°C (m Pas) ASTM D2196 9,000-12,000 ----- 

Epoxy content (Eq/kg) ASTM D1652 5.26-5.55 ----- 

Specific gravity @ 25°C ASTM D792 1.1-1.2 ----- 

Refractive index ----- ----- 1.494-1.50 

Pot life @ 25°C (min) ASTM D2471 ----- 30-40 

Recommended ratio (w/w) ----- ----- 10 
 *As provided by the supplier. 
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                                 (a)                                                                (b)  

 

 
(c) 

Figure 2.1 (a) Epoxy resin and hardener (b) Cenospheres and (c) Sisal woven fabric 

used in this study. 

 

2.1.2 Fly ash cenospheres 

Fly ash cenospheres of grade CIL 150 supplied by Cenosphere India Pvt. Ltd, 

Kolkata, West Bengal, India, is used as the filler material. Cenospheres are used in as 

received condition (Figure 2.1b), without any surface treatment. Table 2.2 presents 

the physical, chemical and sieve analysis details of fly ash cenospheres in as received 

condition. These cenospheres are primarily made up of silica (SiO2), alumina (Al2O3), 

calcium oxide (CaO) and iron oxides (Fe2O3) as observed from Table 2.2. 

 

 

1cm
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Table 2.2 Physical, chemical and sieve analysis details of cenospheres*. 

Physical properties Chemical analysis Sieve analysis 

True particle 

density 
920 kg/m3 SiO2 52-62% 

+ 30 # 

(500µm) 
Nil 

Bulk density 
400 – 450 

kg/m3 
Al2O3 32-36% 

+ 60 # 

(250µm) 
Nil 

Hardness 

(MOH) 
5 – 6 CaO 0.1-0.5% 

+100 # 

(150µm) 
Nil 

Compressive 

strength 

0.00176 – 0.00274 

MPa 
Fe2O3 1-3% 

+150 # 

(106µm) 
0-6% 

Shape Spherical TiO2 0.8-1.3% 
+ 240 # 

(63µm) 
70-95% 

Packing factor 60-65% MgO 1-2.5% + 240 # 0-30% 

Wall thickness 5-10% of shell dia. Na2O 0.2-0.6%   

Color 
Light grey – light 

buff 
K2O 1.2-3.2%   

Melting point 1200 – 1300 oC CO2 70%   

pH in water 6 – 7 N2 30%   

Moisture 0.5% max.     

Loss on ignition 2% max.     

Sinkers 5% max.     

Oil absorption 16 – 18 g/100g     
*As provided by the supplier.  

 

2.1.3 Sisal woven fabric 

Sisal plain woven natural fibre fabric acquired from Jolly Enterprise, Kolkata, West 

Bengal, India is used as reinforcement in the facings of the sandwich and is as shown 

in (Figure 2.1c). 

 

2.2 Surface treatment of cenospheres  

Silane coating on cenospheres is carried out using 3-Amino propyl triethoxy silane 

(APTS), procured from M/S Sigma Aldrich, Bangalore, India. In syntactic foams, the 

volume fraction and size of cenospheres can alter the overall mechanical properties. 

Apart from the volume fraction and size, the interaction between cenospheres and 

epoxy also plays a major role in load transfer mechanism between the constituents 

(Guhanathan et al. 2001).  

 

Mechanical properties of cenosphere reinforced polymer composites are inferior 

owing to poor interfacial interactions between the hydrophilic cenosphere surface and 
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hydrophobic polymer. Silane coupling agents are usually used as adhesion promoters 

between inorganic filler and organic matrix. In the present work water/ethanol 

mixture in the weight proportion of 20:80 is prepared and maintained at 80°C. In this 

100 ml solution 50 gm of cenospheres are mixed. Solution is continuously stirred for 

30 min at 80°C in a microwave reactor (Enerzi Microwave Systems, Bangalore) after 

adding APTS of 2 % by volume. Treated cenospheres are extracted after resultant 

product is filtered and washed at least three times using a mix of water/ethanol post 

drying in an oven. Fourier transform infrared (FTIR) spectroscopy is conducted on 

cenospheres to confirm the silane coating. 

 

2.3 FTIR spectroscopy and particle size analysis 

FTIR spectroscopy of cenospheres is carried out on JASCO 4200 (Japan) with 

automated total reflection mode using wave number in the range of 4000 to 650 cm-1. 

X-ray diffractograms are obtained for 2Ɵ values using DX GE-2P, Japan having 

nickel filter material with scanning speed of 2°/min and Cu Kα (λ=1.514 A°) 

radiation. Particle size and shape analysis is carried on Sympatec (Pennington, NJ) 

QICPIC high speed analysis system.  

 

A pulsed laser illuminates the particles as they pass a camera that images the particles 

at 175 frames/sec. For each particle imaged, the equivalent diameter is calculated as 

the diameter of a sphere having a projected area equal to the projection captured by 

the camera. Five runs of each particle type are conducted and the values presented are 

averaged from these runs, with weight according to the number of particles in each 

run. Approximately 375,000 and 550,000 particles are measured for untreated and 

treated particles respectively (Bharath Kumar et al. 2016). 

 

2.4 Syntactic foam fabrication 

Cenospheres (20, 40 and 60 vol.%) and epoxy resin are weighed in a predetermined 

quantity and stirred slowly until homogenous slurry is formed. Polymerization 

process is initiated by adding 10 wt.% of K6 hardener into the slurry before pouring it 

into the mold. Subsequently this mixture is decanted into aluminium mold (Figure 

2.2). Silicone releasing agent is applied to the mold for easy confiscation of cast slabs. 
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The castings are allowed to cure for 24 hours at room temperature and trimmed using 

diamond saw to the required dimensions. Similar method is adopted to prepare 

syntactic foams with untreated and surface modified cenospheres. The untreated (as 

received) cenosphere/epoxy samples are coded as per nomenclature EXX, where 

letter ‘E’ denote neat epoxy resin, ‘XX’ represents cenosphere volume %. For 

example, E40 refers to epoxy resin filled with 40 vol.% untreated cenospheres. The 

surface modified cenosphere/epoxy samples are named as EXXT, where ‘T’ 

represents surface modified cenospheres. For example, E40T refers to epoxy resin 

filled with 40 vol.% of surface modified cenospheres. Neat resin samples are also 

prepared under similar processing conditions for comparison.  

 

 
Figure 2.2 Aluminium mold used to prepare syntactic foams. 

 

2.5 Sandwich preparation  

Sandwich composites are prepared using hand lay-up process. Initially the 

skins/facings are wetted in epoxy matrix and excess epoxy from the skin is removed. 

The wetted skins of desired thickness are laid on the bottom plate of the mold and 

foam core of known thickness is placed on top of bottom skin. Later, wetted skin is 

placed on top of the core. The upper plate is placed on the top of upper skin and 

clamped firmly (Figure 2.3) to maintain overall sandwich thickness of 4 mm. Both 

plates are coated with silicone releasing agent for easy removal of the casted 

sandwich sample. The sandwich castings are allowed to cure for 24 hours at room 

temperature. The specimens for the testing are cut from the cast sandwich panels 

using diamond saw cutter. The sandwiches prepared are named by adding alphabet 

‘S’ prior to the name to syntactic foam. For example, SE20 represent sandwich with 
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E20 syntactic foam core and SE20T represents sandwich composite with syntactic 

foam core containing 20% by volume of surface modified cenospheres.  

 

 
Figure 2.3 Syntactic foam core sandwich composite preparation steps. 

 

2.6 Density test 

ASTM (D792-13)is employed to determine experimental densities of all the samples. 

For each composition of foam and sandwiches, five specimens are tested and the 

average values with standard deviation are presented. Theoretical densities of 

syntactic foams and their sandwiches are calculated using rule of mixtures and is 

given by, 

 

𝜌𝑡ℎ =  𝜌𝑚𝑣𝑚 + 𝜌𝑓𝑣𝑓                  (2.1) 

 

where and 𝑣 represent density and volume fraction respectively and suffixes m and f 

represent matrix and filler respectively. Air entrapped during manual mixing of 

cenospheres in epoxy resin and while casting of sandwich composite is represented as 

void content. Void content (𝜙𝑣) is calculated by the comparative difference between 

the theoretical (𝜌𝑡ℎ) and experimentally measured (𝜌𝑒𝑥𝑝) density (Tagliavia et al. 

2010) and is given by, 


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𝜙𝑣 =
𝜌𝑡ℎ−𝜌𝑒𝑥𝑝

𝜌𝑡ℎ                                          (2.2) 

 

Void content estimation is crucial as it influences the mechanical properties. 

 

2.7 Buckling at room temperature under mechanical loading 

Buckling behaviour under mechanical load is carried out with the help of Universal 

Testing Machine (H75KS, Tinius Olsen make, UK, with load cell capacity of 50 kN). 

The schematic sketch of the experimental setup is shown in Figure 2.4a.  Specimens 

are rigidly clamped at both the ends in the grippers having 210 mm of free length 

between them to resemble clamped-clamped condition (Figure 2.4c). Five specimens 

of each composition are tested and the average values are reported. Cross-head 

displacement rate is maintained constant at 0.2 mm/min. The least count of the data 

acquisition system (DAQ) used to measure deflection is 0.001 mm. For all tests, the 

end shortening limit is set at 0.75 mm to explore the behavioural changes, if any, in 

the post buckling regime. 

 

2.8 Free vibration under axial compressive load 

Experimental modal analysis is carried out to predict first three natural frequencies 

corresponding to first three bending modes of samples subjected to compressive load 

under clamped-clamped condition. Schematic representation and photograph of actual 

experimental setup utilised are shown in Figure 2.4a and Figure 2.4b respectively. 

Roving hammer method is used to excite the samples and the vibration signals are 

recorded by a uniaxial accelerometer. Kistler make impulse hammer (9722A2000, 

sensitivity of 10 mV/N) and light weight accelerometer (8778A500, sensitivity of 10 

mV/g) with operating range of ± 500 g are used. Accelerometer is mounted on the 

specimen using bee’s wax.  The response signals are collected by DEWESoft 

software where in time domain signals are converted into frequency domain using 

Fast Fourier Transform (FFT) algorithm to report natural frequency and mode shapes. 

The experimental modal analysis is carried out at every increment load of 50 N. The 

application of compressive load is paused for 2 minutes to perform modal analysis. 
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(a) 

 

 
(b)  

 

 
(c)  

Figure 2.4 (a) Schematic representation and (b) actual experimental setup, showing 

buckling and free vibration tests and (c) Schematic representation of test specimen. 
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2.9 Coefficient of thermal expansion (CTE) 

The coefficient of thermal expansion of syntactic foams are measured as per(ASTM 

D696-13)and the results are utilised to analyse the influence of filler loading in  

syntactic foams when they are exposed to thermal environment. Test temperature is 

varied from 20 to 90°C and the corresponding expansion is measured along linear 

direction using Dilatometer (CIPET, Chennai, India). Five specimens of dimension 

50×12.7×3.2 mm of each composition are tested and the average values are reported. 

 

2.10 Buckling under non-uniform thermal load 

Figure 2.5 shows schematic representation and photograph of actual thermal buckling 

test setup which is developed in house. Infrared (IR) heaters (1000W/230V single 

tube short wave IR lamps) are used to heat the syntactic foams and their sandwich 

beams by keeping them at a distance of 30 mm from the lateral surface of the beam. 

The IR heaters are mounted at different locations along the length of the beam to 

obtain different non-uniform temperature profiles as shown in Figure 2.6. Test 

specimens are rigidly clamped at both the ends in a mild steel frame, having 310 mm 

of free length between them to resemble clamped-clamped boundary condition. 

Further, samples are exposed to thermal load through the radiation heat transfer mode 

of IR heating source. Linear Variable Differential Transducer (LVDT) of Honeywell 

MVL7 LVDT make with a stroke length of ±1 inch having operating temperature 

range of -50°C to +125°C is used to measure lateral deflection of beam. Temperature 

at different locations along the beam length is measured using K-type thermocouples 

having sensitivity of 41 μV/°C and is recorded in personal computer through the 

DAQ. A relay unit is used to control ON/OFF state of the IR heater based on the 

thermocouple output using LabVIEW program (Figure 2.7) which in turn plots 

temperature-deflection curves.  

 

Peak temperature value associated with a particular heating case is measured and fed 

into the LabVIEW through NI9211 DAQ. Similarly, maximum transverse deflection 

of the beam is measured using a LVDT and noted through NI9215 DAQ. Temperature 

on the specimen is increased using IR heater. The entire experimentation is computer 

controlled using LabVIEW user interface. The temperature and deflection data are 
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stored using shift registers into an array to graph the temperature-deflection plots. The 

maximum desired temperature up to which the specimens needs to be heated is given 

as a user input to LabVIEW based on the preliminary experiments conducted for 

estimating critical buckling temperatures. These recorded temperature values are used 

as maximum temperature to be attained in the experiments. This procedure is repeated 

for all the samples prepared. Among all the recorded temperature values for all the 

syntactic foams and their sandwiches including neat epoxy samples, maximum 

temperature is noted and is set for IR heater (desired temperature). A comparison is 

made between the desired and thermocouple temperature. Based on the binary output 

obtained from the comparison, a case structure is used to switch the NI9481 DAQ 

which decides ON/OFF state of the IR heater. With the help of statistics palette, the 

rms value of the LVDT data obtained from the NI9215 DAQ is extracted before 

forming the array of temperature-deflection data to be used to plot the curves. All data 

points are merged into a Microsoft excel file using write command. 

 

 
(a) 

 

 
(b) 

Figure 2.5 (a) Schematic representation and (b) actual experimental buckling setup in 

thermal environment. 
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Three different types of temperature conditions (Case 1, Case 2 and Case 3) are 

considered by keeping the IR heaters in different locations as shown in Figure 2.6. 

