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Transparent anhydride–cured epoxy
nanocomposites reinforced with polyaniline
stabilized nanosilica†

Hongbo Gu,*a Jiang Guo,b Huige Wei,c Xingru Yan,b Daowei Ding,b Xi Zhang,c

Qingliang He,b Sruthi Tadakamalla,c Xuefeng Wang,a Thomas C. Ho,c Suying Wei*c

and Zhanhu Guo*b

Transparent anhydride–bisphenol-A epoxy systems filled with pristine nanosilica were prepared and compared

with the counterparts with the nanosilica coated with surface initiated polymerization (SIP) prepared

phosphoric acid (H3PO4) doped polyaniline (PANI). The rheological investigation on the bisphenol-A epoxy

nanosuspensions demonstrated that the surface coating increased the interaction between the nanosilica and

the resin matrix. The tensile strength of anhydride–epoxy (83.79 MPa) was increased to 87.00 and 88.78 MPa

for the epoxy with the as-received and functionalized nanosilica, respectively. The real permittivity of the

nanocomposites was increased after the introduction of PANI functionalized nanosilica. The H3PO4

doped PANI decreased the heat release rate of epoxy from 563.0 to 508. 3 W g�1, confirming the fire

retardancy behavior of the PANI coating. The obtained cured anhydride–epoxy nanocomposites filled

with nanosilica are highly transparent in visible light, and have potential applications in the optical field.

1. Introduction

Epoxy resin, as one of the classic and important thermosetting
resins, is widely used in the applications including electronics,1

automotive, aerospace,2,3 and coatings.4 Generally, the physical
properties of epoxy depend on the used epoxy resins, curing
agents and curing processes.5 From the point of view of epoxy
resins, the generic and important aromatic epoxy resins are
diglycidyl ether of bisphenol F (DGEBPF) and diglycidyl ether of
bisphenol A (DGEBPA). DGEBPF is an epoxidized novolac resin
with high molecular weight variations, such as Epon 862 resins.
DGEBPA is the highest produced epoxy resins in volume for
industrial sites, such as D.E.R. 331 resin.6 The anhydride curing
agents have many advantages such as low viscosity, readily
miscible with epoxy resins, very long pot life, low exotherm, and
less health hazard compared to aromatic amine curing agents.7

Normally, the obtained anhydride–epoxy system can have high

glass transition temperature (Tg), low water adsorption, and
standard processability.8 Meanwhile, the anhydride curing agents
may provide epoxy the excellent transparency, which can make
epoxy to be applied to the light emitting diodes (LED), optical
glass lens, optical prism, and laser disk as packaging materials.9

Even though epoxy resin has many excellent properties,
such as good environmental resistance, excellent thermal
and electrical insulating properties, high tensile strength and
modulus,10 nanofillers including carbon nanotubes (CNTs),10

carbon nanofibers (CNFs),11 graphene,3,12 iron and iron oxide
nanoparticles,13,14 nanoclay,15 polyaniline (PANI),16,17 polyhe-
dral oligomeric silsesquioxane (POSS),18 silica,19,20 indium tin
oxide,21 zinc oxide,9,22 alumina,23 and barium titanate24 have been
introduced to form nanocomposites aiming to provide enhanced
mechanical, magnetic, electrical, flame retardant and optical
properties. Among these various nanofillers, nanosilica has gained
more attention owing to its high stability at high temperatures and
in the harsh environment (strong acid–base).25 Silica has been
widely applied in the ceramics, chromatography, catalysis, adsorp-
tion, and carriers in biomolecular transport and drug delivery.26,27

Formed by the strong directional Si–O covalent bonds, it can
provide strong adhesion with an epoxy matrix28 as confirmed by
Gu et al.20 via the differential scanning calorimetry (DSC) measure-
ments and mechanical tests. For example, Zhang et al.29 system-
atically studied the fracture behavior of the in situ prepared
nanosilica filled bisphenol-F epoxy resin. A strong nanosilica-
matrix adhesion was observed in the fractography analysis.

a Shanghai Key Lab of Chemical Assessment and Sustainability,

Department of Chemistry, Tongji University, Shanghai 200092,

People’s Republic of China. E-mail: hongbogu2014@tongji.edu.cn
b Integrated Composites Laboratory (ICL), Department of Chemical & Biomolecular

Engineering, University of Tennessee, Knoxville, Tennessee, 37966, USA.

E-mail: zguo10@utk.edu
c Department of Chemistry & Biochemistry and Dan F. Smith Department of

Chemical Engineering, Lamar University, Beaumont, Texas, 77710, USA.

E-mail: suying.wei@lamar.edu

† Electronic supplementary information (ESI) available. See DOI: 10.1039/c5tc01392e

Received 16th May 2015,
Accepted 18th June 2015

DOI: 10.1039/c5tc01392e

www.rsc.org/MaterialsC

Journal of
Materials Chemistry C

PAPER

Pu
bl

is
he

d 
on

 1
9 

Ju
ne

 2
01

5.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 0

6/
06

/2
01

6 
18

:0
2:

41
. 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c5tc01392e&domain=pdf&date_stamp=2015-07-13
http://dx.doi.org/10.1039/c5tc01392e
http://pubs.rsc.org/en/journals/journal/TC
http://pubs.rsc.org/en/journals/journal/TC?issueid=TC003031


This journal is©The Royal Society of Chemistry 2015 J. Mater. Chem. C, 2015, 3, 8152--8165 | 8153

