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a b s t r a c t

The aim of this investigation is to determine the reinforcing effects of alumina nanoparticle in a digly-
cidyl ether of bisphenol A (DGEBA) type epoxy resin using different approaches based on in situ Fourier
transform infrared spectroscopy, differential scanning calorimetry (DSC), dynamic mechanical, mechan-
ical and microstructure measurements. From the kinetic analysis using the Avrami equation, it has been
eywords:
omposite materials
ifferential scanning calorimetry (DSC)
lectron microscopy (SEM)
hermal properties

seen that the kinetic parameters are influenced by the presence of nanoparticle and the used curing tem-
peratures. Differential scanning calorimetry was used to probe the changes in reactivity by analyzing the
reaction heat and the glass transition temperature values of the cured composites owing to the presence
of nanoparticle and due to the diamine hardener. It was also found that a relatively low concentration
of Al2O3 nanoparticle led to an impressive improvement of dynamic mechanical, mechanical, and ther-
mal properties. The scanning electron microscopy (SEM) photographs showed that the surface roughness
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increased with the additio

. Introduction

The growing demand to nanomaterials is due to the fact that
ew chemical and physical properties are attainable when nano-
ized fillers added into polymer matrixes where a single molecule
r the same material without nanofiller does not show such an
dvantages. In the past decades an extensive research activities
ave been devoted on incorporating polymers with nanoparticles
ince polymer-based nanocomposites showed much better ther-
al and mechanical properties compared to the polymer matrixes

aving micron sized particles [1–3]. This is due to the effect of the
nique nature [4,5] of the nanosized filler on the bulk properties of
olymer-based nanocomposites [6,7]. There have been few studies
n nanocomposite preparation by direct mixing of nanoparticles
nd the resin matrix especially for the thermosetting resins. So,
nowledge about this issue and what can or cannot be accom-
lished by it is incomplete yet. Epoxy resins are thermosetting
aterials that require a cure treatment to attain suitable physical

nd mechanical properties for industrial applications. Modification
f epoxy resins is still necessary since some application in the engi-

eering area require higher mechanical and thermal properties.

Incorporation of various reinforced nanosized phases into epoxy
esin is one of the ways to meet the problem with success [8,9].
ifferent types of nanoparticles such as graphite nanofiber, carbon
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anotubes, nanoclays, cellulose nanofiber, and nanoalumina have
een utilized to enhance the epoxy rein properties [10–15]. Epoxy
esin reinforced with silica particles having submicron dimension
epresents one of the most studied systems [16,17]. It is generally
greed that the large surface to volume ratio of the nanoscale incor-
orations plays a key role on the mechanical property improvement
18]. Two concepts are presented in the literature on reinforcement

echanism. One assumes that the formation of a nanostructure
etwork of finely dispersed particles, which are strongly bonded to
he polymer, is probably responsible for the reinforcement. In the
ther concept, the presence of an interphase is integrated into a
echanical-based method to describe the observed reinforcement

n composites [19].
In the present study an attempt has been aimed at clarifying the

ffects of nanoalumina on the kinetics, thermal, dynamic mechan-
cal, and microstructure properties of diglycidyl ether of bisphenol

(DGEBA) type epoxy resin cured with an aliphatic diamine, i.e.
iethylentriamine (Dien).

. Experimental

.1. Materials and preparation of hybrid samples

Alumina particles (Mw = 101.96 g mol−1 in gamma phase) with an average size

f 50 nm having a surface area of 35–43 m2 g−1 were purchased from ALDRICH.
he epoxy used was diglycidyl ether of bisphenol A with an average Mn ∼ 377
nd viscosity of 100–150 poise at 25 ◦C purchased from SIGMA–ALDRICH Canada.
he epoxy equivalent weight (eew) of the resin and the density at 25 ◦C were
85 g eq−1 and 1.16 g ml−1, respectively. The curing agent was diethylentriamine
Mw = 103.17 g mol−1) in reagent grade with density of 0.955 g ml−1 at 25 ◦C provided

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:omrani@umz.ac.ir
dx.doi.org/10.1016/j.matchemphys.2008.08.090
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Kinetics of the studied cure reactions is investigated under
isothermal conditions by analyzing the spectra obtained by means
46 A. Omrani et al. / Materials Chem

y SIGMA–ALDRICH Canada. A known amount of alumina nanoparticles was added
o 5 g of DGEBA at 70 ◦C to reduce the resin viscosity and then thoroughly stirred on a

agnetic stirrer for 10 min to produce homogeneous blends. A stoichiometry value
f the aliphatic amine is added into the blends at room temperature. The resulted
ixtures were stirred for 5 min by hand mixing treatment and finally kept under

iquid nitrogen being undergoes the measurements. About 4–5 mg of the freshly
repared composites was used for the calorimetry measurements. Samples for the
ynamic mechanical thermal analysis (DMTA) and flexural tests are prepared by
ouring the epoxy composites into a preheated Teflon mold and finally cured 2 h

nto a vacuum oven at 80 ◦C.

