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Abstract 

Attempts were made to improve the thermo-mechanical, dielectric and electromagnetic 

interference shielding effectiveness (EMI-SE) of bismaleimide (BMI)-epoxy 

composites using different fillers such as BaTiO3 (BT), Rochelle salt (RS) and surface 

hydroxylated BaTiO3 (BTOH) along with the incorporation of conductive filler 

multiwalled carbon nanotube (MWCNT) as secondary reinforcement and silane coated 

E glass fiber (SC-EGF) as the primary reinforcement. Based on our previous work in 

chapter 4, 5 and 6 fabrication of BMI-epoxy composites with different nanofiller (1 - 5 

weight %) were done and we got highest tensile strength, flexural strength and dielectric 

constant at 2 weight % of filler loading and highest dielectric strength at 3 weight % of 

nanofiller. BMI-epoxy nanocomposites containing 5 weight % of MWCNT with 

optimized 2 and 3 weight % of BT, RS and BTOH fillers were fabricated using hand 

layup method followed by compression moulding. The resulting composites were 

characterized to explore the influence of MWCNT on thermal, mechanical, dielectric 

properties and EMI-SE. Tensile strength, flexural strength and dielectric permittivity of 

BMI-epoxy-MWCNT nanocomposite with 2 weight % of BTOH nanofiller have 

increased 2.78, 1.22 and 1.50 times respectively as compared to BMI-epoxy-BTOH 

nanocomposite without MWCNT filler. The highest dielectric permittivity of around 

674 and minimum value of dielectric loss of 0.017 were obtained for BMI-epoxy-

MWCNT composite with BTOH nanofiller and this composite stands as a promising 

candidate for high dielectric applications. 

7.1. Introduction 

Conductive polymer nanocomposites stand as attractive and advanced materials to 

protect electronic devices such as laptops, sensors, cell phones, military and aircraft 

devices etc. from electromagnetic interference and electrostatic discharge. Among the 

different conductive nanofillers such as carbon nanotubes (CNT)1–6, metal nanowires7,8, 
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carbon nanofibers (CNF)9–11, high structure carbon black (HS-CB)12, conventional  

carbon fibers (CF)13,14 etc., the highest EMI-SE, dielectric permittivity and conductivity 

is exhibited by MWCNT nanocomposites because of its high aspect ratio and high 

intrinsic conductivity15–17. 

EMI-SE and conductivity of polyvinylchloride (PVC)-BaTiO3-NiO nanocomposites by 

varying the compositions of the fillers BaTiO3 and NiO were investigated by Aqib 

Muzaffar et al.18 Maximum EMI-SE of 18.71 dB was obtained at 30 weight % of 

BaTiO3 and 5 weight % of NiO. The enhancement in EMI-SE of the synthesized 

composites is due to the enhancement in conductivity in PVC-BaTiO3-NiO that is 

attributed to the formation of conductive surface between polymer matrix by NiO filler 

and large surface area and dipoles provided by BaTiO3 nanoparticles. 

Qunfeng Cheng et al. investigated and compared the mechanical properties and 

electrical conductivity of epoxy functionalized MWCNT composites with different 

stretch alignment reinforced BMI composites with pristine CNT sheet/BMI composites. 

BMI-CNT composites with epoxy functionalized CNT sheets at 40% stretch showed 

highest tensile strength, Young’s modulus and electrical conductivity as compared to 

pristine CNT sheet/BMI composites19. From these results, it is evident that degree of 

CNT alignment, CNT loading, CNT length and interfacial bonding will be critical in 

the fabrication of BMI-CNT composites for improving their mechanical properties as 

well as electrical conductivity20–22. 

Diallyl bisphenol A modified bismaleimide (BMI-BA)-CNT hybrid and BMI-BA with 

aminated CNT (A-CNT) were fabricated by Aijuan Gu et al. and studied the static and 

dynamic mechanical properties in detail. The obtained experimental data shows that the 

mechanical properties of the above composites were greatly influenced by the nature of 

functional groups on CNT and its loading in the matrix22. 

