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ABSTRACT: Aluminum nitride nanoparticle (nano-AlN)
organically modified with the silane-containing epoxide
groups (3-glycidoxypropyltrimethoxy silane, GPTMS) was
incorporated into a mixture of poly(ether imide) (PEI), and
methyl hexahydrophthalic anhydride-cured bisphenol A
diglycidyl ether grafted by GPTMS was prepared for
nanocomposite. Scanning electron microscopy, transmis-
sion electron microscopy, and atomic force microscopy
were used to investigate the microscopic structures of
nanocomposites. According to experimental results, it was
shown that addition of nano-AlN and PEI into the modi-
fied epoxy could lead to the improvement of the impact
and bend strengths. When the concentrations of nano-AlN
and PEI were 20 and 10 pbw, respectively, the toughness/
stiffness balance could be achieved. Dynamic mechanical

analysis (DMA) results displayed that two glass transition
temperatures (Tg) found in the nanocomposites were
assigned to the modified epoxy phase and PEI phase, respec-
tively. As nano-AlN concentration increased, Tg value of ep-
oxy phase had gradually increased, and the storage modulus
of the nanocomposite at the ambient temperature displayed
an increasing tendency. Additionally, thermal stability of the
nanocomposite was apparently improved. The macroscopic
properties of nanocomposites were found to be strongly
dependent on their components, concentrations, disper-
sion, and resulted morphological structures. VVC 2009 Wiley
Periodicals, Inc. J Appl Polym Sci 115: 2734–2746, 2010
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INTRODUCTION

Thermoset epoxy resins are widely applied in adhe-
sives, molding compounds, coatings, and composites
because of their attractive combination of stiffness,
strength, high heat distortion temperature, thermal
and environment stability, creep resistance, and
excellent processability. However, their brittleness
inhibits further proliferation of the epoxy resin into
various industrial applications. Therefore, many pre-
vious researchers have paid great attention to the
subject of toughening the epoxy resins up to now.1–3

The bulk amount of epoxy resins, when used, is
usually modified by the different approaches. There
are many approaches used for toughening high-per-
formance epoxy, which includes the following:
(i) increasing the molecular weight of epoxy resin;

(ii) lowering the crosslink density of matrix; (iii)
incorporation of inorganic fillers into the pure ep-
oxy, e.g., glass beads,4 layered silicates,5–8 and car-
bon nanotubes (CNTs),9 and so on; (iv) chemical
modification of the epoxy backbone for the improve-
ment of flexibility, e.g., incorporation of some seg-
ments containing flexible groups into the molecules
of epoxy10–12; (v) addition of a dispersed toughener
phase to the cured polymer matrix. Some high-Tg,
high-performance thermoplastics such as poly(ether
imide) (PEI),13,14 poly(ether ether ketone) (PEEK),15

polysulfone (PSF),16 rubbers and other elasto-
mers17,18 are blended to improve the toughness of
the epoxy resins.
To open routes for the toughening of epoxy resins

without any influence on the stiffness, strength, and
glass temperature, three approaches and technolo-
gies have been adopted in this study: first, epoxy
resin as the matrix resin has been modified by silane
monomer-containing epoxide groups; second, a
high-performance thermoplastic, PEI, with high ther-
mal stability and remarkable modulus of elasticity
and tensile strength has been used to toughen
the modified epoxy; third, aluminum nitride
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nanoparticle (nano-AlN) functionalized by silane
coupling agent has been used to toughen and
strengthen the modified epoxy/PEI matrix.

Another objective of this article is to improve both
toughness and strength of epoxy on the basis of
exploring the toughness/stiffness balance. To our
knowledge, there are few literatures that investi-
gated the relationship between toughness and
strength of the modified epoxy/nano-AlN/PEI com-
posite; although development and application of
thermoplastic and thermosetting nanocomposites
filled with organically modified nanoscale materials
have been the hot topics in recent years.6,19

In this study, the epoxy and the nano-AlN particle
modified by silane containing epoxide groups have
been synthesized and characterized by Fourier trans-
form infrared spectroscopy (FTIR). The relationship
between the microstructures of nanocomposites and
their macroscopic properties have been explored by
means of scanning electron microscopy (SEM),
atomic force microscopy (AFM), transmission elec-
tron microscopy (TEM), dynamic mechanical analy-
ses (DMA), and thermal gravimetric analysis (TGA).
The results show that the macroscopic properties
of the composites strongly depend on their micro-
structures.

