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a b s t r a c t

This article presents experimental results on the mechanical properties of epoxy (EP) resin nano-
composites (EPNCs) reinforced with alumina nanoparticles. The nanoparticles consisted on alpha
alumina with irregular shapes (100 nm maximum size) pretreated with a silane agent (3-Aminopropyl
triethoxysilane, APTES). During the preparation process, silane-functionalized alumina nanoparticles,
are covalently connected to the epoxy matrix by the reaction of the amine groups with the epoxy groups,
creating stronger interfacial interactions between the nanoalumina (the filler) and the EP matrix. At the
curing process, the amine groups of the 4,40-Diaminodiphenylmethane (DDM (the hardener)) will react
with the epoxy groups, creating/reinforcing the network interlock at the polymeric matrix. The weight
fractions of alumina nanoparticles were as follows: 1, 3 and 5 wt.%. After testing, and when compared
with the neat EP, the EPNCs containing 1 wt.% of alumina nanoparticles showed the maximum
improvement on the mechanical properties. Better dispersion of nanoalumina particles was achieved for
1 wt.%.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Nowadays, EP resins are widely used in several industrial ap-
plications, such as aerospace, automotive, shipping, civil con-
struction and many others. After curing, these thermoset materials
provide good combination of properties (mechanical, thermal,
electrical and chemical) which make them a good material for
specific uses, such as matrices for advanced composite materials
and metal substitutes [1e5]. Some of those properties includes
high-mechanical strength, low shrinkage, excellent adhesion to
many substrates, high-temperature performance, electrical insu-
lation, chemical and solvent resistance [2,3].
aro), lfb@ubi.pt (L. Bernardo),
t (S. Lopes), joaor@uma.pt
It should be also noted that EP resins can be combined with
several curing agents to obtain the final cured product. One of
the most widely used curing agent to obtain EPNCs is Bisphenol
A diglycidyl ether (BADGE or DGEBA e 2,2-Bis [4-(glycidyloxy)
phenyl] propane) [3]. Some recent studies show that 4,40-Dia-
minodiphenylmethane DDM is also suitable as a curing agent for EP
resins [6e8].

EP resins also show some disadvantages properties, such as low
toughness (poor resistance to crack initiation and propagation),
brittle failure, high coefficient of linear thermal expansion,
shrinkage and low thermal conductivity [5]. For this reason, since
the beginning of this century, a considerable amount of research
has been carried out to solve these drawbacks, namely for EPNCs.
One of the most common studied technique to improve the prop-
erties of EP resins as matrices consists on filling them with modi-
fiers, such as rubbers, thermoplastics and unreactive fillers. These
last ones can be used as reinforcements to provide specific physical
andmechanical performances to the final EPNCs [5]. Several studies
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have reported that the incorporation of inorganic nanoparticles
into EP resins, such as alumina (Al2O3), can significantly improve
the mechanical properties of the EPNCs, even with low percentage
of loading [4,5,9e18]. When combined with the low cost of
alumina, the results from these studies show that the reinforce-
ment of EP resins with alumina nanoparticles is a viable solution
and lead to EPNCs with a large variety of applications [5,19].

However, the studies also show that it is necessary to account
for several variables related with the nanofiller itself, such as size,
shape, surface area, surface pretreatment type, particle size distri-
bution and percentage of loading, as well as the used dispersion
technique. This explains the variability of experimental results for
EPNCs observed in previous studies [5].

Some examples of the referred variability are pointed out. For
flexural properties of EPNCs (modulus and strength), Kurahatti
et al. [20], by using nanoalumina particles with 100 nm size
without pretreatment, observed a maximum increase in flexural
properties (modulus and strength) only for 0.5 wt.%. Baskaran
et al. [21], using non treated spherical alumina nanoparticles with
60e70 nm diameter, observed an increase on the bending
strength up to 5 wt.%. Hiremath et al. [22], using rod shape
alumina nanoparticles with 10 nm diameter and 50 nmmaximum
length, observed an increase in the flexural modulus up to 1 wt.%.
For hardness properties of EPNCs, Kurahatti et al. [20] did not
observed a significant effect for any studied content of nano-
alumina, while Coelho [23], by using non treated spherical
alumina with 80e100 nm diameters, observed that the hardness
of EPNCs containing 2.5 and 5 wt.% can be significantly modified,
depending on the degree of moisture of the nanoparticles.

