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Polyaniline stabilized barium titanate nanoparticles
reinforced epoxy nanocomposites with high dielectric
permittivity and reduced ﬂammability†
Xi Zhang,ab Qingliang He,ab Hongbo Gu,ab Suying Wei*b and Zhanhu Guo*a
Epoxy polymer nanocomposites (PNCs) ﬁlled with both barium titanate (BaTiO3) (500 and 100 nm) and
conductive polyaniline (PANI) stabilized BaTiO3 nanoparticles (NPs) have been successfully prepared. The
eﬀects of the BaTiO3 nanoﬁller loading level and the PANI coating on the mechanical properties,
rheological behavior, thermal stability, ﬂammability and dielectric properties were systematically studied.
The viscosity study on the nanosuspensions indicates that the PANI layer on the BaTiO3 nanoparticle
surface can promote the network formation of the epoxy resin. The introduction of the PANI layer was
found to reduce the heat release rate and to increase the char residue of the epoxy resin. The dynamic
storage and loss moduli were studied together with the glass transition temperature (Tg) obtained from
the peak of tan d, and the reduced Tg in the PNCs is associated with the enlarged free volume. The
tensile test indicated an improved tensile strength of the epoxy matrix with the introduction of the
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BaTiO3 NPs. Compared with the cured pure epoxy, the elasticity modulus was increased for all the PNC
samples. The fracture surface study revealed an enhanced toughness. Due to the ferroelectric nature of
BaTiO3, the real dielectric permittivity increased with increasing the BaTiO3 nanoparticle loading. The
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PANI layer on the surface of BaTiO3 also enhanced the dielectric permittivity arising from the interfacial
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polarization formed in the PNCs.

1

Introduction

Polymer nanocomposites (PNCs) are an most important material for the 21st century owing to their potential wide applications arising from the unique nanoller-introduced thermal
stability,1 electrochemical, mechanical, magnetic and dielectric
properties2–4 compared with the otherwise inert polymers.
Epoxy as one of the most important engineering polymers can
be used as structural components, and diﬀerent nanollers
have been applied to obtain multifunctional PNCs. For
instance, carbon nanober–epoxy resin has been fabricated to
obtain enhanced tensile strength and electrical conductivity,5
and magnetic epoxy has been prepared with Fe3O4 nanoparticles (NPs).6 Recently, materials with high dielectric
constant have attracted more interest due to their outstanding
property-related performances, such as high energy density,
which ensures their potential applications in modern electronics and electrical systems.7 Barium titanate (BaTiO3)
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exhibiting unique ferroelectricity,8 piezoelectricity9 and high
dielectric constant10 has been used to improve the dielectric
properties of various polymers. For example, polyvinylidene
uoride (PVDF) or siloxane-modied polyamideimide (SPAI)
lled with BaTiO3 has been used to prepare high dielectric
thin lms,11 and nanosized BaTiO3 dispersed in polyvinylpyrrolidone (PVP) and quaternary acrylic resin (RMX) can
be applied as high capacitance lms12 and humidity sensors,13
respectively. The BaTiO3–polystyrene-block-poly(styrene-covinylbenzylchloride) (PS-b-PSVBC) core–shell NPs, prepared by
dispersing PS-b-PSVBC and BaTiO3 NPs in tetrahydrofuran for
better dispersibility in the nonpolar polymer matrix, have been
used for preparing high-energy density nanocomposites.14
Although epoxy–BaTiO3 nanocomposites have outstanding
dielectric properties, the utilization of epoxy PNCs is limited by
the easy ammability of the epoxy resin.15 Generally, two types
of NPs are applied to enhance the ame retardancy of the
polymer matrix. One type consists of inorganic NPs including
alumina trihydrate,16 layered double hydroxides (LDHs),17 clay18
and montmorillonite (MMT).19 During combustion, inorganic
nanollers can enhance the char formation20 and limit the
volatilization of materials produced by the polymer matrix
decomposition.21,22 However, the ame retardancy of the
nanocomposites with inorganic NPs largely depends on their
dispersion.16 Due to the poor compatibility between organic and
inorganic materials, additional surface modication23 or
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compatibilization24 is required to achieve good dispersion. For
instance, organo-modied LDHs were applied to enhance the
ame retardancy of epoxy.20 The other kind of ame retardant
nanollers is organic NPs, such as phosphorus-25 and nitrogenbased ame retardants.26 During the research of nanocomposite ame retardancy, nitrogen- based ame retardants
have attracted more and more interest due to their eﬃcient
performance in all stages of the burning process26 by releasing
ammonia gas27 and enhancing the char formation.19
Polyaniline (PANI), among all the conjugated polymers, is very
attractive owing to its controllable doping levels28–30 and wide
range of applications such as in anticorrosion coating,31
sensors,32 redox removal of highly toxic Cr(VI) to less toxic and
stable Cr(III) from polluted water,33,34 tissue engineering35 and
electrochemical energy storage cells.36–38 BaTiO3–PANI PNCs,
combining the unique dielectric BaTiO3 and conductive PANI
together, have shown great applications. For example, for
BaTiO3–PANI composites prepared by mixing BaTiO3 powders
with PANI through mechanical grinding, the permittivity at
microwave frequency is largely decreased (from 120 to 40) by
adding just 5.0 wt% PANI.39 In addition, BaTiO3–PANI nanocomposites synthesized by in situ polymerization with mechanical stirring, can be used as electrorheological (ER) materials. For
example, at 3.5 kV mm1 the shear stress of BaTiO3–PANI (20 vol
%) in silicone oil can reach 2800 Pa, which is higher than those of
pure PANI and pure BaTiO3 in silicone oil.40 However, the
dielectric properties and ammability reduction of epoxy nanocomposites with BaTiO3–PANI particulate nanocomposites as
functional nanollers have not been reported yet.
In this paper, two sizes of BaTiO3 (500 and 100 nm) NPs and
lab-synthesized PANI-coated BaTiO3 NPs were applied as
nanollers in epoxy resin to enhance the dielectric properties
and to reduce the ammability of the hosting epoxy matrix.
PNCs with diﬀerent kinds and loading levels of nanollers were
prepared. The rheological behaviors of the uncured samples
(liquid phase), including viscosity at steady state, complex
viscosity and viscosity storage and loss moduli, were studied.
For the cured samples (solid phase), the thermal stability was
studied by TGA tests and the ammability performance was
evaluated by microscale combustion calorimetry considering
the heat release capacity (HR capacity), peak heat release rate
(pHRR), total heat release, and the char residue. The mechanical properties including tensile strength and Young's modulus
and the thermomechanical properties including storage and
loss moduli and glass transition temperature were evaluated.
The eﬀects of nanollers and the PANI coating on the dielectric
permittivity of the nanocomposites were systematically studied
and the observed enhanced dielectric properties were interpreted from the ferroelectric nature of BaTiO3 and the interfacial polarization phenomenon.

