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Abstract. This work presents high surface area sp2 carbon allotropes as important tools to design and prepare lightweight
materials. Composites were prepared based on either carbon black (CB) or carbon nanotubes (CNT) or hybrid CB/CNT
filler systems, with either poly(1,4-cis-isoprene) or poly(styrene-co-butadiene) as the polymer matrix. A correlation was established between the specific interfacial area (i.a.), i.e. the surface made available by the filler per unit volume of composite,
and the initial modulus of the composite (G′γmin), determined through dynamic mechanical shear tests. Experimental points
could be fitted with a common line, a sort of master curve, up to about 30.2 and 9.8 mass% as CB and CNT content, respectively. The equation of such master curve allowed to correlate modulus and density of the composite. Thanks to the master
curve, composites with the same modulus and lower density could be designed by substituting part of CB with lower amount
of the carbon allotrope with larger surface area, CNT. This work establishes a quantitative correlation as a tool to design
lightweight materials and paves the way for large scale application in polymer matrices of innovative sp2 carbon allotropes.
Keywords: rubber, carbon nanotubes, interfacial area, lightweight material, dynamic moduli

1. Introduction

addition of the so called reinforcing fillers [10–13].
sp2 carbon allotropes are known as efficient reinforcing fillers: carbon black (CB) [14, 15] has been used
for over a century and, over the last decades, nanofillers such as carbon nanotubes (CNT) [16–18],
graphene and graphene related materials (GRM)
[19–21] have steadily increased their importance.
CB is a nanostructured filler: it is made by primary
nanometric particles, fused together to form micronsize aggregates. Nanofillers, such as CNT and GRM,
can be separated into individual nanometric particles: they can establish large interfacial area with the
polymer matrix and great impact on the material
properties is thus expected.
Over the last years, an impressive number of new sp2
carbon allotropes with nano dimensions have been

This work was performed in the frame of a research
aimed at preparing lightweight high performance
materials based on sp2 carbon allotropes. Lightweight
materials and design are at the edge of research in
academic environment and in several industries, such
as aerospace, automotive, wind power [1, 2] Reduction of CO2 emission, particularly in automotive field,
is the fundamental driver for the use of lightweight
materials [3, 4]. Carbon materials, in particular fibres
and nanomaterials [5] have been largely investigated
and used for preparing lightweight materials [6–9].
This work was focused on polymer composites based
on soft matrix and sp2 carbon allotropes.
Soft materials such as polymer melts and elastomers
achieve relevant mechanical properties thanks to the
*
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measurements of matrix modulus and of both single
filler and hybrid filler composites have to be performed.
In order to rationalize the reinforcement data, a different approach based on the specific interfacial area
was attempted. The interfacial area, i.a., is the surface made available by the filler per volume unit of
composite. Correlation was found between i.a. and
initial modulus of composites based on poly(1,4-cisisoprene) and CB, CNT or CB/CNT hybrid filler system: a master curve was able to fit the experimental
points [24, 25]. Recently, i.a. has been shown able to
correlate also parameters of sulphur based crosslinking of natural rubber (NR), such as induction time
(ts1) and activation energy, in the presence of CNT,
a high surface area nanosized graphite and CB: also in
this case, master curves have been obtained [33].
If the master curves based on interfacial area had a
general validity, they could be used as a tool for the
rationalization of reinforcement, with many potential
advantages. Master curves could allow to predict
moduli of hybrid filler composites from the moduli
of single filler composites, simply on the basis of the
relative amount of fillers. Moreover, a compound with
a given stiffness could be designed, calculating the
amount of one or more fillers required to achieve the
target modulus value. Furthermore, only few experiments would be needed to evaluate the master curve
equation and predict the values required to determine
the interaction term ∆G′int(ΦA, ΦB), instead of the laborious approach based on many experiments [25].
This work is aimed at establishing a quantitative correlation between moduli at low strain amplitude of
elastomer composites based on sp2 carbon allotropes
and a common feature of the carbon allotropes, both
nanometric and nanostructured. Moreover, it is aimed
at defining a quantitative tool to design lightweight
elastomeric materials. Composites were prepared with
either CNT or CB as the carbon allotropes, used as
the only filler or as CNT/CB hybrid filler system.
Characterization of carbon allotropes was performed
by means of thermogravimetric analysis (TGA),
wide angle X-ray diffraction (WAXD), Raman and
Infrared (IR) spectroscopies, determination of surface area and pH and Boehm titration. Synthetic homoand co-polymers were used as the matrices for the
composites materials: poly(1,4-cis-isoprene) (IR) and
poly(styrene-co-butadiene) (SBR). Composites were
prepared via melt blending and were crosslinked with
a peroxide, to avoid the effects of low molecular

prepared [22] and it is acknowledged that new allotropes are to be synthesized [23]. It was reported
that major challenges arise aiming at ‘combining lowdimensional forms into more complex 3D architectures’ [23]. Intriguing research has thus to be performed on polymer nanocomposites based on sp2
carbon allotropes and challenging objectives, indeed
not yet achieved, are to identify common features and
behavior for different families of allotropes and even
to predict their behavior in a composite material.
It is nowadays clear that, particularly for large scale
applications, nanofillers cannot replace CB. Indeed,
increasing interest is on hybrid systems based on
CB-CNT and CB-GRM [24], developed by partially
substituting CB with nanometric carbon allotropes.
In most studies, CB and carbon nanofillers have been
separately investigated and only recently [25, 26]
crystallinity, shape anisotropy, density, surface area
and oil absorption of CNT, a nanosized graphite and
CB have been compared.
Interestingly, synergistic effects on mechanical reinforcement, between CB and nanofillers, have been
shown in both elastomeric [17, 24, 25, 27–30] and
thermoplastic [31] matrices. Previous works by the
authors highlighted that the mechanical reinforcement of an elastomer matrix promoted by hybrid
fillers is not the result of the simple addition of reinforcing effects by each single filler [25, 30]. In fact,
for a composite with a hybrid filler system composed
by two fillers (filler A and filler B), the modulus of
the hybrid filler composite, G′hc(ΦA, ΦB), was found
to be larger than the one calculated as the sum of individual contributions by each single filler. This
modulus increase was due to the interaction between
the fillers and was expressed with an ‘interaction
term’ (ΔG′int) [25, 32], through the Equation (1):

DG lint RU A, U B W = G lhc RU A, U B W - G lmatrix -"G lA RU A W - G lmatrix% - "G lB RU B W - G lmatrix%

