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Preparation and characterisation of epoxy/alumina polymer

nanocomposites

The effect of adding nanosized alumina fillers of both fibre-like and spherical
shapes to an epoxy polymer has been investigated. The alumina was dispersed in
the epoxy hardener using two different sonication techniques. A high degree of
dispersion was difficult to obtain and agglomerates were observed in the
nanocomposites. Nevertheless, particle size analysis showed an effect of the
sonication technique, resulting in a higher degree of dispersion. Mechanical
testing and dynamic mechanical analysis revealed that the stiffness of the epoxy
polymer could be significantly improved using only small amounts of alumina,
even when a significant part of the filler was in an agglomerated state. Also, the
experimental results from tensile testing agreed well with mathematical models at

low filler concentrations.
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1 Introduction

Extensive research is being conducted on polymer composites reinforced with rigid
nanoparticles. Engineering polymers, such as epoxy, have many excellent material
properties but they are, however, generally brittle materials. Therefore, to fully exploit
the properties, epoxy polymers often need to be reinforced by adding either micro- or
nanosized particles. Inorganic particles have a much higher stiffness than the polymer
matrix and may improve the stiffness, and other properties of the materials [1]. A range
of inorganic nanoparticles may be used as reinforcements, including carbon nanotubes
[2-4], nanofibres [4], clay [4;5], and silica [6;7]. According to Fu ef al. [1], the
inorganic fillers can modify the stiffness, strength and toughness of polymers. In
general, the mechanical properties of particulate-polymer composites depend primarily
on the particle size, the particle/matrix interface adhesion and the particle loading. The

stiffness depends significantly on the particle loading — not the particle/matrix adhesion.
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The strength and toughness are strongly affected by all three factors — particularly the
particle/matrix adhesion and thus the stress transfer between the particles and the
matrix.

The main difference between using nanosized fillers, compared to microsized
fillers, is the much higher specific surface area of the nanomaterials. The higher surface
area also means that there is a lot more polymer interphase in the nanocomposite, and
that the composite properties may become more dominated by this interphase. Below a
critical particle size, the composite stiffness may be greatly enhanced due to the effect
of the particle size, probably caused by the much larger surface areas imparting what is
called a “nano-effect” [1;4;5]. Here, the polymer interphase surrounding the particles
gradually dominate the material properties leading to, for example, changes in the glass
transition temperature of the polymer [5;8].

A good dispersion of the nanoparticles in the polymer is usually regarded as a
prerequisite to fully exploit their potential benefits. The presence of agglomerates will
limit the effect of adding the nanofiller. Also, Nairn [9] suggests, based on results from
modelling, that the interface may be more important for nanosized fillers than for larger
fillers, and that effective reinforcement is dependent on interfacial compatibility. Nairn
also suggests that only modest reinforcement effects can be expected at low volume
fractions. At very low volume fractions, the need for high fibre aspect ratios suggest
that stiff nanocomposites can not be produced. There is a better potential at higher
volume fractions where the aspect ratio requirements are much lower. Still, a lot of
published work on nanocomposites is focusing on the low volume fraction range. For
example, for carbon nanotubes, typical volume fractions that are studied are in the range

from 0.1 to 1.0 vol%.
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The use of nanosized alumina to improve the mechanical properties of epoxy
polymers has to some extent been studied [10-15]. Alumina has a tensile modulus of
around 386 GPa, which is at least two orders of magnitudes higher than most polymers,
and should therefore have the potential to significantly stiffen epoxy polymers, which
typically have a tensile modulus of around 2.5-3.5 GPa. Brown and Ellyin [10;11]
investigated the mechanical behaviour of epoxy reinforced with alumina nanofillers of
different shapes. The alumina was dispersed into the polymer by mixing it into the
hardener using sonication. Both the tensile stiffness and strength of the epoxy was
improved by adding small volume fractions of nanofiller. The reinforcing effect was
highest for nanofibres, compared to spherical nanoparticles, and the tensile stiffness
increased by up to 19% by adding less than 1.5 vol% of the nanofibre. Similar studies
were conducted by Miyagawa ef al. [12] and Yang et al. [14], yielding similar
conclusions. The tensile strength and elastic modulus was increased by up to 37% and
60%, respectively, by adding 1 wt% of fibre-like alumina. Positive effects on the
composite tensile strength after silane surface treatment of the alumina has also been
observed [10;11].

In this study, we have investigated the dispersion and reinforcing effect of fibre-
like whiskers and spherical nanosized alumina on an epoxy polymer. The alumina
nanofillers are originally in a highly agglomerated state, and two different sonication
techniques were used for dispersion. Both fibre-like and spherical alumina was
investigated to see if there was any effect of the shape of the filler on the properties of
the nanocomposites. The mechanical and thermal properties were determined using
tensile and dynamic mechanical testing. Electron microscopy was conducted to
investigate the microstructure of the materials, and to be able to correlate the

microstructure to the mechanical properties. The alumina was also surface-modified
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using a silane to investigate whether this could improve the strength of the
alumina/polymer interface and thereby improve the properties of the composites. For
further analysis of the stiffness of the nanocomposites, the Young’s modulus in the

direction of the applied load was compared to mathematical models.

2 Experimental

2.1 Materials

The epoxy polymer investigated in this work was Araldite LY 556/Aradur
917/Accelerator DY 070 from Huntsman. LY 556 is a bisphenol A based epoxy resin,
Aradur 917 is an acid anhydride hardener and DY 070 is an imidazole accelerator.
Epoxy polymers typically have a Poisson’s ratio, v, of 0.35 [6].