Increase-decrease heating (Case 1) is carried out by placing IR heater at beam centre 

as shown in Figure 2.6a. In this case the maximum temperature load is at the midpoint 

of the beam. Figure 2.6b represents Case 2 (decrease heating) wherein IR heater is 

located at left end of the beam subjecting it to the higher temperature at one end and 

the lower temperature at the other end. In case 3 of decrease-increase condition, IR 

heaters are placed at either beam ends and thereby maximum temperature load is 

applied at the both ends of the beam as presented in Figure 2.6c. These three cases 

represent broad spectrum of non-uniform thermal loading which may resemble 

practical in-service conditions. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 2.6 Schematic representation of (a) Case 1: increase-decrease (b) Case 2: 

decrease and (c) Case 3: decrease- increase thermal loading conditions. 
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Figure 2.7 LabVIEW program used to perform buckling experiments under thermal 

load. 

 

2.11 Dynamic mechanical analysis (DMA) 

Temperature dependent properties of the neat epoxy and their syntactic foams are 

analysed using DMA 8000 (Perkin Elmer) within the temperature range of 27-180°C 

with incremental temperature of 5°C in dual cantilever mode (Figure 2.8) replicating 

clamped-clamped boundary condition. Understanding viscoelastic behaviour of the 

samples is important from temperature-deflection perspective in order to analyse 

buckling phenomena under thermal environment.  
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(a)                                                               (b) 

Figure 2.8 (a) DMA machine and (b) DMA test set-up. 

 

2.12 Scanning electron microscopy (SEM) 

Scanning electron microscope (JSM 6380LA, JEOL, Japan) is used for micro 

structural analysis. All the samples are sputter coated using JFC-1600 auto fine coater 

(JEOL, Japan).   

Specimen
Fixture
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3 BUCKLING AND FREE VIBRATION BEHAVIOUR OF SYNTACTIC 

FOAMS UNDER MECHANICAL LOAD 

3.1 Introduction 

This chapter deals with experimental investigations of buckling and free vibration 

response of cenosphere/epoxy syntactic foams. These low-cost lightweight materials 

have potential to replace conventional materials in various applications such as 

automobiles, marine and aerospace. Experimental buckling loads are estimated using 

Double Tangent Method (DTM), Modified Budiansky Criteria (MBC) and compared 

with analytical formulations based on Euler-Bernoulli beam theory. Finally, 

fundamental frequency is estimated for first three transverse free vibration modes 

with varying axial load and compared with analytical results. Buckling and vibration 

investigations of syntactic foams are very crucial from the point of view of structural 

stability and hence presented herewith. 

 

3.2 FTIR and particle size analysis 

Fourier transform infrared (FTIR) spectroscopy results for silane treated and untreated 

cenospheres are presented in Figure 3.1a. The spectrum confirms the presence of 

silane layer on as received cenospheres. The characteristics peak of 3-aminopropyl tri 

ethoxy silane has a band lying in around 2900 cm-1 representing an absorbing peak of 

C-H bond, which belongs to CH3. In Figure 3.1a, the peak absorbed for fly ash 

cenospheres with surface modification is seen at 2929 cm-1. This peak is absent in the 

spectrum for untreated fly ash cenospheres suggesting peak of 3-aminopropyl tri 

ethoxy silane (Gu et al. 2009). Figure 3.1b shows particle size analysis, the X50 

weighted average median of untreated cenosphere and treated cenospheres is 48.24 

and 55.08 μm respectively. It can be observed from Figure 3.1b that the peak for 

treated cenosphere shift towards right hand side and is broader indicating increase in 

particle size compared to untreated cenospheres. Density of untreated and treated 

cenospheres is found to be 920 (Table 2.2) and 1000 kg/m3 (Garcia et al. 2018, 

Shahapurkar et al. 2018a, Shahapurkar et al. 2018b) respectively. Surface 

modification results in 8.69 % rise in density which is still lower than the epoxy resin 

indicating possible avenues of weight reduction. X-ray diffraction patterns of 

untreated and treated cenospheres show main peaks at 2Ɵ value of 26.6 and 26.04 and 
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other numerous peaks pertaining mainly of metal oxides, predominantly SiO2 and 

3Al2O3 respectively (Shahapurkar et al. 2018b). 

 

  
 (a)                                                                (b) 

Figure 3.1 (a) FTIR spectroscopy and (b) particle size analysis of untreated and 

treated cenosphere. 

 

Micrograph of as received and silane treated cenospheres are presented in Figure 3.2a 

and Figure 3.2b respectively. Cenospheres contain surface defects as seen from these 

micrographs. The coating layer is not visibly identifiable in the micrographs (Figure 

3.2b) due to its small thickness, despite, FTIR results (Figure 3.1a) confirm presence 

of silane on the cenospheres. Sphericity variations and presence of numerous defects 

on cenospheres leads to non-uniform surface morphology.   

 

Higher magnification of one such broken cenosphere (Figure 3.2c) depicts wall 

thickness variations and in-build porosity within the shell. Deviation between 

experimental and empirical and/or mathematical models is due to such variations. 

Sphericity range of 0.6-0.85 is observed for these fly ash cenosphere particles 

(Bharath Kumar et al. 2016). Surface defects as observed from Figure 3.2 and leads to 

deviation from ‘1’, a perfectly spherical particle. 
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(a)                                                               (b) 

 

 
(c) 

Figure 3.2 Micrographs of (a) Untreated (b) treated cenospheres (c) wall thickness 

variations and in-built porosity present in cenospheres. 

 

3.3 Fabrication of specimens 

Sound quality of the developed syntactic foams during processing depends upon 

minimum particle failure, lower cluster formation and uniform dispersion of 

cenospheres in the matrix resin. In the present work manual stirring approach is 

adopted to fabricate cenosphere/epoxy syntactic foams. Figure 3.3a and Figure 3.3b 

presents low magnification micrographs of as cast cenosphere/epoxy foams. 

Untreated and treated cenospheres are uniformly distributed in the epoxy resin as seen 

from these micrographs demonstrating the feasibility of the methodology adopted in 

the present work to prepare the foam samples. As anticipated from Figure 3.3b 

clusters are not seen to be formed in the E60T foam. Clusters are expected to be 

broken effectively due to shear forces induced owing to stirring of the 

cenospheres/epoxy slurry as mentioned earlier.  
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Interfacial adhesion between the epoxy resin and the as received cenospheres is seen 

to be poor as seen in Figure 3.3c. Silane treatment of cenospheres show good 

adhesion between the constituents (Figure 3.3d). Improvement in the interfacial 

bonding is expected to improve load transfer from the matrix to the particle and 

further improve properties of syntactic foams. Interfacial bonding strength between 

the constituents governs tensile and flexural properties as cracks in interfacial region 

forms under these conditions (Bharath Kumar et al. 2016). However, mechanical 

properties are less sensitive to interfacial adhesion in compression (Aureli et al. 2010, 

Tagliavia et al. 2010). Further, comparison of mechanical properties with non-

uniform coating layer becomes quite challenging (Tagliavia et al. 2010) and is beyond 

the scope of the present work. Quantification of void content and cenosphere survival 

is crucial as it affects quality and mechanical behaviour of the samples. 

 

  
                                 (a)                                                                (b) 

 

  
                                 (c)                                                               (d) 

Figure 3.3 Micrographs of (a) E60 (b) E60T foams showing uniform distribution of 

cenospheres. (c) Lack of bonding for E60 and (d) good interfacial bonding in E60T is 

noted. 
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3.4 Density of syntactic foams 

Density and void content results are presented in Table 3.1. Equation 2.1 is used to 

estimate theoretical density which is noted to be higher as compared to experimental 

value (Table 3.1). Mechanical mixing of cenospheres in the epoxy resin causes air 

entrapment in matrix resulting in lower experimental density values as compared to 

the theoretical ones. Few entrapped air pockets as seen from Figure 3.3a and Figure 

3.3b are also observed in the representative samples, which are a typical feature of 

syntactic foams. These air pockets are referred as voids and are undesirable from 

mechanical properties perspective. Equation 2.2 is used to compute void content 

present in all the samples and average values of five replicates across each foam 

configuration are presented in Table 3.1. Void content increases with increase in filler 

loading and is observed to be lower than 5.58%. Such a low value signifies good 

quality of prepared samples. Density of all the foams decrease (5.67-15.81%) with 

increasing cenosphere content due to higher amount of hollow particles in the matrix 

resin. Density of foams with treated cenospheres registered higher density values for 

all compositions prepared. This can be attributed to silane coating on as received 

cenospheres increases the effective mean diameter, thereby increasing their density. 

Standard deviations vary in a narrow range confirming consistency in syntactic foam 

processing. Furthermore, Table 3.1 also reports weight saving potential by comparing 

foam densities with neat resin. Highest weight saving potential of 15.81% is observed 

for E60 and 14.61% for E60T sample as compared with neat resin. Exploiting these 

lightweight syntactic foams for automobile, aerospace and marine applications owing 

to higher specific mechanical properties in particular under buckling scenario are 

worth investigating. 

Table 3.1 Density, void content and weight saving potential of syntactic foams. 

Sample 

Coding 

Theoretical 

Density 

(kg/m3) 

Measured 

Density 

(kg/m3) 

Matrix void 

content (%) 

% weight 

reduction 

w.r.t E0 

E0 1189.54 1189.54 ± 0.04 ---- ---- 

E20 1135.63 1113.01 ± 3.56 1.99 6.43 

E40 1081.72 1057.74 ± 6.48 2.22 11.08 

E60 1027.82 1001.49 ± 9.54 2.56 15.81 

E20T 1151.63 1122.05 ± 3.69 2.57 5.67 

E40T 1113.72 1062.10 ± 3.70 4.63 10.71 

E60T 1075.82 1015.75 ± 3.71 5.58 14.61 
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3.5 Elastic modulus measurement from free vibration testing 

Young’s modulus is calculated based on the fundamental natural frequency obtained 

from the free vibration tests and using the analytical equation given in  Thomson et al. 

(2008) as, 

 

 𝜔𝑗 = 𝛽𝑗
2 √

𝐸𝐼

𝜌𝑒𝑥𝑝𝐴𝐿4                                                                   (3.1) 

   

𝐸 = (
𝜔𝑗

𝛽𝑗
2 

)
2

(
𝜌𝑒𝑥𝑝𝐴𝐿4

𝐼
)                                                                                                (3.2) 

 

where 𝜔𝑗 is the angular natural frequency (𝜔 = 2𝜋𝑓), where 𝑓 is natural frequency 

obtained from free vibration test, 𝐸 is the Young’s modulus and 𝐼 is the moment of 

inertia. 𝛽 is a constant (4.73, 7.8532 and 10.995 for first, second and third mode, 

respectively, for clamped-clamped boundary condition).  𝜌𝑒𝑥𝑝 is experimental density 

of syntactic foams and 𝐴 is the cross-sectional area. 

 

3.6 Determination of Young’s modulus of syntactic foams using Bardella-

Genna model (Theoretical approach)  

The Bardella-Genna model (BGM) (Bardella and Genna 2001) is utilized to estimate 

the syntactic foam modulus through a theoretical approach, which is used to compare 

with experimental values. This model correlates predicted modulus with the 

microstructural parameters such as radius ratio and wall thickness. A homogenization 

scheme is used in this model to predict the bulk and shear moduli (Bardella and 

Genna 2001) . 

 

𝐾 = 𝐾𝑚
𝛿(1+𝑣𝑓)+𝜅(1+𝑣𝑓)𝛾

𝛿(1−𝑣𝑓)+𝜅(𝛾+𝑣𝑓)
                                                               (3.3) 

 

where 𝛾 =
4𝐺𝑚

3𝐾𝑚
, 𝛿 =

4𝐺𝑖

3𝐾𝑚
(1 − 𝜂3), 𝜅 =

4𝐺𝑖

3𝐾𝑖
+ 𝜂3, 𝜂 is radius ratio, 𝐾 and 𝐺 are bulk 

and shear moduli;  subscripts ‘𝑚’ and ‘𝑖’ represents matrix and inclusions 
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respectively, and 𝑣𝑓 designates volume fraction of filler. The full expression for the 

shear modulus is lengthy and can be found in Bardella and Genna (2001).  

 

The radius ratio (𝜂) is defined as ratio of internal radius to outer radius of 

cenospheres. Radius ratio increases with decrease in wall thickness and is used in the 

model to define the geometry of particle in conjunction with the particle radius 

(Bardella and Genna 2001). As observed from Figure 3.2c sphericity variations, 

porosity within the cenospheres shells and variations in wall thickness make it 

difficult to predict the radius ratio. Hence, the effective radius ratio is calculated based 

on true particle density (𝜌𝑓) and measured density of cenosphere wall material ( 

𝜌𝑐𝑒𝑟𝑎𝑚𝑖𝑐 ) (Labella et al. 2014) as, 

 

𝜂 = (1 −
𝜌𝑓

𝜌𝑐𝑒𝑟𝑎𝑚𝑖𝑐
)

1

3
                                                                                                  (3.4) 

 

Considering the major constituents of cenospheres, SiO2 and Al2O3, whose densities 

are 2650 and  3950 kg/m3, respectively (Labella et al. 2014) using weighted 

composition, the density of cenosphere wall material is found to be 3065 kg/m3 

(𝜌𝑐𝑒𝑟𝑎𝑚𝑖𝑐). 𝜌𝑓 is taken as 920 kg/m3 (Table 2.2). Radius ratio of cenospheres is found 

to be 0.8878 ~ 0.9. In the next step, curve fitting method is used to obtain the 

cenosphere modulus (keeping 𝜂 ≈ 0.9) that provides predictions close to the 

experimental values. Thereby, Young’s modulus of cenospheres is found to be 73 

GPa, which is used to calculate the syntactic foams modulus in the next steps. The 

Poisson’s ratio of cenospheres is assumed to be 0.2 (Labella et al. 2014). The modulus 

of the matrix is obtained from the free vibration test as 3917.81 MPa (Table 3.2). The 

Poisson's ratio of epoxy resin is 0.35 (Shams and Porfiri 2013). Finally, the elastic 

modulus of foam is given by, 

 

𝐸 =
9𝐾𝐺

3𝐾+𝐺
                                                                                                   

(3.5) 
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Similarly, the elastic properties of treated cenosphere/epoxy syntactic foams are found 

using the properties of treated cenospheres as Young’s modulus as 74 GPa and radius 

ratio as 0.85. The reduction in radius ratio of cenosphere is attributed to increase in 

mean particle diameter as evident from particle size analysis (Figure 3.1b). Table 3.2 

represents Young’s modulus obtained using Equation 3.2 and Bardella-Genna model 

(Equation 3.5). The modulus values increase in the range of 15.91 to 55.69 % and 

29.88 to 89.45% for untreated and treated cenosphere/epoxy syntactic foams 

respectively for increase in filler content from 20 to 60%. Deviations in theoretical 

results from experimental results are attributed to defects present in the cenosphere 

shells.  

