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Abstract
Efficient improvement of the toughness of epoxy resin has been a bottleneck for growing their appropriateness for advanced 
application. In this study, thermoplastic polyamide and copolymer composites of thermosetting epoxy resins (DGEBA) 
were developed via the solution casting method. Polyamide acted as a part of the copolymer as well as a curing agent. Silica 
nanorods (SiO2 nanorods) were dispersed into the mixture to achieve blends of epoxy/polyamide reinforced silica nanocom-
posite with various weight ratio viz. 0 wt%, 1 wt%, 3 wt%, 5 wt%, 7 wt%, 9 wt% and 11 wt%. The as-prepared epoxy/poly-
amide reinforced SiO2 nanocomposites were examined by scanning surface micrograph (SEM), Fourier-transform infrared 
(FTIR), X-ray diffraction (XRD) and differential scanning calorimetry (DSC) techniques. The obtained results show that 
the modified epoxy/polyamides have better toughness than that of pristine epoxy/polyamide polymers. FTIR confirmed the 
interaction among SiO2 nanorods with epoxy/polyamide. The SEM analysis showed well dispersion of SiO2 nanorods in the 
epoxy/polyamide blend coating, which demonstrated that this method could effectively avoid agglomeration of the inorganic 
nanoparticles. In conclusion, this study provides an effective approach to harvest epoxy/polyamide/SiO2 nanocomposite from 
diverse methods and minerals materials.
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1  Introduction

Polymers materials have gained much attention for the 
materials world due to their functionalities and strength to 
weight ratio and have many industrials applications [1] . 
Epoxy resin is the part of a thermosetting family and most 

essential semi polymeric material, which performs a key 
role in composite materials [2] . Epoxy resins also created 
various reinforcing phases and processing techniques [3] . 
Petroleum-based epoxy blends are well recognized for good 
behaviors of material such as high stiffness, tensile strength, 
and good electrical properties [4] . Epoxy resin are broadly 
utilizing in different fields of constructions, commodity, aer-
ospace industries [5] and automotive sectors due to numer-
ous behaviors such as dimensional stability, fire retardance 
[6, 7] , good mechanical strength [8] , good wetting capacity, 
tiny curing shrinkage, and outstanding chemical resistance. 
The oxiranes group of epoxy resin reacts with various curing 
agents, i.e. aromatic amine, amido amines, polyamide [9] , 
aliphatic amines, thiols, phenol, anhydride and extra proper 
ring-opening compound [10] , forming rigid thermosetting 
yields [11–13] . High degree of polymerized cured epoxies 
are due to brittle nature and also contribute to failing epoxy 
impact strength and other related behaviors [14].

Hence, the variation of epoxy resins is essential to 
enhance hardness; thermal properties as well as elasticity 
[15] . Much work has been directed to decrease brittleness 
and increase thermochemical behaviors by the combination 
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of flexible, elastomer and inorganic solid nanoparticles. 
Epoxy monomer also applying to functionalize numerous 
polymers like unsaturated polyester, polyurethane to increase 
its chemical and physical properties [16–18] . Fibers and 
nanoparticles base epoxy nanocomposite have considerable 
industrials interest over the past few years [19, 20] . These 
constituents have low density, high modulus, and high spe-
cific strength to weight ratio, which allows them to oppose 
particular metal. The main aims of reinforced blended mate-
rials are to attain the wanted behaviors while continuing 
cost [14, 21].

Organic–inorganic modified polymers generated in the 
organic phase are distinctive models of composites materi-
als, which have important applications in the previous dec-
ade [3, 22] . The variation of an organic matrix with silox-
anes domains designed via a sol–gel route of alkoxysilane 
is one of the well-known methods for their preparation [19, 
23, 24] . The prepared structure depends on the conditions 
of reaction and vary from monodispersed SiO2 nanoparticles 
to polymer systems [25, 26] . Currently, polymers science 
attracts much attention due to the focus on controlled design-
ing of ordered super-structure built on the self-assembly of 
the prudently selected building block [17] . A mixture of 
suitable treating situations with suitable organic–inorganic 
constituents dictates the molecular arrangement, featur-
ing and morphology of hybrid material [27] . Therefore, 
an appropriate choice of the modified siloxanes monomer 
and the reaction condition lead to the creation of a nano-
heterogeneous system with well-known cage-like structure, 
up to closely homogenous bicontinuous systems [23, 28].