EXPERIMENTAL

Materials

Diglycidyl ether of bisphenol A (DER 331) was
received from Dow Chemicals Company, USA.
Hardener used was methyltetrahydrophthalic anhy-
dride (MeHHPA) obtained from Shanghai Li Yi
Science and Technology Development, Shanghai,
China. The Latent accelerator used was neodymiu-
m(III) acetylacetonate hydrate ((Nd(III)AcAc) pur-
chased from Qinyang Tianyi Chemical, Qinyang
County, China. Aluminum nitride (AlN) nanoscale
particle was purchased from Hefei Kiln Naometer
Technology Development, Heifei, China. The diame-
ter of AlN particle is lower than 50 nm. The silane
monomer (3-glycidoxypropyltrimethoxy silane,
GPTMS) was purchased from Dow Corning Com-

pany, USA. The catalyzer, di-n-butyltin dilaurate
was purchased from Beijing Zhengheng Chemicals
Company, Beijing, China. The modifier, soluble PEI
was synthesized elsewhere.20,21

Hybrid nanocomposites preparation

Preparation of the modified nano-AlN particle

The nano-AlN particle dried in a vacuum oven at
180�C for 24 h and appropriate amount of the silane
(0.5–1 wt % based on the weight of AlN particle)
were added into a 500-mL three-necked flask,
equipped with a mechanical stirrer and a reflux con-
denser, and mixed in high-purity acetone (about
5 wt % based on the weight of silane) by stirring at
110–120�C for at least 4 h. After filtration, the silan-
ized powders were dried in a vacuum oven at 120�C
for 2 h to remove the solvent and the silane mole-
cules that were not well bonded, and thus would
not significantly contribute to the joint strength.

Synthesis of the modified epoxy

EP331 (30 g; 0.066 mol) in 100 mL of dimethylben-
zene, 5.66 g of GPTMS (0.0256 mol, equals the mole
amount of the hydroxyl group in EP331), and certain
amount of organotin compound was taken into a
250-mL three-necked flask equipped with a mechani-
cal stirrer and a reflux condenser, respectively. The
mixture was allowed to react with stirring at 110–
120�C for 4–5 h. The solvent and the byproduct alco-
hol were removed under a reduced pressure, and
then a viscous colorless product was obtained.

Preparation of hybrid composites

The hybrid composite specimens were fabricated by
means of the process suggested and used in many
other studies,22 which involves the use of a solvent.
In this process, the modified331, latent catalyst, PEI,
and/or modified AlN particles were weighted
according to the formulation in Table I and dis-
solved in high-purity chloroform and mixed thor-
oughly by stirring for at least 10 min at ambient
temperature, followed by sonication for 10 min.

TABLE I
Formulation of Experiment

Samples
Epoxy
(pbw)

MeHHPA
(pbw)

Nd(III)AcAc
(pbw)

AlN
(pbw)

PEI
(pbw)

EP331 51 49 0.2
Modified331 51 49 0.2
Modified331/AlN20 51 49 0.2 20
Modified331/AlN10/PEI10 51 49 0.2 10 10
Modified331/AlN20/PEI10 51 49 0.2 20 10
Modified331/AlN35/PEI10 51 49 0.2 35 10
Modified331PEI10 51 49 0.2 10
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Finally, a uniform mixture was obtained. The mix-
ture was subjected to degassing at 100�C for 30 min
to remove the solvent. Subsequently, a stoichiometric
amount of MeHHPA was added to the mixture and
stirred for 5 min at 100�C until it was completely
dissolved. The resulting mixtures were cured in the
open stainless steel molds for 4 h at 135�C and then
postcured at 165�C for 14 h.

Characterizations and measurements

Fourier transform infrared spectroscopy

FTIR measurement was applied to characterize the
AlN particle and unmodifed331 modified by
GPTMS. The blends of nano-AlN and KBr powders
were pressed into pellets by a hydraulic pressure
machine. The pellets were measured with a Paragon
1000 (Perkin Elmer, USA) with the resolution of
4 cm�1. The neat KBr pellets smeared by several
milligrams of epoxy resin were measured under the
same conditions.

Mechanical properties measurement

Bend test of the hybrid composites was determined
by means of the electric tensile testing machine (Ins-
tron 4465; Instron, USA) at a crosshead speed of
0.5 mm/min and ambient temperature. Specimens
for bend test were obtained according to ISO 178. The
mechanical properties (bend modulus and strength)
were determined from the load–elongation curves.
Charpy impact test was carried out using a RAY-
RAN universal pendulum impact system at ambient
temperature. Specimens for impact test were
obtained according to ASTM D-256. At least eight
samples were repeatedly tested for the identification
of the bend and impact properties of each kind of
nanocomposites, respectively.

Dynamic mechanical thermal analysis

The storage modulus and tan d of the hybrid compo-
sites were measured with TA 2980 dynamic mechan-
ical analyzer by using single cantilever mode. The
geometry of specimens is 25 mm � 5.0 mm � 3 mm
(length � width � thickness). Scans were conducted
in a temperature range of 40–250�C at a heating rate
of 3�C/min, and the frequency was 1 Hz.

