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a b s t r a c t

Two ethylene-1-butene thermoplastic elastomer copolymers were melt mixed with different nanometric
fillers such as: multi-walled carbon nanotubes (CNT), thermally reduced graphite oxide (TrGO), and
spherical metal nanoparticles. The effect of both the kind and amount of nanoparticles on the tensile
mechanical behavior of the matrices was evaluated focusing on the elastic modulus. The low elastic
modulus of the pure elastomeric polymers, with values of 50 and 9 MPa depending on the amount of
comonomer, can be largely increased by adding nanoparticles although the reinforcement was condi-
tioned by the matrix and kind of filler. For instance, while CNT increased the elastic modulus of the stiffer
matrix with a maximum of 80%, this property increased 4,3 times as compared with the pure matrix
when added to the softer matrix. Noteworthy, TrGO particles rendered even larger improvements with
composites based on the softer matrix reaching values as high as 7 times the modulus of the pure sample
at concentrations less than 10 vol%. Spherical metal nanoparticles otherwise rendered outstanding im-
provements in the elastic modulus (around 60%) at concentrations as low as 2 vol%. These results were
explained by micromechanical models stressing the relevance of both the aspect ratio and the me-
chanical properties of the particle agglomerates rather than of the isolated particles.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites provide an effective way to utilize the
unique properties of nanoscale particles in bulk applications
attracting a growing interest due to the very broad range of their
current and projected applications. They often exhibit significant
property changes at very low filler contents allowing to modify and
to improve material performance without sacrificing excellent
polymer processability and low density [1]. In particular, the me-
chanical properties are drastically enhanced in nanocomposites
depending on the particle size, particle content and particle/matrix
interfacial adhesion [2]. For instance, the modulus of polymer
composites can be decreased by increasing particle size from 15 to
35 nm, especially at high particle loading [2].

A couple of decades ago, carbon nanotubes (CNT) emerged as
the ideal filler candidate for advanced composites due to their
unprecedented physical and chemical properties [3]. For instance,
the elastic moduli of CNT are superior to all carbon fibres with
values greater than 1 TPa while their strength can be as high as
63 GPa [4,5]. The latter is an order of magnitude stronger than high
strength carbon fibres. Even the weakest type of CNT has strengths
of several GPa [3]. Therefore, one of the most promising research
areas of composites involves the mechanical enhancement of
plastics using CNT as reinforcing fillers as they were visualized as
the ultimate mechanical filler material [3]. However, in the last
years both graphene and graphite derivatives appeared with even
more outstanding behavior likely overcoming to CNT as ideal filler
for polymer matrices. Graphene is considered a two-dimensional
carbon nanofiller with a one-atom-thick planar sheet of sp2
bonded carbon atoms that are densely packed in a honeycomb
crystal lattice [6]. It has been viewed as the building block of all
other graphitic carbon allotropes of different dimensionality such
as graphite (3-D carbon allotrope) that is made of graphene sheets
stacked on top of each other [7]. With an elastic modulus of 1 TPa
and ultimate strength of 130 GPa, single-layer graphene is the
strongest material ever measured [8]. The superior mechanical
properties of graphene compared to polymers also motivated the
research in polymer/graphene nanocomposites [6]. Today, different
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graphene based materials can be used as filler in polymer matrices
such as graphite nanoplatelet coming from graphite oxide or
graphite intercalated compounds [9].

Some reports conclude the advantages of graphene over CNT in
polymer mechanical reinforcement. For instance, by comparing
three different carbon nanostructures, namely single wall CNT,
expanded graphite (EG), and functionalized graphene sheets (FGS),
the effect of the kind of carbon particles on the behavior of poly
(methyl methacrylate) was discussed [10]. Surface functionality of
FGS afforded better interaction with the polymer than unmodified
CNTs or traditional EG, imparting higher mechanical improve-
ments. In particular, while CNT increased the elastic modulus a 50%,
FGS increased this property around 80% at 1 wt% of filler. The
wrinkled single-sheet morphology of FGS, further explained this
tendency. Similar conclusions were found in polypropylene, poly-
carbonate, and poly (styrene-co-acrylonitrile) matrices. By using
thermally reduced graphite oxide (TrGO), the elastic modulus of
these matrices was increased significantly (around 50%) as
compared with CNT at 5 wt% of filler [11]. This tendency was also
confirmed in epoxy nanocomposites mixed with CNT and graphene
platelet at 0.1 wt% of filler [12]. At this low filler content, graphene
rendered significant improvement in mechanical properties to the
epoxy matrix (around 30%) as compared to CNT composites.
Despite the relevance of these comparative results between CNT
and graphene derivative fillers in polymer composites, similar
studies using soft matrices such as elastomers are not yet available.
This is even more relevant taking into account that these matrices
display the largest improvements in mechanical behavior due to
the stiffness contrast between reinforcement filler and matrix [7].