Two different types of nanosized alumina (aluminium oxide, Al,O3) (Sigma
Aldrich) fillers were employed: (1) Fibre-like whiskers and (2) spherical particles, both
supplied as dry powders. The whiskers had a diameter of 2-4 nm and a length of 200-
400 nm. The supplier estimated the aspect ratio to be >100. The spherical y-alumina
particles had a diameter of <50 nm and a surface area of >40 m*/g. The densities of a-
alumina and y-alumina are 3.95 g/cm’ and 3.47 g/cm’, respectively [16]. Here, we
assume that both alumina fillers are y-alumina. Alumina typically has a Young’s
modulus of 386 GPa, and a Poisson’s ratio of 0.22 [17]. y-
Glycidyloxypropyltrimethoxysilane (GPS) (Sigma Aldrich) was used for surface

treatment of the alumina.

2.2 Nanocomposite preparation

Neat epoxy polymer specimens were prepared by first mixing the epoxy resin, the

anhydride hardener and the imidazole accelerator at the ratio 100:90:1 by weight. The
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blend was stirred manually, and then cast in cylindrical metal moulds that had been
coated with a release agent. The blend was cured for 4 hours at 80°C and 8 hours at
140°C.

The alumina was dispersed in the anhydride hardener of the epoxy polymer by
sonication [18]. Sonication was performed in either a bath ultrasonicator (Bandelin
Sonorex Digital 10P, 35 kHz, 480 W) or a horn-type ultrasonicator (Branson Digital
Sonifier® S-450D, 25 kHz, 400 W). The bath sonicator was run at maximum power,
and the whole dispersion was immersed into the bath. During horn sonication, the tip of
the horn was placed into the dispersion, and the power delivered was controlled by
setting the amplitude at the tip of the resonating horn to 20%. The specific energy input
was much higher for the horn sonicator. For the bath sonicator the energy input after 1
hour was estimated to be 0.5 kJ/g, while the corresponding energy input on the horn
sonicator was 19 kJ/g. The temperature of the dispersion was kept constant at
approximately 50°C in both cases. After sonication for 1 hour, epoxy and accelerator
were added to the alumina/anhydride dispersion. The mixture was rigorously stirred,
then cast in the metal moulds and finally cured. Some sediments of agglomerated
alumina were in many cases observed in the cured cylindrical rods. Thus, there was
clearly a sedimentation process of alumina agglomerates that took place prior to the
gelation of the epoxy polymer. Since the sediment was at the end of the rods, it was
removed and not included in any of the tested specimens. Nanocomposites with nominal
filler contents up to 5.00 wt% were prepared. Specimens with higher filler contents
were difficult to prepare due to the increasing viscosity of the alumina/anhydride
dispersion and the increasing tendency to sedimentation of the filler.

The spherical alumina particles were surface-modified using GPS, following a

procedure found in the literature [19-21]. The surface treatment was done by first
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adding 10 g of alumina filler to 100 ml toluene. The mixture was sonicated for 5 hours
on the bath sonicator, after which the GPS was added at a ratio of 1:1.5 with respect to
the amount of alumina. The solution was refluxed for 15 hours, and the alumina filler
was repeatedly centrifuged and washed with fresh toluene, before drying in an oven at
110°C for 3 hours. Successful surface modification was confirmed by Fourier transform
infrared spectroscopy and thermogravimetric analyses of non-modified and surface-
modified alumina particles. Nanocomposites reinforced with the surface-modified
alumina fillers were prepared following the same procedure as for the non-modified
alumina fillers. A list of all the different types of nanocomposites that were prepared is

given in (Table 1).

2.3 Characterisation

Scanning electron microscopy (SEM) was performed on a Hitachi SU6600 Schottky
Field Emission Analytical SEM. The specimens were not coated prior to imaging. The
secondary electrons detector was employed to obtain the images.

Tensile testing was conducted on rod-type specimens, as illustrated in (Figure
1), employing a MTS Material Testing Systems 810 testing machine. The specimens
were prepared by machining of the cylindrical rods of the nanocomposites, creating a
middle part with a reduced cross-sectional area, and tested at a crosshead speed of 5
mm/min. During the testing, the specimens were attached to a pair of self-aligning
grips. This allowed the specimens to move freely into alignment so that the load was
applied in the direction of the long axis. A clip-gauge extensometer was used for
recording the strain. The middle part of the specimen was 4 mm in diameter, and the
gauge length was 25 mm. Values for the tensile modulus of elasticity, E, the maximum
tensile stress, or the tensile strength, o, and the maximum elongation, or tensile strain
at break, €nax, were determined. E was determined from the linear part of the stress-
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strain curve in the strain range from 0.1% to 0.3%. Average values of five replicate
specimens are reported.

Dynamic mechanical analysis (DMA) was performed on a DMA 2980 Dynamic
Mechanical Analyzer from TA Instruments. Rectangular specimens with the dimensions
3 mm x 3 mm x 30 mm were employed. The analysis was conducted with a single
cantilever clamp, which had a specimen free length of 10 mm. The oscillation frequency
was | Hz, and the heating rate was 5°C/min. The value of the storage modulus, E’, was
measured at a temperature of 30°C, and the value of the glass transition temperature, T,
of the epoxy polymer is reported as the peak value of the loss modulus, E”’.

The density of the nanocomposites were measured according to ASTM D 792-
08 [22]. The density was in the range from 1.20 g/cm” for the neat epoxy polymer to
1.23 g/em’ for the nanocomposite with the highest measured value.

The alumina/anhydride dispersions were investigated with transmission light
microscopy on thin films of the dispersions that were deposited between two glass
plates. Dispersions similar to those used to prepare the nanocomposites were employed.