2

Experimental

2.1

Materials

The epoxy resin used, Epon 862 (bisphenol F epoxy), and
EpiCure W curing agent were purchased from Miller-Stephenson Chemical Company, Inc. Barium titanate (BaTiO3)
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(500 and 100 nm) NPs were purchased from Nanostructure &
Amorphous Materials Inc. Aniline (C6H7N, 99.9%), ammonium
persulfate (APS, (NH4)2S2O8, reagent grade, 98%) and p-toluenesulfonic acid (PTSA, C7H8O3S) were all purchased from Sigma
Aldrich. Chloroform (CHCl3) was purchased from Fisher
Scientic. All the chemicals were used as received without any
further treatment.
Preparation of polyaniline-coated BaTiO3 nanocomposite
particles. The polyaniline-coated BaTiO3 (500 nm) NPs with a
BaTiO3 particle loading of 35.0 wt% were prepared as follows.
The molar ratio used was aniline : APS : PTSA ¼ 6 : 3 : 5.41 For
solution one, PTSA (60 mmol), APS (36 mmol) and BaTiO3 NPs
(500 nm) were dissolved in deionized water (400 mL), which
was then put in an ice-water bath and under ultrasonication
for one hour. Solution two was aniline (72 mmol) dissolved in
deionized water (100 mL). Then solution two was added into
solution one, which was sonicated for an additional one hour
in an ice-water bath for polymerization. Finally, the product
was vacuum ltered and washed with ethanol and deionized
water to remove excess acid, any possible oligomers and
organic solvent. Then the obtained powders were dried
completely at 50  C. The PANI would not be able to cover the
whole surface of BaTiO3 NPs if the nanoparticle loading was
higher than 35.0 wt%. The PANI coating on the small BaTiO3
(100 nm) NPs was observed to be not so good as that on the
big BaTiO3 (500 nm) NPs for the same PANI loading. Bare
BaTiO3 without PANI coating was observed in the SEM image
of BaTiO3 (100 nm)–PANI PNCs even at 1.0 wt% loading of
BaTiO3 NPs. To prevent other eﬀects, only PANI-coated BaTiO3
NPs (500 nm) were selected for the subsequent epoxy nanocomposite preparation.
Preparation of epoxy resin nanosuspensions and cured
epoxy nanocomposites. The epoxy resin nanosuspensions with
1.0, 5.0, 8.0 and 10.0 wt% BaTiO3 NPs (500 and 100 nm) were
prepared as follows. Firstly the BaTiO3 NPs were immersed in
epoxy resin (the total weight of epoxy resin and curing agent
was xed to be 40.0 g and the BaTiO3 nanoparticle loading was
controlled by varying the weight of the BaTiO3 NPs) without
any disturbance overnight so that the resin could wet the
nanostructures completely. The mixture was then mechanically stirred (Heidolph, RZR 2041) at a speed of 600 rpm for
one hour at room temperature. The curing agent W was added
into the above suspension with a weight ratio of monomer/
curing agent ¼ 100/26.5 as recommended by the company and
the solution was stirred at high speed (600 rpm) for another
one hour at room temperature. In order to remove bubbles in
the solution and to prevent the precipitation of the BaTiO3 NPs
during the curing process, low-speed (200 rpm) mechanical
stirring was conducted at 70  C for 3–4 hours in a water bath.
Finally, the solution was poured into silicon rubber molds and
cured at 120  C for 5 hours and then cooled naturally to room
temperature.
In addition, to further study the inuence of PANI coating,
the samples of epoxy resin nanocomposites with 10.0 wt% pure
PANI, 28.57 wt% BaTiO3–PANI (contains 10 wt% BaTiO3
and 18.57 wt% PANI) and 15.38 wt% BaTiO3–PANI (contains
5.38 wt% BaTiO3 and 10 wt% PANI) were also prepared.
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2.2

Characterization

Rheological behavior of liquid epoxy resin nanosuspensions.
The rheological behaviors of the prepared epoxy nanocomposite
suspensions were investigated with a rheometer (AR 2000ex, TA
Instrumental Company) at shear rates ranging from 0.1 to 1000
s1 at 25  C. A series of measurements were performed in a
cone-and-plate geometry with a diameter of 40 mm and a
truncation of 64 mm. Dynamic rheological measurements were
also performed with a sweeping frequency range between 0.1
and 100 rad s1 at a low strain (1%), which was justied to be
within the linear viscoelastic (LVE) range for these materials.
The LVE range was determined by the strain-storage modulus
(G0 ) curve within the strain range from 0.01 to 100% at a
frequency of 1 rad s1. Specimens placed between the cone and
plate were allowed to equilibrate for approximately two minutes
prior to each frequency sweeping.
Thermal characterization of the cured epoxy nanocomposites. The thermal stability of the cured epoxy nanocomposites was studied by thermogravimetric analysis (TGA, Q500, TA instruments). All the samples were heated from 30 to
700  C at a nitrogen ow rate of 60 mL min1 and a heating rate
of 10  C min1. The samples were tested in air at the same ow
rate and heating rate to compare the thermal stability of the
nanocomposites in diﬀerent conditions. Diﬀerential scanning
calorimeter (DSC, TA Instruments Q2000) measurements were
implemented under a nitrogen ow rate of approximately 20 mL
min1 at a heating rate of 10  C min1 from 0 to 400  C.
Flammability of cured epoxy nanocomposites. The ammability performance was evaluated by using a micro-scale
combustion calorimeter (MCC, model “MCC-2”, Govmark,
Farmingdale, New York) according to American Society for
Testing and Materials (ASTM D7309 – Method A: Standard Test
Method for Determining Flammability Characteristics of Plastics and Other Solid Materials Using Microscale Combustion
Calorimetry). The sample (3 mg) was heated to a specied
temperature using a linear heating rate (1  C s1) in a stream of
nitrogen with a ow rate of 80 mL min1. The thermal degradation products of the sample in nitrogen were mixed with a 20
mL min1 stream of oxygen prior to entering the 900  C
combustion furnace. The reported MCC parameters were the
averages of three measurements.
Mechanical tests of cured epoxy nanocomposites. The
dynamic mechanical analysis (DMA) measurements were
carried out in the torsion rectangular mode using an AR 2000ex
(TA Instrumental Company) with a strain of 0.05%, a constant
frequency of 1 Hz and a heating rate of 2  C min1 in the
temperature range of 30–200  C. The sample dimensions were
12  3  40 mm3. The tensile tests were carried out following
ASTM (Standard D 412-98a, 2002) in a unidirectional tensile
testing machine (ADMET tensile strength testing system). The
parameters (displacement and load) were controlled by a digital
controller (MTESTQuattro) with MTESTQuattro Materials
Testing Soware. The samples were prepared as described for
the nanocomposite fabrication in silicon rubber molds,
which were designed according to the standard ASTM requirement. A crosshead speed of 1.00 mm min1 was used and the
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strain (mm mm1) was calculated by dividing the crosshead
displacement by the original gauge length.
Morphological characterization of cured nanocomposites.
Aer the tensile test, the broken samples were collected and the
morphology of the fracture surfaces was characterized with a
eld emission scanning electron microscope (SEM, JEOL JSM6700F). Before testing, the samples were rst coated with a thin
gold layer.
Permittivity measurements of cured nanocomposites. The
dielectric permittivity was measured by a LCR meter (Agilent, E
4980A) equipped with a dielectric test xture (Agilent, 16451B)
at the frequency of 20 to 2  106 Hz. The samples used for the
tests were disc pellets with a diameter of 40 mm and an average
thickness of about 2 mm. A piece of standard rectangular Teon
sample with a permittivity of 2.1–2.4 was used for calibration
before each test.

