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Abstract: Cenosphere fly ash is a byproduct of coal combustion processes of power plants. It is composed of hollow, 
hard shelled, minute spheres, which are made up of silica, iron, and alumina. In this study, cenosphere fly ash is 
incorporated into rigid PVC foam to improve thermal and mechanical properties of their composites. Microstructural, 
physical, mechanical, and thermal properties of rigid PVC foam extruded with different loadings of cenosphere fly ash (6, 
12, 18phr) are characterized. The measured density of the extruded PVC foam composites increased with cenosphere 
content, indicating a hindrance to the foaming process. Tensile and flexural mechanical properties improved at higher 
cenosphere content, while the impact strength decreased at initial loading of 6 phr of cenosphere particles and remained 
steady at higher loadings. Thermal characterization of the extruded samples showed that glass transition temperature 
remained almost unaffected, while TGA analysis revealed no change in the initial degradation temperature and 
significant improvement in the final degradation temperature. Thermo-mechanical properties measured by DMA revealed 
a remarkable improvement in the viscoelastic properties of the composites reinforced with cenosphere particles. SEM 
analysis of the composites microstructure confirmed that the cenosphere particles were mechanically interlocked with 
good interfacial interaction in the PVC matrix.  
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1. INTRODUCTION 

Cenospheres, a byproduct of coal burning process 
in power plants, are a hollow type of fly ash composed 
of hard shelled minute spheres made up of silica, iron, 
and alumina [1]. Its size ranges from 1 to 500  
microns and it has a density ranging from 0.4 to 0.8 
g/cm3 [2]. Cenospheres are widely used as reinforcing 
fillers in polymers and ceramics due to their unique 
properties; such as, low density, low thermal 
conductivity, low water absorption, high particle 
strength, low cost, and a unique smooth spherical 
surface [3, 4]. Consequently, using cenospheres as a 
filler in plastic and rubber composites contributes to 
weight reduction, shrinkage and warpage reduction, 
improved surface texture, and higher resistance to 
water absorption [5, 6].  

Polymer composites are broadly used in 
manufacturing due to their enhanced properties; such 
as strength to weight ratio and ease of fabrication [7, 
8]. The use of cenospheres in polymer composites has 
been investigated by a number of researchers. Kadam 
et al. [4] reported that the tensile properties and 
crystallinity in epoxy/cenosphere composites decrease, 
whereas flexural properties, thermal properties, and 
electrical stability increase, with increasing the 
cenospheres concentration. The morphological  
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properties studied by SEM showed uniform dispersion 
of the cenosphere particles. Deepthi et al. [9] studied 
high density polyethylene (HDPE)/cenosphere 
composites using maleate ester modified HPDE; they 
reported improvement in mechanical and thermal 
properties and a decrease in crystallinity. Jena et al. 
[10] prepared laminated bamboo-fiber epoxy composite 
filled with cenospheres using conventional hand layup 
technique; they reported that the impact properties of 
the composites were greatly enhanced by the addition 
of cenosphere particles and the maximum impact 
strength was realized at 1.5wt% cenospheres.  

Das et al. [6] investigated the structural, thermal, 
mechanical, and dynamic mechanical properties of 
polypropylene (PP)/cenosphere composites. They 
reported uniform dispersion and distribution of 
cenosphere particles in PP matrix and an improvement 
in the dynamic mechanical and tensile properties of the 
composites. However, the impact strength and 
crystallinity of the composites decreased with 
increasing cenosphere content. Labella et al. [7] 
prepared cenosphere/vinyl ester syntactic foams to 
study their mechanical and thermal properties. They 
reported that the flexural modulus increased by 47% at 
60 vol.% cenosphere loading, while the flexural 
strength and coefficient of thermal expansion (CTE) 
decreased by 73% and 48%, respectively. Similarly, 
Qiao et al. [11] showed that the dynamic mechanical 
properties were enhanced in Polyurea/cenosphere 
composites. 
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The effect of cenosphere concentration on the 
mechanical, thermal, rheological, and morphological 
properties of Nylon6 was studied by Wasekar et al. 
[12]; they reported an improvement in the elongation at 
break, impact, and flexural strengths by the addition of 
a small amount of cenospheres. Rohatgi et al. [13] 
reported an increase in the compression modulus of 
polyester/cenosphere composites with increasing the 
cenospheres content. Kulkarni et al. [14] studied the 
effect of cenosphere particle size (100-300 mesh) on 
the properties of acrylonitrile butadiene styrene-filled 
composites. Their results showed that smaller particles 
yield better thermal, electrical, and mechanical 
properties. Manjunath et al. [15] reported that the glass 
transition temperature (Tg), activation energy for 
decomposition, and Smoke Density Rating (SDR) of 
PVC/cenosphere composites decrease with increasing 
the cenosphere content without affecting their Limiting 
Oxygen Index (LOI) and thermal stability. Roy et al. 
[16] added amino silane functionalized cenospheres to 
poly(vinyl butyral) using melt mixing method; they 
reported that the dielectric properties of the composite 
films is dependent on the cenosphere content.  