.2. Characterization techniques

Differential scanning calorimetry (DSC) measurements were performed with
TA Q100 calorimeter using nitrogen atmosphere. The samples were heated in

he temperature range of −30 and 300 ◦C at a heating speed of 20 ◦C min−1 and
hen cooled to −30 ◦C to minimize the enthalpy relaxation. Finally, the samples
ere reheated to 250 ◦C at 20 ◦C min−1 to determine the glass transition tem-
erature (Tg) of the fully cured composites. DMTA studies of the both neat and
anoalumina/epoxy/amine composites are carried out on a model DMTA V dynamic
echanical analyzer (Rheometric Scientific). All samples were tested using a sam-

le size of (15 mm × 5 mm × 1 mm) under single cantilever mode. The temperature
ang varied from 35 ◦C to above the Tg of fully cured materials at a heating speed of
◦C min−1 at frequency of 1 Hz.

A FE-SEM 1530 from LEO was used to probe the dispersion of nanoalumina on
he fracture surfaces of the cured composites. The fracture surface were gold coated
rior to scanning electron microscopy (SEM) studies to avoid charging and were
xamined at 15 kV accelerating voltage. FT-IR experiments are examined on the
amples between two KBr pellets inside the Bruker Tensor 27 spectrometer. Each
pectrum was scanned 32 times at a resolution of 4 cm−1 from 400 to 4000 cm−1.
pectra are monitored and analyzed by OPUS software. The flexural and tensile
roperties of the epoxy with and without nanoalumina are determined on samples
ith approximately dimensions of 25 mm × 5 mm × 1 mm using a MiniMat 2000
echanical testing machine. Five tests are conducted on each sample according to
STM D-790-93 method and a crosshead speed of 2 mm min−1 is employed.

. Results and discussion

.1. Calorimetery studies

The curing reaction of the epoxy compositions was investigated
y means of DSC. Fig. 1 compares the DSC thermograms of the cured
poxy and its composites. The decrease of the temperature of the
uring peaks with increasing concentration of alumina particle for

he system indicates the catalytic effect of the filler on epoxy cure.
he peak maximum is shifted towards the lowest temperatures for
he composite having 5 phr of the nanofiller. Further analysis of the
SC thermograms exhibit that the reaction heat of DGEBA/Dien

ystem included 0.5 phr of the filler is higher than that of the neat

ig. 1. Calorimetric tests on DGEBA/Dien and DGEBA/Dien/nanoalumina composites
nder dynamic conditions.

o
t

F
n

ig. 2. Spectra from FT-IR measurements on DGEBA/Dien/nanoalumina (2 phr) com-
osite cured at 90 ◦C at various time.

esin and then decreases with increasing concentration. The value
f reaction enthalpy is found to be 521, 553, 549, and 486 J (gr-
poxy)−1 for the 0, 0.5, 2, and 5 phr level of the filler concentration,
espectively. This means that high level of nanoalumina loading
as a converse effect on the polymer network formation. It could
e described by topological restrictions produced during the epoxy
etwork evolution. The Tg of the cured compositions having 0, 0.5,
, and 5 phr of the nanoalumina particles is also determined to be
8, 114, 112, 105 ◦C, respectively. However, the addition of the alu-
ina nanoparticle increases Tg by about 17–26 ◦C in comparison
ith Tg of neat epoxy resin.

That confirms the polymer chains must be under constraint
ecause of the influence of the interfacial–particle interactions.

