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Abstract Epoxy-based nanocomposite coatings were
formulated by incorporating various types of inorganic
nanoparticles (NPs) (ZrO2, ZnO, Fe2O3, and SiO2).
The effect of the incorporation of various NPs on the
mechanical, thermal, and morphological properties of
these epoxy coatings has been studied. A facile direct
incorporation technique has been utilized for the
dispersion of the NPs in the epoxy matrix via high-
speed mechanical stirring and ultra-sonication using
acetone as a solvent. The incorporation of these NPs
augmented the mechanical and thermal properties of
the epoxy coatings. The results revealed that the
incorporation of small amount of these NPs improved
the mechanical properties of the coating in all cases,
with the SiO2-reinforced sample being relatively better
in both mechanical and thermal properties. The incor-
poration of Fe2O3 and ZnO resulted in a decrease in
the thermal stability and glass transition temperature
(Tg) of the coatings, while incorporation of SiO2 and
ZrO2 increased the thermal stability as well as Tg of the
coatings. A notable increase of 71% in hardness
together with 26% increase in the elastic modulus of

the epoxy coating was observed with the incorporation
of 2 wt% SiO2 NPs.

Keywords Epoxy, Reinforcement, Facile,
Nanocomposite, Incorporation, Nanoindentation

Introduction

Epoxy resin is a thermosetting polymer having excel-
lent adhesion, chemical resistance, and electrical insu-
lation properties. However, there are some limitations
associated with the epoxy resins such as low thermal
resistance and inability to form them into thin layers
with ease because of their high viscosity. There is an
increasing demand to synthesize thermally stable and
easy-to-fabricate coatings, particularly for the modern
electronic and electrical industry. The incorporation of
inorganic nanoparticles (NPs) in the epoxy matrix can
help improve its thermal, mechanical, electrical, and
corrosion properties.1–4 The properties of the organic–
inorganic nano-composites are affected by several
factors including type, size, shape, aspect ratio, and
dispersion of the NPs in the polymer matrix.5–12

Generally, there are three methods by which NPs are
added and dispersed in the polymer matrix: (I) direct
mixing of polymer and NPs, (II) in situ polymerization
in the presence of NPs, and (III) simultaneous in situ
polymerization and NP synthesis. The selection of
incorporation method depends on several factors such
as viscosity of the polymer, surface chemistry of the
NPs, and the ratio of NPs/polymer. However, direct
incorporation of NPs in the resin matrix is easier
compared to the ‘‘In situ polymerization in presence of
NPs,’’ and ‘‘Simultaneous in situ polymerization and
NPs synthesis.’’ Moreover, in the case of in situ
polymerization in the presence of NPs, pre-treatment
of NPs is essential to modify the surface to avoid
settling of the NPs. Similarly, in ‘‘Simultaneous in situ
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polymerization and NPs synthesis,’’ more steps are
involved to fabricate the coatings, along with complex
chemistry involved in it.13 Thermal stability is one of
the most crucial properties for polymeric material, as it
ultimately governs the mechanical properties, durabil-
ity, spectral stability, shelf life, and life cycle of the
polymers.14–17 Once the degradation begins, the above-
mentioned properties gradually deteriorate. However,
the incorporation of inorganic NPs in polymers results
in somewhat improved thermal resistance of the host
polymer.18,19 Moreover, organic–inorganic nanocom-
posite materials result in high-performance materials
because they combine the advantages of inorganic
materials (rigidity and high stability) and organic
polymers (flexibility, dielectric, ductility, and process-
ability) for various applications. From among several
types of composite materials, epoxy nano-composites
(ENCs) find a wide range of applications such as
adhesives and protective coatings, in electrical, elec-
tronic, and aerospace industries. These types of nano-
composites fulfill both thermal and mechanical prop-
erties which are of prime importance for most of its
applications. Epoxy resin systems that can be cured at
room temperature are more favorable for incorpora-
tion of NPs.20,21 The system based on the reaction of
the di-functional epoxy monomer diglycidyl ether of
bisphenol-A (DGEBA), with aliphatic amines, is one
such example.

