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Abstract. This work provides a comprehensive investigation of the anisotropic mechanical and electrical properties of elas-
tomeric nanocomposites based on natural rubber and sp? carbon allotropes. They can be either nanometric and with high
shape anisotropy like Carbon Nanotubes (CNT) and lamellar nanographite, or nanostructured and nearly isometric like
carbon black. Studies were performed on calendered and compression molded plates. A complete mechanical characterization
along all main directions could be performed by a non-standard testing approach. Composites with nanometric, high aspect
ratio fillers gave rise to remarkable mechanical anisotropy, revealing an orthotropic and transversally isotropic response:
modulus values were very similar in the sheet plane and much larger (almost twice as much) in the orthogonal direction.
The electrical anisotropy achieved its maximum at lower CNT content. Composites with carbon black did not reveal me-
chanical anisotropy, while, quite strikingly, a very large electrical anisotropy was observed for carbon black content close
to the percolation threshold. These results provide insights into the anisotropic behavior of nanofilled elastomers, and could
pave the way to their exploitation in advanced engineering design and biomimicking biomedical applications.
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1. Introduction last years, both in the academic and industrial fields
Important load bearing applications require elas- [5]. Nanofillers are particles with at least one dimen-
tomeric materials, in many different fields. Rubbers  sion below 100 nm [6]. Some examples are Carbon
are used, for example, for tire treads, vibration Nanotubes (CNT), both single-walled and multi-
dumpers, seals. Although much softer than rubber, walled [6—8], graphene and graphene related mate-
tough and highly deformable hydrogels are being de-  rials such as graphene nanoplatelets made by few
veloped and have reached the status of structural ma-  stacked layers of graphene (nanoG) [9-12]. Carbon
terials in applications such as cartilage replacement,  black is formed by primary nanometric particles,
scaffolds for tissue engineering or supports for fused together to form larger aggregates, which can
mechanobiology studies. For both classes of mate- reach a size of the order of micrometers. Instead, the
rials, the addition of reinforcing fillers is an effective  nanofiller particles can be individually dispersed in
route to promote the mechanical reinforcement [1, the elastomeric matrix. This results in a very high
2]. sp? carbon allotropes are traditional reinforcing  surface to volume ratio and, as a consequence, in a
fillers. Carbon black is the most used [3, 4] and nano-  higher reinforcing efficiency with respect to carbon
fillers have been increasing their importance over the  black content.
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A common rationalization of mechanical reinforce-
ment by different families of sp? carbon allotropes
has been recently proposed [13—15]. A quantitative
correlation has been shown between the initial mod-
uli of rubber based composites filled with carbon
black or CNT, and the interfacial area, that means
the area made available by the filler in the elastomer-
ic composite.

The high surface area of nanometric carbon al-
lotropes originates not only from their small dimen-
sions, but also from their high aspect ratio (or shape
anisotropy), i.e. the ratio of the maximum over the
minimum dimension of the particle [16, 17]. Owing
to this feature, the particles may present a preferen-
tial orientation in the elastomeric matrix and, as a
consequence, the composite may show anisotropic
properties, that means directionally dependent prop-
erties. Anisotropic properties in elastomeric matrices
may be caused by several reasons: 1) orientation of
the polymer chains; ii) non homogeneous filler dis-
tribution, even with ideally perfectly spherical par-
ticles; 1iii) stress softening caused by a repeated
stretching (Mullins effect) in one direction [18-21];
iv) preferential orientation of anisotropic filler par-
ticles [22, 23].

Preferential orientation and alignment of nanoparti-
cles is sought to fully exploit their influence along
specific directions, as for example in electronical ap-
plications (e.g. field emission displays and sensors,
data storage, and light-emitters) with CNT filled elas-
tomers [24], or in biomimicking, tissue engineering,
and bioseparation applications, where hydrogels are
filled with CNT [25] or nanowhiskers [26] to induce
direction-dependent structure with the aim to mimic
anisotropic hierarchical morphologies of some nat-
ural tissues.

Indeed, the control of anisotropic properties of elas-
tomeric materials is of great importance. Modeling
of composites with electrically conductive nanorods
has been recently presented [27]. However, only few
experimental works [22, 28] provide a measure of
properties along transversal directions and a quan-
tification of the anisotropy level. A remarkable
anisotropic behavior of the dynamic moduli has been
documented for CNT filled Natural Rubber (NR)
[22]. The structuring of CNT induced an orthotropic
and transversally isotropic response. As a result, the
dynamic moduli were very similar to each other
when measured inside the sheet plane and nearly
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double when measured in the orthogonal direction
(i.e. perpendicularly to the sheet plane). Moreover,
Transmission Electron Microscopy (TEM) analyses
showed a preferential orientation of CNT inside the
natural rubber based composites.

In spite of the scientific and applicative impact of
this finding, there is a lack of systematic studies on
the effect of filler aspect ratio on the level of aniso-
tropy of rubber composite properties.

In the present work, a comprehensive investigation
and analysis of the anisotropic behavior of rubber
nanocomposites filled with sp? carbon allotropes hav-
ing different shape anisotropy has been performed.
Although the results are specific for the considered
materials, the experimental testing approach has a
more general validity, and could be applied both to
rubber and hydrogels, produced with different
processes. Mechanical and electrical properties have
been studied. Three classes of carbon-based fillers
with very different shape anisotropy were accounted
for: multiwalled carbon nanotubes, nanographite, and
two types of carbon black with different level of sur-
face area. The nanographite is characterized by a high
surface area and relatively high shape anisotropy
[29]. One of the two carbon black is N326 (CB-MS),
having an average (medium) level surface area and
structure, whereas the other one is characterized by
a very high surface area (CB-HS). Carbon black was
investigated since it shows low or even zero effects
of anisotropy, providing a sort of lower limit of aniso-
tropy level for comparison purposes.

The mechanical and electrical properties of elas-
tomeric composites were investigated along three
main spatial directions of a rubber plate that is a sim-
ple, yet relevant rubber product. The plate allowed to
take advantage of the intrinsic filler orientation in-
duced by the production process, calendering and
compression molding. The anisotropic mechanical
behavior was measured in terms of dynamic-mechan-
ical moduli along various directions, evaluating the
moduli dependence on the strain amplitude. A com-
plete mechanical characterization could be performed
by the suitable choice of specimen size and test ma-
chine, an ad-hoc approach developed by the authors.
To further evidence filler-related anisotropic effects,
the electrical resistivity was measured along the same
directions. The correlation of such properties with
structural morphology of the nanocomposites was
investigated by transmission electron microscopy.
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2. Experimental

2.1. Materials

Poly(1,4-cis-isoprene) from Hevea Brasiliensis (NR)
was SMR GP, with 65 Mooney units as Mooney vis-
cosity (ML(1 +4)100°C), from BR-THAI, Eastern
GR Thailandia — Chonburi, Lee Rubber.