(1)

where the subscripts A and B refer to the two different fillers, Φ is the filler volume fraction, G′matrix is
the initial modulus of the neat matrix, G′A(ΦA) and
G′B(ΦB) are the initial moduli of the composites with
only filler A and with only filler B, respectively.
However, ∆G′int(ΦA, ΦB) interaction term from
Equation (1) provides only a phenomenological description of the interaction level. Moreover, to experimentally determine it, many experiments are required to assess its dependence on filler content:
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by WAXRD analysis. In this work, characterization
of CNT(N) (which are largely available on the commercial scale), is presented.

mass substances traditionally used in sulphur based
crosslinking, such as ZnO, stearic acid, sulphur and
sulphenamide. The mechanical reinforcement was
evaluated by dynamic moduli, and, in particular,
modulus at minimum strain G′γmin and ΔG′ difference (G′γmin – G′25%) were considered. Objective of
the research was to study the possibility to build master curves based not only on different carbon allotropes but also on different elastomers. Elastomers
studied in the present work are traditionally used in
tyre compounds. Lighter materials for tyre compounds can have a remarkable impact for the reduction of CO2 emission.

2.2. Composites
Formulations of composites based on IR
All the composites are based on 100 parts by weight
of IR and 1.4 parts of dicumyl-peroxide. Various
amounts of filler were added. Filler volumes% of
composites based on IR as the polymer matrix are in
Table 1. Three series of composites were prepared
with various amounts of fillers: composites with only
CB, with only CNT(B) and with hybrid filler systems, made by adding the same amount of CB and
of CNT(B) in the composites.

2. Experimental part
2.1. Materials

Formulations of composites based on SBR
Also SBR based composites were prepared with 100
parts by weight of SBR, 1.4 parts of dicumyl-peroxide and various amounts of filler. The filler volumes%
of composites based on SBR as the polymer matrix
are in Table 2. Single filler composites, with only CB
or only CNT(N), and hybrid filler composites were

Elastomers
Synthetic poly(1,4-cis-isoprene) (IR) was SKI3 (Nizhnekamskneftechim Export, Nizhnekamsk, Russia),
with 70 Mooney Units (MU) as Mooney viscosity
(ML(1+4)100 °C). Synthetic poly(styrene-co-butadiene) (SBR) was from solution anionic polymerization: Nipol NS 522 (Zeon Corporation, Düsseldorf,
Germany), with 39 mass% of bound styrene,
37.5 mass% of extension oil and 62 Mooney Units
(MU) as Mooney viscosity (ML(1+4)100 °C).

Table 1. Filler volume % of composites based on IR, with
CNT(B) and CB as the carbon allotropesa
Composites with only CNT(B)

Peroxide
Luperox dicumyl-peroxide (Arkema Inc., Philadelphia, USA): 40% on CaCO3 as the support.

CNT(B)

1.2

2.4

4.7

9.0

12.9

9.0

12.9

Composites with only CB
CB

1.2

2.4

4.7

Composites with the hybrid CNT(B)/CB filler system

Carbon allotropes
Carbon Black N326 (CB) was from Cabot Corporation (Billerica, USA), with 30 nm as mean diameter
of spherical primary particles. DBP absorption number of 85 mL/100 g was measured and reported in
[25]. Two types of Multiwall Carbon Nanotubes
(CNT) were used: CNT(N) were NANOCYL®
NC7000™ series from Nanocyl (Sambreville, Belgium), with carbon purity of 90% and average length
of about 1.5 µm and CNT(B) were Baytubes® C150 P
from Bayer Material Science AG (Leverkusen, Germany), with a chemical purity higher than 95 wt%,
a length in the 1–10 μm range, a number of walls between 3 and 15 and outer and inner diameters of 10–
16 and 4 nm respectively. Characterization of CNT(B)
has been reported elsewhere [25]. In brief, CNT(B)
has: BET surface area equal to 200 m2/g, DBP absorption number of 316 mL/100 g and number of layers
stacked in crystalline domain of about 10, measured

CNT(B) + CB
CNT(B)
CB

1.2

2.4

4.7

9.0

12.9

0.6

1.2

2.4

4.5

6.5

0.6

1.2

2.4

4.5

6.5

afurther

tests were performed, on the neat IR matrix and on composites with the following carbon fillers: with 1.7% CNT(B); with
CB (volume %): 5.6, 16.6, 22.9, 26.3.

Table 2. Composites based on SBR, with CNT(N) and CB
as the carbon allotropesa. CB volume %/CNT(N)
volume % are indicated.
CNT(N)
CB
0

0

2

4

6

0/0

0/2

0/4

0/6

5

5/0

5/2

5/4

5/6

10

10/0

10/2

10/4

10/6

15

15/0

15/2

15/4

15/6

afurther

tests were performed: with only CNT(N), with volume %:
0.5; 1.0; 1.4; 2.3; 2.8; 3.0; 3.4; 5.0; 8.0; 9.0; with only CB, with
volume %: 7; 10; 13; 18; 24; 29, with hybrid filler system: 5
CB/1 CNT(N)
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Patterns were recorded in 10–100° as the 2θ range,
being 2θ the peak diffraction angle. Distance between crystallographic planes was calculated from
the Bragg’s law. The Dhkℓ correlation length, in the
direction perpendicular to the hkℓ crystal graphitic
planes, was determined applying the Scherrer equation (Equation (2)):

prepared. For the hybrid filler composites, systems
were prepared with a given amount of CB (in the
range from 0 to 15 as volume%), adding CNT(N) in
a range from 0 to 6 of volume%.
Preparation
Composites, based on either IR or SBR, were prepared using a Brabender® type internal mixer (Brabender PL-2000 Plasti-Corder Torque Rheometer, Brabender GmbH & Co. KG, Duisburg, Germany), with
50 mL mixing chamber. The following procedure was
adopted for the preparation of all the samples: 50 g
of the polymer were introduced in the Brabender
type internal mixer and masticated at 80 °C for 1 min
with rotors rotating at 60 rpm. The filler was then
added, mixing was performed for 4 min and the composite was then discharged at a temperature of about
90 °C. The composite, so prepared, was left to reach
room temperature and was fed again to the Brabender® mixer kept at a temperature of about 50°C. Peroxide was added, mixing was performed for 3 minutes with rotors rotating at 60 rpm and composite
was finally discharged. Composites were finally further homogeneized by passing them 5 times through
a two roll mill operating at 50 °C, with the front roll
rotating at 30 rpm and the back roll rotating at 38 rpm
and 1 cm as the nip between the rolls.