Recently, researchers focused on studying the 
tribological properties of cenosphere filled polymer 
composites. Thakur et al. [17] studied the mechanical 
and tribological behavior of cenosphere/vinyl ester 
composites using Taguchi technique. They prepared 
composites with three different size cenosphere 
particles and their results showed that the submicron 
sized particles improved significantly the mechanical 
properties and wear resistance of the composites. 
Chand et al. [18] studied abrasive wear behavior of low 
density polyethylene (LDPE)/silane treated cenosphere 
composites; they reported a maximum wear resistance 
of 10 11 m3/N·min, a composite containing 10wt% 
silane treated cenospheres. Chand et al. [19] also 
prepared HDPE/silane treated cenosphere composites 
and reported significant improvement in the impact 
strength and wear resistance of the composites. 
Sharma et al. [20] prepared LDPE/cenosphere 
composites with inhomogeneous dispersions of 
cenospheres and reported that the dielectric constant 
decreases with increasing cenosphere content with a 
Maxwell–Garnet approximation. Chauhan et al. [21] 
prepared vinyl ester composites containing micron 
sized cenospheres and reported a significant 
improvement in wear resistance in the presence of 
cenospheres. 

However, very few researchers investigated the use 
of fly ash in polymer foams. Usta [22] investigated the 

flame retardancy behavior of rigid polyurethane (PU) 
foams containing fly ash using a cone calorimeter. It 
was reported that the incorporation of fly ash particles 
in PU foam dramatically increased the fire resistance 
and thermal stability of the composite foams. Choew et 

al. [23] reported the usage of PU foam/fly ash blends 
as a commercial product to encapsulate heavy metals. 
It was observed that PU foam/fly ash blends were 
waterproof, with good resistance to heat and light. The 
blends contained a maximum of 18% fly ash in their 
composition. Gupta et al. [24] focused on the effects of 
cenosphere fly ash radius ratio on compressive 
properties of syntactic foams. Their results showed that 
compressive strength and modulus depends on the 
internal radius of the particles and these properties are 
higher in those specimens filled with smaller internal 
radius cenospheres. 

Rigid Polyvinyl Chloride (PVC) foam composites are 
one of the most common materials used in building 
industry in the form of profiles, sheets, and pipes due to 
their low cost, low density, low thermal conductivity, 
improved acoustic damping properties, and good fire 
retardancy [25-27]. In our previous work [28], physical, 
mechanical, thermal, and microstructural properties of 
PVC foam composites reinforced with two different 
types of precipitator fly ash, class C and class F, were 
studied and compared. Based on our research so far, 
there is no work noted of using cenosphere as a filler in 
PVC foams. In this study, cenosphere fly ash was 
loaded as 6phr, 12phr, and 18phr in PVC foam matrix. 
The effects of adding cenosphere to the matrix phase 
and its content on thermal, mechanical, and 
microstructural properties of rigid PVC foams were 
investigated.  

2. EXPERIMENTAL 

2.1. Materials 

Rigid PVC resin was acquired from Shintech, USA. 
It has an inherent viscosity of 0.74 (ASTM D1243); bulk 
density of 0.58g/cm3 (ASTM D 1895), and maximum 
volatiles of 0.12% (ASTM D3030). A commercially 
available thermal stabilizer, Thermolite T-137, and 
processing aids, PLASTISTRENGTH P530 and P770, 
were acquired from Arkema, USA. Other ingredients 
used in preparing the test samples are: Lubricants 
LOXIOL 2986 and LOXIOL 2987 produced by 
Oleochemicals; paraffin wax Petrac 215 produced by 
Ferro Corp.; Calcium Stearate COAD 10 produced by 
Norac Corp.; chemical blowing agents 
azodicarbonamide (ADC) produced by Season Corp.; 
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and Sodium Hydrogen Carbonate (FICEL SBH) 
produced by Hughes Polymer Additives Corporation. 
TG type cenosphere fly ash was acquired from Sphere 
One Inc., USA. 