Herein, the thermoplastic polyamide and copolymer com-
posite of thermosetting epoxy resin (DGEBA) were prepared 
via the solution casting method. Whereas, the polyamide 
acted as the part of copolymer blends as well as a curing 
agent. Silica nanorods (SiO2 nanorods) were dispersed into 
the system a mixture of epoxy/polyamide/SiO2 nanocompos-
ite in different weight ratio viz. 0 wt%, 1 wt%, 3 wt%, 5 wt%, 
7 wt%, 9 wt% and 11 wt% , respectively. The epoxy/polyam-
ide reinforced with SiO2 nanorods were examined through 
Scanning surface microscopy (SEM), Fourier-transform 

infrared (FTIR), X-ray diffraction analysis (XRD) and dif-
fraction scanning calorimetry (DSC) techniques (Table 1).

2 � Materials and Methods

2.1 � Materials

The curing agent polyamide was ordered from the Albemarle 
Corporation USA. Bisphenol A epoxy resin (E51) was pur-
chased from Baling Petrochemical Co. Ltd. China. Tetra-
hydro furan (THF) were obtained from Sinopharm Chem. 
Reag. Co. Ltd. China. The surface-functionalized SiO2 
nanorods have the mass of a normal particle of around 20 nm 
and a thin rod-size dispersion. The mass and well spreading 
of these SiO2 nanorods remain unaffected throughout any 
further mixing or blending processes.

2.2 � Fabrication of Epoxy/Polyamide Blends

Epoxy resin/polyamide nanocomposites were prepared by 
a vacuum-assisted casting technique and a simple mag-
netic stirring. A stoichiometric amount of epoxy/polyamide 
(i.e. 0.4 g/0.6 g, 2:3 ratio) was mixed together in a suitable 
beaker. Then an appropriate amount (5 mL) of THF was 
added as a solvent, followed by vigorous stirring at ambient 
condition until a clear mixture was achieved. The homogene-
ous dispersion of polymer was achieved by ultra-sonication 
of the mixture, and then the blend was degassed at 60 °C by 
vacuum for 1 h. Finally, the coated Teflon Petri-dish with the 
reaction mixture was placed on a hot plate for 24 h at 60 °C 
to achieve curing and then vacuum drying for 10 h at 80 °C. 
The complete cure, transparent film of epoxy/polyamide 
copolymer was peeled off the Petri dish and tested.

2.3 � Synthesis of Epoxy/Polyamide Reinforced 
with SiO2 Nanorods

A stoichiometric amount of epoxy/polyamide (i.e. 
0.396 g/0.594 g, 2:3 ratio) was mixed together in a suitable 
beaker. Then an appropriate amount (5 mL) of THF were 

Table 1   Weight composition of 
the prepared nanocomposites

S. No. Sample code Weight of film 
(g)

Epoxy (g) Polyamide (g) SiO2 
nanorods 
(g)

