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Strain-rate-dependent mechanical properties and impact performance of manufactured epoxy-based nanocom-
posites are investigated. As reinforcements, fumed silica (FS) and halloysite nanotube (HNT) are used alongside
Albipox 1000 and Nanopox F700. First, the internal structures of the composites are visualised using scanning
electron microscopy (SEM). To identify the strain-rate-dependent mechanical properties, three-point bend tests
are conducted at three different strain rate levels. For the impact resistance, Charpy impact tests are performed.

For further investigations of the mechanical properties of the composites, mean-field homogenisation (MFH)
and finite element (FE) analyses on the representative volume elements (RVE) are performed for each type
of composite material. Overall, the modelling and experiments are in good agreement and account for the
mechanical behaviour of these epoxy-based nanocomposites.

1. Introduction

Nonlinearity can arise in homogeneous materials and nonhomoge-
neous materials like composites, particularly when subjected to large
deformations [1]. One way of categorising the materials in engineering
is based on how they are deformed when loaded. The deformation is
expressed as a function of load, which directly makes the distinction of
the materials being linear or nonlinear. Thus, if the stiffness of the ma-
terial is constant, then the material characteristics are linear, whereas
if the stiffness varies for the different stages of deformation and the de-
formation rates, then the material has a nonlinear manner [2]. In many
cases with polymers, a linear relation does not accurately represent the
behaviour of such material. For example, the nonlinear deformation of
polymers can be affected by the presence of reinforcement [3].

The nonlinearities based on material characteristics can be ex-
pressed mathematically within the constitutive equation of the materi-
als [4,5]. Thus, there are different material models in the literature that
have been used by researchers over the decades. Material models differ
by functions used in the constitutive equations. These functions are
generally based on experimental results of material characterisation fo-
cusing on mechanical behaviour under various loading conditions [6].
Since polymers are usually more compliant materials with more damp-
ing capacity than other engineering materials such as metals and
ceramics, a different material model is required to represent their
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behaviour. The material modelling method, which includes the damp-
ing and/or strain-rate-dependent behaviour, is called viscoelasticity
which describes the material behaviour as a combination of viscous
and elastic. Due to the viscous behaviour, this modelling method adds
damping and the strain-rate-dependency to the material characteris-
tics [7-9]. This damping/strain-rate-dependence can be represented in
various forms such as linear viscoelasticity, nonlinear viscoelasticity
and fractional derivatives.

Polymer-based composites are known to have complicated charac-
teristics, especially those with nanoreinforcements [10-14]. The major
difference between conventional composites and nanocomposites is
caused by the great surface area/volume ratio of the nanoreinforce-
ments, which leads to larger interphase regions that tend to have a
nonlinear characteristic [15-17]. The resultant behaviour can be even
more complicated in the presence of multiple nanoreinforcements [18-
21]. Halloysite nanotubes (HNT), carbon nanotubes (CNT), fumed silica
(FS), silica, and rubber nanoparticles are among the most common
particles for the fabrication of nanocomposites [3,22-26]. Experiments
are preferred to be able to characterise the behaviour of composites,
and when performed are often found to be more reliable [27]. There are
several methods to experimentally characterise the nonlinear dynamic
behaviour. Kliem et al. use a vibration test setup to explore the dynam-
ics of a cylindrical composite structure [28]. Xu and Gupta use dynamic
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mechanical analysis (DMA) and they develop a method to extract the
storage modulus for various strain rates and temperatures [29]. Xu
et al. again use DMA to characterise the elastic behaviour of nanocom-
posites at a range of strain rates and temperatures [30]. Esmaeeli et al.
propose a new setup to measure the mechanical properties at high
frequencies [31]. Pierro and Carbone also design a vibrational test
setup using an impact hammer to extract the mechanical properties,
which are then compared with the results obtained from DMA [32].

There are studies that use the data acquired from the virtual ex-
periments performed using their material models [33]. However, the
mechanisms that control and shape that complicated mechanical be-
haviour are often difficult to interpret. It is thought that the internal
structure of the material is among the most important parameters that
control the mechanics of such composites. Several theories, such as
molecular dynamics and nonlocal continuum theory, explore the me-
chanics on small scales [4,17,34-36]. Therefore, multiscale modelling
approaches are developed to investigate the small-scale structures’
effective mechanics, such as nanocomposites [33,37]. Mori-Tanaka
mean-field homogenisation (MFH) is among the most common and
convenient methods of multiscale modelling [38]. It is proven to work
well with particulate reinforced nanocomposites [6,39]. The finite
element method (FEM) is another numerical modelling approach that
can be used to perform multiscale analyses on nanocomposites. The
stress analysis is conducted by generating representative volumetric
elements (RVE) of the nanocomposites and applying periodic boundary
conditions (PBC) to the generated elements, and then the effective
mechanical properties of the materials can be computed [40-44]. Com-
pared to Mori-Tanaka or any other MFH methods, the FE model usually
produces more accurate results. However, its computational cost is also
greater [45,46].