 

Table 3.2 Comparison of Young’s modulus values obtained from frequency data and 

Bardella-Genna model for pure epoxy and syntactic foams. 

Sample 

Coding 

Young’s Modulus (MPa) 
% 

Difference From vibration test 

(Equation 3.2) 

Bardella-Genna 

Model 

E0 3917.81±105.79  3917.81 ---- 

E20 4448.54±80.07 4541.20 -2.08 

E40 5380.43±96.84 5258.30 2.27 

E60 5848.68±70.18 6100.40 -4.30 

E20T 5088.47±160.89 4898.40 3.74 

E40T 6397.46±128.92 6137.50 4.06 

E60T 7422.55±75.73 7712.00 -3.89 

 

3.7 Theoretical formulation  

 Fly ash cenospheres are spherical in shape. Thereby, cenosphere/epoxy composite 

foam can be modelled as an isotropic material. Further, syntactic foam is assumed to 

behave as linearly elastic. Neglecting shear deformation and rotary inertia effects, 

beam differential equation of motion subjected to axial compression is given by 

(Bokaian 1988), 

 

𝐸𝐼 (
𝜕4𝑦(𝑥)

𝜕𝑥4 ) + 𝑃 (
𝜕2𝑦(𝑥)

𝜕𝑥2 ) − 𝜌𝐴 (
𝜕2𝑦

𝜕𝑡2 ) = 0                          (3.6) 
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where 𝑦 = 𝑦(𝑥, 𝑡) is transverse displacement, 𝐸 is the Elastic modulus, 𝐼 is moment 

of inertia, is the cross-sectional area, and 𝜌 is the density of material. 

If, 𝑦(𝑥, 𝑡) = 𝑌(𝑥)cos𝜔𝑡 for the normal mode oscillation of the beam, then Equation 

3.6 becomes, 

 

𝐸𝐼 (
𝜕4𝑌(𝑥)

𝜕𝑥4 ) + 𝑃 (
𝜕2𝑌(𝑥)

𝜕𝑥2 ) − 𝜌𝐴𝜔2𝑌(𝑥) = 0                                                             (3.7) 

 

where 𝜔 is the circular natural frequency and 𝑌(𝑥) is the modal displacement. 

Considering dimensionless beam co-ordinate 𝜁 =
𝑥

𝑙
  (0 ≤ 𝜁 ≤ 𝑙), solution to Equation 

3.7 can be written as, 

 

𝑌(𝑥) = 𝑌(𝑙𝜁) =  𝐶1 sinh 𝑄𝜁 +  𝐶2 cosh 𝑄𝜁 +  𝐶3 sin 𝑅𝜁 +  𝐶4 cos 𝑅𝜁                 (3.8) 

 

where  𝐶1, 𝐶2, 𝐶3 and 𝐶4 are constant coefficients, 𝑄 and 𝑅 are defined as, 

 

𝑄 =  𝑙 × √{− (
𝑃

2𝐸𝐼
) + √[(

𝑃

2𝐸𝐼
)

2

+ (
𝜌𝐴

𝐸𝐼
) 𝜔2]} 

 

𝑅 =  𝑙 × √{(
𝑃

2𝐸𝐼
) + √[(

𝑃

2𝐸𝐼
)

2

+ (
𝜌𝐴

𝐸𝐼
) 𝜔2]} 

 

𝑄 =  𝑙 × √{−(𝑈) + √[(𝑈)2 + Ω2]} 

 

𝑅 =  𝑙 × √{(𝑈) + √[(𝑈)2 + Ω2]} 
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where, 𝑈 =
𝑃𝑙2

2𝐸𝐼
 is the relative axial force, Ω =

𝜔𝑙2

𝛼
 is the relative natural frequency, 

𝛼 = √
𝐸𝐼

𝜌𝐴
 

is the constant parameter. Differentiating Equation 3.8 we get, 

 

𝑑𝑌

𝑑𝑥
= 𝑄𝐶1 cosh 𝑄𝜁 + 𝑄𝐶2 sinh 𝑄𝜁 + 𝑅𝐶3 cos 𝑅𝜁 − 𝑅𝐶4 sin 𝑅𝜁                               (3.9) 

 

The boundary conditions for clamped-clamped case are 

 

𝑌(𝑥) = 0;  
𝑑𝑌(0)

𝑑𝑥
= 0; 𝑌(𝑙) = 0;

𝑑𝑌(𝑙)

𝑑𝑥
= 0                                                              (3.10) 

 

Substituting the boundary conditions (Equation 3.10) in Equation 3.8 and Equation 

3.9, results in non-trivial solution. For the non-trivial solution taking detriment of 

coefficient as zero we get,  

 

|

0 1 0 1
𝑄 0 𝑅 0

sinh 𝑄 cosh 𝑄 sin 𝑅 cos 𝑅
𝑄 cosh 𝑄 𝑄 sinh 𝑄 𝑅 cos 𝑅 −𝑅 sin 𝑅

| = 0 

 

(𝑄2 − 𝑅2) sin 𝑅 sinh 𝑄 + 2𝑄𝑅(1 − cos 𝑅 cosh 𝑄) = 0                                        (3.11) 

 

Substituting  Q and 𝑅 in terms of  𝑈 and Ω in Equation 3.11, 

 

Ω − 𝑈sin √(𝑈 + √𝑈2 + Ω2) sinh√(−𝑈 + √𝑈2 + Ω2) −

Ω cos √(𝑈 + √𝑈2 + Ω2) cosh √(−𝑈 + √𝑈2 + Ω2)  = 0                                    (3.12) 

 

Equation 3.12 is the characteristics equation for variation of natural frequency as a 

function of compressive load. This equation is solved numerically with MATLAB 

code to obtain the frequency-compressive load plot. 
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3.8 Buckling test 

Schematic diagram of the experimental setup used to perform buckling test is 

presented in Figure 2.4a. Critical buckling load (𝑃𝑐𝑟) is determined graphically 

(Figure 3.4) from the experimentally acquired load-deflection data using DTM and 

MBC techniques  (Shariyat 2007, Tuttle et al. 1999). DTM is a two tangents method 

wherein tangents are drawn in the pre- and post-buckling regimes. The intersection 

point of two tangents determines 𝑃𝑐𝑟 as seen in Figure 3.4a. In MBC, the load value 

corresponding to the bisector at the intersection points of both the tangents determines 

𝑃𝑐𝑟 (Figure 3.4b). Results from both these methods are reported for comparative 

studies due to the lack of available literature on buckling of syntactic foams. 

 

   
                                 (a)                                                                (b) 

Figure 3.4 Illustration of the estimation of 𝑃𝑐𝑟 from experimental results using (a) 

DTM and (b) MBC methods. 

 

For all the tested samples, the maximum deflection under axial compressive load is 

observed to appear in middle of sample lengthwise (Figure 2.4a). Buckling load (𝑃𝑐𝑟) 

shows increasing trend as a function of filler content (Figure 3.5 and Table 3.3). 

Higher loading of the untreated and silane treated cenospheres in matrix enhances 

modulus and hence overall stiffness of the syntactic foams. Further, it also depends on 

relative difference between constituents moduli. Cenosphere modulus is almost 19 

times higher than that of epoxy matrix resulting in higher 𝑃𝑐𝑟 for syntactic foams. 𝑃𝑐𝑟 

for neat epoxy is 237.67 N. The increase in buckling load is in the range of 20.99-

62.97% and 21.56-63.55% using DTM and MBC approaches, respectively, with 

increasing filler volume fraction for untreated cenosphere/epoxy syntactic foams with 
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respect to neat resin specimens. Rise in buckling load is in the range of 32.75-101.67 

% and 32.28-103.02% with increasing filler volume using DTM and MBC approaches 

compared to their respective values of E0 for treated cenosphere/epoxy syntactic 

foams. Theoretical critical buckling load for clamped-clamped beam calculated based 

on Euler Bernoulli assumption (Thomson et al. 2008) is, 𝑃𝑐𝑟 =
4𝜋2𝐸𝐼

𝐿2
 where 𝐸 is 

Young’s modulus obtained from Bardella-Genna model (Table 3.2), 𝐼 is moment of 

inertia, 𝐿 is unclamped length of the beam. Table 3.3 shows a comparison between the 

experimental and theoretical buckling loads, which are found to be in good agreement 

for all the specimens. Deviation from the expected values might be due to particle-to-

particle interactions resulting in cenosphere breakage during material fabrication. 

Such models can guide the development of syntactic foams as per the requirements of 

an application.  

 
Figure 3.5 A representative set of graphs showing experimental buckling behavior of 

neat epoxy and syntactic foams. 

 

Table 3.3 Experimental and theoretical critical buckling load for pure epoxy and 

syntactic foams. 

Sample 

Coding 

Experimental 𝑃𝑐𝑟(N) Theoretical 

𝑃𝑐𝑟(N) DTM MBC 

E0 237.67±11.02 231.83±12.51 233.88 

E20 287.58±12.35 281.83±12.85 271.08 

E40 343.45±14.29 339.33±14.36 313.89 

E60 387.33±15.04 379.17±17.03 364.16 

E20T 315.50±12.78 306.67±12.52 292.41 

E40T 393.85±16.37 383.83±17.29 366.38 

E60T 479.33±17.76 470.67±16.16 460.37 
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3.9 Free vibration under axial compressive loads 

Experimentally obtained natural frequencies corresponding to first three bending 

mode shapes are compared with the analytical solution (Equation 3.12). Frequency 

response functions (FRF) are used to find natural frequencies corresponding to first 

three bending modes shapes using DEWE Soft software. A typical FRF response 

associated with E20T syntactic foam is presented in Figure 3.6. 

 

 
Figure 3.6  Frequency response functions for E20T sample. 

 

Natural frequencies of syntactic foams show an increasing trend with increase in filler 

content. The increase in natural frequency of syntactic foams can be attributed to 

increase in overall stiffness of the composite due addition of stiffer cenospheres and 

enhancement of stiffness due to proper interfacial bonding of particles and matrix, as 

a result of silane treatment of cenospheres. Further, increase in mean particle diameter 

also augments the stiffness values. With increase in compressive load decrease in 

natural frequency is observed for all samples tested. Experimentally the fundamental 

frequency reaches minimum value at onsite of buckling and increases rapidly in post 

buckling region due to geometric stiffness gain resulting from beams deflection. 

Similar trend is observed in previous studies (Rajesh and Pitchaimani 2017) on 

isotropic/composites beam and columns. Theoretically fundamental frequency 
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0.001

0.01

0.1

1

10

100

0 300 600 900 1200 1500

A
m

p
li

tu
d

e
 
lo

g
 (

g
/N

)

Frequency (Hz)



53 
 

frequency drops suddenly due to loss of structural stiffness when the compressive 

load is very closer to critical buckling load.   

 

  
  (a)                                                                (b) 

 

  
                                 (c)                                                               (d) 

 

  
                                 (e)                                                                (f) 
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(g) 

Figure 3.7 Influence of compressive load on natural frequency of (a) E0 (b) E20 (c) 

E40 (d) E60 (e) E20T (f) E40T (g) E60T samples. 

 

3.10 Comparison with untreated cenosphere/epoxy syntactic foams  

Variation of critical buckling load and fundamental natural frequency with respect to 

cenosphere loading for treated and untreated syntactic foam beams is shown in Figure 

3.8. It can be observed that the buckling load and natural frequencies of silane treated 

cenosphere/epoxy foams are higher than that of the untreated ones. This enhancement 

in buckling load and natural frequencies can be attributed to strong interfacial bonding 

between the particles and matrix material, which in turn increases structural stiffness 

of the samples. The silane treated cenosphere/epoxy syntactic foams shown 

enhancement of buckling load up to 23.75% and natural frequency up to 11.46% as 

compared to untreated cenosphere/epoxy syntactic foams.  

 

Lower density of syntactic foams is the most promising feature that enables their 

application for lightweight structures. Variation of critical buckling load with density 

of composites available in the literature is analyzed in the present work and is plotted 

in Figure 3.9. Data is extracted for untreated cenosphere/epoxy syntactic foams and 

natural fiber reinforced thermosetting composites which find applications in low and 

medium load structural components. Figure 3.9 shows that, with choice of appropriate 

constituent materials and concentrations can help in designing structural components 

subjected to axial compressive loads, where buckling mode failure is predominant. It 

can be observed that natural fiber composite is more susceptible for buckling failure 
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than syntactic foam composites. Density of syntactic foams is lower than natural fiber 

composites implying weight reduction. Thin and lightweight structural components 

are desired to have higher buckling loads for lower densities, where syntactic foams 

can provide advantage over their specific properties comparable to several composites 

having absolute properties. 

 

 
Figure 3.8 Comparison of buckling load and first natural frequency of untreated and 

treated cenosphere syntactic foams. 

 

 
Figure 3.9 Buckling load plotted against density from available studies (Rajesh 2017, 

Rajesh and Pitchaimani 2017). 
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3.11 Vibration correlation technique (VCT) 

VCT is a non-destructive test used to compute 𝑃𝑐𝑟 from the vibration data 

(Abramovich et al. 2015, Arbelo et al. 2014, Arbelo et al. 2015, Plaut and Virgin 

1990, Souza and Assaid 1991). The accuracy of the method depends on how well the 

technique is able to estimate 𝑃𝑐𝑟 using data which correspond to lower levels of 

compressive loadings. VCT involves applying compressive load below 𝑃𝑐𝑟 and 

evaluating the natural frequency. The procedure is repeated for multiple loading steps. 