In our previous work, the effect of three different fillers such as BaTiO3 (BT), Rochelle 

salt (RS) and surface hydroxylated BaTiO3 (BTOH) nanoparticles on the thermo-

mechanical, dielectric and EMI-SE of BMI-epoxy composites were studied. All the 

fillers enhance the above mentioned properties except EMI-SE. In this regard, a 

conductive filler, MWCNT is incorporated during the fabrication of the composite. 
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In this chapter, BMI-epoxy-MWCNT composites with different fillers with optimized 

weight % obtained from our previous work have been incorporated for the improved ac 

conductivity and EMI-SE of the composites. 

7.2. Results and discussion 

7.2.1. Thermogravimetric analysis of BMI-epoxy-MWCNT composites 

 

Figure 7.1 TGA curves of BMI-epoxy with and without MWCNT composites (A) RS 

filler, (B) BTOH nanofiller, (C) BT nanofiller, (D) Comparison of                                     

BMI-epoxy-MWCNT composites with (a) BT (b) BTOH and (c) RS filler. 

The thermal stability of BMI-epoxy-MWCNT composites with different nanofillers 

such as BT, RS and BTOH were examined by analyzing the thermogravimetric curves 

of fabricated composites and are depicted in figure 7.1D. The thermal stability of 
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fabricated BMI-epoxy composites was synergistically enhanced by the addition of 

MWCNT filler which is evident from figures 7.1 A, B and C and from table 7.123,24. 

 

Table 7.1 Tentative assignments from TGA curves of BMI-epoxy composites with 

different fillers such as BT, BTOH, RS with and without MWCNT fillers. 

 

Sample Decomposition 

temperature 

Weight  

% of  

final 

residue  

at  

688oC 

Sample 

 

Decomposition 

temperature 

Weight 

% of 

final 

residue  

at  

688oC 

BMI-

epoxy-BT 

composite 

380 oC 61.42 BMI-epoxy- 

MWCNT-BT 

composite  

395oC 65.48 

BMI –

epoxy 

BTOH 

composite 

392oC 61.73 BMI-epoxy- 

MWCNT- 

BTOH 

composite 

413oC 65.64 

BMI –

epoxy RS 

composite 

374oC 59.2 BMI-epoxy- 

MWCNT-RS 

composite 

386oC 60.60 

 

7.2.2. FTIR spectra  

FTIR spectra of BMI-epoxy-MWCNT composites with different fillers such as BT, RS 

and BTOH are illustrated in figure 7.2. Compared with FTIR spectrum of        BMI-

epoxy composites, the absorption bands correspond to -CH=CH- stretching of 

maleimide ring at 823 cm-1, weak C-N stretching around 1020 cm-1, maleimide and 

imide group at 686 cm-1 and 1386 cm-1 gets shifted to 794 cm-1, 1016 cm-1, 684 cm-1 

and 1374 cm-1 respectively indicating better interaction MWCNT filler and                

BMI-epoxy matrix. Both the spectra retain the characteristic absorption bands of –C=O 

group at 1708 cm-1, -C=C- of benzene ring at 1511 cm-1 and –C-N-C maleimide group 

at 1093 cm-1. Very weak absorption bands indicating the presence of –C=C- stretching 

vibrations in MWCNT are observed in the range 2190-2230 cm-1 in BMI-epoxy-

MWCNT composite with different fillers also emphasizes the better dispersion of 

MWCNT filler in the fabricated composites. 
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Figure 7.2 FTIR spectra of (A) BMI-epoxy-MWCNT composites with different fillers 

such as (a) BT, (b) RS, (c) BTOH and (d) pristine MWCNT (B) enlarged portion of     –

C=C- stretching vibrations in MWCNT. 

