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A B S T R A C T

This investigation explores the influence of dual nanofillers - multi-walled carbon nanotubes (MWCNT) and 
silicon nitride nanoparticles (SiN) - on the properties of epoxy (EP). Analyses of tribological characteristics show 
hybrid nanocomposite of 0.25/ 0.75 wt% of SiN/MWCNT filler system improves the wear resistance by 96 % 
compared to EP. Raman spectroscopy reveals a novel curing mechanism induced by SiN nanoparticles when 
incorporated into epoxy at room temperature, while DSC thermograms show SiN’s role in enhancing the 
crosslinking density. Creep studies indicate that EP/SiN nanocomposites at 0.5 wt% loading reduced the creep 
rate by 99 % compared to EP over a 10-min duration at 60 ◦C. Dynamic mechanical analysis (DMA) illustrates a 
significant increase in storage modulus and a 13 ◦C increment in the glass transition temperature (Tg) for 0.5 wt% 
EP/SiN nanocomposites. High-resolution transmission electron microscopy (HR-TEM) ascertained the homoge
neous dispersion of nanofillers in hybrid nanocomposites, suggesting improved and uniform stress transfer. SiN- 
based composites are more effective than MWCNT-based composites in protecting mild steel from corrosion with 
a coating efficiency of 87 %. The potential of SiN to reduce free amine groups responsible for the corrosion 
process is presented, while physisorption tests are conducted to evaluate pore size and volume in the corroded 
samples. Field emission scanning electron microscopy (FE-SEM) is employed to analyze worn-out and corroded 
surfaces comprehensively. In EMI shielding, SiN reduces reflectivity without affecting the absorptive capacity of 
MWCNTs, making them suitable for coatings in stealth applications.

1. Introduction

Nanofillers are gaining attention to improve the multifunctional 
properties of polymeric matrices, in which they are incorporated [1,2]. 
They exhibit strong potential in various fields, including supercapacitors 
[3], UV protection [4], chemical degradation [5,6] and water purifica
tion [7]. Polymers are lightweight, affordable, corrosion-resistant, and 
easy to produce, offering great design flexibility. They are often rein
forced with nanoscale fillers to enhance their properties, creating 
polymer nanocomposites [2,8,9]. Even at very low wt%, these com
posites provide outstanding stiffness, rigidity and a high 
strength-to-weight ratio. Owing to their superior mechanical, thermal, 

and electrical qualities, they find a lot of applications in diverse sectors 
[10,11]. Epoxy (EP) can act as a suitable matrix for high-performance 
composites as it provides high stiffness, low shrinkage, excellent adhe
sion, heat and chemical resistance, electrical properties and ease of 
manufacturing [12–14]. Owing to the aforementioned properties, they 
are preferred for commercial and industrial uses, such as flooring, 
anti-corrosion coatings and automotive components [15,16]. EP, a 
thermosetting polymer, undergoes curing which leads to a reticulated 
3D structure, the main reason behind the generally brittle nature of this 
material [17]. Epoxies cure differently from other resins, using a hard
ener instead of a catalyst. This typically involves an amine in an addition 
reaction, opening each epoxy ring with an active hydrogen from the 
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amine, following a standard stoichiometry [18]. The curing reactions of 
EP are accelerated at elevated temperatures [19,20], but they can also 
occur at room temperature [11,21,22] or a combination of both condi
tions [23]. The presence of residues of unreacted functional groups is the 
main drawback of room-temperature curing [11] whereas the size and 
expense of the specimen are the main constraints of high-temperature 
curing.

Polymer wear is the gradual material loss from a surface due to 
sliding or rubbing against a counterface. Tribological investigations 
commonly employ two sliding conditions: a) wet sliding, where a 
lubricant like water or oil is present during sliding, and b) dry sliding, 
where no lubrication is applied [24]. In dry sliding, the high crosslinking 
density and complex 3D structure of EP result in a high coefficient of 
friction and low wear resistance [25]. Unlike metals and ceramics, 
polymer tribology is highly influenced by the heat generated during 
sliding owing to friction. Therefore, using fillers that improve both 
tribological and thermal properties is crucial for enhancing the matrix 
[26]. Namdev et al. [27] reported that wear was lowest at 0.5wt% for EP 
reinforced with graphene nanoplatelets (GNP). Hussain et al. [28] found 
that EP reinforced with manganese oxide (α-MnO2) displayed the lowest 
specific wear resistance at 0.5 wt% filler loading.

Recent years have seen an increase in interest for dedicated research 
into the viscoelastic and viscoplastic behaviour of polymers, such as 
stress relaxation, creep, and recovery, for a wider range of applications 
[29]. Due to their long chain arrangement and chain mobility, polymers 
typically experience creep, even at room temperature which can cause 
damage in the service life to the structural components [30]. Epoxy and 
other thermosets exhibit better creep resistance than thermoplastics 
crediting their crosslinked network [31]. Therefore, epoxy is reinforced 
with nanofillers to further enhance their creep resistance for structural 
and high-performance applications. When employed as reinforcement in 
an epoxy matrix, multi-walled carbon nanotubes (MWCNTs) signifi
cantly influence the creep behaviour. Jian and Lau et al. [32] revealed 
that when MWCNT length and weight percentage increased, the creep 
strain decreased. This phenomenon is attributed to the constrained 
movement of sliding and stretching of EP chains. Starkova et al. [33] 
found that the viscoelastic and viscoplastic behaviour of EP nano
composites remains unaffected by the inclusion of MWCNTs (< 1 wt%). 
Anand et al. [34] incorporated pristine MWCNTs (PMWCNTs) and 
oxidized MWCNTs (OMWCNTs) in glass fibre/ EP composites (GE). 
Functionalized MWCNTs displayed better creep resistance than 
PMWCNTs at low temperatures (50 ◦C). At elevated temperatures, creep 
increased due to accelerated slippage of interface for PMWCNTs 
whereas better interaction between OMWCNTs and EP crediting their 
strong covalent bonds displayed superior creep resistance. Zhang et al. 
[35] compared the creep resistance of EP reinforced with fullerene 
(C60), MWCNTs, and single-walled carbon nanotubes (SWCNTs), 
respectively. MWCNTs had no discernible impact on creep behaviour, 
however SWCNTs and C60 showed better creep resistance. 
Carboxyl-functionalized MWCNTs (COOH-MWCNTs) displayed superior 
creep resistance than PMWCNTs when incorporated in the EP matrix 
crediting strong covalent interaction with the matrix [36]. Al-Shawi 
et al. [30] reinforced EP with nano silica (SiO2) and found that the 
nanofiller decreased creep by ~50 % at 1 wt%. Very few studies have 
been conducted on EP reinforced using non-carbon-based nanofillers.

Epoxy’s main applications include coatings and industrial flooring, 
where it must resist chemical attacks and corrosion. Thus, in such hostile 
conditions, EP and EP-based composites must exhibit these qualities. 
Corrosion, which degrades metals like mild steel (MS) into oxides, can 
affect polymers as well. MS is commonly used in structures but is sus
ceptible to corrosion in offshore areas, particularly with exposure to 
sodium chloride (NaCl). EP’s structure has free volume and pores, 
formed during exothermic curing, which can influence its properties. 
These create conduits for corrosive ions like Cl-, SO4

2-, etc. to penetrate 
through the coatings without much resistance [37]. Accordingly, the 
matrix is reinforced with nanomaterials to reduce the voids, pores and 

free volume for better corrosion protection [38]. Samardžija et al. [39] 
reinforced EP with spherical Aluminium (Al) nanoparticles which 
formed a thin protective film on the surface, preventing further oxida
tion and making it inert. At wt% of 0.75 nanofiller, EP/Al nano
composite displayed superior corrosion resistance after 10 days of 
saltwater exposure. Zhang et al. [40] incorporated carboxymethyl cel
lulose (CMC) in EP/MWCNT composite and found that the corrosion 
rate sharply dropped with the incorporation of CMC nanofiller. Khan 
et al. [41] found that nano silica (F-SiO2) enhanced the surface corrosion 
protection of the substrate when incorporated into the EP matrix.

Silicon nitride (SiN) is a popular structural ceramic material known 
for its intrinsically high strength, wear resistance, creep resistance, 
hardness and fracture toughness due to its strong covalent bond [42]. 
Ramdani et al. [43] incorporated SiN in polybenzoxazine and found that 
the filler significantly improved the stiffness by 2 GPa and Tg by 47 ◦C of 
the matrix. It was found that SiN acts as heterogeneous nucleating sites 
improving the crystallization characteristics when incorporated in PP 
[44]. When used as a filler, silicon nitride (SiN) exhibits tremendous 
potential as an anti-corrosion coating in the presence of corrosive elec
trolytes. Silane functionalized micro-SiN (S-SiN) was incorporated in the 
EP matrix and coated on Q235 carbon steel. The strong hydrophobic 
properties of S-SiN effectively slowed the diffusion of corrosive elec
trolytes [45]. J.L. Gómez-Magallón et al. [46] found that the inclusion of 
SiN improved the EP/ SiO2 corrosion resistance to hydrogen sulfide 
(H2S).

Incorporating a single nanofiller into a polymer matrix can signifi
cantly enhance certain properties but may also lead to a decline in 
others. To address these limitations, a dual or multi-filler system is often 
used to mitigate the drawbacks of the single-filler approach [47,48]. 
Mahaki et al. [49] added a dual nanofiller system of nano iron (III) oxide 
(Fe2O3) and graphene oxide (GO) to an EP matrix, achieving a 97 % 
reduction in mass loss and a 66 % decrease in coefficient of friction 
(COF) for a 0.6 wt% of Fe2O3@GO hybrid nanocomposite. Similarly, 
Shubham et al. [50] reported a 17.37 % increase in compressive strength 
and a 65.17 % improvement in wear resistance for 2 phr of TiO2/ GnP EP 
hybrid nanocomposites. This study focuses on preparing a hybrid 
nanofiller composite that leverages the chemical inertness and me
chanical properties and possibly enhances the curing of epoxy. The SiN 
nanofiller is known to improve the curing efficiency of EP [51] and 
corrosion inhibition. The 1-D MWCNTs impart a bridging effect to resist 
crack propagation and self-lubrication for wear resistance of the 
nanocomposites.