3

Results and discussion

3.1 Rheological behaviors of the liquid epoxy resin
nanosuspensions
The rheology behaviors were studied for liquid epoxy resin and
its nanosuspensions. For the samples with diﬀerent loadings
and sizes of BaTiO3 NPs, the observed linear relationship
between shear rate and shear stress, Fig. 1(A), indicates that the
nanosuspension is a Newtonian uid. However, for the nanosuspensions with BaTiO3–PANI and PANI NPs, Fig. 1(B), the
relationship between shear stress and shear rate is no longer
linear, and the slope of the curve becomes gentle with
increasing the shear rate. The power law model is employed to
correlate the shear stress and the shear rate, eqn (1):42
s ¼ K  gn

(1)

where s is shear stress, K is consistency, g is shear rate, and n is
the ow behavior index. For a Newtonian uid, n is equal to one
and n < 1 for a pseudoplastic uid. The values of n are
summarized in Table 1. For pure liquid epoxy resin (n ¼ 0.9708)
and the epoxy resin nanosuspension with 10.0 wt% BaTiO3 NPs
(n ¼ 0.9726), n is almost equal to 1, demonstrating that these
two uids are Newtonian uids. However, for the epoxy resin
nanosuspensions with 10.0 wt% PANI (n ¼ 0.8693), 15.38 wt%
BaTiO3 (500 nm)–PANI (contains 5.38 wt% BaTiO3 and 10.0 wt%
PANI) (n ¼ 0.8701) and 28.57 wt% BaTiO3 (500 nm)–PANI
(contains 10 wt% BaTiO3 and 18.57 wt% PANI) (n ¼ 0.7493), the
values of n are all less than one, indicating that these uids are
pseudoplastic uids. To identify which component of the NPs
can lead to the reduction of n, the n values of the nanosuspensions with BaTiO3 (500 nm)–PANI NPs, pure PANI and
pure BaTiO3 (500 nm) NPs are compared with each other. For
the nanosuspension with 15.38 wt% BaTiO3 (500 nm)–PANI
(contains 5.38 wt% BaTiO3 and 10 wt% PANI) and the nanosuspension with 10 wt% PANI, which have the same PANI
loading, the n values of both nanosuspensions are almost the
same, showing that the BaTiO3 NPs have a negligible eﬀect on
the pseudoplastic behavior of the nanosuspensions. However,
for the nanosuspensions with 28.57 wt% BaTiO3 (500 nm)–PANI
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(contains 10 wt% BaTiO3 and 18.57 wt% PANI) and 10 wt%
BaTiO3 (500 nm) NPs, which have the same BaTiO3 nanoparticle
loading, the n values are completely diﬀerent. Thus, the n value
of nanosuspensions with BaTiO3–PANI NPs is determined by
the PANI coating on the surface of BaTiO3 NPs. The study of the
ow behavior index shows obviously that the PANI coating layer
has some reaction with epoxy resins in the nanosuspension
with 28.57 wt% BaTiO3 (500 nm)–PANI (contains 10 wt% BaTiO3
and 18.57 wt% PANI) and leads to the transition of the nanosuspensions from Newtonian uids to pseudoplastic uids.
Fig. 1(C) and (D) show the viscosity as a function of shear
rate. For epoxy nanosuspensions with pure BaTiO3 NPs,
Fig. 1(C), a reduced viscosity is observed, the viscosities of
nanosuspensions with both big BaTiO3 (1.0, 5.0 wt%) and small
BaTiO3 (1.0, 5.0 and 10.0 wt%) NPs are even lower than that of
pure epoxy in the whole tested shear rate range. For certain
nanosuspensions, NPs with circular shape43 and a good
dispersion were reported to decrease the nanocomposite
viscosity.44 The decreased viscosity is attributed to the dilution
eﬀect of NPs, which provides constraint release and leads to
viscosity reduction.43 It is worth noticing that with increasing
the loading of BaTiO3 NPs, the viscosity of the nanosuspension
with big BaTiO3 NPs (500 nm) increases, which is due to the
nanoparticle agglomeration.44 However, the viscosity of nanosuspension with small BaTiO3 NPs (100 nm) is further
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decreased and the lowest viscosity is observed in the nanosuspension with 10 wt% BaTiO3 NPs (100 nm), the opposite
variation of viscosity with the loading of big and small BaTiO3
NPs indicates that the dilution eﬀect is associated with the
nanoparticle size.
In addition, decreased viscosity with increasing shear rate is
also observed in the nanosuspensions with pure BaTiO3 NPs.
However, due to the justied Newtonian uid of pure epoxy
resin and its nanosuspensions with diﬀerent loadings of BaTiO3
NPs, the decreased viscosity is only due to the sample splashing
under high rotating speed of cone.45 The Carreau model is
employed to correlate the viscosity and the shear rate of the
epoxy resin nanosuspensions with 10.0 wt% BaTiO3, 10.0 wt%
PANI, 15.38 wt% BaTiO3 (500 nm)–PANI (contains 5.38 wt%
BaTiO3 and 10.0 wt% PANI) and 28.57 wt% BaTiO3 (500 nm)–
PANI (contains 10 wt% BaTiO3 and 18.57 wt% PANI), eqn (2):46
h  hN
h ¼ hN þ  0
d=2
1 þ ðCgÞ2

(2)

where hN is the innite shear viscosity (limiting viscosity at
innite shear rate, hN ¼ lim h), h0 is the zero shear viscosity
g/N