Dhk, =

Km
b hk, cos i hk,

(2)

where K is the Scherrer constant, λ is the wavelength
of the irradiating beam (1.5419 Å, Cu-Kα), βhkℓ is
the width at half height, and θhkℓ is the diffraction
angle. The instrumental broadening, b, was determined by obtaining a WAXD pattern of a standard
silicon powder 325 mesh (99%), under the same experimental conditions. The width at half height,
βhkℓ = (Bhkℓ – b) was corrected, for each observed reflection with βhkℓ < 1°, by subtracting the instrumental broadening of the closest silicon reflection from
the experimental width at half height, Bhkℓ.
Raman spectroscopy
Raman spectra of powder samples deposited on a
glass slide were taken with a Horiba Jobin Yvon
Labram HR800 dispersive Raman spectrometer
equipped with Olympus BX41 microscope and a 50×
objective (Horiba, Ltd., Kyoto, 601-8510 Japan).
The excitation line at 632.8 nm of a He/Ne laser was
kept at 0.5 mW in order to prevent samples degradation. The spectra were obtained as the average of
four acquisitions (scan time: 30 s for each acquisition) with a spectral resolution of 2 cm–1.

Crosslinking
Reaction was performed at 170 °C for 10 min using
a Monsanto oscillating disc rheometer (MDR 2000)
(Alpha Technologies, Heilbron, Germany).

2.3. Characterization of carbon allotropes
Thermogravimetric analysis (TGA)
TGA tests were carried out under flowing N2
(60 mL·min–1) with a Mettler TGA SDTA/851 (Mettler-Toledo S.p.A., Novate Milanese, Milan, Italy)
instrument according to the standard method
ISO9924-1. Samples (10 mg) were heated from 30
to 800 °C at 10 °C·min–1. After being maintained at
800 °C for 15 min, they were further heated up to
900 °C and kept for 30 min under flowing air
(60 mL·min–1).

High-resolution transmission electron microscopy
(HRTEM)
HRTEM investigations on CNT(N) sample taken
from the water suspension sonicated for 10 min were
carried out with a Philips CM 200 field emission gun
microscope (FEI Company, Eindhoven, The Netherlands) operating at an accelerating voltage of 200 kV.
Few drops of the water suspensions were deposited
on 200 mesh carbon-coated copper grid and air dried
for several hours before analysis. During acquisition
of HRTEM images, the samples did not undergo structural transformation. Low beam current densities and
short acquisition times were adopted. To estimate the
number of stacked graphene layers and the dimensions of the stacks visible in HRTEM micrographs,
the Gatan Digital Micrograph software was used.

Wide angle X-ray diffraction (WAXD)
Wide-angle X-ray diffraction patterns were obtained
in reflection, with an automatic Bruker D8 Advance
diffractometer (Bruker Corporation, Billerica, Massachusetts, USA), with nickel filtered Cu–Kα radiation.
268

Galimberti et al. – eXPRESS Polymer Letters Vol.12, No.3 (2018) 265–283

2000 rheometer (Alpha technologies, Heilbron, Germany) in the torsion mode. For each sample, a first
strain sweep (0.1–25% shear strain amplitude) was
performed at 50°C and 1 Hz, then the sample was kept
in the instrument at the minimum strain amplitude
(γmin = 0.1%) for 10 min, to achieve fully equilibrated conditions. Finally, dynamic tests were performed
at 50 °C at increasing strain amplitude (0.1–25%
shear strain amplitude) with a frequency of 1 Hz.

Surface area
It was determined by using a BET apparatus according to ASTM D6556 method, with nitrogen as the gas.
Fourier transformed – infrared (FT-IR) spectroscopy
IR spectra were recorded in transmission mode
(128 scan and 4 cm–1 resolution) in a diamond anvil
cell (DAC) using a ThermoElectron FT-IR Continuum IR microscope (Thermo Fisher Scientific,
Waltham, Massachusetts, USA).
Boehm titration
It was performed to quantitatively determine the content of oxygenated surface groups. In a typical experiment, 0.05 g of the carbon allotrope were dispersed
in 50 mL of a 0.05 M NaOH solution and water removal was performed (see in the following). After stirring at room temperature for 24 h, the mixture was filtrated. Removal from the solution of the solid carbon
allotrope is essential to avoid the reaction of deprotonated groups on carbon allotrope surface with HCl. A
part of the solution (10 mL) was mixed with a water
solution of HCl (0.05 N, 20 mL). The obtained mixture was titrated using a 0.05 M solution of NaOH.
CO2 removal with N2
CO2 was removed from solution immediately before
the titration: samples were poured in 40 mL glass
vials equipped with a glass septum lids. N2 was bubbled into the vial through a needle submerged in the
solution. Bubbling rate was less than 1 mL/min. The
time of degasification was 24 h. After degasification,
the samples were transferred to a beaker that had
been purged with the inert gas and covered with
Parafilm®, to prevent absorption of atmospheric CO2.
pH
pH of carbon allotropes was determined according
to the standard ASTM D1512 method: in a 50 mL
flask were poured carbon black (1.5 g) and H2O
(20 mL) in sequence. Two drops of acetone were also
added to facilitate wettability of the carbon material.
The resulting mixture was sonicated for 3 min in a
2 L sonication bath. After this period, pH was measured using an electronic pH meter.