2.2. Preparation of PVC/Cenosphere Foam 

PVC foam compounds were prepared using a high 
shear mixer (Gunther Pepenmeier, Machinen-u. 
Detmoid, Type: TSHK). The stabilizer was added at 
52ºC, cenospheres and processing aids were added to 
the PVC resin at 52ºC and 58ºC, respectively. Finally, 
the lubricants and the blowing agents were added at 
66ºC. PVC foam compounds containing 0, 6, 12, and 
18phr cenosphere were extruded by using a 3.175cm, 
20:1 (L/D) single screw extruder (Themoplas New 
England Wire Machinery Co. Inc.) at a screw speed of 
60rpm. The extrusion temperature profile used for 
mixing was in the range of 158 to 175°C. The 
compound formulations and sample codes are listed in 
Table 1. The sample without cenosphere is called pure 
and the other samples are named based on TG type 
cenosphere content. 

2.3. Sample Characterization 

2.3.1. Physical Properties 

The experimental density ( ) was calculated 
according to ASTM D272 by weighting and measuring 
the volume of the composites. 

2.3.2. Mechanical Properties 

Tensile properties were determined using an Instron 
3365 universal testing machine on rectangular 
specimens measuring 30.48  2.54  0.67 cm at a 
crosshead speed of 0.021cm/s. Flexural properties 
were determined using Instron 3365 with a three-point 
bending test set-up on rectangular specimens 
measuring 20.32  2.54  0.67cm at a crosshead speed 
of 0.021 cm/s. The span length was kept at 10.16cm. 
The flexural stress and strains were calculated using: 

f =
3PL

2bd 2
            (1) 

f =
6Dd

L2
            (2) 

Where, f  and f  are flexural stress and strain on 

the outer surface at the midpoint; respectively, and P, 
L, b, d, D are the load, span length, specimen width, 
specimen thickness and midpoint deflection, 
respectively. The flexural strength was determined 
using the maximum stress value recorded before 
sample fracture and flexural modulus was determined 
by the slope of the initial linear region of the stress-
strain curve. 

Charpy impact properties were determined using 
TINIUS OLSEN impact tester machine (model IT 504) 
according to ASTM D 6110.  

2.3.3. Thermal Characterization 

Thermal properties of the foam composites were 
analyzed using: (1) Thermogravimetric analysis (TGA) 
using TA Instruments SDT 2960 in a temperature 
range of 25°C to 800°C at a heating rate of 10°C/min 
under argon atmosphere; and (2) Differential Scanning 
Calorimetry (DSC) analysis using TA Instruments 
Q2000 analyzer. Foam composite samples weighing 5 
to 10 mg were heated in standard aluminum pans in a 
temperature range of 25°C to 260°C at a heating rate 
of 10°C/min. 

Dynamic Mechanical Analysis (DMA) was 
performed on TA Instrument Q800 to evaluate the 
viscoelastic properties (storage modulus, loss modulus, 
and tan ) of composites in the solid state. A three-point 
bending mode was used at a test temperature range of 
30 to 120°C at a constant heating rate of 3°C/min and 
a frequency of dynamic force of 1 Hz. 

2.3.4. X-Ray Diffraction Analysis (XRD) 

Elemental and chemical analysis of the cenosphere 
particles were determined using an X-ray diffractometer 
(Bruker D8 Discovery) with a CuK  radiation 
( =1.54056 Å) source. The samples were scanned with 
the time per step 1.5s from 10° to 70° (2 ). Weight 
percentage (Xi) of each crystal phase in cenosphere 
was calculating using: 

Xi =
1

1+ [ki / Ii (I j / kj + Ik / kk )]
          (3) 

where, K =I/Ic and I is intensity of largest peak in the 
phase. 

Table 1: PVC Foam Composites Formulation 

Raw Materials (phr) Pure TG6 TG12 TG18 

PVC resin 100 100 100 100 

TG-cenosphere 0 6 12 18 
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2.7. Scanning Electron Microscopy and Energy 
Dispersive X-Ray Analysis (SEM/EDX) 

Topcon SM-300 SEM was used for imaging and 
microstructural analysis. The specimens were fractured 
in liquid nitrogen and coated using a sputter coater to 
minimize the charging effect and to improve the 
conductivity of the samples prior to analysis. SEM/EDX 
was also used to confirm the chemical composition of 
cenosphere. 

