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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
B,C 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 40°C to
150°C. 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.
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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, B,C 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 B,C 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 B,C and Al dispersed epoxy-based single-layered
polymer composite of varying compositions of B,C and Al.

2. Materials and Methods
Materials. The work was carried out using commercially available B,C (10um), Al powder
(10um), 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 x 130mm x 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.
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Fig. 1. SEM & EDS spectra depicting the particle size and composition of B4C particles

26.0K

Al Ka
23.4K
208K
182k
156K
130K
104K
78K
5.2K
C Kol
26K
0 Kal
0.0kl =
00 13 26 39 52 65 78 91 104 117 130
OCnts  0000keV  Det: Element-C2B

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

Table 1. Composition of the samples prepared

Composition (in wt %) Weight (g)
Samples
B.C 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 C, and dielectric loss factor tand 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 C, was measured and using the relation &= C,/C, 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

GAC=E0 £ O tanod,

where g is the permittivity of free space and ® is the angular frequency and is given by
o = 2xnf, fis 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 B4,C 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.
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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 B,C particles (after tensile
testing)
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Fig. 7. SEM micrograph depicting sharp-edged crack promoters
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Fig. 8. SEM micrograph depicting the separation o% B4C & Al particles from the epoxy matrix
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Fig. 9. Impact Energy Absorbed of different samples
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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 B,C 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 B,C 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 B,4C 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.
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Fig. 11. Dielectric constants for samples viz., a) Sample A, b) Sample B, ¢) 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].
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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 B,C 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.

References

1. Singh V, Kulkarni AR, Rama Mohan TR. Dielectric properties of aluminum-epoxy
composites. Journal of applied polymer science. 2003;90(13): 3602-3608.

2. Elimat ZM, Zihlif AM, Ragosta G. Study of ac electrical properties of aluminium—epoxy
composites. Journal of Physics D: Applied Physics. 2008;41(16): 165408.

3. Sharma A, Cheon JS, Jung JP. Epoxy polymer solder pastes for micro-electronic
packaging applications. Journal of Welding and Joining. 2019;37(2): 7-14.

4. Zhang R. Novel conductive adhesives for electronic packaging applications: A way
towards economical, highly conductive, low temperature and flexible interconnects. Georgia
Institute of Technology; 2011.

5. Aradhana R, Mohanty S, Nayak SK. A review on epoxy-based electrically conductive
adhesives. International Journal of Adhesion and Adhesives. 2020;99: 102596.

6. Wang Z, Zhou W, Sui X, Dong L, Cai H, Zuo J, Liu X, Chen Q. Dielectric studies of al
nanoparticle reinforced epoxy resin composites. Polymer Composites. 2018;39(3): 887-894.
7. Zhang LB, Wang JQ, Wang HG, Xu Y, Wang ZF, Li ZP, Mi YJ, Yang SR. Preparation,
mechanical and thermal properties of functionalized graphene/polyimide nanocomposites.
Composites Part A: Applied Science and Manufacturing. 2012;43(9): 1537-1545.

8. Shang J, Zhang Y, Yu L, Luan X, Shen B, Zhang Z, Lv F, Chu PK. Fabrication and
enhanced dielectric properties of graphene—polyvinylidene fluoride functional hybrid films
with a polyaniline interlayer. Journal of Materials Chemistry A. 2013;1(3): 884-890.

9. Xie P, Li Y, Qiu J. Preparation and dielectric behavior of polyvinylidene fluoride
composite filled with modified graphite nanoplatelet. Journal of Applied Polymer Science.
2014;131(24).

10. Xu S. Electrically Conductive Adhesives. Literature Review. 2002.

11. Thevenot F. A review on boron carbide. Key Engineering Materials. 1991;56: 59-88.

12. Chen M, McCauley JW, Hemker KJ. Shock-induced localized amorphization in boron
carbide. Science. 2003;299(5612): 1563-1566.

13. Way H. Media-milled nanoparticles boosts ceramic armor. American Ceramic Society
Bulletin. 2008;87(5): 20-24.

14. Suri AK, Subramanian C, Sonber JK, Murthy TC. Synthesis and consolidation of boron
carbide: a review. International Materials Reviews. 2010;55(1): 4-10.

15. Domnich V, Reynaud S, Haber RA, Chhowalla M. Boron carbide: structure, properties,
and stability under stress. Journal of the American Ceramic Society. 2011;94(11): 3605-3628.
16. Leo S, Tallon C, Stone N, Franks GV. Near-net-shaping methods for ceramic elements of
(body) armor systems. Journal of the American Ceramic Society. 2014;97(10): 3013-3033.
17. Hallam D, Heaton A, James B, Smith P, Yeomans J. The correlation of indentation
behaviour with ballistic performance for spark plasma sintered armour ceramics. Journal of
the European Ceramic Society. 2015;35(8): 2243-2252.



340 S. Vignesh, J.T. Winowlin Jappes, S. Nagaveena, K. Sankaranarayanan, R. Krishna Sharma, N.C. Brintha

18. Moshtaghioun BM, Gomez-Garcia D, Dominguez-Rodriguez A, Todd RI. Abrasive wear
rate of boron carbide ceramics: Influence of microstructural and mechanical aspects on their
tribological response. Journal of the European Ceramic Society. 2016;36(16): 3925-3928.