Organic peroxide was 2,5-Dimethyl-2,5-di(tert-butyl-
peroxy)hexane supported on silica/CaCOs (45 mass%
of peroxide), from Arkema Inc (King of Prussia, PA,
USA).

Four kinds of fillers were used: CNT, nanoG, and
two kinds of CB-MS.

Multiwall carbon nanotubes are Baytubes C150 P,
from Bayer Material Science (Leverkusen, Germany).
They are characterized by chemical purity >95 wt%,
length of 1-10 pm, number of walls of 3—15, outer
and inner diameters of 10—16 and 4 nm, respectively,
according to the technical data sheet. Their surface
area, measured by the BET method, is 200 m?/g. The
following safety procedure was followed to avoid
the direct contact of the operator with CNT. They
were kept and weighed in a glovebox. The ingredi-
ents were fed in the mixing chamber through a steel
funnel on the top. The mixing chamber was not open
to the air during mixing.

Carbon Black N326 (CB-MS) is from Cabot Corpo-
ration (Billerica, MA, USA), and is characterized by
30 m as mean diameter of spherical primary parti-
cles, surface area, measured by the BET method, of
77 m?/g and oil adsorption number (with Dibutyl Ph-
thalate) of 85 mL/100 g.

Carbon Black PRINTEX XE2 (CB-HS) is from De-
gussa (The Cary Company, Addison, IL, USA) and
it is characterized by a surface area, measured by the
BET method, of 1114 m?/g.

NanoGraphite (nanoG) is Synthetic Graphite 8427®
from Asbury Graphite Mills Inc (Asbury, NJ, USA).
Its carbon content is >99 wt% and the surface area
is 330 m?/g (data from technical bulletin). Chemical
composition determined from elemental analysis is,
as wt%: carbon 99.5, hydrogen 0.4, nitrogen 0.1,
oxygen 0.0. NanoG is characterized by a high shape
anisotropy compared to several graphite grades. A
value of 3.1 was measured for the shape anisotropy
defined as the ratio between crystallites dimensions
in directions orthogonal and parallel to structural lay-
ers [29].
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2.2. Composites preparation

All the composites were produced by adding differ-
ent amounts of filler, namely 4, 15 or 35 phr (parts
per hundred parts of rubber), to 100 phr of NR and
3.5 phr of peroxide. Peroxide was used as the cross-
linking agent in order to avoid the addition of several
ingredients that would be required by a sulfur-based
cross-linking system. The filler amounts both in phr
and in volume fraction are reported in Table 1. Ad-
ditionally, also a sample of neat crosslinked NR rub-
ber and a sample filled with 50 phr of CB-MS (CB-
MS-50) were prepared.

Preparation procedure

Composites were prepared by mechanical mixing in
a Brabender internal mixer (Brabender PL-2000 Plas-
ti-Corder Torque Rheometer, Brabender GmbH &
Co. K@G, Duisburg, Germany), with 50 mL mixing
chamber. The fill factor of the mixing chamber was
about 80%. The ingredients were added in the follow-
ing sequence: NR was masticated at 80 °C for 1 min
with rotors at 60 rpm. The filler was then added and
mixed for further 4 min; then peroxide was added
and the final composite was discharged after 2 min.
The mixing time, shorter than the half-life of perox-
ide (10 hat 115°C), was set to avoid premature cross-
linking, which was not observed. Composites were
finally further homogeneized by passing them five
times through a two roll mill operating at 50 °C, with
the front roll rotating at 30 rpm and the back roll ro-
tating at 38 rpm and 2 mm as the nip between the
rolls. The sheet of the compounds was rotated at every
step. Finally the sheets were compression molded for
10 min at 170 °C with 3.5 MPa pressure into square
plates with 3 mm thickness and 100 mm edge.

Table 1. Recipes of composites based on NR and carbon

nanofillers®.
Filler type Composite”
CNT CNT-4 CNT-15 CNT-35
4(0.02) 15 (0.07) 35(0.15)
nanoG nanoG-4 nanoG-15 nanoG-35
4(0.02) 15 (0.07) 35(0.15)
CB-MS-4 CB-MS-15 CB-MS-35
CB-MS 4(0.02) 15 (0.07) 35(0.15)
CB-HS-35
CB-HS 35(0.15)

20ther ingredients: NR 100 phr, peroxide 1.58 phr (peroxide/sili-
ca/CaCOs3 3.5 phr),

PAre reported: label of the composite (e.g.: CNT-4), the amount in
phr and, in brackets, the volume fraction of carbon filler.
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2.3. Dynamic-mechanical analyses

2.3.1. Samples preparation

Parallelepiped specimens were cut from the square
sheets of cured rubber. The nominal dimensions of
the specimens were: height = 6 mm, width = thick-
ness =3 mm (see Figure 1a). The actual dimensions
of each specimen in its unstrained state were meas-
ured before testing by a travelling optical micro-
scope.

Fixed clamps

2.3.2. Measurements

Dynamic mechanical tests were carried out by a dy-
namic-mechanical analyzer Q800 (TA Instruments,
New Castle, DE, USA). All tests were performed at
room temperature and 1 Hz, in strain sweep mode.
The strain amplitude ranged from a minimum of
0.02% up to the maximum strain level that may be
applied according to the machine bearing capabili-
ties (maximum load: 18 N).

Rubber plate

a)

b)
/
1 Through- In-plane 1
c) thickness

Through-thickness

Picture of the DMA Q800 -TA
Instruments clamp

In-plane f/'

= ——

v

In-plane 2

Figure 1. Schematic representation of test configurations. a) Parallelepiped samples were taken from a crosslinked nanocom-
posite sheet and tested in the shear sandwich configuration by dynamic-mechanical tests. b) Representation of di-
rection of shear strains applied to specimens cut from the rubber sheets (represented by the dashed lines) in
‘through-thickness’ and ‘in-plane’ configurations; the coordinates of the reference system are also displayed. ¢) Rep-
resentation of the cubic specimens, in TT and IP configuration, and the corresponding current flow (solid arrows)

for the electrical measurements.
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The shear sandwich configuration used for testing is
shown in Figure la.