The intricate 3D crosslinked network of epoxy formed during curing 
can fail due to friction and wear [52]. Coatings must be wear-resistant, 
corrosion resistant and offer electromagnetic interference (EMI) 
shielding for various applications. The investigation of the synergistic 
effects of SiN and COOH-MWCNT dual nanofiller system in epoxy, 
focusing on tribology, flexural strength, viscoelastic properties, EMI 
shielding, thermo-cyclic corrosion resistance, and curing characteristics 
of the developed hybrid composite system forms the novelty of the work. 
Incorporating nanoparticles, especially SiN, is expected to significantly 
accelerate the curing process, enabling uniform and faster cross-linking 
due to numerous interactions at the interface. Consequently, marked 
improvements can be facilitated in surface-dependent properties like 
wear and corrosion resistance, and mechanical and viscoelastic prop
erties. This research is also aimed to demonstrate enhancement in EMI 
shielding, driven by the conducting nature of MWCNTs and the insu
lating nature of SiN, contributing to the multifunctionality of these 
advanced nanocomposites. Collectively, these insights advance the 
design and application of epoxy materials with superior performance 
across various engineering domains.
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2. Experimental work

2.1. Materials

The epoxy resin (LY556) and polyamine hardener (HY951) were 
provided by Covai Seenu and Company, Coimbatore, India. In the dual 
filler system, nano silicon nitride (SiN) with an average diameter of 40 
nm and purity of 99 % was supplied by M/s Ultrananotech, Bengaluru, 
India. COOH-MWCNT was supplied by M/s Platonic Nanotech, Jhark
hand, India, with an average length of 1–10 µm and an average diameter 
of 15 nm with a purity of 98 %.

2.2. Preparation of epoxy nanocomposites

The nanocomposites were prepared by adding the estimated quan
tities of nanofillers (based on weight percentages as shown in Table 1) 
into epoxy resin followed by mechanical mixing. A probe sonicator was 
used to uniformly distribute the multi-filler system into the epoxy ma
trix. The sonication was carried out for 30 min at ~ 25 KHz. After 
sonication, hardener was added in a ratio of 15 g for every 100 g of 
epoxy resin. The single filler and hybrid nanocomposites were left to 
cure at room temperature for 72 h Following ASTM guidelines, the cured 
nanocomposites were machined to fabricate test specimens. The stages 
in composite fabrication are shown in Fig. 1. The sample nomenclature 
is provided in Table 1. The hybrid filler content was optimized based on 
the mechanical properties performance in our previous work [11] and 
the same is followed in the present study.

2.3. Preparation of epoxy nanocomposite coatings

The epoxy nanocomposites and their hybrid nanocomposites exhib
iting superior wear resistance were brush-coated on mild steel (MS) 
plates with dimensions 5 cm * 1 cm and an effective coating area of 4 cm 
* 1 cm with a uniform thickness of ~1 mm.

2.4. Characterization methods

The dry sliding wear test was performed on the epoxy and nano
composites using pin-on-disc equipment (TR-20LE-PHM-200) at 
continuous 800 rpm and 50 N load. The disc had a diameter of 168 mm 
and a thickness of 8mm. The high carbon alloy steel used to make it was 
grade EN-31, which has the following composition: 0.9–1.2 wt% C, 
0.1–0.35 wt% Si, 0.3–0.75 wt% Mn, and 1.0–1.6 wt% Cr. A UTE-40 
make-FIE Universal testing machine (UTM) was used to carry out flex
ural testing following ASTM D790 standard by 3-point bending mode at 
a crosshead speed of 1.25 mm/min. Five samples were tested in each 
category. Dynamic mechanical analysis (DMA) was conducted using 
DMA 242 E Artemis in the temperature range of 23 ◦C - 150 ◦C at a 
heating rate of 5 ◦C/ min. Using a three-point mode, storage modulus 
(E’) and tan delta (δ) were recorded at a constant frequency of 1 Hz. 
With a 514 nm excitation laser, Renishaw Metrological Systems UK’s 

Invia Reflex Raman Microscope with Spectrometer was used for the 
Raman spectroscopy analysis. Each measurement was made at 50 µm, 
scanning from 1000 cm-1 to 3200 cm-1 during 10 s of exposure. The 
sample is checked at three different locations to get accurate spectra. 
Fourier Transform Infrared (FTIR) spectroscopy was performed using a 
BRUKER ALPHA II instrument in ATR mode at room temperature. The 
spectra were collected with a resolution of 0.4 cm-1 and spectrum col
lecting wavenumber range between 400 and 4000 cm-1. Uniaxial tensile 
creep tests were conducted using a CREEP-1T machine at 60 ◦C under a 
constant load of 50 kg for 10 min. The dimensions of the samples were 
maintained as 130 mm * 10 mm * 3 mm, with a gauge length of 100mm. 
Differential scanning calorimetry (DSC) studies were conducted using 
Q20 TA instruments (USA) at a heating rate of 5 ◦C/ min in the tem
perature range of 25 ◦C to 200 ◦C in a nitrogen atmosphere. Thermal 
degradation was analysed using an SDT Q600 TGA at 10 ◦C/min, from 
room temperature to 700 ◦C. The dispersion of nanofillers in the matrix 
was determined using a JEOL/ JEM-2100 high-resolution transmission 
electron microscope (HR-TEM) with an acceleration voltage of 200 kV. 
The specimens were cut into thin slices using Leica FC7 ultramicrotome 
at − 100 ◦C and placed on a copper grid. ZEISS GEMINI SEM 300 field 
emission scanning electron microscope (FE-SEM) was used to determine 
surface morphologies, EDAX, and colour mapping. For analysis, the 
specimens were sputter-coated with a thin layer of gold coating using 
QUORUM Q150R S. Corrosion fatigue tests were conducted using a 
Biologic SP-300 electrochemical workstation at a frequency range of 0.1 
Hz - 10 kHz at an amplitude of ± 5mV. The tests were repeated three 
times for accurate results. All samples were exposed to cyclic corrosion 
or corrosion fatigue by keeping them immersed in a 3.5 % NaCl solution 
for two days at a temperature variation of 40 ◦C to − 3 ◦C at 1 ◦C/ min 
and 70 % relative humidity, for 2 days. The volume intake and pore 
volume post degassing at 120 ◦C for 3 h were determined using 
Brunauer-Emmett-Teller (BET) analysis using Quantachrome instru
ment autosorb IQ-C-XR. The specimens’ EMI shielding efficacy was 
characterized using an Anritsu vector network analyzer (VNA) 10 MHz - 
20 GHz and a two-port setup using a coaxial waveguide adaptor at an X- 
band frequency range of ~ 8.2 GHz - 12.4 GHz.

3. Results and discussions

3.1. Tribological studies

3.1.1. Wear behaviour
Polymer wear occurs when a polymer slides against a surface, 

gradually eroding it. Factors like temperature, distance and surface 
roughness affect wear and friction. Friction is crucial in polymer 
tribology, softening the matrix and leading to material loss. Unlike 
thermoplastics, epoxy is less favoured for wear-resistant applications 
due to its high coefficient of friction (COF) and moderate wear resistance 
[53]. The specific wear rate achieved at 50 N and a sliding distance of 
~4826 m with rpm of 800 for 12 min is calculated by Eq. (1) and is 
provided in Table 2. 

Specific wear rate =
change in weight

sliding distance ∗ load
(1) 

As seen in Table 2, EP wears out faster due to brittle fractures under 
shear loads. Among the samples, ES2 had the lowest specific wear rate, 
while EM1 displayed the lowest specific wear rate among COOH- 
MWCNT-based epoxy nanocomposites. ESM3 exhibited the lowest 
wear rate among all the hybrid nanocomposites.

Analyzing polymer tribology is complex due to the low melting point 
(Tm) and glass transition temperature (Tg) of polymeric materials. 
Friction-induced heat can soften the matrix, leading to material loss, 
unlike metals and ceramics that tolerate high temperatures. The curing 
process can create pores and free volume due to volatiles, which may 
cause specimen failure by reducing shear resistance during prolonged 
cyclic shearing and weakening covalent bonds between polymer layers 

Table 1 
Sample nomenclature of epoxy and nanocomposites.

Sn 
No

Sample (EP/SiN/ 
MWCNT)

SiN nanoparticles 
(Wt %)

COOH- MWCNT 
(Wt %)

Sample 
code

1 EP/0/0 0 0 EP
2 EP/0.25/0.25 0.25 0.25 ESM1
3 EP/0.25/0.5 0.25 0.5 ESM2
4 EP/0.25/0.75 0.25 0.75 ESM3
5 EP/0.5/0.25 0.5 0.25 ES2M1
6 EP/0.5/0.5 0.5 0.5 ES2M2
7 EP/0.25/0 0.25 0 ES1
8 EP/0.5/0 0.5 0 ES2
9 EP/0/0.25 0 0.25 EM1
10 EP/0/0.5 0 0.5 EM2
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[54]. Table 2 shows that the nanofillers improved the wear resistance 
due to their strong interaction with the matrix, which resists shearing. In 
contrast, EP lacks this mechanism and thus has the highest wear rate.