In the present work, squared value of fundamental frequency is plotted against 

compressive load up to 200 N and is extrapolated to get 𝑃𝑐𝑟 using a second order 

polynomial expression obtained based on expression (Jia 2014) and is given by, 

(
𝑓

𝑓𝑛
)

2

= 1 − (
𝑃

𝑃𝑐𝑟
)                                                                        (3.13) 

where 𝑓𝑛 and 𝑓 are fundamental frequencies at no load condition and under 

compressive load 𝑃, respectively. Figure 3.10 shows variation of frequency squared 

values as a function of load. The 𝑃𝑐𝑟 predicted for each configuration through VCT is 

marked. VCT predicted buckling load increases with the volume fraction of 

cenosphere as observed in the buckling experiments. 𝑃𝑐𝑟 predicted through various 

techniques for different volume fractions of cenospheres are compared in Figure 3.11. 

Mixed trends are observed from the comparative results perspective. VCT over-

predicted the buckling loads for E0, E60, E20T and E60T samples but underpredicted 

for E20, E40, and E40T. However, in all cases, the difference is less than 10%. 

  
(a)                                                               (b) 

Figure 3.10 𝑃𝑐𝑟 using VCT for (a) untreated (b) treated cenosphere/epoxy syntactic 

foams in Mode 1. 
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Figure 3.11 Buckling load comparison between VCT and experimental approaches. 

 

3.12 Conclusions   

Buckling and free vibrations characteristics of untreated and treated fly ash 

cenosphere/epoxy syntactic foams are investigated experimentally and compared with 

analytical results. The buckling load and natural frequencies increase with increase in 

cenosphere volume fraction. With increase in compressive load, decrease in natural 

frequency is observed for all samples tested. Experimentally the fundamental 

frequency reaches minimum value at onsite of buckling and increases rapidly in post 

buckling region. The buckling load and natural frequencies of silane treated 

cenosphere/epoxy foams are higher than that of the untreated ones. Property map of 

buckling load as a function of density is presented by extracting values from the 

available literature. Density of syntactic foams is lower than other composites 

considered resulting in weight reduction leading to higher specific properties.  
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4 BUCKLING BEHAVIOUR OF SYNTACTIC FOAMS UNDER THERMAL 

LOAD 

4.1 Introduction  

Literature review indicates that the nature of temperature variation across the structure 

influences critical buckling temperature of the structures under thermal environment. 

Similarly, thermal buckling studies on structures made of materials having 

viscoelastic effect indicate that they are subjected to snap-through buckling. Prepared 

foam samples are subjected to temperature variations in the range of 27-45°C with 

three different heating conditions namely increase-decrease, decrease and decrease-

increase along the length of the samples. Effect of filler content, surface modification 

of the filler and heating conditions on snap-through buckling is presented in this 

chapter. Critical buckling temperature is estimated through temperature-deflection 

plots which are recorded using a LabVIEW program. Deflection plots of thermal and 

mechanical loading conditions are compared to discuss the snap-through phenomena. 

DMA tests are also conducted to understand viscoelastic behaviour of the developed 

syntactic foams in thermal environment and further to critically analyse snap-through 

buckling behaviour of syntactic foam beam.  

 

4.2 Buckling under mechanical load 

Static transverse deflection of untreated and treated cenosphere/epoxy syntactic foam 

beam under axial mechanical compressive load is investigated initially. Sample is 

mounted with clamped-clamped boundary condition in universal testing machine and 

the axial compressive load is applied as mentioned earlier in section 2.7. For all the 

tested samples the maximum deflection is seen to be occurring at the beam mid-point 

(length wise). Test is terminated when beam deflection is seen to be increasing at 

constant load (region b-c in Figure 4.1). Slope change in the curves of the samples 

presented in Figure 4.1 indicate critical buckling load. Except for E60, slope change 

can be located easily. In case of E60, non-linearity creeps in during the slope change. 

This might be due to constrained matrix flow around higher content of cenospheres 

present at higher filler loading. Buckling load increases with increasing filler content. 

With higher cenosphere content, load-deflection plot shifts towards right side 

implying higher load bearing capabilities of these cenosphere/epoxy syntactic foams 
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under buckling mode. This can be attributed to addition of stiff hollow cenospheres in 

epoxy matrix which enhances overall stiffness of the composite.  

 

Treated cenosphere/epoxy syntactic foams show enhanced buckling loads which can 

be attributed to proper adhesion between the constituents which increase overall 

stiffness of the foam. All the samples are seen to be regaining the original shape in 

post-test (Figure 4.2c) scenarios as like in pre-test (Figure 4.2a) without any 

significant indication of plastic/permanent deformation. Figure 4.2b shows buckled 

shape of syntactic foam specimen during the test. Under thermal environment it 

would be interesting to see the influence of heating conditions on deflection behaviour 

of cenosphere/epoxy syntactic foams and if they can retain their original shape post-

test. Coefficient of thermal expansion of all the samples needs to be looked into 

carefully in analysing thermal environment effect on these foams. 

 

 
Figure 4.1 Deflection of neat epoxy and their syntactic foams under mechanical loads. 
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                                            (a)                     (b)                   (c) 

Figure 4.2 Test in-progress for representative foam sample (a) pre (b) during and (c) 

post loading conditions. 

 

4.3 Coefficient of thermal expansion (CTE) 

CTE of neat epoxy and their syntactic foams is presented in Table 4.1. It is observed 

that CTE of foams reduces significantly with increase in cenosphere content. Such an 

observation can be attributed to difference in thermal conduction between epoxy 

resin, cenosphere shell and the gas present within the cenosphere (Labella et al. 2014). 

CTE of cenosphere/epoxy syntactic foams decreases in the range of 13.92-48.95% 

with increasing filler content as compared to neat epoxy. Figure 4.3 shows the 

mechanism in which heat transfer takes place in neat epoxy and syntactic foams. The 

heat transfer in neat epoxy samples is mainly influenced by thermal conduction 

(Figure 4.3a), whereas in syntactic foam samples it is influenced by thermal 

conduction (red color arrows) between epoxy matrix and exterior surface of the 

cenospheres and vice-versa and thermal convection (blue color arrows) between gas 

molecules present within the cenospheres (Figure 4.3b). With increasing cenospheres 

content, heat transmission through the syntactic foam becomes increasingly tough and 

poses higher resistance for heat flow reducing thermal expansion to a greater extent. 

Further, presence of low CTE elements like Al2O3 and SiO2 as primary constituents in 
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fly ash cenospheres (Labella et al. 2014), lowers CTE values for foams at highest 

filler loading.  

 

Treated cenospheres show increase in mean diameter as seen in Figure 3.1b, thereby 

rate of heat conduction in treated cenosphere/epoxy syntactic foams might be little 

slower than the untreated ones. Hence, CTE of treated cenospheres/epoxy syntactic 

foams are found to less than the untreated ones. Treated cenospheres/epoxy syntactic 

foams registered lower CTE values in the range of 24.29-52.03% with increasing 

filler content as compared to neat epoxy. Surface treated cenosphere/epoxy syntactic 

foams show reduced CTE by 12.05, 8.353 and 6.04% for 20, 40 and 60 volume % 

respectively as compared untreated cenosphere/epoxy syntactic foams.  

 

Table 4.1 CTE of neat epoxy and their syntactic foams. 

Sample 

Coding  
CTE (10-6 (/0C)) 

% Reduction 

w.r.t E0 

E0 82.03±1.76 ----- 

E20 70.61±1.54 13.92 

E40 48.84±1.19 40.46 

E60 41.88±0.83 48.95 

E20T 62.10±0.13 24.29 

E40T 44.76±0.09 45.41 

E60T 39.35±0.80 52.03 

 

  
                                 (a)                                                                (b) 

Figure 4.3 Heat flow mechanism in (a) neat epoxy and (b) syntactic foam (red arrows 

indicate conduction and blue arrows indicate convection mode of heat transfer). 
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4.4 Comparison of deflection behaviour under mechanical and thermal loading 

Deflection behaviour of E0 and E20 samples under room temperature and at different 

heating conditions are carried out initially. Deflection of E0 and E20 samples under 

mechanical load is shown in Figure 4.4a. Similarly, deflection of E0 and E20 samples 

under increase-decrease heating condition is shown in is Figure 4.4b. It is observed 

from the experiments that the beams undergo typical deflection behaviour when 

subjected to mechanical axial compressive load (Figure 4.4a). However, typical 

deflection behaviour is not observed for the specimen under thermal load (Figure 

4.4b). From Figure 4.4b, it is also that deflection behaviour of neat epoxy (E0) sample 

is different from syntactic foam (E20) sample under thermal loading. This clearly 

indicate that reinforcement of fly ash cenosphere in epoxy matrix changes the 

deflection behaviour significantly under thermal loading. However, there is no 

significant change in deflection behaviour of E0 and E20 samples under mechanical 

loading (Figure 4.4a).  

 

  
(a)                                                                (b) 

Figure 4.4 Behavior of E20 syntactic foams under (a) mechanical and (b) thermal 

load. 

 

In order to understand this behaviour temperature-deflection plot associated with E20 

under increase-decrease heating condition is presented in Figure 4.5. 
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(I) Initial rapid deflections in negative direction (negative values in Y axis) for the 
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(II) No significant change in deflection behaviour for further rise in temperature (b-c), 

i.e. the beam stays with a particular geometrical shape (buckled shape) occurred at the 

end of step I. This can be attributed to the energy gain i.e., storage of energy till the 

beam gets snap initiation.  

(III) With further increase in temperature, syntactic foam beam starts to deflect in 

opposite direction (towards zero deflection - positive Y axis) and passes through the 

initial position (c-d). 

(IV) Sample continues to undergo deflection exponentially (d-e) with temperature rise 

and experiences same kind of geometrical shape change as exhibited in step II but in 

opposite direction. 

 

 
Figure 4.5 Estimation of buckling temperature from the temperature-deflection plot 

for representative E20 sample. 

 

This clearly indicates that the syntactic foam beam undergoes “snap-through” type of 

buckling under thermal environment. However, the same beam when subjected to 

mechanical (room temperature) compression, snaps-through behaviour is absent. This 

clearly indicates that viscoelastic behaviour creeped in due to temperature rise leads to 

different temperature-deflection response of syntactic foam composite. The 
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bifurcation point and is represented as  𝑇𝑐𝑟1
 where as 𝑇𝑐𝑟2
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first buckling mode and snap-through buckling initiation point respectively. E20 

shows presence of both 𝑇𝑐𝑟1
and 𝑇𝑐𝑟2

 as against 𝑇𝑐𝑟1
in E0. The entirely different 

deflection behaviour of the beam under thermal load is due to the temperature 

dependent viscoelastic effect of the syntactic foam. This observation clearly indicated 

influence of cenospheres contributing towards snap-through phenomena. Influence of 

filler loading, surface treatment of cenospheres and heating conditions on extent of 

𝑇𝑐𝑟 values needs to be explored further. 

 

4.5 Buckling under non-uniform heating 

All the samples are subjected to three different non-uniform heating conditions as 

shown in Figure 2.6. Maximum temperature associated with each heating condition 

for all the samples are recorded to plot temperature-deflection response. Deflection is 

measured at the mid-point (length wise) since the samples are expected to deflect in 

the first bending mode. Deflection variation of neat resin and their syntactic foam 

composites as a function of temperature under different heating conditions is depicted 

by Figure 4.6. Figure 4.5 presents all the terminologies used pertaining to four trend 

changes as discussed in section 4.4. Deflection of syntactic foam composites reduces 

with increase in filler content in regions a-b, b-c and c-d.  This can be attributed to 

increase in storage modulus of the syntactic foam with increase in volume fraction of 

fly ash cenospheres (Poveda and Gupta 2014, Zeltmann et al. 2017). Temperature 

range for which the syntactic foam remains in buckled shape (b-c region) increases 

with increase in cenosphere content (Figure 4.6). With increase in temperature, 

significant amount of viscoelastic forces develops in foams. This time-dependent 

phenomenon keeps the beam in the same buckled shape (b-c region) for a particular 

period of time with temperature rise. With further increase in temperature, the buckled 

beam (𝑍1 as seen in Figure 4.5) deforms in opposite direction until it attains buckled 

geometry 𝑍2. This trend is observed for all the syntactic foams subjected to all the 

three different heating conditions. 
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(a)                                                               (b) 

 

 
(c) 

Figure 4.6 Influence of cenosphere loading on (a) Case 1: Increase-decrease (b) Case 

2: Decrease and (c) Case 3: Decrease-increase heating conditions. 

 

Figure 4.7 represent temperature-deflection curves for neat resin and their syntactic 

foam beams subjected to various thermal loading conditions (Figure 2.6). From 

Figure 4.7, it is observed that the deflection behaviour under increase-decrease (Case 

1) and decrease-increase (Case 3) heating conditions are similar. It is also observed 

that deflection under increase-decrease (Case 1) heating is higher than decrease-

increase (Case 3) heating which can be attributed to the location of heating source. In 

the case of increase-decrease heating the source is located at the center of the beam 

where the stiffness of the beam is very less, hence the deflection is more. However, 

deflection behaviour under decrease (Case 2) heating is different from other two cases 

due to unsymmetrical temperature distribution. In non-uniform heating of structures, 

the deflection and critical buckling temperature is pronounced by amount of beam 

portion exposed to highest temperature of a particular temperature profile and location 
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of heat source.  During decrease heating (Figure 2.6b), the beam is exposed to higher 

temperature at one of its constrained end and the rate of reduction in structural 

stiffness is less as compared other heating conditions thereby resulting in lower 

deflection values. In the case of increase-decrease heating (Figure 2.6a), the intensity 

of heat is high at the mid-point of the beam hence the beam experiences higher 

deflection.  

 

  
(a)                                                             (b) 

 

  
                                 (c)                                                                (d) 
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                                 (e)                                                                (f) 

 

 
(g) 

Figure 4.7 Influence of temperature variation on (a) E0 (b) E20 (c) E40 (d) E60 (e) 

E20T (f) E40T (g) E60T samples. 