Chen et al.30 obtained a homogenous dispersion of silica nano-
particles within the epoxy matrix using the milder processing
including high shear and low shear mixing with silica nanoparticles
suspended in the methyl ethyl ketone as the raw materials.
Phonthamachai et al.31 prepared high performance silica–epoxy
nanocomposites with enhanced thermal mechanical properties by
functionalization of nanosilica with tetraethyl orthosilicate (TEOS),
(3-aminopropyl)trimethoxysilane (APTMS) and ammonia. Suzuki
et al.32 systematically investigated the thermal expansion behavior
in the silica–epoxy nanocomposites consisting of a bimodal filler
system including mesoporous silica particles and fine silica nano-
particles. PANI is one of the most studied conjugated polymers in
the last few decades due to its low cost, good environmental
stability, simple doping/dedoping process, high conductivity and
high pseudocapacitance.33,34 Recently, Gu et al.10,14 have reported
that PANI can serve as the coupling agent to improve the dispersion
quality of the nanoparticles within the epoxy matrix and meanwhile
to enhance the interfacial interaction between the nanoparticles and
the epoxy matrix. The thermal, mechanical, and flame retardant
properties of the PANI functionalized amine–silica–epoxy system
have also been reported.20 The results showed that the PANI on the
surface of silica could improve glass transition temperature,
enhance mechanical properties and provide the amine–silica–epoxy
system with the flame retardancy performance. Compared with the
amine–epoxy system, the anhydrides as curing agents can provide
epoxy low viscosity, very long pot life, and low exothermal properties.
Meanwhile, the anhydrides are less hazardous than aromatic amine
curing agents. Though the anhydrides have the advantage to serve
as curing agents for the epoxy system, the research on the silica–
epoxy nanocomposites mostly focused on the amine–epoxy systems;
the work on the anhydride–epoxy systems has rarely been reported
so far. In addition, transparent silica–epoxy nanocomposites have
rarely been studied.

In this work, transparent anhydride cured epoxy (D.E.R 331
resins) nanocomposites with nanosilica have been prepared. The
surface functionalization of silica is achieved using a surface
initiated polymerization (SIP) method to introduce a thin PANI
nanocoating. The nanosilica before (u-silica) and after (f-silica)
coating with PANI are characterized by Fourier transform infra-
red (FT-IR), thermogravimetric analysis (TGA), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
The effects of shear rate, functionalization and temperature
on the rheological behaviors of pure epoxy resin and its nano-
suspensions are systematically investigated. The fracture surface
in the cured solid nanocomposite samples after tensile tests
is observed by SEM. The thermo-mechanical properties from
dynamic mechanical analysis (DMA), thermal stability, and
mechanical properties of the cured samples are tested. The high
transparency is obtained in these nanocomposites.

2. Experimental section
2.1 Materials

Epoxy D.E.R.t 331t (bisphenol A epoxy) with an epoxide
equivalent weight of 182–192 g eq.�1 was purchased from

Dow Chemicals (USA). Hexahydro-4-methylphthalic anhydride
(98%) and phosphoric acid (H3PO4, 85 wt%) were obtained
from Fisher Scientific. 2-Ethyl-4-methylimidazole, aniline (C6H7N)
and ammonium persulfate (APS, (NH4)2S2O8) were purchased
from Sigma Aldrich. The chemical structures of D.E.R.t 331t,
hexahydro-4-methylphthalic anhydride and 2-ethyl-4-methyl-
imidazole are shown in Scheme 1. The nanosilica with an average
diameter of 20–30 nm (99+%, amorphous, specific surface area:
180–600 m2 g�1) were obtained from US Research Nanomaterials
Inc. All the chemicals were used as-received without any further
treatment.

2.2 Surface functionalization of silica

The surface functionalization of the as-received silica (u-silica)
was performed using a SIP method.35 Briefly, the nanosilica
(2.511 g), H3PO4 (15 mmol) and APS (9 mmol) were firstly added
into 100 mL deionized water in an ice-water bath for one-hour
mechanical stirring (SCILOGEX OS20-Pro LCD Digital Overhead
Stirrer, 300 rpm) combined with sonication (Branson 8510). Then
the aniline solution (18 mmol in 25 mL deionized water) was
mixed with the above solution and mechanically stirred and
sonicated continuously for additional one hour in an ice-water
bath for further polymerization. The product was vacuum filtered
and washed with deionized water. The final dark green function-
alized silica powders (f-silica) were dried at 60 1C in an oven
overnight. Pure PANI was also fabricated following the same
procedures without adding any nanoparticles.

2.3 Preparation of silica–epoxy resin nanocomposite
suspensions

The DER 331 resin nanosuspensions with a loading of 0.5, 1.0,
3.0, 5.0 wt% u-silica and f-silica were prepared (the f-silica
calculation based on the weight of contained nanosilica). The
DER 331 resin nanosuspensions filled with 0.4 and 0.9 wt%
loading of f-silica were fabricated (f-silica calculation based on
the weight of f-silica) for comparison. The DER 331 resin filled
with 0.5, 1.0, and 3.0 wt% loading of pure PANI nanoparticles
were also prepared to further study the PANI layer effect on
the transparency of the DER 331 nanocomposites. The PANI
weight percentage was calculated based on the subtraction of
the PANI layer from the corresponding loadings of f-silica in the

Scheme 1 Molecular structure of the chemicals used in this work.
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prepared f-silica–DER 331 nanocomposites. To obtain trans-
parent DER 331 nanocomposites, the nanocomposites with
nanosilica loading higher than 5 wt% were not fabricated.
Both u-silica and f-silica were immersed with DER 331 resin
overnight without any disturbance so that the resin could wet the
nanoparticles completely and the solution was then mechani-
cally stirred for one hour (600 rpm, Heidolph, RZR 2041)
in a water-bath at 50 1C. All the procedures were carried out
at room temperature.

2.4 Curing of silica–epoxy nanocomposites

The curing agent hexahydro-4-methylphthalic anhydride and
accelerator 2-ethyl-4-methylimidazole were added into pure DER
331 resin or the above mixed silica epoxy resin suspensions
with a resin/anhydride/accelerator weight ratio of 100 : 70 : 1 as
recommended by Dow Chemicals in a water-bath at 50 1C. The
solution was mechanically stirred (200 rpm) at 50 1C for 30 min
to remove bubbles. Then this solution was continued to be
mechanically stirred (200 rpm) at 70 1C for 30 min to prevent
sedimentation of nanosilica during the curing process. Subse-
quently, the nanosuspensions were poured into silicone rubber
molds and cured using the following procedures: 100 1C for 3 h,
140 1C for 6 h, then cooled down to room temperature naturally.

The pure cured DER 331 resin was also fabricated as the same
procedures without adding the nanosilica for comparison.
Scheme 2 shows the curing process for the anhydride–epoxy
system with an accelerator. The formation of the anhydride–
epoxy system without an accelerator is shown in Scheme 3.
For the pure DER 331 resin, another curing process was
also conducted for comparison as follows: 90 1C for 2 h,
120 1C for 2 h, and 150 1C for 5 h and cooled down to room
temperature naturally.