The addition of graphene based materials to elastomers can
result in a material with positive elements of both hard thermo-
plastics and elastomers, such as high stiffness, strength, ductility,
and toughness [13]. In elastomeric polyurethane/graphene com-
posites, the elastic modulus increased by a factor of 100 by addition
of high amount of graphene (around 50 wt%) [13]. Increases as high
as 10-fold in the mechanical behavior of thermoplastic elastomeric
polyurethane can be obtained by adding 3 wt% of chemical modi-
fied graphite oxide [14]. The formation of chemical bonding be-
tween polyurethane and graphite oxide nanoplatelets allowed an
effective load transfer reaching increases in the elastic modulus
around 900% at 4.4 wt% of filler [15]. Stiffer samples such as poly
(vinyl alcohol) can also display outstanding improvements at
1.8 vol% of flat carbon nanosheets [16]. All the above mentioned
elastomers present some polarity facilitating the filler/matrix
interaction. Non-polar elastomers otherwise have not been exten-
sively explored in this context despite their high relevance such as
those derivate from polyethylene. Thermoplastic polyethylene
elastomers (TPE) is a new class of material emerged from the
development of constrained geometry catalyst based on homoge-
neous ethylene/olefin copolymers. The main advantage of these
polymers over chemically vulcanized elastomers lies in their pro-
cessing and post-processing behavior that is as similar as conven-
tional polyethylenes [17]. These polymers present controlled
topology and therefore tailor-made properties allowing the design
of material with significant flexibility, strength and durability [18].
In addition, TPE has the ability to elongate under stress, allowing
them to maintain their integrity under localized differential set-
tlement conditions without puncturing, tearing or cracking [19].
The presence of short-chain branching further improves the
interaction with nanoparticle such as natural clay [20]. With the
addition of carbon particles, a mechanical reinforcement can be
obtained associated with a good particleeTPE adhesion. The
stressestrain curves scaled with that of the unfilled polymer even
at large strains suggesting good fillerematrix adhesion [17]. The
final mechanical behavior depended on the characteristics of the
carbon filler as composites with high-structured carbon black fillers
retained the inherent high elongation of the unfilled elastomer
even at 30 vol% [18]. TPE/CNT composites are barely reported,
despite these carbon nanostructures are able to enhance the me-
chanical behavior of the matrix [21]. However, the moduli of these
composites were slightly lower than those using carbon fibers [21].
Modified graphene was also used as filler in a TPE composites
prepared by solution mixing although the improvements were
much lower than those obtained for traditional elastomers despite
the low elastic modulus of the matrix (around 3 MPa) [22]. A much
larger increase was obtained by using thermally reduced graphene
oxide mixed with TPE by either melt or solvent mixing [23]. TPE
increased its elastic modulus around 80% at 5 wt% although by
either functionalizing the TPE or by using the solventmethod, these
values were increased.

Metal filled polymer composites otherwise are widely used for
electromagnetic interference shielding and bio-application as they
have a lighter weight than metals and are less costly [24e26]. In
general, copper metal nanoparticles can be used for both family of
applications due to their electrical conductivity and antimicrobial
characteristics. Composites prepared using low density poly-
ethylene with copper nanoparticles presented a strong effect of the
metal size on the mechanical behavior and while copper nano-
particles increased the elastic modulus of the resulting composites,
microparticles presented the opposite tendency [25]. However,
other article reported that the addition of microparticles increase
the stiffness of both low and high density polyethylene [24]. To our
knowledge, comparative studies regarding the effect of these metal
nanoparticles with other fillers have not been performed.

Based on the above mentioned, there is a lack of comparative
studies about the effect of different kind of nanoparticles, such as
those based on either carbon or metal, on the mechanical behavior
of elastomeric polymers, for instance in thermoplastics. The goal of
the present article is therefore to analyze the effect of different
nanostructures on the tensile mechanical behavior of two TPE
having different stiffness. In particular, two ethylene-1-butene
thermoplastic elastomer copolymers were melt mixed with:
multi-walled carbon nanotubes (CNT), thermally reduced graphite
oxide (TrGO), and spherical metal nanoparticles. Our results
showed that a dramatic increase in the elastic modulus can be
obtained despite the low polarity of the matrix, and this increase
depended on both the matrix and the nanoparticle with TrGO
particles displaying the largest improvements. These results were
discussed by using micromechanical models stressing the rele-
vance of filler final agglomeration state.