1 ER-PA 1% (SNRs) 1.0 0.396 0.594 0.01
2 ER-PA 3% (SNRs) 1.0 0.388 0.586 0.03
3 ER-PA 5% (SNRs) 1.0 0.379 0.568 0.052
4 ER-PA 7% (SNRs) 1.0 0.37 0.55 0.075
5 ER-PA 9% (SNRs) 1.0 0.36 0.542 0.098
6 ER-PA 11% (SNRs) 1.0 0.352 0.528 0.12
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added as a solvent, different weight ratio of SiO2 nanorods 
(i.e. 0 wt%, 1 wt%, 3 wt%, 5 wt%, 7 wt%, 9 wt% and 11 
wt%. respectively, were incorporated into the reaction mix-
ture, followed by vigorous stirring at ambient condition 

until a clear dispersion was achieved. Then the mixture was 
degassed to eliminate the bubble at the ambient condition 
in a vacuum. The composites were poured for curing into 
Teflon Petri dish and heated at 60 °C for 24 h, and then post-
curing at 80 °C for 4 h. Finally, the film was vacuum dried 
at 80 ̊ C for 10 h. The completely cured, transparent film of 
epoxy/polyamide reinforced SiO2 nanocomposite was peeled 
off the Petri dish and tested.

3 � Results and Discussion

3.1 � FTIR Analysis of Neat Epoxy/Polyamide 
Nanocomposite

FTIR analysis was used to investigate the structure of 
epoxy/polyamide nanocomposite as reported in Fig. 1. In 
neat epoxy/polyamide film the obtained characteristic bends 
at 1609 and 1546 cm−1 correspond to the N–H and C–N 
bending and stretching vibration [19] . The characteristic 
peak appeared at 1546 cm−1 is originated from the N–H 
bending vibrations, respectively [23] . All these peaks indi-
cate the existence of amide groups on epoxy resin. The 
characteristic peak at 1649 and 3301 cm−1 are attributed 
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Fig. 1   FT-IR Spectrum of the neat copolymer

Fig. 2   FT-IR spectra of epoxy/polyamide reinforced of a 1%, b 3%, c 5%, d 7%, e 9% and f 11% SiO2 nanocomposites
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to a hydroxyl group (O–H). The peaks located at 2921 and 
2851 cm−1 assigned to the stretching vibration of the N–H 
bond from –CH3 and –CH2 group in polyamide chains [29] 
. The molecular structure is confirmed from the reflection 
bonds of stretching and contracting in the phase of epoxy 
rings, observed at about 1246 and 827 cm−1 for epoxy resin 
[23] . The peaks related to aromatic rings appeared at 1609 
and 1509 cm−1. The bend at 118 cm−1 belonging to C–O–C. 
All these results confirmed the polyamide existence on the 
surface of epoxy resin in the composite.

3.2 � FT‑IR Spectra of Epoxy/Polyamide Reinforced 
SiO2 Nanocomposites

FTIR analysis was used to investigate the extent of SiO2 
functionalization of epoxy/polyamide nanocomposite. 
FT-IR transmittance spectra of epoxy/polyamide nano-
composite with various weight ratio of silica nanorods 
(i.e. 1%, 3%, 5%, 7%, 9% and 11%) is shown in Fig. 2. In 
the coating systems, most of the absorption peaks can be 
traced back to the pristine epoxy resin. The characteristic 
strong absorption bands at 827 and 035 cm−1 are attributed 

to the asymmetric and symmetric and stretching vibra-
tion of the siloxane group (Si–O–Si) in silica, respectively, 
which confirmed the SiO2 network [23, 29] . A weaker 
absorption band in the same range is also observed in case 
of neat copolymer but at somewhat higher frequency, may 
be ascribed to the secondary hydroxyl which formed as 
a results of epoxide ring-opening reaction as accordance 
with Afzal et al. [23] It can be seen obviously that in modi-
fied system, the spectrum corresponding absorption peak 
of SiOSi stretching vibration is stronger. The absorption 
band at 935 cm−1 is ascribed to the stretching vibration of 
Si–OH. The silica contains a group on its surface due to 
the creation of a silanol group. Epoxide group in epoxy 
reacts with the silanol group of SiO2 via H-bonding when 
the silica nanorods are reacted with epoxy. When the inter-
action occurs, in the composite system the concentration 
of hydroxyl group –OH will be reduced as compared to the 
uncured system. For untreated silica, a strong and large 
band due to –OH group stretching vibration is assigned in 
the region 3420 cm−1. As from the spectrum, the concen-
tration of the hydroxyl group is comparatively less than 
the unreacted system, which means that hydrogen bonding 

Fig. 3   SEM micrograph of epoxy resin-co-polyamide blend: a × 72, b × 182, c × 661 magnification
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formation [28, 29] . These results specify the successfully 
creating of the silica nanorods on the surface of epoxy 
polyamide nanocomposites [30].