Scanning electron microscopy

To observe the phase structure of the hybrid compo-
sites, the fracture surfaces of impact testing samples
were coated with thin gold layers of about 100 Å.
The fracture surfaces were examined by means of a
JOL JSM 7401F field-emission scanning electron

microscope (FESEM) at the activation voltage of
5.0 kV.

Atomic force microscopy

The specimens of hybrid composites for AFM obser-
vation were trimmed using a Leica Ultracut UCT
ultramicrotome, the thickness of which was about
70 nm. The morphological observation of the sam-
ples was conducted on a Nanoscope IIIa scanning
probe microscope (Digital Instruments, Santa Bar-
bara, CA) in a tapping mode. A tip fabricated from
silicon (45 lm in length with ca. 500 kHz resonant
frequency) was applied for scanning, and the scan-
ning rate was 2.0 Hz.

Transmission electron microscopy

The states of AlN particles and PEI dispersion in the
hybrid composites were observed by means of TEM.
Samples were cut using a Leica Ultracut UCT ultra-
microtome. Microtomed thin sections were collected
on 200-mesh copper grids and examined by a Phi-
lips CM300 TEM at 300 kV in bright field mode.

Thermal gravimetric analysis

To investigate the thermal stability of the hybrid
composites, TGA measurements were performed
using 5–10 mg of the hybrid composites at a heating
rate of 10�C/min under nitrogen atmosphere, using
a Cahn TG systems 41 thermogravimetric analyzer.
The samples were subjected to TGA in high-purity
nitrogen under a constant flow rate of 10 mL/min.
Thermal decomposition of each sample occurred in
a programmed temperature range 200–800�C.

RESULTS AND DISCUSSION

Modification of nano-AlN particle

It is well known that the investigation of polymer
nanocomposites is faced with considerable chal-
lenges because of the nanoscale of the nanomaterial
and concentration.23 The main problems are in creat-
ing a good dispersion in the polymer matrix and a
good interface between nanoparticles and the poly-
mer matrix to achieve the load transfer necessary for
enhanced mechanical response in high-performance
polymers. Maintaining a strong nanomaterial/poly-
mer interface and good dispersion are always
crucial for good mechanical properties. However, a
strong mismatch of the surface energy between
AlN nanoparticles and epoxy resin causes the inter-
face incompatibility and the poor dispersion, thus
resulting in poor adhesion between them. These
problems can be resolved through selectively
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organofunctionalizing AlN nanoparticles, and subse-
quently binding them chemically to epoxy resin. The
application of various silane surface-treatment
agents24 has been found to be effective for improv-
ing dispersion and adhesion between AlN nanopar-
ticle and epoxy matrix, which also enhances the
mechanical properties of the nanocomposites. There
have been many reports that focus on the effects of
coupling agents on the mechanical properties of
epoxy composites.25–27

In this study, to enhance the dispersion and inter-
face adhesion between AlN nanoparticles and epoxy
matrix, a silane monomer, GPTMS, was chosen as
coupling agent to functionalize AlN nanoparticles.
Figure 1 gives the FTIR spectra of the raw and modi-
fied nano-AlN powders.

As shown in Figure 1(a), the raw nano-AlN par-
ticles show a much strong absorption at m ¼ 3200–
3500 cm�1, which may be attributed to hydroxyl
group (AOH) peak stretching.28 The band at m
¼ 1641 cm�1 is attributed to ANHA group vibration,
which indicates that nano-AlN particles have higher
affinity and reactivity to moisture and water. There-
fore, the surface treatment has been undertaken to
prevent the nano-AlN particles from hydrolyzing.
The spectra of silane-modified AlN nanoparticles are
very similar to those of raw nano-AlN particles, but
some differences can still be detected. From Fig-
ure 1(b), the stretching vibration band of ether group
is found in 1050–1150 cm�1 region. The band at 2990
cm�1, attributed to methylene groups, is stronger
than that of the raw nano-AlN particles. The absorp-
tion bands of epoxy groups at mas(CH2) ¼ 3003
cm�1, mb(CH2) ¼ 1479 cm�1, m(CAO) ¼ 1225 cm�1

can also be observed.28 In addition, the absorption
intensity of the bands at m ¼ 3200–3500 cm�1 and m
¼ 1641 cm�1, which are assigned to hydroxyl group

and amine group, respectively, can be found to
apparently decrease. These changes of characteristic
peaks indicated that GPTMS have already been
grafted successfully on the surface of nano-AlN
particles.