7.2.3. Morphological studies 

7.2.3.1. X-ray diffraction analysis 

The X-ray diffractograms of BMI-epoxy-MWCNT composites with BT, RS and BTOH 

fillers and pristine MWCNT are displayed in figures 7.3(a), (b), (c) and (d) respectively. 

Typical XRD peaks of MWCNT obtained at 2θ around 26° and 43° corresponding to 

(002) and (100) planes were also visible in all other BMI-epoxy-MWCNT composites 

with different fillers indicating the effective dispersion of MWCNT in all the 

composites. The most intense peak around 31° corresponding to 110 plane of BTOH 

nanofiller is also visible in BMI-epoxy-MWCNT-BTOH nanocomposite with BTOH 

filler indicating more dispersion of this filler in the composite compared to other 

composites with BT and RS filler. The narrow diffraction peaks between the range 18°-

21° of BMI-epoxy composite without filler are retained in XRD patterns of BMI-epoxy-

MWCNT composites with different fillers25–27. 
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Figure 7.3 X-ray diffractograms of BMI-epoxy-MWCNT composites with 2 weight % 

of (a) BT, (b) RS, (c) BTOH fillers and (d) pristine MWCNT. 

7.2.3.2. SEM –EDAX studies 

Figure 7.4A depicts the SEM image of BMI-epoxy-MWCNT composite with 2 weight 

% of BT nanofiller. The presence of very small clusters may be due to the 

agglomeration owing to the strong van der Waal’s interaction between the MWCNT 

nanofillers. EDAX spectra (figure 7.4B) and mapping (figure 7.5A) of                          

BMI-epoxy-MWCNT composites with 2 weight % of BT nanofiller reveal the presence 

of all the elements present in the composite such as carbon (figure 7.5B), oxygen (figure 

7.5C), titanium (figure 7.5D) and barium (figure 7.5E). 
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Figure 7.4 (A) SEM and (B) EDAX spectra of BMI-epoxy-MWCNT composites with 2 

weight % of BT nanofiller. 

Both loosely entangled MWCNT agglomerates along with river markings latter 

revealing the better dispersion of MWCNT can be seen in SEM images of 

BMI-epoxy-MWCNT composites with 2 weight % of RS filler (figure 7.6A)28,29. The 

presence of elements such as carbon (figure 7.7B), oxygen (figure 7.7C), potassium 

(figure 7.7D) and sodium (figure 7.7E) in the composite are further confirmed by 

EDAX spectra (figure 7.6B) and mapping (figure 7.7A) of BMI-epoxy-MWCNT 

composites with 2 weight % of RS filler. 

Uniform dispersion of MWCNT nanofiller along with very small agglomerates are 

evident from SEM images of BMI-epoxy-MWCNT composites with 2 weight % of 

BTOH nanofiller (figure 7.8A)30. Presence of all the elements present in BMI-epoxy-

MWCNT composites with 2 weight % of BTOH nanofiller such as carbon 

(figure 7.9B), oxygen (figure 7.9C), titanium (figure 7.9D) and barium (figure 7.9E) 

were identified and confirmed by EDAX spectra (figure 7.8B) and mapping (figure 

7.9A). 
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Figure 7.5 EDAX mapping of (A) BMI-epoxy-MWCNT composites with 2 weight % of 

BT nanofiller, (B) carbon, (C) oxygen, (D) titanium and (E) barium. 

 

Figure 7.6 (A) SEM and (B) EDAX spectra of BMI-epoxy-MWCNT composites with   

2 weight % of RS filler. 
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Figure 7.7 EDAX mapping of (A) BMI-epoxy-MWCNT composites with 2 weight % of 

RS nanofiller, (B) carbon, (C) oxygen, (D) potassium and (E) sodium. 

Figure 7.8 (A) SEM and (B) EDAX spectra of BMI-epoxy-MWCNT composites with    

2 weight % of BTOH  filler.  
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Figure 7.9 EDAX mapping of (A) BMI-epoxy-MWCNT composites with 2 weight % of 

BTOH nanofiller, (B) carbon, (C) oxygen, (D) barium and (E) titanium. 