In the shear sandwich configuration, two nominally
identical parallelepiped rubber specimens were in-
serted between two outer plates. A central, moving
clamp separated the two specimens. The specimens
were slightly compressed by the two outer clamps (a
compressive strain of about 15% was employed) in
order that friction forces guarantee no slippage of the
specimens on the clamps.

Before each test, the specimens were mechanically
conditioned: a strain sweep (0.02%-maximum shear
strain amplitude, 1 Hz) was applied and an equili-
bration phase followed (0.02% shear strain ampli-
tude, 1 Hz, for 15 min). Finally, the dynamic moduli
were recorded as a function of strain amplitude dur-
ing the test. At least three repetitions were performed
for each test.

2.3.3. Test configurations

Figure 1b schematically depicts the orientation of
the specimens and of the strain directions with re-
spect to the rubber sheet, represented by the dashed
lines. The specimens, represented as parallelepipeds
drawn with the solid line, can be oriented along two
main directions perpendicular with respect to each
other. A Cartesian coordinate system helps to define
the loading direction of the specimens. The two main
dimensions of the rubber sheet were arbitrarily la-
belled with axes 1 and 2. Plane 1-2 thus defines the
main plane of the rubber sheet. Perpendicularly to the
sheet main plane is axis 3, which crosses the 3 mm
thickness. With reference to the sheet processing,
axis 3 refers also to the direction of application of
the pressure in the roll milling and in the molding
process. Instead no reference to specific processing
direction can be done with axis 1 and 2, since during
milling the rubber sheet was rotated at every step and
the mold configuration is symmetrical. Four test con-
figurations (see Figure 1b) were performed to study
the material response in different directions. Such con-
figurations can be divided in two groups: ‘through-
thickness’ (TT) and ‘in-plane’ (IP), labelled with ref-
erence to basic definitions of composites laminate
[30], widely used also for fiber-reinforced polymer
composites. For both TT and IP configurations, two
specimens, perpendicularly oriented to each other,
were tested. In ‘through-thickness’ (TT) tests the
shear stress was applied on the ¢ and a’ faces of the
sample, along axis 1 or 2, and the shear deformation

developed through the sample thickness. TT config-
uration allowed to measure G3; and G3; moduli, by
the application of y3; and ys3;, shear strains, respec-
tively. In ‘in-plane’ (IP) tests the shear stress was ap-
plied on b and b’ faces of the sample, along axis 1 or
2, and the shear deformation developed in the 1-2
plane. IP configuration allowed to measure G, and
G>1 moduli, by the application of y;, and y;; shear
strains, respectively.

2.4. Bright field transmission electron
microscopy (BF-TEM) and selected area
electron diffraction (SAED) analyses

The structuring of the filler in nanoG-15 and nanoG-

35 samples was carried out by TEM analyses. BF-

TEM analysis was coupled with Selected Area Elec-

tron Diffraction (SAED) analysis. BF-TEM micro-

graphs and SAED patterns were acquired using a

Philips CM200 electron microscope operating at

200 kV equipped with a Field Emission Gun fila-

ment (FEI Company, Eindhoven, The Netherlands).

A Gatan US 1000 CCD camera (Pleasanton, CA,

USA) was used and 2048%2048 pixels images with

256 grey levels were recorded. Thin film cross-sec-

tions (approximately 70—-100 nm thick) were pre-

pared at —130°C using a Leica EM FCS cryo-ultra-

microtome (Wetzlar, Germany) equipped with a di-

amond knife and mounted onto 300 mesh copper

grids. No heavy metal staining methods were used.

Analyzed sections were thus oriented parallel to axis 3

(shown also in Figures 1b and 1¢) and allowed to ob-

serve the nanocomposite through the sheet thickness.

2.5. Electrical resistivity measurements

The electrical measurements were performed in a
Janis ST-500 micro-manipulated probe station (Janis,
MA, USA) under ambient conditions and shielded
against electromagnetic interferences. The specimens
were contacted with the probe-station tips and con-
nected to the instruments with triaxial cables. In
order to ensure a good electrical contact between the
specimen and the tips, two of the six surfaces of the
specimen were covered with high-conductivity silver
paste. Current-voltage (I-V) electrical measurements
were performed using a KEITHLEY 2636A Source-
Meter Unit (SMU) (Keithely, a Tektronics company,
Beaverton, OR, USA). The SMU was programmed
and controlled with a computer by using MATLAB.
The measurement system (viz. micro-manipulated
probe station with the SMU) can measure currents

717



Agnelli et al. — eXPRESS Polymer Letters Vol.12, No.8 (2018) 713-730

as low as 10713 A with a voltage resolution of 5-107 V.
The [-V characteristics were measured on cubic
specimens with a volume of about 3 mm?. The volt-
age was swept from —5 to +5 V and the current was
recorded. We calculated the resistance as the best fit
linear interpolation of the /-} characteristic (i.e. in-
terpolation function /= V/R where R is the resist-
ance) and then the bulk resistivity results: p = R-S/h
where S and / are the surface area and thickness of
the specimen, respectively. The reliability of the bulk
resistivity measurement was checked. In fact, pre-
liminary tests performed on specimens with different
dimensions showed that the measured resistance
scales linearly with the specimen thickness, and this
indicates that it is not due to the surface conduction.
Two main test configurations were used. In the
‘through-thickness’ configuration, the current flow was
measured along axis 3, i.e. across the thickness, as
shown in Figure 1c. In the ‘in-plane’ configuration the
current flow was measured in the plane of the plate,
along axis 1 or 2, as shown in in Figure 1c. The actual
dimensions of the specimens, that means the thickness
and the facet area, were measured by using a calibrated
digital microscope (Dino-Eye AM7023CT-LH1 Dino-
Eye, Naarden, The Netherlands).

3. Results and discussion
This work studies the level of mechanical and elec-
trical anisotropy promoted by carbon based fillers with

different shape anisotropy, in crosslinked NR based
composites. As reported in the introduction, the car-
bon allotropes were a medium and a high surface
area carbon black with nearly isotropic particles and
anisometric nanofillers, such as a high surface area
nanosized graphite and carbon nanotubes. Such fillers
differ also for their aspect ratio. Only average values
can be estimated. From TEM images of CNT filled NR
systems (reported in [22]), the aspect ratio of CNT
can be estimated to be larger than 10. In the case of
nanoG, as reported in the experimental part, XRD
analysis allowed to determine the anisotropic index
[11, 29], which was found to be 3.1. However, this
value is based on the size of crystalline domains. As
the lateral size of nanoG lamella is larger than the
size of the crystalline domain (it can be in the range
from 300 nm to more than 500 nm), the aspect ratio
can also be larger than 10. The aspect ratio of CB-MS
and CB-HS can be hypothesized to be not much larger
than 1. Therefore, the filler shape anisotropy follows
the ranking: CNT > nanoG > CB-MS = CB-HS.