3. Results and discussion
3.1. Characterization of sp2 carbon allotropes
Characterization of CB and CNT was performed in
order to highlight chemical, topological and structural differences among the nanostructured and the
nanometric fillers. Characteristics of CNT(B) were
reported in a previous paper [25] and are summarized in the experimental part. In the present work,
comparative analysis was focused on CBN326 and
CNT(N), selected as the representative of the high
aspect ratio nanometric carbon allotrope.
Carbon purity and structure of CB and CNT(N) were
first investigated. Thermogravimetric analysis was
performed to assess carbon purity. Data are shown
in Table 3.
Carbon content of CNT(N) and CB was found to be
about 89 and 98% by mass, respectively. In both
cases, the value of carbon content is in line with what
reported in its technical data sheet (90%). Appreciable mass loss (about 6%) for CNT(N) below 800 °C
(starting from 460 °C) could lead to hypothesize either the presence of organic substances or defects.
The presence of a residue after the treatment at
800 °C is as well appreciable, about 5% by mass, and
could be attributed to the catalyst used for CNT(N)
preparation.
Structure of carbon allotropes was investigated by
means of WAXD and Raman spectroscopies. WAXD
patterns are in Figure 1 for CB (curve 1) and CNT(N)
(curve 2).
Both samples of Figure 1 present broad 002 reflections. The out of plane correlation lengths were estimated, by applying the Scherrer equation, to be
Table 3. Mass losses of CNT(N) and CB, from TGA analysis
Mass loss
[%]

Sample

2.4. Characterization of composites
Dynamic-mechanical measurements
Dynamic-mechanical measurements on crosslinked
composites were performed with a Monsanto R.P.A.
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0 °C < T < 800 °C

> 800 °C

Residue

CNT(N)

5.8

89.3

4.9

CB

1.3

98.0

0.7
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Figure 1. WAXD patterns of CB (1) and CNT(N) (2), a) from 10 to 40°, and b) from 40 to 100° as peak diffraction angle

about 1.9 and 3.0 nm for CB and CNT(N), which
correspond to a number of layers stacked in crystalline domain of about 5 and 8, respectively. Both CB
and CNT(N) present distances between the structural
layers slightly larger than those of ordered graphite
samples (d002 = 0.335 nm) [34]. Low intensity can be
observed for the broad reflections characteristics of
the order inside the graphitic planes. In both samples, 101 and 112 reflections are negligible. The absence of (hkℓ) reflections with ℓ ≠ 0, other than (002),
is a clear indication of the structural disorder of CB
and CNT(N). Indeed, it is widely acknowledged that
CB has a turbostratic structure [35].
Raman spectra of CNT(N) and CB are reported in
Figure 2.
The G peak is assigned to the E2g Raman active mode
of collective C=C stretching vibration of crystalline
graphite (graphene), whereas the D peak appears when
structural defects, such as holes, sp3 or sp carbon
atoms, dangling bonds, distortions from planarity,
grafted functional groups or confinement (e.g. by
edges) affect the graphitic layers [36–44]. Comparing the Raman features of CNT(N) and CB, several
differences can be discerned. The number of observable modes in CB is clearly lower than that in
CNT(N). In particular, the 2D [37] band can only be
observed in CNT(N). Moreover, D and G peaks in
CB spectrum are broader than in CNT(N) spectrum,
indicating a higher degree of disorder. Accordingly,
the ID/IG intensity ratios for CB and CNT(N) was

Figure 2. Raman spectra of CB (1) and CNT(N) (2)

estimated to be 1.7 and 1.3 respectively. Raman components between G and D peaks are due to disordered sp3 carbon structures.
Morphological investigation of CNT(N) and CB samples was performed by means of HRTEM analysis at
different magnifications. Micrographs are shown in
Figure 3.
In Figure 3a, bundles of entangled CNT(N), lain on
a grid, are clearly visible. Micrograph at high magnification in Figure 3b shows that the multiwalled
CNT(N) skeleton is highly crystalline and regular. The
inspection of such image allowed to estimate the average number of CNT(N) layers equal to 10, a value
close to the one calculated from WAXD pattern.
Micrograph of CB at low magnification (Figure 3c)
reveals carbon aggregates made by pseudo-spherical particles with an average size of about 30 nm.
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Figure 3. HRTEM micrographs of CNT(N) (a, b) and CB (c, d): at low (a, c) and higher (b, d) magnifications. In Figure a,
the grid is visible

In Figure 3d it is evident the highly disordered
graphitic structure.
As mentioned in the introduction, this work is aimed
at identifying carbon fillers features suitable to establish common correlation with composites parameters
and moves from results based on specific interfacial
area as the correlation parameter. Hence, surface characteristics of CB and CNT(N) were investigated.
Surface area was determined through BET measurements. CB was found to have 77 m2/g [25], a value
close to those available in technical data sheet,
78 m2/g, and in the literature, 75 m2/g [45, 46]. Surface
area was 200 m2/g for CNT(B) and was 275 m2/g for

CNT(N), a value larger than the one reported in the
literature, about 221 m2/g [47], determined with
1-butene in place of nitrogen.
IR analysis was performed in order to identify the
chemical nature of substances other than carbon (if
any) present in CNT(N) and CB. In Figure 4, are
shown IR spectra of CNT(N) (curve 1) and CB
(curve 2): full spectra in the region 4000–700 cm–1
(Figure 4a) and the magnification in the region
1800–700 cm–1 after baseline correction (Figure 4b).
IR spectra of CNT(N) and CB are characterized by
the common strong feature at 1590 cm–1 assigned to
E1u IR active mode of the collective C=C stretching
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Figure 4. FTIR spectra of CNT(N) (1) and CB (2): full spectra in the region 4000–700 cm–1 (a) and magnification in the region 1800–700 cm–1 after baseline correction (b)

was commented to have appreciably larger surface
activity than CNT(N). Explanation in the literature
makes reference to the presence of different structures on CB surface: besides graphitic planes, also
amorphous carbons, crystallite edges and slit shaped
cavities [51].
The performed characterization allows to conclude
that CB and CNT(N) have large carbon purity, of at
least 90% by mass, disordered structure, dramatically different shape and surface area: CNT are nanosized tubes and CB is formed by sphere aggregates,
with surface area larger than 200 m2/g and of about
80 m2/g, respectively. CNT are reported to have appreciably lower surface activity than CB [47] and in
the present work were found to have larger amount of
oxygenated groups and higher pH. Therefore, CB
and CNT have bulk structure similarities and remarkable differences as to their shape and surface properties. The study aimed at finding a common rationalization of their behavior in elastomer composites
is reported as follows.