3.3 � SEM Micrographs of Neat Epoxy/Polyamide 
Blend

The micrographs of the epoxy/polyamide blend before the 
reinforcement of silica nanorods are shown in Fig. 3. It is 
generally accepted that before curing polyamide is com-
pletely miscible with the epoxy system, hence they formed 
a homogenous solution when they mixed. However, the 

cured resins are a two-phase system, in which the polyam-
ide domains appeared as dark holes due to the acid etching 
[2, 4]. The morphology of epoxy/polyamide mixture is con-
tained a polyamide domain with a particle size of 0.5 µm 
distributed in a continuous epoxy [12].

3.4 � SEM of Epoxy/Polyamide Reinforced SiO2 
Nanocomposites

Figure  4 shows the scanning electron micrograph of 
epoxy/polyamide film reinforced with silica nanorods. The 
fracture surfaces of the nanocomposites were examined 

Fig. 4   SEM micrograph of different epoxy/silica a 1%, b 3%, c 5%, d 7%, e 9%, f 11% SNRs nanocomposites
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using SEM with high magnification (10 k) after reinforce-
ment with silica nanorods, it can be seen from the figure 
that the nanorods fillers of silica are uniformly dispersed 
and well separated in the epoxy. For ensuring a good par-
ticle–matrix interaction. In the neat epoxy, the fracture 
surface is relatively smooth which exposes the character-
istic of brittle fracture. However, the morphology of the 
unmodified epoxy resins/polyamide is quite different from 
that of the epoxy resins modified with silica nanofiller 
[2] . As for the epoxy/silica nanocomposites, the fracture 
surface appears irregular and rough appearance. The frac-
ture strips distract to different directions, which resist-
ance to crack propagation and disperse stress because of 
the energy-absorbing mechanism introduced by the rigid 
silica particles, and it is specified the properties of tough-
ening fracture [31] . In addition to the beyond report, the 
other probable reason for the rough breakage surface is 
ascribed to the special interaction between the nanofiller 
and the polymer and smaller phase separation. The rougher 
fracture surface can be detected with the upsurge of silica 
amount cracks evident in the epoxy are mainly produced 
by the etching effect and do not appear in un-etched sam-
ples [22].

3.5 � X‑ray Diffraction of Epoxy/Polyamide 
Reinforced SiO2 Nanocomposites

For the crystalline phases in materials, X-ray diffraction 
(XRD) was used to probe. In our work, we also used to 
compare the different weight percentages of SiO2 nanorods. 
Using XRD, we were able to see if reinforcing the SiO2 

nanorods in the epoxy-polyamide system, in any way change 
their crystalline structure by creating the SiO2 nanorods 
solution, or curing of the SiO2 nanorods and ensuing drying 
[32] . As seen from the XRD assessment plot in Fig. 5. A 
widen peak that exposes the properties of amorphous silica 
peaks. The communication angle (2θ) is ranging between 
10° to 30°. But when silica nanorods were added to pure 
epoxy resin the composite shows a significant enhancement 
in intensity [19, 30] . This is an aspect to the polymer chain 
in the composite are cross-linked and/or incorporated to 
the SiO2 phase through the hydrogen and covalent bonding 
which is in agreement with outcomes reported in literature 
[19].