(limiting viscosity at zero shear rate,47 h0 ¼ lim h), C is the cross
g/0

time constant, which represents the transition to a constant

Fig. 1 (A) Shear stress and (C) viscosity vs. shear rate of (a) pure epoxy, epoxy nanosuspensions with (b) 1.0 wt% BaTiO3 (500 nm), (c) 5.0 wt% BaTiO3 (500 nm), (d) 10.0
wt% BaTiO3 (500 nm), (e) 1.0 wt% BaTiO3 (100 nm), (f) 5.0 wt% BaTiO3 (100 nm), (g) 10.0 wt% BaTiO3 (100 nm); (B) shear stress and (D) viscosity vs. shear rate of (a)
pure epoxy, epoxy nanosuspensions with (b) 10.0 wt% BaTiO3 (500 nm), (c) 28.57 wt% BaTiO3 (500 nm)–PANI (contains 10 wt% BaTiO3 and 18.57 wt% PANI), (d) 15.38
wt% BaTiO3 (500 nm)–PANI (contains 5.38 wt% BaTiO3 and 10 wt% PANI) and (e) 10.0 wt% PANI.
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Flow behavior indices of the liquid epoxy resin and its nanosuspensions with BaTiO3 NPs and BaTiO3–PANI NPs

Pure
epoxy

Nanosuspension
with 10 wt%
BaTiO3 (500 nm)

Nanosuspension with 28.57 wt%
BaTiO3 (500 nm)–PANI (contains
10 wt% BaTiO3 and 18.57 wt% PANI)

Nanosuspension with 15.38
wt% BaTiO3 (500 nm)–PANI (contains
5.38 wt% BaTiO3 and 10 wt% PANI)

Nanosuspension
with 10 wt% PANI

0.9708

0.9726

0.7493

0.8701

0.8693

viscosity in the limit of zero shear rate,48 and d is the rate index.
It is shown that for both pure epoxy resin (d ¼ 0.04426) and the
nanosuspension with 10.0 wt% BaTiO3 NPs (500 nm) (d ¼
0.07803), the value of d is almost equal to zero, and a zero d
indicates Newtonian behavior.49 As d equals zero, the viscosity
no longer depends on the shear rate, the viscosity remains
constant and should be equal to zero shear viscosity with
increasing the shear rate. In addition, the value of 1/C is
considered as the critical shear rate (the shear rate for breaking
the structural linkages) and can be applied for evaluating the
onset shear rate of shear thinning.50 The small C values of the
Newtonian pure epoxy resin (C ¼ 0.007454 s) and the epoxy
resin nanosuspension with 10.0 wt% BaTiO3 NPs (500 nm) (C ¼
0.05335 s) indicate that the “shear-thinning” process (due to the
sample splashing under high rotating speed of cone) can only
be observed in very high shear rate range (134.16 s1). However,
for the pseudoplastic epoxy resin nanosuspensions with 10 wt%
PANI (C ¼ 18.82 s), 15.38 wt% BaTiO3 (500 nm)–PANI (contains
5.38 wt% BaTiO3 and 10 wt% PANI) (C ¼ 23.93 s) and 28.57 wt%
BaTiO3 (500 nm)–PANI (contains 10 wt% BaTiO3 and 18.57 wt%
PANI) (C ¼ 33.82 s), the values of C are much higher and
increase with increasing the PANI loading. The larger the C
value, the lower the shear rate for the shear thinning process to
begin, and the reduced viscosity is benecial for industrial
manufacturing.
Moreover, it is shown in Table 2 that both zero shear viscosity
and innite shear viscosity are also dominated by the loading of
BaTiO3 (500 nm)–PANI, and in fact the PANI coating layer.
Comparing the zero shear viscosity and innite shear viscosity of
the nanosuspensions with 15.38 wt% BaTiO3 (500 nm)–PANI
(contains 5.38 wt% BaTiO3 and 10 wt% PANI) and 10 wt% PANI,
the values of both viscosities are almost the same and the largest
value of the shear viscosity is observed in the nanosuspension
with the highest loading of PANI (28.57 wt% BaTiO3–PANI
(contains 10 wt% BaTiO3 and 18.57 wt% PANI)) (h0 ¼ 935.9 Pa s,
hN ¼ 12.63 Pa s). All the results of the rheology tests in the steady

Table 2

state indicate that the introduction of a PANI layer on the BaTiO3
nanoparticle surface makes the epoxy resin behavior tend to
change from that of a Newtonian uid to a pseudoplastic uid,
and the extent of pseudoplastic behavior depends on the PANI
layer on the BaTiO3 NPs.
The rheological behavior of the nanosuspensions was also
studied by the oscillation test. Fig. 2(A) shows the storage
modulus (G0 ) and loss modulus (G00 ) of the epoxy resin
nanosuspensions with BaTiO3 and BaTiO3–PANI NPs.
Compared with the other three samples containing PANI
coating, no crossing point of G0 and G00 (with G00 always larger
than G0 in the whole test range) can be observed in the epoxy
nanosuspension with 10.0 wt% BaTiO3, Fig. 2(A)-(a). However,
for the epoxy resin nanosuspensions with 10.0 wt% PANI,
Fig. 2(A)-(d), 15.38 wt% BaTiO3–PANI (contains 5.38 wt%
BaTiO3 and 10.0 wt% PANI) Fig. 2(A)-(c) and 28.57 wt%
BaTiO3–PANI (contains 10.0 wt% BaTiO3 and 18.57 wt% PANI)
Fig. 2(A)-(b), the crossing points of G0 and G00 can be observed
at angle frequency (u) values around 2.3, 1.2 and 50 rad s1,
respectively, and G0 is even higher than G00 in the low
frequency range. The crossing point of the G0 and G00 curves is
considered as a criterion to identify the transition from elastic
solid behavior to viscous liquid behavior.44 For the epoxy resin
nanosuspensions with bare BaTiO3 NPs without any
chemical bonding between the nanollers and the epoxy resin
monomers, the nanosuspensions only show viscous liquid
behavior without forming a network and cannot change from
viscous liquid to elastic solid with increasing the
frequency, which indicates a typical Newtonian uid with an
observed phase angle (d) (the phase angle between G00 and G0 )
of 90 ,51 Fig. 2(B). However for the nanosuspensions with
PANI coating on the BaTiO3 nanoparticle surface, they behave
more like an elastic solid rather than a viscous liquid, d
decreases with increasing the loading of BaTiO3 (500 nm)–
PANI NPs (as the aforementioned PANI layer on the surface of
BaTiO3 NPs), Fig. 2(B). Thus, the PANI coating on the BaTiO3

Parameters in the Carreau model for the epoxy resin nanosuspensions with BaTiO3 NPs and polyaniline-coated BaTiO3 NPs

Pure epoxy
Epoxy resin nanosuspension with 10.0 wt% BaTiO3 (500 nm)
Epoxy resin nanosuspension with 28.57 wt% BaTiO3–PANI
(contains 10 wt% BaTiO3 and 18.57 wt% PANI)
Epoxy resin nanosuspension with 15.38 wt% BaTiO3–PANI
(contains 5.38 wt% BaTiO3 and 10 wt% PANI)
Epoxy resin nanosuspension with 10.0 wt% PANI

2890 | J. Mater. Chem. C, 2013, 1, 2886–2899

h0 (Pa s)

hN (Pa s)