3. RESULTS AND DISCUSSION  

3.1. Cenosphere Characterization 

The density of the cenosphere was measured to be 
0.75 g/cm3 with a particle size ranging from 5 to 
500 m. The SEM micrograph of cenosphere, shown in 
Figure 1, confirms a wide particle size distribution. The 
elemental and chemical compositions of cenosphere 
were characterized by SEM/EDX and XRD as shown in 

 

Figure 1: SEM micrograph of Cenospheres. 

 

 

Figure 2: Elemental composition of cenosphere characterized by SEM/EDX. 
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Figures 2 and 3, respectively. XRD result shows that 
the cenospheres contain mainly Quartz and Mullite 
crystal phases. Weight percentage of each phase is 
calculated using Equation 3 and reported in Figure 3. 

3.2. PVC foam/Cenosphere Composite Characteri-
zation 

3.2.1. Physical Properties 

The measured density of the PVC foam composites 
are presented in Figure 4 and summarized in Table 2. 
The results show that the foam density increases by 

increasing the cenosphere content, indicating a denser 
composite microstructure with higher cenosphere 
loadings. By adding more filler, foaming process is 
hindered, thus resulting in smaller cells and denser 
matrix. This observation is consistent with the SEM 
images shown in Figure 12.  

3.2.2. Mechanical Properties 

The tensile strength and tensile modulus of the 
foam composites as a function of the cenosphere 
content are shown in Figures 5 and 6, respectively. It is 

 

Figure 3: X-Ray diffraction spectrum and weight percentage of crystal phases of cenosphere. 

 

Figure 4: Measured Density of PVC foam composites vs. cenosphere content (phr). 
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evident that the tensile strength increases as the filler 
content increases in the composites, an indication of 
high strength and bonding energy between the filler 
and the matrix [6, 17, 28]. Similarly, the incorporation of 
higher amounts of cenospheres in PVC foam, improves 
the elastic modulus of the composites [28]. The higher 
tensile strength and elastic modulus of the composites 
may also be due to the strong interphase interaction 
between the PVC membranes and the cenospheres, 

which reduces the stress concentration sites under 
tensile loading.  

The effect of cenosphere content on the flexural 
strength and modulus of PVC foam composites are 
presented in Figures 7 and 8, respectively. The flexural 
modulus was found to increase 136% by adding 6phr 
cenospheres compared to pure samples, reaching up 
to 220% increase with 18phr cenosphere composites. 
The increase in flexural modulus indicates higher 

Table 2: Density of PVC Foam Composites 

Sample Pure TG6 TG12 TG18 

Measured Density (g/cm3) 0.39 0.50 0.67 0.76 

 

 

Figure 5: Tensile modulus of PVC/Cenosphere foam composites. 

 

Figure 6: Tensile strength of PVC/Cenosphere foam composites. 
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stiffness of the composites. Similarly, adding 
cenosphere particles to the PVC foam matrix increases 
flexural strength up to 24% in the samples with 18phr 
cenospheres. The increase in both the flexural strength 
and modulus in the presence of cenospheres indicates 
good interfacial interaction between the filler and the 
polymer matrix. Also, it indicates minimum aggregation 
of the cenosphere particles and good dispersion in the 
PVC matrix [4, 17, 28].  

The effect of cenospheres on the impact strength of 
the composites is shown in Figure 9. By adding 6phr 
cenosphere particles, the impact strength and impact 

energy decrease. This can be attributed to the 
formation of stress concentration sites as a result of the 
strong interfacial bonding between the cenosphere 
particles and the matrix [4]. On the other hand, due to 
the unique spherical shape of the cenospheres, the 
particles cannot transfer the applied load easily and it 
causes a decrease in the impact energy to break and 
impact strength [4]. By increasing the cenosphere 
content above 6phr, the impact energy and strength 
are almost steady or nearly unaffected, which indicates 
more efficient load transfer in the composites 
containing higher loading of cenosphere particles. 

 

Figure 7: Flexural modulus of PVC/Cenosphere foam composites. 

 

Figure 8: Flexural strength of PVC/Cenosphere foam composites. 
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The mechanical properties of the PVC/cenosphere 
foam composites are summarized in Table 3. 