2. Experimental

2.1. Materials

Two commercial grade ethylene-1-butene copolymers from
Dow Chemical were used as the polymer matrix, named E1 (com-
mercial code HM7289) and E2 (commercial code HM7387). Based
on the datasheet information provided by Dow, the densities, the
total crystallinity and the melting temperatures are 0.891 and
0.870 g/cm3, 28 and 16%, and 99 and 50 �C, for E1 and E2,
respectively. Based on this information, the higher incorporation of
1-butene in E2 than E1 is concluded based on the relationship
between comonomer content and both crystallinity and melting
temperature [27,28]. Moreover, based on experimental results from
similar copolymers, the comonomer content can be roughly esti-
mated around 6 and 14 mol% for E1 and E2, respectively.

Extra pure graphite powders (G), sulfuric acid (98.08%, H2SO4),
potassium permanganate (99%, KMnO4), Hydrochloric acid (32%,
HCl), and sodium nitrate (99.5%, NaNO3), were obtained from
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Merck (Germany) and used as received. Hydrogen peroxide (5%,
H2O2) was purchased from Kadus S.A. Thermally reduced graphite
oxide (TrGO) was prepared in a two-step oxidation/thermal
reduction process using G as raw material. The graphite oxidation
process of Hummers and Offeman was employed as detailed else-
where [29,30]. The first step is an oxidation of G with KMnO4 and
NaNO3 in concentrated sulfuric acid obtaining a graphite oxide
(GO). In a second step, the dry GO was thermally reduced to afford
thermally reduced graphite oxide (TrGO) in a nitrogen atmosphere
by rapidly heating GO up to 600 �C during 40 s using a quartz
reactor heated in a vertical tube furnace. Multi wall carbon nano-
tubes (MWCNT) (Baytubes C150P) were obtained from Bayer Ma-
terial Science AG (Germany). Based on the datasheet information
provided by Bayer, they are characterized by a purity higher than
95wt%, number of walls between 2 and 15, an outermean diameter
of 13e16 nm, an inner mean diameter of 4 nm, length between 1
and > 10 mm, and a bulk density around 150 kg/m3. Metal copper
nanoparticles were obtained from Suzhou Canfuo Nanotechnology
Co. Based on the data sheet they present spherical morphology
with sizes between 50 and 600 nm.

2.2. Composite preparation and characterization

The composites were prepared by using a Brabender Plasticor-
der (Brabender, Germany) internal mixer at 170 �C and a speed of
110 rpm. Filler content ranges from 0 to 9 vol% for TrGO or CNT.
First, a half of polymer and an antioxidant were added to the mixer
operated at 110 rpm. After 2 min approximately for melt the
polymer, the filler was added during 3 min. Finally, the rest of
polymer pellets was added and the speed of the mixer was held at
110 rpm for 10 min. Therefore, the total mixing time was around
15 min. Afterward, the samples were press molded at 170 �C at
50 bar for 5 min and cooled under pressure by flushing the press
with cold water, in order to obtain the final samples for tests. The
samples were cut with a stainless steel mold with dimensions ac-
cording to type IV (ASTM D638) with 1 mm of thickness. After
sample preparation, thematerials were left at room temperature by
at least three days allowing crystallization of the highly amorphous
polymer by annealing.

The melting endotherms were obtained using a Mettler Toledo
DSC1/500 differential scanning calorimeter (DSC) under N2 atmo-
sphere to minimize thermal degradation. The samples were heated
from 25 to 200 �C at a heating rate of 10 �C/min. For crystallinity
measurements, the heat of fusion of completely crystalline poly-
ethylenewas assumed to be 293 J/g [31]. Themechanical properties
were measured using a HP D500 dynamometer at a rate of 50 mm/
min at 23 �C and 30% relative humidity. A minimum of three
samples were tested for each material and the average values are
reported. The experimental error was about 6% relative to themean
value. Themorphology of the composites was analyzed using a field
emission scanning electron microscope (FEI-SEM Inspect 50) by
covering the sample with a gold layer.