The addition of hard particles into polymers to
improve their physical and mechanical properties is
very common. These are generally ceramic particles
such as SiO2, ZnO, TiO2, CaCO3, etc.21 Among them
SiO2 is the most used and studied particle.22–25 In the
present study, DGEBA and polyaminoamide adduct
(R41) coating system is modified with the direct
incorporation of different types of inorganic NPs.
These NPs have been used by other researchers
individually in different wt% in order to modify epoxy
coating system in terms of thermal, mechanical, and
corrosion properties.6,10,11,16 However the focus of the
current study is to have a comparative analysis of the
effect of these NPs on thermal, mechanical, and
morphological properties of the cured coatings. The
addition of different types of filler into poly acrylic
coating revealed that a small percentage of nano-
alumina particles markedly improve the scratch and
hardness properties of the coating.26 Another compar-
ative study on epoxy nanocomposite reported that
epoxy coating modified with SiO2 NPs showed a
significantly enhanced Young’s modulus of �2.5
GPa.27 Spirkova et al. studied the influence of nano-
additives on surface, permeability, and mechanical
properties of self-organized organic–inorganic
nanocomposite coatings. The results revealed that
colloid silica showed a pronounced effect on the final
product crosslink density: silica bonded chemically to
the matrix and increased the modulus in rubber state
nearly three times.28 Ramezanzadeh et al.29 revealed
that homogeneous dispersion and good combination of
viscoelastic properties can be achieved at lower wt% of

ZnO NPs (2 wt% and 3.5%), while higher wt% of
these NPs causes agglomeration, particle aggregation,
and reduction in Tg and crosslink density. The quantity
of NPs is an important concern. High quantities of NPs
not only increase the cost of the material and process,
but also may result in agglomeration of the NPs, giving
rise to undesirable properties.30 Epoxy composite
containing submicron TiO2 particles treated with
Al2O3–ZrO2 develops higher tensile and flexural
strength but lower elongation and ductility than those
containing TiO2 surface treated with Al2O3–SiO2. This
is attributed to the inferior adhesion of the Al2O3–
ZrO2-treated particles with the matrix.31 Based on
some previous studies29,32–34 and prior experimental
work, a fixed quantity (2 wt%) of ZrO2, ZnO, Fe2O3,
and SiO2 NPs has been dispersed in epoxy matrix to
avoid agglomeration and achieve good dispersion of
the NPs. This study demonstrates the effect of these
NPs on thermo-mechanical properties of the epoxy/
polyamide system.

Experimental

Materials

Epoxy resin (EPON 1001-K-65) was obtained from
Hexion Chemicals (USA); it has epoxide equivalent
weight of 450–550 g/equiv. and Brookfield viscosity of
1500–4500 cP at 25�C. Polyaminoamide adduct R41
was obtained from Huntsman Advanced Materials.
Acetone (Merck, 99%) has been used as a solvent.
ZrO2, ZnO, Fe2O3, and SiO2 of same size, i.e.,
50 ± 5 nm, were purchased from Sigma Aldrich. Steel
panels and glass panels were purchased from the local
market. The composition for different types of nano-
composite formulations is given in Table 1. The steel
panels were thoroughly cleaned with acetone to
remove grease and other dust particles. Similarly, the
glass substrates were also well cleaned with the help of
acetone and were allowed to dry for some time.

Sample preparation

Epoxy matrix was diluted with acetone to facilitate the
dispersion of the NPs. The weight ratio of the hardener
to the resin was 1:4. The mixing was carried out for 1 h
at 3000 rpm using a high-speed mechanical stirrer
(DispersMaster, Sheen Instruments. Ltd, UK). After
mechanical mixing, the mixture was subjected to
sonication at 50�C for 90 min. After partial removal
of the solvent, hardener was added to the mixture and
stirred mechanically at 600 RPM for 30 min. The
solution was allowed to stabilize for 10 min. The
application viscosity was controlled in the range from
4.5 to 5 poise.