3.2.3. Thermal Properties 

The results from TGA analysis of the 
PVC/cenosphere foam composites are shown in Figure 
10 and the degradation temperatures are summarized 
in Table 4. The pure samples show initial degradation 
temperature (IDT) and final degradation temperature 
(FDT) at 288.82°C and 428.76 °C, respectively. TGA 
analysis shows insignificant change in IDT of the 
composites compared to pure samples i.e.  3-5°C, 
which is attributed to the separation of chlorine from the 
polymer chains [28, 29]. Enthalpy of IDT increases by 
adding cenospheres to PVC matrix and this increment 
in TG18 is about 23°C, which is the maximum value. 
FDT is related to cracking of the hydrocarbon 
backbone, which is found to improve significantly in the 
case of cenosphere filled composites. It means that, in 
cenosphere filled samples more energy is required to 
break the hydrocarbon backbone indicating some 
bonding between the filler and the matrix. 

A comparison between the final degradation 
enthalpies shows that the enthalpy of polymer 
backbone breaking increases with increasing the 
cenosphere content. It shows a maximum value in 
TG18, which is almost 350% improvement compared to 
the pure samples. Cenosphere is a ceramic material 
and has hollow shaped structure; therefore, by 
increasing the cenospheres content, the void portion of 
the cenospheres increases and the thermal 
conductivity decreases, and consequently the 
degradation temperature increases [4].  

The residual weight in thermal degradation is the 
undecomposed inorganic filler and ash [29]. Residual 
weight at 800°C is found to be 17.95% in pure samples 
indicating that the ash of the PVC compound and the 
residual weight in TG6 containing 6phr cenosphere is 
18.97% which is only 5.68% higher than pure sample. 
This factor increases with increasing the cenosphere 
content up to 27.13% in TG18 which has the highest 
amount of cenosphere loading. 

 

Figure 9: Impact strength and energy of PVC/Cenosphere foam composites. 

 

Table 3: Summary of the Mechanical Properties of PVC/Cenosphere Foam Composites 

Sample 
Tensile Strength 

(MPa) 
Tensile 

Modulus (MPa) 
Flexural Strength 

(MPa) 
Flexural Modulus 

(MPa) 
Impact Energy 

 (J) 

Impact 
Strength 
(KJ/m

2
) 

Pure 9.06 213.35 18.54 35.358 0.29 4.6 

TG6 10.65 269.37 19.23 83.69 0.188 3.24 

TG12 11.85 290.04 22.28 101.33 0.188 2.87 

TG18 12.00 333.18 22.98 113.59 0.179 2.79 
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Figure 11 shows DSC thermograms of 
PVC/cenosphere foam composites. Glass transition 
temperature (Tg) and percentage of gelation of the PVC 
foam composites do not seem to change significantly 
with the incorporation of cenospheres in the 
composites. This behavior was also observed in our 
previous work [28]. PVC/natural filler and PVC/Carbon 
fiber composite systems reported by Iulianelli et al. [30] 
and Rathy et al. [31], respectively. The degree of 
gelation, initial (Tgi), middle (Tgm), and final Tg (Tgf) 
values are reported in Table 5. 

The viscoelastic properties of the PVC/cenosphere 
composites were determined by DMA analysis. These 
are reported in terms of variations of storage modulus 
(E'), which represents the elastic nature and loss 
modulus (E"), which represents the viscous nature, as 
a function of temperature. E' and E" are presented in 
Figures 12a and 12b, respectively. The magnitude of E' 

seems to increase significantly with the incorporation of 
cenospheres. This increase indicates an improvement 
of the stiffness in accordance with the expectations of 
the common behavior of composites filled with rigid 
spherical particles [6]. The extent of increase of storage 
modulus in TG18 at 50°C is approximately 180% 
compared to pure samples.  

The peak intensity of loss modulus is found to 
increase with the addition of small amounts of 
cenospheres (6phr) to PVC foam. This phenomenon 
may be due to the enhancement in the energy 
dissipation ability as a result of the presence of 
spherical filler in the composites and also an increase 
in the polymer-filler and filler-filler slippage at Tg [11, 
28]. Tg of the PVC/cenosphere foam composites was 
measured in two different ways; as the temperature at 
the peak of the loss modulus and as the temperature at 
the maximum of tan  at about 1Hz frequency. Both 

 

Figure 10: TGA curves of PVC/Cenosphere foam composites. 