3. Results

3.1. Carbon nanostructures

Fig. 1 displays the tensile stress-strain curves for the different
matrices and their composites with either carbon nanotube (CNT)
or thermally reduced graphite oxide (TrGO). Regarding the pure
matrices, the presence of 1-butene in the main chain was able to
disrupt the crystal structure of the polyethylene drastically
decreasing its crystallinity as observed in Table 1. The crystallinities
measured were less than 5% even after room temperature anneal-
ing where some amorphous entities not able to crystallize during
cooling can do it [32]. The non-inclusion of comonomer within
crystallites hinders the chain regularity needed for the crystalliza-
tion and therefore reduces the length of the main chain able to
crystallize. Consequently, the crystallinity degree of these co-
polymers was lowered [32]. The crystallinity drops was the main
reason for the low elastic modulus of pure matrices under tensile
conditions. The tests were carried out at room temperature
behaving the amorphous region of the polymer like a viscoelastic
liquid with poor stiffness [20]. For instance, the matrix with the
highest amount of comonomer (E2) displayed both the lowest
elastic modulus (9 MPa) and the highest elongation at break
(>400%) as compared with the E1matrix with a modulus of 50 MPa
and elongation at break around 350%. Fig. 1 further shows that the
pure matrices presented a broad yield point and a large strain-
hardening elongation without cold-drawing that has been previ-
ously associated with a semi-elastomeric behavior. This behavior is
explained by the presence of tie chains in the copolymers trans-
ferring efficiently the tensile energy through the sample avoiding
stress concentrations in specific points [20,33].

From Fig. 1 is concluded that the presence of carbon nano-
structures has a significant effect on the tensile mechanical
behavior of the matrices. In general, by increasing the amount of
carbon nanoparticles the sample became stiffer meaning larger
stresses for reach a certain strain. In this way, they were able to
partially compensate the drop in the elastic modulus as summa-
rized in Fig. 2 displaying the relative modulus defined as the ratio
between the elastic modulus of the composite and the elastic
modulus of the pure matrix. These results further show that the
mechanical improvement highly depended on the matrix charac-
teristic and the type of carbon nanostructures with both the softer
matrix and TrGO displaying the largest changes. Composites based
on E1 with CNT have elastic modulus increased a 50% meanwhile
with TrGO these improvements increased a factor of 2, at around
5 vol% of filler. The stiffness of E1/TrGO composites was further
increased by raising the amount of filler reaching values as high as a
factor of 4 at 10 vol%. By using E2 matrix, these changes were even
more drastic with CNT improving the elastic modulus by a factor of
3,0 while with TrGO a factor of 5 is obtained at the same amount of
filler (around 8 vol%). By increasing the amount of TrGO the com-
posite was stiffer by a factor of 7,0 at 9 vol% of filler. However, the
increase in the stiffness also was associated with a reduction in the
elongation at break of the samples as previously reported for either
CNT or TrGO polymeric composites [11,13,14,16,18,22,34,35]. Both
the restrictions of polymer movements due to the particles and the
premature failure starting at the particle aggregates seem to
explain this tendency [16,34].

To understand the large improvements in the stiffness of the
composites, the effect of the carbon nanostructures on the polymer
crystallinity should be analyzed as nanoparticles can nucleate the
crystallization of polymers [7,36]. As above mentioned, changes in
crystallinity can explain modifications in the elastic modulus of the
composites. Table 1 shows the melting enthalpy and the crystal-
linity of the samples allowed us to rule out an increase in the
crystallinity associated with the presence of the carbon nano-
structures. Moreover, some composites displayed lower crystal-
linity than pure matrix as reported previously in similar systems
[22]. This contradictory trend has been found in previous reports
due to a suppressed crystallization by the nanoparticle [7]. The
reason was associated with the formation of a random polymer/
particle interface inhibiting the formation of ordered crystalline
structure of polymer chains [22]. Based on these results, hereafter
we only focused on the mechanical contribution of filler into the
polymer matrix assuming that the mechanical behavior of the
matrix is unchanged.

Based on the above mentioned, the addition of carbon



Fig. 1. Tensile stress-strain tests for the different samples: a) pure E1 and its composites with CNT; b) pure E2 and its composites with CNT; c) pure E1 and its composites with TrGO;
and d) pure E2 and its composites with TrGO.

Table 1
Melting enthalpy and crystallinity of the different samples measured by dynamic
scanning calorimetry test. The crystallinity was measured as the ratio between the
experimental enthalpy and the 100% crystalline polyethylene (293 J/g).