7.2.4. Mechanical properties 

Figure 7.10 illustrates the effect of MWCNT nanofiller on tensile and flexural strength 

of BMI-epoxy composites with different fillers such as BT, RS and BTOH. The 

presence of a sharp peak at 2θ=30.96° corresponding to (110) plane in the XRD pattern 

of BMI-epoxy-MWCNT composite with BTOH nanofiller (figure 7.3 c) indicates the 

better dispersion of this nanofiller in BMI-epoxy-MWCNT matrix. This enhances the 

interaction between BMI-epoxy matrix and BTOH nanofiller resulting in improved 

mechanical properties of BMI-epoxy-MWCNT-BTOH nanocomposites compared to 

other composites31,32. 
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Figure 7.10 (A) Tensile and (B) flexural strength of BMI-epoxy-MWCNT composites 

with 2 weight % and 3 weight % of different nanofiller loadings. 

7.2.5. Dielectric properties of BMI-epoxy-MWCNT composites 

7.2.5.1. Dielectric permittivity  

Variation of dielectric constant of all the BMI-epoxy composites with different fillers 

is depicted in figure 7.11. Among these, BMI-epoxy composites with 2 weight % of 

BTOH nanofiller exhibited highest dielectric constant and this may be due to the 

synergic effect arising from the increased interface interaction between BTOH 

nanofiller and BMI-epoxy matrix resulting in increased space charge polarization inside 

the nanocomposite11. This is further envisaged by the homogeneous SEM images 

(figure 10). Relatively high dielectric permittivity of BMI-epoxy-MWCNT composites 

with different fillers such as BT, RS and BTOH compared to BMI-epoxy composites 

without MWCNT filler is attributed to interfacial polarization between MWCNT and 

BMI-epoxy matrix34–36. Reduction in spacing between nanoparticles due to high 

loading of MWCNT conductive filler37 and formation of a conductive network by 

MWCNT conductive filler in the composite result in the generation of a large number 

of mini-capacitors leading to greater enhancement in                                                                 

BMI-epoxy-MWCNT composite38. 
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Figure 7.11 Variation of dielectric permittivity with the logarithmic frequency of    SC-

EGF reinforced BMI-epoxy nanocomposites with (A) (a) without filler, with 2 weight 

% of (b) RS, (c) BT and (d) BTOH (B) (a) without filler, with 2 weight % of (b) RS, (c) 

BT and (d) BTOH along with 5 % of MWCNT filler (C) (a) without filler, with 3 weight 

% of (b) RS, (c) BT and (d) BTOH (D) (a) without filler, with 3 weight % of (b) RS, (c) 

BT and (d) BTOH along with 5 % of MWCNT filler. 

7.2.5.2. Dielectric loss (tan delta) 

Figure 7.12 A and C represents the variation of dielectric loss with an applied frequency 

of the three types of BMI-epoxy composites with 2 and 3 weight % of different 

nanofillers and without filler. In order to exhibit better insulating properties, the 

dielectric loss of the composite should be as low as possible. In all the BMI-epoxy 

composites with BT, RS and BTOH fillers, dielectric loss decreases with an increase in 



                                                                                              Chapter 7 

 

 Page 143 
 
 

frequency. BMI-epoxy composite with BTOH nanofiller shows the lowest dielectric 

loss compared to RS and BT composites39. Among the BTOH filler added BMI-epoxy 

composites, the dielectric loss value is least for 2 weight % of BTOH that is highly 

attractive for sophisticated applications. 