The results of the referred studies, among many others that can
be found in the scientific literature [5], show that relevant differ-
ences on the influence of alumina nanoparticles in mechanical
properties of EPNCs still persist. For this reason, experimental
studies on this subject continue to be needed, in order to confirm
the findings of the previous studies and also to check the influence
of the several variable studies related with the reinforcement
technique by adding nanoparticles.

This article presents an experimental research which aims to
study the reinforcing effects of pretreated alpha alumina nano-
particles (with irregular shapes and with 100 nm maximum size)
on the flexural and hardness (ultramicro and macro) properties of
EPNCs. As referred before, the bibliography review showed that few
previous studies were foundwith DDM used as hardener for EPNCs.
For this purpose, the EP resin matrices used in this study were
cured with DDM and filled with three different weight fractions of
alumina nanoparticles, namely 1, 3 and 5 wt.%. The obtained results
are shown and discussed.

2. Materials and nanocomposites preparation

2.1. Materials

Table 1 presents the fundamental characteristics of the raw
chemicals used in this study (without further treatment). The
polymeric matrix, epoxy resin, was a D.E.R.™ 332 (maximum
epoxy equivalent weight of 178 g/equivalent) based on DGEBA
supplied by SigmaeAldrich Co., with uniform performance, low
viscosity, low chloride content and light color. The used curing
agent was 4,40-Diaminodiphenylmethane (DDM), also supplied by
SigmaeAldrich Co.

The main characteristics of the aluminum oxide powders
(99.99% purity), supplied by Nanoshell™ LLC and Intelligent Ma-
terials Pvt ltd, are summarized in Table 2. The alumina nano-
particles present an average size less than 100 nm and a specific
surface area of ~20 m2/g. The as-received alumina nanoparticles
incorporated a surface pretreatment (functionalization) in order to
ensure a better dispersion into the EP resin. This pretreatment was
performed with a silane agent (3-Aminopropyl) triethoxysilane
(APTES).

The as-received functionalized alumina nanoparticles were
analyzed by Electron Scanning Microscopy (SEM), using an FEI
Quanta 400 SEG E SEMmicroscope. Fig. 1a) confirms that the shape
of the alumina nanoparticles is irregular. Fig. 1b) shows a graph
with the particle size analysis for the used alumina nanoparticles,
which confirms the nanometric size of the nanoparticles. Fig. 1b)
also show that the average alumina particle size is below 100 nm.

2.2. Nanocomposites preparation

Fig. 2 summarizes the successive steps used in this experimental
study to fabricate the EPNCs. The proportions of the thermoset
system constituents (Table 1) are the same from Belleri [24] and
Bardella [25] and are the following ones: 3.51(DER332):1(DDM).
The functionalized alumina nanoparticles, as-received from the
supplier, were added into the mixture always at the same stage,
after the preheating of the EP matrix and before the addition of the
curing agent (DDM, preheated and in the liquid state). The neat EP
samples (control group) were prepared similarly to the other ones
but without the addition of alumina nanoparticles. The curing stage
was carried out in an oven (Precision Scientific Napco VacuumOven
Model 5831), under vacuum (20 mm Hg) at 60 �C for 24 h [25,26].
Cured samples were subjected to a post curing cycle with two
steps: 2 h at 100 �C and more 3 h at 180 �C [4,24,25,27e30]. All the
resulting EPNCs were allowed to cool naturally to room tempera-
ture. After 24 h the samples were detached and cut to obtain the
final dimensions requested by the standards for testing.

3. Experimental procedure

The mechanical properties of the manufactured EPNCs were
evaluated by applying different techniques; static three-point
bending (3PB) test and hardness (ultramicro and macro) evalua-
tion. Fig. 3a) shows the dimension of the specimens used in the 3PB
tests, while Fig. 3b) shows a schematic view of the 3PB apparatus.