Ceramic nanofillers are well known to improve the wear resistance of 
the matrix due to their excellent load-bearing ability by reducing inter- 
particle distance when uniformly dispersed in the matrix [55]. SiN is 
known to form secondary bonds with the EP matrix as previously re
ported [11,51] which can lead to an increase in stiffness and increase in 
hardness of the nanocomposite. According to Archard’s equation, wear 
resistance is directly proportional to hardness [56] and this theorem 
holds good in the present study as well. A very low wear rate was noticed 
for SiN-based nanocomposites when compared to COOH-MWCNT-based 
nanocomposites. Understanding various mechanisms behind the wear 
characteristics of different nanocomposites is crucial. Polymer wear, 
depending on the nature of polymer surface deformation (elastic, plas
tic, viscoelastic), results from interactions either between materials or 
with the counterface [57]. Material interaction can be further divided 
into adhesion and tribo-chemical and are heavily dependent on the 
polymer properties. Surface interaction can be divided into abrasion and 
surface fatigue.

Adhesion wear occurs when a polymer surface comes into frictional 
contact with the counterface. The localized bond formed between the 
polymer and counterface is a peculiar characteristic of this type of wear. 
The removed substance may remain in the crevice between the coun
terface’s asperities or return to the polymer surface [57,58]. Removing 

fragments reduces asperities, resulting in a significant decrease in COF 
making it easier for the polymer to slide across the counterface. During 
the abrasion mechanism, the polymer surface is scratched by the 
counterface’s asperities, which causes grooves or plough marks to form 
on the surface of the specimen. Surface fatigue occurs when the material 
is no longer capable of resisting the cyclic shearing whereas the 
tribo-chemical mechanism is a combined phenomenon of wear and 
corrosion where a protective layer of oxides/ burnt layers are formed. 
EM1 displays an adhesion mechanism crediting MWCNT’s 
self-lubricating behaviour [58]. Table 2 illustrates the variation in mass 
loss of the samples with an increase in MWCNT content. Although the 
transfer films formed as a part of the adhesion mechanism help reduce 
surface roughness, they tend to continuously remove material from the 
surface to keep the asperities at a low level [59]. Consequently, these 
materials and nanocomposites are helpful in applications where new 
asperities are not frequently introduced and are desired to be used as 
rotating components.

3.1.2. Coefficient of friction (COF)
The coefficient of friction (COF) is the ratio of the tangential force 

(frictional) to the normal force. Since polymers in general are thermal 
insulators, friction is an important factor as it produces heat during 
sliding. The material may fail as a result of the matrix softening due to 
heat accumulation. Increased compressive forces from higher loads and 
rpm, when coupled with friction, can significantly raise the temperature 
of the specimen-counterface contact. Fig. 2 shows the variations in COF 
of EP, ES2, EM1 and ESM3, respectively. EM1 displayed the lowest COF 
(~0.61) in steady state when compared to EP (~0.83). Carbon nano
fillers are well known to display self-lubrication [11,60] when incor
porated in the polymer matrix along with transfer film formation which 
reduces COF drastically. ESM3 hybrid nanocomposite displayed high 
COF but low wear rate indicating controlled wear and prevention of the 
exposure of inner polymer layers to the counterface. EP displayed 
marching COF due to the failure of its surface resulting in an exponential 
rise in wear rate.

3.1.3. Wear surface analysis
Fig. 4 shows the worn-out surfaces of EP, ES2, EM1 and ESM3, 

respectively. Transfer films and grooves are the result of material 

Fig. 1. Stages in the preparation of epoxy hybrid nanocomposite fabrication.

Table 2 
Wear properties of epoxy, nanocomposites and hybrid nanocomposites.

Sn. No Sample code Specific wear rate x 10–8 (g/Nm)

1 EP 46.8
2 EM1 2.48
3 EM2 3.31
4 ES1 2.07
5 ES2 1.65
6 ESM1 3.31
7 ESM2 2.48
8 ESM3 2.07
9 ES2M1 3.52
10 ES2M2 2.91
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interactions and tension generated by thermal breakdown [61]. EP 
experienced severe fatigue, which resulted in surface failure, fracture 
formation and appreciable wear. This can be explained by the polymer’s 
limitation to tolerate large shear forces and ineffective stress transfer 
throughout the brittle matrix. With a high COF and abrasive ploughing 
mechanism, ES2 demonstrated stability and minimal mass loss. Since 
transfer films are not produced by the abrasion mechanism, their pres
ence is not observed, except for a small amount of debris. The ceramic 
nature of SiN and its capacity to promote secondary bond formation and 
curing [11], offer resistance to shearing and thermal degradation, which 

are responsible for the reduction in wear. EM1 generated transfer films 
due to adhesion mechanism as seen in Fig. 3, which led to a sharp 
reduction in the overall COF. The synergism of dual fillers in ESM3 
hybrid nanocomposite demonstrated both adhesion and abrasion 
mechanisms by generating tire marks and transfer films. The overall 
wear resistance of the specimen is enhanced by MWCNT’s 
self-lubricating properties and SiN’s resistance to shear stresses.

The composites which demonstrated outstanding wear resistance in 
individual and hybrid nanofiller systems were selected for further 
analysis using different characterization techniques. Accordingly, 
advance studies were carried out on EP, ES2, EM1 and ESM3 
nanocomposites.

3.2. Curing behaviour

Thermosetting polymers achieve topological stability and enhanced 
mechanical and thermal properties through curing. Epoxy resin, a low 
molecular weight oligomer with one or two highly reactive epoxide 
groups, undergoes this process. Curing, which involves a chemical re
action with a hardener, can occur at room temperature or elevated 
temperature. In this work, DGEBA (two epoxide groups per molecule) 
reacts with aliphatic amine (TETA) at room temperature. It is well 
known that in comparison to room-temperature cured systems, high- 
temperature cured systems exhibit increased glass transition tempera
ture (Tg), strength, and stiffness. The gel point is reached when the 
crosslinks branch out throughout the system and the resin no longer 
dissolves in the parent resin’s solvent [62]. The degree of crosslinking 
can be significantly increased through diffusion-controlled curing, 
resulting in a system with a modulus of vitrified or glassy material. 
Secondary curing, or vitrification, occurs when the temperature of 

Fig. 2. Coefficient of friction (COF) of EP, ES2, EM1 and ESM3 with time.

Fig. 3. FESEM images for worn-out surfaces of a. EP, b. EM1, c. ES2 and d. ESM3.
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networks formed reaches the cure temperature. The major drawback of 
room temperature curing is the steric hindrances and remnants of 
functional groups which lead to partial or improper curing and result in 
an imperfect 3-D crosslinked structure [11].

3.2.1. Raman and FTIR spectroscopic analyses
As a part of the curing process, the 3D network of polymer chains 

formed alters the matrix’s structure and chemical characteristics. In this 
section, the effect of single and hybrid nanofillers on the chemical 
structure of epoxy nanocomposites are investigated by means of Fourier 
transform infrared spectroscopy (FTIR) and Raman spectroscopy.

Fig. 4 depicts the Raman spectra of EP, ES2, EM1 and ESM3, 
respectively. The inclusion of SiN in epoxy has significantly improved 
the degree of curing of the epoxy matrix. The peak formed at ~1250 cm- 

1 indicates the consumption of free epoxide groups during vitrification 
and can be attributed to the ring opening and the formation of complex 
network structures of epoxy chains [63]. This process is much improved 
by SiN, and the higher thermal conductivity of the nanofiller may be 
responsible for this phenomenon. Since curing is an exothermic process, 
and epoxy being a poor conductor of heat, there may be possibilities for 
the presence of uncured regions in the polymer due to improper heat 
distribution in the system. By significantly reducing local heat spots [64] 
and accelerating curing, this ceramic nanofiller can further promote ring 
opening at room temperature along with uniform distribution of the 
heat generated. The ring opening mechanism of epoxy chains is not 
affected by COOH-MWCNTs, as evidenced by Fig. 4 for EM1 and EP. 
However, the hybrid nanocomposite ESM3 showed a modest increase in 
intensity because of the presence of SiN.

The peak at ~1600 cm-1 indicates an increase in curing degree [65]. 
In fact, SiN accelerates the curing reaction by promoting the ring 
opening mechanism at room temperature, which generates active sites 
for crosslinking to occur thereby increasing the intensity for ES2. In 
EM1, this effect is not discernible, and in ESM3, there is a minor increase 
in intensity due to the presence of SiN. The peak in the range of ~2400 - 
2500 cm-1 indicates O–H symmetric stretching. The splitting of the 
hydrogen (O–H - N-Si) peak indicates strong bonds which can be 
observed in the case of ES2 and a broad single peak for EP is suggestive 
of weak or moderate hydrogen bonds [66]. Small peaks with low in
tensity in EM1 and ESM3 show the symmetric vibration of O–H in the 
COOH functional group present on the surface of MWCNTs. The in
tensity increase at ~2800 cm-1 for EM1 and ESM3 is due to the G’ band 
of MWCNTs (~2700 cm-1) [67] and the rise in ES2 intensity can be 
credited to CH2 stretching, as SiN promotes ring opening of epoxy 

groups. The sharp increase in intensity at ~2900 cm-1 for ES2 and ESM3 
can be attributed to the reduction in epoxy groups due to the 
ring-opening mechanism leading to the formation of CH2 bonds. The 
idea that SiN serves as a key agent for the ring opening mechanism at 
room temperature is further supported by the invariance of the EM1 and 
EP peaks at ~2900 cm-1. The amine, amide and O–H overlapping peaks 
can be noticed at ~3150 cm-1. The O–H groups present in 
COOH-MWCNT increase the intensity for EM1 and N–H hydrogen bonds 
formed by SiN with the O–H group in the DGEBA chain increasing the 
intensity for ES2. The hardener remnants in EP display N–H peaks in 
the spectra. From the following spectroscopic analysis, it can be com
mented that SiN plays a crucial role in the increase in the curing degree 
of epoxies at room temperature.