The synthesized slurry was directly applied to steel
and glass panels using a four-sided bird applicator
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(80 mm width, gap sizes 30/60/90/120 lm, Sheen
Instruments. Ltd, UK) with 90 lm gap size. The coated
samples were ensured to have a uniform wet film
thickness, and kept on a smooth surface in a dust-free
environment. The curing and crosslinking process of
the wet film took about 5 days to complete at ambient
temperature.

Characterization

Fourier transform infrared spectroscopy (FTIR) spec-
tra were recorded for the fabricated coatings on a
Thermo-Scientific (Nicolet iN10) infrared spectropho-
tometer equipped with a liquid nitrogen-cooled mer-
cury–cadmium–telluride detector. The surface
morphology of the coatings was determined using field
emission scanning electron microscope (FESEM) from
JEOL (JSM7600F). The microscope was operated at
5 kV with a working distance of 4.5 mm. X-ray
diffractometer from Bruker (D8 DISCOVER) has
been used to study XRD patterns at operating voltage
and current of 20 kV and 5 mA, respectively. The
parameters for the XRD study are kept the same to
identify the incorporation of the NPs. The step size and
dwell time for 2h values (in the range of 10�–80�) were
maintained at 0.2� and 3 s, respectively.

Modulus and hardness of the coating samples were
studied using standard nano-indentation testing. The
tests were performed using a Nano test 600 nano-
mechanical testing system (Micro Materials, UK) on
the prepared samples. The nano-indenter monitors and
records the load and displacement of the indenter with
a force resolution of �100 nN and a displacement
resolution of �0.1 nm. Tests were performed inside
the nano-indenter’s thermally insulated environmental
chamber, at a room temperature of 25 ± 0.5�C and a
relative humidity of 45 ± 2% on unreinforced and
reinforced coating samples. A constant load of 250 mN
was used with a loading/unloading rate of 10 mN/min.
The indentation test parameters were held constant to
compare the results obtained for the unreinforced
epoxy matrix and the ENCs. The samples were
mounted on an aluminum stub and indented to �250
mN. The unloading load–displacement curves were
analyzed to determine hardness and modulus using
Oliver–Pharr theory35 with the projected area imaged
under SEM. Nano-indentation short-term creep tests

were performed at 100 mN load with a dwell period of
30 s for all compositions.

The pendulum hardness (ASTM D 4366) was
measured with respect to pendulum oscillation times
on the coatings from 6� to 3� at 23 ± 1�C and 50 ± 2%
relative humidity. A Konig pendulum hardness tester
(Sheen Instruments Ltd, UK) was used to monitor the
surface hardness of the cured film after curing at room
temperature. Automatic scratch tester (REF705, Sheen
Instruments Ltd, UK) was used to check the scratch
resistance of the coating samples by applying a scratch
probe with different available loadings. The load was
increased until the probe damaged the coating surface.

Impact strength was measured by dropping a stan-
dard weight from a distance, so as to strike an indenter
that damages the coating and the substrate. The
damage can either be an intrusion or an extrusion.
The dropping weight distance is gradually increased to
determine the failure point. The failure occurs in films
mostly as cracks, which can be visualized using a
magnifier. The height at which the film’s crack is
denoted as the failure points in force-inch-pound (f-in-
lb). The apparatus used was BYK-Gardner impact
tester from sheen instruments, UK (Model: IG-1120)
following ASTM D 2794. Differential scanning
calorimetry (DSC) experiments were performed on a
TA Instrument DSC 2920 simultaneously to measure
Tg and other thermal properties. The instrument was
calibrated according to the manufacturer’s procedure,
using indium as the standard reference material.
Samples were weighed (approximately 15–20 mg) and
loaded into the DSC cell. Tg was determined using the
midpoint temperature, which is the point on the
thermal curve corresponding to one half of the heat
flow difference between the extrapolated onset point of
transition and the end inflection change.36 The tests
were performed at a heating rate of 10�C/min from
room temperature to 600�C in nitrogen atmosphere
(100 ml/min).