 
Figure 7.12 Variation of dielectric loss (tan delta) with frequency of SC-EGF 

reinforced BMI-epoxy nanocomposites with (A) (d) without filler, with 2 weight % of 

(a) BTOH, (b) BT, (c) RS and (B) (d) without filler, with 2 weight % of (a) BTOH, (b) 

BT and (c) RS along with 5 weight % of MWCNT filler (C) (d) without filler, with 3 

weight % of (a) BTOH, (b) BT and (c) RS (D) (d) without filler, with 3 weight % of (a) 

BTOH, (b) BT and (c) RS  along with 5 weight % of MWCNT filler. 

From figure 7.12 B and D, it is observed that BMI-epoxy composites with MWCNT 

filler exhibited a slight increase in dielectric loss value as compared to those without 

MWCNT filler is due to the formation of conductive paths and change in the nature of 

composites from dielectric to conducting which result in leakage current leading to high 

dielectric loss40–42. 
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7.2.5.3. Dielectric strength 

 

Figure 7.13 Variation of dielectric  strength with filler % of SC-EGF reinforced BMI-

epoxy nanocomposites with (a) 2 weight % of BT, RS, BTOH,(b) 3 weight % of BT, RS, 

BTOH and (c) 3 weight % of BT, RS, BTOH with MWCNT filler. 

 

The variation of dielectric strength on 2 and 3 weight % of different nanofillers 

incorporated in BMI-epoxy composites are illustrated in figure 7.13. The increase in 

dielectric strength with 3 weight % of nanofiller is attributed to the decrease in mobility 

of the polymer chains thereby reducing the probability of transferring charge carriers 

through the polymer chains that are not directly bonded to the nanofillers13. Among the 

BMI-epoxy composites with 2 and 3 weight % of different nanofillers, the one with 3 

weight % of RS filler exhibited the highest values of dielectric strength that may be due 

to the suppression of space charge transfer14. Due to the increased interface 

compatibility between the BMI-epoxy matrix and BTOH nanoparticle, the probability 

of charge transfer is more in this composite compared to BMI-epoxy composite with 

BT filler leading to decrease in dielectric strength in BMI-epoxy BTOH composite. 
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From figure 7.13 c it is observed that BMI-epoxy-MWCNT composite 3 weight % of 

RS filler exhibited the highest values of dielectric  strength. 

7.2.6. AC conductivity studies 

 

Figure 7.14 Comparison of ac conductivities of BMI-epoxy composites with (A) (a) 

without filler, with 2 weight % of (b) RS, (c) BT and (d) BTOH filler (B) (a) without 

filler, with 3 weight % of (b) RS, (c) BT and (d) BTOH filler. 

The magnitude of AC conductivity values of BMI-epoxy composites with different 

nanofillers are calculated using the formula: σ = ω ϵr ϵ0 tan δ, where ω is the angular 

frequency, ϵr is the dielectric constant of the composite, ϵ0 is dielectric permittivity in 

free space and tan δ is the dielectric loss. From figure 7.14, it is evident that the ac 

conductivity of BMI-epoxy composites with 2 and 3 weight % of BT and RS fillers 

show very low conductivity compared to composites with the same weight % of BTOH 

nanofiller, the latter shows a gradual increase in conductivity. 



                                                                                              Chapter 7 

 

 Page 146 
 
 

 

Figure 7.15 Comparison of ac conductivity of BMI-epoxy composites with 2 weight % 

of (A) (a) without any fillers, with (b) RS, (c) BT and (d) BTOH filler and (B)         BMI-

epoxy-MWCNT composite (a) without any fillers, with (b) RS (c) BT and (d) BTOH 

filler.  