2.5 Characterizations

The FT-IR spectra of u-silica, f-silica and pure PANI were obtained
using a Vector 22 FT-IR spectroscope Bruker Inc. coupled with an
ATR accessory in the range of 500 to 4000 cm�1 at a resolution of
4 cm�1. The thermal stability was conducted by thermogravi-
metric analysis (TGA, Q-500, TA instruments) with a heating rate
of 10 1C min�1 under an air flow rate of 60 mL min�1 from 25 to
700 1C. The morphologies of u-silica, f-silica and fracture surfaces
of the nanocomposites were observed on a JEOL field emission
scanning electron microscope (SEM, JSM-6700F). The SEM specimens
were prepared by sputter coating a thin gold layer approximately 3 nm
thick. The transparency test was performed using a Jasco V-670
spectrophotometer. The thickness of the sample was 1.7 mm.

Scheme 2 Curing process of the anhydride–epoxy system with an accelerator.
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The rheological behaviors of the liquid epoxy suspensions
were conducted in an AR2000ex Rheometer from TA Instru-
mental Company (ETC system). The measurements were per-
formed in a cone-plate geometry with a diameter of 40 mm and
a truncation of 64 mm. The steady state flow procedure was used
and the measurements were done at 25, 50, 70, 100 and 140 1C,
respectively. A shear rate between 1 and 1000 s�1 was carried out.
The frequency sweeping between 1 and 100 rad s�1 was carried
out at a low strain (1%), which was justified to be within the
linear viscoelastic (LVE) range. The LVE range was determined by
the strain–stress curve within the strain range from 0.1 to 100%
at a frequency of 1 rad s�1. The specimens placed between the
cone and plate were allowed to equilibrate for about two minutes
prior to each test.

The dynamic mechanical analysis (DMA) was performed
in the torsion rectangular mode by using an AR 2000ex (TA
instruments) with a strain of 0.05%, a frequency of 1 Hz and
a heating rate of 2 1C min�1 in the temperature range of
30–180 1C. The sample dimensions were 12 � 3 � 40 mm3.
The tensile tests were carried out following the American Society
for Testing and Materials (ASTM, 2002, standard D412-98a) in
a unidirectional tensile test machine (ADMET tensile testing

system 2610). The displacement and force were controlled using a
digital controller (MTESTQuattro) with MTESTQuattrosMaterials
Testing Software. The samples (dog-bone shaped) were designed
according to the standard ASTM requirement and prepared as
described for DER 331 resin and its nanocomposites in silicone
rubber molds. A crosshead speed of 1 mm min�1 was used and
the strain (mm mm�1) was calculated by dividing the jogging
displacement by the initial gauge length. The cured DER 331
epoxy and its nanocomposites samples were used to perform
DMA and tensile tests after polishing.

The differential scanning calorimetry (DSC, Q2000 TA
Instruments) tests were carried out to monitor the possible
reaction between silica and DER 331 monomers. Briefly, the
measurements were carried out under a nitrogen flow rate of
approximately 20 mL min�1 at a heating rate of 10 1C min�1

from 25 to 50 1C, and an isothermal process at 50 1C was
continued for 60 min. Then the temperature was increased to
70 1C at a heating rate of 10 1C min�1 and an isothermal process
was conducted at 70 1C for 30 min. After that, the temperature
was increased to 100 1C at a heating rate of 10 1C min�1 and
isothermal at 100 1C for 60 min. Finally, the temperature was
continuously increased to 140 1C at a heating rate of 10 1C min�1

Scheme 3 Curing process of the anhydride–epoxy system without an accelerator.
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and for the isothermal at the final temperature for 120 min.
The temperature for the isothermal was determined from the
temperature used in the curing procedure.

The microscale combustion calorimetry (MCC) was conducted
on 3 � 1 mg samples using a Govmark Microscale Combustion
Calorimeter (Model: MCC-2) operated at a heating rate of 1 1C s�1

to 750 1C in the pyrolysis zone. The samples were tested according
to American Society for Testing and Materials (ASTM D7309-07).
The combustion zone was set at 900 1C. The oxygen and nitrogen
flow rates were set at 30 and 70 mL min�1, respectively. The heat
release rate (HRR) in Watts per gram of sample (W g�1) was
calculated from the oxygen depletion measurements. The heat
release capacity (HRC) in J g�1 K was obtained by dividing the
sum of peak HRR by the heating rate in K s�1. The total heat
release (THR) in kJ g�1 was obtained by integrating the HRR
curve. The char yield was obtained by weighing the sample before
and after the test. The reported values were the average of three
measurements on each compound with a deviation of �5%.

3. Results and discussion
3.1 Functionalization of silica nanoparticles

Fig. S1(a) (ESI†) shows the FT-IR spectra of the u-silica, pure
PANI and f-silica, respectively. In the FT-IR spectrum of the
u-silica, the absorption peak at 801 cm�1 corresponds to the
bending vibrations of the Si–O bond. The band at around
1064 cm�1 is assigned to the stretching vibration of the Si–O
bond in the silanol groups (Si–OH).35 These two peaks are also
observed in the FT-IR spectrum of f-silica. In the FT-IR spec-
trum of pure PANI, the strong absorption peaks at 1558 and
1476 cm�1 correspond to the CQC stretching vibration of the
quinoid and benzenoid rings of the PANI polymer backbone,
respectively.36 The peak at 1289 cm�1 is due to the C–N
stretching vibration of the benzenoid unit. The C–H in-plane
bending vibration of the quinoid rings is observed to be at
1238 cm�1.37 The band at around 790 cm�1 is related to the out-
of-plane bending of C–H in the substituted benzenoid ring.38

These characteristic peaks are also observed in the FT-IR
spectrum of f-silica; however, they have a little shift (about
20 cm�1) compared with that of pure PANI, indicating an

interaction between silica and PANI.39 Fig. S1(b) (ESI†) shows
the TGA curves of u-silica, pure PANI and f-silica in the air. A slight
weight loss (about 8 wt%) observed in the u-silica nanoparticles at
around 150 1C during the measured temperature range from 30 to
800 1C is due to the loss of moisture on the nanosilica surface.
However, pure PANI is almost completely decomposed and the
weight loss from 250 to 600 1C is due to the large scale thermal
degradation of the PANI chains.40 The PANI coating in the f-silica
estimated from the weight residue at 800 1C is about 30.1%.