Fig. 5 presents the FTIR spectra of EP, ES2, EM1 and ESM3, show
casing the filler-matrix interactions. Peaks at approximately 824 cm-1 

and 1243 cm-1 correspond to epoxy functional groups [22]. The peaks in 
the range of 2190 cm-1 indicate symmetrical and asymmetrical 
stretching of the C–H group. For the EP spectrum, the stretching 
observed around 3390 cm-1 suggests the presence of excessive -OH and 
-NH groups in the system. The absence of these peaks in the spectra of 
ES2 and ESM3 implies the formation of secondary bonds between SiN 
and the -OH groups in the resin [11]. This absence may also suggest a 
ring-opening mechanism facilitated by SiN, further reinforcing the 
similar observations from Raman spectroscopy. Additionally, a small 
peak around 3390 cm-1 corresponds to the oscillation of the carboxyl 
groups in the -COOH functionalized MWCNTs [51].

3.2.2. Ring opening mechanism
Curing is an exothermic reaction and can directly influence the 

properties displayed by the final product. In room-temperature curing, 
the heat generated is not distributed uniformly, which might result in 
residual functional group remnants in the matrix. As already established 
by Raman spectroscopy, SiN is essential for triggering the system’s 
effective ring opening of epoxy groups at ambient temperature. A 
scheme (Fig. 6) is proposed to further explicate this novel mechanism.

The ring opening efficiency observed in Raman spectra can be 
attributed to the augmentation of crosslinked bonds generated by the 
presence of SiN. This can be credited to SiN’s excellent thermal storage 
capabilities. The superlative thermal storage nature of SiN was previ
ously reported in phase-changing materials (PCMs) [69,70]. During 
curing, the heat liberated in the matrix is retained by SiN, which can be 
visualized as a hot ball of energy. The energy released from the hot ball 
source assists in curing processes between epoxy resin and hardener. 

Fig. 4. Raman spectra of EP, ES2, EM1 and ESM3.
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Furthermore, the ring opening of epoxy chains is also facilitated by the 
heat released which increases the curing degree as seen in Fig. 6. This 
novel mechanism helps in reducing remnants of functional groups, en
courages near-to-complete curing of epoxy, reduces defective sites and 
provides improvement in final properties.

3.2.3. Differential scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA)

A powerful method to investigate the curing characteristics of ther
mosetting polymers, particularly epoxy, is differential scanning calo
rimetry (DSC). The curing of epoxy is largely dependent on the number 
of epoxide groups per molecule, the stoichiometric ratio of hardener 
with epoxy and the heating conditions (elevated and room tempera
ture). From previous discussions, it is clear that SiN significantly 
enhanced the EP matrix’s crosslinking capabilities. Accordingly, the 

focus of analysis in this section is the shift in curing degree in EP and 
ES2. The heating thermogram of room temperature cured epoxy systems 
exhibits vitrification, or secondary curing, as a result of steric hindrances 
and functional group residues [68]. The exothermic peak in the ther
mogram, as noticed in Fig. 7, is a manifestation of secondary curing of 
the EP and ES2.

Since the curing reaction is exothermic, it can be assessed by the 
amount of heat flow in the heating cycle as epoxy is a thermoset and 
requires no cooling cycle to observe recrystallization. The degree of 
cure, which is the total heat emitted at a given time in the curing history 
relative to the total heat of reaction, is crucial in understanding the 
curing efficiency. The degree of cure or curing degree (α) can be found 
from Eq. (2) [71]: 

Fig. 5. FTIR spectra of cured EP, ES2, EM1 and ESM3.

Fig. 6. Influence of SiN on curing of epoxy resin.
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α(t) = ΔHRes(t)
ΔHtotal

(2) 

Where, ΔHRes(t) is the residual heat released at a particular time 
during vitrification curve history and ΔHtotal is the total heat released 
during secondary curing. The curing degree for EP and ES2 is found from 
Eq. [2] w.r.t. temperature and time, respectively. From Fig. 8 and 
Fig. 9, it can be noticed that ES2 cured completely at lower temperatures 
and required less time when compared to EP. The temperature at which 
the curing degree achieves 10 % (α10) w.r.t. temperature for ES2 and EP 
are 74.2 ◦C and 76.1 ◦C, respectively. The curing degree at 60 % (α60) w. 
r.t. temperature for ES2 and EP are 126.2 ◦C and 127.8 ◦C, respectively. 
Complete curing, i.e., curing degree at 100 % (α100) w.r.t. temperature 
for ES2 and EP occurred at 145.5 ◦C and 153.1 ◦C, respectively.

The duration taken for ES2 to reach α10, α60 and α100 were 1.67 min, 
12.21 min and 16.11 min, respectively whereas for EP to reach α10, α60 
and α100 were 2.05 min, 12.61 min and 17.72 min, respectively. When 
compared to EP, the ES2-based nanocomposites require less time to cure 
completely, which may be attributed to the fact that there are fewer 
remnant functional groups because of the unique curing mechanism that 
SiN exhibits as elucidated in Section 3.2.2. The sharp exothermic peak 
for ES2 in Fig. 7 can be assigned to the increase in curing degree.

A wavy curve can be noticed for ES2-based nanocomposites in Fig. 8
and Fig. 9. This may be due to the excellent thermal storage capacity of 
SiN. The heat accumulated in SiN during the heating cycle is first 
released between α10 to α30, which triggers early vitrification and shows 
a steeper curve in comparison to EP. The system reaches a recharging 
state when a dip is observed between α30 and α50, showing the heat is 
being stored by SiN along with secondary curing occurring due to heat 
provided during the thermal characterization. From α50 to α100, the heat 
stored by the nanofiller is sharply released along with an increase in heat 
flow during the heating cycle, accelerating the curing reaction.

The various parameters obtained from thermal degradation studies, 
of EP and its nanocomposites, carried out at a heating rate of 10 ◦C/min 
are tabulated in Table S1. T100 is the temperature at which the onset of 
degradation occurs, and T50 is the temperature at which 50 % of the 
sample weight is lost. Tmax represents the temperature at which the 
degradation rate is maximum, as obtained from the DTG curve 
(Figure S1). From Figure S2, it is observed that the presence of inter
connected mesh-like structures formed by long-wavy CNTs delayed the 
matrix degradation in EM1 [72]. This can be further evidenced by a 13.6 
% reduction in the weight loss rate of these samples when compared to 
neat EP. ES2 exhibited an increase of 13 ◦C for T100 compared to EP, 
displaying a characteristic right-shift of the shoulder of the 

Fig. 7. DSC heating thermograms of EP and ES2.

Fig. 8. Variation of curing degree with Temperature for ES2 and EP; Ts and TE are the temperatures of ES2 and EP, respectively.
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thermograms. The incorporation of SiN increases thermal conductivity 
which improves crosslinking density, making it cumbersome to break 
the bonds of the polymer chains even at elevated temperatures [73]. The 
same feature was manifested in ESM3, due to the synergistic effect of 
CNT and SiN, exhibiting 5.4 % and 4.2 % increments in T100 %, and Tmax, 
respectively with regard to EP.

Based on Raman spectra, FTIR, curing degrees at various locations 
obtained from DSC curves, TGA thermograms and the scheme presented 
in Fig. 6, SiN is crucial for raising the matrix’s crosslinking density at 
room temperature. By using this ceramic nanofiller, the composites 
fabricated at room temperature can achieve crosslink densities closer to 
those prepared at higher temperatures, thereby drastically reducing the 
processing time and thermal energy expense.

3.3. High resolution - Transmission electron microscopy (HR-TEM)

The most efficient way to assess the morphology and dispersion of 
nanofillers in the matrix is using TEM [21]. The synergistic interaction 
between the two nanofillers could be evidenced from Fig. 10b. The 
breakage and attrition of MWCNTs were not noticed in the images 

indicating a high aspect ratio and capability for effective stress transfer. 
This also enables the unique bridging mechanism displayed by this 1-D 
nanofiller which drastically improved fracture toughness as reported in 
our previous work [11]. Uniform dispersion of nanofillers in the matrix 
can be seen in Fig. 10a which reduces local stress concentration points, 
thereby improving overall properties.

3.4. Flexural properties

The flexural strength and modulus of the samples are presented in 
Fig. 11b. EP displayed the lowest bending strength and modulus of 
106.6 ± 1.2 MPa and 2.4 ± 0.3 GPa respectively, whereas ES2 displayed 
the highest strength and modulus of 320 ± 1.3 MPa and 3.1 ± 0.1 GPa. 
This can be attributed to the superior rigidity of the samples attained by 
the peculiar curing behaviour of SiN and the formation of secondary 
bonds [11] with the matrix, improving the composite’s load-bearing 
properties. The inclusion of MWCNTs increased the strength and 
modulus to 133.3 ± 1.5 MPa and 2.7 ± 0.2 GPa respectively. This in
crease can be credited to the bridging effect of CNTs [22,74] which 
hindered the crack advancement. ESM3 showed a strength of 213 ± 1.5 

Fig. 9. Variation of curing degree with Time for ES2 and EP; (ts and tE being time for ES2 and EP, respectively).

Fig. 10. HR-TEM images of SiN and COOH-MWCNT a. dispersed in EP matrix and b. their interaction.
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MPa and a modulus of 2.8 ± 0.4 GPa credited to the increase in cross
links by SiN and the bridging effect of CNTs.