3.6 � DSC Analysis of Epoxy/Polyamide Reinforced 
SiO2 Nanocomposites

The aims of DSC analysis were to exhibit the adaptation 
of the silica group with different amounts and to examine 
the glass transition temperature (Tg) of the accurately cured 
materials. Since the comprising of several constituents, the 
curing process is very complex of the blends; it is interest-
ing and essential to illuminate the effect of SiO2 extents on 
the epoxy resin/polyamide. The curing process arises in the 
occurrence of various extents of SiO2 nanorods. By increas-
ing SiO2 nanorods amount, the stating curing temperature 
moves to a greatly lower temperature and the curing series 
converts widened [28] . These interpretations advocate that 
SiO2 nanorods are a type of effective nanofiller for epoxy 
resin from the DSC result on the intended designs compris-
ing various components, numerous conclusions are achieved: 
(i) SiO2 nanorods display the energetic curing influence on 
the ring-opening process of the epoxide resin; (ii) the curing 
bend (Tp2) at high temperature for the epoxy/polyamide/
SiO2 is mostly recognized to the polymerization of epoxy 
resin with SiO2 nanorods. Thoroughly these measurements, 
the temperature rose from 25 to 250 °C with a speed of 
10 °C/min. As assumed in the examination, glass transition 
temperature (Tg) of epoxy apply around 130 to 150 °C. This 
study emphasized important enhancement in Tg, carried out 
in the presence of SiO2 nanorods in nanocomposites.

DSC results of the prepared epoxy/polyamide and epoxy/
polyamide reinforced SiO2 nanocomposite with different 
amounts of SiO2 are given in Fig. 6. From the results, it was 
originated that the Tg value of neat is 32 and 88 °C for the 
SiO2 layer polymer. For SiO2 based nanocomposite, at a low 
amount of SiO2 nanorods contents, Tg increases up to 40 and 
108 °C with 1 wt%. Conversely, further increasing the SiO2 
contents up to 5 wt%, the Tg increases up to 42 and 133 °C 
for layer SiO2 nanorods. For 9 and 11 wt% of SiO2, the Tg 
for epoxy/polyamide is the 44 and 48 °C and for the epoxy/
polyamide/SiO2 nanocomposite, the Tg is 138 and 142 °C, 
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Fig. 5   XRD patterns of epoxy/polyamide reinforced silica nanocom-
posites
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respectively. The above results showed that there is different 
effect of SiO2 nanorods on the curing reaction, which are 
(Tp2) at higher temperature and (Tp1) at lower tempera-
ture, respectively, occurring on the epoxy/polyamide/ SiO2 
nanorods mixtures and the ratio of these curing process is 
dependent on the amount of SiO2 nanorods present, as estab-
lished by the two curing bends occurs in DSC curing curve 
in the presence of SiO2 nanorods [23, 29, 33].

4 � Conclusions

A nanocomposite epoxy-polyamide coating reinforced with 
silica nanorods has been successfully prepared via a solu-
tion casting method by mixing the nanorods with epoxy 
resin/polyamide system. Thermoplastic polyamide has 

successfully prepared and explored as a curing agent for 
conventional epoxy resins. The epoxy-based nanocompos-
ite was fabricated with silica nanorods contents as 0 wt%, 
1 wt%, 3 wt%, 5 wt%, 7 wt%, 9 wt% and 11 wt% via thin-
film techniques (Scheme 1). In an epoxy matrix, the inor-
ganic phase dispersed homogeneously. With the increase of 
silica contents, the toughness of the modified system also 
increased. This shows that epoxy/silica display improved 
property in toughening than that of the unmodified epoxy. 
At low cost, this is a more appropriate route for the prepara-
tion of epoxy resin composite without any cooperation in the 
inherent properties. Moreover, the combination of polymers 
i.e. thermosetting and thermoplastic provides extraneous 
bonding sites for nanofiller dispersion.

Fig. 6   DSC analysis of epoxy/polyamide (i. e. a neat, b 1 wt%, c 3 wt%, d 5 wt%, e 7 wt%, f 9 wt% and g 11 wt%) reinforced SiO2 nanocompos-
ites
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