 

In decrease-increase heating (Figure 2.6c), the intensity of heat is more at both the 

ends and rate of reduction in structural stiffness is not higher as compared to increase-

decrease heating case and thereby deflections are lower than the increase-decrease 

case. The temperatures at which neat epoxy and their syntactic foams showed buckled 

geometrics (due to snap-through action) are presented in Table 4.2. The buckling 

temperature is maximum for decrease heating condition and minimum for increase-

decrease heating condition. The decrease-increase heating condition has intermediate 

temperature than the other two heating conditions. Treated and untreated 

cenosphere/epoxy syntactic foams show similar trend of deflection with increase in 

filler content. However, treated cenosphere/epoxy syntactic foams show slightly 

enhanced critical buckling temperatures. Enhanced critical buckling temperatures and 
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decreased deflection behavior can be attributed to good adhesion between the 

constituents. Figure 4.8 show progressive images of syntactic foam beam undergoing 

snap through deflection with increase in temperature. Initially the beam undergoes 

sudden deflection without much increase in temperature (≤ 2°C) form the reference 

temperature (27°C). Figure 4.9a show test specimen before application of thermal 

load and Figure 4.9b shows buckled shape of syntactic foam specimen after the test 

indication plastic/permanent deflection.  In order to understand the reason behind the 

sudden deflection with temperature rise, viscoelastic characteristics of the syntactic 

foams are presented next. 

 

Table 4.2 Buckling temperatures (above ambient) for neat epoxy and syntactic foams 

at various non-uniform heating conditions. 

Sample 

coding 

Case 1: 

Increase-Decrease 

Case 2: 

Decrease 

Case 3: 

Decrease-Increase 

𝑇𝑐𝑟1
(°C) 𝑇𝑐𝑟2

(°C) 𝑇𝑐𝑟1
(°C) 𝑇𝑐𝑟2

(°C) 𝑇𝑐𝑟1
(°C) 𝑇𝑐𝑟2

(°C) 

E0 
4.43 

±0.25 
----- 

6.45 

±0.35 
----- 

4.45 

±0.07 
----- 

E20 
0.60 

±0.14 

4.50 

±1.41 

1.38 

±0.18 

7.57 

±0.04 

0.80 

±0.14 

4.45 

±0.78 

E40 
0.88 

±0.04 

7.60 

±1.13 

0.90 

±0.14 

10.10 

±0.42 

0.95 

±0.21 

6.23 

±1.03 

E60 
0.90 

±0.42 

9.15 

±0.49 

1.30 

±0.57 

12.50 

±1.41 

0.55 

±0.07 

11.25 

±0.07 

E20T 
1.74 

±0.37 

5.55 

±1.77 

1.50 

±0.21 

8.15 

±0.49 

1.62 

±0.19 

5.13 

±1.24 

E40T 
1.20 

±0.28 

6.90 

±0.85 

1.05 

±0.07 

10.49 

±1.13 

1.25 

±0.35 

6.63 

±1.18 

E60T 
1.25 

±0.07 

3.39 

±0.58 

0.70 

±0.28 

12.65 

±1.21 

1.38 

±0.18 

7.15 

±1.20 

 

With increase in cenosphere content the storage modulus of the syntactic foam 

increases. As a result of this, the period in which the beam stays in b-c region (stage 

II) increases with filler content. The restoring force is very less for neat resin samples 

and hence does not undergo deformation stages as observed in syntactic foams. Figure 

4.10a and  Figure 4.10b represents influence of cenosphere volume fraction on storage 

modulus of untreated and treated cenosphere/epoxy syntactic foams respectively. 

Storage modulus of neat epoxy resin decreases continuously from room temperature 

indicating reduction in energy storing capability with temperature rise. 



69 
 

  
(a)                                                                (b) 

 

  
                                 (c)                                                                (d) 

Figure 4.8 Progressive images of syntactic foam beam deflecting under increase-

decrease heating condition. 

 

 
(a) 

 

 
(b) 

Figure 4.9 Representative foam sample (a) pre-buckling (b) post thermal buckling. 

 

Enhancement of storage modulus (with a conceptual correspondence to stiffness) is 

seen with increasing filler content. Storage modulus of the syntactic foams when 

compared with room temperature values, slight increase in storage modulus values is 

noted from 27 to 32°C followed by decrease thereafter (Figure 4.10a and Figure 

4.10b). This observation clearly indicates syntactic foams have better energy storing 

capability at the initial rise in temperature (until 32°C) as compared to neat resin. This 

energy storing ability increases with fly ash cenosphere content. This can be attributed 

1 Frame
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1

2
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4

Beam buckled in one direction

Region a-b from Figure 4.5

Beam at snap initiation

At point c from Figure 4.5

Beam after snap-through buckling

Region d-e from Figure 4.5
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to less molecular motions of epoxy molecules owing to cenosphere addition (Wu et al. 

2007) making foam samples to stays in region b-c for longer duration. 

 

  
(a)                                                               (b) 

 

  
                                 (c)                                                               (d) 

Figure 4.10 Influence of cenosphere volume fraction on storage modulus (a) untreated 

(b) treated and loss modulus of (c) untreated (d) treated syntactic foams. 

 

Loss modulus represents dissipation of energy. It is observed from Figure 4.10c and  

Figure 4.10d that the loss modulus of epoxy resin is higher than that of syntactic 

foams in temperature range of 27-45°C. It can be attributed to less internal sliding 

between the molecules of epoxy and between the particles and matrix. The effect of 

matrix viscoelasticity is more and the frictional energy dissipation is relatively low at 

lower filler loadings. At the higher filler contents, the contribution of matrix 

viscoelasticity reduces due to intense dilution of cenosphere particles in the epoxy 

resin. At the same time the intra molecular motion of the matrix becomes difficult that 
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hinders the frictional energy dissipation of chain segments and thereby reduces the 

heating loss (Wu et al. 2007). Syntactic foams exhibited higher storage modulus and 

lower loss modulus as compared to neat resin. 

 

4.6 Conclusions 

Deflection behavior of untreated and treated cenosphere/epoxy syntactic foams at 

room temperature (mechanical load) and under thermal environment (three different 

heating conditions) is presented in this study and following conclusions are drawn: 

• Samples subjected to mechanical axial compression at room temperature show 

increase in buckling load in range of 14.42-59.01% for increase in cenosphere 

content from 20-60 vol.% as compared to neat epoxy resin.  

• All samples subjected to mechanical axial compressive loads, regained to its 

original shape after the test, without any indication of plastic/permanent 

deformation.  

• CTE of cenosphere/epoxy syntactic foams decreases in the range of 13.92-

48.95% with increasing filler content as compared to neat epoxy resin.  

• Treated cenosphere/epoxy syntactic foam show reduced CTE as compared 

with untreated ones.  

• All the samples are subjected to three different non-uniform heating conditions 

and the temperature-deflection curves reveal that the syntactic foams undergo 

snap-through buckling behaviour.  

• The deflection of syntactic foams reduces with increase in cenosphere content. 

Temperature range for which the syntactic foam remains in initial buckled 

shape increases with increase in cenosphere content.  

• The treated cenosphere/epoxy syntactic foams do not show much significant 

variation in deflection behaviour and buckling temperatures as compared to 

untreated ones.   

• Decrease heating condition show higher buckling temperatures as compared 

to other two heating cases.  
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• Dynamic mechanical analysis of untreated and treated cenosphere/epoxy 

syntactic foams show that the foams have better energy absorbing capability 

than neat epoxy resin. 
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5 BUCKLING AND FREE VIBRATION BEHAVIOUR OF SYNTACTIC 

FOAM SANDWICH COMPOSITES UNDER MECHANICAL LOAD 

5.1 Introduction 

Literature review indicates that the sisal fiber reinforced skins with fly ash 

cenospheres reinforced in polymer matrix core should be explored for sandwich 

construction owing to its higher specific properties finding applications in marine and 

aerospace industries. Buckling and dynamic behavior of sandwich beam with fly ash 

cenosphere/epoxy as core and sisal fibre fabric composite laminate as facing layer 

under compressive load is discussed in this chapter. Effect of fly ash cenospheres 

loading and its surface modification on critical buckling load and free vibration 

frequencies of the sandwich beam under compressive load is studied in detail. Elastic 

properties of sisal fabric reinforced epoxy laminate are computed experimentally. 

These values are further used to predict the critical buckling load and free vibration 

frequencies numerically. Finally, the numerical and experimental results are 

compared. 

 

5.2 Material characterization 

Experimentally density of sisal fibres are found according to(ASTM D3800-16).  

Sisal yarn specimens of length 1 m are tested. Ten replicates are tested and average 

values with standard deviations are reported. The density of sisal fibers is found to be 

1262.80 ± 46.23 kg/m3. 

 

Sandwich composites with sisal fabric/epoxy as skin and fly ash syntactic foam as 

cores are prepared by hand lay-up process as described in section 2.5. Figure 5.1a 

shows schematic representation of the sandwich beam and prepared sandwich sample 

(Figure 5.1b).  Figure 5.2 represent micrograph of sandwich composites post freeze 

fracture. Distinct region of skin indicating firm bonding and core materials is 

observed from Figure 5.2. Further, both top and bottom skin thickness is uniformly 

maintained with a thickness of around 0.75 mm (Figure 5.2b). Small variation of ± 

0.1mm is observed in skin thickness is attributed to undulation of the woven fabric. 

Absence of voids indicate sound quality of sandwich samples without skin 

delamination from the core.  
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(a) 

 

 
(b) 

Figure 5.1 (a) Schematic representation of sandwich and (b) prepared sandwich 

composite. 

 

  
                                 (a)                                                                (b) 

Figure 5.2 SEM images of sandwich composites indicating (a) top and (b) bottom 

facing thickness and bonding interfaces. 

 

5.3 Density of syntactic foams and their sandwich composites 

Quality and properties of syntactic foams and their sandwich composites are 

dependent on the amount of intact hollow particles in the core and void content. 

Presence of air entrapment during mechanical mixing of cenospheres in epoxy resin 

and hand lay-up process during sandwich preparation is accounted for void content. 

Table 3.1 and Table 5.1 represent density and void content results of syntactic foams 

and their sandwiches respectively. Theoretical densities are calculated using Equation 

2.1 which is noted to be higher as compared to experimental values (Table 5.1). 

Lower experimental densities compared to theoretical ones are attributed to air 

entrapment due to mechanical mixing of cenospheres in the epoxy resin in syntactic 

foam cores and in sandwich facings. Theoretical and experimental densities of 

cenosphere/epoxy syntactic foam sandwich with sisal/epoxy skin are presented in 

Table 5.1. From Table 5.1, it is observed that the density of sandwich composites 

S
k

in

Core

Fibers in warp 

direction

Fibers in fill 

direction

Fibers in fill 

direction
Core

S
k
in

Fibers in warp 

direction



75 
 

decrease with increase in cenosphere content in the core material and the void content 

is in the narrow range of 0.91-4.54%.  

 

Table 5.1 Density and void content of cenosphere/epoxy syntactic foam sandwich 

composites. 

Material 

type 

Theoretical 

density (kg/m3) 

Experimental 

density (kg/m3) 

Matrix void 

content (%) 

SE0 1236.93 1225.80±1.09  0.91 

SE20 1203.24 1177.97±2.99 2.10 

SE40 1169.54 1142.64±5.68 2.30 

SE60 1135.86 1105.19±8.24 2.71 

SE20T 1213.24 1181.69±3.88 2.61 

SE40T 1188.92 1148.73±4.28 3.38 

SE60T 1165.86 1112.89±7.17 4.54 

 

5.4 Evaluation of elastic properties of skin      

Elastic properties associated with cenosphere/epoxy syntactic foam cores and sisal 

fabric/epoxy facing are estimated experimentally. These properties are further used to 

calculate the critical buckling load and free vibration frequencies of the sandwich 

beam using finite element based numerical approach. Elastic properties of the 

cenosphere/epoxy syntactic foam core are estimated based on Bardella-Genna model 

and is presented in section 3.6 of Chapter 3. In order to estimate the skin properties, 

fiber properties such as tensile strength and Young’s modulus of sisal yarn are found 

by performing tensile test as per(ASTM D3822 / D3822M-14)on six samples. Cross 

head movement is maintained constant at 5 mm/min. Yarn specimens with diameter 

0.5 mm and gauge length of 50 mm (Figure 5.3) are used. Elastic properties of sisal 

fabric/epoxy composite skin materials are estimated according to the procedure as 

outlined by Barbero (2018). The tensile (Type I), compressive and flexural properties 

of epoxy matrix are estimated using(ASTM D638-14),(ASTM D695-15), and (ASTM 

D790-17)respectively. Tensile, compression and flexural tests are carried out with the 

cross-head displacement speed at 5, 1.4 and 1.3 mm/min respectively.  Specimens 

dimension of 127×12.7×3.2 mm and 12.7× 12.7×25.4 mm are used for estimating 

flexural and compressive properties respectively. Five specimens for each case are 

tested and average values with standard deviations are reported. 
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Figure 5.3 Sisal yarn tensile test in-progress. 

 

The microstructural geometry of a plain woven fabric is presented in Figure 5.4. The 

geometrical parameters of fabric are given as, Fill width 𝑎𝑓 =
1

𝑁𝑓
, warp width 𝑎𝑤 =

1

𝑁𝑤
 , where, 𝑁𝑓 and 𝑁𝑤 are number of yarns per unit width in fill and warp directions 

respectively. If number of yarns along warp and fill directions are the same then 𝑁𝑓 =

𝑁𝑤 condition prevails. In this case fill thickness (ℎ𝑓) and warp thickness (ℎ𝑤) are 

equal to half of lamina thickness (ℎ). Harness (𝑛𝑔) is the number of yarns along one 

direction of the representative unit cell. Shift (𝑛𝑠) is the number of yarns between 

consecutive interlacing regions. Interlacing (𝑛𝑖) is the number of yarns in the 

interlacing region. All these parameters define the representative volume element of 

the fabric reinforced laminate. Based on these values, further moduli of the laminate 

are computed. 