19. Hayun S. Reaction-bonded boron carbide for lightweight armor: The interrelationship
between processing, microstructure, and mechanical properties. American Ceramic Society
Bulletin. 2017;96(6): 20-26.

20. Akter S, Goto A, Mizoue T. Smoking and the risk of type 2 diabetes in Japan: a
systematic review and meta-analysis. Journal of Epidemiology. 2017;27(12): 553-561.

21. Moshtaghioun BM, Gomez-Garcia D, Dominguez-Rodriguez A, Todd RI. Grain size
dependence of hardness and fracture toughness in pure near fully-dense boron carbide
ceramics. J Eur Ceram Soc. 2016;36(7): 1829-1834.

22. Lawn BR. Fracture of brittle solids. Cambridge Solid State Science Series; 1993.

23. Wachtman JB, Cannon WR, Matthewson MJ. Mechanical properties of ceramics. John
Wiley & Sons; 2009.

24. Samanta B, Kumar P, Nanda D, Sahu R. Dielectric properties of Epoxy-Al composites for
embedded capacitor applications. Results in Physics. 2019;14: 102384.

25. Kiani MA, Ahmadi SJ, Outokesh M, Adeli R, Mohammadi A. Preparation and
characteristics of epoxy/clay/B4C nanocomposite at high concentration of boron carbide for
neutron shielding application. Radiation Physics and Chemistry. 2017;141: 223-228.

26. Suzuki A, Arai Y, Takata N, Kobashi M. Structural design and bonding strength
evaluation of Al/epoxy resin joint via interpenetrating phase layer. Journal of Materials
Processing Technology. 2018;262: 11-18.

27. Abenojar J, Martinez MA, Velasco F, Pascual-Sanchez V, Martin-Martinez JM. Effect of
boron carbide filler on the curing and mechanical properties of an epoxy resin. The Journal of
Adhesion. 2009;85(4-5): 216-238.

28. Nagaveena S, Mahadevan CK. Preparation by a facile method and characterization of
amorphous and crystalline nickel sulfide nanophases. Journal of Alloys and Compounds.
2014;582: 447-456.

29. Hougham G, Tesoro G, Viehbeck A. Influence of free volume change on the relative
permittivity and refractive index in fluoropolyimides. Macromolecules. 1996;29(10): 3453-
3456.

30. Chang HC, Lin HT, Lin CH. Benzoxazine-based phosphinated bisphenols and their
application in preparing flame-retardant, low dielectric cyanate ester thermosets. Polymer
Chemistry. 2012;3(4): 970-978.

31. Tareev BM. Physics of dielectric materials. Mir publishers; 1975.

32. Kar T, Choudhary RN, Sharma S. Structural and Electrical Properties of
Ba2Na3RNb10030 [R= Dy, Y] Ceramics. Indian Journal of Physics. 1999;73: 453-4509.

33. Wang B, Liu L, Huang L, Chi L, Liang G, Yuan L, Gu A. Fabrication and origin of high-
k carbon nanotube/epoxy composites with low dielectric loss through layer-by-layer casting
technique. Carbon. 2015;85: 28-37.

34.Jiao Y, Yuan L, Liang G, Gu A. Dispersing carbon nanotubes in the unfavorable phase of
an immiscible reverse-phase blend with Haake instrument to fabricate high-k nanocomposites
with extremely low dielectric loss and percolation threshold. Chemical Engineering Journal.
2016;285: 650-659.

35. Hummel RE. Electronic properties of materials. New York: Springer; 2011.

36. Musameh SM, Abdelazeez MK, Ahmad MS, Zihlif AM, Malinconico M, Martuscelli E,
Ragosta G. Some electrical properties of aluminum-epoxy composite. Materials Science and
Engineering: B. 1991;10(1): 29-33.

37. Ortiz-Lopez J, Gomez-Aguilar R. Dielectric permittivity and AC conductivity in
polycrystalline and amorphous C60. Revista mexicana de fisica. 2003;49(6): 529-536.



A study on mechanical and dielectric properties of B4C and Al dispersed single-layered epoxy-based polymer... 341

38. Shekharam T, Rao VL, Yellaiah G, Kumar TM, Nagabhushanam M. AC conductivity,
dielectric and impedance studies of Cd0. 8— xPbxZn0. 2S mixed semiconductor compounds.
Journal of alloys and compounds. 2014;617: 952-960.

39. Yang L, Li X, Allahyarov E, Taylor PL, Zhang QM, Zhu L. Novel polymer ferroelectric
behavior via crystal isomorphism and the nanoconfinement effect. Polymer. 2013;54(7):

1709-1728.

40. Bonardd S, Moreno-Serna V, Kortaberria G, Diaz Diaz D, Leiva A, Saldias C. Dipolar
glass polymers containing polarizable groups as dielectric materials for energy storage
applications. A minireview. Polymers. 2019;11(2): 317.

Vignesh S.
e-mail: vickyrsnair@gmail.com
ORCID: 0000-0002-8368-6110

Winowlin Jappes J.T.
e-mail: winowlin@klu.ac.in
ORCID: 0000-0003-2247-4605

Nagaveena S.
e-mail: nagaveena3@gmail.com
ORCID: -

Sankaranarayanan K.
e-mail: vignesh@klu.ac.in
ORCID: -

Krishna Sharma R.

e-mail: krishsharma5555@gmail.com

ORCID: -

Brintha N.C.

e-mail: brinthachris_2k@yahoo.com

ORCID: -

THE AUTHORS