Measurements of flexural properties of the manufactured EPNC
sheets were obtained according to ASTM D-790-02, using a Shi-
madzu AG-10 universal testing machine equipped with a 5 kN load
cell and TRAPEZIUM software at a displacement rate of 5 mm/min
[31,32]. Five replicates from each different weight fractions of
alumina nanoparticles were used (neat, 1, 3 and 5 wt.%). All the 3PB
tests were carried out at room temperature.

The bending strength was computed as the nominal stress at
middle span section obtained using the maximum value of the
load. The nominal flexural stress was calculated according to
equation (1).

s ¼ 3 P L
2 b h2

(1)

In equation (1), parameter P represents the load, L the span
length, b the width and h the thickness of the sample test. The
bending stiffness modulus was obtained from linear regression of
the load displacement curves, by using equation (2). An interval in
the linear segment was considered with a correlation factor greater
than 95%.

E ¼ DP L3

48 Du I
(2)

In equation (2), parameter I represents the moment of inertia of
the cross-section, DP and Du represent, respectively, the load range



Table 1
Main characteristics of the chemicals.

D.E.R.™ 332 DDM

IUPAC name 2-[[4-[2-[4-(Oxiran-2-ylmethoxy)phenyl]
propan-2-yl]phenoxy]methyl]oxirane

Bis (4-aminophenyl)methane

Chemical name Bisphenol A diglycidyl ether resin 4,40-Diaminodiphenylmethane
Empirical formula (Hill notation) C21H24O4 C13H14N2

Molecular weight (g/mol) 340.41 198.3
Epoxide equivalent weight (g/eq) 171e175
Epoxide percentage (%) 24.6e25.1
Epoxide Group Content (mmol/kg) 5710e5850
Viscosity @ 25 �C (mPa s) 4000e6000
Density (g/ml) 1.16 (25 �C) 1.05 (100 �C)
Melting Point (�C) 40e44 88e92
Boiling point 210 �C (1 mm Hg) 249e253 �C at 20 hPa or 398e399 �C at 1013 hPa
Vapor pressure (mm Hg) 3.66E-09 (25 �C) 1 hPa at 197 �C or 2.87x10E-8 hPa at 20 �C
Refractive index 1.569e1.574
Appearance Pale brown, crystalline solid

Table 2
Main properties of the functionalized alumina powder nano grade.

Chemical name Alpha-aluminum oxide

Empirical formula (Hill Notation) Al2O3

Crystal form alpha
Particle size (nm) <100
Molecular weight (g/mol) 101.96
Melting point (�C) 2040
Boiling point (�C) 2980
Vapor pressure 1 hPa at 2158 �C
Particle shape Non spherical (irregular shape)
pH 9.4e10.1 at 20 �C
Relative density (g/cm3) 3.97
SSA (m2/g) 15e20
Color White
Al2O3 content 99.99%
Impurities (ppm)
Si/Na/K/Fe/Cu/Ti/Mn 10.8/9.01/10.6/9.75/0.12/0.86/0.72
Surface modification Silane surface modified

Fig. 1. a) SEM micrograph (�60,957) of alumina
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and the bending displacement range at the middle span. These are
defined from the linear region of the loadedisplacement curve.

The hardness (HV), the reduced elastic modulus (ER) and the
Young's modulus (E) were measured from the depth-sensing
indentation technique using a Fisherscope H100 device. The load
was incremented in steps (60 steps) until a nominal load of
1000 mN was reached. The steps used during unloading followed
the same steps described in a previous work [33]. Owing to
geometrical imperfections of the Vickers indenter and indentation,
equipment thermal drift and uncertainty in the zero position, all
mechanical properties were corrected using the method described
in the previously referred work [33]. Each value is the result of at
least twelve indentation tests performed along the specimen sur-
face. The hardness (HV) is defined as the indentation load (the
maximum applied load during the indentation test, Pmax) divided
by the projected contact area (Ac) of the indentation, immediately
before unloading. Young's modulus (E) and reduced modulus (ER)
were computed by using equations (3) and (4), respectively [30].
nanoparticles. b) Particle size distribution.