 

The sisal fabric used in the present work is woven with plain weaving architecture. 

Fabric being square in symmetry, number of yarns per unit length in fill and warp 

direction is constant. Hence the transverse modulus is equal to longitudinal modulus 

(i.e. 𝐸𝑥 = 𝐸𝑦). The longitudinal modulus (𝐸𝑥) of a sisal /epoxy tow is calculated using 

rule of mixtures and is given by, 
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𝐸𝑥 = 𝐸𝑚𝑣𝑚 + 𝐸𝑓𝑣𝑓                                                                                                  (5.1) 

 

where, 𝐸 is Young’s modulus, 𝑣 is volume fraction and suffices m and f represents 

matrix and fiber respectively.  

 

 
Figure 5.4 Macrostructural geometry of the fabric (Barbero 2018). 

 

Longitudinal and transverse Poisson’s ratios are calculated using the relation,  

 

𝜗12  = 𝜗23 = 𝜗𝑚𝑣𝑚 + 𝜗𝑓𝑣𝑓                                                                                    (5.2) 

 

In-plane shear modulus, is computed using periodic microstructure micromechanics 

(PMM) (Barbero 2018) and is given by, 

 

𝐺12 = 𝐺𝑚 [1 +
𝑉𝑓(1−

𝐺𝑚
𝐺𝑓

)

𝐺𝑚
𝐺𝑓

+𝑆3(1−(
𝐺𝑚
𝐺𝑓

))

]                                                                               (5.3) 

 

where, 𝐺 represents shear modulus and 

 

𝑆3 = 0.49247 − 0.47603𝑉𝑓 − 0.02748𝑉𝑓
2                                                             (5.4) 

Interlaminar shear modulus is calculated using PMM (Barbero 2018) formula and is 

given by, 

 

𝐺23 = 𝐺𝑚 −
𝑉𝑓

𝐷
                                                                                                          (5.5) 

 



78 
 

where, D is constant and is given by, 

 

𝐷 =
(2𝐺𝑚+ 𝐶23

′ − 𝐶22
′ )(4𝑆7−2(2−2𝜗𝑚)𝑆3)+2𝐺𝑚(2−2𝜗𝑚)

𝐺𝑚(2𝐺𝑚+ 𝐶23
′ − 𝐶22

′ )(2−2𝜗𝑚)
                                                      (5.6) 

 

𝐶22
′  = (1 − 𝜗𝑓

2)
𝐸𝑓

∆
                                                                                                    (5.7) 

 

𝐶23
′  = (𝜗𝑓 +  𝜗𝑓

2)
𝐸𝑓

∆
                                                                                                 (5.8) 

 

where, ∆ = 1 − 𝜗𝑓
2 − 2𝜗𝑓

3                                                                                         (5.9) 

 

𝑆7 = 0.12346 − 0.32035𝑉𝑓 − 0.23517𝑉𝑓
2                                                           (5.10) 

 

Computer aided design environment for composites (CADEC) (Barbero 2011) is used 

to find the properties of sisal fabric/epoxy skin which are then used to model the skin. 

Figure 5.5 shows the methodology followed to compare experimental and numerical 

results. The Bardella-Genna model (BGM) is used to estimate the properties of the 

core. BGM uses homogenisation approach and calculates the elastic properties of 

foams based on volume fraction and radius ratio as explained in section 3.6. 

  

 
Figure 5.5 Flow chart showing steps of numerical analysis. 

 

5.5 Finite element analysis  

The fundamental buckling mode of the sandwich beam is obtained from the linear 

Eigen value analysis. Further, non-linear static structural analysis (Newton-Rapson 
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method) is conducted by incorporating geometric imperfections in the model (Tang et 

al. 2015). The geometrical imperfection shape and amplitude is chosen based on trial 

and error method such that there is a close match between the experimental and 

numerical results. Structural stiffness matrix ([𝐾]) is given by (Reddy 2014), 

 

[𝐾] = ∫[𝐵]𝑇 [𝐷][𝐵]𝑑𝑉                                      (5.11) 

 

where, [𝐵] and [𝐷] are linear strain-displacement and constitutive matrices 

respectively. The effect of axial compression in the numerical analysis and pre-stress 

effect on the structure are considered by the stress stiffness matrix 

 

[𝐾𝜎] =  ∫ [𝐵𝑑]𝑇[𝑆][𝐵𝑑]
𝑉

𝑑𝑉                                                                                    (5.12) 

 

where [𝐾𝜎] and [𝐵𝑑] represents stress stiffness and strain-displacement matrix 

respectively, [S] represents pre-stress matrix due to the axial compression. 

 

[𝑆]  =  [
𝜎𝑥 𝜎𝑥𝑦

𝜎𝑥𝑦 𝜎𝑦
]                                                                                                  (5.13) 

 

where, 𝜎𝑥, 𝜎𝑥𝑦 ,𝜎𝑦 are membrane forces developed in the structure due to the axial 

compression. Further, linear eigenvalue buckling analysis is performed using the 

structural and stress stiffness matrices and as follows, 

 

([𝐾]  + 𝜆𝑖[𝐾𝜎]){𝜓𝑖} = 0                                                                                        (5.14) 

 

where, 𝜆 is buckling load, 𝜓 represent mode shape and i is the mode number. Equation 

5.14 estimates buckling load and fundamental mode shape, which is used in non-

linear static analysis as follows, 

 

[K(u)]{u} = {F}                                                                                                      (5.15) 
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where, [K(u)] represents tangent stiffness matrix and ‘F’ is the load in each sub-step 

in Newton-Raphson method. The total load is subdivided into a series of increments 

and is applied over several sub-steps. The maximum load considered for nonlinear 

analysis is Pcr obtained from linear buckling analysis. The outcome of Equation 5.15 

is a load-deflection curve based on numerical simulations which then is compared 

with experimental results. 

 

The experimentally obtained first three bending natural frequencies of the sandwich 

beam in absence of axial compressive load is compared with numerical results. Modal 

analysis is carried out to extract the first three natural frequencies. The natural 

frequencies are calculated by solving the following Eigen value problem (Reddy 

2014), 

 

([𝐾] − 𝜔𝑖
2[𝑀]){𝜙𝑖} = 0               (5.16) 

 

where, [𝐾] is the stiffness matrix, [𝑀] structural mass matrix, {𝜙𝑖} is free vibration 

mode shape and ω  represents the circular natural frequency.    

 

The sandwich beam is modelled in a layered configuration using four noded layered 

structural shell element SHELL 181. SHELL 181 is capable of analysing layered 

structures which has six degrees of freedom (three translation and three rotation) and 

formulated based first order shear deformation. A rectangle of size 210×12.5 mm is 

created to represent the geometry of the sandwich beam. Sandwich skin and core are 

modelled as orthotropic and isotropic materials respectively. Material properties of 

core and skin materials are specified for the respective layers. Geometry is meshed 

with 50 number of “SHELL181” elements. Displacement boundary conditions and 

loads are applied. ANSYS is used to perform buckling and vibration analysis. 

 

5.6 Buckling behaviour  

Sandwich beams are subjected to axial compressive load using universal testing 

machine with clamped-clamped condition (Figure 2.4). The axial compressive load 

applied and deflection along the beam axis is recorded using data acquisition system. 
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The 𝑃𝑐𝑟 of sandwich composites show increasing trend as a function of cenosphere 

content (Figure 5.6 and Table 5.2). This is attributed to addition of stiffer cenospheres 

increase the overall stiffness of the syntactic foam core. Further, presence of woven 

sisal fiber fabric skin renders additional stiffness to the beam. During the test the 

sandwich beams exhibit global buckling mode and maximum deflection is observed at 

the mid portion of the beam as depicted by Figure 5.7b. There are no signs of skin 

wrinkling and skin microbuckling as evident from Figure 5.7b. This can be attributed 

to the lesser amount of axial compressive stresses developed in the skins as compared 

to skin plastic microbuckling and wrinkling strength (Fleck and Sridhar 2002).  

 

 
Figure 5.6 Representative set of compressive load-deflection behavior for sandwich 

beams with syntactic foam core. 

 

Table 5.2 Critical buckling loads for sandwich composites. 

Sandwich 

type 

𝑃𝑐𝑟 (N) % Increase 

w.r.t SE0 

(DTM) 
DTM MBC 

SE0 370.10±17.42 364.28±5.89 ---- 

SE20 399.17±4.87 392.71±9.18 7.86 

SE40 444.00±3.56 438.10±5.91 19.96 

SE60 464.27±18.82 459.92±8.08 25.44 

SE20T 443.83±3.30 437.86±5.64 19.92 

SE40T 448.17±7.41 442.52±4.62 21.09 

SE60T 514.43±4.05 509.85±5.29 38.99 
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                                               (a)                                   (b) 

Figure 5.7 Representative images of syntactic foam sandwich beams (a) before and 

(b) during buckling test. 

 

The most common mode of failure associated with sandwich structures is skin 

delamination which is seen to be absent for all the samples analysed in the present 

case (Figure 5.8). This also indicates good adhesive strength between the skin and 

core. In Table 5.2, sandwich beams having treated cenosphere/epoxy foam as cores 

have higher buckling loads than the untreated ones. Silane treated cenospheres in 

epoxy resin enhances the elastic modulus due enhanced interfacial bonding between 

the constituents increasing overall stiffness of the foams. Increase in mean particle 

size due to silane treatment also augments for increase in overall stiffness of the 

foams enabling them for structural applications. The buckling load increase in the 

range of 7.86-25.44% and 19.92-38.99% respectively for untreated and treated 

syntactic foam sandwich composites as compared to neat epoxy core sandwich. 𝑃𝑐𝑟 

estimates by DTM and MBC techniques match very closely (within 2%) as seen from 

Table 5.2.  

 

Table 5.3 presents comparison of buckling loads of cenosphere/epoxy syntactic foams 

and their sandwich beams tested in present study. It can be observed from Table 5.3 

that the buckling loads of the sandwich beams are higher (7.32- 55.72%) than the 

syntactic foam for the same specimen dimensions subjected to similar testing 
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conditions. Such an increment can be attributed to enhanced stiffness due to 

sisal/epoxy skins in sandwich beams. Change in stiffness due to axial compressive 

loads influences dynamic properties, particularly natural frequency necessitating their 

estimates. 

 

  

(a)                                                               (b)       

Figure 5.8 Representative micrographs of SE40 sample (a) lower skin (b) upper skin 

showing no delamination. 

 

Table 5.3 Comparison of buckling loads of cenosphere/epoxy syntactic foams and 

their sandwiches. 

Syntactic 

foam 

𝑃𝑐𝑟 (N) 

Sandwich 

type 

𝑃𝑐𝑟 (N) % 

Increase 

w.r.t 

syntactic 

foam 

(DTM)  

DTM MBC DTM MBC 

E0 
237.67 ± 

11.02 

231.83 ± 

12.51 
SE0 

370.10 

±17.42 

364.28 

± 5.89 
55.72 

E20 
287.58 ± 

12.35 

281.83 ± 

12.85 
SE20 

399.17 

± 4.87 

392.71 

± 9.18 
38.81 

E40 
343.45 ± 

14.29 

339.33 ± 

14.36 
SE40 

444.00 

± 3.56 

438.10 

± 5.91 
29.28 

E60 
387.33 ± 

15.04 

379.17 ± 

17.03 
SE60 

464.27 

± 18.82 

459.92 

± 8.08 
19.87 

E20T 
315.50 ± 

12.78 

306.67 ± 

12.52 
SE20T 

443.83 

± 3.30 

437.86 

± 5.64 
39.79 

E40T 
393.85 ± 

16.37 

383.83 ± 

17.29 
SE40T 

448.17 

± 7.41 

442.52 

± 4.62 
13.79 

E60T 
479.33 ± 

17.76 

470.67 ± 

16.16 
SE60T 

514.43 

± 4.05 

509.85 

± 5.29 
7.32 
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5.7 Free vibration behaviour at no load and axial compression  

Experimental modal analysis is carried out to compute natural frequencies 

corresponding to first three transverse bending mode shapes of the sandwich beam. 

DEWE Soft software is used for converting time domain signals into frequency 

domain (Frequency response functions) using Fast Fourier transform algorithm. 

Further, experimental natural frequencies are validated with numerical results 

obtained through finite element method. Table 5.4 depicts first three natural 

frequencies of the sandwich beams in clamped-clamped condition at no load 

condition. Natural frequencies of syntactic foams show an increasing trend with filler 

content. The increase in natural frequency of sandwich can be attributed to increase in 

overall stiffness of the composite due to surface modified intact cenospheres. Thereby 

the natural frequencies of the sandwich composites with treated syntactic foam cores 

are higher as compared to untreated syntactic foam core sandwiches for all the filler 

loadings (Table 5.4). 

 

Table 5.4 Experimental natural frequencies of sandwich beams at no load condition. 

Sample 

Coding 
Mode 

Natural 

Frequency (Hz) 

 SE0 

1 212.72±4.25 

2 576.26±13.25 

3 1123.90±23.60 

SE20 

1 221.47±5.09 

2 583.54±12.25 

3 1181.90±23.64 

SE40 

1 242.38±5.57 

2 611.02±12.83 

3 1254.30±28.84 

SE60 

1 246.80±5.18 

2 689.94±13.79 

3 1285.50±29.56 

SE20T 

1 241.98±5.56 

2 615.59±12.31 

3 1125.00±23.63 

SE40T 

1 251.41±5.28 

2 620.09±14.26 

3 1240.00±24.91 

SE60T 

1 261.49±5.23 

2 711.71±14.94 

3 1323.30±30.43 
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Increasing compressive load decreases natural frequency (Figure 5.9). Fundamental 

natural frequency reaches minimum value at the onsite of buckling and increases 

rapidly in post buckling region due to geometric stiffness gain resulting from beams 

deflection. Similar trend is observed for syntactic foams (Chapter 3)  and in previous 

studies (Mirzabeigy and Madoliat 2016, Rajesh and Pitchaimani 2017, Wu et al. 