Matrix Filler Concentration [wt%] Melting enthalpy [J/g] Crystallinity [%]

E1 N/A N/A 7,6 2,6
CNT 3.7 7,0 2,4

4.6 6, 8 2,3
5.6 8,2 2,8
7.8 9,0 3,1

TrGO 2.0 5,4 1,9
3.0 5,2 1,8
5.0 11,3 3,9
9.0 11,6 4,0
10.0 8,6 3,0

E2 N/A N/A 8,8 3,0
CNT 3.7 8,2 2,8

5.6 7, 6 2,6
6.6 7,7 2,7
7.6 5,0 1,7

TrGO 2.0 8,0 2,8
3.0 7,9 2,7
5.0 7,4 2,6
6.6 6,0 2,1
7.6 5,2 1,8

Fig. 2. Effect of the polymer matrix, filler, and its concentration on the relative elastic
modulus increase of the samples defined as the ratio between the elastic modulus of
the composite and the elastic modulus of the pure matrix.
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nanoparticles into TPE matrices drastically enhanced the elastic
modulus of the original matrices because of the reinforcement ef-
fect of the filler. However, these results should be analyzed in the
context of the maximum improvement reached with nanoparticles
embedded in soft matrices as expected by theoretical models.
Therefore, to further understand these experimental results,
micromechanical models were applied. In particular, the Halpin-
Tsai model was used to approximately predict the modulus of
composites, as previously reported in polymer composites, in
particular based on fibers or carbon nanostructures [11,35,37e40].
For random oriented fillers, the final equation for the elastic
modulus of the composite (EC) is based on the values for oriented
filler in the longitudinal (EL) and transverse (ET) directions,
measured as:

EL
EM

¼ 1þ 2$A$f$hL
1� f$hL

(1)

ET
EM

¼ 1þ 2$f$hT
1� f$hT

(2)

EC
EM

¼ 3
8

EL
EM

þ 5
8

ET
EM

(3)
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where EM is the elastic modulus of the pure matrix; f is the volu-
metric fraction of filler; and A is the particle aspect ratio. h is
defined by:

hL ¼
Ef � EM

Ef þ 2$A$EM
(4)

hT ¼ Ef � EM
Ef þ 2$EM

(5)

where Ef is the elastic modulus of the filler.
These simple equations allowed us to understand the general

tendency in elastomeric composites as these matrices can be
considered soft meaning low elastic modulus and therefore large
differences in stiffness as compared with the filler. Fig. 3 shows the
theoretical effect of the matrix stiffness on the relative elastic
modulus of composites based on equation (3), for the particular
cases of 0.05 vol fraction of CNT and TrGO fillers. The elastic
modulus used for CNT and TrGO were 0.45 and 1.00 TPa, respec-
tively [12]. For composites with CNT, individual filler particles were
assumed meaning an aspect ratio of 1000, whereas for composites
with TrGO two aspect ratios were assumed: 60 and 600, repre-
senting the complex morphology of these particles in the com-
posites. Fig. 3 show that by decreasing the elastic modulus of the
matrix (values lower than 100 MPa approximately) the filler can
reach the maximum contribution to the composite. Our matrices
displayed elastic modulus in this region explaining the large im-
provements as compared for instance with standard thermoplastic
such as linear polyethylene or polypropylene having elastic
modulus around 1 GPa. It is relevant to analyze the case of matrices
filled with low aspect ratio particles and high stiff filler, as in this
case equations (4) and (5) became approximately equal to the unity,
and therefore equation (3) can be considered independent of the
matrix modulus. This is the case of composites based on TrGO with
low aspect ratio as displayed in Fig. 3, stressing the relevance of the
dispersion state of the filler. Noteworthy, even isolated CNT present
a region where the mechanical improvement is independent of the
elastic moduli of the matrix. Fig. 3 shows that this region belong to
matrices with elastic moduli less than 100 MPa as in the case of our
matrices, therefore the larger improvement in composites based on
E2 as compared with E1 can not be explained by their different
elastic modulus. As below discussed, the difference can be rather
explained by changes in the filler agglomeration.

By assuming well dispersed random CNT into the polymer
matrix, equation (3) predicts increases in the elastic modulus much
higher than the experimental findings, as displayed in Fig. 4 (“H-T”
Fig. 3. Effect of both the polymer matrix stiffness and the carbon filler aspect ratio (A)
on the relative elastic modulus increase based on the Halpin-Tsai model.
values). For instance, at a filler volume fraction of 0.004 the elastic
modulus of the composites is predicted to increase by a factor of 3,5
and 4,0, for E1 and E2 matrices, while the experimental results
showed that even at filler fraction of 0.08 these values were
considerable lower (1,8 and 3,0, respectively). Therefore, the
experimental improvements in elastic modulus are high but lower
than theoretical predictions. The reason is associated with the
distribution of CNT that is non-uniform through the matrix with
local regions having higher concentration of filler than the average
(Fig. 5). These regions with concentrated CNT are associated with
agglomerates having a lower aspect ratio than the isolated filler.
Moreover, polymer molecules are incorporated as observed in
Fig. 5a. These ‘‘inclusions’’ have therefore different elastic proper-
ties as compared with both the surrounding material and the iso-
lated CNT.

