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Abstract. The work aims in developing epoxy composites with different compositions of 
boron carbide (5, 10, 15, and 20 wt.%) added with aluminium (10 wt %) for studying the 
mechanical and dielectric behavior. It was found that the tensile strength of the samples 
initially increased with an increase in reinforcements and then decreased with an increase in 
B4C content beyond 10 wt. %. Flexural strength, on the other hand, increased with the 
addition of B4C particles. Moreover, the impact strength of the samples decreased with an 
increase in the addition of the B4C particles. The dielectric properties were studied by 
considering various factors like temperature and frequency. The samples were subjected to 
frequencies 100Hz, 1kHz, 10kHz, 100kHz, and 1MHz, and temperatures ranged from 40ᵒC to 
150ᵒC. As a result, it was found that the dielectric loss factor was increased with increasing 
temperature. Further, at higher frequencies, an increase in the dielectric constant and a 
decrease in the dielectric loss factor were evidenced which concluded the material's suitability 
for energy storage applications.  
Keywords: conducting polymers, dielectric properties, mechanical properties, molding, 
particle dispersed 
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1. Introduction 
Increasing demand in the field of industrial packaging and microelectronics particularly in 
energy storage has led to the quest in searching for advanced novel materials. In industrial 
packaging, the materials are expected to be mechanically excellent in their characteristics, and 
in electronics, the need is for electrically conductive polymeric materials with a conductive 
core and an insulating shell. Several kinds of research are underway in particulate reinforced 
polymer-based composites in which the primary phase is the polymer matrix whereas, the 
secondary phase possessing a good dielectric constant is made to disperse in the primary 
phase through conventional fabrication routes. Researchers have revealed the possibility of 
consuming these polymers possessing electrical conductivity with the aid of their secondary 
phases but also not trading off the weight of the material [1-2]. Epoxy, is a polymeric hinderer 
of the flow of electrons owing to the inherent low dielectric constant but mechanically 
possesses wide characteristics [3-5]. However, scientists revealed the ability to increase the 
dielectric constant of the polymer through the mode of particulate addition utmost to 50 vol.% 
[6]. On the other hand, reports revealed the detriment of mechanical properties owing to the 
augmented addition of the fillers [7-9]. Works suggest the addition of particles improves the 
dielectric properties through the following two notions such as (i) establishing contact 
between particles, and (ii) making the electron move across a hindrance, widely called 
electron tunneling. However the former and the latter mechanism can be made possible 
by generating a 3D-conductive network facilitated by the closeness of the filler particles 
and transportation of electrons amidst closest particles through a thin layer hindrance 
by polymer [10].   

Here the subject of concern is not restricted to conductivity but also the mechanical 
property of the material being produced. Hence the proper choice of dispersing reinforcement 
should be taken. Particularly Boron carbide (B4C) based hard materials are seeking attention 
in the field of structural, tribological-interactive applications [11-20]. Moreover, its excellent 
hardness and density make it suitable for ballistic applications as well. Anyhow, B4C founds 
less use owing to its increased brittleness [21-23].  

Also, aluminum (Al), possessing very less weight, excellent electrical conductivity, and 
good thermal conductivity can be used in electrical and electronic applications as it has the 
ability to withstand heat resulting from high operating voltage. The electrical and mechanical 
characteristics of aluminium along with epoxy were studied and revealed the yield in 
dielectric properties with respect to that of filler concentrations [24]. Nevertheless, the works 
are almost void in the case of augmentation of B4C and aluminium for the dielectric property 
through the molding and curing route. Hence in this work, an attempt is made to study the 
mechanical and electrical properties of the B4C and Al dispersed epoxy-based single-layered 
polymer composite of varying compositions of B4C and Al. 

 
2. Materials and Methods 
Materials. The work was carried out using commercially available B4C (10µm), Al powder 
(10µm), epoxy LY566, and its corresponding hardener. The procured metallic powders were 
subjected to a scanning electron microscope equipped with an electro dispersive spectrum 
analyzer using JEOL-JSM-5600LV scanning electron microscope equipped with EDS under 
20kV and exposure time of 50s and are depicted in Fig. 1 and Fig. 2. The matrix and particle 
reinforcement were made with different compositions tabulated as shown in Table 1. The 
different samples were fabricated through the molding and curing method which is 
depicted in Fig. 3.  

Before the fabrication of the composite material, the epoxy matrix and the 
reinforcement particles were mixed mechanically and were subjected to the ultrasonic 
dispersion technique for 45 minutes. The initial mixing was then followed by the addition of 
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hardener to the mixture and was further stirred mechanically for 15 minutes at a uniform 
speed of 200rpm. The epoxy matrix and the hardener used were mixed in a ratio of 2:1. 
Subsequently, the liquid mixture of matrix and dispersed particles was poured into a glass 
mold of 300mm × 130mm × 5mm. Further, the samples from the composite were cut as per 
the ASTM standard and were subjected to mechanical, electrical, and fractography studies 
and the result are discussed in the forthcoming chapters. 