vibration of graphite and graphene materials [48].
The spectrum of CNT(N) clearly shows additional
broad bands that can be assigned to vibrations of
CH2 and CH3 groups located at 2952, 2921, and
1460 cm–1 and to vibration of alcohol groups OH, to
bending of epoxy or ether groups at 1376, 1185 and
1100 cm–1. These peaks support the indication of the
mass loss at temperatures lower than 800 °C. Peaks
characteristic of –COOR functionalities (acid and
ester), which could be present in CNT(N) purified
by means of acid treatment, could not be detected.
Content of oxygen functional groups on carbon filler
surface was quantitatively evaluated using the Boehm
titration method, which allows to determine groups
such as carboxyls, lactones, lactols, epoxide and phenol [49, 50] The amounts of carbon surface functionalities were 1.3 mmol/g and 2 mmol/g for CB and
CNT(N) respectively.
Boehm titration method provides information on the
content of acidic oxygenated groups. Species such as
ketones, aldehydes, ethers are not detected. However, these latter functional groups play a significant
role in influencing the pH of the carbon allotrope.
For this reason pH of carbon allotropes was also determined: for CB and CNT(N) was found to be 7.7
and 8.6 respectively.
Surface energy distribution was not measured in this
work, but it has been reported in the literature for
CNT(N) [47] and for a Carbon Black very close to
the one used in this work, CBN347. It was determined by means of static 1-butene adsorption and it
was reported that a good polymer filler interaction
occurs on sites with energy of at least 27 kJ/mol. By
performing a comparison with different types of CB,
CNT(N) were found to have the lowest population of
sites with at least this energy. In particular, CBN347

3.2. Composites based on sp2 carbon
allotropes
Formulations of composites based on either IR or
SBR as the polymer matrix and either CNT(N),
CNT(B) or CB as the carbon allotropes, used as the
only filler or as hybrid filler systems, are in Table 1
and in Table 2, respectively. Carbon allotropes content cover a very wide range of volume%, also to encompass the percolation thresholds of each filler and
of the hybrid filler systems. In previous works by
some of the authors, it was reported that the percolation threshold in IR [25] was at about 9 phr and at
about 29 phr, for CNT(B) and CBN326 respectively.
It was also shown [21, 28] that in the case of hybrid
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Table 4. Filler volume %, specific surface area, G′γmin and
ΔG′ of SBR based composites

filler systems, CB and the nanometric carbon allotropes are able to build a continuous hybrid system, with lowering of the percolation threshold. The
carbon allotropes content covers as well a very wide
range of specific interfacial area. Specific interfacial
area (i.a.) is given by Equation (3):
i.a. = Ai $ t $ z

Composites with only CB
CB
CNT
i.a.
[volume %] [volume %] [m2/cm3]

(3)

where Ai is the surface area (assumed to be equal to
BET surface area), ρ is the filler density and φ is the
filler volume fraction. The interfacial area is the surface made available by the filler per volume unit of
composite. To emphasize this concept, in the text
below, the measure unit of interfacial area is indicated as m2/cm3: m2 indicate the surface made available
by the filler and cm3 indicate the volume unit of
composite. In the case of composites based on IR,
volume% indicated in the tables were achieved with
only one filler or by combining CNT(B) and CB in
equal amount. Results of composites already reported [25] were reproduced and reported along with
other composites in order to achieve larger values of
interfacial area, in particular with higher CB amount.
In the case of composites based on SBR as the polymer matrix, a larger number of samples were prepared. Indeed, SBR is for the first time used for this
type of investigation. Composites were prepared
with either CNT(N) or CB as the only filler, in a
wide range of volume%, and with hybrid filler systems, formed by adding to a given content of either
CNT(N) or CB the other carbon allotrope, as shown
in Table 2. Dispersion of CNT and CB and of the hybrid filler systems has been studied in previous
works and reported in papers already published [25,
28]. Carbon fillers were observed to be homogeneously distributed and dispersed and to create continuous networks in the hybrid filler systems.
Mechanical behavior of crosslinked composites of
Table 1 and Table 2 was studied by means of dynamic-mechanical tests performed in the shear mode (as
described in the experimental part). Storage shear
modulus G′ was measured as a function of the strain,
determining G′ values up to 25% as strain amplitude
(G′25%). G′ values taken at the minimum shear strain
amplitude (γmin = 0.1% strain), G′γmin, and ΔG′ difference (G′γmin – G′25%) were used to perform the
analysis of reinforcement brought about by single or
binary filler systems. Values of G′γmin and of ΔG′ are
reported Tables 4 and 5 for SBR and IR based composites, respectively.

G'γmin
[MPa]

∆G'
[MPa]

0

0

0.0

0.43

0.04

5

0

6.9

0.59

0.07

7

0

9.7

0.60

0.09

7

0

9.7

0.63

0.13

10

0

13.9

0.74

0.18

10

0

13.9

0.85

0.22

13

0

18.0

0.88

0.27

15

0

20.8

1.06

0.36

18

0

24.9

1.40

0.60

24

0

33.3

2.00

1.12

29

0

40.2

3.17

2.09

Composites with only CNT(N)
CB
CNT
i.a.
[volume %] [volume %] [m2/cm3]

G'γmin
[MPa]

∆G'
[MPa]

0

0.5

2.4

0.45

0.05

0

1.0

4.8

0.50

0.07

0

1.0

5.0

0.43

0.05

0

1.4

7.1

0.56

0.11

0

1.9

9.4

0.65

0.14

0

2.3

11.6

0.72

0.17

0

2.8

13.8

0.76

0.17

0

3.0

14.9

0.83

0.23

0

3.4

17.0

0.94

0.29

0

4.5

22.2

1.21

0.48

0

5.0

24.8

1.35

0.57

0

6.0

29.7

1.82

0.93

0

8.0

39.6

3.57

2.59

0

9.0

44.6

4.68

3.63

Composites with the hybrid CNT(N)/CB filler system
CB
CNT
i.a.
[volume %] [volume %] [m2/cm3]

G'γmin
[MPa]

∆G'
[MPa]

5

1

11.9

0.59

0.11

5

2

16.8

0.91

0.24

5

4

26.7

1.83

0.88

5

6

36.6

2.82

1.73

10

2

23.8

1.53

0.72

10

4

33.7

2.98

1.98

10

6

43.6

5.60

4.27

15

2

30.7

2.79

1.76

15

4

40.6

4.61

3.42

15

6

50.5

9.49

7.86

Composites based on SBR and containing very similar amount of carbon allotropes were first investigated. In Figure 5a, are shown curves obtained by
plotting G′ values as a function of the shear strain
amplitude for composites based on SBR with total
volume% of carbon allotrope in the range between
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Table 5. Filler volume %, specific surface area, G′γmin and
ΔG′ of IR based composites