.2. Cure kinetics
f FT-IR instrument. The method was based on exploring reduce in
he peak area of the epoxy group vibration at 915 cm−1 with time.

ig. 3. Conversion of epoxide groups versus time plots for DGEBA/Dien/
anoalumina (0.5 phr) at different isothermal temperatures.
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The exponent n of DGEBA/Dien-based composites varied between
0.71 and 0.82. The Avrami exponent of n is known to be influenced
by molecular weight, nucleation type, and in general is not much
influenced by temperature.
ig. 4. Representative plots obtained using the Avrami equation to determine n and
for DGEBA/Dien/nanoalumina (0.5 phr) composite at different isothermal temper-
tures.

he degree of conversion is calculated by normalizing epoxy group
ibration with the absorbance bond at 1509 cm−1. Isothermal tem-
eratures of 70, 80, 85, and 90 ◦C are imposed on the Dien-based
omposites. Representative IR curves of the epoxy involved 2 phr
anoalumina cured at 90 ◦C are displayed in Fig. 2. From the FT-IR
pectra the degree of conversion for epoxide group calculated and
he representative result for the composite having 2 phr nanoalu-

ina is shown in Fig. 3. The modified Avrami equation [20,21], is
sed to estimate the kinetic parameters of cure. Using the Avrami
quation (Eq. (1)) and its double logarithmic form (Eq. (2)) the
inetic parameters, the exponent n and the rare constant k, for the
poxy and its composites could be obtained:

− ˛t = exp(−ktn) (1)

n[−Ln(1 − ˛t)] = Ln k + n Ln t (2)
here ˛t is the relative degree of epoxide conversion for time t and
is the order of reaction. A plot of the left side of Eq. (2) in terms of

n t allows estimating the key parameters of cure kinetics, n and k
rom the slope and intercept, respectively. Representative plots of

able 1
vrami kinetic parameters of reaction rate constants and reaction orders from FT-IR
ata

ystem Al2O3 (phr) Temperature (◦C) n k (s−1)

GEBA/Dien 0 70 0.88 0.0473
GEBA/Dien 0 80 0.90 0.0678
GEBA/Dien 0 85 0.89 0.0797
GEBA/Dien 0 90 0.74 0.1590
GEBA/Dien 0.5 70 0.79 0.088
GEBA/Dien 0.5 80 0.81 0.1163
GEBA/Dien 0.5 85 0.72 0.1798
GEBA/Dien 0.5 90 0.75 0.1896
GEBA/Dien 2 70 0.80 0.0591
GEBA/Dien 2 80 0.74 0.0844
GEBA/Dien 2 85 0.73 0.0993
GEBA/Dien 2 90 0.77 0.1187
GEBA/Dien 5 70 0.82 0.0635
GEBA/Dien 5 80 0.78 0.0860
GEBA/Dien 5 85 0.73 0.1140
GEBA/Dien 5 90 0.71 0.1430

F
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n[−Ln(1 − ˛t)] versus Ln(t min−1) for the composite having 0.5 phr
f nanoalumina is shown in Fig. 4.

It should be noted that the kinetic parameters do not have
he same meaning in the isothermal and non-isothermal curing
ecause of the fact that under dynamic heating the temperature
hanges constantly and affects the rates of both microgels forma-
ion and its growth. The obtained data are presented in Table 1. As
t is seen in Table 1, the curing rate constants are appeared to be
elated to the isothermal temperatures and the filler concentration.
he values of k have a shift to higher values with increasing curing
emperature. Further, at the same given temperature, the values of
he cure rate constants augment with the addition of nanoalumina.
ig. 5. DMTA results of neat epoxy and its composites. (a) Storage modulus and (b)
oss factor (tan ı).
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ig. 6. SEM images on fracture surface of neat epoxy and its composites at variou
edium magnification, (B) 0.5 phr and low magnification, (C) 0.5 phr and high mag

.3. Viscoelastic properties

The effect of nanoalumina on the viscoelastic properties of
rosslinked polymers has been probed using DMTA in the temper-
ture range of 35–250 ◦C. This technique allows to investigate the
relaxation related to the Brownian motion of the main chains
ue to the transitions occurred during the cure process. It is likely
hat this motion can be affected by nanoalumina because of inter-
ctions in the interface layer around the particles. Fig. 5 shows
he temperature dependency of storage modulus and tan ı of the
eat epoxy and it composites. As it is shown in Fig. 5, the pres-

o
i
i
t
r

nifications of low (1k×), medium (10k×) and high (50k×). (A) Without filler and
ion, (D) 5 phr and low magnification, and (E) 5 phr and high magnification.