Modification of epoxy resin

If the silane monomer-containing epoxide groups is
mixed simply into epoxy resin, the silane component
may be dissolved and separated away from the cu-
rative systems in the course of curing. To overcome
these drawbacks, the silane monomers have been
grafted to epoxy resins before their usage by chemi-
cal modification via the reaction between hydroxyl
group of epoxy resin and the alkoxy groups of sil-
ane. Commercial epoxy resin is chemically modified
with silane monomer under the catalysis of organo-
tin compound, aiming to enhance the toughness of
epoxy matrix and to improve the compatibility
between matrix and fillers. Figure 2 gives the FTIR
spectra of GPTMS, modified331, and EP331.
As shown in Figure 2(c), the band at m ¼ 3200–

3500 cm�1 is assigned to AOH stretching vibration.
The bands at m ¼ 2970 and 590 cm�1 are characteris-
tics of ACH3 asymmetric and symmetric stretching,
and the bands at m ¼ 2877 and 1461 cm�1 are
assigned to ACH2 asymmetric and symmetric
stretching. The band at m ¼ 910 cm�1 is the charac-
teristic absorption of epoxide groups. The absorption
peaks at m ¼ 1604, 1520, and 828 cm�1 are attributed
to substituted aromatic rings in unmodifed331. Some
differences can still be detected in Figure 2(b),
although the spectrum of the modifed331 is similar
to that of EP33129 as follows: (i) the peak intensity at
about m ¼ 3200–3500 cm�1, corresponding to AOH
stretching vibration in epoxy resin, becomes weak

Figure 2 The FTIR spectra of (a) GPTMS, (b) modi-
fied331, and (c) EP331.

Figure 1 The FTIR spectra of (a) the raw AlN particles
and (b) the GPTMS-modified AlN particle.
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and even almost disappears after the silane modifi-
cation, which reveals that hydroxyl groups are con-
sumed by the graft reaction, resulting in a decrease
in intensity; (ii) the peak intensity of low wavenum-
ber region at m ¼ 500–2000 cm�1 increases obviously
because of the formation of SiAOAC bonds. These
observations suggest that silane monomer has been
successfully grafted to epoxy resin.

Morphology of the hybrid composites

The overall properties of a composite material were
determined not only by the parent components but
also by the phase morphology and interfacial prop-
erties of the composite. To analyze the dependence
of the properties of hybrid composites on both struc-
tures and morphology, the SEM, TEM, and AFM
measurements are employed in this study.

As shown in Figure 3(a), the fracture surface of
EP331 is fine, rather smooth, and monotonous,
except for some markings of river line near the crack
initiation site, which resembles a typical brittle frac-
ture mechanism, revealing that the resistance to
crack propagation is very low. Also, the fracture sur-
face of the modified331 is rougher, and the detailed
surface features are more complex than that of
EP331 [Fig. 3(b)], which displays the part toughness.
Much rougher fracture surfaces and a greater num-
ber of dispersed phases are visualized in the sam-
ples of AlN-filled nanocomposites [Fig. 3(c–f)].
However, when the concentration of AlN nanopar-
ticles is 35 pbw, large aggregates of AlN are
observed in the modified331/PEI10 system, which
could serve as the stress concentrations or crack ini-
tiators, leading to the premature and brittle failure.
The modified331/PEI10 blend also displays a
rougher fracture surface as shown in Figure 3(g).
Therefore, some conclusions can be easily predicted
from these SEM images as follows: (i) the modi-
fied331 epoxy by silane-containing epoxide groups
could own higher impact toughness than the EP331
epoxy; (ii) the separate additions of nano-AlN par-
ticles and PEI into the modified331 epoxy could lead
to toughness enhancement of the systems, respec-
tively; (iii) nano-AlN particles and PEI would bring
out synergistic effects to improve the toughness of
the modified331/AlN/PEI systems; (iv) the excessive
loadings of nano-AlN particles may result in the
larger aggregates of fillers, which may lead to the
poorer toughness in the modified331/PEI systems.

One of the most important questions in the nano-
filled composites is the dispersion of fillers because
nanoparticles dispersion in polymers can affect the
final nanocomposite properties. Thus, to optimize
nano-AlN particles dispersion in the modified331/
PEI10 systems, it is necessary to investigate and
quantify the dispersion, which can be done by visu-

alizing the nano-AlN themselves, the interface, and
the effect of the AlN on the surrounding matrix by
means of TEM. Figure 4 displays TEM micrographs
of the different nanocomposites.
As can be seen from Figure 4, nano-AlN powders

in size of tens of nanometers are dispersed randomly
in the epoxy matrix, and PEI is distributed as drop-
lets or continuous regions in/between the epoxy ma-
trix and nano-AlN powders. Additionally, nano-AlN
powders are not fully located in one phase but
migrate into the second component, which reveals
that the nano-AlN particles modified by silane have
excellent compatibility and good dispersion ability
in the matrix and PEI. As the concentration of nano-
AlN powders increases, the dispersion ability
becomes poorer and poorer, especially, when the
concentration of nano-AlN powders is 35 pbw, the
size of aggregates of nano-AlN particles is about
200 nm [Fig. 4(c)]; below 20 pbw, nano-AlN pow-
ders are uniformly dispersed in the matrix and the
size of the aggregates is less than 100 nm [Fig.
4(a,b)]. It can be seen from Figure 4(d) that epoxy
phase and PEI phase are well bounded, and that
there is a good interfacial adhesion between nano-
AlN particles and polymer phase. Because silane-
containing epoxide groups have been grafted to the
surfaces of nano-AlN particles, there exist partial cova-
lent bondings of nano-AlN particles to the polymeric
network, which leads to the excellent compatibility
between nano-AlN particles and polymeric matrix.
From Figure 4, it was found that the TEM images