Fig. 1(a) and (b) show the SEM images of the u-silica and f-silica,
respectively. The u-silica nanoparticles are ball-like. The white dots
observed on the surface of u-silica nanoparticles, Fig. 1(a), are due to
the surface charge of nanosilica arising from the adsorbed water,
depending on the particle size and electrolyte solution properties
including salt concentration and pH.41 In Fig. 1(b), the f-silica
nanoparticles show a fairly uniform size distribution and particulate
morphology. The surface of f-silica nanoparticles becomes rougher
compared to that of the u-silica nanoparticles when the polymeriza-
tion occurs on the u-silica surface.42

3.2 DSC measurements of the liquid DER 331 resin and its
silica suspensions

The DSC tests are chosen to investigate the interaction between
u-silica (or f-silica) and DER 331 resin to explore the nanocomposite

Fig. 1 SEM images of the (a) u-silica, and (b) f-silica.

Fig. 2 DSC curves of (a) DER 331 monomers, (b) DER 331 suspension with
5.0 wt% loading of f-silica, and (c) DER 331 suspension with 5.0 wt%
loading of u-silica.
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formation mechanism. Fig. 2(a–c) shows the DSC curves of the
DER 331 resin monomers, DER 331 resin nanosuspensions
with 5.0 wt% f-silica and u-silica, respectively. In Fig. 2(a), four
peaks at the isothermal temperature (50, 70, 100, 140 1C) are
observed for the DER 331 resin monomers and no exothermic
peak is observed within 25 and 140 1C. In the DER 331 resin
nanosuspensions with f-silica (Fig. 2(b)) and u-silica (Fig. 2(c)),
the four peaks at 50, 70, 100 and 140 1C are also observed.
Meanwhile, the exothermic peak is obviously observed in these
two samples, the baseline of the DSC curves is not straight any
more, illustrating that the chemical reaction occurred between
the u-silica (or f-silica) and the DER 331 resin. The chemical
reaction between the doped EB salt PANI form and the epoxy
has been reported in our previous papers,10,14 arising from the
condensation reaction from amine and epoxide groups. The
chemical reaction between u-silica nanoparticles and epon
862 monomers was also explored in our previous work.20 It is
believed that the existing silanol groups (Si–OH) react with the
proton acceptor epoxide groups.

3.3 Rheological behaviors of liquid DER 331 resin
suspensions

The knowledge of the rheological behavior is a key factor to
investigate the microstructures under the processing condi-
tions and to solve the fundamental fluid dynamic related
engineering problems.14,43 Viscosity is a rheological parameter
and a resistance related factor, which can provide valuable
information about the processing and manufacturing of resin
and its nanocomposites.44,45 Fig. 3(a and b) and Fig. S2 (ESI†)

show the viscosity as a function of shear rate for DER 331 resin
monomers and nanosuspensions with different loadings of
u-silica, f-silica and PANI nanoparticles at room temperature.
The viscosity of the nanosuspensions is observed to be higher
than that of DER 331 resin monomers. The non-Newtonian
behavior is observed in all the suspensions within the high
shear rate scale and the viscosity decreases upon increasing the
shear rate, suggesting a pseudoplastic behavior (also called
shear thinning). This shear thinning phenomenon arises from
the entanglement of the epoxy monomer molecular chains13

and the increased solution inertia due to the presence of the
nanosilica, which make the alignment of the DER 331 mono-
mer molecular chains easier.46 The viscosity for both u-silica
and f-silica suspended liquid DER 331 resin is observed to be
increased upon increasing the nanoparticle loading. Compared
with DER 331 resin, the viscosity in the nanosuspensions with
0.5 wt% u-silica decreased, then increased as the u-silica
loading increased further. The decreased viscosity of the DER
331 resin nanosuspensions with 0.5 wt% u-silica is possibly due
to the sphere-shape of the u-silica as indicated by Tuteja et al.,47

in which only the spherical shape of the nanofillers could reduce
the viscosity. This phenomenon is also observed in the epon 862
nanosuspensions with 2 wt% as-received Fe3O4 nanoparticles14

and Fe3O4 nanoparticle–polystyrene blends.47

Normally, the viscosity of the liquid solutions has a strong
temperature dependence.48,49 The viscosity of the DER 331
monomers, Fig. S3 (ESI†), is observed to be exponentially decreased
with increasing temperature as the temperature increases to 70 1C
and after that, the viscosity is slightly reduced as the temperature

Fig. 3 Viscosity vs. shear rate of DER 331 resin nanosuspensions with different loadings of (a) u-silica and (b) f-silica at 25 1C; (c) the effect of
temperature on the viscosity of DER 331 resin nanosuspensions with a u-silica loading of 0.5 wt%; (d) the effect of surface functionalization on the
viscosity of DER 331 nanosuspensions with a nanosilica loading of 1.0 wt% at 25 1C.
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increases further. The viscosity of DER 331 resin nanosuspen-
sions with 0.5 wt% u-silica is performed at 25, 50, 70, 100, and
140 1C, Fig. 3(c). The viscosity of DER 331 resin nanosuspen-
sions with u-silica is observed to be strongly temperature
dependent and decreased from 11–12 Pa s at 25 1C to 0.02 Pa s
at 70 1C at the shear rate of 1000 s�1.