Under this condition, the development of a two-parameter
model of agglomeration is possible in order to quantify this phe-
nomenon [41,42]. By using the Voigt model and assuming both
spherical inclusions and isotropic filler and matrix, the elastic
properties of the inclusion and matrix can be estimated. In partic-
ular, the effective modulus of inclusions Ein and their surrounding
Eout are [41]:

Ein ¼ 3
8$ε1

ff$ε2$ECNT þ ðε1 � f$ε2Þ$ECNTg

þ 5
8
$

ε1$ECNT$EM
ðε1 � f$ε2Þ$ECNT þ f$ε2$EM

(6)

Eout ¼ 3
8

��
f$ð1� ε2Þ
1� ε1

�
$ECNT þ

�
1� f$ð1� ε2Þ

1� ε1

�
$EM

�

þ 5
8

� ð1� ε1Þ$ECNT$EM
½ð1� ε1Þ � f$ð1� ε2Þ�$ECNT þ f$ð1� ε2Þ$EM

�

(7)

where ε1 is the ratio between the volume of the spherical inclusions
and the total volume; ε2 is the ratio between the volumes of CNT
dispersed in the inclusions and the total volume of CNT in the
system; and ECNT is the elastic modulus of CNT. These equations can
be added to the Halpin-Tsai model for spherical particles meaning
A ¼ 1. When ε1 ¼ ε2, CNT are dispersed uniformly into the matrix
and the ratio between this value and the value when ε1 < ε2 is
considered as the corrective factor to be applied into equation (3).
Fig. 4 displays The modified values for medium (ε1 ¼ 0.05 and
ε2 ¼ 0.98) and high (ε1 ¼ 0.02 and ε2 ¼ 0.99) agglomerate levels are
displayed in Fig. 4 as “H-T mod1” and “H-T mod2”, respectively. For
high heterogeneous systems, the modifiedmodel was able to fit the
experimental values meaning that the agglomeration of CNT is the
responsible for the final reinforcement of the filler. Moreover, the
prediction of the model with ε1 ¼ 0.02 and ε2 ¼ 0.99 fits properly
the experimental results from E1 composites but for E2 composites
did not fit at high filler concentrations and rather less agglomerated
state should be assumed. Therefore, changes in the dispersion state
between E1 and E2 could explain the effect of the matrix in the
reinforcement effect, as below discussed in more details. These
results confirm that the low reinforcement effect of CNT, as
compared with theory, is associated with the spherical inclusions
coming from the filler agglomeration decreasing the its aspect ratio
as summarized in Fig. 3. The spherical-like morphology of the
polymer/CNT inclusions can be observed in Fig. 5a displaying a SEM
image of the E1 composites having 7,6 vol% of CNT.

For composites based on TrGO, we should consider that indi-
vidual graphene sheets are barely observed in these samples based
on exfoliation melt processes and rather stacks of several sheets are
currently displayed [19,33]. By assuming isolate graphene sheets as



Fig. 4. Effect of the concentration of CNT on the relative elastic moduli of E1 (left-side) and E2 (right-side) matrices. The experimental results are displayed together with: a) results
from the Halpin-Tsai model assuming isolated CNT in the composites (HeT); and b) modified Halpin-Tsai model assuming that CNT form inclusions with ε1 ¼ 0.05 and ε2 ¼ 0.98 (H-T
mod 1) and ε1 ¼ 0.02 and ε2 ¼ 0.99 (H-T mod 2). See text for details regarding the models.

Fig. 5. Scanning electronic images (SEM) from some composites showing the agglomeration state of the different particles: a) E1 filled with 7.6 vol% of CNT; b) E1 filled with 9.0 vol%
of TrGO; and c) E2 filled with 4.0 vol% of copper nanoparticles.
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reported previously at low concentration of graphene, unrealistic
high values are predicted by the models as displayed in Fig. 6 for
A ¼ 3000. It is well known that by increasing the concentration of
this filler, the agglomeration degree is raised [16] and therefore the
real value of A should bemuch lower than 3000 and the best fit was
for values of A lower than 100 as displayed in Fig. 6. Therefore, the
low aspect ratio of TrGO in the composites (Fig. 5b) as compared
with the ideal case (isolate grapheme sheets) explained the results
from these samples, similar to polymer/CNT composites. The latter
meaning a poor delamination process during the melt mixing.
However, even if TrGO is not completely delaminated, it presents a
platelet-like morphology rather than spherical-like, meaning a
larger aspect ratio than CNT inclusions. This difference in the aspect
Fig. 6. Effect of the concentration of TrGO on the relative elastic moduli of E1 and E2
matrices. The experimental results are displayed together with results from the
Halpin-Tsai model (HeS model) assuming different aspect ratio of the particle (A).
ratio explained the larger reinforcement of graphite derivatives.
Regarding the effect of the polymer matrix, as above concluded,