Results and discussion

Microstructure characterization

Field emission scanning electron microscopy was
performed to investigate the dispersion of NPs in
epoxy matrix after sputtering a thin gold layer on the

Table 1: Neat epoxy and nanoparticle-reinforced nanocomposite epoxy coating composition

Sample
code

Resin 1001
(wt%) Nanopowder (wt%)

Acetone
(ml)

Silane
(%)

Air releasing
agent (%)

Hardener
(wt%)

EP – 0
EPZR ZrO2 2
EPZN 80.67 ZnO 2 25 2 0.5 19.33
EPFE Fe2O3 2
EPSI SiO2 2
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top surface. Typical FESEM micrographs for the
pristine and reinforced coating samples are shown in
Fig. 1. The dispersion of NPs at high loadings in the
epoxy matrix is a challenging process. Therefore, low
wt% of NPs is used at reduced viscosity in the presence
of a solvent, via mechanical stirring and sonication.
However, the high tendency of NPs to agglomeration
caused partial agglomeration in the matrix except EPSI
which has comparatively better dispersion and uniform
distribution of NPs, as given in FESEM micrographs.
The particles are partially aggregated which shows a
poor dispersion of NPs. Ramezanzadeh et al. 32–34

studied the effect of ZnO NPs on the thermal,
mechanical, viscoelastic, and corrosion properties of
epoxy–polyamide coatings. They incorporated ZnO
NPs in the range of 2 to 6.5 wt% and reported that
higher NP loadings (5 and 6.5 wt%) caused agglomer-
ation and particle aggregation.

Fourier transform infrared spectroscopy and X-ray
diffraction analysis

The spectra of the pristine DGEBA epoxy and ENCs
DGEBA- R41-X (where X is the NPs added) coatings
are shown in Fig. 2. The spectra were collected in the
range of 500 to 4000 cm�1 to study the spectra from the
coated surfaces. The chemical structure of DGEBA
molecule contains a variety of organic groups such as
aromatic rings, –CH3, ” C–O–C ” , etc.37 R41 has a
heterocyclic amine chemical structure that contains
multi-functional groups such as –N ” N–, –NH, –OH,
=C=O, etc. The FTIR spectra regions correspond to CH
band (2800–2962 cm�1), epoxide ring (�825 cm�1), NH
band of primary amines (1580–1650 cm�1), OH groups
(�3400 cm�1), CN band (1000–1100 cm�1), and etheric
bands (�1230 cm�1).38 The broad peak at 3200–
3500 cm�1 shows the O–H bonds of aromatic ring

Fig. 1: SEM micrographs of pristine and reinforced coating: (a) EP, (b) EPSI, (c) EPFE, (d) EPZN, and (e) EPZR
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stretching and N–H stretching which show the interac-
tion of epoxy and hardener, while peaks at around
2900 cm�1 (2962, 2924, and 2966 cm�1) are attributed to
C–H of DGEBA. These peaks are present in all
compositions which confirms the presence of DGEBA
structure in the ENC coatings.39 The peaks at 1581 and
1605 cm�1 confirm the N–H band of the primary amine
group, which is of the same intensity in all compositions,
indicating hardener–epoxy interaction. At 1509 cm�1, a
strong peak indicates asymmetric N–O stretching, which
is an indication of nitro compounds. The peaks at
1458 cm�1 and 1238–1242 cm�1 show the C–C and C–O
stretching in all the compositions. The strong peak at
827 cm�1 indicates C–H in the aromatic ring. The peak
in the range of 900–1190 cm�1 suggests asymmetric
stretching of the epoxide ring,40 which can be attributed
to the interaction of the amine with epoxide or oxirane

group. The major contribution is the bond stretching
and bond vibration due to the crosslinking of amino
groups of the hardener. Moreover, the NPs act as a
catalyst and lower the activation energy to facilitate the
bonding between the epoxy and the hardener.34,41 XRD
patterns for the ENC coatings and the pristine NPs are
shown in Figs. 3 and 4, respectively. A broad peak in the
range of 15�–25� confirms the amorphous nature of the
epoxy coatings.42 In the case of the composite coatings,
the trends are almost the same regarding the epoxy
peaks, while subsequent peaks of the NPs also appear at
their respective locations. The intensity of the NPs
peaks is quite less in ENCs, as the concentration of the
NPs is very low (2 wt%) in the coating matrix; this is
also confirmed by the EDS pattern. The nature of the
NPs is crystalline except for SiO2 NPs which shows an
amorphous nature. All the NPs, other than SiO2, are
polycrystalline as indicated by their peaks at different
locations.
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Mechanical properties