C (s)

d

4.638
4.947
935.9

0.2536
3.092
12.63

0.007454
0.05335
33.82

0.04426
0.07803
0.5393

232.3

8.167

23.93

0.5729

238.8

8.001

18.82

1.243
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Fig. 2 (A) G0 and G0 0 (solid and open symbols represent G0 and G0 0 , respectively), (B) d, (C) complex viscosity (h*) vs. u, and (D) viscosity vs. shear rate of the epoxy resin
nanosuspensions with (a) 10.0 wt% BaTiO3 (500 nm), (b) 28.57 wt% BaTiO3–PANI (contains 10 wt% BaTiO3 and 18.57 wt% PANI), (c) 15.38 wt% BaTiO3–PANI (contains
5.38 wt% BaTiO3 and 10 wt% PANI) and (d) 10.0 wt% PANI.

nanoparticle surface is helpful for the network formation of
the epoxy resin.
The complex viscosity (h* ¼ h0  ih00 , where h0 ¼ G0 /u and h00 ¼
00
G /u)52 of the epoxy resin nanosuspensions was also studied. For
the epoxy resin nanosuspension with 10.0 wt% BaTiO3 NPs, the
h* is constant in the whole frequency range, Fig. 2(C). However,
for the epoxy resin nanosuspensions with 10.0 wt% PANI, 15.38
wt% BaTiO3–PANI (contains 5.38 wt% BaTiO3 and 10.0 wt%
PANI) and 28.57 wt% BaTiO3–PANI (contains 10.0 wt% BaTiO3
and 18.57 wt% PANI), the h* decreases with increasing
frequency, Fig. 2(C). The complex viscosity (h*(u)) can be transformed to a steady-state viscosity (h(g), viscosity obtained from a
ramp-strain experiment53) and correlated to the shear rate by
using the Cox–Merz rule, eqn (3):54
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
h
i


ðG 0 =uÞ2 þ ðG00 =uÞ2
hðgÞ ¼ h* ðuÞu¼g ¼
(3)
u¼g

where G0 and G00 are the storage and loss moduli, u is the
angular frequency, and g is the shear rate.
When u ¼ g, the value of h* is equal to that of steady-state
viscosity. From Fig. 2(D), the zero shear viscosity (limiting
viscosity at zero shear rate,47 h0 ¼ lim h) of the epoxy resin
g/0

nanosuspensions with PANI coating on the BaTiO3 nanoparticle
surface is observed to be higher than that of the epoxy resin
nanosuspension with 10.0 wt% BaTiO3 NPs and is consistent
with the calculations from the Carreau model correlating the

This journal is ª The Royal Society of Chemistry 2013

viscosity to the shear rate. All the viscosity studies indicate that
the PANI coating on the BaTiO3 nanoparticle surface can
promote the epoxy resin network formation, which is caused by
the reaction between the amine groups in PANI on the BaTiO3
nanoparticle surface and the epoxy resin.45
3.2

Thermogravimetric analysis

Fig. 3(A) shows the TGA curves of the cured pure epoxy, asreceived BaTiO3 NPs and the PNCs with diﬀerent sized BaTiO3
NPs in nitrogen. For all the PNCs, there is only one sharp
weight loss stage caused by the breaking down of the polymer
chains. From the onset decomposition temperature summarized in Table 3, the decomposition temperature rstly
decreases with increasing the BaTiO3 (500 nm) nanoparticle
loading (1.0 and 5.0 wt%); when the loading of BaTiO3 NPs
(500 nm) is further increased (8.0 and 10.0 wt%), the
decomposition temperature becomes increased but still lower
than that of the cured pure epoxy resin (375.28  C). For the
PNCs with diﬀerent sized BaTiO3 NPs, the decomposition
temperature is almost the same, thus the particle size has no
signicant inuence on the thermal stability of the PNCs.
Compared with the cured pure epoxy, the introduction of NPs
decreases the curing extent of the epoxy resin55 and thus the
network structure of PNCs was not well formed and would be
easily broken down with increasing temperature, which causes
a decreased decomposition temperature.56 For the PNCs with
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Fig. 3 (A) TGA curves of (a) pure BaTiO3 NPs, (b) cured pure epoxy and the PNCs with (c) 1.0 wt% BaTiO3 (500 nm), (d) 5.0 wt% BaTiO3 (500 nm), (e) 8.0 wt% BaTiO3
(500 nm), (f) 10.0 wt% BaTiO3 (500 nm) and (g) 10.0 wt% BaTiO3 (100 nm) in nitrogen; (B) TGA curves of the PNCs with (a) 10.0 wt% BaTiO3 (500 nm), (b) 28.57 wt%
BaTiO3–PANI (contains 10 wt% BaTiO3 and 18.57 wt% PANI) and (c) 15.38 wt% BaTiO3–PANI (contains 5.38 wt% BaTiO3 and 10 wt% PANI) in nitrogen; (C) TGA curves
of (a) cured pure epoxy and the PNCs with (b) 10.0 wt% BaTiO3 (500 nm), (c) 10.0 wt% BaTiO3 (100 nm), (d) 28.57 wt% BaTiO3–PANI (contains 10 wt% BaTiO3 and
18.57 wt% PANI) and (e) 15.38 wt% BaTiO3–PANI (contains 5.38 wt% BaTiO3 and 10 wt% PANI) in air.

the BaTiO3–PANI NPs (Fig. 3(B)), a reduced onset decomposition temperature is observed resulting from the lower onset
decomposition temperature of pure PANI, which is due to the
release of moisture and organic solvent residue entangled in
the PANI polymer chains.2 However, when the test was run in
air, Fig. 3(C), two weight loss stages were observed. The rst
degradation stage in air is almost the same as that in the
nitrogen case, which is associated with the breaking of the
crosslinked network in epoxy. However, the second stage
stems from the structure conversion or oxidation of the
aromatic rings in epoxy,57 and all the PNCs show a higher
onset decomposition temperature than the cured pure epoxy

in this stage, Table 4. The mechanisms of the enhanced
thermal stability are associated with the protection eﬀect of
the BaTiO3 NPs and the restricted decomposition function of
the BaTiO3–PANI NPs. For the PNCs with BaTiO3 NPs, the NPs
can act as a shield and separate the polymer chains from
heat.1 On the other hand, for the PNCs with the BaTiO3–PANI
NPs, the increased onset decomposition temperature is
attributed to the covalent bonds formed between the amine
groups in PANI and the epoxy resin,52 which can postpone
the breakdown of the aromatic rings.58 The enhanced
thermal stability can also be observed in the ammability
analysis, Fig. 4.