The particle size distribution of dispersions of spherical alumina particles were
characterised in a disc centrifuge (DCF) (DC24000, CPS Instruments, Inc.). The disc
centrifuge separates particles by size using differential centrifugal sedimentation (DCS)
in a liquid with a density gradient. A 5-15 vol% gradient of Halocarbon 1.8 (Solvadis)
in methyl isobutyl ketone (MIBK) (>99% Merck) was formed with a linear density
gradient former (Beckmann), and gave several hours of stable operation at the
maximum speed of 24000 rpm. The size in the particle size distributions is reported as a
Stokes spherical diameter, Dst, which is the equivalent hard sphere diameter having the

same sedimentation time as the measured particles.
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Anhydride dispersions were diluted 1:10 in MIBK solution with a 0.1 wt%
polymer stabilizer (Disperbyk 2070, BYK-Chemie GmbH) and sonicated one min prior
to analysis. Furthermore, a low concentration model system containing 0.1 wt%
spherical alumina in MIBK and 0.2 wt% Disperbyk 2070 was prepared to compare the
effect of bath and horn sonication, eliminating the dilution step necessary for the

anhydride dispersions.

3 Dispersion of alumina nanofillers

3.1 Microscopy

Scanning electron micrographs of the two as-received alumina nanofillers employed in
this study are shown in (Figure 2(a)-(d)), revealing that the fillers reside in a highly
agglomerated state. The resolution of the micrographs is too low to detect individual
whiskers or particles, but the agglomeration indicates that relatively strong
intermolecular forces are acting between the whiskers, and also between the 50 nm
particles. This is expected to represent a challenge with respect to the dispersion of
alumina in a given solvent, e.g. epoxy curing agents, as large forces are required to
separate the particles from one another. In fact, difficulties to obtain a high degree of
dispersion were observed in this study, as will be explained in more detail below.

Some sedimentation of alumina was observed during the preparation of the
nanocomposites. This sedimentation is illustrated in (Figure 3), where the state of
alumina/anhydride dispersions 30 min after mixing and 30 min after bath sonication for
1 hour is shown. After mixing, there is sedimentation of alumina, which is as expected
due to the agglomerated state. After bath sonication, the dispersions are more stable and

have a milky-white appearance, which is indicating that the large agglomerates have
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been broken into smaller particles. Nevertheless, some sedimentation still took place,
and this was also observed during the preparation of the nanocomposite specimens.

Alumina/anhydride dispersions similar to those used to prepare the
nanocomposites were investigated by microscopy by taking out a small sample before
and after sonication. From (Figure 4), which is illustrating dispersions with relatively
high alumina concentrations, it is obvious that the sonication process, at least to some
extent, aids in breaking up the large alumina agglomerates. Moreover, most of the large
agglomerates seem to have been broken up. In general, fewer large agglomerates are
observed after horn sonication, compared to bath sonication, indicating that the higher
energy input used in the horn sonication is more efficient for dispersion of the alumina
fillers. The thin films of the dispersions in (Figure 4) were placed between two glass
plates. This may result in some flow of the dispersion, with the subsequent result of
local concentration gradients of alumina.

In (Figure 2(e)), the surface-modified 50 nm alumina particles are shown. These
particles were sonicated during the surface treatment procedure, and the large micron-
sized particles in (Figure 2(c)) were broken up into much smaller fragments. This can
also be seen from (Figure 4(g)). However, it seems that the removal of the solvent in
which the surface treatment was conducted, may have led to some re-agglomeration of
the alumina, as relatively large clumps, or agglomerates, were observed. Nevertheless,
after dispersion in the anhydride, these agglomerates were no longer observed in the
alumina/anhydride dispersions, indicating weaker interfacial interactions between the

particles after surface-modification.

3.2 Particle size distributions of spherical alumina filler

Particle size distributions of dispersions of the as-received spherical alumina particles
were determined by differential centrifugal sedimentation. In contrary to most other
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equivalent techniques, DCS is especially suitable for detecting smaller primary particles
in an agglomerated suspension [18]. Therefore, particle size distributions in the range
from 20 nm to 1 um were measured to observe the amount of fully dispersed 50 nm
alumina particles in sonicated suspensions.

The model system of 0.1 wt% spherical alumina in MIBK is shown in curves 1-
3 in (Figure 5). The particle size distributions after bath sonication are bi-modal with a
maximum at 400-500 nm and a shoulder at approximately 100 nm. The total mass in the
size range increases with sonication time, which is a clear indication that agglomerates
larger than 1 pm are still present in the suspensions. The larger agglomerates are not
detectable during the analysis, but as they break up into agglomerates smaller than 1
um, they are made detectable. However, the particle size distributions do not reveal any
50 nm primary particles, even after 1 hour of sonication on the bath.

A further 10 min sonication with a horn at 20% amplitude revealed that the
colour of the suspension changed slightly towards grey. This is in line with observations
of the anhydride dispersions, and has been explained as lattice strain in the alumina
[23]. The particle size distribution changed significantly after the horn sonication, as
seen in curve 3 in (Figure 5). The total mass was increased, and a peak at 50 nm was
now present. This peak is presumably primary 50 nm alumina particles. However, a
horn sonicator will always, to some extent, contaminate the suspension with metal
particles because of erosion of the tip [24]. In our case, these particles are also around
50 nm but the concentration was approximately two orders of magnitude lower than for
the primary alumina particles. The contamination should therefore not have any
practical influence on the measurements.