when particles with low aspect ratio and high stiffness are used
(Fig. 3), the models are independent of the elastic modulus of the
matrix, and therefore Fig. 6 just displays themodel results from one
matrix. Despite the latter, comparedwith composites based on CNT,
there is a larger effect of the polymer matrix in the mechanical
behavior of TrGO composites with those based on E2 displaying the
highest elastic modulus. The best fits were obtained assuming
aspect ratios between 15 and 37, and 37 and 60, for composites
based on E1 and E2, respectively, Therefore, the larger improve-
ments associated with E2 are associated with a better particle
dispersion meaning higher aspect ratio. The agglomerates can be
infiltrated by low viscous polymers affecting either the packing
structure or the cohesive forces binding small agglomerates
[43e45]. It seems that the presence of short chain branching,
reducing the viscosity of the matrix, increased the interaction with
the agglomerates reducing its sizes [46]. Similar results were re-
ported for polypropylene with short chain branching melt mixed
with natural clays [20]. This infiltration phenomenon has also been
reported in polypropylene composites based on carbon nanotubes
meaning that the higher improvements observed in E2/CNT com-
posites as compared with E1/CNT composites can also be explained
by this process [47].

3.2. Spherical metal nanoparticles

To further extent our discussion regarding the tensile mechan-
ical behavior of soft elastomeric nanocomposites, the matrices
weremelt mixed with spherical copper metal nanoparticles. Unlike
platelet- and CNT-reinforced nanocomposites that usually under-
perform as compared to theoretical predictions regarding
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mechanical properties, this kind of nanoparticles often exhibit
stiffness higher than those predicted by the models [1]. The addi-
tion of relatively small amounts of inorganic spherical-like particles
such as silica, titania, or calcium carbonate having dimension in the
nanometer scale was proven to increase both rigidity and tough-
ness of different thermoplastics [1,48,49]. Fig. 7 displays the results
for the relative modulus obtained by adding low amount of copper
nanoparticles into both matrices. In these samples, the elastic
modulus was able to increase considerable and for 2 vol% of filler
the stiffness increased around 40 and 60% for E1 and E2, respec-
tively, confirming the relevance of the polymermatrix. Noteworthy,
unlike carbon nanostructured fillers the increase in the stiffness of
the composites with spherical nanoparticles was higher than the
predicted by the Halpin-Tsai model (around 6%). The composites
with metal nanoparticles displayed increases as similar as com-
posites with TrGO, despite the different particle morphology.
Another difference is the effect of the filler concentration as by
increasing the amount of particles, the stiffness level-off.

Several theories tried to understand the outstanding improve-
ments in stiffness at low concentration of spherical nanofillers [1].
The interaction between the particle and the polymer molecules is
stated as the mechanism behind the experimental findings.
Nanoparticles restrict the mobility and deformation of the matrix
by introducing a mechanical restraint [2]. The restriction in poly-
meric molecular diffusion in the presence of solid particles occurs
because of an effective attraction potential between segments of
the chain and the repulsive potential that the polymer is subjected
towhen it is close to solid particles [2]. However in our case this can
be ruled out due to the non-polar nature of the polyethylene. An
alternative explanation able to fit the experimental stiffness was
recently reported based on the agglomeration of the nanoparticles
[1]. Nanoparticles have high specific surface area and are prone to
agglomerate due to strong interparticle interaction. Deformation of
the matrix confined within these rigid aggregates is constrained
due to the aggregate reinforcing effect, as opposed to the uncon-
strained (bulk) matrix outside the aggregates. The matrix in the
composite can therefore be divided into two parts: constrained
matrix and unconstrained bulk matrix. If the primary nanoparticle
aggregation is considered as themainmechanism for this process, a
new parameter can be defined: constrained matrix ratio (a), equal
to the ratio between the constrained matrix fraction (m) and the
filler volume fraction (V):
Fig. 7. Effect of the concentration of spherical copper nanoparticles (Cu) on the relative
elastic moduli for E1 and E2 matrices. The experimental results are displayed together
with: a) results from the Halpin-Tsai model assuming isolated Cu particles in the
composites (H-T model); and b) modified model assuming agglomeration of particles
where polymer molecules are constrained. In the latter model, the constrained matrix
ratio (a) is added into the model.
a ¼ m
V