of nanocomposites display an obvious phase-separa-
tion structure resulting from two components of poly-
mers that exist in the composite. PEI is segregated
into spherical or continuous domains whose dimen-
sion is less than tens of nanometers and more than
hundreds nm, respectively [see Fig. 4(b,c)]. Accord-
ing to our investigations20,21 and previous litera-
tures,30,31 it may be possible for reaction-induced
phase separation in the mixture of epoxy and PEI to
occur, which can cause an increase in fracture tough-
ness because the thermoplastic-rich phase allows the
plastic deformation to be enhanced.
Figure 5 shows the AFM images of the modi-

fied331 and a representative modified331/AlN/PEI
nanocomposite. The left and right images are the to-
pography and phase contrast images, respectively. It
is noted that the cured modified331 resin possesses
the homogenous morphologies [Fig. 5(a)], whereas
the distinguishable variation of morphology is
observed in the modified331/AlN20/PEI10 blend,
which displays microscopic phase separation
[Fig. 5(b)]. The regions marked with the circularities
could be ascribed to the AlN powders, which are
well spread and incorporated in the interface
between the organic and inorganic layers without
any visible agglomeration.
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The microscopic phase separation between epoxy
matrix and PEI has been confirmed by AFM imag-
ines. Thus a number of cavities can be seen in Fig-

ure 5(b). Such cavitation, followed by plastic
deformation of the matrix, is believed to be the
major toughening mechanism, which may be similar

Figure 3 SEM micrographs of the impact fracture surfaces of the different composites: (a) EP331; (b) modified331; (c)
modified331/AlN10; (d) modified331/AlN10/PEI10; (e) modified331/AlN20/PEI10; (f) modified331/AlN35/PEI10; and
(g) modified331/PEI10.
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to the toughening mechanism of rubber modification
thermosets.32,33 Researchers agree that cavitation is
not only a considerable source of toughening but
also its importance on the plastic deformation of the
matrix has been still widely recognized.34 It has
been widely accepted that the final mechanical prop-
erties of this mixture are determined by the phase
structure. Generally, an interconnected or a bicontin-
uous phase-separated microstructure with fine do-
main sizes benefits the properties of the final
products because both the toughness of thermoplas-
tics and the stiffness of the thermosetting matrix can
be combined.

Mechanical properties of the hybrid composites

Modulus and strength are key properties that basi-
cally decide the suitability of a material for usage in
structural application. Figures 6 and 7 display the
impact fracture strengths of the unmodified, modi-
fied epoxy and the hybrid composites. It should be
noted from Figure 6 that the impact strength value
of the modified331 is higher than that of the EP331,

because the capacity for absorbing the fracture
energy of ASiAOA segments in the modified331
molecules is greater than that of ACAOA segments
in the EP331 molecules. In contrast to pure modi-
fied331, the impact strength value of the modi-
fied331/AlN20 blend slightly increases, which can
be explained by the fact that the epoxide groups on
the surface of AlN particles take part in the curing
reactions of matrix, leading to the incorporation of
ASiAOA segments on the surface of AlN particles
into the networks of matrix. The addition of PEI into
the modified331 results in the enhancement of the
impact property because of the existence of high-
performance thermoplastic (PEI) and phase separa-
tion in the modified331/PEI10 systems as shown in
Figure 5. The impact strength of modified331/
AlN20/PEI10 is up to 22.72 kJ/m2 in contrast with
12.75 kJ/m2 of EP331.
Additionally, the impact strength values of all

modified331/AlN/PEI composites are higher than
that of the modified331, showing significant tough-
ening effects as shown in Figure 7. This may be
ascribed to both the higher interfacial shear strength

Figure 4 TEM micrographs of the hybrid nanocomposites: (a) modified331/AlN10/PEI10; (b) modified331/AlN20/
PEI10; (c) modified331/AlN35/PEI10; and (d) the magnified micrograph of (b).
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of the chemical bonding between AlN particles and
matrix and the crack deflection and/or plastic defor-
mation of PEI phase. It is well known that the ther-
moplastic is located in isolated spherical domains
and the dominant toughening mechanism is crack
deflection. When the thermoplastic forms a continu-
ous phase, the major toughening mechanism is
changed from crack deflection to tearing-plastic de-
formation, which is known to be more effective. As
seen in Figure 4, PEI displays the spherical and/or
continuous domains, especially, in Figure 4(b). Thus,
in the case of the systems studied here, the toughen-
ing mechanism can be considered to be crack deflec-
tion and/or tearing-plastic deformation. It is also