 

 
Fig. 1. SEM & EDS spectra depicting the particle size and composition of B4C particles 

 

 
Fig.2. SEM & EDS spectra depicting the particle size and composition of Al particles 

 
Table 1. Composition of the samples prepared 

Samples 
Composition (in wt %) Weight (g) 

B4C Al Epoxy Hardener B4C Al Epoxy Hardener 

A 5 10 57 28 6 12 120 60 
B 10 10 54 26 12 12 120 60 
C 15 10 50 25 18 12 120 60 
D 20 10 47 23 24 12 120 60 
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Fig. 3. a – composite fabrication method through molding and curing,  

b – as prepared composites specimen 
 
Mechanical Testing. The samples prepared were tested for their tensile strength 

flexural strength and impact strength (Izod-v notch samples) after carefully adhering to the 
ASTM D638, ASTM D790, and ASTM D256 standards respectively. The mechanical studies 
were carried out in 4 samples and the results are discussed in the forthcoming sections. The 
fractography of the tested samples was done by JEOL-JSM-5600LV scanning electron 
microscope under 15kV and exposure time of 50s. The fractured sections were carefully cut 
from the samples and were subjected to SEM in order to study the fractography which is 
depicted in Fig. 3b. 

Electrical Characterization. The prepared samples were subjected to electrical 
characterization to study the capacitance Cp and dielectric loss factor tanδ at various 
temperatures ranging from 40°C to 150°C along with a range of frequencies from 100Hz, 
1kHz, 10kHz, 100kHz, and 1MHz using an LCR Meter Aglient 4284A through parallel plate 
capacitor method. Annealing was done to the samples while holding the same in the sample 
holder at 160°C prior to observations. The readings were taken during the cooling process of 
the sample and it should be noted that the temperature was controlled with an accuracy of 
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±0.5°C. Air capacitance Ca was measured and using the relation εr= Cp/Ca the dielectric 
constant of the samples was measured. It should be also noted that the AC conductivity of the 
samples was determined by the relation  
σAC=ε0 εr ω tanδ, 
where ε0 is the permittivity of free space and ω is the angular frequency and is given by 
ω = 2πf, f is the applied frequency. 
 
3. Results &discussions 
Tensile, flexural & impact properties. Figure 4 depicts the tensile and flexural 
characteristics of the samples prepared. The tensile strength of the sample clearly notifies that 
the addition of B4C beyond 10 wt. % decrements the tensile characteristics of the samples 
whereas an increase in addition of B4C from 5 wt. % to 10 wt. % increases the tensile 
strength. On the other hand, the ductility of the samples was reduced upon increased 
augmentation of B4C. The increment in tensile strength was attributed due to the better 
dispersion of the particles in the sample. It is also possible to achieve the tensile 
characteristics, as the addition of aluminium could result in an improved modulus of tensile. 
However, the rest of the samples with the increased addition of B4C resulted in reduced 
tensile properties which could be attributed due to the following causes: Primary contribution 
to the reduction could be the agglomeration of the reinforcement particles owing to the 
increased addition of the same [25] and the secondary contribution could be a decline in the 
surface area of contact between the particle and the matrix because of the agglomeration. The 
former reason was found to be there in the samples and is evident from the tensile 
fractography as in Fig. 5. 
 

 
Fig. 4. Tensile & Flexural Strength of samples A, B, C & D 

 
Moreover, it is also evident from Fig. 6 that some known pattern like chevron is 

significantly visible in the tested sample. It is obvious that the chevron-like pattern signifies 
the failure due to brittleness [26] as the presence of Al and B4C in epoxy will have both 
ductility and brittleness which is inherent by their nature. It is also noted from the 
fractography that the sample exhibited forceful separation between epoxy and reinforcement 
particulates. Moreover, the sharp protruded shapes as evident from Fig. 7, that emerged upon 
the action of loading led to cracking and crack propagation as a result ended with brittle 
fracture even though with the presence of ductile aluminium particles [27].  
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Fig. 5. SEM micrograph depicting agglomeration and separation of B4C particles (after tensile 

testing) 
 

 
Fig. 6. SEM micrograph depicting Chevron-like patterns of B4C particles 

 

 
Fig. 7. SEM micrograph depicting sharp-edged crack promoters  
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Fig. 8. SEM micrograph depicting the separation of B4C & Al particles from the epoxy matrix 

 