Nano-indentation was used to study the hardness and
modulus property of the neat epoxy and ENC coatings.
A set of different raw loading/unloading curves is
shown in Fig. 5. The indentation depths at the peak
load ranges from around 8.9 lm (EPSI) to 11 lm (EP).
Least indentation depths are observed for the EPSI
sample. Figure 5 elucidates the set of loading–unload-
ing–displacement curves of indentations made at a
peak indentation load of 250 mN. Since no steps or
discontinuities were observed on the loading curves, it
indicates no crack formation during the course of
indentation. The SEM images of the indentations are
given in Fig. 6 which confirms the absence of cracking
on the surface.

Figure 7 shows a graphical representation of hard-
ness and modulus for pure and nanocomposite epoxy
coating samples. Modulus is obtained using the Oliver–
Pharr theory and the unloading portion of the nano-
indentation curve to obtain the reduced modulus (Er).
Sattari et al.43 used the same method for calculation of
elastic modulus and hardness as given in equations (1),
(2), and (3).

1

Er
¼ 1 � v2

E
þ 1 � v2

i

Ei
ð1Þ

E ¼
EiEr 1 � v2

� �

Ei � Er 1 � v2
i

� � ð2Þ

H ¼ Fmax

A
; ð3Þ

where E is the modulus of the sample, m is the Poisson’s
ratio normal to loading of the sample, Ei is the indenter
modulus, mi is the indenter Poisson’s ration normal to
loading, H is the hardness, Fmax is the maximum
normal load, and A is the projected contact area at the
maximum load. The indenter is diamond with Ei =
1141 GPa and mi = 0.07; m is taken as 0.3 due to the

matrix (polymer)-dominated response in this direc-
tion.44 The specimens Poisson’s ratio is expected to
change as a function of wt% of NPs, but that effect is
not considered in the data reduction herein. The results
confirm that the addition of small amount of the NPs to
epoxy matrix resulted in an increase in hardness and
elastic modulus. It can also be seen from Fig. 5 that the
EPSI has smaller depth value and indentation area,
while having the relatively highest slope of unloading
curve. Thus EPSI has relatively better mechanical
properties with about a 71% and 26% increase in
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Fig. 6: SEM images of set of 25 indents at (a) low magnification and (b) high magnification
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hardness and elastic modulus, respectively. The values
for hardness are shown in Table 2. The value of the
modulus increased due to the high modulus value of
silica NPs E = 70 GPa.45–47 Similar effects were
noticed by Sattari et al.43 by the addition of SiO2 in a
polymer matrix. EPZR showed relatively highest
indentation depth and, consequently, the lowest hard-
ness and modulus values. The reason could be the
reduction in curing rate in the presence of ZrO2 NPs,
due to which the nanocomposite could not induce a
higher crosslink density as compared to the other
samples. EPZN and EPFE showed higher values of
hardness and modulus compared to EPZR but lower
than EPSI. This indicates a moderate crosslink density
and better matrix-to-particle interaction as compared
to EPZR. The addition of 2 wt% ZrO2, ZnO, Fe2O3,
and SiO2 NPs causes a 28, 56, 61, and 71% increase in
the hardness, whereas the modulus increased by 4, 25,
21, and 26%, respectively. Shi et al.27 reported highest
hardness and elastic modulus values of SiO2 in com-
parison with neat and Fe2O3, Zn, and nanoclay
composites which is in good agreement with our
results. The finely smooth surface morphology of
FESEM in Fig. 1b shows that SiO2 NPs are compatible
with the epoxy matrix. Therefore, SiO2 NPs’ addition
serves to bridge more molecules in the interconnected
matrix as compared to other NPs, leading to increased
crosslinking density and forming highly compact, one-
phase structure of the cured nanocomposite coating.