3.1. Dynamic-mechanical tests

The shear sandwich configuration allowed to test the
mechanical material properties both in the plane of
the molded sheets (IP configuration) and orthogonal-
ly (TT configuration). Figure 2 schematically shows
examples of such configurations, with the illustra-
tion of the possible structuring of the fillers inside

In-plane

— —— — -
# W= —— CNT -
7 e .
S~ —
I’w- - ——
7 737 = P
e T S L)
’I L _-—l'_'___' S
’ —— e T, —~——-—-—-- ot
L —=—= = nanoG ¢
o e —
4
l’ R
”ff’4‘4 —— ’.,é"f 3".' ..‘_—-; E
- ]
e & CB-MS St ¥
[¢] e

’I
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Figure 2. Schematic representation of some examples of dynamic-mechanical test configurations. Shear strains, indicated
by dashed arrows, were applied in ‘through-thickness’ (v31, ¥32) (specimens on the left), and in ‘in-plane’ tests (Y12,
v21) (specimens on the right) on parallelepiped specimens (grey shapes). CNT, nanoG and CB-MS expected or-
ganization is schematically sketched with a lateral view in ‘through-thickness’ tests and with a top view in ‘in-

plane’ tests.
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the rubber plate, which will be discussed below in
the text.

The mechanical dynamic moduli were measured
over a range of strain amplitudes. Filled rubbers typ-
ically showed a nonlinear behavior, i.e. a reduction
of the modulus with strain amplitude. Such phenom-
enon, known as Payne effect [31], is related to dis-
sipation of energy in dynamic-mechanical loading
of elastomeric materials. The intensity of the Payne
effect reflects the filler networking phenomenon, ac-
cording to models which refer to two main interpre-
tations: agglomeration—de-agglomeration process of
the filler network above the filler percolation thresh-
old [31-34] or polymer-filler bonding and debond-
ing [35-43]. The reduction of modulus is correlated
with the increase of the maximum value of loss mod-
ulus G". Such parameter is reported in the results as
an indication of energy dissipation of the investigat-
ed composites.

In the following, the anisotropic effects promoted by
the different carbon fillers, at 35 phr loading, are
compared. The dependence of the anisotropic effects
on the filler content is then discussed.

3.1.1. Effect of filler type (at 35 phr loading) on
anisotropic behavior of NR based
composites

Figure 3 shows the storage moduli, i.e. G2, G1, G31,

Gy, versus the shear strain amplitude for composites

with carbon fillers at 35 phr loading. Measurements

were carried out on at least three different specimens
for each testing direction. Curves of CNT-35 were
obtained and reported in [22]. In the present paper,
only two representative curves of CNT-35 tested in

TT (G3;) and in IP (G5;) configuration are reported.

They are compared in Figure 3a with the curves of

CB-HS-35, as these composites achieve the largest

values of moduli.

The average values of shear storage modulus G' at

low (0.025%) shear strain amplitude (G’ .025%), and

0f G" max, both in IP and TT configuration are report-

ed in Table 2.

Graphs in Figure 3 and data in Table 2 reveal that

CNT, CB-HS, nanoG and CB-MS promote different

levels of modulus, modulus nonlinearity and mechan-

ical anisotropy, for the same filler content. Consider-
ing the average of moduli values in IP configuration

(G2 and G,; moduli), CNT and CB-HS reach the

highest level of moduli at low strain amplitude (up

to more than 20 MPa), remarkably higher than what
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Figure 3. Storage moduli, G», G21, G31, G3p, Vs shear strain
amplitude, obtained in different test configurations
for composites filled with 35 phr of carbon fillers.
Curves refer to the carbon fillers indicated as fol-
lows. a) CB-HS and CNT. Only two representative
curves, TT-G3; and IP-G; (taken from ref. [22])
are shown for CNT. Composite pictures refer only
to CB-HS, for CNT see Figure 2. b)nanoG.
c) CB-MS.

was obtained with nanoG (4.4 MPa) and CB-MS
(1.42 MPa). This effect could be explained by the
higher BET surface area of CNT and CB-HS. At the
same filler content, a large surface area enhances the
interfacial area with the polymer, thus increasing the
reinforcing effect. The role of interfacial area as the
main parameter governing the reinforcing effects
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Table 2. Average values of storage modulus G’ at minimum (0.025%) shear strain amplitude and of maximum value of loss
modulus (G"iax), both in IP and TT configuration, and of anisotropy index for the composites with 35 phr filler.

CNT-35" nanoG-35 CB-MS-35 CB-HS-35
G'1p,0.025% [MPa] 20.5+1.8 4.40+0.07 1.422+0.017 22.240.8
G'1, 0.025% [MPa] 10.5+0.9 2.440.2 1.299+0.027 21.0+0.9
Anisotropy index (G'¢.025%) 1.95+0.06 1.83+£0.05 1.10+0.02 1.06+0.05
G max, 1p [MPa] 3.440.3 0.495+0.006 0.13940.003 2.68+0.08
G"max, 1 [MPa] 1.66+0.07 0.27+0.01 0.129+0.003 2.54+0.07
Anisotropy index (G” pax) 2.07+0.04 1.86+0.03 1.08+0.03 1.05+0.04

“data from ref [22]

promoted, at small strain by carbon fillers has already
been highlighted [13, 15-17]. Although the nanoG
specific surface area measured by BET (330 m?%/g)
is higher than that of CNT (200 m?/g), the reinforc-
ing effect of nanoG is lower than that of CNT. In pre-
vious works by some of the authors [13, 15] it was
commented that, in the case of nanoG, the surface
area measured by BET method (via nitrogen absorp-
tion) is not completely available to the polymer
chains: graphene layers are prevailingly stacked in
crystalline domains. The ability of carbon fillers to
promote high values of (G"ax) seems to follow the
same order already observed for the storage modu-
lus: CNT > CB-HS > nanoG > CB-MS. CNT and
CB-HS show a G"ux an order of magnitude higher
than the other fillers.