The increase in ac conductivity of BMI-epoxy-BTOH composites may be attributed to 

the greater interaction between -OH group of BTOH nanoparticle with  BMI-epoxy 

composite that may lead to a reduction in charge trapping thereby producing a 

conductive path through the BMI-epoxy matrix resulting in increased ac conductivity 

compared to other composites. Among the three fillers, BT, RS and BTOH, RS particles 

are more insulated than other fillers, further supported by high dielectric breakdown 

values observed in BMI-epoxy composites with RS filler (figure 7.13). The presence of 

insulated RS particles will prevent the migration of electrons in the composites thereby 

preventing the formation of a conductive path in the composites45. BMI-epoxy-

MWCNTcomposites with different fillers exhibited higher conductivity compared to 

BMI-epoxy composites without MWCNT filler due to the presence of conductive 

MWCNT filler in the composites. 
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7.2.7. EMI shielding effectiveness(EMI-SE) 

The variation of EMI shielding effectiveness of the fabricated BMI-epoxy composites 

with 2 and 3 weight % of BT, RS and BTOH fillers in the X band range are illustrated 

in figure 7.16. The maximum value of EMI shielding effectiveness is exhibited by BMI-

epoxy composites with 2 and 3 weight % of BTOH filler are 2.5 and 1.85 respectively 

at 8 GHz. 

 

Figure 7.16 Comparison of EMI shielding effectiveness of BMI-epoxy composites with 

(A) 2 weight % and (B) 3 weight % of (b) BT, (c) BTOH, (d) RS fillers and (a) without 

any fillers.  

Polymer nanocomposites with at least 20 dB of EMI shielding effectiveness are 

required for shielding applications. So these fabricated BMI-epoxy composites that are 

not suitable for shielding applications can be made so by incorporating suitable 

conducting nanofillers like CNTs into the matrix15,46. 

The variation of EMI shielding effectiveness of the fabricated BMI-epoxy composites 

with 2 weight % of BT, RS and BTOH fillers in the K band range are illustrated in 

figure 7.17A. The maximum value of EMI shielding effectiveness exhibited by    BMI-

epoxy composites with 2 weight % of BTOH filler in BMI-epoxy composites without 

and with MWCNT (figure 7.17 B) are 8.2 and 14.3 respectively at 26 GHz. 
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Figure 7.17 Comparison of EMI shielding effectiveness of BMI-epoxy composites with 

2 weight % of (A) (b) BT, (c) BTOH, (d) RS fillers and (a) without any fillers and (B) 

BMI-epoxy-MWCNT composite (a) without any fillers, with (b) BT, (c) BTOH, (d) RS 

filler. 

7.3. Conclusions 

In this research work, we explored the possibility to enhance the thermo-mechanical, 

dielectric and EMI-SE of BMI-epoxy composites for high dielectric applications by 

incorporating different fillers such as BT, RS and BTOH with conductive filler, 

MWCNT. In this study, we maintain the concentration of BMI-epoxy constant and 

varied the concentration of different fillers such as BT, RS and BTOH during the 

fabrication of BMI-epoxy composites and quantified the concentration of filler required 

for high dielectric permittivity and low dielectric loss. The optimized weight % of the 

fillers determined were 2 and 3 weight %. These compositions were selected for the 

fabrication of another series of BMI-epoxy composites with a constant concentration 

of MWCNT (5 weight %) using a simple hand layup method followed by compression 

moulding and characterized to explore the influence of MWCNT filler on thermo-

mechanical, dielectric and EMI-SE of the fabricated composites. 

Tensile strength, flexural strength and dielectric permittivity of BMI-epoxy-MWCNT 

nanocomposite with 2 weight % of BTOH nanofiller were increased 2.78, 1.22 and 1.50 
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times respectively as compared to BMI-epoxy-BTOH nanocomposite without 

MWCNT filler. The highest dielectric permittivity of around 674 and minimum value 

of dielectric loss of 0.017 was obtained for BMI-epoxy-MWCNT composite with 2 

weight % of BTOH nanofiller and this composite stands as a promising candidate for 

high dielectric applications. 

Based on the above results, it can be envisaged that MWCNT filler can act as an 

excellent modifier to enhance thermo-mechanical, dielectric properties, ac conductivity 

as well as EMI-SE of the fabricated BMI-epoxy composites with different fillers for 

use in high dielectric application devices such as capacitors, insulating and dielectric 

materials. 
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