found that in the range of 10–20 pbw, the higher the
AlN concentrations, the greater is the impact
strength, but above 35 pbw, the impact strength dis-
plays a slight reducing tendency. A few possible fac-
tors may contribute to the poor transfer of the
impact strength when the inorganic filler content
becomes high. One well-known explanation is that
either the large aggregates of AlN particles restrain
the crack deflection and/or plastic deformation zone
size or fracture failure occurs in the filler/matrix
interfacial zone and thus fracture failure takes place
where the crack can propagate in AlN particles.
From TEM images in Figure 4, the microaggregates
of AlN particles become larger and larger with the
increase of AlN concentrations. A relatively smaller
toughening effect may occur because of the existence
of the large segregated domains.35,36 It is clearly
found that AlN particles display the distinct agglom-
eration behavior when its content is at 35 pbw,
which can serve as the stress concentrators that lead
to premature and brittle failure. This has already
been testified by the impact fracture SEM images in
Figure 3(f).
Figure 8 gives the flexural modulus and bending

strength of the modified331/AlN/PEI10 composites
as a function of AlN concentration. From Figure 8, it
can be clearly seen that the bending strength values
of the modified331/AlN/PEI10 composites gradu-
ally increase with AlN concentration. In correspon-
dence to the pure modified331, the flexural modulus
values of the modifed331/AlN/PEI composites dis-
play a reducing trend at relatively lower concentra-
tion of AlN. However, they exhibit an increasing
trend at relatively higher concentration of AlN.
These results show the relationship of toughness/
stiffness balance in the modified331/AlN/PEI10
composites. In general, the increase in toughness is
accompanied by a decrease in stiffness for all hybrid

Figure 7 The impact strength of modified331/AlN/PEI10
composites as a function of AlN content.

Figure 5 AFM images of (a) the modified331 and (b) the
modified331/AlN20/PEI10. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com]

Figure 6 The impact strength of the different composites.
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composites. The extent of toughness improvement
also depends on the fillers concentration and addi-
tionally on the specific formulation of the various
materials. In this study, all composites show a grad-
ual increase in stiffness (due to gradual increase of
the AlN powders concentration) with an almost
unchanged toughness (due to the unchanged PEI
concentration) in contrast with the pure modi-
fied331. When AlN and PEI concentrations are 20
and 10 pbw in the hybrid composite, respectively,
the toughness/stiffness balance of hybrid nanocom-
posite is achieved, i.e., the flexural modulus value of
hybrid nanocomposite is equal to that of pure modi-
fied331 resin. According to the toughness/stiffness
balance, the hybrid nanocomposites with higher
amount of AlN (more than 20 pbw) offer the best
combination of significantly improved stiffness and
almost unchanged toughness. On the other hand,
these hybrid materials with lower AlN concentration
(less than 20 pbw) display the combination of the
improved toughness with only slightly increased
stiffness.

When AlN concentration is higher than 20 pbw,
the increase in stiffness is more pronounced, and
when AlN concentration is lower than 20 pbw, the
increase in toughness is more apparent, which leads
to the changed trend of the flexural modulus values
in Figure 8.

Characterizations of impact fracture behaviors and
bending tests reveal that flexural modulus increases
monotonically with the increasing of AlN concentra-
tion, while the fracture toughness shows a maxi-
mum at 20 pbw of AlN fillers in modified331/AlN/
PEI systems.

The dynamic mechanical responses, e.g., the stor-
age modulus and tan d versus temperature diagram
for the different composites are displayed in Fig-
ures 9 and 10. Figure 9(a) represents the changes in
storage modulus (E0) with a rise in temperature for

EP331, the modified331, the modified331/AlN20,
and the modified331/PEI10 composites. As clearly
shown in Figure 9(a), the storage modulus at 40�C
of the modified331 is higher than that of EP331, and
the addition of AlN particles into the modified331
results in the increase in the storage modulus,
whereas the addition of PEI leads to the decrease in
the storage modulus of the modified331, which can
be explained by the fact that the AlN particles modi-
fied by silane give an obstacle to the molecular mo-
bility of epoxy, and that the PEI component
increases the molecular mobility of epoxy. The stor-
age modulus graphs show a sharp decrease in the
temperature range 80–165�C, which correlates with
the glass transition temperature.
As can be seen in Figure 9(b), the glass transition

temperature (Tg) value of the modified331 is 116.6�C,
which is lower than that of EP331. This may be
ascribed to the substitution of ASiAOA segments for
partial ACAOA segments in the modified331 mole-
cules. It is well known that the mobility of ASiAOA
segment is greater than that of ACAOA segment as
the temperature increases. The modified331/AlN20

Figure 9 Storage modulus (a) and tan d (b) versus tem-
perature of the different composites.