Table 3 Onset decomposition temperature, weight loss at 800  C under nitrogen and glass transition temperature of the cured pure epoxy and its cured
nanocomposites

Sample name

Onset temperature ( C)

Weight loss (%)

Tg ( C)

Pure epoxy
PNC with 1.0 wt% BaTiO3 (500 nm)
PNC with 5.0 wt% BaTiO3 (500 nm)
PNC with 8.0 wt% BaTiO3 (500 nm)
PNC with 10.0 wt% BaTiO3 (500 nm)
PNC with 10.0 wt% BaTiO3 (100 nm)
PNC with 15.38 wt% BaTiO3–PANI
(contains 5.38 wt% BaTiO3 and 10 wt% PANI)
PNC with 28.57 wt% BaTiO3–PANI
(contains 10 wt% BaTiO3 and 18.57 wt% PANI)

375.28
374.35
370.48
372.58
373.00
373.39
239.92

88.02
89.06
86.12
82.97
81.51
90.89
79.40

108.31
54.10
78.34
82.47
82.77
79.78
89.62

233.77

73.88

95.98
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Sample name
Cured pure epoxy
PNC with 10.0 wt% BaTiO3 (500 nm)
PNC with 10.0 wt% BaTiO3 (100 nm)
PNC with 15.38 wt% BaTiO3–PANI
(contains 5.38 wt% BaTiO3 and 10 wt% PANI)
PNC with 28.57 wt% BaTiO3–PANI
(contains 10 wt% BaTiO3 and 18.57 wt% PANI)

First onset
temperature ( C)

Second onset
temperature ( C)

Weight
loss (%)

243.22
266.51
264.73
228.31

524.42
525.71
524.96
530.39

103.2
92.50
87.79
92.19

224.59

550.07

92.35

Fig. 4 The HRR vs. temperature curves of (a) the cured pure epoxy and its PNCs
with (b) 1.0 wt% BaTiO3 (500 nm), (c) 10.0 wt% BaTiO3 (500 nm), (d) 10.0 wt%
BaTiO3 (100 nm), (e) 28.57 wt% BaTiO3–PANI (contains 10 wt% BaTiO3 and 18.57
wt% PANI) and (f) 15.38 wt% BaTiO3–PANI (contains 5.38 wt% BaTiO3 and 10
wt% PANI), (g) 10.0 wt% PANI.

3.3

Flammability analysis

The ammability behaviors of the cured PNCs lled with
BaTiO3 and BaTiO3–PANI NPs were evaluated by studying the
heat release capacity (HR capacity), peak heat release rate
(pHRR), total heat release and char residue, which are
summarized in Table 5. From the curve of heat release rate
(HRR) as a function of temperature, Fig. 4, the pHRR, HR
capacity and total HR of the PNCs decrease with increasing the

Table 5

Fig. 5 DSC curves of (a) the mixture of pure epoxy resin and curing agent, (b)
cured pure epoxy and cured PNCs with (c) 1.0 wt% BaTiO3 (500 nm), (d) 5.0 wt%
BaTiO3 (500 nm), (e) 10.0 wt% BaTiO3 (500 nm), (f) 28.57 wt% BaTiO3–PANI
(contains 10 wt% BaTiO3 and 18.57 wt% PANI) and (g) 15.38 wt% BaTiO3–PANI
(contains 5.38 wt% BaTiO3 and 10 wt% PANI); (h) pure BaTiO3–PANI NPs.

BaTiO3 nanoparticle loading, indicating that the existence of
the BaTiO3 NPs reduced the heat release from the cured epoxy
resin. The inorganic NPs are well used as ame retardant
additives to enhance the thermal stability of the polymer matrix
by forming a continuous network structure, which can serve as a
protecting layer to prevent the heat transfer to the inner part.1 At
the same loading level of the BaTiO3 NPs, the PNCs with small
BaTiO3 NPs exhibit almost the same pHRR value as that of the

Heat release capacity (HR capacity), peak heat release rate (pHRR), total heat release and char residue for cured pure epoxy and its PNCs

Pure epoxy
Pure PANI
PNCs with 1.0 wt% BaTiO3 (500 nm)
PNCs with 10.0 wt% BaTiO3 (500 nm)
PNCs with 10.0 wt% BaTiO3 (100 nm)
PNCs with 28.57 wt% BaTiO3/PANI
(contains 10 wt% BaTiO3 and 18.57 wt% PANI)
PNCs with 15.38 wt% BaTiO3/PANI
(contains 5.38 wt% BaTiO3 and 10 wt% PANI)
PNCs with 10.0 wt% PANI

This journal is ª The Royal Society of Chemistry 2013

HR capacity
( J g1 K1)

pHRR
(W g1)

Total HR
(kJ g1)

Char
residue (%)

491
73
417
454
459
239

664.3
77.69
560.2
483.2
484.9
317.2

28
11.9
26.4
23.8
24.5
19.4

12
51
12
15
16
25

311

414.7

22.8

20

285

381

24.9

18
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Fig. 6 (A) Storage modulus (G0 ), (C) loss modulus (G0 0 ) and (E) tan d vs. temperature of (a) cured pure epoxy, and PNCs with (b) 1.0 wt% BaTiO3 (500 nm), (c) 5.0 wt%
BaTiO3 (500 nm), (d) 8.0 wt% BaTiO3 (500 nm) and (e) 8.0 wt% BaTiO3 (100 nm), curves (d) and (e) are overlapped; (B) storage modulus (G0 ), (D) loss modulus (G0 0 ) and
(F) tan d vs. temperature of PNCs with (a) 10.0 wt% BaTiO3 (500 nm), (b) 28.57 wt% BaTiO3–PANI (contains 10 wt% BaTiO3 and 18.57 wt% PANI), (c) 15.38 wt% BaTiO3–
PANI (contains 5.38 wt% BaTiO3 and 10.0 wt% PANI) and (d) 10.0 wt% PANI NPs.

PNCs with big BaTiO3 NPs, indicating that the size of BaTiO3
NPs has no eﬀect on the heat release of the PNCs.
The PNCs with 28.57 wt% BaTiO3–PANI (contains 10.0 wt%
BaTiO3 and 18.57 wt% PANI) NPs have much lower HRR than
those with 10.0 wt% BaTiO3 NPs, indicating that the HRR value
mainly depends on the PANI coating. As mentioned in the TGA
part, the amine groups in PANI can form covalent bonds with
the epoxy matrix, which can postpone the breakdown of the
aromatic rings,58 thus the decreased HRR should be associated
with the interfacial reaction between PANI and epoxy resin.6 The
observed reduced HRR in the PNCs with 28.57 wt% BaTiO3–
PANI (contains 10.0 wt% BaTiO3 and 18.57 wt% PANI) indicates
that the PANI layer on the surface of BaTiO3 NPs in the PNCs
inhibited the matrix from pyrolysis. It is known that the existence of PANI can help to form carbonaceous components,59
and the enhanced char residue indicates that the addition of