3.5. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) is an approach that is 
frequently employed for determining the viscoelastic behaviour of 
polymers and their composites concerning their primary relaxations and 
other features like crosslinking density, Tg, stress-relaxation modulus, 
interfacial contact, etc. [75]. It is known that thermosetting polymers, 
like epoxy, undergo curing and thereby generate crosslinked bonds. The 
two unique processes that take place while epoxy resin cures are vitri
fication and gelation [21]. The resin changes phases during the gelation 
stage, going from a liquid to a solid rubbery state. The phenomenon 
known as vitrification occurs when the resin transforms from a rubbery 
to a glassy state as a result of an increase in molecular weight and a 
decrease in molecular mobility. Vitrification raises the resin’s glassy 
quality and moves the curing temperature towards the glass transition 
temperature. All curing conditions result in gelation since it is the initial 
formation of a three-dimensional crosslinked network. As a result, the 
resin can no longer flow, which prevents any further processing. Most 
epoxy matrix/resin that has been cured at room temperature halt at this 
point. When curing conditions (temperature, pressure, etc.) are met, 
vitrification takes place. For room temperature cured epoxy and their 
composites, gelation peaks in DMA might not show up since the 

phenomena were already subdued when the matrix reached topological 
stability, however, vitrification peak manifestation in damping factor 
(Tan δ) plots can be noticed.

3.5.1. Storage modulus (E’)
The energy stored and matrix stiffness can be ascertained directly 

from the storage modulus (E’), which is a representation of the elastic 
response of a viscoelastic material. It has a substantial connection with 
the material’s load-bearing capability. It can be related to flexural 
modulus when measured in three-point bending mode at room tem
perature (according to ASTM D790) [76]. As seen in Fig. 12a, the 
nanofillers played a significant role in improving the storage modulus 
(E’) of the polymer matrix. The storage modulus (E’) at different tem
peratures is reported in Table 3. The E’ for EP, EM1, ES2 and ESM3 at 
room temperature was found to be ~ 2.80, 3.06, 3.41 and 3.44 GPa, 
respectively. The epoxy chains and MWCNTs develop a large interfacial 
area through entanglement interaction, which can be the reason for the 
rise in modulus for EM1 [21].

Lowering the molecular mobility of the polymer chains in the matrix 
through the higher aspect ratio of CNTs and their bridging effect can 
enhance the composite’s elastic response. ES2 displayed the highest E’ at 
room temperature. This can be attributed to the curing nature discussed 
previously where the crosslinking density increases drastically with a 
decrease in the cure time. SiN can bring the whole system closer to 
vitrification temperature thereby increasing the glassy and rigid nature 
of the composite. For room-temperature cured EP, the curing process 
stops at the upper gelation phase thereby displaying rubbery behaviour 
with lower E’. ES2, with higher crosslinking density as well as vitrifi
cation, exhibits a drastic increase in E`. The synergistic effect of dual 
nanofillers can be noticed in ESM3 where the E’ increased significantly. 
This can be attributed to the curing nature of SiN and the entanglement 
of CNTs with the matrix.

Based on the kinetic theory of rubber elasticity [77], the curing 
density (ϑc) was computed, using Eq. (3), based on the moles of an 
elastically effective network of polymeric chains per unit volume [78]. 

Fig. 11. Flexural properties of EP, EM1, ES2 and ESM3.

Fig. 12. Variation of a. storage modulus and b. Tan delta (δ) with temperature for epoxy, nano and hybrid nanocomposites.

Table 3 
Storage modulus, damping factor and Tg for epoxy nanocomposites and hybrid 
nanocomposites.

Sn. No Sample E’ at 27 ◦C (MPa) E’ at 50 ◦C (MPa) Tan δ Tg ( ◦C)

1 EP 2800.58 2664.64 1.16 82.5
2 EM1 3066.71 2903.40 1.10 87.1
3 ES2 3444.66 3390.71 0.99 95.2
4 ESM3 3417.93 3223.72 0.75 90.4
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ϑc =
Eʹ

3gRT
(3) 

Where, E’ is the storage modulus of the epoxy, nanocomposites and 
hybrid nanocomposites obtained from the DMA curve at temperature T 
(K). R is the universal gas constant and g is the front factor related to the 
functionality of the resin (g = 1 for DGEBA) [78]. The variation in curing 
density at different temperatures is shown in Table 4. ES2 demonstrated 
improved curing density and elastically effective networks at room 
temperature due to their ability to distribute heat generated during 
curing which may induce vitrification uniformly. The increase in elastic 
network and crosslinking in the case of ESM3 was related to the presence 
of SiN and the dilution phenomenon for MWCNTs.

3.5.2. Tan δ
Tan δ is directly connected to the loss of mechanical properties and 

represents the ratio of the loss modulus (E’’) to the storage modulus (E’) 
[79]. A polymeric material’s balance between its viscous and elastic 
phases is determined by its tan δ or damping behaviour. The filler’s or 
polymers’ interphase energy dissipation in a polymer composite is rep
resented by its peak height. In polymer composites, the internal rubbing 
or friction resulting from the movement of polymer chains can be 
effectively judged by the peak value of tan δ. Tg is shifted to higher 
temperatures and tan δ ’s peak value decreases if the nanofiller’s 
dispersion and interaction in the matrix are excellent [80]. Excessive 
mobility of chain segments can increase internal friction thereby 
increasing the loss modulus. The damping values and peaks can be seen 
in Table 3 and Fig. 12b. EP showed the highest tan δ of ~ 1.16 and the 
lowest Tg of 82.5 ◦C. This mobilization of polymeric chains and improper 
curing which retained the viscous phase played a crucial role in 
increasing damping and displaying lower glass transition temperature. 
The presence of nanofillers in the matrix resulted in a decrease in tan δ 
height and a shift to the right in the glass transition temperature. Tan δ 
peak values are known to decrease when nanofillers are added to the 
matrix [81]. The enhanced peak broadening observed in nano
composites and hybrid nanocomposites indicates exceptional relaxation 
characteristics, signifying optimal energy absorption during deforma
tion. As SiN plays a crucial role in curing, the polymer chains are pre
vented from moving or slipping leading to a significant increase in Tg. 
From this, we can conclude that crosslinking density is inversely pro
portional to the degree of molecular mobility. The incorporation of SiN 
and MWCNT in ESM3 displayed a drastic decrease in tan δ height due to 
the combined effect of, a strong interface generated by MWCNT and an 
increase in crosslinking and secondary bonding due to SiN.

The prevention of molecular mobility of polymer chains in con
strained zones can be determined from the energy loss fraction (W). The 
relation between energy loss fraction (W) for polymer nanocomposites 
with tan δ can be determined by equation [78]. Lower W values indicate 
lower energy loss in the system and can be directly correlated with the 
polymer-filler interaction. The W values, calculated from Eq. (4), for EP, 
ES2, EM1 and ESM3 are given in Table 4. 

W =
π ∗ tanδ

(π ∗ tanδ) + 1
(4) 

The adhesion efficiency between polymer and nanofillers can be 
determined from tan δ peaks. The adhesion factor (A) can be found from 
the tan δ curve according to Eq. (5) [78] 

A =

(
1

1 − φf

)

∗

(
tanδc

tanδp
− 1
)

(5) 

Where,tanδc, tanδp and φf are the damping peak values for compos
ite, polymer and volume fraction of filler, respectively. The filler volume 
fraction for hybrid nanocomposite is taken as the sum of individual 
nanofillers with their according to wt%. Adhesion factor (A) values are 
given in Table 4. Improved and lower adhesion values indicate better 
filler-matrix interfacial adhesion interaction. The adhesion values 
decreased for ES2 and hybrid drastically showing better interactions and 
bonding thereby hindering chain mobility.

3.6. Creep analysis

The viscoelastic behaviour of polymers and their composites can be 
influenced by the gradual reorganization of polymer chains and mole
cules post stress-strain cycles [82]. Higher loads or elevated tempera
tures have the potential to speed up this rearranging process. For 
polymer-based materials, creep is a kind of viscoelastic or viscoplastic 
reaction in which strain is seen as output over time after the specimen is 
subjected to a static load as input. The inclusion of nanofillers can delay 
this process by preventing the mobility and slippage of chains. Ther
mosetting polymers, like EP, display superior creep resistance when 
compared to their thermoplastic counterparts due to their crosslinked 
structure. Room temperature cured EP has remnants of unreacted 
functional groups present in the system which reduces the crosslinking 
degree and efficiency. Tensile creep studies were conducted for EP, EM1, 
ES2 and ESM3 under a load of 50 Kg at 60 ◦C for 600 s (10 min). The 
creep rate in steady state or critical creep rate (CCR) was calculated from 
Eq. (6) and presented in Table 5. 

Critical creep rate (CCR) =
Δε
Δt

(6) 

Materials generally undergo three main stages of creep, as illustrated 
in Fig. 13b: Initial/primary creep, Secondary/steady-state creep, and 
Tertiary creep. In the primary creep stage, minimal stretching occurs 
under loading. The secondary stage sees the material reaching stability, 
with a uniform strain rate as polymer chains rearrange in the direction of 
load. Cracks and voids may form due to elongation and stress concen
trations. During tertiary creep, the material elongates exponentially, 
with crack and void accumulation leading to potential failure. Due to its 
brittle and thermosetting nature, EP exhibits a lower creep strain rate 
but is less effective at preventing crack initiation and propagation due to 
increased free volume. Fillers of various sizes and shapes are used to 
reduce free volume and crack propagation.

From Fig. 13a, it can be seen that the EP matrix fails quickly with a 
small steady-state region and significantly high CCR forming a plateau. 
The formation of the plateau region is due to the crack propagation as 
shown in Fig. 14a indicating the propagation of cracks leading to failure. 
The inclusion of MWCNTs delayed the creep response and can be 

Table 4 
Crosslinking density and adhesion factor for epoxy-based nanocomposites and 
hybrid nanocomposites.