Figure 3 also shows that the filler surface area is not
the only parameter which affects the composites’ re-
inforcement. Indeed, for CNT and nanoG, the mechan-
ical reinforcement depends on the load direction: IP
moduli (G, and Gy;) are remarkably different from
TT moduli (G3; and G3,). On the contrary, CB-MS
and CB-HS do not reveal large differences. Whatev-
er the filler for each composite the two moduli meas-
ured in IP configuration (G, and G»;) are superim-
posed, as theoretically expected from symmetry con-
ditions. Moreover, also the two moduli measured in
TT configuration (G3; and Gs;) are very close to each
other. For this reason in the following no distinction
will be done between G, and G,; or between G3; and
G35, but moduli will be generically indicated as GIP
or GTT, respectively, unless otherwise specified.
These findings are indicative of transversally isotropic
solids, i.e. materials whose properties measured in a
plane are equal along any direction and are different
from those measured perpendicularly to the plane.
This result could be interpreted as a consequence of
the organization of the filler particles inside the rubber
matrix. Anisometric particles have a preferential ori-
entation: they lie inside layers parallel to each other.

This picture of the composites, shown in Figure 2,
was revealed by TEM images taken to CNT and
nanoG filled systems, as discussed below in the text.
A quantitative index of the composites’ mechanical
response, aimed at indicating the mechanical aniso-
tropy, was called anisotropy index and was defined
as the ratio of the property values in IP over the val-
ues in TT configuration. For each configuration, at
least four repetitions were performed, and mean
value and standard deviation are reported in Table 2.
The standard deviation of the anisotropy index is cal-
culated according to the rules of error propagation.
In Figure 3 and Table 2 the effects of the different
fillers on the behavior of the composites are clearly
noticeable. Particles with a remarkable shape aniso
effects, while more isometric particles such as CB-
MS and CB-HS lead to isotropic composites.

A remarkable level of anisotropy was calculated for
both nanoG and CNT filled systems, although the
moduli values are much lower in the case of nanoG
compared to CNT. In fact, nanoG and CNT filled com-
posites show an anisotropy index of the G’y ¢259, mod-
ulus equal to 1.83 and 1.95, respectively, in spite of the
fact that modulus values for nanoG are 4.40 MPa (IP)
and 2.4 MPa (TT), much lower than those for CNT,
equal to 20.5 MPa (IP) and 10.5 MPa (TT).

The anisotropy index of the two types of CB is slightly
larger than 1, 1.10 and 1.06 for CB-MS and for CB-
HS, respectively. Such (slight) deviation from isotropy
could be due to an inhomogeneous filler distribution
and dispersion, or to a slight shape anisotropy of filler
aggregates. In a previous work it was observed [44]
that CB generally exhibits a reduction of aggregate
breadth, or ‘flatness’, in one direction. Some works
[45-53] evidenced slightly anisotropic properties in
elastomeric systems, in both compression and injec-
tion molded rubber parts. The orientation of mole-
cules during the mould-filling operation was identi-
fied as the dominating factor, and the presence of
CB-MS was found to increase the anisotropy [54].
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Analogous findings were obtained for energy dissi-
pation. The two fillers with anisometric particles,
CNT and nanoG, gave the highest anisotropy index
for G"max, irrespectively of the absolute value of
G" max, Which is much higher in the case of CNT. In-
terestingly, the values of anisotropy index of G'¢ 259
and of G" . are very similar in the same nanocom-
posite. It seems therefore that reinforcement at small
strain and energy dissipation are similarly affected
by the filler loading direction.

Curves reported in Figure 3a allow a direct compar-
ison between composites, CNT-35 and CB-HS-35,
which achieve the largest moduli values. It is worth
noting that, in TT configuration, the modulus of CB-
HS-35 at low strain amplitude is much larger than
the modulus of CNT-35. This finding should be ex-
pected, taking into consideration the larger surface
area of CB-HS. It is also worth observing that the
moduli of CB-HS-35 in IP and TT configurations
have almost the same values. The behavior of CB-
HS is indeed similar to the behavior of CB-MS: fillers
with nearly isometric particles do not give rise to an-
isotropic mechanical properties. In the case of CNT-
35, the enhancement of moduli values, from TT to
IP configuration, could be attributed to the anisom-
etry of the particles which build up CNT. Finally, it
can be noted that the modulus reduction with shear
strain amplitude for CNT-35 is slightly larger than that
of CB-HS-35 (CB-HS-35 curves were interrupted at
about 3% strain amplitude). All these findings indi-
cate the different mechanisms for the reinforcement
promoted by the two fillers.

3.1.2. Effect of filler content on the anisotropic
mechanical behaviour

The effect of filler content on the anisotropic behav-
ior of NR based composites was investigated, for
composites based on anisometric fillers such as CNT
and nanoG. Composites were prepared with 35, 15
and 4 phr of nanofiller and their behavior was com-
pared with the one of the neat NR matrix. In the com-
posites, the fillers were considered to be either below
or above their percolation threshold, i.e. the mini-
mum filler amount required to establish a continuous
filler network. Percolation thresholds of CNT and
nanoG were reported [11] for composites based on
synthetic poly(1,4-cis-isoprene): they were between
7 and 9 phr for CNT and between 17 and 21 phr for
nanoG. The aim was to verify if the anisotropic ef-
fect could be dependent on filler percolation. In pre-
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vious papers by some of the authors, the mechanical
percolation threshold in polyisoprene rubber was es-
timated, following an approach based on the Huber
and Vilgis plot [56], in a range between 7 and 9 phr
for CNT [13, 55] and between 17 and 21 phr for
nanoG [11, 13].