This study conducts detailed investigations of strain-rate-dependent
mechanics and impact resistance of nanocomposites. Epoxy-based
nanocomposites are manufactured with four different reinforcements,
FS, HNT, silica (Nanopox F700) and rubber (Albipox 1000), as well
as the control samples made of unreinforced epoxy. To explore the
synergistic behaviour of the reinforcements, FS and HNT are also com-
bined together in equal masses. Silica and rubber are put together for
the same purpose. To minimise the effects of manufacturing processes
on the mechanics of the nanocomposites, a consistent manufacturing
process is designed and employed for all sorts of materials. To ensure
that there are no substantial irregularities in the material, scanning
electron microscopy (SEM) is used to view the interior structure of the
manufactured materials. Afterwards, strain-rate-dependent mechanical
properties are experimentally characterised with three-point bend tests
at three different strain rates. Charpy impact tests are conducted to
explore the impact resistance. To be able to interpret the results of
the experimental procedures further, numerical simulations (Mori-
Tanaka MFH and FE) are developed to characterise the mechanics of
the composites prepared. These numerical simulations (Mori-Tanaka
MFH and FE) both analyse RVEs with appropriately shaped inclusions.
Thus, the main contribution of this study is to observe experimentally
the effects of the mentioned nanoreinforcements on the epoxy-based
composites. Furthermore, the mechanisms that change the mechanical
properties of the composites are revealed through numerical analysis.

2. Material preparation and experimentation

To conduct this part of the study, epoxy and epoxy-based composite
samples are manufactured. A scanning electron microscope (SEM) is
used to examine the interior structures of these manufactured compos-
ite samples, which primarily determine the mechanical characteristics
of those materials. The composites are also put through three-point
bend tests at different deformation speeds to characterise the strain-
rate-dependence of their mechanical properties. Finally, Charpy impact
tests are performed to get an understanding of how ductility is af-
fected by the reinforcements. In this section, manufacturing and testing
procedures are described in detail.
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Table 1
Composition in mass of material depending on the nanoparticle reinforcements (mass
is measured in g.).

Mass fractions (m,) Matrix mass [g] Reinforcement mass [g]

Epoxy resin  Hardener  FS HNT  FS and HNT
0.005 255.86 102.34 1.80 1.80 1.80
0.01 254.57 101.83 3.60 3.60 3.60
0.015 253.29 101.31 5.40 5.40 5.40
0.02 252.00 100.80 720 720 7.20

2.1. Material preparation and manufacturing process of the samples

In terms of material groups, first epoxy samples are manufactured
to be used as a benchmark to display the effects of the reinforcing
materials on the mechanics of the nanocomposites. Epoxy resin MGS@
L 285 by Hexion is chosen along with the hardener MGS@ 285 by
Hexion. Then, FS Aerosil 200 by Evonik, HNT by Nanografi and their
equal mass combinations are used to reinforce the epoxy matrix. For
this material group, the reinforcements are added to the resin by
0.5%, 1%, 1.5% and 2% in terms of mass fraction (m /-) as previously
researched in the literature [26,47,48]. In addition to those samples,
Albipox 1000, Nanopox F700 by Evonik, which contain m, = 40%
rubber and silica respectively, and their equal mass mixtures are added
to epoxy to manufacture these sets of composites. For this material
group, the reinforcements are mixed in the epoxy resin by 5%, 10%
and 15% (m f). Studies with similar mass fractions can also be found in
the literature [23,24]. So, nine more sample sets are prepared. In total,
22 sample sets are manufactured that would include the control (m, =
0%) sample. Weighing is done using a Mettler-Toledo Standard Level
Balances ME Precision Balances with a capacity of 5200 g and precision
between 0.001-0.01 g. In each material manufacturing increment, 360 g
of material is prepared.

2.1.1. Preparation of epoxy

The two components of the epoxy, the resin and the hardener are
brought together and mixed until the colour homogeneity is achieved.
The mixing is done slowly to avoid any air bubbles coming into
existence at room temperature in ambient conditions. The mixture is
then moulded and put into the vacuum chamber for 2 h. Afterwards,
the mould is left in ambient conditions for 24 h for curing. Finally, the
samples are put into the incubator at 60 °C for 15 h for the post-curing
process.

2.1.2. Preparation of FS and HNT reinforced epoxy

Before starting the manufacturing process, the nanoparticles,
namely FS and HNT, are put into an incubator and kept there for at
least 8 h to ensure the minimisation of harboured humidity between
the particles. The FS particles have an average diameter of 12 nm,
and the HNT particles have diameters between 30-70 nm and lengths
between 1-3 pm. The particles are blended into the resin component
of the epoxy by using an electromagnetic mixer at 50 °C and 100 rpm
for at least 2 h. An ultrasonic homogeniser is used to ensure a better
distribution of particles and avoid agglomeration. During this process,
the temperature of the mixture is controlled to prevent any chemical
reactions that may be caused by excessive heating, which may strongly
affect the mechanical properties of the epoxy resin. After, the mixture
is degassed in the vacuum chamber for at least one hour. Following
degassing, the hardener is mixed into the mixture slowly until colour
homogenisation is achieved while trying to minimise the development
of air bubbles. Then, the final moulded mixture is moulded and put
into the vacuum chamber for two hours. Then, the same curing and
post-curing processes are followed as done for the epoxy samples to
achieve a consistent resin formation.

The mass composition of the composite described is presented in
Table 1.
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Table 2
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Composition in mass of material depending on the reinforcements provided by Evonik (mass is measured in g.).

Mass fractions (m f) Matrix mass [g]

Reinforcement mass [g]

Epoxy resin Hardener Albipox 1000 Nanopox F700 Albipox 1000 and Nanopox 1000
0.05 217.29 97.71 45.00 45.00 45.00
0.1 177.43 92.57 90.00 90.00 90.00
0.15 137.57 87.43 135.00 135.00 135.00

Fig. 1. Some of the manufactured samples.