Figure 8 The flexural modulus and bending strength of
modified331/AlN/PEI10 composites as a function of AlN
concentration.
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composite exhibits a single higher temperature relax-
ation peak in comparison with the modified331,
revealing that the addition of AlN particles into the
modified331 gives an obstacle to the molecular mo-
bility of epoxy because of the existence of the chemi-
cal bonds between the surface of AlN particles and
epoxy molecules. On the contrary, the modified331/
PEI10 composite displays two typical relaxation
peaks as shown in tan d curves, and they are cen-
tered at 128.5 and 163�C, corresponding to the glass
transition temperatures of the epoxy phase and PEI
phase, respectively, proving that they have the
biphasic nature, which is in very good agreement
with Figure 5. This can be interpreted by reaction-
induced phase separation theory, which is well
understood as an important physical/chemical
theory in polymer science,37,38 as follows: during
reaction-induced phase separation, the chemical
reaction and the physical phase-separation processes
simutaneously take places. Before the curing reaction
of epoxy resin, the system is miscible in the early pe-
riod of the reaction, and no phase separation occurs.
It was until the molecular weight of epoxy increase

up to a certain value that the system becomes
immiscible. Thus, the phase separation occurs in
the resulting epoxy/PEI composite as shown in
Figure 5(b).
According to the Fox equation,

1

Tg
¼ x1

Tg1
þ x2

Tg2
(1)

It can be expected that the epoxy-rich phase of the
90/10 blend should contain ~44.5% PEI. The pres-
ence of one of the components in both phases of a
binary blend can be due to either miscibility or
chemical reactions between the components during
curing or to both factors. The possibility of reactions
between PEI and epoxy/anhydride seems unlikely,
taking into account the chemical nature of both PEI
and the curing mechanism of epoxy/anhydride/
Nd(III)AcAc system. However, during curing, either
slightly degraded molecules or end groups, aided by
the presence of residual catalyst, can favor reactions.
Thus, the modified331/PEI10 blend is composed of
an almost pure PEI phase and an epoxy-rich phase
where significant amounts of mixed PEI and slight
amounts of reacted PEI are present.
Figure 10(a) indicates the changes in storage mod-

ulus with the rise in temperature. A change in the
modulus indicates a change in rigidity, that is, a
change in strength of a sample. It can be seen that
the storage modulus of the nanocomposites increases
in both glass and rubbery state with the increase in
AlN content. The increase of modulus as a function
of AlN loading means that AlN particles can serve
as effective fillers to strengthen epoxy, which indi-
cates that the incorporation of AlN has improved
the stiffness of the nanocomposites. The drop in the
storage modulus with temperature during the transi-
tion from the glassy state to the rubbery state occurs
around 130�C, corresponding to the glass transition
temperature of the switching segment. This drop in
modulus is therefore ascribed to an energy dissipa-
tion phenomenon involving cooperative motions of
long chains sequence.39

The damping property (tan d) or the ratio of the
dynamic loss modulus to the dynamic storage mod-
ulus is related to the molecular motions and phase
transitions. Two important conclusions can be drawn
from the relaxation peak shown in Figure 10(b).40

First, it reflects the overall rigidity of the material.
As shown in Figure 10(b), the value of the tan d of
the nanocomposites decreases with AlN concentra-
tion, revealing the increasing trend of rigidity of the
nanocomposites. This is in good agreement with Fig-
ure 9. Second, the damping measurements also give
practical information on the glass transition temp-
erature. There are two well-defined glass transi-
tions that appear in the modified331/AlN/PEI10

Figure 10 Storage modulus (a) and tan d (b) versus tem-
perature of the different modified331/AlN/PEI 10
composites.
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composites, which also proves their biphasic nature.
The positions of the high-temperature glass transi-
tions remain slightly changed at about 163�C and
practically identical to the Tg value of PEI, indicating
the presence of a nearly pure PEI phase. The low-
temperature Tg shifts slightly toward higher temper-
atures as the AlN powder content increases, which
reveals that the modified331/AlN/PEI10 composites
have excellent thermal stability with increase of AlN
filler loading.

Finally, it can be observed that the damping peak
becomes broader with increase of AlN content. Such
a phenomenon has also been reported in the previ-
ous research.40 It is admitted that there exists a non-
linear relationship between the relaxation peak
height and the concentration of AlN particles. It is
assumed that the presence of fillers has increased
the damping probably by either particle–particle fric-
tion where particles hold one another as in weak
agglomerates or particle–polymer friction where
there is no adhesion at the interface. This result is in
good agreement with Figures 3 and 4.

A shift in Tg toward a higher temperature is due
to the good interaction between AlN and epoxy,
which restricts the mobility of the epoxy chain, as
mentioned earlier. Because of the dispersion of AlN
and the large interfacial area per unit volume
between nanofillers and polymer, the AlN polymer
nanocomposites own the higher modulus and
strength.