The dependence of storage modulus G’ on the strain
amplitude for the neat NR matrix, nanoG-4 and
nanoG-15 are reported in Figure 4, respectively,
whereas the curves of nanoG-35 were already report-
ed in Figure 3b. Table 3 shows the storage modulus
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Figure 4. Storage moduli, measured in IP and TT configu-
rations, vs shear strain amplitude, obtained from
tests carried out on (a) the neat NR matrix and on
composites filled with (b) 4 phr and (c) 15 phr of
nanoG.
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Table 3. Average values of storage modulus G’ at minimum (0.025%) shear strain amplitude, and of maximum value of loss
modulus (G"ax), both in IP and TT configuration, and of anisotropy index for the composites with 4 and 15 phr of
nanoG, CNT or CB-MS.

nanoG-4 nanoG-15 CNT-4" CNT-15" CB-MS-4 CB-MS-15
G'1p,0.025% [MPa] 0.60+0.02 1.10+0.07 1.124+0.02 3.6+£0.2 0.505+0.002 0.72+0.02
G'11.0.025% [MPa] 0.51+0.01 0.85+0.06 0.59+0.04 1.61+£0.09 0.469+0.003 0.644+0.005
Anisotropy index (G’o.025%) 1.19+0.03 1.30+0.07 1.88+0.04 2.25+0.04 1.077+0.006 1.117+0.024
G" max, IP [MPa] 0.042+0.005 0.090+0.005 0.092+0.005 0.75+0.06 0.0302+0.0014 0.058+0.009
G max, TT [MPa] 0.032+0.005 0.07+0.01 0.043+0.002 0.32+0.02 0.0262+0.0006 0.045+0.003
Anisotropy index (G" max) 1.32+0.14 1.33+0.09 2.13+0.04 2.35+0.04 1.15+0.05 1.274+0.13

“data from ref. [22]

values at low strain amplitude and the maximum
value of loss modulus for both nanofillers and also
for CB-MS N326 at 4 and 15 phr.

The level of reinforcement and the anisotropy levels
of dynamic moduli in nanoG filled composites are
clearly affected by the filler amount. As shown in
Figure 3b, Figure 4, Table 2 and Table 3, by increas-
ing nanoG content there is an increase of storage
modulus and also of G".x. The Payne effect is evi-
dent above the percolation threshold (35 phr, Fig-
ure 3b) and becomes appreciable when nanoG con-
tent approaches such threshold (15 phr, Figure 4c¢).
Analogous findings can be seen in Figure 3 for CNT
and CB based composites: the modulus non linearity
is evident for composites with the carbon filler above
its percolation threshold.

Both the storage moduli values at small strain and
the corresponding anisotropy indexes are plotted in
Figure 5 as a function of the filler content. As already
commented, G’y o250, values of nanoG based compos-
ites are lower than those of the CNT based ones.
Moreover, also the absolute values and dependence
on the filler content of the anisotropy indexes are dif-
ferent. For CNT based composites, the anisotropy is
remarkable already at low CNT content (4 phr),

25
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. e R
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increases up to 15 phr and decreases for larger CNT
content. Such a dependence of the anisotropy index
on the CNT content could be attributed to the high
aspect ratio of CNT, which leads to high values at
low CNT content, and to the tubes’ bundles which,
at high CNT content, hinder their orientation during
the processing. Indeed, the anisotropy index of the
CNT based composite decreases at contents higher
than the percolation threshold.

On the other hand, the anisotropy index of nanoG in-
creases almost linearly with the filler content. As
commented above, nanoG achieves its percolation
threshold at higher content, with respect to CNT.
Moreover, nanoG cannot give rise to entangled struc-
tures. It could be also commented that a graphitic
filler is known to act as a lubricant in a polymer
composite. Hence, easier orientation, during process-
ing, can be reasonably expected. Reduction of aniso-
tropy index could be hypothesized also for nanoG
based composites, at larger nanoG content. But such
hypothesis cannot be verified or commented on the
basis of the available experimental data.

CB-MS and CB-HS filled composites reveal a sub-
stantially isotropic behavior, whatever is the filler
content and the level of reinforcement.
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Figure 5. a) G'(.0250, moduli measured in IP and TT configuration and b) anisotropy index of G’y 0250, moduli as a function
of filler content for fillers with different aspect ratio and geometry.
(Ranking of filler aspect ratio: CNT > nanoG > nearly isometric CB-MS = CB-HS)

722



Agnelli et al. — eXPRESS Polymer Letters Vol.12, No.8 (2018) 713—730

As already observed at 35 phr of filler, also for the
other filler contents the anisotropy of the energy dis-
sipation, indicated by G"nax, iS comparable to the
anisotropy level of the initial storage modulus.

3.2. TEM analysis of nanoG filled composites
TEM analyses were carried out on composites based
on anisometric carbon fillers. Figure 6 and 7 show
TEM micrographs of nanoG-15 and nanoG-35, re-
spectively. The observed samples are cut perpendic-
ularly to the large surface of the rubber plate, in order
to observe sections oriented parallel to axis 3 in Fig-
ure 2. In each figure, images taken at two different
magnifications are shown together with the Selected
Area Electron Diffraction pattern.

F.v ﬁg“‘" ;!f‘.

. aa

In both Figure 6 and Figure 7, nano-sized stacks of
graphite with dimension between 2 and 20 nm can
be easily observed. In both cases, nanoG stacks ap-
pear grouped in aggregates with sizes between tens
and hundreds of nanometers, uniformly distributed
in the observed areas. However, whereas in nanoG-
15 the aggregates are separated from each other, in
nanoG-35 the filler particles seem to form a nearly
continuous network. In the images of both compos-
ites, most of the lamellae show their lateral thin side,
and only a few lie flat in the sample slice. Moreover,
a preferential orientation of the lamellae can be iden-
tified. In order to have an unbiased evaluation of
such direction, SAED analyses were performed and
correlated with the BF-TEM micrographs, following
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Figure 6. Bright field TEM micrographs of ultrathin slice of nanoG-15 nanocomposite at (a) low and (b) high magnification.
The red arrow in (b) indicates the preferential orientation of nanoG particles identified by SAED analysis, whose
indexed pattern is displayed in the inset. (c) Electron diffraction intensity profile as a function of azimuthal angle
for the (002) Debye—Scherrer ring of nanoG-15 and CNT-15.
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Figure 7. Bright field TEM micrographs of ultrathin slice of nanoG-35 nanocomposite at (a) low and (b) high magnification.
The red arrow in (b) indicates the preferential orientation of nanoG particles identified by SAED analysis, whose
indexed pattern is displayed in the inset. (¢) Electron diffraction intensity profile as a function of azimuthal angle
for the (002) Debye—Scherrer ring of nanoG-35 and CNT-35.

the same procedure already adopted for CNT based  For CNT-15 and CNT-35, TEM micrographs revealed
composites [22]. Quantitative evaluation of the de- a layered structuring of the nanofiller: bundles of
gree of filler orientation is not possible, as it cannot ~CNT were mostly randomly distributed inside lay-
be taken for granted that images, necessarily taken ers, disposed almost parallel to each other and per-
on a small area, are representative of the whole sam-  pendicular to the molding pressure. A few CNT con-
ple. However, preferential direction of orientation nect the different layers through areas with lower
was identified by SAED: it is indicated, in the im- amount of CNT. Also in the case of CNT filled sys-
ages, by a red arrow, which is perpendicular to axis 3  tems, similarly to nanoG, SAED analysis revealed a
(see Figure 2). TEM investigation therefore confirms  preferential orientation of the filler particles, as can
the hypothesis of filler stratification through the be observed in Figure 6¢ and 7c, where the diffrac-
thickness of the rubber plate, as schematically rep-  tion patterns of the composites based on either CNT
resented in Figure 2. or nanoG are compared. It is worth commenting that
Discussion on findings from TEM analysis of CNT the intensity of the diffraction patterns does not pro-
based composites has been reported elsewhere [22].  vide useful quantitative information on the degree of
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orientation, mainly because the analysis was per-
formed on a small area.