2015) of isotropic/composites beam and columns. Fundamental natural frequency 

declines steadily till the compressive load approaches critical buckling load (Figure 

5.9a). First natural frequency drops suddenly due to loss of structural stiffness when 

the compressive load is very closer to critical buckling load (Figure 5.9a). The 

syntactic foam modulus increases with increase in filler content. Further, stiffness of 

the sandwich composite increases owing to the woven natural fiber reinforced epoxy 

skin. Volume fraction of the natural fiber used as skin in sandwiches is approximately 

the same for the tested samples. Thereby, natural frequencies enhancement is solely 

attributed to the filler loading. 

 

  
(a)                                                               (b) 
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(c) 

Figure 5.9 Effect of axial compressive load on natural frequencies of (a) 1st (b) 2nd and 

(c) 3rd mode. 

 

5.8 Comparison of experimental and numerical buckling and free vibration 

results 

Figure 5.10 represents images of sisal fiber, yarn and plain-woven fabric samples used 

in the present study. The tensile test (Figure 5.3) of yarn is carried out and the stress-

strain response is plotted in Figure 5.11. The properties of sisal fiber is listed in Table 

5.5. The tensile strength and modulus of yarn is found to be 255 and 8861.11 MPa 

respectively.  Tensile, compressive and flexural properties of neat epoxy samples are 

deduced by conducting the tests as outlined in section 5.4. The properties of Epoxy 

matrix are presented in Table 5.6.  
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                                 (a)                                                                (b) 

  
                                 (c)                                                               (d) 

Figure 5.10 (a) Sisal fibers (b) yarns (c) plain woven fabric and (d) SEM image of dry 

fabric. 
 

 

 

Figure 5.11 Representative stress-strain response for tested yarn. 
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Table 5.5 Properties of sisal fibres. 

Parameter Value 

Young’s modulus of Natural fiber 

(Yarn) (MPa) 

8861.11±138.90  

Strength of the natural fiber (Yarn) 

(MPa) 

255±8.35  

Density of fibre (kg/m3) 1262.86±46.21  

Poisson’s ratio  0.2 

 

 

Table 5.6 Properties of Epoxy matrix. 

Property Value 

Density (kg/m3) 1189.54  

Young’s Modulus of matrix (MPa) 3917.80  

Poisson’s ratio of matrix 0.35 

Tensile strength (MPa) 36.62  

Compressive strength (MPa) 70.74  

Flexural Strength (MPa) 70.06  

Coefficient of thermal expansion (1/°C) 82×10-6  

 

The fabric geometry is measured to obtain the necessary geometric parameters 

(Figure 5.4). Different intrinsic fabric lamina properties and geometric parameters 

obtained for sisal fabric are listed in Table 5.7. Using the data associated with fiber, 

epoxy and geometry of fabric, the elastic properties of the skin material are estimated 

with the help of CADEC. The methodology used by CADEC is explained by Barbero 

(2018). Predicted skin properties (CADEC results) are reported in Table 5.8. Tensile 

properties of single layer sisal fabric/epoxy are also compared with CADEC values 

(Table 5.8). Tensile specimens of dimension 250×25×0.75 mm are prepared and 

tested. The cross head displacement rate is maintained at 2mm/min, as per(ASTM 

D3039/D3039M-17). Good agreement between CADEC and experimental values are 

obtained. These properties are further used for numerical analysis to find the natural 

frequencies of the sandwich beams. 
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Table 5.7 Lamina intrinsic properties and reinforcement geometry. 

Property Value 

Volume fraction of fiber 0.4852 

Thickness of lamina (mm) 0.75 

Number of fibers in wrap and fill direction(1/cm)  6  

Average thickness of dry lamina (mm) 0.723  

Fill width (mm) 1.667  

Fill thickness (mm) 0.32  

Gap between tows in fill direction (mm) 0.5  

Warp width (mm) 1.667  

Warp thickness (mm) 0.32  

Gap between tows in warp direction (mm) 0.5  

Neat matrix thickness (mm) 0.11 

Harness 2 

Shift 1 

Interlacing 1 

 

Table 5.8 Comparison of sisal fabric/epoxy laminate properties obtained from 

CADEC and experimental. 

Property CADEC Experimental 
% difference 

w.r.t CADEC 

Young’s Moduli, 𝐸𝑥 

(MPa) 

6331 6950.01±139 -8.91 

Young’s Moduli, 𝐸𝑦  

(MPa) 

6331 5783.33±115 9.47 

Poisson’s Ratio, ʋ12 0.252 ----  

Poisson’s Ratio, ʋ23 0.252 ----  

Shear Moduli, G12 

(MPa) 

2522  ----  

Shear Moduli, G23 

(MPa) 

2522  ----  

 

Elastic properties associated with cenosphere/epoxy syntactic foam are obtained using 

BGM and are used as input to finite element analysis. Estimated elastic properties of 

fly ash cenosphere/epoxy syntactic foams that are listed in Table 3.2 of Chapter 3. 

Young’s modulus increases with filler content, and such effect is more prominent 

when treated cenospheres are used. Improved interfacial bonding between the 

constituents plays a crucial role for such an observation.    
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Elastic properties of the skin material (sisal fabric/epoxy) (Table 5.8) estimated with 

CADEC and elastic properties of the (cenosphere/epoxy) core material estimated 

using BGM (Table 3.2 of Chapter 3) are used as an input to numerical analysis using 

ANSYS. Linear eigen-value buckling analysis is carried out to understand the 

fundamental buckling mode which is considered to represent the geometric 

imperfection. Subsequently non-linear static structural analysis is carried out. Load-

deflection responses are graphed to compare experimental values with numerical 

results. Figure 5.12 presents comparative plots for SE40 and SE40T sandwich 

samples. Numerical and experimental buckling loads are presented in Table 5.9. 

Maximum deviation is noted to be 18.41% between numerical and experimental 

buckling results. Numerical simulations predict the load-deflection behavior and 

buckling load reasonably yet lower than experimental results. Modulus variation is 

clearly evident from these plots. Numerous surface defects on cenospheres like non-

sphericity, wall thickness variations and built-in porosity in the walls are thought to be 

responsible for that responsible for the deviations of numerically predicted values 

from that of experimental results. Accuracy in obtaining skin properties can be 

improved with more accurate measurements of microstructural properties of fabric as 

input to CADEC. 

 

  
                                 (a)                                                                (b) 

Figure 5.12 Comparison of load-defection curves obtained experimentally and 

numerically for (a) SE40 and (b) SE40T sandwich composites. 
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Table 5.9 Comparison of experimental and numerically obtained buckling loads of 

sandwich composites. 

Sample 

Type 

Experimental Pcr 

(N) 

Numerical Pcr 

(N) 

% Difference 

w.r.t 

Experimental 

(DTM) 

% Difference 

w.r.t 

Experimental 

(MBC) 
DTM MBC DTM MBC 

SE0 
370.10 

±17.42 

364.28 ± 

5.89 

360 355 2.73 2.55 

SE20 
399.17 ± 

4.87 

392.71 ± 

9.18 

368 365 7.81 7.06 

SE40 
444.00 ± 

3.56 

438.10 ± 

5.91 

385 377 13.29 13.95 

SE60 
464.27 ± 

18.82 

459.92 ± 

8.08 

419 410 9.75 10.85 

SE20T 
443.83 ± 

3.30 

437.86 ± 

5.64 

383 380 13.7 13.21 

SE40T 
448.17 ± 

7.41 

442.52 ± 

4.62 

395 385 11.86 12.99 

SE60T 
514.43 ± 

4.05 

509.85 ± 

5.29 

425 416 17.39 18.41 

 

Modal analysis is carried out to extract first three natural frequencies for sandwiches. 

Comparison of numerical results with experimental values is presented in Table 5.10. 

Experimental and numerical results are in good agreement (within 12.9%). Sandwich 

composites with sisal/epoxy skin and cenosphere/epoxy cores show better buckling 

and free vibrations characteristics than sandwiches with neat epoxy core. 

 

5.9  Conclusions 

Buckling and free vibration characteristics of sisal fabric/epoxy skin and syntactic 

foam core is investigated experimentally and numerically. The sandwich beams show 

global buckling mode shape without skin delamination or skin wrinkling. The 

buckling load and natural frequencies increase with cenosphere content. The buckling 

load and natural frequencies of sandwich composites with treated cenosphere/epoxy 

foam core are higher than untreated cenosphere/epoxy foam sandwich samples 

because enhanced stiffness of core due to proper adhesion between the constituents. 

Further, the natural frequencies decrease with increase of the axial compressive load. 

The first natural frequency represents minimum value at critical buckling load and 

later increases exponentially post critical buckling load due to gain in geometrical 
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stiffness of the material. The skin properties are found using CADEC and are found in 

good agreement with the experimental values. Further properties obtained from 

CADEC and Bardella-Genna model are used for numerical analysis. Experimental 

results are compared with numerically predicted values and are found to be in good 

agreement.  

 

Table 5.10 Comparison of natural frequency values obtained through experimental 

and numerical approaches. 

Sample 

Coding 

Mode Natural Frequency (Hz) % 

deviation Experimental Numerical 

SE0 

1 212.72 205.12 3.57 

2 576.26 581.86 -0.97 

3 1123.90 1187.30 -5.64 

SE20 

1 221.47 210.75 4.84 

2 583.54 597.48 -2.39 

3 1181.90 1221.40 -3.34 

SE40 

1 242.38 216.97 10.48 

2 611.02 615.35 -0.71 

3 1254.30 1258.70 -0.35 

SE60 

1 246.80 223.92 9.27 

2 689.94 644.51 9.44 

3 1285.50 1300.20 -1.14 

SE20T 

1 241.98 211.48 12.6 

2 615.59 599.66 2.59 

3 1125.00 1226.20 -9 

SE40T 

1 251.41 218.99 12.90 

2 620.09 630.73 -1.72 

3 1240.00 1271.40 -2.53 

SE60T 

1 261.49 227.95 12.83 

2 711.71 686.11 3.60 

3 1323.30 1324.80 -0.11 
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6 BUCKLING BEHAVIOUR OF SANDWICH COMPOSITES UNDER 

THERMAL LOAD 

6.1 Introduction 

Experimental investigation carried out on buckling behaviour of syntactic foam 

sandwich beam with sisal fabric/epoxy skin under non-uniform heating is presented. 

Temperature is varied in range of 26-60°C for three different heating conditions Case 

1 (Increase-decrease), Case 2 (Decrease) and Case 3 (Decrease-increase) and its 

effect on thermal buckling behaviour of sandwich composites is analysed.  

 

6.2 Buckling under non-uniform thermal load 

Sandwich beam with length 310 mm, width 12.5 mm, core thickness 2.5 mm and 

facing layer thickness of 0.75 mm is considered. Each facing is made of single layer 

of sisal fabric. The sandwich beams are subjected three different heating conditions as 

shown in Figure 2.5 and Figure 2.6. The highest temperature associated with a 

particular temperature case and transverse deflection of the beam are recorded using a 

thermocouple and a LVDT respectively. Further these values are used to plot 

temperature-deflection response. As the beams were expected to deflect in the first 

bending mode, transverse deflection is measured at the mid-point of the beam. 

 

In order to understand the deflection trend of syntactic foam sandwich beam, 

temperature-deflection plot associated with SE40 subjected to case 1 (increase-

decrease) heating condition is presented in Figure 6.1a. With increase in temperature 

the undergoes the following four trends in general. 

 

Region I: When the beam is exposed to heat, the beam is not experiencing any 

significant deflection even though there is a significant increase in the elevated 

temperature. Portion of the deflection curve a-b (Figure 6.1a) indicates this clearly. 

This also indicates that the temperature rise till the point b, is not able to develop 

sufficient amount of compressive stress to cause any significant amount of out-of-

plane deflection. However, the behaviour of syntactic foam is different as seen in 

Figure 6.1b. So, this indicates that sandwiching of syntactic foam between the natural 

fiber/epoxy laminate facings controls the out-of-plane deflection of the syntactic 
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foam. This can be also attributed to structural stiffness enhancement due to the 

sandwich effect. 

 

Region II: With further increase in temperature rise beyond point b, the out of plane 

deflection increases drastically even with a small increase in temperature rise. Portion 

of deflection curve from point b to point c indicates this region. It is observed that the 

deflection behaviour between the points b and c is linear. And beam deflects away 

from the heating source. The reason for drastic increase in deflection in this region is 

generated compressive stresses and thermal moments (Liu et al. 2006). The portion of 

curve from a-c shows typical load-deflection behaviour of a beam under a 

compressive load and the first bifurcation point is b. The temperature rise 

corresponding to point b is considered as first critical buckling temperature (𝑇𝑐𝑟1
). 

 

Region III: The linear deflection behaviour vanishes at point c. With further increase 

in temperature rise beyond point c, the beam continues to deflect in same direction till 

point d. However, the rate of increase in deflection with respect to temperature rise is 

not as rapid as observed in Region II. This is change in rate of deflection may be due 

energy storage of the sandwich beam. 

 

Region IV: With further increase in the temperature beyond point d, the beam starts 

moving towards the heating source. So, the temperature rise corresponding to point d 

is considered as snap-initiation temperature and is denoted as  𝑇𝑐𝑟2
. 

 

Figure 6.1a represents the method used to predict initial critical buckling temperature 

(𝑇𝑐𝑟1
) and snap-initiation temperature ( 𝑇𝑐𝑟2

). For all the tested samples, it is observed 

that deflections take place away from the heating source initially and towards the 

heating source at higher temperatures. The trend observed for cenosphere/epoxy 

syntactic foams and their sandwiches with sisal/epoxy skins are entirely different as 

evident from Figure 6.1b and Figure 6.1a respectively. The syntactic foams undergone 

deflection at initial small increase in temperature (<2°C) and remained in first buckled 

shape for longer duration and snap-through phenomena took place when viscoelastic 

forces were developed into the syntactic foam beam. But in sandwiches the beam 
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remained in its positions at initial rise in temperature and then undergone deflection. 