Fig. 2. Flow chart for the EPNCs samples fabrication.
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In equation (3), dh/dP is the compliance, Eo and E represents the
Young's modulus for the indenter and the material, respectively, no
and n represents the Poisson's ratio also for the indenter and the
material, respectively. The following values were adopted:
Eo ¼ 1050 GPa; no ¼ 0.07 and n ¼ 0.41 [25].
Fig. 3. a) Specimens geometry (dimensions in mm)
Since ultramicrohardness only evaluates local hardness, the
samples were also analyzed by macrohardness, using a Karl Frank
GMBH equipment with a load of 9.8 N, in order to obtain the bulk
hardness of the EPNCs. In this case the length of the diagonals of the
indentation are measured and averaged in order to obtain the area
of indentation. Thus, while the ultramicroindentation enhances the
epoxy matrix hardness, the macroindentation quantifies the bulk
composite ones.

Scanning electron microscope (SEM) were used to investigate
the alumina nanoparticles distribution in the EP matrix. All the
specimens were sputtered coated with a 10 nm layer, during 15 s
using an Edwards EXC with a source Huttinger PFG 1500 DC of gold
prior to SEM observation in order to minimize the charging effects.
The morphology was evaluated using a ZEISS MERLIN Compact/
VPCompact, Field emission scanning electron microscope (FDSEM).
4. Results and discussion

The experimental results concerning the mechanical properties
of the tested samples, for the three EPNCs filled with alumina
nanoparticles and also for the reference neat sample, are presented
in Figs. 4e6 and in Table 3. These figures and table present the
average values and respective standard deviations values for the
bending strength, calculated from equation (1), the bending stiff-
ness modulus, calculated from equation (2), as well as the hardness
results.

During the preparation of the samples, alumina nanoparticles
functionalized with the silane agent APTES, at different weight
fractions, were homogenously mixed with the preheated EP resin,
followed by the addition, in liquid state, of the curing agent (DDM).
Finally, the mixture was transferred to a preheated aluminum
mold, cured under vacuum and post cured at 100 �C and 180 �C. The
APTES used to functionalize the aluminum nanoparticles, has an
amine group that is able to react with the epoxy groups of the
matrix (EP resin), helping in the formation of interfacial in-
teractions (covalent bonds) between the nanoalumina (the filler)
with irregular shape and the epoxy matrix. At the curing process,
the amine groups of DDM (the hardener) will react with the epoxy
groups of the matrix, creating/reinforcing the network interlock
that, will probably achieve his maximum for a 1wt% of alumina
nanoparticles. In general terms, an increasing of the weight frac-
tions of nanoalumina resulted in particles agglomeration, irregu-
larly dispersed and, less formation of covalent bonds between the
filler and the polymeric matrix. Contributing, probably, for the
overall decrease observed in the mechanical properties of the
alumina nanocomposite.

Fig. 4 shows the average flexural properties results as a func-
tion of the alumina nanoparticle content and the corresponding
dispersion bands. From this figure it is possible to observe that the
1 wt% nanoalumina content promotes higher bending strength
and bending stiffness modulus when compared to the other per-
centage loadings. In terms of bending strength and bending
. b) Three point bending schematic apparatus.



Fig. 4. Dependence of bending stiffness modulus and bending strength as a function of
alumina nanoparticles loading (0, 1, 3 and 5 wt.%).

Fig. 5. Dependence of ultramicrohardness and macrohardness as a function of nano-
particles loading (0, 1, 3 and 5 wt.%).

Fig. 6. Schematic representation of the type load-penetration depth curves for the
EPNCs for 0, 1, 3 and 5 wt.% of alumina nanoparticles.

Table 3
Young's modulus and reduced modulus of the tested samples.

Mechanical property Nano Al2O3 content (wt.%)

0 1 3 5

Young's modulus, E [GPa] 2945 3864 2445 2290
Std dev. 113 163 186 129
Reduced modulus, ER [GPa] 3500 4178 2918 2740
Std dev. 133 130 248 150
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stiffness modulus this difference is around 59% and 27%, respec-
tively, when compared with the neat samples. For percentage
loading above 1 wt.%, both bending strength and bending stiffness
modulus decrease as the percentage loading increases.