Fig. 3(d) shows the surface functionalization effect on the
viscosity of DER 331 resin nanosuspensions with 1.0 wt%
u-silica and f-silica at room temperature. The viscosity of the
DER 331 resin nanosuspension with f-silica is relatively high
than that of the DER 331 resin nanosuspension with u-silica.
This illustrates that the surface functionalization can increase
the interaction between the nanosilica and the resin matrix.14

Meanwhile, the viscosity difference between DER 331 resin
suspended with u-silica and f-silica decreased with increasing
shear rate due to the alignment of nanosilica in the DER 331
resin suspensions.14

3.4 Characterization of cured DER 331 resin nanocomposites

Two curing processes (one was 100 1C for 3 h and 140 1C for 6 h,
and another was 90 1C for 2 h, 120 1C for 2 h, and 150 1C for 5 h)
were used to investigate the curing process of DER 331 resin
and the results are shown in Fig. S4(a) (ESI†). In Fig. S4(a)
(ESI†), the exothermal peaks are observed in both processes,
indicating that both procedures can cure the DER 331 resin.
Fig. S4(b) (ESI†) shows tan d as a function of temperature for
the cured DER 331 epoxy. The glass transition temperature (Tg)
of DER 331 epoxy after curing using the second process is about
142 1C, a little bit higher than that of DER 331 epoxy (137.9 1C)
by the first process. Meanwhile, the average tensile strength
of DER 331 epoxy after curing using the second process is
84.19 MPa, similar to that of DER 331 epoxy by the first process
(83.79 MPa), Table 1. In this work, the first process was chosen
because the lower temperature is better for industrial produc-
tion. The thermal stability of the cured DER 331 epoxy and
its silica nanocomposites was investigated by TGA in the air,
Fig. S5 (ESI†). There are two main thermo-oxidation degrada-
tion stages related to the chemical reaction between degraded
polymers and oxygen from the air50 in the decomposition
profiles of the DER 331 and its nanocomposites, which are
similar to that of the cured epon 862 samples.10 The first weight
loss (at around 300–400 1C) corresponds to the elimination of
water molecules from the oxypropylene group, –CH2–CH(OH)–,
and then the simultaneous breakdown of the epoxy network.51

The second weight loss (at about 450–600 1C) is due to the
degradation of benzene rings of the cured DER 331 epoxy
arising from the high C–C bonding energy (614 kJ mol�1 of
ECQC and 698 kJ mol�1 of 2EC–C).11 However, there is no
obvious weight loss within the temperature range of 200–300 1C
arising from the homolytic scission of chemical bonds in the
network observed in the cured anhydride–DER 331 epoxy and
its nanocomposites, different from that of the amine–epoxy
system.10 Meanwhile, the first degradation stage has a higher
percentage in the anhydride–epoxy system (around 70–80%)
than that in the amine–epoxy system (around 60–70%). This is
due to the addition of much more anhydride curing agent

compared to an amine curing agent to complete the curing
process of the anhydride–epoxy system. The addition of nano-
silica into the DER 331 epoxy has little effect on the first
degradation progress, but obviously increases the thermal stability
for the second degradation stage, Fig. S5(a and b) (ESI†).

3.4.1 Dynamic mechanical analysis. Dynamic mechanical
analysis (DMA) can determine the information about the sto-
rage modulus (G0), loss modulus (G00), and tan d changes with
the temperature.52 Fig. 4(a) and (c) shows G0 as a function of
temperature for the cured pure DER 331 and its nanocompo-
sites filled with different u-silica and f-silica loadings. Gener-
ally, the sharp decrease in G0 curves is attributed to the glass
transition process involving the cooperative motions of the
polymer chains.53 The G0 values of the cured nanocomposites
have higher G0 than that of the cured pure epoxy in both the
glassy state (30 1C) and the rubbery state (180 1C). The G0 values
of the cured epoxy and its nanocomposites filled with u-silica
loading of 0.5. 1.0, and 3.0 wt% in the rubbery state are 8.51,
9.25, 9.10, and 7.77 MPa, respectively, Fig. 4(a). The G0 values of
the cured nanocomposites with a f-silica loading of 0.5. 1.0, and
3.0 wt% in the rubbery state are 8.69, 10.23, and 12.17 MPa,
respectively, Fig. 4(c). The G0 significantly increases in the cured
nanocomposites due to the increased stiffness after adding
the u-silica or f-silica into the DER 331 epoxy matrix, which
constrains the friction and reduces the mobility of the segment
of the polymer chains.12 Fig. 4(b and d) shows the temperature
dependent tan d for the cured pure DER 331 and its nano-
composites filled with different u-silica and f-silica loadings,
respectively. The tan d is sensitive to the structure transforma-
tion of the materials52 and can be used to measure damping.53

In this situation, the peak temperature of tand often corresponds
to the Tg of the materials. Tg is one of the most important
parameters to characterize the polymer in engineering.54 Normally,
Tg depends on the motions of chain segments in the polymer.
In Fig. 4(b), the cured anhydride–DER 331 epoxy and its
nanocomposites are observed to exhibit a higher Tg (136.2, 131.7,

Table 1 Tensile mechanical properties of the cured DER 331 epoxy and its
nanocomposites

Sample
Tensile
strength (MPa)

Young’s
modulus (GPa)

Elongation
at break (%)

DER 331a 84.19 � 0.58 1.87 � 0.08 7.46 � 0.37
DER 331b 83.79 � 0.35 1.92 � 0.07 6.21 � 0.11
0.5 wt% u-silica 84.49 � 1.10 2.03 � 0.04 5.86 � 0.05
1.0 wt% u-silica 87.00 � 1.21 1.91 � 0.02 6.64 � 0.08
3.0 wt% u-silica 84.92 � 2.63 1.66 � 0.002 8.21 � 0.34
5.0 wt% u-silica 82.52 � 0.89 1.67 � 0.08 7.67 � 0.14
0.4 wt% f-silica 88.78 � 1.98 2.04 � 0.09 6.88 � 0.12
0.5 wt% f-silica 87.24 � 0.28 1.89 �0.09 7.44 � 0.47
0.9 wt% f-slica 86.22 � 1.11 1.87 � 0.01 7.17 � 0.26
1.0 wt% f-silica 83.25 � 0.46 1.86 � 0.10 7.20 � 0.39
3.0 wt% f-silica 84.44 � 2.17 2.16 � 0.09 6.34 � 0.15
5.0 wt% f-siica 79.79 � 7.20 2.22 � 0.41 4.39 � 0.52
0.5 wt% PANI 84.67 � 3.35 1.84 � 0.08 6.99 � 0.28
1.0 wt% PANI 85.05 �1.23 2.01 � 0.006 5.96 � 0.94
3.0 wt% PANI 80.61 � 2.67 1.75 � 0.07 7.09 � 0.06