Sn. 
No

Sample ϑc at 27 ◦C ϑc at 50 ◦C ϑc at 60 ◦C W A

1 EP 374.27 * 
103

330.75 * 
103

267.18 * 
103

0.78 –

2 EM1 409.81 * 
103

360.39 * 
103

317.67 * 
103

0.77 − 0.051

3 ES2 460.46 * 
103

420.91* 
103

376.18 * 
103

0.75 − 0.172

4 ESM3 454.78 * 
103

400.18 * 
103

340.65 * 
103

0.70 − 0.616

Table 5 
Uniaxial tensile critical creep rate (CCR) for epoxy nanocomposites and hybrid 
nanocomposites.

Sn. No Sample Critical creep rate (1/min)

1 EP 6.62
2 EM1 2.29
3 ES2 0.07
4 ESM3 0.31
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attributed to excellent interaction between filler and matrix. The sec
ondary region is significantly more pronounced than EP with a 
comparatively low CCR indicating polymer chain slippage due to the 
self-lubricating effect of CNTs. The strong bridging effect of CNTs pre
vented crack propagation and was noticed in our earlier studies where 
the inclusion of CNTs significantly improved fracture toughness [11].

ES2 displayed the lowest CCR with a delayed primary stage and no 
visible damage to the specimen, as shown in Fig. 14b. This noteworthy 
resistance to creep can be credited to the sharp increase in crosslinking 
density and formation of strong secondary bonds with the matrix which 
prevented the rearrangement and mobility of polymer chains at elevated 

temperatures and loading. ESM3, being a combination of properties of 
ES2 and EM1, displayed slightly higher CCR than ES2 but lower than 
EM1 and EP. The lower CCR can be accredited to the efficient and 
speedy curing provided by SiN and the prolonged steady state region can 
be accredited to the lubricating and bridging effect of MWCNTs.

The notable improvement in the mechanical properties of epoxy with 
the inclusion of the dual filler system can be attributed to the synergism 
between the dual nanofillers. The bridging/ stitching mechanism pro
vided by MWCNTs delays the crack propagation caused by voids and 
defects [22,74], as seen in Fig. 15a, while the strong interaction of the 
-COOH groups with the polymer matrix enhances the static, dynamic 

Fig. 13. Viscoelastic studies for epoxy nanocomposites and hybrid nanocomposites; a. Creep rate for EP, EM1, ES2 and ESM3 and b. Ideal creep curve for materials.

Fig. 14. Crack propagation of creep tested samples for a. EP b. ES2 after 10 min at 60 ◦C.

Fig. 15. Enhancement of mechanical properties by a. bridging effect or stitching effect of MWCNTs and b. increased crosslinking density of EP by incorporation 
of SiN.
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mechanical and viscoelastic performance. Additionally, the significant 
increase in crosslinking density, resulting from incorporating nano SiN, 
(as reported in Section 3.2 and seen in Fig. 15b), substantially enhances 
the matrix’s stiffness and stability. This leads to improved storage 
modulus, flexural modulus and Tg, as interpreted from DMA, and creep 
studies. The synergistic interaction between these two fillers was 
particularly evident in the hybrid nanocomposite system, where the 
combined effects of increased crosslinking density and the MWCNTs 
bridging mechanism enhanced the overall mechanical properties, even 
at low nanofiller content.

3.7. Corrosion behaviour

The coating efficiency and anticorrosion properties were evaluated 
using electrochemical impedance spectroscopy (EIS). The utilization of 
frequency-dependent impedance measurements represents a valuable 
technique for the systematic assessment and surveillance of barrier 
coatings’ degradation within coating/ metal systems. Through this 
method, the double-layer capacitance and charge transfer resistance, the 
important parameters delineating the interfacial characteristics of the 
coating proximal to the metal substrate, can be reliably ascertained. This 
analytical approach affords a comprehensive insight into the evolving 
nature of the coating system under varied environmental conditions, 
thereby facilitating a meticulous comprehension of degradation mech
anisms and informing targeted mitigation strategies [83]. The coating 
barrier properties, water absorption, defect presence, interface reac
tivity, coating adhesion, coating delamination index, coating damage 
index, and breakpoint frequency can be analyzed using EIS [84]. It can 
monitor the deterioration/ swelling of polymeric coatings exposed to 
electrolytes. The main advantage of EIS for polymeric coatings is that it’s 
non-destructive and can be used to study the regeneration of films. As 
illustrated in Fig. 16, the samples EP, EM1, ES2, and ESM3 were exposed 
to cyclic corrosion or corrosion fatigue after keeping them immersed in a 
3.5 % NaCl solution for two days at a temperature variation of 40 ◦C to 
− 3 ◦C at 1 ◦C/ min heating rate and 70 % relative humidity.

With the aid of EIS tests, the corrosion properties of MS coated with 
EP, EM1, ES2, and ESM3 were ascertained. Figs. 17a, 17b and 17c show 
the resulting Nyquist plot and Bode plots. Figs. 17d, 17e, and 17f, 
respectively, display the models that were used to fit EP, MS, and 
composites. R1 is the solution resistance, while R2 and C2 are the 
resistance and capacitance for the corrosion product layer and surface 
pores, respectively, based on circuits shown in Figs. 17d and 17f. The 
constant phase element (Q) can be defined as capacitance which is in
dependent of frequency. Q3 and R3 are coating capacitance and resis
tance, and Q4 and R4 are double-layer capacitance and charge transfer 
resistance, respectively. Charge transfer resistance is an important 

parameter which can determine the overall corrosion resistance of the 
coating and is inversely proportional to the rate of corrosion [85].

In the case of the MS sample, the circuit model shown in Fig. 17e 
follows a corroded sample’s equivalent circuit model [86] where R1 is 
the solution resistance, while C1 and R2 are the capacitance and resis
tance for the corroded product layer and surface oxidation, and R3 and 
Q3 being resistance to charge transfer and double layer capacitance 
respectively. The values obtained for coatings and MS are listed in 
Table 6 and Table 7, respectively.

From Table 7, it can be noticed that MS displayed the lowest resis
tance to the corrosive solution indicating the inability of the material to 
withstand corrosive attacks. The formation of oxides as seen in R2 and 
C1 and the presence of double-layer capacitance and lower charge 
transfer resistance from Table 7 indicates that the metal has undergone 
corrosion. The maximum charge transfer resistance and the lowest 
double-layer capacitance were displayed by ES2. Due to SiN’s excep
tional hydrophobicity [87], the corresponding nanocomposite displays 
resistance to the absorption of electrolytes. The ceramic material’s 
insulating properties are responsible for the high charge transfer resis
tance. The capability of SiN to resist diffusion of water and sodium [88] 
enables ES2 to manifest excellent corrosion resistance to cyclic corrosion 
in NaCl electrolytes. A perfect resistor won’t allow the flow of electrons/ 
current within the system, and will not manifest any phase angle 
whereas a perfect capacitor displays a phase angle of − 90◦, due to 
current lag during the voltage drop. The increase in the flow of charges 
or decrease in impedance for polymer coatings can be accredited to the 
defects or damages on the coatings due to chemical reactions, as well as 
the swelling due to water and electrolyte absorption rendering it 
conductive. The material’s hydrophobicity and chemical inertness play 
a vital role in such instances.

Phase angles vs freq. plots can be crucial in understanding the 
corrosion mechanisms in the case of polymer coatings. From Fig. 17c, it 
can be noticed that the initial phase angles at low frequencies are high 
for EM1, EP and ESM3 whereas ES2 and MS displayed relatively low 
phase angles. EP displayed the highest phase angle of ~ − 35◦ followed 
by EM1 and ESM3 with ~ − 33◦ and ~ − 29◦, respectively indicating 
capacitive behaviour due to the presence of defects, increased surface 
area and a possibility of electrochemical reactions. These properties can 
generate double-layer capacitance on the surface creating a phase lag 
thereby showing higher phase angles. The drop in phase angle with an 
increase in frequency can be due to the resistive nature. This is an 
indication of, ease of charge transfer and charge transfer reactions 
occurring at the metal-electrolyte interface suggestive of an increase in 
corrosion rates due to the thinning of the passive layer formed on the 
coating surface. The swelling of the coating can also result in creating 
conductive pathways responsible for decreasing the phase angle at 
higher frequencies. The decrease in phase angle for ESM3 at low fre
quency can be attributed to the presence of SiN leading to a sharp in
crease in crosslinking density, reduction in defects and the formation of 
a protective layer, whereas a steep fall of phase angle at high frequency 
can be attributed to the charge transfer reactions and conductive nature 
possible due to the presence of CNTs. ES2 being hydrophobic and 
chemically inert prevented the water and electrolyte uptake in the 
coatings. The ES2 sample displays ~ − 12◦ phase angle at low frequency 
exhibiting resistive behaviour due to the formation of thin layers of silica 
[89,90] and the ability of SiN to form a barrier [45]. These layers pre
vent the diffusion of corrosive ions through the coating manifesting 
resistance to water and electrolyte swelling. A noticeable loss in phase 
angle at a higher frequency is absent in the case of ES2 assigned to 
uniform and stable properties throughout its structure. The constant 
phase angle is due to the resistance against charge transfer between 
metal and electrolyte contributing to overall corrosion resistance. An 
increase in phase angle from ~ − 12◦ to ~− 18◦ can be considered as 
proof for its capacitive behaviour. Two distinct time constants can be 
seen in the case of ES2 (Fig. 17c) indicating two complex relaxation 
phases. The first relaxation phase suggests the formation of passive and Fig. 16. Cyclic corrosion condition for coatings.
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protective layers whereas the second relaxation at a higher frequency 
can be attributed to the repairing of protective layers. Such coatings are 
more desirable as they have more efficacy in protecting MS for longer 
durations. A distinct phase angle at a lower frequency can be due to the 
formation of protective films or oxide layers [86]. In the case of MS, the 
sinusoidal phase at low phase angles can be correlated with the forma
tion of oxides on the surface. Two-time constants can be seen in the case 
of MS as well. The peak at a higher frequency can be assigned to the 
formation of oxides and a low phase angle at higher frequencies can be 
related to the charge transfer responsible for corrosion.