 
Fig. 9. Impact Energy Absorbed of different samples 

 

 
Fig. 10. SEM micrograph depicting mountain-like pattern causing brittle failure 
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The flexural strength of the specimen depicted in Fig. 4 clearly shows the increase in 
flexural strength with the increased addition of B4C particles. The added particles, upon 
loading, during the test, resulted in the de-lamination of the reinforcements from the epoxy 
matrix as evident from the Fig. 8, and thus contributed to the reduced flexural strength of the 
sample A. Since, the sample A incorporated with the least amount of B4C has resulted with 
the least dispersion and is more prone to separation at the zone where de-lamination take 
place. On the other hand, the impact strength of the samples decreased with an increase in the 
addition of the B4C particles as in Fig. 9. It is because the increase in tensile strength results in 
the detrimental value of impact strength of the specimen. It is also evident from Fig. 10 that 
the fractography resembles mountain-like patterns tend to propagate cracks through the  
v-notch resulting in the brittle failure of the specimen. 

Electrical Properties. The fabricated samples A to D were subjected to AC 
conductivity studies to measure the dielectric constant, dielectric loss factor, and electrical 
conductivity for five different frequencies at different temperatures, and the results are 
tabulated in Table 2. The parameters were tested with respect to their temperature dependency 
and are shown in Figs. 11-13. In general, the dielectric properties were found to increase with 
respect to that temperature. It was also observed from Figs. 11-12, the dielectric constant 
tends to increase with respect to frequency and the dielectric loss factor decreased with 
augmented frequency. However, on the other hand, the AC conductivity of the samples 
increased with an increase in frequency. 

 

 
Fig. 11. Dielectric constants for samples viz., a) Sample A, b) Sample B, c) Sample C and  

d) Sample D 
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Fig. 12. Dielectric loss factor for samples viz., a) Sample A, b) Sample B, c) Sample C and 

d) Sample D 
 

The presence of different varieties of polarizations in the materials, in general, 
contributes to the dielectric behavior of the same [28]. Moreover, it is well known that the 
dielectric constant of epoxy increases predominantly by reducing the free volume of the 
matrix and is accompanied by improving the polarization of the matrix [29-30]. However, in 
all the samples, the presence of reinforcement particles contributes to the reduction in the free 
volume of the epoxy matrix by occupying the volume owing to uniform dispersion. It should 
be also noted that the existence of these particles provides polarization change thus resulting 
in a high dielectric constant. Moreover, the higher dielectric constant at lower frequencies is 
owing to space charge polarization and rotational polarization as well [31]. It should be also 
noted that the orientation of dipoles would be enhanced upon the effect of temperature, 
tending to yield the dipole moment [32]. The increase in frequency will give rise to electronic 
polarization thereby reducing the dielectric constant values in some samples. Further, research 
suggests that an increase in the dielectric constant of the materials makes the material suitable 
for energy storage applications to a larger extent. Also, the dielectric characteristics of 
polymers greatly rely upon the mechanisms of polarization that includes electronic, atomic, 
dipolar interfacial, and ionic [39]. Moreover, the polarization due to orientation is a 
predominant factor in achieving better dielectric properties, particularly epoxy-based 
composites [40] and this could be the possible reason for the improvement of the dielectric 
characteristics of the sample.  
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It should be taken into account that dielectric loss factors, are a phenomenon of 
dissipating heat at the expense of electric energy. Insulating material will tend to have less 
dielectric loss [33-34]. However, the increase in dielectric constant and dielectric loss could 
not be explained as a dependence function of filler content concentration. In general, 
particularly in the case of insulator-conductor composites, it is obvious that tunneling of 
electrons from a bunch to another bunch would be possible when separated by polymer layers 
having less number of conductive particles [35-36]. In the case of insulator-conductor 
composites, it is obvious that the tunneling of electrons is the underlying reason for the AC 
conductivity performance, due to which the conductivity of the samples increased with an 
increase in frequency [37-38]. 
 

 
Fig. 13. AC Electrical Conductivity ( σAC x 10-8 mho/m) for samples viz., a) Sample A,  

b) Sample B, c) Sample C and d) Sample D 
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4. Conclusions 
In summary, the tensile strength of the samples initially increased with an increase in 
reinforcements and then decreased with an increase in B4C content beyond 10 wt %. Flexural 
strength, on the other hand, is found to increase with the addition of B4C particles. The 
impact strength of the samples decreased with an increase in the addition of the B4C particles. 
The dielectric constant increased and the dielectric loss factor decreased with increased 
frequency. However, the AC conductivity of the samples increased with an increase in 
frequency. The trend in the increase in dielectric constant with higher frequencies and 
temperature makes the material suitable for energy storage applications. 
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