Investigations of entangled multiwall carbon nanotubes have shown that the

concentration of fully dispersed particles are primarily controlled by the sonication
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energy input [18]. The specific energy input of the bath after 1 hour was estimated to
0.5 kJ/g, in contrast to 3.2 kJ/g after only 10 minutes of horn sonication. The increased
energy input was necessary to produce the fraction of fully dispersed 50 nm alumina
particles. In comparison, more than 6 hours of sonication in the bath is needed to create
the same specific energy input.

Horn sonication is not independent of the sample volume, as the ultrasonic wave
originates at the resonating horn tip and the intensity decreases with distance from this
tip. The sample volume of the alumina/anhydride dispersions, later used for the
preparation of epoxy nanocomposites, was much larger than the MIBK volume and,
consequently, the specific energy input per time was lower. Curve 4 in (Figure 5) shows
a 2.0 wt% alumina/anhydride dispersion after 1 hour of horn sonication. Most
noteworthy is the lack of signal at 50 nm, while the concentration at 100-200 nm is
higher than in the MIBK system. Since a polymer stabilizer was only added to the
MIBK system, it is reasonable to suspect that re-agglomeration of primary alumina
particles to some extent takes place in the alumina/anhydride dispersions. The re-
agglomerated particles will then be detected at sizes higher than 50 nm.

By integrating curve 3 and 4 from 20 nm to 500 nm, the total mass was 16 pg
and 12 pg for the MIBK and the anhydride system, respectively. The specific energy
input was the same in both systems, but the initially injected concentration of the
anhydride system was, however, twice the concentration of the MIBK system. This
indicates that the sonication was more efficient in the MIBK system.

No meaningful results could be obtained for the dispersions containing alumina
whiskers. This is in part due to the very small diameter of 2-4 nm of the whiskers,
which results in a correspondingly small hydrodynamic diameter, being too small for

detection of individual whiskers.
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4 Characterisation of nanocomposites

4.1 Tensile testing

Tensile testing of the neat epoxy and the nanocomposites were conducted to determine
the mechanical effect of adding the two different alumina nanofillers. The test results
from the composites that were dispersed using the bath sonicator are given in (Table 2),
while the test results after dispersion using the horn sonicator are given in (Table 3).
The test results are also illustrated in (Figure 6). The location of the fracture was always
in the middle part of the specimen with the reduced cross-sectional area. Typically, but
not always, the fracture was relatively close to the edge of this middle part.

For all nanocomposites, the tensile modulus, E, was increased, or at least equal,
to the neat epoxy. The highest increase was seen for the specimen containing 5.0 wt%
whiskers dispersed using the bath sonicator (“NT-whiskers-bath’), where the tensile
modulus was increased from 3120 MPa for the neat epoxy polymer, to 3540 MPa for
the composite. This is an increase of around 13%, and comparable to what was
observed by Brown and Ellyin [10;11]. It is noteworthy that the addition of only 0.1
wt% whiskers increased the tensile modulus to 3310 MPa. The dispersion of the 50 nm
particles using the bath sonicator did not have the same effect on the tensile modulus.
Here, the modulus was only slightly increased with increasing concentration of alumina.

The different effect of dispersing the alumina using bath or horn sonication can
clearly be seen when considering the 50 nm particles at concentrations of around 1 wt%.
The mechanical properties of the nanocomposite were much better after dispersion
using the horn sonicator, compared to using the bath sonicator, see (Table 2) and (Table
3). The most obvious explanation for this behaviour is that the large agglomerates of the
as-received filler, as observed in (Figure 2) and (Figure 4), are not broken up to the

same extent when using the bath sonicator. More and larger agglomerates seemed to be
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present after using the bath sonicator, as was illustrated in the microscopy of the
alumina/anhydride dispersions in (Figure 3). Scanning electron micrographs of the
fracture surfaces of the composites also gave supporting evidence of this assumption. In
the fracture surface of the neat epoxy no inclusions or agglomerates were observed, see
(Figure 7). However, in the fracture surface of the nanocomposite (“NT-50nm-bath”),
see (Figure 8(a)), features of what appears to be remains of large alumina agglomerates
were observed after bath sonication. These features were not observed after dispersion
using the horn sonicator (“NT-50nm-horn”), see (Figure 8(b)). The latter fracture
surface was also rougher. The agglomerates of the 50 nm alumina filler are relatively
weak. As an example, they easily fracture when a low compressive force is applied to
them. Thus, the presence of these weak agglomerates in the epoxy polymer would act as
sites where crack propagation could take place relatively easily, without absorbing a lot
of energy, resulting in lower mechanical properties. The same strong effect of the type
of sonication was not seen for the whiskers, where the alumina particles are likely to
reside in a more strongly agglomerated state, meaning that they are acting more like
micron-sized particles in the epoxy polymer.

Another interesting observation when using the horn sonicator, was the apparent
maximum in tensile modulus for both the whiskers (“NT-whiskers-horn) and the 50
nm particles (“NT-50nm-horn”). Only two concentrations of each non-treated filler was
prepared, but the composites containing around 1 wt% alumina gave a higher modulus
than the composites containing around 3 wt%. Normally, one would expect a higher
modulus at higher concentrations. This behaviour could be related to the energy
intensity decrease with distance around the horn tip, as explained in Section 3.2. This
effect may be enhanced at higher concentrations of alumina, since the ultrasonic wave

responsible for the dispersion process may be dampened significantly more than at
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lower concentrations. When using the bath sonicator, on the other hand, the energy
density is distributed more uniformly throughout the whole dispersion as it is immersed
into a water bath.