From Fig. 17b, the samples ESM3, ES2 and EP display higher |Z| at 
lower frequencies denoting resistance against charge transfer and pas
sive film formation whereas EM1 displayed slightly lower |Z| due to the 
conductive nature of CNTs and improper formation of passive films on 
the coating surface. As the frequency increases, |Z| values of EP and EM1 
drop drastically owing to the loss of resistance against the diffusion of 
corrosive ions. ESM3 and ES2 didn’t display a significant loss in |Z| 
indicating superior corrosion resistance. The ES2 sample’s passive film 

regeneration as seen from its phase angle plot can be decisive in stabi
lizing the |Z| at higher frequency. A sharp drop in |Z| and phase angle 
can be noticed as frequency increases for EM1 in Figs. 17b and 17c, 
which can be attributed to the chemical reaction between the -COOH 
functional group of MWCNT with NaCl in the electrolyte which creates 
pathways for corrosive ions via pitting and degradation.

Coating protection efficiency (%CE) is calculated using Eq. (7) [91] 

%CE =
Rcoat with NP − Rcoat without NP

Rcoat with NP
(7) 

Where Rcoat with NP is the coating resistance of nanocomposites and 
hybrid nanocomposites and Rcoat without NP is the resistance of the matrix. 
From equation [7], it was found that ES2 gave the highest CE% of ~87 
whereas EM1 gave the least CE% of ~ − 48 indicating a high corrosion 
rate under fatigue cycles.

3.7.1. Polymer corrosion mechanism
Since metals corrode due to an electrochemical reaction, their 

corrosion mechanism can be predicted. Polymers don’t corrode at 
different rates like metals do since they either degrade quickly or remain 
inert to chemicals. When solvent attack occurs, corrosive material 
penetrates the polymers or plastics, causing swelling, softening and 
eventual failure [92]. By the nature of attacking methods, plastic 
corrosion can be classified as degradation brought on by permeability, 
absorption, and other causes; attacks on ester links during hydrolysis 
and chemical bonds during oxidation, respectively; depolymerization 
through thermal degradation, radiation, or a mix of these processes 
[92]. Delamination, crazing, softening, dissolving, discolouration, or 
swelling may ensue from these features. In the case of thermosets, like 
epoxy, curing is of utmost importance as improper curing can reduce 
chemical resistance of the polymer, whereas proper curing will result in 
excellent chemical resistance. Since polymers have permeability that is 
orders of magnitude larger than that of metals, permeability plays a 
critical role in the failure of the polymer matrices. Molecular migration 
through voids, fissures, or flaws that are present in the polymer surface 
or the chains of the polymer is known as permeability. Despite its 
destructive nature, permeation is solely a physical phenomenon [92]. 
Two factors which directly influence the permeation of corrosive ele
ments into the matrix are diffusion through the polymer chains and the 
other being the solubility of corrodant in the polymer. The migration of 
corrosive ions into the coating can be accelerated by partial pressure 

Fig. 17. EIS corrosion analysis of coatings; a. Nyquist plot, b. and c. Bode plots, d. equivalent circuit for nanocomposites, e. equivalent circuit for MS and f. 
equivalent circuit for EP.

Table 6 
Resistance and capacitance values obtained for coatings from the equivalent 
circuits.

R (Ω)/ C (F) EP EM1 ES2 ESM3

R1 3.487 1.656 40.12 O.2017
C2 3.086 × 10–3 4.556 × 10–3 0.505 × 10–6 4.01 × 10–3

R2 441.2 181.7 19.47 294.4
Q3 14.89 × 10–6 0.354 × 10–3 1.92 × 10–3 1.136 × 10–3

R3 54.5 36.92 412.5 197.4
Q4 2.421 × 10–3 1.38 × 10–3 0.111 × 10–3 0.867 × 10–3

R4 42.36 220.5 430.1 60.41

Table 7 
Resistance and capacitance values obtained for MS 
sample from the equivalent circuit.

R (Ω)/ C (F) MS

R1 16.19 × 10–12

C1 36.56 × 10–9

R2 81.05
Q3 1.74 × 10–3

R3 67.56
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created in the system by periodic temperature changes during corrosion 
fatigue. As a result, a few variables, including coating thickness, per
meant concentration, temperature, and pressure, can be adjusted to 
control permeant movement in the coating. As the solubility of the 
permeant in the matrix increases owing to the polymer chain movement 
allowing accelerated diffusion of corrosive ions, an increase in temper
ature might raise the permeation rate.

An increase in crosslinking density can guarantee a decrease in ion 
diffusion through the coating, enhancing its ability to resist corrosion. 
The permeant’s slow condensation rate, high intermolecular in
teractions, higher crystallinity, higher degree of crosslinking, permeant 
size, and chemical similarity between the polymer and permeant are 
other factors that can lower the penetration rate. Accordingly, fillers are 
used to reinforce polymers to decrease the amount of corrosive ions that 
penetrate the system and, consequently, the number of voids and flaws. 
Fillers, particularly nanofillers, can slow down the diffusion of corro
dents, which lowers the rate of corrosion. An unfilled thermoset often 
experiences chemical and physical corrosion, with physical corrosion 
being reversible like swelling or water absorption. Physical corrosion 
can alter the properties of the coating but no chemical reactions take 
place. Chemical corrosion is irreversible because it attacks bonds 
directly and causes failure at the molecular level. Therefore, it is 
essential to incorporate fillers which are chemically inert and preferably 
hydrophobic to reduce the tendency of the matrix to corrode. Ideally, 
MS corrodes rapidly along with rust formation with several steps of 
oxidation and reduction reactions when exposed to NaCl electrolyte. The 
reactions occurring in the corrosion of MS are shown below [37]. 

Fe→ Fe2+ + 2e- (1)                                                                             

O2(g) + 2H2O + 4e-→ 4OH- (2)                                                            

Fe2+→ Fe3+ + e- (3)                                                                            

2Fe2++2H2O + O2(g) → 2FeOOH+ 2H+ (4)                                          

Fe + NaCl(aq) → FeCl2 + NaOH (5)                                                      

Steel starts to rust only when sufficient oxygen, water, or moisture is 
present. In this instance, rapid reactions could be brought on by thermal 
straining and fast NaCl condensation rates, which would hasten MS 
corrosion as shown in Fig. 18. Therefore, MS is coated with EP and its 
nanocomposites to prevent its rusting. In this work, MS is coated with 
EP, EM1, ES2 and ESM3 and their corrosion mechanisms are studied.

Concerning different coatings and their interactions, it is crucial to 
understand that remnants, such as amine hardeners, appear in room- 
temperature cured EP and its composites. These remnants can partici
pate in chemical reactions with corrosive NaCl, as illustrated below 
[93]. 

R - NH2 + NaCl → R - NHNa + HCl (6)                                               

R - NH2 +2O2 → R - NO2 + H2O2 (7)                                                  

R - CONH2 + NaCl → R - CONa + HCl + H+ (8)                                  

R - CONH2 + H2O → R - CHO2 + R - NH2 (9)                                      

In the case of EP coating, due to cyclic thermal variation and the 
presence of corrosive ions along with high relative humidity, a high 
number of pits and surface cracks formed can decrease tortuosity as seen 
in Fig. 19a. These defects act as a pathway for corrosive ions like Cl- and 
O2- thereby promoting corrosion of the metal. Additionally, warpages 
were observed which suggests that the specimen’s constant heating and 
cooling along with swelling produced distortions on the coating’s sur
face. These deformities may serve as stress concentration sites where 
corrosive media may penetrate, creating pits or fissures. Furthermore, 
salt deposits were seen in Fig. 19a, suggesting that EP was unable to halt 
or postpone the nucleation of NaCl during the cooling phase. These salts 
can disintegrate the material gradually from the inside and cause crevice 
corrosion, which deteriorates the material’s qualities. For EM1, few 
chemical reactions are possible which can damage the specimen thereby 
decreasing the tortuosity of the coating. In EM1, the matrix is reinforced 
with COOH-MWCNT where the -COOH functional group can take part in 
chemical reactions with NaCl as shown below. 

R - COOH + NaCl → R - COONa + HCl (10)                                        

It was found that COOH-MWCNT doesn’t play an appreciable role in 
improving the crosslinking of the matrix indicating that the number of 
remnants is high. From reactions (6)-(10), we can deduce that a high 
amount of hydrochloric acid (HCl) has been generated from the severe 
corrosive reactions. This increases the corrosion rate of the coating 
thereby increasing pittings and defects. As seen in Fig. 19c, the forma
tion of larger pits is evidenced which can be credited to the corrosive 
environment created by this coating. Blisters and pore warpages were 
also observable due to the absorption of water and electrolytes. This can 
be attributed to the hydrophilic nature of COOH-MWCNT which can 
attract water into the coating [94]. In the case of ES2, it was well 
established that SiN improves the crosslinking density of the matrix 
which decreases the overall remnants in the system as well as generating 
strong secondary bonds with the polymer chains. Higher crosslinking 
density improves the corrosion resistance of the thermoset materials 
[92]. Along with the improvement in curing, SiN being chemically inert, 
electrically insulative and highly hydrophobic, makes it an ideal nano
filler to boost corrosion resistance. This can be corroborated from 
Fig. 19b where the size and number of pits are comparatively less due to 
the absence of reactions(6)-(9). Blisters or NaCl deposits are not visible 
indicating perfect hydrophobicity and chemical inertness of ES2. In 
ESM3, as seen in Fig. 19d, a combination of SiN and COOH-MWCNT’s 
properties can be anticipated. The size of pores is less owing to the 
chemical inertness of SiN but a high wt% of COOH-MWCNT in the 
system led to a sharp increase in blisters and warpages in the coating.