a DER epoxy cured using the following procedure: 90 1C B2 h, 120 1C
B2 h, 150 1C B5 h. b DER epoxy cured using the following procedure:
100 1C B3 h, 140 1C B6 h.
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138.1, and 129.7 1C for cured DER 331 epoxy and its nanocom-
posites with u-silica loadings of 0.5, 1.0, 3.0 wt%, respectively)
than that of the cured pure amine–epon 862 epoxy system
(87.8 1C)10 and the polyamidoamine cured DER 331 epoxy
system (around 93 1C).1 This indicates that the anhydride cured
epoxy system can have a more confined friction in the polymer
chains, which restricts the motion of the polymer chain segments.
Meanwhile, Tg in the cured DER 331 nanocomposites filled with
u-silica is decreased compared with the cured pure DER 331 epoxy,
except the nanocomposites filled with the 1.0 wt% u-silica. The
decrease in Tg is also observed in the cured nanocomposites
filled with f-silica (133.0, 131.7, and 126.1 1C for the cured DER
331 nanocomposites with f-silica loadings of 0.5, 1.0, 3.0 wt%,
respectively), Fig. 4(d). This decrease in Tg is probably due to the
‘‘cross-linking density reduction’’ effect.3 This effect indicates
that the added u-silica or f-silica can change the mobility of the
epoxy molecules,55 and highly affect the molecular dynamics
and cross-linking density, which lead to an increased storage
modulus and decreased Tg.3

3.4.2 Tensile mechanical properties. The typical strain–
stress curves of the cured epoxy and its nanocomposites with
different loadings of u-silica, f-silica, and PANI nanoparticles
are shown in Fig. 5(A–C). The obtained tensile parameters are
summarized in Table 1. The tensile strength of the cured epoxy
and its nanocomposites can be obtained from the maximum
stress in the stress–strain curves. Most of the cured DER 331
nanocomposites show an obvious enhanced tensile strength
compared with the cured DER 331 epoxy (83.79 MPa), except
the nanocomposites with 5.0 wt% u-silica, f-silica and 3.0 wt%
PANI nanoparticles, Fig. 5(A–C), and Table 1. The average

tensile strengths for the cured nanocomposites with u-silica
loadings of 0.5, 1.0, and 3.0 wt% are 84.49, 87.00, and 84.92 MPa,
respectively. The average tensile strengths for the cured nano-
composites with f-silica loadings of 0.5, 1.0, and 3.0 wt% are
88.78, 83.25, and 84.44 MPa, respectively. These results show
that the introduction of both of u-silica and f-silica into the
epoxy does not damage the tensile strength of the epoxy matrix.
Normally, the slope of the stress–strain curve in the low strain
range represents Young’s modulus of materials. The obtained
Young’s modulus and elongation-at-break in the tensile tests are
also listed in Table 1. Except the cured epoxy nanocomposites
filled with the 3.0 wt% u-silica, the changes in Young’s modulus
in the cured epoxy nanocomposites show the opposite trend
with the changes in elongation-at-break. This means that as
Young’s modulus decreases, the elongation-at-break increases.
This phenomenon is associated with the improved stiffness and
reduced toughness in the nanocomposites as indicated in the
amine-Fe@FeO–epoxy nanocomposites13 and layered anhydride–
silicates–epoxy nanocomposites,56 in which the toughness is
increased by sacrificing the stiffness. In comparison, lower
tensile strength (around 71 MPa) and higher Young’s modulus
(about 2.14 GPa) were observed by Liu et al.12 in the anhydride
DER 332 epoxy system with the curing procedure of 140 1C B2 h,
160 1C B4 h and 180 1C B2 h.

3.4.3 Microstructure of the fracture surface. Fig. 6 shows
the SEM images of the fracture surface for the cured pure epoxy
and its nanocomposites filled with 0.5 wt% u-silica and f-silica
obtained from the tensile specimens at room temperature in
order to investigate the topography of the epoxy nanocompo-
sites. The fracture surface morphology of the cured epoxy and

Fig. 4 (a) and (c) Storage modulus (G0), and (b) and (d) tan d vs. temperature curves for the cured DER 331 epoxy and its nanocomposites with different
u-silica and f-silica loadings.
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Fig. 5 Stress–strain curves of cured (A) (a) DER 331 epoxy, and its nanocomposites filled with u-silica loadings of (b) 0.5, (c) 1.0, (d) 3.0, and (e) 5.0 wt%;
(B) (a) DER 331 epoxy, and its nanocomposites filled with f-silica loadings of (b) 0.4, (c) 0.5, (d) 0.9, (e) 1.0, (f) 3.0, and (g) 5.0 wt%; (C) (a) DER 331 epoxy,
and its nanocomposites filled with PANI nanoparticle loadings of (b) 0.5, (c) 1.0, and (d) 3.0 wt%.

Fig. 6 SEM microstructures of the fracture surface taken from the tensile specimens of the cured (a) DER 331 epoxy, (b) 0.5 wt% loading of u-silica–
epoxy, and (c) 0.5 wt% loading of f-silica–epoxy nanocomposites.
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its nanocomposites is different. The fracture surface of the
cured pure DER 331 is smooth and river-like, Fig. 6(a), whereas
the nanocomposites exhibit a relatively rough microstructure of
the fracture surface, Fig. 6(b and c). The rough fracture surface
arises from the matrix shear yielding or polymer deformation
between the silica nanoparticles, which is also observed in the
carbon nanofibers reinforced amine–epoxy nanocomposites,11

Fe3O4 filled amine–epoxy nanocomposites,14 barium titanate
nanoparticle reinforced amine–epoxy nanocomposites,24 and
imidazole functionalized graphene in anhydride cured epoxy
(DER 332 resin).12 The river-like deformation of pure epoxy
indicates crack propagation, Fig. 6(a). The formed numerous
dimples in the rough fracture surface of the nanocomposites
are accompanied with the creation of a new fracture surface due
to the presence of nanosilica, which leads to a more dissipated
fracture energy, Fig. 6(b and c).29