The sandwich beams with syntactic foam core exhibited snap-through phenomena at 

very high temperature as compared to that of syntactic foams. 

 

  
                                 (a)                                                                (b) 

Figure 6.1 (a)Determination of critical buckling temperatures from temperature-

deflection curve of sandwich beam (b) deflection behaviour of syntactic foam. 

 

Buckling behaviour of sandwich composites with neat epoxy core and syntactic foam 

core under different heating conditions is presented in Figure 6.2. It is observed that 

with increase in cenosphere content the first critical buckling temperature increases 

and deflection of the beams also reduces. This can be attributed to enhanced stiffness 

of the composite due to addition of stiff cenospheres into the epoxy matrix. The time 

duration of the beam remained in the first buckling mode shape increase with increase 

in filler content. With increase in temperature, significant amount of viscoelastic 

forces develops in the sandwich beams. This time-dependent phenomenon keeps the 

beam in the same buckled shape for a particular period of time with temperature rise. 

With further increase in temperature, compressive stresses and viscoelastic forces gets 

developed simultaneously and buckled beam deforms back towards the original 

position. This trend is observed for all the sandwich composites subjected to the three 

different heating conditions analysed. 
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                                 (a)                                                                (b) 

 

  
                                 (c)                                                                (d) 

Figure 6.2 Effect of non-uniform heating of (a) SE0 (b) SE20 (c) SE40 (d) SE60 

sandwich composites. 

 

Figure 6.3 represent temperature-deflection curves for sandwich beams with neat 

resin and syntactic foam cores subjected to three different thermal loading conditions. 

The critical buckling temperatures and deflection behaviour of non-uniformly heated 

structures are prominently depend on the location of the heating source and amount of 

portion of the structural member exposed to highest temperature of the particular 

temperature profile. From Figure 6.3, the deflection trend observed for all the heating 

conditions is similar till the snap initiation position of the beams. In Decrease-

increase (Figure 2.6c) heating case snap-through phenomena is quicker than the other 

two heating conditions. This may be due to more viscoelastic forces developed due to 

higher intensity of heating. Increase-decrease (Figure 2.6a), heating reported lower 

critical buckling temperatures and snap-through initiation temperature (Table 6.1) 
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which can be attributed to the location of heating source. In the case of increase-

decrease heating the source is located at the center of the beam where the sandwich 

beam offers less stiffness, hence the critical buckling temperatures are less compared 

to other heating cases.  

 

  
(a)                                                               (b) 

 

 
(c) 

Figure 6.3 Effect of filler content on (a) Increase-decrease (b) Decrease and (c) 

decrease-increase heating conditions. 

 

During decrease (Figure 2.6b) heating  condition, the sandwich beam is exposed to 

higher temperature at one of its constrained end and the rate of reduction in structural 

stiffness is less as compared other heating conditions thereby results in higher critical 

buckling temperature and higher snap-initiation temperatures. In decrease-increase 

heating (Figure 2.6c), the intensity of heat is more at both the ends and rate of 

reduction in structural stiffness is not higher as compared to increase-decrease 
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heating case and thereby deflections are lower than the increase-decrease case. 

represents critical buckling temperature and snap-initiation temperature of sandwich 

beams. Decrease heating condition resulted in higher critical buckling temperatures of 

the beams than other two heating conditions. 

 

The surface modified cenosphere/epoxy syntactic foam sandwich composites show 

slight enhancement in the critical buckling temperatures and snap-initiation 

temperatures (Figure 6.4 and Table 6.1). The temperatures values are found to be 

within the standard deviation values of the untreated cenosphere/epoxy syntactic foam 

sandwich composites. Surface modification of the cenospheres enhances proper 

interfacial bonding between the constituents and thereby enhances the stiffness of the 

sandwich core material. This effect of enhancement of the stiffness of core due to 

surface modification is not replicated in the enhancement of critical buckling 

temperatures significantly, when subjected to three different heating conditions.  

 

Table 6.1  Thermal buckling temperatures of the sandwich composites subjected to 

non-uniform thermal loads. 

Sample 

coding 

Case 1 

Increase-Decrease 

Case 2 

Decrease 

Case 3 

Decrease-Increase 

𝑇𝑐𝑟1
(°C) 𝑇𝑐𝑟2

(°C) 𝑇𝑐𝑟1
(°C) 𝑇𝑐𝑟2

(°C) 𝑇𝑐𝑟1
(°C) 𝑇𝑐𝑟2

(°C) 

SE0 
3.82 

±0.46 
----- 

6.25 

±0.69 
----- 

4.28 

±0.82 
----- 

SE20 
4.18 

±0.58 

29.15 

±1.53 

6.28 

±0.76 

30.5 

±1.89 

7.80 

±0.29 

23.25 

±1.95 

SE40 
7.25 

±1.02 

30.50 

±1.68 

10.25 

±0.98 

33.56 

±1.28 

8.16 

±0.50 

28.15 

±1.30 

SE60 
8.75 

±1.09 

30.25 

±1.59 

11.30 

±1.08 

32.60 

±2.41 

10.12 

±1.21 

29.15 

±2.05 

SE20T 
4.85 

±0.41 

28.15 

±1.41 

8.2 

±0.64 

31.25 

±1.54 

7.05 

±0.62 

25.75 

±2.01 

SE40T 
8.15 

±0.40 

31.78 

±1.13 

11.08 

±0.84 

34.68 

±1.22 

9.17 

±1.21 

29.15 

±2.03 

SE60T 
9.58 

±0.69 

32.05 

±2.49 

12.86 

±2.67 

33.66 

±2.41 

11.06 

±1.20 

29.98 

±2.92 
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Figure 6.4 Effect of surface modification on thermal buckling behaviour of 

representative sandwich sample under increase-decrease heating. 

 

  
(a)                                                               (b) 

 

  
                                 (c)                                                                (d) 

Figure 6.5 Test in progress images of the representative sample under decrease-

increase heating condition. 

 

6.3 Conclusions 

Sandwich composites with untreated and treated cenosphere/epoxy syntactic foam 

cores and sisal woven fabric/epoxy skins are prepared and tested under non-uniform 

heating conditions for its deflection behaviour. It is observed that the deflection 
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behaviour of the sandwich beams with syntactic foam core are experiencing snap-

through deflection behaviour with increase in temperature rise, due to release of 

temperature dependent viscoelastic forces. However, the sandwich beam with epoxy 

core is not experiencing this snap-through deflection behaviour. The critical buckling 

temperature show increasing trend with filler content. Surface modified 

cenosphere/epoxy sandwich composites do not show significant increase in buckling 

temperatures but lower deflections are observed due to increased stiffness of the 

foams as compared with untreated ones.  
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7 SUMMARY AND CONCLUSIONS 

7.1 Summary 

A comprehensive investigation is conducted on buckling and dynamic behaviour of 

fly ash cenosphere/epoxy syntactic foams and its sandwich composites under 

mechanical and thermal loads. Use of cenospheres in structural applications can 

reduce the landfill burden and help in effectively addressing the environmental 

concern of fly ash disposal. In the present study, manual stir casting method is used to 

develop the cenosphere/epoxy syntactic foam specimens and buckling and free 

vibration behaviour is carried out. Syntactic foams are fabricated with 20, 40 and 60 

vol.% of cenospheres in epoxy matrix. The effect of filler volume fraction and surface 

treatment of cenospheres are investigated. Sandwich composites with natural fiber 

woven fabric reinforced in epoxy is used as skin material and syntactic foam core is 

also investigated for buckling and free vibration behaviour subjected to mechanical 

and thermal loads.  

 

Experiments are conducted on cenospheres/epoxy syntactic foams and sandwiches to 

evaluate the effectiveness of reinforcing cenospheres in epoxy matrix. Properties of 

cenosphere/epoxy syntactic foams obtained using free vibration testes are compared 

with available theoretical models. Influence of axial compressive loads on buckling 

free vibration characteristics of cenosphere/epoxy syntactic foams and their 

sandwiches are carried under mechanical loads. Thermal buckling behaviour of 

syntactic foams and sandwiches are also carried out at different non-uniform heating 

conditions. In order to understand heat flow mechanism in syntactic foams coefficient 

of thermal expansions is found experimentally. Viscoelastic behaviour of syntactic 

foams is understood by carrying dynamic mechanical analysis. The properties of skins 

used in making sandwiches are found experimentally by performing tensile tests on 

laminate and also compared analytically using CADEC. Finally, non-linear buckling 

analysis of sandwich composites is carried out and compared with experimental load-

deflection data. 
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7.2 Conclusions 

The main conclusions are summarized as: 

Density of syntactic foams 

• Reduction in the density of composites is observed as compared to the theoretical 

ones and is attributed to the air entrapment in matrix during the process of 

mechanical mixing of cenospheres in the resin. 

• Syntactic foams with untreated cenospheres are noted to have better weight saving 

potential as compared to treated cenospheres. Silane coating on as received 

cenospheres increases the effective mean diameter, thereby increasing their 

density.  

• The void content increases with increase in filler content and is found to be less 

than 5.58%. 

• Highest weight saving potential of 15.81% and 14.61% is observed for E60 for 

E60T respectively. 

 

Buckling and free vibration behaviour of syntactic foams under mechanical load  

• The buckling load and natural frequencies increase with increase in cenosphere 

volume fraction.  

• With increase in compressive load, decrease in natural frequency is observed for 

all samples tested.  

• Experimentally the first natural frequency reaches minimum value at onsite of 

buckling and increases rapidly in post buckling region.  

• The buckling load and natural frequencies of silane treated cenosphere/epoxy 

foams are higher than that of the untreated ones.  

• Good agreement between analytical and experimental results are observed. 

• Buckling loads found using different approaches are in close agreement.  

• Property map of buckling load as a function of density is presented by extracting 

values from the available literature. 
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Buckling behaviour of syntactic foams under thermal load  

• Samples subjected to mechanical axial compression at room temperature show 

increase in buckling load in range of 14.42-59.01% for increase in cenosphere 

content from 20-60 volume % as compared to neat epoxy resin.  

• All samples subjected to mechanical axial compressive loads, regained to its 

original shape after the test, without any indication of plastic/permanent 

deformation.  

• CTE of cenosphere/epoxy syntactic foams decreases in the range of 13.92-

48.95% with increasing filler content as compared to neat epoxy resin.  

• Treated cenosphere/epoxy syntactic foam show reduced CTE as compared with 

untreated ones.  

• All the samples are subjected to three different non-uniform heating conditions 

and the temperature-deflection curves reveal that the syntactic foams undergo 

snap-through buckling behaviour.  

• The deflection of syntactic foams reduces with increase in cenosphere content. 

Temperature range for which the syntactic foam remains in initial buckled shape 

increases with increase in cenosphere content.  

• The treated cenosphere/epoxy syntactic foams do not show much significant 

variation in deflection behaviour and buckling temperatures as compared to 

untreated ones.   

• Decrease heating condition show higher buckling temperatures as compared to 

other two heating cases.  

• Dynamic mechanical analysis of untreated and treated cenosphere/epoxy 

syntactic foams show that the foams have better energy absorbing capability than 

neat epoxy resin. 

 

Buckling and free vibration behaviour of syntactic foam sandwich composites under 

mechanical load  

• The sandwich beams show global buckling mode shape without skin 

delamination or skin wrinkling.  

• The buckling load and natural frequencies increase with cenosphere content.  
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• The buckling load and natural frequencies of sandwich composites with treated 

cenosphere/epoxy foam core are higher than untreated cenosphere/epoxy foam 

sandwich samples because enhanced stiffness of core due to proper adhesion 

between the constituents.  

• Further, the natural frequencies decrease with increase of the axial compressive 

load.  

• The first natural frequency represents minimum value at critical buckling load 

and later increases exponentially post critical buckling load due to gain in 

geometrical stiffness of the material.  

• The skin properties are found using CADEC and are found in good agreement 

with the experimental values. Further properties obtained from CADEC and 

Bardella-Genna model are used for numerical analysis.  

• Experimental results are compared with numerically predicted values and are 

found to be in good agreement.  

 

Buckling behaviour of sandwich composites under thermal load  

• All samples subjected to thermal load undergo deflection far from heating source 

at lower temperatures and towards the heating source at the higher temperatures.  

• The critical buckling temperature show increasing trend with filler content.  

• Surface modified cenosphere/epoxy sandwich composites do not show 

significant increase in buckling temperatures but lower deflections are observed 

due to increased stiffness of the foams as compared with untreated ones. 

• The buckling of sandwich temperatures is significantly higher than syntactic 

foams. 

 

Present work successfully demonstrates feasibility of manual stirring method for 

developing thermosetting syntactic foam composites based on fly ash cenospheres and 

hand lay-up process for developing sandwich composites with natural fiber reinforced 

skin. Composites are eco-friendly, lightweight and more importantly provides 15.81% 

weight savings potential. Further, usage of fly ash cenospheres and natural fibers 

reduce environmental linked issues. Experiments are conducted to evaluate the effect 

of filler content and surface modification of cenospheres on buckling and free 
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vibration behaviour of cenosphere/epoxy syntactic foams and their sandwiches, 

subjected to mechanical load and thermal loads. The experimental results presented 

as part of this work can be used by industry professionals for development of syntactic 

foams and sandwich composites with natural fiber skin for specific applications. 

E60T and SE60T is the best choice based on the work presented here.  
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SCOPE OF FUTURE WORK 

In the present research work, buckling and free vibration of syntactic foams and their 

sandwiches subjected to mechanical and thermal loads are studied. The analytical and 

numerical formulations for viscoelastic behaviour syntactic foams and their sandwich 

subjected to temperature variation can be addressed. The effect of particle size, 

surface modification on viscoelastic behaviour of syntactic foams due temperature 

variation can be studied. Coefficient of thermal expansion behaviour of the 

sisal/epoxy facing can be addressed to understand the expansion behaviour of sisal 

fiber fabric reinforced in epoxy matrix, when used in sandwich composites in 

structural applications subjected to thermal loads. More experimental work can be 

carried by varying thickness of syntactic foam core and by using skins of different 

materials. 
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