Surface treatment of the 50 nm particles with GPS silane seemed to have a
positive effect on the strength, op,.x, and the elongation, €.y, 0f the nanocomposites. In
general, the tensile strength was reduced for all the nanocomposites by up to 15%
compared to the neat epoxy. This could be explained by the presence of agglomerates
that are creating defects which act as initiation sites for crack propagation. The only
exception from this was the specimen with 1.0 wt% of the surface-modified particulate
filler dispersed using the horn sonicator (“GPS-50nm-horn’), which had a higher
strength than the neat epoxy polymer. Furthermore, the elongation at break was always
reduced upon addition of the nanofillers. However, for the surface-modified particles,
the reduction was lower than for the non-modified particles at similar concentrations of
alumina. For example, the effect was most pronounced for the specimen with 3.0 wt%

surface-modified alumina dispersed using the bath sonicator (“GPS-50nm-bath”).

4.2 DMA

The same nanocomposites as those investigated by tensile testing, were also
investigated by DMA. DMA-curves for selected specimens are shown in (Figure 9).
Much lower values of the storage modulus, E’, compared to the tensile modulus, E,
were measured. When conducting the DMA testing in the single cantilever mode, there
is a combined explanation for this. First, the measured stiffness is multiplied by a
geometry calibration factor in the DMA software. This introduces an uncertainty.
Second, the small span length leads to a significant contribution from shear forces

during the testing. This lowers the measured value of E’ since the shear modulus, G, is
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lower than the tensile modulus, E. However, a comparison of the values of E’ between
the different specimens is still valid.

The DMA measurements confirmed the results of the tensile testing. The storage
modulus, E’, of the neat epoxy polymer was 2050 MPa, and this value was increased
upon addition of alumina. For the composites containing whiskers that had been
dispersed using the bath sonicator (“NT-whiskers-bath”), values of E’ of 2310 MPa and
2510 MPa were obtained for concentrations of 1.0 wt% and 5.0 wt%, respectively. The
value of E’ was also increased for the spherical 50 nm alumina, and even more so than
what was observed by tensile testing. For the composite containing 4.0 wt% non-treated
alumina (“NT-50nm-bath), 2380 MPa was obtained, while for 3.0 wt% surface-
modified alumina (“GPS-50nm-bath’), 2320 MPa was obtained.

Dispersion using the horn sonicator gave slightly lower values for E’, compared
to sonication using the bath, but the same trends as those measured by tensile testing
were confirmed. Nevertheless, the stiffness of the composite containing 1.0 wt% of the
spherical 50 nm alumina (“NT-50nm-horn”) was not as high at 2120 MPa. The highest
value of E’ was measured for the composite containing 2.9 wt% whiskers (“NT-
whiskers-horn™) at 2230 MPa.

The glass transition temperature, Ty, did not vary significantly between the neat
epoxy polymer and the nanocomposites prepared by bath sonication. The value of the
T, was within 156 + 2°C, with the exception of the composite containing 5.0 wt%
whiskers (“NT-whiskers-bath”), giving a value of 152°C. After horn sonication, the T,
was generally slightly higher at 161 + 1°C (including a neat epoxy polymer sample that
was subjected to the sonication procedure, but without the presence of any filler). The
exceptions were the composites containing 2.9 wt% particulate and 2.9 wt% fibre-like

fillers, respectively, where the value was 157°C. Hence, there was no indication of a
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“nano-effect” giving a higher T, for the composites. Neither is the cured epoxy polymer
negatively affected, although there might be a small decrease in Ty at the higher filler

concentrations investigated here.

43 SEM

Scanning electron micrographs of fracture surfaces of the tensile test specimens of the
neat epoxy polymer are shown in (Figure 7). The fracture surface of the neat epoxy
polymer was relatively smooth around the crack initiation site, and more rough and
three-dimensional towards the opposite side of the specimen. This corresponds well to
previously reported fracture surfaces of unfilled epoxies with blunt pre-cracks [25].
Indeed, this was quite typical also for the nanocomposites containing the alumina fillers.
However, the fracture surfaces of the nanocomposites usually had a much more rough
appearance, although to a varying extent, see (Figure 8). This is what is expected for a
polymer containing rigid inclusions. The inclusions, in this case most probably
agglomerated alumina particles of different sizes, forces the growing crack to deflect in
its path, thus creating the rough fracture surfaces. In fact, in many of the
nanocomposites, significant amounts of alumina agglomerates could be observed. For
example, in the fracture surface of the nanocomposite containing whiskers dispersed on
the bath (“NT-whiskers-bath”), both agglomerates and what appeared to be relatively
epoxy-rich regions were observed, see (Figure 8(c)). Also, debonding between the
agglomerated whiskers and the epoxy was observed. The whiskers that were dispersed
using the horn (“NT-whiskers-horn”) gave a more smooth fracture surface with fewer
agglomerates, indicating that the horn sonicator is more efficient for dispersing the
whiskers. In general, a more rough fracture surface with evidence of crack-tip pinning
and bowing indicates that more energy is absorbed during fracture, and it could also be
seen as a confirmation of the higher mechanical properties. It should be noted,
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however, that the resolution of the scanning electron micrographs is too low to detect
any energy absorbing mechanisms during fracture at the nano-level. In fact, the

resolution is too low to detect any individual nanoparticles.

4.4 Mathematical modelling

The experimentally measured tensile modulus of elasticity for both types of alumina
nanofillers was compared to mathematical models. The Young’s modulus in the
direction of the applied load was calculated. The necessary material parameters used as
input for the analyses are given in Section 2.1, and the results are displayed in (Figure
10). The experimental data points in the plots are taken from (Table 2) and (Table 3),
using the nominal values for the volume fractions.