Figure S3 shows the energy dispersive x-ray (EDAX) with colour 
mapping images for MS, neat matrix, nanocomposites and hybrid 
nanocomposites. EDAX showed complete consumption of N in the sys
tem for all composites indicating the occurrence of amine and amide 
reactions with the electrolyte. Salt deposits are seen in Figures S3c and 
S3d for EM1 and ESM3 demonstrating the reaction between NaCl and 
COOH functional groups which led to the corrosion of the substrate 
along with the NaCl deposition on the surface and in the pits. These 
depositions can lead to the deterioration of the coating over a long 
period. Rusting or oxidation of MS can be seen in Figure S3e.

The tortuosity of the coatings can be determined with the help of BET 
analysis where nitrogen gas is plunged into the pores and the volume 
occupied by the pores is found. From Fig. 20, it is observed that ES2 
displayed the lowest volume intake whereas EP recorded the highest 

Fig. 18. FESEM image of corroded MS sample.
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volume intake. The total volume for pores less than 234.5 Å (radius) at 
P/P0 for EP, EM1, ES2 and ESM3 was found to be 1.012e-2, 8.864e-3, 
4.420e-3 and 4.175e-3 cc/g, respectively. By arranging the samples in 
ascending order of volume intake, it can be represented as ES2 < ESM3 
< EM1 <EP. A small amount of steam is absorbed by the liner as a result 
of the temperature and pressure gradient during thermal cycling, and 
eventually condensing to water inside the inner wall during the cooling 
phase. The confined water may expand to vapour upon pressure release 
or the introduction of steam, creating a first micropore. The liner 
eventually develops noticeable blisters filled with water as a conse
quence of the repetitive pressure and heat cycling, thereby expanding 
the pores [92]. SiN is known to uniformly distribute heat throughout the 
system, thereby reducing thermal shock and pressure difference in the 
coating and reducing the chances for the formation of micropores. The 
lowest volume intake for ES2 indicates a lack of interconnected path
ways which prevents the diffusion of corrosive ions and water to the 

metal surface. EP being an unfilled thermoset has the lowest resistance 
to thermal shocks and partial pressure gradient which may generate 
pores and cracks leading to the possibility of crevice corrosion. EM1 
displayed lower volume intake when compared to EP, but almost 3 times 
more than ES2. This can be attributed to the hydrophilicity of 
COOH-MWCNT which attracts water, and the reaction between NaCl 
and COOH which generates HCl. This corrosive acid is largely respon
sible for the number and depth of pores generated. The reduction in 
volume intake for ESM3 can be attributed to SiN’s chemical inertness 
and hydrophobic behaviour, which reduced the depth of pits.

3.8. Electromagnetic interference (EMI) shielding

When a magnetic field and an electric field perpendicular to each 
other come into contact, electromagnetic (EM) waves are produced. The 
term EM radiation describes the electromagnetic waves that travel 
through space-time and carry radiant energy [95]. Electromagnetic 
interference (EMI) shielding is a technique that creates a barrier to 
prevent leakage of strong electromagnetic fields that can interfere with 
sensitive devices and signals. Based on their respective contributions to 
the overall shielding, EMI shielding materials can be categorized as 
either absorption-dominant or reflection-dominant. Two basic mecha
nisms are responsible for the attenuation of EMI shielding: primary and 
secondary. The primary kind of shielding is reflection, which is achieved 
by either reflecting from the shield’s surface or its opposite side, by 
establishing an impedance discontinuity at the air/shield boundary. 
Absorption is the secondary method in which electromagnetic radiation 
(EM) is transformed into thermal energy and transmitted through a 
material. CNTs are a typical example of EM absorbers [96]. EP, EM1, 
ES2 and ESM3 composites were characterized using a two-port setup 
using a coaxial waveguide adaptor at X-band frequency range as shown 
in Figs. 21a and 21b. The total shielding effectiveness, SEtotal, was 
calculated by the addition of shielding effectiveness due to reflection, 
SER, and shielding effectiveness due to absorption, SEA, as expressed in 
Eqs. (7-9) where S11 and S21 are the parameters for reflection and 
transmission respectively [97]. 

SEtotal = SER + SEA (7.1) 

Fig. 19. FESEM images of coatings after corrosion test a. EP, b. ES2, c. EM1 and d. ESM3.

Fig. 20. Physisorption isotherms of Nitrogen gas (BET) for EP, EM1, ES2 
and ESM3.
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The scattering matrix provided by the VNA provides scope for 
computing SER and SEA for the samples. These are calculated and pro
vided in Fig. 23.

From the depicted results, it is evident that ES2 exhibits lower SER 
compared to EP, while the incorporation of conductive MWCNTs 
notably enhances SEA for EM1 and ESM3. The imperative attribute of 
low reflectivity is of paramount significance, particularly in radar- 
evading applications, where reflections can undermine operational 
effectiveness. In this regard, SiN as a filler material emerges as a pivotal 
component. The mechanisms are pictorially presented in Fig. 22. The 
exceptional electrical conductivity of CNTs, combined with their EM 
waves absorption mechanism, remarkably enhance EMI shielding 
effectiveness. The nanotubes trap radiation through quantum confine
ment within their tubular structure, converting it into heat, while their 
high aspect ratio promotes multiple internal reflections, further delaying 
or absorbing incident waves. In contrast, the dielectric and non- 
magnetic nature of SiN, with minimal absorption and reflection capa
bilities, makes it ineffective for EMI shielding. As delineated in Fig
ures 23(a-c), SiN is passive and do not hinder the shielding properties of 
MWCNTs, making it a valuable supporting filler in multi-filler systems 
that require superior EM shielding coupled with enhanced mechanical, 
thermal and corrosion resistance properties. The substantially reduced 
reflectivity of SiN-based composites, especially when compared with the 
EP matrix and when synergistically combined with exceptional ab
sorbers like CNTs, underscores its potential in stealth-based 
applications.

4. Conclusions

In this study, epoxy composites were reinforced with a dual filler 

system comprising n-SiN and COOH-MWCNTs, fabricated using a lay-up 
method and cured at room temperature for 72 h. The investigation of 
wear and frictional behaviour using pin-on-disc equipment revealed that 
ES2 exhibited the lowest wear rate of 1.65 * 10–8 g/Nm due to SiN’s 
ceramic nature. Increasing CNT content enhanced adhesion, forming 
transfer films and reducing COF sharply. ESM3 showed a minimum wear 
resistance of 2.07 * 10–8 g/Nm among hybrid nanocomposites, indi
cating synergy between dual nanofillers. Raman spectroscopy and FTIR 
demonstrated that SiN in the EP matrix at room temperature improved 
crosslinking density by uniformly distributing heat and promoting ring- 
opening mechanisms. DSC thermograms showed increased crosslinking 
density and decreased secondary cure time. Flexural tests in 3-point 
mode showed ES2 with the highest bending modulus and strength, 
improving it by ~30 % and ~200 % when compared with neat EP, 
attributed to high crosslink density. HR-TEM depicted uniform disper
sion of dual nanofillers, enhancing stress transfer. DMA analysis showed 
a significant increase in storage modulus (E’) by ~ 600 MPa with SiN 
nanofiller inclusion. ES2 displayed a notable ~13 ◦C increase in Tg 
compared to the neat EP matrix. It also exhibited the least creep rate due 
to increased crosslink density. EM1 showed a higher strain %, crediting 
the lubricating effect of CNTs.

ES2 displayed the highest corrosion fatigue resistance against 3.5 wt 
% NaCl medium with a coating efficiency of 87 %, forming a barrier/ 
passive film to prevent corrosive ion diffusion. EM1 and ESM3 exhibited 
chemical reactions with NaCl and COOH functional groups on MWCNTs’ 
surface whereas the ability of SiN to reduce excessive amine groups in 
the system is studied. Physisorption (BET) for corroded samples revealed 
that ES2 had the fewest pores and low nitrogen volume adsorption, 
indicating a lack of interconnected pathways which solidifies the high 
resistance against cyclic corrosion. EMI tests showed SiN had lower 
reflectivity than the base EP matrix and didn’t hinder CNTs’ absorbing 
behaviour, making them potential candidates as effective nanofillers for 
stealth applications in defence sectors.

Overall, the synergistic blend of SiN and COOH-MWCNTs showcased 
outstanding performance within the EP matrix. SiN demonstrated 
promising potential as a supportive nanofiller within multi-nanofiller 
systems, enhancing curing processes and structural integrity. Notably, 
ESM3 emerged as the optimal hybrid, offering versatility across different 
application sectors. It excelled particularly in coatings tailored for 
offshore environments characterized by severe corrosion and wear 
challenges. Additionally, ESM3 exhibited remarkable efficacy in 
providing high electromagnetic interference (EMI) shielding, making it 
a potential coating material for stealth-based defence sector 
applications.

Although this research highlights a range of multifunctional prop
erties relevant to applications from composites to coatings industry, it is 
limited to the samples fabricated at room temperature. There is a sig
nificant potential for further studies involving different processing 
techniques like high temperature autoclave and vacuum assisted resin 
transfer molding (VARTM). Further investigation into the multi-filler 
systems combining SiN and other carbon-based nanomaterials, such as 
graphene, can be employed to explore their tribological behaviour, 
thermal performance and corrosion resistance.

Fig. 21. Experimental setup for conducting EMI shielding tests on EP, EM1, ES2 and ESM3.

Fig. 22. Electromagnetic Interference shielding mechanisms.
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