2894 | J. Mater. Chem. C, 2013, 1, 2886–2899

PANI on the BaTiO3 nanoparticle surface favors the char
formation of epoxy matrix. The char yield is considered as a
denotation of ame retardancy, the formation of char on the
surface of materials can prevent the heat being transferred from
the heat source to the inner material21 and also obstruct the
distribution of combustible gases produced during the burning
process.60

3.4

Diﬀerential scanning calorimetry

For the thermosetting systems, gelation, curing, vitrication
and devitrication events can be studied with the DSC tests.61
In general, the former two processes can be observed in the
uncured samples, however, if the material is not fully cured,
an exothermal peak, which represents the curing process, will
be observed for the cured samples. Compared with the cured
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pure epoxy, which is observed to be well cured without any
exothermal peak, the broad exothermal peaks can be found in
the PNC samples with low BaTiO3 nanoparticle loadings (1.0
and 5.0 wt%), however, the peak area becomes smaller in the
PNCs with higher loading (10.0 wt%), Fig. 5. Based on the
discussion in the TGA part, the existence of the BaTiO3 NPs
would limit the curing extent of the epoxy resin, thus in the
PNCs, some polymer networks are not completely formed.56
In the DSC test, with the temperature increasing higher than
Tg (Fig. 5), the polymer segment can move again and
accomplish the curing process, and the additional curing
process is observed in the DSC curve. The curing extent of the
PNCs is calculated based on the value of residual heat of
curing, eqn (4):62

Fig. 7 Breaking tensile stress (solid symbols) and modulus (open symbols) of
elasticity of the cured pure epoxy and its PNCs.

a¼1

DH

1  wp DHuc

(4)

Fig. 8 SEM images of the fracture surface of (a) the cured pure epoxy, and the PNCs with (b) 10.0 wt% PANI NPs, (c and e) 10.0 wt% BaTiO3 NPs (500 run), and (d and f)
28.57 wt% BaTiO3–PANI (contains 10 wt% BaTiO3 and 18.57 wt% PANI).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 (A) Real permittivity (30 ), (B) imaginary permittivity (30 0 ), and (C) dielectric loss (tan d) of (a) the cured pure epoxy and its PNCs with (b) 1.0 wt% BaTiO3 (500 nm),
(c) 5.0 wt% BaTiO3 (500 nm), (d) 5.0 wt% BaTiO3 (100 nm), (e) 10.0 wt% BaTiO3 (500 nm), (f) 28.57 wt% BaTiO3–PANI (contains 10 wt% BaTiO3 and 18.57 wt% PANI),
(g) 15.38 wt% BaTiO3–PANI (contains 5.38 wt% BaTiO3 and 10 wt% PANI) and (h) 10.0 wt% PANI NPs.

where DH is the residual heat of the reaction in PNCs (J g1), wp
is the particle weight percentage in the composites and DHuc is
the residual heat of the uncured pure resin (J g1). With
increasing the BaTiO3 nanoparticle loading, both the value of
curing extent (0.83, 0.85 and 0.92 for PNCs with 1.0, 5.0 and
10.0 wt% BaTiO3 NPs) and the Tg of the cured PNCs increases
(Table 3). For the liquid uncured thermosetting polymers, with
the curing process proceeding, the mobility of the segments
would decrease and the Tg would increase, and when the Tg
becomes higher than the curing temperature, the reaction
would terminate due to the “frozen polymer chain”.63 For the
epoxy resin with BaTiO3 NPs, the NPs obstruct the formation of
the highly cross-linked molecular structure of epoxy,64,65
however, the addition of NPs can enhance the mobility of the
segment by increasing the free volume between the NPs and the
polymer matrix,66 which favors the curing process.67 Generally,
compared to the PNCs with lower nanoparticle loading (1.0 and
5.0 wt%), the PNCs with higher loading (10.0 wt%) can improve
the curing process by increasing the free volume, however, the
curing extent of PNCs is still lower than that of the pure epoxy
resin, indicating that the introduction of NPs has a negative
eﬀect on the curing process of the epoxy matrix.
In addition, for the PNCs with the BaTiO3–PANI NPs, no
exothermal peak can be observed and the endothermic peak in
the high temperature range is due to the loss of the doping
acid in PANI,68 which can be also tracked from the curve of
pure BaTiO3–PANI NPs, Fig. 5 (refer to ESI† for the enlarged
DSC curves for c, d and e). The enhanced curing extent of the

2896 | J. Mater. Chem. C, 2013, 1, 2886–2899

PNCs with PANI on the BaTiO3 nanoparticle surface resulted
from the formed covalent bonds between the epoxy matrix and
the amine groups in PANI.58 The existence of NPs in the cured
epoxy resin is observed to cause a decreased glass transition
temperature (Tg) compared with cured pure epoxy. The
reduced Tg is related to the enlarged free volume and the
decreased curing extent.69 In cured PNCs, larger free volume
would arise from the surface between the llers and the epoxy
resin,66 which provides more space for the polymer chain
segments to move even at a lower temperature. Meanwhile, the
Tg would decrease with the reduction of curing extent, thus the
addition of NPs in the PNCs would cause a reduced Tg; in
addition, due to the increased curing extent, the PNCs with
higher loading of BaTiO3 nanoparticle (10.0 wt%) show higher
Tg than that of the PNCs with lower loading of BaTiO3 nanoparticles (1.0 and 5.0 wt%).