Figure 11 summarizes the values of Tg and modu-
lus (at 40�C) obtained from dynamic mechanical
thermal analysis (DMTA) as a function of the con-
centration of AlN particles. The shifting of Tg can
denote the strength of interaction between the two
components of the blend and AlN particles in the
molecular level. As can been in Figure 11, the Tg val-

ues of PEI phases in the nanocomposites are slightly
higher than that in the modified331/PEI composite,
which may be ascribed to the obstacle of AlN pow-
ders to the segment movement of PEI. It is worth
noticing that the Tg values of PEI phases in the
nanocomposites display a reducing tendency with
increase of the AlN concentration, which may be
attributed to the fact that higher AlN filler concen-
tration results in poorer dispersion of the AlN nano-
particles in PEI phase because of the increase of
viscosity. This result is in good agreement with
those obtained by means of FESEM and SEM. There
are two reasons why the Tg values of the modi-
fied331 phases display an increasing tendency with
increase of the AlN concentration. First, higher the
AlN filler concentration, greater is the obstacle to the
segment movement of epoxy; second, the more in-
tensive the covalent bonding between AlN particles
and epoxy networks because of the existence of
epoxide groups on the AlN nanoparticles modified
by silane is, the stronger becomes the interaction
between AlN particles and epoxy network. In ac-
cordance with the results of bending tests, the mod-
ulus values of the composites at 40�C are found to
gradually increase with the increase of AlN loadings
(Fig. 10). This shows a good agreement with the gen-
eral rules shown in the polymer/inorganic filler
composites. Several factors can play important roles
in determining the performance properties, espe-
cially the mechanical behavior of the composite.

Thermal stability properties
of the hybrid composites

From Figure 12, it is clear that the decomposition of
EP331 begins to occur at about 300�C. The onset
temperature of decomposition tends to slightly
increase in most of the samples having different

Figure 11 Glass transition behavior and modulus (at
30�C) of the modified331/AlN/PEI composites with the
different concentrations of AlN obtained by DMTA. The
filled symbols denote the Tg values of PEI phase; the open
symbols represent those of the modified331 phase.

Figure 12 The experimental TGA curves of the different
composites.
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weight fractions of AlN nanofillers. The temperature
for the full decomposition also shifts to a higher
temperature. It is well manifested from Figure 12
that the modified331 loaded by AlN nanofillers has
increased the thermal stability of the modified331/
AlN/PEI nanocomposites, which may be explained
by the fact that the higher heat capacity and thermal
conductivity of AlN will cause it to preferably
absorb the heat, resulting in the epoxy chains begin-
ning to degrade at the higher temperature.41 It was
found that the thermal degradation temperature of
the modified331 is higher than that of EP331, and
that the increases in thermal degradation tempera-
tures of the composites because of the addition of
AlN particles and PEI revealed that the thermal sta-
bility of the composites has been improved. It can be
explained that the active silane grafted on AlN par-
ticles improves the interacting forces between AlN
nanoparticles and molecules of epoxy. Particularly,
the epoxide groups of silane have taken part in the
curing reaction of epoxy, so that the chemical bonds
are formed between AlN nanoparticles and mole-
cules of epoxy, which gives the obstacles to both the
molecular mobility of matrix and the diffusion and
penetration of low-weight molecules produced dur-
ing the thermal degradation, thus leading to
improvement of the thermal stability of the nano-
composite. Additionally, both the incorporation of
ASiAOA segments in the networks of matrix and
the rigid segments in PEI chain play important roles
in improving the thermal stability.

CONCLUSION

In this study, the modified epoxy nanocomposites
containing organophilically modified AlN nanofillers
have been synthesized to combine the different
properties of the individual components, so that
both an improved toughness/stiffness balance can
be achieved. The relationships between properties
and structures of the hybrid nanocomposites have
also been investigated in detail.

According to DMA measurements, two glass tran-
sition temperatures (Tgs) were observed in the
hybrid nanocomposites, which are assigned to the
modified epoxy phase and PEI phase, revealing that
there may be reaction-induced phase separation phe-
nomenon in the hybrid nanocomposites during cur-
ing process. This was proved by means of AFM
images. With the increasing AlN nanoparticles con-
centration, Tg values of the modified phases gradu-
ally increase, and the storage modulus of the hybrid
nanocomposites at room temperature displays an
increasing trend. Mechanical measurements have
shown that the addition of nano-AlN particles and
PEI into the modified epoxy could lead to the
improvement of the impacting and bending strength,

and that when the concentrations of nano-AlN par-
ticles and PEI are 20 and 10 pbw, respectively, the
toughness/stiffness balance can be achieved. The
thermal stability of the hybrid nanocomposites were
also significantly improved in comparison with the
pure epoxy and modified epoxy. The macroscopic
properties of the hybrid nanocomposites are deter-
mined by their components, concentration, disper-
sion, and the resulted morphological structure.
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