2.1.3. Preparation of Albipox 1000 and Nanopox F700 mixed epoxy

It is simpler to manufacture this group of nanocomposite materials
compared to the previously explained nanocomposite materials since
the ultrasound homogeniser is not needed in this process. In the final
state of the composite, it is expected that the silica particles in Nanopox
F700 would have an average diameter of 20 nm and a maximum di-
ameter of 50 nm. The rubber particles (Albipox 1000) have equivalent
diameters between 0.5 and 1 pm. Albipox 1000 and/or Nanopox F700
are directly mixed mechanically into the resin component of the epoxy
in the desired amounts. The mixing procedure is performed at 100 rpm
and 50 °C for at least 4 h. This is with the same degassing, mixing
of hardener, moulding, curing and post-curing processes followed to
finalise the manufacturing of those samples.

The compositions of the manufactured composites are given in
Table 2.

Some of the manufactured samples are shown in Fig. 1.

2.2. Scanning Electron Microscopy (SEM)

The internal structure of the composites strongly affects the mechan-
ical properties of materials. Therefore, at least a basic understanding of
the internal structure, which can be gained by SEM, is essential to be
able to comment on the mechanical performance of materials. For this
exact purpose, the internal structure of the manufactured composites
is visualised using an SEM (FEI, Quanta Feg 250). In order to conduct
visualisation of material morphology using SEM, the material surfaces
are first coated with gold/palladium (Au-Pd) to ensure conductivity.
The images are acquired at 20 kV potential difference.

2.3. Three-point bend tests

Considering polymers usually display complicated mechanical char-
acteristics, which can be affected by numerous parameters, a simplistic
yet accurate material model needs to be employed to predict their me-
chanical behaviour without creating computational difficulties. Strain
rate is one of the dominant factors that form the models to be built on
polymers. Therefore, in this study, the material behaviour is expected
to be nonlinear. To understand the strain-rate-dependent mechanics of
the manufactured composite materials, which are expected to have a
nonlinear material behaviour, the material samples are put through
three-point bend tests at three different strain rates, from a strain rate
of 0.01 min~' (sometimes referred to as quasi-static) up to 0.1 min~!
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Fig. 2. Three-point bend test setup and sample (Dimensions in mm).

|Suppor1

12.7

10.16

Fig. 3. Charpy impact test setup and sample (Dimensions in mm).

Fig. 4. A section view of a generated RVE with spherical and ellipsoidal inclusions.

with equal increments based on the standard ASTM D7264 using the
equipment Shimadzu AG-IS 50 kN which is displayed in Fig. 2 [49].
The strain rate range chosen is based on equipment capability, as
well as consideration of previous research at similar strain rates, so
the experimental data are comparable [30,50]. Thus, the effects of
reinforcements on the nonlinear material behaviour are explored.
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(b) Higher magnification.

Fig. 5. SEM images of an unreinforced epoxy sample showing homogeneous structure.

2.4. Charpy impact tests

Following the characterisation of strain-rate-dependent mechanical
properties of the nanocomposites, Charpy impact tests are conducted
to compare the fracture energies of specimens with different types and
amounts of reinforcements. The effect of reinforcements on ductility
is explored. Five samples from each of the 22 material groups are
used to gather the necessary data from this test. The tests are per-
formed with the setup shown in Fig. 3 as described by the standard
ASTM-D6110 [51].

3. Material simulations

Theoretical modelling is also conducted using MFH and FE meth-
ods to investigate the mechanics of the prepared composites. The
MFH is employed to predict the effective mechanical properties of the
composites and their individual components, whereas FE method is
used to predict the micromechanical behaviour as well as mechanical
properties at the macro-level.

3.1. Mean-field homogenisation with Mori-Tanaka method

As one of the most common, computationally convenient and ac-
curate methods to predict the mechanical behaviour of the compos-
ites, Mori-Tanaka MFH method is employed within the scope of this
study. To predict the effective mechanical properties of the reinforcing
particles and as a result, the manufactured composites, Mori-Tanaka
homogenisation is performed [38]. The elastic moduli of the particles
are iterated until the error between the experimental and numerical
approaches is minimised. The epoxy matrix and all the inclusions are
taken as linear elastic. The interfaces between the matrix and the
particles are modelled using the rigid bonding approach for the sake
of simplicity. Furthermore, except for HNT, which is taken into the
calculations as ellipsoids, the rest of the inclusions are presumed as
spheres. The dimensions for the specific inclusions can also be found
in the corresponding datasheets as well as the literature [3,24]. Thus,
a basis is built for a more detailed numerical investigation of the
mechanics of the nanocomposites with the FE method.

3.2. Finite element analysis with representative volume elements

Inheriting the assumptions as well as the knowledge from the com-
putationally faster method, Mori-Tanaka MFH, the FE models of the
nanocomposites are built using RVEs with PBC under uniaxial tensile
strain of 0.01 imposed on one surface. These RVEs are subjected to uni-
axial tension so that the stresses in small-scale as well as the effective
mechanical properties could be calculated. As the first step, a FE model

of an RVE with randomly sized and positioned reinforcement particles
is prepared. The random positions and orientations of the nanoparticles
are arranged so that none of the particles intersects with each other, or
the boundaries of the RVE [52-55]. This approach can be valid as long
as the RVE parameter is chosen appropriately and the reinforcement
volume fraction must not be too high, so a tight packing is not necessary
and does not occur. Therefore, the RVE is constructed as a cube with a
side length at least five times the largest particle dimension so that the
RVE converges to the actual material behaviour [56,57]. Alongside the
careful selection of safe RVE parameters, the analyses are conducted for
each material set five times to ensure reliable and repeatable results.
Fig. 4 shows a section view sample of an RVE generated for this study.