3.5

Dynamic mechanical properties

Dynamic mechanical analysis (DMA) provides information on
the storage modulus (G0 ), loss modulus (G00 ) and tan d in the
test temperature range. The storage modulus represents the
elastic behavior of the materials and the energy storage during
the elastic deformation, while the loss modulus reects the
viscous behavior of the materials and the energy dissipation
during the test.5,70 Fig. 6(A–D) show the storage modulus and
loss modulus of the cured pure epoxy resin and its nanocomposites. For samples of the cured epoxy nanocomposites
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with BaTiO3 NPs (Fig. 6(A and C)), in the glassy plateau, the
polymer chains and segments are “frozen” and cannot make
any movement, the values of the storage modulus are larger
than those of the loss modulus, and no obvious diﬀerence
can be observed among all the samples; however, with the
temperature increases, the onset temperatures for the PNCs to
enter the glass transition phase (at which temperature the
values of both G0 and G00 rapidly changed) are lower than that
of the cured pure epoxy. Based on the discussion in the DSC
part, the curing process is limited by the NPs that cause the
network to form not as well as that in the cured pure epoxy,
the glass transition of the PNCs will take place in a lower
temperature range than that in the cured pure epoxy. The tan d
value is the ratio of the loss modulus to the storage modulus,
and the peak of tan d is oen used to determine the Tg. As
shown in Fig. 6(E), for the PNCs with the as-received BaTiO3
NPs, the Tg is decreased compared with that of the cured pure
epoxy resin and the Tg is almost the same in the PNCs with
diﬀerent sized BaTiO3 NPs. The reduced Tg, which is consistent with the result in the DSC test, is owing to the reduced
curing extent and the enlarged free volume induced by the
nanollers.66 However, with further temperature increases, the
materials enter the rubber plateau, and the loss moduli of all
the PNCs are lower than that of the cured pure epoxy, indicating that the addition of the NPs can reduce the friction of
polymer chains in the rubber state.71
However, for the PNCs with the PANI coating on the BaTiO3
NPs (Fig. 6(B, D and F)), the PANI coating on the BaTiO3
nanoparticle surface can improve the dynamic mechanical
properties of the PNCs, compared with the PNCs with 10.0 wt%
as-received BaTiO3 NPs, both storage and loss moduli of the
PNCs with 28.57 wt% BaTiO3–PANI (contains 10.0 wt% BaTiO3
and 18.57 wt% PANI) would sharply increase at a higher
temperature and the enhanced thermal stability is due to the
formed covalent bonds between the epoxy matrix and the amine
groups in PANI, which can restrain the movement of epoxy
chains.58 In addition, in the rubber state, the PNCs with 28.57
wt% BaTiO3–PANI (contains 10.0 wt% BaTiO3 and 18.57 wt%
PANI) have the highest storage and loss moduli, and the
enhanced values of both moduli result from the network
formed in the PNCs. Due to the restrained movement of the
epoxy chains in the PNCs, the friction between polymer chains
is increased and causes the enlarged loss modulus, Fig. 6(D). At
the same time, the network formed in the PNCs can increase the
elastic properties of the PNCs and yield an improved storage
modulus, Fig. 6(B).

3.6

Tensile properties and fracture surface of the PNCs

The breaking tensile stress and the modulus of elasticity as a
function of BaTiO3 NPs and BaTiO3–PANI NPs are shown in
Fig. 7. When the loading of BaTiO3 nanoparticles increases,
the stress increases. The fracture surface is very smooth for the
cured pure epoxy samples, Fig. 8, and can be considered as a
typical brittle fracture with a fracture surface that is smooth
and mirror-like.72 However, for the PNCs with the as-received
BaTiO3 NPs, Fig. 8(b), the fracture surface is much rougher
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than that of the cured pure epoxy, the laminated cracks can be
observed on the fracture surface. When the crack extended
from one layer to another, energy would be absorbed73 and
cause the increase in the strength and modulus. However, for
the PNCs with BaTiO3–PANI NPs, the stress value is much
lower than that of the cured pure epoxy, Fig. 7. For the PNCs
with the PANI coated BaTiO3 NPs, although the chemical
bonds can form between PANI and epoxy resin, the SEM image
(Fig. 8(d)) shows that the BaTiO3–PANI NPs are not uniformly
dispersed in the epoxy matrix; a similar phenomenon can also
be observed in the epoxy resin nanopolymers lled with pure
PANI NPs. Due to the polarity diﬀerence, PANI (highly polar)
tends to agglomerate in the non-polar matrix,74 and thus the
PANI coating layer on the surface of BaTiO3 NPs would cause
some extent of agglomeration in the epoxy resin, which is also
shown in the SEM image. Compared with the as-received
BaTiO3 NPs (Fig. 8(c and e)), the BaTiO3–PANI NPs (Fig. 8(d
and f)) have poor dispersion in the matrix, and the particlerich regions can cause defects and initiate the failure in epoxy
resin.52 Thus the PANI layer of BaTiO3–PANI NPs would
decrease the tensile strength of the PNCs.52,74

3.7

Dielectric permittivity

For the dielectric behavior study, the real permittivity, imaginary permittivity and dielectric loss are shown in Fig. 9. For all
the samples, both real permittivity and imaginary permittivity
decrease with increasing frequency due to the dipolar groups,
which cannot follow the speed of the alternating electric eld.75
At lower frequency, the dipolar functional groups can orient
themselves and thus a high permittivity value is observed,75
however, the dipolar groups cannot orient at the same rate as
the alternating electric eld at higher frequency and thus cause
a reduced permittivity.75 For the PNCs with the BaTiO3 NPs, with
increasing the nanoparticle loading, the values of both real and
imaginary permittivity increase, and for the PNCs with diﬀerent
sizes of BaTiO3 NPs, the permittivity values are almost the same.
The enhanced dielectric behavior is due to the ferroelectric
nature (materials exhibit a spontaneous electric polarization
that can be reversed by an external eld76) of BaTiO3, indicating
that the BaTiO3 NPs can store charge and hence cause an
increased permittivity.2 However, the highest permittivity value
is observed in the PNCs with the 28.57 wt% BaTiO3–PANI
(contains 10.0 wt% BaTiO3 and 18.57 wt% PANI) NPs. The high
positive permittivity in the PNCs is due to the interfacial
polarization,77 which arises from the charge carriers blocked at
the internal surface or interfaces between matrix and llers.78 In
the PANI coating layer on the BaTiO3 nanoparticle surface, the
protons (hydrogen ions) provided by the doping acid can move
along the PANI chains, however, these charge movements will
be hindered by the BaTiO3 NPs and epoxy resin, resulting in
large space charges accumulated in the interface of PANI and
BaTiO3 NPs (or epoxy) to give a large interfacial polarization.79,80
The observed much higher tan d of the PNCs than that of the
cured pure epoxy, Fig. 9(C), is associated with the free charge
motion diﬀerence,80 indicating an interfacial polarization
formed in the PNCs.
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Conclusions

The epoxy polymer nanocomposites with both the as-received
BaTiO3 (500 and 100 nm) and the PANI coated BaTiO3 NPs at
diﬀerent loading levels have been prepared and systematically
studied. Both viscosity and complex viscosity are studied in the
rheology test and the results indicate that the amine groups in
the PANI layer of BaTiO3–PANI NPs can react with the epoxy
resin, and promote the network formation of epoxy resin.
Although the nanollers caused the onset decomposition
temperature decrease in nitrogen, it postponed the breakdown
of the aromatic rings in air. The ammability studies have
successfully demonstrated that the introduction of the nanollers can decrease the heat release rate of epoxy resin and
increase the char residue. The dynamic storage and loss moduli
were studied together with the glass transition temperature (Tg)
obtained from the peak of tan d. Compared to pure epoxy resin,
the reduced Tg in the PNCs is associated with the reduced
curing extent and the enlarged free volume. The enhanced
storage modulus in the PNCs with BaTiO3–PANI is associated
with the formed covalent bonds between epoxy matrix and the
amine groups in PANI, which can restrain the movements of the
epoxy chains. More laminated cracks are observed on the fracture surface of the PNCs. The crack extension from one layer to
the other causing the energy adsorption contributed to the
enhanced modulus of elasticity. Compared with the cured pure
epoxy, the improved dielectric behavior of the PNCs is attributed to the ferroelectric nature of BaTiO3 and the large interfacial polarization.
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