The previous results seem to indicate that an optimum per-
centage loading content of alumina nanoparticles exist as far as
the flexural properties are concerned. These results agree with the
literature. Kurahatti et al. [20] observed that the bending strength
of the EPNCs decreases with increasing nanoalumina contents
above 0.5 wt.%. Mohanty et al. [34] observed that the bending
strength of EPNCs loaded with alumina nanoparticles also
attained its highest value at a certain wt.% (3 wt.%) and gradually
decreases for high concentration of alumina nanoparticles. The
authors explained this observed tendency due to the aggregation
of alumina nanoparticles that occur at higher concentrations of
loading content, which reduces the flexural strength of the
nanocomposites. Also Baskaran et al. [21] studied the effect of
alumina nanoparticles in the mechanical properties of the nano-
composites and observed an increase in several properties until
5 wt.% is reached, and also a decrease in the same properties for
higher loading of nanoparticles. They explained this effect due the
poor dispersion of the nanoparticles which cause aggregates. Chee
et al. [35] concluded that the higher amount of alumina nano-
particles would reduce the reinforcing effect and mechanical
properties of the nanocomposite due to poor dispersion and
agglomeration of nanoparticles.

Fig. 5 shows the dependence of ultramicrohardness and mac-
rohardness as a function of nanoparticles loading. From this figure
it is possible to observe that the ultramicrohardness of the EPNCs is
much less affected compared with the macrohardness. Fig. 5 also
confirm that the wt.% values for which the maximum increase is
observed, with respect to the net samples, are not the same (1 wt.%
for ultramicrohardness and 3 wt.% for macrohardness). The highest
values of ultramicrohardness are also obtained for 1 wt.%, although
with a small growth around 5% when compared with the neat
samples. The highest values of macrohardness are obtained for
3 wt.%, with an increase around 26% when compared with the neat
samples.



Fig. 7. Typical bending strengthedisplacement curves for the tested EPNCs for 0, 1, 3
and 5 wt.% of alumina nanoparticles loading.
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The previous results can also be explained due to the fact that
the ultramicrohardness test constitutes a very local analysis, so
mainly the matrix is primarily analyzed. On the other hand the
macrohardness analysis is done inside the samples, which means
that not only the EP matrix is analyzed but also some part of the
alumina nanoparticles. In fact, the indenter goes inside to the
sample and can find alumina nanoparticles. As the wt.% of alumina
particles increases, the probability of finding nanoparticles by the
indenter increases. As expected, the lower values were evaluated
for the neat samples. These results agree with the ones obtained by
Kurahatti et al. [20]. These authors concluded that the hardness of
the EPNCs is almost unchanged as the alumina nanoparticle con-
tent increases. Relatively to the values obtained by the hardness
tests, the observed tendency is in general similar as those observed
for the flexural properties.
Fig. 8. SEM images of fractured surface: a) 0 wt.% nanoparticles loading (�1980), b)
3 wt.% nanoparticles loading (�1050).
Fig. 6 shows the schematic representation of the typical load-
penetration depth curves for the obtained EPNCs. The shape of
the obtained curves agree with other ones presented in the litera-
ture, for instance [33,36]. The important parameters of the curves
from Fig. 6, which shows loadingeunloading cycles, are: maximum
load, maximum depth, final depth after unloading and the slope of
the upper portion of the unloading curve, known as elastic contact
stiffness.

Fig. 7 shows the typical bending strength versus displacement
curves for the EPNCs obtained from the 3PB tests. From this figure it
is possible to confirm that the maximum value for the bending
strength was obtained for 1 wt.% of nanoalumina and also that the
bending strength decreases for higher percentage loading.

Finally, considering the Young's modulus and the reduced
modulus, Table 3, the increase observed in the EPNCs with 1 wt.%
of alumina nanoparticles, when compared with the neat ones, is
31% and 19%, respectively. As for the flexural properties, for
percentage loadings above 1 wt.%, ultramicrohardness, Young's
modulus and reduced modulus all decreases as the percentage
loading increases.

The concentration for which aggregation of alumina nano-
particles start to occur strongly depends on the characteristics of
Fig. 9. SEM images of the alumina nanoparticles: a) 1 wt.% (�19,950); b) 3 wt.%
(�20,160); c) 5 wt.% (�20,160).
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the used nanoparticles. This can explain the different optimum
values of the loading content observed by the authors.