4. Results and discussions
4.1. Material testing and experimentation

4.1.1. Scanning Electron Microscopy (SEM)

The images acquired with higher and lower magnifications for each
main reinforcement type are presented and interpreted starting from
unreinforced epoxy, which is used as a reference for evaluating the
mechanical properties of the nanocomposites. The SEM images of the
surface of an unreinforced epoxy sample is given in Fig. 5. The images
obtained with the lower magnification (Fig. 5(a)) and by magnifying
the epoxy material by 10 000 times (Fig. 5(b)) reveal that formations
such as voids and other features are not observed on the surface and
the surface is macroscopically smooth. Thus, the hindering effects of
cracks, voids or any similar sort of inhomogeneities are not expected
in the results of the mechanical tests.

Based on the images shown in Fig. 6 acquired from the sample
reinforced with FS, it can be seen that the surface is smooth and has
a homogeneous structure and no undesirable material flaws, inhomo-
geneities, or cavities are visible. The image with lower magnification
shows a larger area, however cannot display any reinforcements. Mean-
while in Fig. 6(b), the FS particles are visible as white dots, which
appear to have an average size of just above 10 nm. Clustering is also
not observed, and the reinforcing particles display a relatively evenly
spaced dispersion. These findings suggest that the variations in the
mechanical performance of the composite will be strongly correlated
to the presence of the reinforcing particles.

The SEM images of an HNT reinforced epoxy composite are pre-
sented in Fig. 7. Fig. 7(a) shows a smooth surface and a homogeneous
structure. The HNT particles are visible as faint lines and dots only in
Fig. 7(b). Compared to the sample with FS, the composite containing
HNT displays a lesser homogeneous structure. On the positive side,
neither agglomeration nor major cavities or any sort of defects are
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(a) Lower magnification.
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Fig. 6. SEM images of an epoxy sample reinforced with FS (seen as dots with diameter of approximately 10 — 15 nm).
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(b) Higher magnification.

Fig. 7. SEM images of an epoxy sample reinforced with HNT (visible as dots and lines with diameter of approximately 30 — 70 nm and length of approximately 1—3 pm.

visible, which strengthens the argument that the particles control the
change of mechanics of the composite compared to unreinforced epoxy.

In Fig. 8, the SEM images of epoxy with rubber addition are dis-
played. Fig. 8(a) displays a relatively smooth surface over the larger
scale. The formation of rubber is visible in Fig. 8(b) as grey sectors
with a size below 1 pm and the surface have superficial irregularities,
whereas again, no major material defects such as clustering, cavities
or cracks. Thus, one can expect no significant hindrance to mechanical
properties due to material flaws caused by the manufacturing processes.

The last SEM images are gathered from the epoxy-based composite
reinforced with silica and is given in Fig. 9. While Fig. 9(a) displays a
larger portion of the surface and clarifies that the structure is homoge-
neous and the surface is smooth, the silica particles are seen as grey and
white dots of the size 20 nm in Fig. 9(b). The surface appears to be rel-
atively smooth and homogeneous without any notable material defects.
Besides, it is clearly seen that the silica nanoparticle reinforcements
have almost a uniform distribution. This substantiates the idea that
the manufacturing of the composite is overall successful with respect
to uniform mixing. The mechanical performance is predicted not to

be impacted by non-uniform distributions of the reinforcement in the
matrix.

Finally, the SEM results suggest that the composites are overall
manufactured without significant irregularities visible in their mor-
phologies. Thus, comparing their mechanical behaviours based on the
reinforcements becomes a valid approach.

4.1.2. Three-point bend tests

The results of the three-point bend tests aim to characterise the
rate-dependent mechanics of the manufactured epoxy-based composites
and are presented in this section. Figs. 10-15 exhibit the stress—strain
plots of the unreinforced epoxy and the composites for the three
strain rates, (0.01 min~!, 0.05 min~' and 0.1 min~'). The curves of
unreinforced epoxy given in Fig. 10(a) suggest that the unreinforced
epoxy acts stiffer and becomes more brittle, which leads to failure at a
lower deformation particularly at higher strain rates. Furthermore, the
strength is also found to be greater at higher deformation rates.

The data in Fig. 10 suggests that both tensile strength and Young’s
modulus rise with increasing mass fraction of FS reinforcement, as well
as with increasing strain rate, particularly at the highest mass fraction.
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Fig. 8. EM images of an epoxy sample reinforced with rubber (seen as regions with lighter colour with diameter of approximately 0.5 —1 pm).
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(a) Lower magnification.

(b) Higher magnification.

Fig. 9. SEM images of an epoxy sample reinforced with silica (visible as dots diameter of approximately 20 — 30 nm).

It is also important to note that the elongation at break also increases
with more FS particles present. The material is observed to behave in
a more brittle way with an increasing strain rate.

The stress-strain curves of epoxy nanocomposites reinforced with
HNT are presented in Fig. 11. The tensile strength and rigidity increase
with the mass fraction of HNT. A similar trend is also noticed at
higher rate deformations. The change in these parameters is more
marked than for nanocomposites reinforced with FS. On the other
hand, the elongation at break values drop with increasing strain rates.
Meanwhile, the addition of HNT influences the elongation at break
in a more complicated way. The elongation at break peaks when the
composite includes m, = 0.5% HNT and then drops slightly when more
HNT is added. The elongation at break hits the minimum under the
greatest strain rate and in the absence of HNT. Therefore, it appears as
if the behaviour is controlled by HNT at lower mass fractions whereas
with increasing amount of reinforcements, FS takes over dominance of
the behaviour regarding elongation at break.