3.4.4 Dielectric properties. The silica filled epoxy nano-
composites are often used for microelectronic devices such as

packaging materials for the integrated circuits. The dielectric
properties are important for assessing the packaging materials,
commonly used for electrical insulation of the silicon chip
and circuit pins.57 Ideally, the current leakage can be avoided
by a low conductivity, the capacitive coupling effects can be
minimized by a low real permittivity (e0), and the electrical loss
can be reduced by a low imaginary permittivity (e00) or a dielectric
loss tangent (tan d, tan d = e00/e0).57 Therefore, it is necessary to
investigate the dielectric properties of the prepared epoxy and its
silica nanocomposites. Fig. 7 shows the frequency (103–106 Hz)
dependent e0, e00 and tan d properties at room temperature for the
cured epoxy and its nanocomposites. In Fig. 7(A), the e0 for the
cured DER 331 epoxy is observed to be frequency dependent,
decreasing from 4.37 (103 Hz) to 4.17 (106 Hz) upon increasing
the frequency. This is little different from that of cured Epon
862 epoxy, in which the e0 is around constant 3.5 and shows
a stable dielectric performance upon frequency variation.10

Interestingly, the e0 decreases within the measured frequency

Fig. 7 (A) Real permittivity (e0), (C) imaginary permittivity (e00) and (E) dielectric loss tangent (tan d) as a function of frequency for the cured (a) DER 331
epoxy, and its nanocomposites filled with u-silica loadings of (b) 0.5, (c) 1.0, (d) 3.0, and (e) 5.0 wt%; (B) e0, (D) e00 and (F) tan d as a function of frequency for
the cured (a) DER 331 epoxy, and its nanocomposites filled with f-silica loadings of (b) 0.5, (c) 1.0, (d) 3.0, and (e) 5.0 wt%.
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range for the cured nanocomposites as the u-silica loading
increases to 1.0 wt% and then increases as the u-silica loading
increases further. The reduction of dielectric properties was
also reported in the layered nanosilicate–epoxy nanocompo-
sites.58 The e0 for the cured nanocomposites reinforced with
f-silica shows a similar frequency dependence, Fig. 7(B), in which
the e0 decreases with increasing f-silica loading to 0.5 wt% and
then increases with a further increase in the f-silica loading. The
e00 and tan d of the cured epoxy and its nanocomposites filled
with different loadings of u-silica (Fig. 7(C and E)) and f-silica
(Fig. 7(D and F)) are observed to increase upon increasing the
frequency. The cured DER 331 epoxy and its u-silica and f-silica
nanocomposites exhibit very low tan d values (about 10�2) within
the measured frequency range, Fig. 7(E and F), which has
potential to be used in packaging material applications as
aforementioned. The low tan d values were also observed in the
amine cured PANI functionalized multi-walled carbon nano-
tubes (MWNTs)–epoxy system.10 However, the relatively large
tan d values were reported in the amine cured PANI stabiized
barium titanate (BaTiO3)–epoxy system arising from the ferro-
electric nature of BaTiO3.24 The effect of surface functionaliza-
tion on the dielectric properties of the cured nanocomposites
was also investigated, Fig. S6–S8 (ESI†). Fig. S6 (ESI†) shows the
e0 of the cured DER 331 nanocomposites filled with different
loadings of u-silica and f-silica. The e0 for the cured DER 331
nanocomposites filled with f-silica is observed to be higher than
that of cured DER 331 nanocomposites filled with u-silica at the
same nanoparticle loading levels within the whole measured
frequency range. However, the e00 for the cured DER 331 nano-
composites filled with f-silica is higher than that of cured DER
331 nanocomposites filled with u-silica when the nanoparticle
loading increases to 3.0 wt% within the measured frequency
range, Fig. S7 (ESI†). As the nanoparticle further increases to
5.0 wt%, the e00 for the cured nanocomposites filled with f-silica
starts to become lower than that of the cured DER 331 nano-
composites filled with u-silica. Fig. S8 (ESI†) depicts the tan d for
the cured DER 331 nanocomposites filled with different loadings
of u-silica and f-silica. The results show that the tan d for the
cured nanocomposites filled with f-silica loadings of 0.5 and
3.0 wt% is higher than that of the cured nanocomposites filled
with u-silica at the same nanoparticle loadings. And the tan d
for the cured nanocomposites with f-silica loadings of 1.0 and
5.0 wt% is lower than that of the cured nanocomposites filled
with u-silica at the same nanoparticle loadings.

3.4.5 Microscale combustion calorimetry (MCC). Generally,
the parameters including HRR peak, THR, HRC and char yield
obtained from MCC tests are used to investigate the flame
retardancy of a material.59 The obtained heat release parameters
from MCC tests for the cured epoxy and its nanocomposites filled
with u-silica and f-silica are listed in Table 2. The HRR peak of the
cured pure epoxy by the second process (563.0 W g�1) is lower
than that of the cured epoxy by the first process (541.1 W g�1). The
HRR peak for the epoxy nanocomposites filled with u-silica
loadings of 1.0 and 3.0 wt% (572.4 and 601.2 W g�1, respectively)
is higher than that of the epoxy nanocomposites filled with
the same loading of f-silica (541.3 and 509.4 W g�1 for f-silica

loadings of 1.0 and 3.0 wt%, respectively). The HRR peak, and
HRC values for the epoxy nanocomposites filled with f-silica are
noticed to be lower than those of the cured epoxy and decrease
upon increasing the f-silica loading, indicating that the intro-
duction of the H3PO4 doped PANI layer can enhance the flame
retardancy of the epoxy matrix, which is also observed in
the cured H3PO4 doped PANI modified silica–epon 862 epoxy
nanocomposites.20 Interestingly, the introduction of u-silica
into DER 331 epoxy decreases more THR of the final products,
which is also observed in the silica epon 862 hybrid nanocom-
posites prepared using a mild processing procedure including
high shearing and stir bar mixing procedures.30 Fig. 8 shows
the HRR obtained from the MCC test for the cured epoxy and its
silica nanocomposites. In Fig. 8, for the 3.0 wt% u-silica epoxy
nanocomposites, the HRR peak (about 601.2 W g�1) is much
higher than that of the cured epoxy (563.0 W g�1), meaning that
the addition of u-silica can support combustion to some extent,
which is also observed in the silica–epon 862 epoxy nano-
composites arising from the decreased viscosity.20 These
results indicate that the functionalization of silica by H3PO4

doped PANI can improve the flame retardancy of the cured DER
331 epoxy as an evidence of a decreased HRR peak. Normally,
the nitrogen-containing compounds can serve as gas sources to
produce the incombustible gases without toxic smoke and fog