The high filler/matrix interaction of SiO2 may be
attributed to amorphous nature and high specific surface
area (‡450 m2/g) of SiO2, which make it more compat-
ible with amorphous epoxy matrix. The lower mechan-
ical properties of the other NPs can be attributed to
their lower specific surface area and lower compatibility
(due to crystalline phase) with amorphous epoxy matrix.
Allahvardi et al.36 incorporated 5 wt% of SiO2 in epoxy
matrix with hardener-to-resin ratio of 1:2 and reported
the highest values of elastic modulus and hardness of 4
and 0.18 GPa, respectively. Zhang et al. predicted the
formation of an interphase in silica nanoparticle-mod-
ified epoxies.48 In the current study, higher values of
both hardness and modulus were obtained by incorpo-
ration of 2 wt% of SiO2 with a hardener-to-resin ratio of
1:4. The incorporation of the NPs enhanced the
mechanical properties in terms of hardness and elastic
modulus. These NPs possess strong interfacial adhesion
with the matrix enhancing the crosslinking density of the
cured epoxy. Moreover, they reduce the chain segmen-
tal movements, thereby preventing epoxy disaggrega-
tion during the curing process.20,27

Similarly, an increase in creep resistance and a
decrease in creep deformation of the composite coat-
ing are observed in all the nanocomposite coatings.
The reason could be reduction in chain mobility of
epoxy by NPs, acting as sites, blocking the movement
of epoxy chains when subjected to an external inden-
tation force; hence, they restrict the viscous flow of the
amorphous epoxy. Also a good load transfer between
epoxy matrix and the filler may give rise to good creep
resistance of the nanocomposite as a whole.20 The
inherent properties of the incorporated SiO2, such as
high aspect ratio and the large interfacial area,
contribute significantly in enhancing the interface
adhesion between the NPs and the epoxy matrix, thus
resulting in high values of creep resistance.49 From
Fig. 8, it is clear that the results of the creep test are in
agreement with those of nano-indentation hardness
and modulus analysis, with EPSI showing the least
deformation followed by EPZN. However, EPFE and
EPZR showed lower creep deformation as compared
to unreinforced sample (EP). It is well established from
the literature that the addition of silica NPs improves
the creep without adversely affecting the thermo-
mechanical properties of the epoxy polymer.45

The results from nano-indentation and creep test
were verified by the pendulum hardness of the cured
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Fig. 7: Comparison of hardness and elastic modulus for
neat and reinforced coating samples

Table 2: Hardness, reduced modulus, and elastic modulus obtained from nano-indentation of pure and nanocom-
posite epoxy coatings

Sample code Nanoparticles wt% Hardness (GPa) Reduced modulus Er (GPa) Elastic modulus E (Gpa)

EP 0 0 0.11 3.34 3.05
EPZR ZrO2 2 0.14 3.46 3.16
EPZN ZnO 2 0.17 4.17 3.81
EPFE Fe2O3 2 0.17 4.07 3.71
EPSI SiO2 2 0.18 4.23 3.86
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films coated on glass plates instead of steel substrate,
having same coating thickness. The results for pendu-
lum hardness are shown in Table 3. The pendulum
hardness of the cured EPZN and EPZR films showed
similar trends, while EPSI and EPFE films showed
slightly higher values. The incorporation of all the NPs
provides improvement in the pendulum hardness of the
cured film in comparison to EP, with EPSI showing the
highest values. The survival of such coatings is crucial
under harsh mechanical conditions; hence the physico-
mechanical properties of the composite coatings were
tested by impact and scratch testing. The thickness of
the coatings was 90–100 lm. It was noticed that all the
composite coatings with 2 wt% loadings of the NPs