Aiming to further investigate the synergistic effects of FS and HNT
inclusions together, Fig. 12 is presented, which shows the stress—strain
graphs of the epoxy-based nanocomposites that are reinforced with FS
and HNT inclusions in equal masses and put through the experimental
procedure with different strain rates. Based on the data, the composite
is found to be stronger and stiffer with the growing amount of rein-
forcement along with rising strain rates. The findings reveal that the
elongation at break falls with the pace of strain speeding up. These
magnitudes of growth in both strength and stiffness are found mostly
in between the results of the composite reinforced with FS and the one
with HNT. While all these describe monotonic trends, the mass fraction

of reinforcement-elongation at break has a more complex relation.
Elongation at break reaches a local maxima at m, = 0.5% mass fraction
of the reinforcements, and then it drops at m, = 1.5% reinforcement
constant (RC) where it rises again. This behaviour can be understood by
referring to the previously explained composites, which are reinforced
with either FS or HNT. The peak at m, = 0.5% is a characteristic of
the composite reinforced with HNT, while the monotonically increasing
trend is the composite type reinforced with FS. Therefore, one can
claim that the behaviour is controlled by HNT at lower mass fractions
whereas with increasing amount of reinforcements, FS takes over the
domination of the behaviour regarding elongation at break.

The stress—strain results of three-point bend tests conducted on
samples made of epoxy reinforced with rubber (Albipox 1000) particles
are presented in Fig. 13. This material group differs significantly from
others due to the relative stiffness of the reinforcing phase. In all other
material groups, the reinforcing material is stiffer and stronger than the
matrix material. The first major difference is that the strength alongside
stiffness drop with increasing rubber particle content in the composite.
Secondly, both strength and stiffness build up with increasing strain
rates. Consequently, they reach the maximum values with unreinforced
epoxy under 0.05 min~!. Although the material becomes weaker and
more compliant with more rubber particles, the ductility is significantly
increased. As a result, elongation at break peaks at the most rubber
content under 0.01 min~' loading. The elongation at break values are
above 0.10, which is greater compared to the composites reinforced
with FS, which also display increasing ductility. It must be noted that
the amounts of reinforcements used in this group of composites are
significantly more than the mass of reinforcements used in composites
with FS.
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Fig. 10. Stress-strain curves of FS reinforced epoxy.

The stress-strain data of the next group of epoxy-based composites
with a different type of nano-silica is given in Fig. 14. The general
tendency is that the material stiffens and the ultimate flexural stress
increases with rising deformation speeds and reinforcement presence
which is similar to the behaviour observed in material groups rein-
forced with FS. The only difference to be noted is a slight drop in
stiffness at m, = 5% silica reinforcement. Also, the fall of the elongation
at break values with increasing strain rates exhibit similar behaviour
to the composites with FS. However, moving onto the elongation at
break, it becomes clear that a similar trend to the FS reinforced epoxy
is no longer evident. The values of elongation at break hits its minimum
when the reinforcement is at m, = 5% and then climbs up at m, = 10%
RC and then falls again at m, = 15% silica content.

The final set of materials, epoxy reinforced with rubber and silica
(Albipox 1000 and Nanopox F700) is shown in Fig. 15. These are the
stress-strain curves obtained from the three-point bend experiments.
As the rest of the material groups, this one also displays the same be-
haviour with increasing strain rate. Specifically, the material’s strength
and stiffness values rise, whereas the elongation at break falls with
faster deformations. However, the addition of reinforcements influences
material behaviour in a more complicated manner. The stiffness de-
clines and hits its minimum at m, = 5% reinforcement and under
0.01 min~! loading. Adding more reinforcements to the composite, the
stiffness starts to ascend slightly, though, the flexural strength shows

an entirely different characteristic. It peaks under 0.1 min~! and decays
with lowering strain rates. However, the RC does not significantly affect
the materials’ strength. Meanwhile, elongation at break has its peak
where the loading is 0.01 min~!, and the reinforcement mass fraction
is m; = 10%. This complex behaviour of the three mechanical proper-
ties can be explained by the synergistic effect of the two reinforcing
particles having opposite characteristics and effects. For instance, the
stiffness drops at lower reinforcement masses with increasing particle
content. This is parallel to what is observed in composites with Albipox
1000. Later, with more particles in the material, Young’s modulus starts
to recover after reaching the trough, suggesting that the silica influence
overcomes rubber dominance. A similar explanation can be given for
the trends in elongation at break. The elongation at break values of
composite mixed with Nanopox F700 reach a maximum at m, = 10% RC
in terms of mass which is followed by a fall with increasing reinforcing
particles. Whilst the composite that consists of Albipox 1000 exhibit
a monotonically increasing trend against the rubber content. Hence,
coming together, these two particles lead to the characteristic described
reaching its maximum at the RC of m, = 10%.

The results presented in this section so far are found to be in good
agreement to the previous research. The results in the literature also
suggest that the material behaves stiffer and the elongation at break
values drop with increasing strain rates [30,50]. Also, the changes of
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Fig. 11. Selected stress—strain curves of HNT reinforced epoxy.

the stiffnesses and the ductilities of the composites with the addition of
silica and HNT can be found [11,24,47].