[8]

Based on this parameter, the volume content of the inclusions is
defined as V' ¼ V þM ¼ V*(1þa). With these concepts, the bulk (K)
and shear (G) modulus of the agglomerated nanocomposites can be
estimated by Ref. [1]:

K ¼ Km þ
V 0$

�
Kf � Km

�

1þ ð1� V 0Þ$Rm$
�
Kf � Km

�
þ R

[9]

G ¼ Gm þ
V 0$

�
Gf � Gm

�

1þ ð1� V 0Þ$Qm$
�
Gf � Gm

�
þ Q

[10]

E ¼ 9$K$G
3$K þ G

[11]

Where:

R ¼ a

1þ Rf $
�
Km � Kf

� [12]

Q ¼ a

1þ Q$
�
Gm � Gf

� [13]

Kf and Gf, and Km and Kf represent the bulk and shear modulus
of the filler and matrix respectively. These parameters were eval-
uated from:

K ¼ E
3� 6$n

[14]

G ¼ E
2þ 2$n

[15]

where n and E are the Poisson ratio and elastic modulus of the
material with values of 131 GPa and 0,351 for copper [50]. Although
0,5 is the current value assumed for our matrices [18,51], a Poisson
ratio of 0,49 was assumed avoiding the mathematical singularity in
K. Ri is a constant related with themodulus of either the matrix (Rm
in equation (9)) or the filler (Rf in equation (12)), measured by:

Ri¼ 3
3Kiþ4Gi

[16]

Fig. 7 displays the results obtained from this model assuming
different values of a: 5 and 8. Unlike the previous models, in this
case by taking into account constrained polymer molecules pre-
senting inside the agglomerates of the particles, the stiffness of the
composite is increased much more than by standard Halpin-Tsai
model.

The models presented here shows that the agglomeration can
have two independent consequences: 1) decrease the aspect ratio
of the filler as occurring for CNT and TrGO and represented by
equations (3) and (6) and (7), respectively, and 2) constrains the
polymer molecules inside the agglomerates as occurring in spher-
ical particles and represented by equations (9) and (10). A possible
explanation of why in spherical particles equations (9) and (10)
properly represent the increasing stiffness of the composites as
compared with Halpin-Tsai can be related with the fact that the
agglomerates in this case have the same aspect ratio of the indi-
vidual filler and therefore there is no a reduction of the relative
stiffness associated with lower aspect ratios of the agglomerates.
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The latter occurring in high aspect ratio individual particles such as
CNT and graphene.

Although not applied in this contribution, the micromechanical
analysis of our experimental results can be extended by taking into
account either models already used for similar thermoplastic
elastomer materials, such as the Guth analysis [17], or more
advanced theories. For instance, a three-parameter viscoplasticity
model developed for polymer composites was able to predict not
only their stress-strain response but also their non-linear rate-
dependent behavior [52]. In polymer/CNT composites, both the
equivalent-continuum modeling and the self-similar approach
were able to incorporate information about molecular interactions
at the nanometer length scale [53]. A recent model developed for
inorganic nanocomposites (silicon with Al2O3-nanoparticles),
based on the modified strain gradient theory, resulted in a size-
dependent micromechanical model for multi-phase materials
[54]. In particular, the effect of the surface energy of the in-
homogeneities inside the composite structure was incorporated
into the micromechanical model. Therefore, further studies are
needed to apply models able to incorporate the effect not only of
the filler agglomeration but also of the filler size and polymer/
particle interaction.

4. Conclusions

By mixing different nanoparticles with two elastomeric poly-
ethylene matrices relevant information regarding the effect of the
kind of nanoparticle on the mechanical reinforcement of composite
was obtained. The addition of nanoparticles into soft matrices
drastically improved their elastic modulus with improvements as
high as 7-folds relative to the pure matrix. The softer polymer
matrix displayed larger improvements in the elastic modulus likely
associated with a better particle dispersion into the matrix because
of its low viscosity. Composites based on CNT presented much
lower mechanical reinforcement than predictions from micro-
mechanical models because of the spherical-like agglomeration
state of the filler observed in the composites, reducing dramatically
its effective aspect ratio. Agglomerates in TrGO composites other-
wise presented a platelet-like morphology explaining the observed
higher reinforcement effect than CNT composites. When spherical
nanoparticles were used as filler a different tendency was found as
in this case the model predict lower values than experimental re-
sults. Micromechanical models showed that the agglomerations are
relevant in the mechanical reinforcement effect because they have
both constrained polymer molecules inside and lower effective
aspect ratio than isolated particles.
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