0.09 and 0.1 (corresponding to 22 parts per 100 parts
of polymer): composites with either CB or CNT(N)
as the only carbon allotrope are compared with the
composite based on the hybrid filler system.
Larger G′ values were clearly obtained with CNT(N)
as the reinforcing filler: G′γmin is more than five times
higher than G′γmin of the composite based on CB.
Storage moduli of the hybrid composites with almost
the same amount of CB and CNT(N) are in between,
closer to those of CB based composite. In Figure 5bare shown curves obtained by plotting G′ vs
shear strain for composites based on SBR and different contents of CNT(N): 1, 5, 9 as volume%.
Larger nonlinearity of modulus can be observed for
composites with larger amount of CNT(N).
It is acknowledged that a nanofiller such as CNT
brings about large mechanical reinforcement of polymer melts and elastomers, definitely larger than the
one obtained with CB. Results shown in Figure 5a,
based on SBR matrix, confirm those already reported
in IR as the matrix (see Figure 3 in ref. [25]). The
graph in Figure 5 shows also a large reduction of
modulus (ΔG′) as the strain amplitude increases, that
is a large nonlinearity of the modulus, for CNT(N)
based composites. The modulus reduction is much
larger for CNT(N) based composites than for CB
based composite. This phenomenon, known as Payne
effect [52], is mainly explained with models based
on two main interpretations, which make reference
either to filler-filler or to polymer-filler interactions:
agglomeration–de-agglomeration process of the filler
network above the filler percolation threshold [52–
55] or polymer-filler bonding and debonding [56–64].
The reduction of storage modulus G′ with the increase of the strain amplitude is linearly correlated with

Composites with only CB
CB
CNT
i.a.
[volume %] [volume %] [m2/cm3]

G'γmin
[MPa]

∆G'
[MPa]

0.0

0

0.0

0.37

0.01

1.2

0

1.7

0.38

0.02

1.2

0

1.7

0.38

0.02

2.4

0

3.4

0.41

0.03

2.4

0

3.4

0.39

0.01

4.7

0

6.5

0.46

0.05

4.7

0

6.5

0.44

0.04

5.6

0

7.8

0.47

9.0

0

12.5

0.58

0.09

9.0

0

12.5

0.54

0.06

12.9

0

17.9

0.72

0.17

16.6

0

22.9

0.99

0.37

22.9

0

31.8

1.81

1.00

0

36.5

3.07

2.09

26.3

Composites with only CNT(B)
CB
CNT
i.a.
[volume %] [volume %] [m2/cm3]

G'γmin
[MPa]

∆G'
[MPa]

0

1.2

4.4

0.43

0.04

0

1.7

6.1

0.48

0.10

0

2.4

8.7

0.53

0.13

0

2.4

8.7

0.51

0.08

0

4.7

17.0

0.73

0.19

0

9.0

32.5

1.26

0.54

0

12.9

46.6

2.29

1.41

Composites with the hybrid CNT(B)/CB filler system
G'γmin
[MPa]

∆G'
[MPa]

3.0

0.41

0.03

CB
CNT
i.a.
[volume %] [volume %] [m2/cm3]
0.6

0.6

1.2

1.2

6.0

0.46

0.04

2.4

2.4

11.8

0.59

0.09

2.4

2.4

11.8

0.56

0.14

4.5

4.5

22.5

0.88

0.25

6.5

6.5

32.3

1.50

0.78

Figure 5. Storage shear modulus G′ vs strain amplitude for SBR composites based on CNT(N), CB, CNT(N)/CB. (a) Composites with total volume %: 9 for CNT(N), 10 for CB and 4/5 for CNT(N)/CB; (b) composites with only CNT(N),
volume %: 1, 5, 9.
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Figure 6. G′γmin vs total filler volume % for composites based on either IR (a) or SBR b) as the polymer matrix, with either
CB or CNT or CB-CNT as the filler systems

filler, whereas the curves due to hybrid filler systems
lie in between.
The dependence, on the total filler volume%, of
ΔG′(G′γmin – G′25%) is shown in Figure 7, for composites based on IR (Figure 7a) and on SBR (Figure 7b).
In both graphs it can be clearly seen that composites
containing CNT reveal higher nonlinearity of G′
modulus with respect to composites with only CB as
the filler.
As mentioned in the Introduction, objective of the
present work was to establish a general correlation
between mechanical reinforcement and feature(s) of
sp2 carbon allotropes. At the same level of filler
amount and dispersion, the level of reinforcement
promoted in a soft matrix depends on many factors,
such as filler surface area, structure and surface activity. This work focuses the attention on filler surface area. In fact, the specific interfacial area, defined
in Equation (3), was selected as the parameter for
correlating G′γmin values for all the composites of
Table 1 and Table 2. For the hybrid fillers, the total
i.a. was calculated as the sum of the i.a. of each carbon filler in the composite, by applying Equation (4),

the increase of the maximum value of loss modulus
G″. Hence, for the same total filler volume%, polymer melts and elastomers based on CNT(N) undergo
larger dissipation than composites based on CB.
The dependence of G′γmin on total filler volume%
was then studied for all the composites of Table 1
and Table 2. Graphs in Figure 6 show such dependence for composites based on either IR (Figure 6a)
or SBR (Figure 6b) as the polymer matrix, with either CB or CNT or the hybrid CB-CNT as the filler
systems.
As commented above and shown in Table 1, for composites based on IR, hybrid filler systems were obtained with equal amounts of CNT(B) and CB: hence,
only one curve is in Figure 6a for hybrid systems. In
SBR, CNT(N) and CB were combined fixing the
amount of CB (at 5, 10 and 15 as volume%) and
adding various amounts of CNT(N) (see Table 2):
three curves based on hybrid filler systems could be
drawn in the graph of Figure 6b. The inspection of
both figures reveals that, for the same total filler volume%, composites with CNT as the only filler have
larger modulus than composites with CB as the only