Overall, the findings of the three-point bend tests with different
strain rates are found compatible with the literature. With more rigid
particles like silica and HNT, it is expected that the shear band yielding
and plastic void growth due to debonding of the particles are the pri-
mary toughening mechanisms [58-60]. In addition, stiffer and stronger
particles contribute to the effective stiffness of the material but due to
the debonding, the contribution of the particles to the strength of the
material remain limited. Whereas the presence of the rubber particles
lead to the activation of a different toughening mechanism due to better
interface bonding properties with the epoxy matrix and lower stiffness.
Cavitation initiates within the rubber particle and the interface debond-
ing is usually not observed [24,61]. Thus, plastic void growth initiating
in the particles is expected to be the dominant toughening mechanism
alongside the localised plastic shear bands. Apart from these, the effects
of the strain rate also shows good agreement to the literature. A decline
of ductility with rising strain rates is observed similar to the research
available in the literature [62].

Finally, the fracture surfaces of one sample from each material
group with different reinforcement types displaying opposite character-
istics in terms of ductility and stiffness are shown in Fig. 16. m; = 1%
HNT-reinforced (Fig. 16(a)) and m, = 10% rubber-added (Albipox
1000) Fig. 16(b) epoxy samples are selected since HNT increases the

stiffness and reduces the ductility and rubber has the opposite effect.
The images show that the fracture surface of the brittle material (HNT-
reinforced epoxy) is brighter and more reflective and the cross-section
is less deformed/warped than the ductile material which is a conse-
quence of the high stiffness of the HNT particles that contribute to the
effective stiffness of the composite.

4.1.3. Charpy impact tests

After investigating the strain rate-dependent mechanics of the epoxy
and epoxy-based composites, the impact behaviour of those materials
is also investigated, and the results are presented in this section. The
measured impact energy for FS and HNT reinforced epoxy is shown
in Fig. 17. The data in Fig. 17 suggests that the addition of FS, even in
small amounts, increases the impact energy dramatically. It is observed
that adding more FS into epoxy resin makes the impact energy rise
almost in a linear manner. On the other hand, HNT-doped epoxy shows
a distinctively different characteristic. It can be claimed that the pres-
ence of HNT slightly increases the impact energy, but the trend is not
linear between the mass of HNT reinforcement and the resulting impact
energy. The relation looks rather more like a saturation behaviour.
The presence of m, = 0.5% HNT appears to be enough to bring the
impact energy to its upper boundary. The final curve in Fig. 17 displays
the impact energy measured from the epoxy samples reinforced with
FS and HNT, which demonstrates the synergistic effect caused by the
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Fig. 12. Selected stress—strain curves of FS and HNT reinforced epoxy.

presence of two different particles in the resin. The results show that
adding these two particles into epoxy has a more significant synergistic
influence on the materials’ impact energy. The impact energy rises
by almost 50% with the presence of a m; = 0.5% mass fraction of
those particles. The impact energy keeps increasing if more particles
are involved in the composite. However, the growth rate of the impact
energy drops with increasing mass fractions of particles. Thus, the effect
of both particles becomes visible, the almost-linear increasing trend of
FS and the saturation behaviour in the presence of HNT.

Similarly, Fig. 18 shows the impact test results of the epoxy re-
inforced with silica and rubber. In these material groups, the change
of impact energy depending on the inclusion mass fraction appears
similar when compared to the previous composites. The impact energy
increases with increasing inclusion content. The rise, however, occurs
with a declining rate. The results suggest silica reinforcement is the
most preferable reinforcement type for improving energy absorption
under impact. Rubber also provides some improvement in terms of
impact energy which is slightly less than silica. Using both rubber and
silica particles in the composite leads to an intermediate behaviour
between only silica-reinforced and only rubber-added composites with
respect to impact energies.

Generally, the findings of the Charpy impact tests are in good
agreement with results presented in the literature. Similar comments
as in Section 4.1.2 can be made regarding the toughening mechanisms

of the composite materials depending on the type of the particles added
as reinforcements.

Fig. 19 exhibits the cross-sections of the fracture surfaces of the
samples reinforced with m, = 1% HNT and m, = 10% rubber (Albipox
1000). These material groups are selected for the same reasons as
explained in Section 4.1.2. As observed for the three-point bend cases,
the fracture surface of the more ductile material, which is epoxy with
rubber (Albipox 1000) particles, is deformed more and is duller com-
pared to the fracture surface of the HNT-reinforced epoxy composite
sample.

4.2. Material simulations

As discussed in Section 3, MFH (Mori-Tanaka) studies are first
conducted on each composite group to determine the elastic properties
of the reinforcements. Finally, the approximated values of the elastic
modulus for the particles are determined. The Young’s moduli for FS,
HNT, rubber (Albipox 1000) and silica (Nanopox F700) are found to
be 70 GPa, 1000 GPa, 200 MPa and 10 GPa respectively. These values
are employed for all the numerical analyses conducted for this study.

Determining the elastic properties of the particles, the homogenised
mechanical properties of the composites are calculated for each ma-
terial group under each strain rate using both Mori-Tanaka and FE
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Fig. 14. Selected stress-strain curves of silica (Nanopox F700) reinforced epoxy.

methods. Figs. 21-29 present the theoretically calculated effective mod-
uli of elasticity and compare them to the experimentally determined
elastic moduli of the composites. A view of the stress analysis results of
an RVE reinforced with FS is presented in Fig. 20. Moreover, the data in
Fig. 21 suggests that for FS reinforced epoxy nanocomposites, and both
numerical methods yield results that are in good agreement with the
experimental results showing deviation of approximately 7%. However,
FE delivers a more accurate representation compared to the MFH.