 

Table 4: Thermogravimetric Analysis (TGA) of Foam Specimens 

Sample IDT
a
 (˚C) Enthalpy of IDT (J/g) FDT

b
 (˚C) Enthalpy of FDT (J/g) 

%Residual Weight 

at 800 ˚C 

Pure 288.82 110.6 440.70 9.74 17.95 

TG6 284.55 128.3 451.85 17.35 18.97 

TG12 283.50 125.1 453.77 27.63 23.4 

TG18 285.09 143.8 457.18 43.99 27.13 

aIDT: Initial Degradation Temperature; b FDT: Final Degradation Temperature. 
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Figure 11: DSC curves of PVC/Cenosphere foam composites. 

 

Table 5: DSC Analysis of PVC/Cenosphere Foam Composites 

Sample 
Tgi 

(˚C) 

Tgm 

(˚C) 

Tgf 

(˚C) 

Gelation 

(%) 

Pure 79.17 82.55 86.81 85.79% 

TG6 78.71 83.61 86.33 77.43% 

TG12 78.97 82.69 86.78 78.03% 

TG18 80.02 83.45 86.91 82.17% 

 

values, reported in Table 6, are almost constant up to 
12phr cenosphere loading; however it increases 1˚C in 
TG18, which may be due to the segmental 
immobilization of the filler surface [11]. 

3.2.4. Microstructural Properties 

The interfacial interaction between the cenosphere 
particles and the foam matrix walls, as well as the state 
of dispersion and distribution of the cenospheres at the 
microstructural level were investigated by SEM. Figure 
13 shows the SEM images of PVC foam composites 
with different loadings of cenosphere particles. The 
difference in cenosphere loading in the samples 
between 6 to 18 phr is visible in figures (a) to (c), ata 
constant magnification of 200x, indicating a good 
distribution of the cenospheres in the foam matrix [6]. 
In addition, it is evident in figures (a)-(c) that the foam 
cell size decreases with increasing the cenosphere 

content due to the higher restriction to the foaming 
process.  

At a higher magnification of 1000x, figures (d) to (f) 
show the presence of tightly embedded and physically 
interlocked cenosphere particles within the PVC matrix 
walls. This observation indicates a strong interaction 
between the filler and the matrix and also a good 
dispersion of cenosphere particles. By increasing the 
cenospheres content, the number of broken 
cenospheres is found to be higher, which is attributed 
to a shifting from ductile plastic deformation to brittle 
failure mechanism in the cenospheres during the foam 
cell formation [6].  

4. CONCLUSIONS 

PVC foam composites containing cenosphere fly 
ash were successfully extruded with up to 12phr 
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Figure 12: Dynamic mechanical analysis plots of PVC/cenosphere foam composites (a) storage modulus (E') and (b) loss 
modulus (E") vs. temperature. 
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Table 6: Tg of PVC/Cenosphere Foam Composites as defined by the peak of Loss Modulus Curve and tan  at 1Hz 
Frequency 

Sample Pure TG6 TG12 TG18 

Tg (˚C) 

from E" 
84.19 84.10 84.77 85.87 

Tg (˚C) 

from tan  
93.49 93.08 93.43 94.48 

 

 

Figure 13: SEM images of PVC/Cenosphere composites, (a) TG6 (200x), (b) TG12 (200x), (c) TG18 (200x), (d) TG6 (1000x), 
(e) TG12 (1000x), (f) TG18 (1000x). 
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loading without adversely affecting the properties of the 
foam. The addition of cenospheres resulted in an 
increase in the foam density. Both the tensile strength 
and modulus increased by incorporating cenosphere fly 
ash, indicating good interfacial bonding between the 
filler and the matrix. Flexural strength improved by 
increasing the cenospheres content, which is attributed 
to higher stiffness of the composites. Impact strength 
and impact energy remained almost constant with 
increasing the cenospheres content from 6phr to 18phr, 
which indicates efficient load transfer in the composites 
containing cenosphere particles.  

The final and primary decomposition temperatures, 
measured by TGA, increased and slightly decreased, 
respectively, whereas the enthalpy in both 
temperatures increased by adding more cenospheres. 
Dynamic mechanical analysis confirmed the increase in 
stiffness by increasing cenosphere content in the 
composites and also the presence of good interfacial 
adhesion between the cenosphere particles and the 
matrix. SEM images revealed good dispersion, 
distribution, and interaction between the cenosphere 
particles and the PVC matrix. 
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