Table 2 Heat release parameters for the cured DER 331 epoxy and its
nanocomposites

Samples
HRR peak
(W g�1)

THR
(kJ g�1)

HRC
(J g�1 K�1)

Char
(%)

DER 331a 563.0 25.8 548.0 4.9
DER 331b 541.1 25.8 528.0 4.8
1.0 wt% u-silica 572.4 24.8 557.0 8.2
3.0 wt% u-silica 601.2 24.9 585.0 7.1
5.0 wt% u-silica 548.8 24.4 533.0 9.1
1.0 wt% f-silica 541.3 25.0 526.0 5.8
3.0 wt% f-silica 509.4 24.5 495.0 8.5
5.0 wt% f-siica 508.3 24.8 495.0 6.8

a DER 331 epoxy cured using the following procedure: 90 1C B2 h,
120 1C B2 h, 150 1C B5 h. b DER 331 epoxy cured using the following
procedure: 100 1C B3 h, 140 1C B6 h.

Fig. 8 HRR vs. temperature of the cured (a) DER 331 epoxy; and nano-
composites filled with f-silica loadings of (b) 3.0, (c) 5.0 wt%; and nano-
composites filled with u-silica loadings of (d) 3.0, (e) 5.0 wt%.
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when the materials are combusting at high temperatures. The
produced gases can dilute the concentration of oxygen near the
flame to form a protective layer in the heating process, leading
to an improved flame retardancy behavior.60 In comparison,
the amine cured epoxy system may have a lower HRR peak due
to the presence of nitrogen in the amine curing agents. For
example, the amine cured epon 862 epoxy system prepared by
Gu et al. showed that the HRR peak was around 533.8 W g�1.20

They found that after introducing the 5.0 wt% H3PO4 doped PANI
into the amine–silica–epoxy system, the HRR peak of the amine
cured epon 862 epoxy system was reduced to 454.0 W g�1,20 which
is much lower than that of the anhydride–silica–epoxy system with
the same loading of H3PO4 doped PANI (508.3 W g�1).

3.4.6 Transparency tests. The optically functional compo-
sites have received much more attention because of the rapidly
developed devices, such as displays. Yano et al. prepared opti-
cally transparent epoxy nanocomposites at a cellulose nanofiber
content of 70%.61 In this work, the obtained cured DER 331
epoxy also exhibits a high transparency in the visible light. Fig. 9
shows the digital photos of the cured DER 331 epoxy and its
silica nanocomposites, which are on the paper with printed
words ‘‘ICL/Lamar University’’. Fig. 10 shows the transmittance
curves of the cured DER 331 epoxy and its silica nanocomposites.
The transmittance curves of the cured DER 331 epoxy filled with
different loadings of pure PANI are shown in Fig. S6 (ESI†).

In Fig. 9(a), the background words ‘‘ICL/Lamar University’’ are
clearly recognized, which is due to the high transmittance
around 74% at a wavelength of 900 nm for the cured DER 331
epoxy. This is an essentially important characteristic for the
application of optical materials.62,63 The transparency of the
cured DER 331 epoxy can be easily tailored by the silica loadings.
As the u-silica loading is smaller than 1.0 wt%, the DER 331
epoxy nanocomposites still maintain transparency (for 1.0 wt%
loading of u-silica–DER 331 nanocomposites, a transmittance of
26% at a wavelength of 850 nm is obtained) and the transpar-
ency decreases upon increasing the u-silica loading, Fig. 9(a–e)
and 10(A). When the u-silica loading is further increased, they
start to lose transparency and become opaque, Fig. 9(d and e).
However, after adding the PANI, the color of the DER 331
nanocomposites becomes dark-green-blue, Fig. 9(f–h). After
increasing the PANI loading beyond 1.0 wt%, they also became
opaque, Fig. S9 (ESI†). In the f-silica–DER 331 nanocomposites,
the DER 331 nanocomposites with f-silica loadings of 0.4 and
0.5 wt% are obviously transparent, Fig. 10(B)-a and b. The DER
331 nanocomposites filled with f-silica loadings of 0.9 and
1.0 wt% only have a little bit transmittance of around 0.02–
0.04%. Generally, the nanocomposites with components less
than one-tenth of a wavelength are free from light scattering to
exhibit the transparent properties.61 In this work, the increased
light scattering upon increasing the silica and PANI nanoparticle

Fig. 9 Digital photos of the cured (a) DER 331 epoxy, nanocomposites filled with u-silica loadings of (b) 0.5, (c) 1.0, (d) 3.0, (e) 5.0 wt%; nanocomposites
filled with f-silica loadings of (f) 0.4, (g) 0.5 wt%; and nanocomposites filled with PANI loadings of (h) 0.5, (i) 1.0 wt%.

Fig. 10 Transmittance curves of the cured (A) (a) DER 331 epoxy and nanocomposites filled with u-silica loadings of (b) 0.5, (c) 1.0, (d) 3.0, and
(e) 5.0 wt%; (B) DER 331 epoxy filled with f-silica loadings of (a) 0.4, (b) 0.5, (c) 0.9, (d) 1.0, (e) 3.0, and (f) 5.0 wt%.
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loadings gradually makes epoxy nanocomposites opaque. In
addition, the observed homogenous color in the DER 331 nano-
composites indicates the uniform dispersion of the nanosilica
within the DER epoxy matrix.62 The cured silica–DER 331 nano-
composites with high transparency are good enough for the
application as optical packaging materials.57

4. Conclusion

Transparent anhydride–epoxy systems filled with different
loadings of nanosilica have been prepared. The surface func-
tionality of the nanosilica was achieved by the PANI coating
through the SIP method. The rheological behavior of the liquid
epoxy nanosuspensions is performed at different rates and
temperatures. The viscosity is observed to increase upon increas-
ing the nanosilica loading and to decrease upon increasing the
shear rate and temperature. The introduction of the as-received
nanosilica or PANI functionalized nanosilica can provide the
epoxy matrix with the transparency properties without damaging
its tensile strength. The obtained cured anhydride–epoxy nano-
composites filled with some loadings of nanosilica are highly
transparent in the visible light, which has potential applications
in the optical field.
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