10

FE models have less simplifying assumptions compared to the MFH
and FE conducts a more detailed stress analysis [45,46]. Therefore,
this would be an expected outcome of the analyses conducted. It is
noteworthy that FE is computationally way more expensive than MFH,
and the error increases with increasing strain rates. This is explained
by the nonlinear behaviour of the composite interphase regions, which
affect the behaviour of the composite more with increasing strain rates,
whereas the numerical models do not consider the nonlinear interphase
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Fig. 20. A section view of an RVE with spherical FS inclusions with an average
diameter of 12 nm taken between 10 — 15 nm (Stress unit: GPa).

regions [15]. Based on the FE analyses, the stress reaches its maximum
in the inclusions which means the inclusions play a role in bearing the
load. More importantly, significant triaxial stress concentrations, which
lead to local plastic deformations that initiate in the polar region of
the spherical inclusions, occur in the matrix. It is also observed that
the magnitude of stress concentrations mainly depends on the size of
the inclusion as well as the sizes of the nearest inclusions and the
distances to the nearest inclusions. The stress concentrations around
the inclusions in the matrix interact with each other depending on the
distances between the particles of interest. The closer the particles, the
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stronger is the interaction. This emphasises the importance of a uniform
distribution of the positions of particles.

Fig. 22 presents a section plot of the stress analysis performed with
FE methodology and Fig. 23 presents the results of HNT reinforced
epoxy composites and compares them to the experimental results. The
maximum error between the numerical and the experimental results
is around 9%. Here, the results are in good agreement. Especially the
results of MFH and FE match quite well. However, the magnitude
of error is more significant compared to the composites with FS and
the deviation of error between the numerical and experimental results
does not follow a perfect trend. The reason for this is the deviations
in the experimental results. The results of both numerical methods
follow a similar trend as mentioned earlier. However, the experimental
results display less of this trend and therefore, the error grows. The
FE results show that the maximum stresses are in the inclusions and
these stresses are greater when compared to the ones observed in FS
inclusions. This is due to the greater elastic modulus of HNT over
FS. Moreover, the stress concentrations in the matrix occur around
the tips of the ellipsoidal inclusions. Due to the geometry and greater
difference in stiffness, the concentrations display larger values of stress.
Also, due to the sharper geometry of the tip of the HNT inclusions, the
stress triaxiality is stronger, which explains the more brittle behaviour.
Unlike the case with FS, there are some additional parameters that
are decisively influential on the stress concentration. The size of the
HNT inclusions is one of those parameters. Since these are considered
ellipsoidal particles, the size affects the radius of curvature at the tip.
The radius of curvature for the aspect ratios that HNTs have is already
quite small and therefore has a limited effect. The orientation of the
HNT particles relative to the uniaxial loading direction is also one of
those parameters. If the HNT inclusion lies perpendicular to the loading
direction, the stress concentration tends to be smaller, and if the HNT
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Fig. 21. Comparison of experimental results for modulus of elasticity with the numerical simulations of FS reinforced epoxy.



M. Tiifekci et al.

s, Mises
(Avg: 75%)
+1.216x10
B iisao
| BT
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30 nm to 70 nm and lengths from | pm to 3 pm (Stress unit: GPa).

inclusion lies parallel to the loading direction, the stress concentration
gets its peak value possible for that size of HNT inclusion. It is also
worth mentioning that if the HNT particle orientation is parallel to the
uniaxial loading direction, its contribution to the load-bearing capacity
of the material in that direction is maximum and thus, the maximum
stress possible is observed. However, if the orientation is perpendicular
to the loading direction, the load that the HNT particle carries will be
less and therefore, the stress in the HNT particle is less than what it
would be if the orientation was parallel to the load.

Furthermore, Fig. 24 displays experimentally determined and nu-
merically calculated Young’s moduli results for the FS and HNT rein-
forcement combination. The results are found to be in good agreement
with the maximum error of slightly less than 8%. Similar to the pre-
vious results, FE yields less error compared to MFH, which means it
is capable of capturing the synergistic effect of multiple reinforcing
phases better than MFH. The magnitude of error rises with grow-
ing strain rates for the same reason as with FS reinforced epoxy,
the nonlinear interphase region. The nonlinearity of the interphase
region becomes more significant with increasing strain rates, and there-
fore it influences the overall behaviour of the composite. The FE
stress analyses indicate that the presence of both particles in the resin
shows an intermediate behaviour compared to the two other individual
cases. The interaction of stress concentrations at the tips of HNT is
mostly reduced by the presence of FS particles. Thus, the stress con-
centrations interact in a more mild manner which reduces the brittle
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behaviour. The presence of HNT increases the effective stiffness of the
composite.