Figure 7. ΔG′ vs total filler volume % for composites based on either IR (a) or SBR (b) as the polymer matrix, with either
CB or CNT or CB-CNT as the filler systems
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used as the only filler or in a hybrid filler system,
with maximum carbon allotropes’ contents well above
their percolation threshold [25]. Different reasons
could be at the origin of points’ scattering for high
values of interfacial area. Difficulties in mixing a
nanofiller such as CNT could be taken into account.
However, a more careful inspection of the graph
seems also to suggest a way to handle such technical
problem. In fact, it is interesting to observe that, in the
scattered region, points of CNT filled systems based
on IR lie below those based on SBR. It was reported
in the literature the positive effect of aromatic rings,
in polymers as well as in molecules used as surfactants, to promote CNT dispersion and to establish an
intimate interaction between CNT and the polymer
matrix. As an effect of well dispersed nanofiller particles, low electrical percolation thresholds were obtained for CNT in matrices made by polymers with
aromatic repeating units: at about 0.5 as CNT volume% in an aromatic polyester based thermoplastic
polyurethane [66] and at about 0.95 phr CNT in SBR
[67], preparing the nanocomposites in both cases via
solution blending. Stable dispersions of multiwalled
CNT were prepared in chloroform, tetrahydrofuran
and toluene by using methyl methacrylate copolymers with pyrene side groups randomly distributed
along the chains [68]. Solubility in tetrahydrofuran
was improved for single walled CNT thanks to styrene
based copolymers with a pyrene block [69] and for
multiwalled CNT thanks to pyrene functionalized
polymers prepared with a pyrene functionalized
RAFT agent [70].
This evidence seems to support the hypothesis that
a better CNT dispersion is obtained when the matrix
contains a polymer with aromatic rings. Even more
interesting appear the larger G′ γmin /G′ m values

which is the extension of Equation (3) to the binary
filler system:
i.a. = AiCB $ t CB $ z CB + AiCNT $ t CNT $ z CNT

(4)

As mentioned above, surface area is assumed equal
to the BET value (77 m2/g for CB, 200 m2/g for
CNT(B) and 275 m2/g for CNT(N)) and ρCB = ρCNT =
1.8 g/cm3 is the filler density.
Values of G′γmin shown in Figure 6 were normalized
with respect to G′γmin of the matrix, and were plotted
as a function of the interfacial area, calculated by applying Equation (3) and Equation (4).
The graph shown in Figure 8a was obtained. Magnification is shown in Figure 8b in the 0–25 (m2/cm3)
interval of the interfacial area, with points fitted with
an exponential curve.
It appears that points obtained for all the composites
of Table 1 and Table 2 lie on the same exponential
fitting curve (solid line in the graph of Figure 8b), a
sort of master curve, up to a value of interfacial area
of about 25 (m2/cm3), corresponding to CB and
CNT(N) content of about 45 and 11.5 parts per hundred parts of polymer, respectively. Such contents
are typical of many elastomer composites, reported
in the scientific literature and also available at the
commercial scale. This result is in line with the theory of reinforcement [10, 65], which says that modulus at low strains essentially depends on filler surface area. Moreover, it has been mentioned in the
Introduction that the reinforcement changes with the
specific interfacial area, for fillers with the same
chemical nature [62]. However, it is definitely worth
emphasizing that such a master curve holds for composites based on different elastomers and different
carbon allotropes, nanometric and nanostructured,

Figure 8. (a) (G′/G′m)γmin vs specific interfacial area for composites of Table 1 and Table 2 (b) magnification of the 0–
25 (m2/cm3) interval of the interfacial area with exponential fitting curve
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area. It is even surprising that points were fitted with
a common line, although a single filler feature was
considered. Moreover, it could be also reasonably
commented that BET surface area overestimates the
surface area available to the polymer. As a matter of
fact, as it is shown in Figure 8, fitting with an acceptable correlation coefficient occurs over a limited
(though quite wide) range of carbon allotrope content and, the coefficient could be higher. Indeed,
filler features such as surface activity, particles’ anisometry and the actual availability of the filler surface to the interaction with polymer chains have
been neglected. Improvement of the fitting with experimental data of mechanical reinforcement could
be expected by considering also these features. In
fact, in a previous work [25], it was shown a satisfactory correlation between specific surface area and
composites’ initial modulus for carbon nanotubes
and carbon black but not for a high surface area
nanosized graphite (HSAG). Comment was that, in
the case of HSAG, the BET surface area measured
by nitrogen absorption was not actually available to
the polymer chain: graphene layers are prevailingly
stacked in crystalline domains. To take into consideration this aspect, surface area could be determined
with an organic molecule, such as cetylammonium
bromide [10], in place of a gas. In this work correlation has been attempted between values of initial
modulus and values of di-iso butyl phthalate (DBP)
absorption of carbon allotropes, available for CB,
CNT(B) and for the HSAG used in the cited work
[25]. Measured DBP values were: 85 (CB), 316
(CNT(B)), 162 (HSAG) mL/100 g. DBP absorption
values are typically used to estimate filler porosities
available to the polymer chains. In the graph in Figure 10 reported below, initial modulus values of
composites based on IR and SBR as the rubbers and
CB, CNT(B) and HSAG as the fillers (data of HSAG
based composites were taken from the cited work
[25]) are plotted versus the effective volume fraction, calculated through the Medalia expression [75],
reported below as Equation (5):

obtained with hybrid CB/CNT systems. It is reported
in the literature that CB helps CNT dispersion in a
polymer matrix [71–74]. As already commented,
synergistic effects on mechanical reinforcement have
been reported for hybrid filler systems formed by
nanometric and nano-structured carbon allotropes,
such as CNT and CB [17, 24, 27–31].
Graphs in Figure 5a and Figure 6 and data in Tables 4
and 5 reveal the much larger reinforcing ability of
CNT. Hence, besides considerations on cost and impact on human health, CNT appears to be an ideal
filler for preparing elastomer composites with important mechanical properties.
However, CNT based composites show much more
pronounced Payne effect than composites based on
CB or on the hybrid CNT/CB system, as shown by
the graphs of Figure 5b and in Figure 7. Such a remarkable Payne effect prevents the large scale application of CNT in composites designed for demanding dynamic-mechanical application, because of the
large dissipation of energy which could be envisaged. It could be hypothesized that this behavior is
intrinsically correlated with CNT. To investigate this
aspect, values of ΔG′ were plotted as a function of
the interfacial area for all the composites of Table 1
and Table 2.
The graph shown in Figure 9 reveals that the same
correlation observed in Figure 8 for G′ values can be
observed also for ΔG′. The same values of G′γmin and
of ΔG′ can be thus obtained for elastomer composites with sp2 carbon allotropes as the reinforcing
fillers, when carbon fillers are used in such an
amount to provide the same value of polymer filler
interfacial area.
Correlation has been thus established between dynamic modulus of composites and specific interfacial

effective volume fraction =

z
+
$ DBP Y
= 2 T1 + 1 0.02139
1.46

(5)

where DBP is the absorption value in mL/100 g.
In case of hybrid filler systems, the total effective