Several models have been developed for describing the effective properties of
short-fibre composites, such as rule of mixtures models and the Halpin-Tsai models
[26]. Some of these models can also be applied to nanocomposites, which is the case for
the rule of mixtures model by Fidelius et al. [27]. For some of the above mentioned
models, the fibres are assumed to be aligned, whereas others take into account a random
distribution of the fibre-like inclusions [28].

The Mori-Tanaka method [29] is another well known approach, which is
applicable for describing composites with inclusions of ellipsoidal shape. Models that
apply the Mori-Tanaka method to both aligned and randomly oriented inclusions of
different shapes have been developed, and analytical expressions for the elastic modulus
of aligned and randomly oriented ellipsoidal particles of certain shapes have been
derived [30-33]. A general derivation of the Mori-Tanaka model, including all
ellipsoidal shapes, and both aligned and randomly oriented inclusions, has been
presented by Fisher and Brinson [34]. In this paper, the model results for the randomly

oriented fibre-like inclusions are based on this latter approach alone.
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The Mori-Tanaka model for spherical alumina particles is shown in (Figure
10(a)). For the spherical particles the aspect ratio equals one, but curves have also been
plotted for particles with a shape that deviates slightly from the spherical, that is, a
prolate shape with an aspect ratio of 2, and an oblate shape with an aspect ratio of 0.5.
Particle alignment is assumed so that one is able to use the same model as for spherical
particles, without the introduction of additional calculations for randomization. The
prolate and oblate shapes describe, in some sense, the stiffness for two “extreme”
orientations of the particles, compared to a random distribution. The curves may thus be
seen as upper and lower boundaries of the Young’s modulus in this case. As can be
seen, the agreement is very good for the model and the curve for spherical particles
employing the bath sonication (“NT-50nm-bath”), despite the observation of significant
agglomeration in these composites. On the other hand, the composite where the
particles were dispersed using the horn (“NT-50nm-horn’), obtaining better dispersion
of the particles, deviates significantly especially for low concentrations of alumina,
giving a much higher modulus than what is indicated by the modelling. The Mori-
Tanaka models employed here assume that the particles are fully dispersed. These
observations suggest that the correlation between the experimental results and the
models needs to be further investigated.

The model results for the alumina whiskers (i.e. fibre-like inclusions) are shown
in (Figure 10(b)). The aspect ratio of the whiskers is in this case set to 100. In addition,
a curve for the randomly oriented fibre needles (aspect ratio — o0 ) has been included.
As can been seen from the plot, the models agree well with the experimental results at
0.035 vol%. However, all the models underestimate the stiffness of composites at lower
concentrations, and they all, except for the Weng-Sun model, overestimate the stiffness

at higher concentrations. This behaviour may be related to the varying degree of
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dispersed and agglomerated alumina in the composites, which is a factor that should be

taken into account in future modelling.

4.5 Discussion

Both tensile testing and DMA measurements confirmed that the mechanical properties
of an epoxy polymer can be improved by adding alumina nanofillers of different shapes.
For comparison, in the study by Brown and Ellyin [10;11] both finely dispersed
nanoalumina and agglomerated clumps of different sizes were observed after dispersion
by sonication. Nevertheless, the material properties were improved upon reinforcement
of epoxy with alumina. In another study by Gilbert ef al. [35], spherical 50 nm particles
and whiskers with a diameter of 2-4 nm were added to epoxy based adhesives. These
alumina fillers may be very similar, or identical, to the alumina fillers used in the
present study. Little detail is given about the dispersion method used, except that the
alumina and curing agent were mixed under high shear. This may not be sufficient to
give well dispersed individual particles and whiskers, but the authors still found that the
addition of alumina could improve the peel and shear strength of the adhesive. In the
present study, the tensile modulus of the specimen “NT-whiskers-bath” containing as
little as 0.1 wt% whiskers, which corresponds to 0.035 vol%, increased the tensile
modulus from 3120 MPa to 3310 MPa. There could be several explanations for this
observation. SEM indicated that the composite contained a relatively low concentration
of agglomerates, owing to the low concentration of alumina. Even if these agglomerates
are acting as rigid particles, the high increase is not expected. In comparison, a simple
rule of mixtures analysis [26] anticipates a tensile modulus of 3250 MPa. Neither did
the numerical modelling in Section 4.4 anticipate this high increase.

On the other hand, a higher degree of dispersion of the alumina, resulting in the
formation of more dispersed individual whiskers, could result in a positive effect.
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Several of the techniques used in this study, including optical microscopy and DCS
particle size characterisations of dispersions, as well as SEM of fracture surfaces,
indicated that horn sonication results in a higher degree of dispersion, or at least smaller
agglomerates, compared to bath sonication. Unexpectedly then, the sonication using the
horn gave a lower value for the tensile modulus at 0.1 wt% whiskers (“NT-whiskers-
horn™). The energy input using the horn is higher, and a higher degree of dispersion is
then expected. One possible negative effect of the higher energy input that this result
may highlight, is that a shortening of the whiskers due to breaking may occur during the
high-shear sonication process. This lowers the aspect ratio of the whiskers, making
them less efficient in stiffening the epoxy polymer. There is no experimental evidence
for any of these explanations, and so, without further investigation there is an
uncertainty associated with them.

Some sedimentation of large agglomerates was observed during the preparation
of the nanocomposite test specimens, as described in Section 3.1. These sediments were
not included in the test specimens, and the alumina content in the specimens may
therefore deviate somewhat from the nominal content of alumina. Attempts were made
to determine the alumina content using thermogravimetric analyses, but the
concentration is so low that accurate measurements could not be performed. However,
elemental analyses of the test specimens have indicated that up to one third of the
alumina may have sedimented in some cases. The actual fraction of alumina may
therefore be lower than the nominal values presented in (Table 2) and (Table 3).