increased and passed the impact test of 120 lb/in2 as
compared to the unreinforced coating which cracks at
112 lb/in2. However, the impact value for EPZN
remains the highest and showed 57% increase in the
impact resistance. This can be attributed to some
plasticizing effects from ZnO. Similarly, the scratch
resistance for all the samples increased in all compo-
sitions, and EPSI was found to have the highest scratch
load. The summary of the results is given in Table 4. A
graphical representation of scratch and impact resis-
tance for all compositions is shown in Fig. 9. The
increasing trend in the scratch hardness values can be
attributed to the improvement in the adhesion between
composite coating and metal substrate. The higher
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Table 3: Pendulum hardness for pure and nanocomposite epoxy coatings

Sample no. EP EPZR EPZN EPFE EPSI

1 118 127 125 128 130
2 116 125 125 128 133
3 120 125 126 129 132
4 122 126 127 127 131
5 118 127 127 130 131
Average 118.8 126 126 128.4 131.4

Table 4: Comparison of impact and scratch resistance of pure and nanocomposite epoxy coatings

Sample code Dry film thickness (lm) Impact resistance lb/in2 Scratch resistance (Kg) Mandrel bend

EP 90–100 112 6 Pass
EPZR 90–100 128 8 Pass
EPZN 90–100 176 8.5 Pass
EPFE 90–100 120 7.5 Pass
EPSI 90–100 136 9 Pass

J. Coat. Technol. Res.



surface-to-volume ratio of SiO2 results in better adhe-
sion between the epoxy matrix and the metal substrate.
Moreover, the higher degree of crosslinking of SiO2

with DGEBA matrix leads to the formation of a dense
and compact composite structure. One of the possible
reasons can be the yielding of the matrix to decrease
the local stress concentrations by the NPs.50

Thermal Properties

The glass transition temperature (Tg) of the pristine
and reinforced coating samples was studied using DSC.
The heat flow vs temperature diagram for all the ENC

samples is shown in Fig. 10. It is evident from the
obtained results as shown in Table 5 that Tg of EPSI
and EPZR increased with the addition of 2 wt% of
SiO2 and ZrO2 NPs, respectively. Allahverdi et al.36

reported the Tg of 48.9�C for cured neat epoxy.
However, the addition of 3 wt% of SiO2 takes the Tg

value up to 54.2�C. In the present study, a maximum Tg

value of 59�C was obtained in the case of SiO2. This
increase in Tg can be attributed to the restricted
mobility of the epoxy chains caused by the strong
interactions between the NPs and the epoxy ma-
trix.51,52 The addition of 2 wt% of Fe2O3 and ZnO,
however, slightly decreased the value of the glass
transition temperature by imparting some plasticizing
effect.
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Fig. 10: DSC results for pristine and modified nanocomposite coating samples

Table 5: DSC results for pure and nanocomposite
epoxy coatings

Coating sample Tg (�C)

EP 56.8
EPZR 58.0
EPZN 55.6
EPFE 55.0
EPSI 59.0

J. Coat. Technol. Res.



Conclusion

A uniform morphology and good dispersion of the NPs
in the epoxy matrix can be obtained using 2 wt% of the
NPs. The addition of either ZnO, ZrO2 or Fe2O3 or
SiO2 NPs increased the elastic modulus and hardness
of ENC coatings. SiO2 NPs show better interaction and
adhesion with the epoxy matrix due to its amorphous
nature and, thus, results in the best thermo-mechanical
properties among the studied NPs. Incorporation of
2 wt% of SiO2 in epoxy matrix gives higher values of
hardness and elastic modulus of 0.18 and 4.2 GPa,
respectively. Moreover, 2 wt% SiO2 addition results in
relatively better thermal stability of the nanocomposite
coating in comparison to the other NPs. The glass
transition temperature (Tg) for both SiO2 and ZrO2 is
higher than for neat epoxy coating. SiO2 nanocompos-
ite showed the highest value of Tg as 59�C. The
incorporation of both Fe2O3 and ZnO NPs showed
reduction in the Tg of these ENCs.
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