Composites’ structure sketched in Figure 2 is thus
confirmed by the results of TEM analysis and is in
agreement with findings from dynamic-mechanical
measurements: high shape anisotropy nanofillers im-
part a transversally isotropic mechanical behaviour
to the elastomer based composites.

3.3. Electrical resistivity measurements
Elastomers are characterized by high electrical re-
sistivity (>10'! Q-m). Electrical conductivity ¢ = 1/p
can be increased with the incorporation of conduc-
tive fillers, such as carbon black or, generally, carbon
based fillers. The electrical properties of the compos-
ites are affected by filler concentration, filler mor-
phology, and filler dispersion. By increasing the filler
content, the rubber composite exhibits a sharp vari-
ation of electrical properties, switching from an in-
sulating to a conductive behaviour, at a filler amount
termed percolation threshold. At this level, a contin-
uous path of conductive filler particles is formed
through the elastomer matrix, allowing the transport
of charge carries which results in an electrical current
[57, 58]. Electrical resistivity was measured only at
filler amounts above the percolation threshold.

In the present work, analogously to dynamic-me-
chanical tests, bulk electrical resistivity p was meas-
ured on cubic specimens, cut from cured plates, both
in [P and in TT configuration, with reference to the
direction of current flow (see Figure 1c). In the TT
configuration, the contacts were applied on faces a
and «', and the bias voltage was applied across the
sheet thickness. TT configuration allowed the meas-
urement of the resistivity offered by the specimen
thickness, prr. In the IP configuration, the contacts
were applied on faces b and »’, and the bias voltage
was applied across the 1-2 plane, along axis 1 or 2.
IP configuration allowed the measurement of the re-
sistivity along two orthogonal directions in the sheet
plane, pip; and prp,. With reference to the specimens
sketched in Figure 2, contacts were applied on the
same surfaces where are the arrows representing the
strains. Figure 2 shows the possible structuring of the
fillers in the sections parallel to the current flow, in
both test configurations. Such structuring occurs also
in inner sections of the specimens, but for the sake
of simplicity, only the outer layer was sketched.
Measurements were carried out on CB-MS, nanoG
and CNT filled rubbers and also on the neat NR. The
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resistivity of CNT-4, CNT-15 and CNT-35, nanoG-
35, CB-MS-35 and CB-MS 50, measured both in IP
and TT configurations, is shown in Figure 8: Fig-
ure 8a for CNT based composites, Figure 8b for the
other composites. The measurements revealed a lin-
ear I-V dependence in the whole range of applied
voltages. The electrical resistivity, p, was consequent-
ly calculated as: p = R-S/h, where R is the inverse of
the slope of the best fitting linear approximation of
the I-V characteristic, S is the specimen cross-sec-
tion perpendicular to the current and / is the speci-
men height between the two contacts. Moreover, for
some of the conductive samples, the resistivity was
measured in [P configuration by applying a bias volt-
age across two different directions, 1 or 2 (as shown
in Figure 1¢) in order to assess possible anisotropic
effects within the plane of the rubber plates. Since it
was not measured any significant difference between
the results obtained in IP configuration along differ-
ent directions, these results are hereinafter reported
as generically measured in ‘[P configuration’.

It is worth noting that in the case of nanoG-4, nanoG-
15, CB-MS-4, CB-MS-15 and NR the measured cur-
rent was lower than 107! A, indicating that these
specimens are insulators. Hence, the resistivity was
not calculated.

Only in the case of CNT filled systems it was possi-
ble to characterize the whole experimental range of
filler contents. Figure 8a shows that the electrical re-
sistivity decreases steadily by increasing the CNT
content, and that prr is higher than pyp, irrespective
of the filler amount. The conductivity in CNT filled
rubbers is governed by tunneling of electrons be-
tween adjacent carbon nanotubes and through the
thin polymer layer which separates them [58]. The
lower resistivity at higher amounts of CNT could thus
be interpreted as the result of the larger number of
contact points between nanotubes and of the thinner
elastomer layers separating adjacent nanotubes. More-
over, the fact that electrical conductivity is higher in
IP than in TT configuration could be explained with
the structuring of CNT filler [22], sketched also on
the specimens drawn in Figure 8. The conductivity
is favored in IP configuration because the current
flows through a well-connected random network of
filler particles, whereas in TT configuration the cur-
rent flows through alternate layers with different filler
density. In other words, layers with lower amount of
CNT connecting layers with higher amount of CNT
increase the resistivity of the material.
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Figure 8. a) CNT-4, CNT-15 and CNT-35 and b) for nanoG-35, CB-MS-35, CB-MS-50. Anisotropy level (prr/pip) of each
sample is displayed above the bars. ¢) Comparison between meachanical (Gp/ G'rr at 0.025% strain amplitude)
and electrical (prr/pip) anisotropy level of Cyr filled composites..

The anisotropy level is calculated from the electrical
properties as pr1/prp, and the values are displayed in
Figure 8c. CNT filled composites show that the an-
isotropy level decreases by increasing the filler con-
tent: from 230 (at 4 phr CNT) to 9.7 (at 35 phr CNT).
The high anisotropic level of CNT-4 could be due to
the amount of CNT, which is very close to the one
required to achieve percolation, i.e. to obtain a con-
tinuous filler network. As reported above, conduc-
tive properties can be imparted to the insulating NR
matrix by achieving the percolation of the conduc-
tive filler. The electrical percolation should not be
far from the mechanical percolation threshold, found
to be in poly(isoprene) rubber in a range from 7 and
9 phr [13, 55]. Therefore it could be argued that at a
content of 4 phr, CNT are distributed in the whole
(bulk) volume of the specimen but the connectivity
between the CNT along the ‘thickness’ (TT, Fig-
ure 8c) direction is different with respect to that
along the ‘in plane’ (IP, Figure 8c) direction. The dif-
ferent connectivity results in a resistivity of the TT
configuration much higher (two orders of magni-
tude) than that of the IP configuration. At 15 phr as
CNT content, the filler network should be fully es-
tablished in any direction. The lower resistivity in IP

configuration arises from the preferential orientation
of the filler. The increase of CNT content from 15 to
35 phr leads to a fourfold reduction of the anisotropy
index. It can be hypothesized that at the maximum
CNT content, the amount of conductive filler is such
as to establish a continuous filler network in any di-
rection, independently of any possible preferential
filler orientation.