nce of the nanofiller with 0.5–5 phr concentration enhances the
alues of storage modulus and this effect appear to be different
n magnitude at various temperature range depend on the initial
poxy compositions. Clearly, it may be confirmed that the ampli-
ude of storage modulus in the rubbery plateau region increases
ith increasing the filler loading up to 2 phr. At high concentration
f 5 phr nanoalumina, it is considered that the filler is dispersed
nto the epoxy matrix irregularly and the void of the cross-linking
s increased. Then the segmental mobility rises, which leads to
he decrease of the storage modulus at the same temperature
ange.
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Fig. 5 also exhibit that the tan ı peak area decreases and becomes
roader with increasing nanofiller content, and this indicates that
he chain mobility of the crosslinked epoxy is restricted by the pres-
nce of nanoalumina. The reduction in tan ı peak is consistent with
he increase in Tg as it is seen in the DSC measurements. This may be
escribed according to an interface layer effect due to chains being
ied down by the surface of nanoalumina at low level of loading. In
ddition, when the nanoalumina loading being up to 2 or 5 phr, the
g decreased as well. However, the main important factors that can
ffect Tg are degree of particle dispersion and curing conditions.

.4. Fractography

SEM analysis was carried out on the fracture surface of neat
poxy and its composites having 0.5, 2 and 5 phr nanofiller to qual-
tatively evaluate the particle–matrix interface and evidence the
ventual presence of particle aggregations. The fracture surface of
he neat epoxy reveals a brittle behavior characterized by large
mooth area which corresponds to the low growth of crack like
efects. As it can be seen in Fig. 6, the state of dispersion was approx-

mately well and a suitable adhesion between alumina particles
nd the resin matrix have been attained at low level of loading
.5 phr. The bright spots on the back-scattered images correspond
o alumina aggregates. A considerable aggregation of particles is
bserved at high level of loading 5 phr as evidenced by the presence
f large voids around the particle aggregates. Apparently, a portion
f the filler remains at the microscale level with different size pop-
lation which, of course, is depending on the mixing conditions
nd epoxy compositions. It may be implied that the conventional
ixing was not able to completely break up the agglomerates for

chieving a homogeneous dispersion. At high nanoalumina con-
ent, a preventive surface treatment of the particle could be useful
o obtain complete deagglomeration. It seems that the cohesion of
he alumina particles and the viscosity of the resin might prevent
he uniform dispersion.

In the magnified images of the particle–matrix parts, the resin
esieged the particles. It is clear that the crack usually initiates from
here surface defects or high stress regions could be observed.

herefore, it is interesting to see that the matrix has diffused deeply
nside the aggregate to divide it into smaller stacks at low level
f loading but these microcracks jointed together to form a sin-
le dominant crack and the final failure of the specimen will be
ccurred by microvoid coalescence at high level of loading which
s responsible for the weak mechanical properties (see Section
.5).

.5. Mechanical properties

Tensile and flexural properties of epoxy and its composites are
etermined, and since they behave in a similar trend, only the flex-
ral properties are depicted in Fig. 7. The load versus the deflection
f the specimens at the midpoint is recorded and then flexural
odulus has been calculated. The relationship between the flex-

ral modulus and the nanoalumina content is shown in Fig. 7. It
s clear that the addition of nanoalumina results in an increase in

odulus at low level of loadings 0.5 and 2 phr. This may be due
o more effectively swell of the filler in the resin matrix leading
o reliable dispersion and lager stiffness. On likely, explanation for
his good reinforcement effect is the increase in effective volume
raction of reinforcement entities as the distance between the filler

ncreased. When the level of loading was over 2 phr, the flexural

odulus is decreased.
It is believed that the aggregation of nanoparticles at high con-

entration of 5 phr is responsible for the low value of flexural
odulus. However, the flexural modulus of the neat epoxy and

[

Fig. 7. Flexural properties of neat epoxy and its composites.

GEBA/Dien/nanoalumina (2 phr) composite are found to be 2120
nd 3526 MPa, respectively.

. Conclusions

From this study, we drew the following remarks:

1) Nanoalumina/epoxy matrix composites have been processed
with different nanofiller content up to 5 phr.

2) The good stabilization of the nanoalumina in the diethylentri-
amine leads to a good dispersion of the filler especially at low
level of loadings.

3) There is no significant variation in the Avrami exponent of n
among the samples. Thus the presence of nanoalumina dose not
seem to have tremendous effect on the growing of microgels in
the system during curing.

4) The DMA showed increased storage modulus and Tg with
increased the nanoparticle concentration.

5) Although, the dispersion of nanoalumina was not perfectly
homogeneous, incorporation of the filler results in higher frac-
ture toughness by crack deviation because of the presence of
nanoparticles.

6) It can finally be suggested that 0.5 phr nanoalu-
mina/epoxy/diamine composite showed the best balance
of viscoelastic and thermal properties due to homogeneous
dispersion.
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