Looking at another material group, Fig. 26 contains the results of
experimental and numerical procedures. The maximum error between
the numerical and experimental results is just below 19%. Unlike oth-
ers, this material group displays a different behaviour in terms of error
variation between the numerical and experimental. Overall, the error
increases with the rising rubber inclusion content. The main reason
is that the rubber reinforcement is more compliant than the matrix.
Therefore, the stress peaks in the regions adjacent to the inclusions
around the equatorial region of the inclusions in the matrix cause
local plastic deformations [61]. Thus, the inclusions do not really
contribute to the load-carrying capacity of the composite and weaken
it instead. The rubber particles act like voids to this extent. Thus, the
local plastic deformations make ground and visibly affect the effective
mechanics of the composite. These findings are supported by the FE
stress analyses. It must be emphasised that Albipox 1000 contains a
resin which is compatible with most varieties of epoxies. Although it
is compatible with the epoxy resin used in this study, it does not have
to possess the exact same mechanical characteristics. This resin can be
one of the reasons of the increasing error with increasing Albipox 1000
content. Fig. 25 shows a representative view of stress analysis of an
RVE containing rubber particles.

The effective moduli of elasticity of the composites reinforced with
silica (Nanopox F700) are given in Fig. 28. Overall the results agree
and show similar trends with a maximum error of approximately 13%.
Similar to the other cases MFH and FE show a better match against
the experimental results. The relatively high error can be explained
by the resin that Nanopox F700 has. This can also be the reason for
the lower modulus of elasticity predicted for silica particles. Compared
to FS, silica particles of Nanopox F700 are more compliant since the
numerical models only include the stiffness of inclusions as a variable
and do not consider any other resin that could be mixed into the
composite. Other than these variances, the same comments made on
FS reinforced epoxy can be made for this material group as well. An
RVE is given in Fig. 27 to show a representative stress distribution for
silica-reinforced epoxy nanocomposites.

Finally, to comment on the synergistic effect of rubber and silica
particles, Fig. 29 is presented. The maximum error between the numer-
ical and experimental results is approximately 9%. The error increases
with increasing strain rates and decreases with increasing RC. The
increasing error with increasing strain rate can be explained by the
interphase nonlinearity, which is not included in the numerical models.
Furthermore, the decreasing error with increasing RC is expected to be
caused by the synergistic effect of the existence of two different parti-
cles with opposite mechanical characteristics. The stress analyses show
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Fig. 23. Comparison of experimental results for modulus of elasticity with the numerical simulations of HNT reinforced epoxy.
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Fig. 25. A section view of an RVE with spherical rubber inclusions with diameters
between 500 nm and 1 pm (Stress unit: GPa).

that the silica particles have higher stresses and the rubber particles
have lower stresses. Similar to the other cases, the stress concentrations
occur at the equatorial regions of the rubber inclusions and interact
based on the size and distance between the particles. For the silica
inclusions, the stress concentrations appear in the polar regions, and
the stress distribution is affected the same way by the interactions of
stress concentrations.
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5. Conclusions

This study focusses on the manufacturing and strain-rate-
dependency characterisation of various nanocomposites as well as their
impact performance.

First, a consistent manufacturing procedure is developed to manu-
facture all the material groups, namely FS, HNT, FS & HNT, Albipox
1000, Nanopox F700 and Albipox 1000 & Nanopox F700. Reinforced
epoxy control samples with unreinforced epoxy are used for comparison
to show the effects of the inclusions. The manufactured samples are put
through experimental procedures including SEM, three-point bend tests
under three different strain rates and Charpy impact tests. SEM images
suggest that no significant material flaws exist in the manufactured
samples. Also, the results of three-point bend show that the materials
tends to be stiffer and more brittle under greater strain rates. Except
for the rubber inclusions, which weaken and soften the material, all
reinforcements increase the strength and stiffness of the composite
materials. Other than HNT, all the inclusions lead to more ductile
behaviour. In terms of impact performance, the material performances
are evaluated based on two main groups: the first group consists of
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Fig. 26. Comparison of experimental results for modulus of elasticity with the numerical simulations of rubber added epoxy.
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Fig. 27. A section view of an RVE with spherical silica inclusions with an average
diameter of 20 nm taken between 5 — 50 nm (Stress unit: GPa).

FS and/or HNT reinforced epoxy, and the second group formed by
silica and/or rubber reinforced epoxy. For the first group, the results
show that FS is the most successful reinforcement when it comes to
toughening. The addition of more FS, contributes more to the impact
performance of the composite material. Whereas HNT has a completely
different behaviour. The presence of HNT in the smallest amount
increases the toughness but more addition of HNT may not always help.
The combination of FS and HNT in equal masses exhibits a different
behaviour than the previous two groups. The presence of HNT and FS
in small amounts contributes significantly to the toughness, which is
explained with the synergistic effects. However, adding more HNT and
FS contributes little. In the second main group, where Evonik compos-
ites are, the materials show a more linear regarding the RC content
and impact performance. Silica reinforcement toughens the composite
material more than the rubber, and their equal mass mixture lies in
between. Following the experimental studies, numerical simulations
are performed employing MFH and FE methods. First, initial MFH
simulations are run to determine the effective mechanical properties
of the inclusions based on the experimental results. Then, using those
determined mechanical properties, the effective mechanical properties
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of the composites are calculated and compared to the experimental
results. Though the FE results tend to deliver a more accurate rep-
resentation compared to the MFH results. Overall, the addition of FS
offers the optimal mechanical behaviour with respect to maximum
stresses that could be withstood. Also, the addition of both FS and
HNT has a synergistic effect in not only optimising the maximum stress
before breakage but also the impact energies. Overall, the results are
in good agreement, and the stress analyses can reasonably explain the
mechanical behaviour of these nanocomposite materials.

Finally, it is concluded that using multiple types of inclusions, with
different mechanical characteristics, can be helpful in designing with
filled epoxy composite materials due to synergistic effects.
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