In this research, in order to obtain a fully cured nanoreinforced
EP resin it was necessary to perform a post-curing treatment, which
may have been responsible for the increase in the mechanical
properties observed for low contents of alumina nanoparticles.
These results are in agreement with the ones obtained by Sanch�ez
et al. [37].

In order to explain this variation in the mechanical properties,
the fractured samples were analyzed with a scanning electron
microscope (SEM). The results are presented in Fig. 8. From this
figure it is possible to observe that the neat sample presents a
typical smooth surface, which can leads to brittle fracture, while
with the addition of nanoparticles the surface became rough.
These observations agree with the ones stated by Khan et al. [38].

Fig. 9 shows the SEM image of the alumina nanoparticles. For
1 wt.% of alumina nanoparticles a good dispersion is achieved.
However, some aggregates are observed for 3 wt.% and 5 wt.%,
which suggests a poor dispersion. This can be due to the interaction
between nanoparticles, leading to agglomeration. These results are
in agreement with the ones observed by Baskaran et al. [21]. Ac-
cording to Chan et al. [39], the dispersion of an inorganic filler, such
as alumina nanoparticles, in a thermoplastic matrix is not an easy
process, because the nanoparticles have a strong tendency to
agglomeration.

The higher concentration of alumina nanoparticles for 3 wt.%
and 5 wt.% can justified the results obtained in this study, namely
the decrease observed in the majority of the studied mechanical
properties for 3 wt.% and 5 wt.%.

5. Conclusions

This article presented an experimental study on the reinforcing
effects of pretreated alpha alumina nanoparticles (with irregular
shapes and with 100 nm maximum size) on the mechanical
properties of EPNCs curedwith DDM hardener, namely flexural and
hardness (ultramicro and macro) properties. The EP resin matrices
were filled with three different weight fractions of alumina nano-
particles: 1, 3 and 5 wt.%. From this performed study, the following
results can be drawn:

- Irregular shaped alumina nanoparticles functionalized with
APTES showed to be an useful material in the preparation of
EPNCs with lower content on the filler;

- Despite the fact that DDMwas notwidely been used as hardener
in previous studies, as explained in Section 1, the general results
obtained from this experimental study led to the conclusion that
the obtained EPNCs show good mechanical properties, even for
very low weight fractions of alumina nanoparticles with similar
trends as those observed in several previous studies on more
traditional hardeners with similar EP resins. Consequently, for
the EP resin used in this study (D.E.R.™ 332), DDM has proven to
be an alternative and suitable hardener to fabricate EPNCs
reinforced with alumina nanoparticles;

- Maximumvalues for the bending strength and bending stiffness
modulus of the tested EPNCs were observed for 1 wt.% of
alumina nanoparticles. The increase is around 59% and 27%,
respectively, when compared with the neat samples. For per-
centage loading above 1 wt.%, both bending strength and
bending stiffness modulus decreases as the percentage loading
of nanoparticles increases.

- From the results of the hardness tests, the highest values of
ultramicrohardness and macrohardness are obtained for 1 wt.%
(with a small growth around 5% when compared with the neat
samples) and for 3 wt.% (with an increase around 26% when
compared with the neat samples), respectively. For higher per-
centage loadings, both ultramicrohardness and macrohardness
decrease.

- For the Young's modulus and the reduced modulus, the
maximum values were observed with 1 wt.% of alumina nano-
particles, being the increase around 31% and 19% when
comparedwith the neat samples, respectively. As for the flexural
properties, for contents above 1 wt.%, Young's modulus and
reduced modulus decrease as the percentage loading increases.

- From the SEM analysis it was observed that with the addition of
alumina nanoparticles the fracture surface became rough when
compared with the smooth surface of the neat samples. It was
also observed that for 1 wt.% of alumina nanoparticles a good
dispersion was achieved. However, for 3 wt.% and 5 wt.%, some
aggregates were observed, which can justify the decrease
observed for the values of the studied mechanical properties for
such percentage loadings.
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