The presence of agglomerates in the nanocomposites shows that the power input
during the sonication of the alumina/anhydride dispersions in this study was not
sufficient to completely break up the agglomerates shown in (Figure 2). However,

although agglomerates were observed after both dispersion methods, the horn sonicator
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was much more efficient in breaking up the agglomerates. The relative amounts of
dispersed and agglomerated whiskers in the composites have not been quantified, but
the result was nevertheless an increase in stiffness even when agglomerates were
present.

A high degree of dispersion of the nanoparticles is usually considered important
to obtain improved material properties of the nanocomposites. In the case that a high
degree of dispersion is obtained during the sonication, the effect of this may be partly
reversed by re-agglomeration. Re-agglomeration of individual dispersed nanoparticles,
in this case alumina, may take place, particularly since no surfactant was used to
stabilise the individual alumina particles in the anhydride dispersions. It has been shown
that the use of surfactants, at least in some solvents, is necessary to obtain stable
dispersions [36]. Re-agglomeration of the spherical 50 nm alumina particles was also
indicated by the differential sedimentation analysis of one alumina/anhydride
dispersion, see Section 3.2.

In the tensile testing in this study, positive effects on the strength and the
elongation at break of the nanocomposites reinforced with the surface-modified
spherical 50 nm alumina particles were observed. There are at least two possible
explanations for the better performance of the surface-modified particles. First,
organofunctional silanes are widely used as coupling agents to enhance the interfacial
properties of composite materials and adhesive joints. The improved interfacial
strength, and thus the improved particle/matrix adhesion, could enhance the
macroscopic mechanical properties, such as the tensile strength [1]. The mechanisms of
improvement of the interfacial properties between aluminium oxides (e.g. alumina) and
epoxy polymers when using the GPS silane are regarded as quite well understood [37].

The GPS silane has a hydrolysable group (-OCHj3) and an organofunctional group (an
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epoxy). The hydrolysable group can enable the formation of strong AI-O—Si bonds to
the alumina surface, and the epoxy group can react with the anhydride hardener used for
curing of the epoxy resin. Hence, the density of strong, covalently linked bonds between
the oxide and the epoxy polymer is increased. Second, prior to the surface treatment, the
particulate filler was pre-dispersed in toluene using the bath sonicator. Although the
solvent was subsequently removed and the filler dried, this may have resulted in more
loosely bound agglomerates. The pre-dispersion may then have led to a higher degree of
dispersion in the epoxy polymer. The different state of the non-modified and surface-
modified fillers in the alumina/anhydride dispersions directly after mixing and after
sonication can be observed in (Figure 4). The agglomerates in the surface-modified
filler are not present after sonication, and as a whole, fewer agglomerates are observed

compared to the non-modified particulate filler.

5 Conclusions

Nanosized alumina fillers in the shape of fibre-like whiskers and spherical 50 nm
particles were added to an epoxy polymer. The alumina fillers were initially in a high
agglomerated state, and two different sonication methods were used for dispersion in
the anhydride hardener of the epoxy polymer. The agglomerates of the spherical 50 nm
particles were less rigid, and it was shown from particle size analysis that they could be
dispersed to form individual particles. Horn sonication gave the highest specific energy
input to the alumina/anhydride dispersions, resulting in a higher degree of dispersion.
Therefore, fewer agglomerates were observed in some of the nanocomposites prepared
by horn sonication, compared to those prepared by bath sonication.

Mechanical testing revealed that the stiffness, or the modulus, of the epoxy
polymer was improved when alumina was added, even at very low concentrations of
alumina. This effect was observed also when agglomerates of the alumina were present
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in the nanocomposites. Generally, the whiskers seemed to improve the modulus more
than the 50 nm particles, although a high stiffness could be obtained when dispersing
the particles using the horn. For low concentrations of alumina, the experimental results
in some cases agreed quite well with mathematical models.

The strength and the elongation at break of the nanocomposites were typically
reduced or maintained at the same level as the neat epoxy polymer. However, the
addition of surface-modified alumina particles had a positive effect compared to adding
non-treated particles. Possible reasons for this are improved interfacial strength and/or
better dispersion of the particles after the surface treatment.

Thermal analysis showed that there was not a significant difference in the glass

transition temperature between the neat epoxy polymer and the nanocomposites.
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Table 1. A list of the different types of nanocomposites.

Specimen denotation Type of nano-filler Method of Surface
sonication treatment
Epoxy n/a n/a n/a
NT-whiskers-bath Whiskers Bath No
NT-whiskers-horn Whiskers Horn No
NT-50nm-bath Spherical particles Bath No
NT-50nm-horn Spherical particles Horn No
GPS-50nm-bath Spherical particles Bath Yes
GPS-50nm-horn Spherical particles Horn Yes

Dette er en postprint-versjon/This is a postprint version.
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Table 2. Results from the tensile testing of the nanocomposites where the alumina fillers
were dispersed using the bath sonicator.

Type of Content of Tensile Tensile Tensile
reinforcement alumina modulus, E  strength, Gx  strain, €max
(wt%)  (vol%) (MPa) (MPa) (%)

Epoxy n/a n/a 3120+ 110 89+ 11 7.4+0.9

NT-whiskers 0.1 0.035 3310 + 140 90 + 1 58+0.2
1.0 0.350 3360+ 110 89+1 51+0.2
3.0 1.060 3450+ 170 80+ 7 3.6+£0.8
5.0 1.730 3540 + 130 81+3 34+0.3

NT-50nm 1.0 0.350 3150+ 100 79+ 3 3.5+£0.3
4.0 1.385 3220+ 130 76 +£2 3.1+£0.2

GPS-50nm 3.0 1.060 3290 + 130 88+ 11 5.8+0.8
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Table 3. Results from the tensile testing of the nanocomposites where the alumina fillers
were dispersed using the horn sonicator.