Figure 9. ΔG′ vs specific interfacial area for composites of
Table 1 and Table 2
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established between dynamic modulus of composites
and specific interfacial area. As reported in the Introduction, the aim of establishing this correlation was
to design lightweight materials. In the following, it is
shown an example of composite design, upon defining target values of dynamic modulus and density.
Target values of G′ modulus were defined in a range
covered by the master curve of Figure 7b. For such
G′ values, the corresponding interfacial area could
be obtained by solving the equation of the master
curve, Equation (6):

volume fraction is calculated as the sum of the effective volume fraction calculated for each single
filler.
It is indeed worth observing that points fit a common
line, also for HSAG based composites and over a
wider range of carbon allotrope content. It could be
thus commented that a parameter such as the DBP
absorption, which takes into account the actual interaction between the polymer and the filler, could
be used to establish correlations with mechanical
properties such as the moduli at low strain amplitude. Moreover, the comparative analysis of correlations based on surface area and DBP absorption allows to tell apart fillers, on the basis of their actual
ability to interact with the polymer matrix. In case a
new carbon allotrope would be used as filler, both
charts of Figure 8 and Figure 10 would be useful to
examine its reinforcing ability. As far as the effect of
particles’ anisometry is concerned, some of the authors have reently demonstrated [76] that anisometric carbon allotropes, such as CNT and HSAG, give
rise to orthotropic and transversally isotropic mechanical properties. Moduli at low strains were
found to be very similar in all directions inside the
sheet plane, i.e. perpendicularly to the pressure applied during vulcanization, and appreciably different
in orthogonal directions. Initial modulus values reported in the present work can indeed be compared,
as they were determined inside the sheet plane.
Results reported so far allow to comment that the
same values of G′γmin and of ΔG′are obtained for
elastomer composites with sp2 carbon allotropes as
the reinforcing fillers, when carbon fillers are used
in such an amount to provide the same value of polymer filler interfacial area. Correlation has been thus

G lc min
= e0.043i.a.
G lm

(6)

The correlation between i.a. and the filler volume
fraction of CB and CNT is given by Equation (4).
CNT(N) were considered in this calculation.
For given values of filler volume fractions, the density of the composite (ρC) could be calculated by
using Equation (7):
t C = t CB $ z CB + t CNT $ z CNT +
+ t m $ R1 - zCB - zCNT W

(7)

Equation (7) is based on the rule of mixtures, under
the assumption that the composites include only the
elastomer matrix and the filler(s) (the presence of
peroxide is thus neglected). Equation (7) provides a
rough estimation of the density of the composite. It
could be commented that a large part of highly-filled
rubber compounds is bound rubber and bound rubber is expected to have a density higher than the matrix density. However, rubber density (also bound
rubber) cannot be considered higher than the filler
density. Moreover, density difference is expected to
be not relevant for the calculations according to
Equation (7). In the literature [77] it was reported
that, in the case of NR, density value should be between that of amorphous and crystalline NR: these
values range between 0.9 and 0.96. The variation of
matrix density is below 6%, and this gives an uncertainty of the density of the composite even lower.
The density of the SBR matrix, ρm, was estimated
equal to 0.98 g/cm3.
G′γmin interfacial area values of Equation (4) could be
obtained by using different amounts of CNT(N) and
CB, as single fillers or in hybrid filler systems.
To have lighter composites, larger amount of CNT(N)
should be used. The ratio between the CNT(N)
amount and the total filler amount, here defined as

Figure 10. (G′/G′m)γmin vs effective volume fraction (calculated through Equation (5), see text) for composites of Table 1 and Table 2 with CB, CNT(B) and
HSAG (from [25]) as the carbon allotropes
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φCNT/(φCB + φCNT), ranges from 0, for composites
based only on CB, to 1 for composites based only on
CNT(N). Composite density was plotted as a function of φCNT/(φCB + φCNT) for composites based on
SBR with different G′γmin modulus, in a range from
0.43 to 1.56 MPa. Curves were obtained and are
shown in the graph in Figure 11.
Composite density decreases as the CNT(N) relative
content increases and, for a given modulus, achieves
the minimum values when only CNT(N) is used as
the filler. Reduction is larger when target modulus
value is higher: for example, for the composite with
1.56 MPa as the target modulus, reduction of density
is of about 11%.
Curves in Figure 8b and 11 and Equation (6) allow
to design light weight material, through the following path. Target value of initial modulus can be defined, e.g. 1.37 MPa. This modulus can be achieved
using only CB: the amount of CB required is 19.5 as
volume% and 32.3 as mass%. It can be then defined
target reduction of density. By using Equation (4)
and taking into account that CB and CNT(N) have
the same density, reduction of composite density
form 1.14 to 1.07 g/cm3 can be achieved by substituting 30% by mass of CB with the same amount of
CNT(N). This composite would have 7.7 and 3.3 as
volume% of CB and CNT(N), respectively. It must
be pointed out that the partial substitution of CB with
CNT(N) at the same i.a. does not alter the dissipative
behaviour of the materials, since also the Payne effect follows a master curve with the i.a. (as shown
in Figure 9).

4. Conclusions
Results of this work are a contribution for using sp2
carbon allotropes, particularly the ones with high
surface area, for the preparation of lightweight materials. Modulus at low strain amplitude was determined by dynamic-mechanical measurements in the
shear mode for composites based on either poly(1,4cis-isoprene) or poly(styrene-co-butadiene) as the
polymer matrix, with either carbon black or carbon
nanotubes or hybrid filler systems. By plotting initial
modulus as a function of the specific interfacial area,
experimental points were fitted with a common curve,
sort of master curve, up to a CB and CNT(N) content
of about 30.2 and 9.8 as mass%. Common correlation with interfacial area was found also for
ΔG′(G′γmin – G′25%), that is for the reduction of the
initial modulus with the strain amplitude. This result
demonstrates that large non linearity of the dynamic
modulus typical of CNT based composites is not intrinsically correlated with CNT, but is simply the
consequence of the surface area of the carbon allotrope.
The master curve of the initial modulus teaches that,
by using sp2 carbon allotropes with the same density,
target modulus can be obtained by substituting CB
with lower volume% of CNT, thus obtaining lighter
composites. For instance, it was calculated a density
reduction from 1.14 to 1.07 g/cm3, for an SBR based
composite with 1.37 MPa as the modulus, can be obtained by substituting 30% by mass of CB with CNT.
In a nutshell, this work establishes for the first time
a quantitative correlation as a tool to design nanofilled and hybrid filled elastomeric lightweight materials.
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