NanoG filled composites exhibited high electrical
resistivity. The mechanical percolation threshold of
nanoG in a synthetic poly(isoprene) rubber was meas-
ured in a range of 17-21 phr [11, 13]. Only nanoG-
35 showed measurable values of resistivity (I >
10713 A) because this is the only nanoG content above
the electrical percolation threshold. This is confirmed
also by the structural investigation by TEM analysis
(see Figure 6 and 7): a nearly continuous path of filler
particles can be observed at 35 phr, but not at 15 phr
of nanoG. Also for this nanofiller, TT resistivity is
higher that IP resistivity, and also in this case the re-
sult is in agreement with the hypothesis of a layered
structuring of the lamellar particles, observed in TEM
images (Figure 6 and 7) and sketched in Figure 2.
In the case of CB-MS filled composites, the resistiv-
ity could be measured only at 35 phr of CB-MS, i.e.
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at a content slightly above the filler percolation thresh-
old (mechanical percolation threshold of CB N326
in synthetic polyisoprene was reported in [13] at
29 phr). The electrical resistivity of CB-MS was much
higher than that measured with the other nanofillers
at the same filler amount, probably due to the lower
filler specific surface area, which results in a much
lower amount of filler-filler contact points. CB-MS
was supposed to show low anisotropy effects because
it is composed by nearly isometric particles. Strik-
ingly, the electrical anisotropy index of CB-MS-35
is the highest measured in this work: prt exceeds prp
by three orders of magnitude. Such high electrical
anisotropy is close to the one observed for CNT-4.
These experimental findings could be explained as
follows. 35 phr is an amount close to the CB-MS per-
colation threshold: the filler can form a continuous
path through the composite, with flattened and denser
filler areas lying in rubber plates. Such areas are not
well connected among each other to create a contin-
uous path also across the plate thickness. In order to
further corroborate this result, a composite with 50 phr
as filler content was prepared and electrical resistiv-
ity was measured. The results are shown in Figure 8b.
The resistivity values of CB-MS-50 are lower than
those of CB-MS-35, as expected, and are substan-
tially independent of the measurement direction
(anisotropy level = 1.4). This result indicates that,
when the amount of a nearly isometric filler is enough
to establish a conductive continuous network through-
out any direction, the filler does not provide aniso-
tropic effects.

Electrical and mechanical anisotropy levels are dif-
ferently influenced by CNT amount, as can be ob-
served from the direct comparison shown in Fig-
ure 8c. On one side mechanical anisotropy passes
through a maximum: large CNT content, much
above the percolation threshold, causes a reduction
of filler orientation in CNT-35. On the other side,
electrical anisotropy is maximum at 4 phr CNT, then
decreases steadily, due to the achievement of a ho-
mogenous conductive pathway. It is interesting to
point out that the filler composition providing the
maximum value of electrical anisotropy, CNT-4,
does not correspond to the maximum value of me-
chanical anisotropy. This result was found also for
CB-MS-35: the extremely high electrical anisotropy
level (the highest among all the systems investigat-
ed) does not correspond to the nearly isotropic

mechanical behavior. For both composites (CNT-4
and CB-MS-35) the filler amount is close to the per-
colation threshold of the filler. As already hypothe-
sized, at such critical filler amount a continuous filler
network seems to be established only on layers in
the plane of the rubber plate and not perpendicularly
to such planes. Since the establishment of a contin-
uous conductive filler path remarkably affects the
electrical conductivity of filled rubbers, high electri-
cal anisotropy levels were obtained. The same result
is not observed for mechanical anisotropy: the oc-
currence of a continuous filler network simply in-
creases the rate of increase of mechanical stiffness
with the filler amount, but the mechanical properties
do not exhibit a discontinuity with the filler content
at the percolation threshold, as in the case of electri-
cal conductivity. Close to the filler percolation thresh-
old, therefore, the filler structure has an amplifying
effect on the electrical anisotropy level, but not on
the mechanical one.

4. Conclusions

This work provides a quantitative investigation of
anisotropic mechanical and electrical properties of
NR composites filled with sp® carbon allotropes, such
as nearly isometric carbon black, carbon nanotubes
and a lamellar nanosized graphite with high surface
area, endowed with different surface area and geomet-
rical aspect ratio. A complete mechanical character-
ization along all main directions could be performed
by a non-standard testing approach. It is shown that
the mechanical anisotropy is highly influenced by
the filler aspect ratio. Composites with carbon black
showed an isotropic mechanical behavior, independ-
ently of their surface area. Composites with aniso-
metric particles, such as nanoG and CNT, revealed
a transversal isotropic behavior, i.e. properties meas-
ured in the sheet plane (IP configuration) different
from the properties measured perpendicularly to the
sheet plane (TT configuration) and independent of
the strain direction. The results are consistent with a
layered structuring of the filler nanoparticles through
the sheet thickness and with their random orientation
inside the sheet plane, as confirmed by TEM analy-
ses. The level of mechanical anisotropy consistently
increases with the content of graphite nanoplatelets,
which arrange themselves in parallel layers, hardly
creating a network in the orthogonal direction. In the
case of CNT, mechanical anisotropy increases with
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CNT amount and passes through a maximum at
about 15 phr: large CNT contents give rise to con-
nections in both orthogonal directions.

Electrical conductivity was observed already at 4 phr
for CNT based composites, whereas 35 phr were re-
quired in the case of nanoG and CB-MS. Composites
reveal anisotropic electrical properties. Anisotropy
index consistently decreases for CNT based compos-
ites: once established an homogenous conductive
pathway, CNT preferential orientation plays a neg-
ligible effect. CB-MS based composites revealed
dramatic electrical anisotropy at 35 CB-MS phr, a
CB-MS content close to the mechanical percolation
threshold, suggesting that CB-MS aggregates create
a continuous pathway first in the sheet plane.

The results here presented pave the way for the de-
sign of advanced soft composites materials, with se-
lective mechanical and electrical properties along
specific directions.
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