Type of Content of Tensile Tensile Tensile
reinforcement alumina modulus, E  strength, o, strain, €pax
(wt%)  (vol%) (MPa) (MPa) (%)

Epoxy n/a n/a 3120+ 110 89+ 11 7.4+0.9

NT-whiskers 0.1 0.035 3210+ 190 90+3 49+1.1
1.0 0.345 3390+ 120 79+ 3 33+£0.3
29 1.025 3360 + 140 84+ 6 3.6 0.6

NT-50nm 1.0 0.345 3400 + 190 88+ 8 45+1.1
29 1.025 3240+ 70 85+ 6 4.0+1.0

GPS-50nm 1.0 0.345 3130 £ 60 93+1 5.6+0.7

30

Dette er en postprint-versjon/This is a postprint version.
DOl til publisert versjon/DOI to published version: 10.1080/15685543.2013.815603



Preparation and characterisation of epoxy/alumina polymer nanocomposites

FIGURE CAPTIONS

Figure 1. The cylindrical shaped test specimen used for tensile testing of the neat epoxy

polymer and the nanocomposites.

Figure 2. Scanning electron micrographs of the as-received agglomerated alumina
nanofillers: (a-b) Fibre-like whiskers, (c-d) spherical 50 nm particles, and (e) surface-

modified spherical 50 nm particles.

Figure 3. Example of alumina/anhydride dispersions used to prepare the
nanocomposites. (a) Dispersion containing 6.0 wt% spherical 50 nm particles 30 min

after mixing, and (d) the same dispersion 30 min after bath sonication.

Figure 4. Microscopy of the alumina/anhydride dispersions similar to those used to
prepare the nanocomposites after mixing, after bath sonication, and after horn
sonication, respectively: (a-c) 6.0 wt% whiskers, (d-f) 6.0 wt% spherical particles, and

(g-1) 3.0 wt% surface-modified spherical particles. The width of each image is 1.25 mm.

Figure 5. Particle size distributions of spherical alumina particles with different
dispersion procedures. The specific sonication energy input is given in brackets. A 0.1
wt% suspension in MIBK is depicted after (1) 10 min bath sonication [0.08 kJ/g], (2) 1
hour bath sonication [0.5 kJ/g], and (3) 1 hour bath sonication plus an additional 10 min
horn sonication at 20% amplitude [3.7 kJ/g]. (4) A 2.0 wt% alumina/anhydride

dispersion after 1 hour horn sonication at 20% amplitude [3.7 kJ/g].
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Figure 6. Mechanical properties of the nanocomposites: (a) Tensile modulus, E, and (b)

tensile strength, Gpax.

Figure 7. Scanning electron micrographs of the neat epoxy fracture surface after tensile

testing.

Figure 8. Scanning electron micrographs of nanocomposite fracture surfaces after

tensile testing.

Figure 9. Dynamic mechanical analysis of selected nanocomposites: (a) Storage

modulus, E’, and (b) loss modulus, E”’.

Figure 10. Modelling of the nanocomposites: (a) Results for the spherical 50 nm

particles, and (b) results for the fibre-like whiskers.
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FIGURES

Figure 1. The cylindrical shaped test specimen used for tensile testing of the neat epoxy

polymer and the nanocomposites.
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Figure 2. Scanning electron micrographs of the as-received agglomerated alumina
nanofillers: (a-b) Fibre-like whiskers, (c-d) spherical 50 nm particles, and (e) surface-

modified spherical 50 nm particles.
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(b)

Figure 3. Example of alumina/anhydride dispersions used to prepare the
nanocomposites. (a) Dispersion containing 6.0 wt% spherical 50 nm particles 30 min

after mixing, and (d) the same dispersion 30 min after bath sonication.
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Figure 4. Microscopy of the alumina/anhydride dispersions similar to those used to
prepare the nanocomposites after mixing, after bath sonication, and after horn
sonication, respectively: (a-c) 6.0 wt% whiskers, (d-f) 6.0 wt% spherical particles, and

(g-1) 3.0 wt% surface-modified spherical particles. The width of each image is 1.25 mm.
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Figure 5. Particle size distributions of spherical alumina particles with different
dispersion procedures. The specific sonication energy input is given in brackets. A 0.1
wt% suspension in MIBK is depicted after (1) 10 min bath sonication [0.08 kJ/g], (2) 1
hour bath sonication [0.5 kJ/g], and (3) 1 hour bath sonication plus an additional 10 min
horn sonication at 20% amplitude [3.7 kJ/g]. (4) A 2.00 wt% alumina/anhydride
dispersion after 1 hour horn sonication at 20% amplitude [3.7 kJ/g].
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Figure 6. Mechanical properties of the nanocomposites: (a) Tensile modulus, E, and (b)

tensile strength, Gpax.
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Figure 7. Scanning electron micrographs of the neat epoxy fracture surface after tensile

testing.
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Figure 8. Scanning electron micrographs of nanocomposite fracture surfaces after

tensile testing.
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Figure 9. Dynamic mechanical analysis of selected nanocomposites: (a) Storage

modulus, E’, and (b) loss modulus, E’.
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Figure 10. Modelling of the nanocomposites: (a) Results for the spherical 50 nm
particles, and (b) results for the fibre-like whiskers.
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