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lica based elastomeric 
Montmorillonite with dimethyl di(hydrogenatedtalloyl) ammonium as the compensating cation was added to a si

composite and the hybrid filler system led to reduction of filler networking phenomenon, better stability of elastic modulus with temperature, 
enhancement of stresses at all elongations, improvement of ultimate properties. This composite was based on a blend of natural rubber, 
poly(1,4-cis-isoprene) and poly(sty-rene-co-butadiene) from anionic polymerization and contained 70 parts per hundred rubber (phr) of silica. 
The organically modified clay (OC) was below the threshold required to establish an hybrid OC-silica filler network. Such threshold (about 7 
phr) was estimated by preparing silica based nanocomposites containing various amounts of OC and determining shear storage and loss moduli 
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as a function of strain amplitude. This work dem-onstrates that exfoliated OC favour lower dissipation of energy of silica based elastomeric 

sses and paves the way for further large scale applications.
composites under dy-namic mechanical stre
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continuously performed both in academic and industrial laboratories
in order to achieve further reduction of the filler networking in such
sil-ica based composites.

Cationic clay minerals (Bergaya and Lagaly,
2013) have been widely  used over the last decades for the
preparation of both thermoplastic and elastomeric composite
Organoclay
Nanocomposite
Filler networking

1. Introduction
 
 

Silica is characterized by the polar surface
in-volved in siloxane and silanol functional gr
 rich of oxygen atoms,
oups (Legrand, 1998). 

materials (LeBaron et al., 1999; Alexandre and Dubois, 2000; Ray and
Okamoto, 2003; Annabi-Bergaya, 2008; Chen et al., 2008; Galimberti,

2011a). Their compatibilization with apolar poly-mer matrices is 
Pre-cipitated silica (Chevalier and Morawski, 1984; Legrand, 1998), 
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having high specific surface area and activity, has thus poor 
dispersibility in apolar matrices and easily forms filler networks in 
polymer melts and elastomers (Donnet and Custodero, 2005). 
Compatibilization of precip-itated silica with hydrocarbon polymers is 
achieved by using molecules, such as organosilanes, that react with 
silanols, shielding the silica sur-face and that, in some cases, form 
covalent bonds with the polymer chains (Leblanc, 2002; Donnet and 
Custodero, 2005; Fröhlich et al., 2005). Composites based on diene 
elastomers, precipitated silica and organosilanes reactive with the 
polymer are the preferred ones for large scale highly demanding 
dynamic-mechanical applications such as the one in tyre compounds, 
when low dissipation of energy is re-quired (Leblanc, 2002; Donnet 
and Custodero, 2005; Fröhlich et al., 2005). In fact, the efficient 
distribution and dispersion of the silica/silane system and its 
interaction with the polymer matrix substantially reduce the filler 
networking phenomenon, that is known as the main source of energy 
dissipation. The most important application of precipitated silica is 
indeed in the field of elastomeric composites. Research is
mberti).
ano, Italy.
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successfully achieved through the exchange reaction of the alkali and
alkali-earth cations with organophilic ammonium salts (Lagaly et al.,
2013). Clay polymer nanocomposites (CPN) contain-ing the
organically modified clays (OC) are characterized by improved
mechanical reinforcement, impermeability and thermal stability (Paul
and Robeson, 2008; Galimberti et al., 2013a). It is also acknowledged
that OC give rise to remarkable filler networking in polymer melts and
elastomers (Ramorino et al., 2009; Galimberti et al., 2011b; Galimberti
et al., 2012), that means to pronounced Payne effect (Payne, 1962).
The addition of OC to silica based composites could thus improve
impor-tant properties, but could also lead to an undesired enhancement
of fill-er networking phenomenon.

It is thus worthwhile to study the filler networking phenomenon
and the static and dynamic-mechanical properties of polymer melts
and elastomers based on silica and OC. In the scientific literature,
many papers are available on elastomeric nanocomposites based on
OC and carbon black (CB) (Maiti et al., 2005; Cataldo, 2007; Praveen et
al., 2009; Galimberti et al., 2009, 2012, 2013b; Sridhar et al., 2009; Das
D 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
.09.017
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hundred rubber).

Y, where Y indicates the amount of 2HTCl expressed in phr.

Table 1
Formulations of PI based nanocomposites containing silica and OC.a–c

OC-
0

OC-
0.5

OC-
1.1

OC-
1.7

OC-
2.3

OC-
3.4

OC-
4.5

OC-
8

OC-
12

OC-
15

OC-
18

PI 100 100 100 100 100 100 100 100 100 100 100
Silica 70 70 70 70 70 70 70 70 70 70 70
OC 0 0.5 1.1 1.7 2.3 3.4 4.5 8.0 12.0 15.0 18.0

a OC = Mt/2HT.
b Amount of ingredients are indicated in phr (part per hundred rubber).
c Other ingredients: TESPT 7, DCUP 1.4.
et al., 2010; Chattopadhyay et al., 2011; Gopi et al., 2011; Malas and 
Das, 2012). It has been shown that OC favours the filler networking 
phenom-enon, leading to the formation of hybrid OC-CB filler 
networks (Galimberti et al., 2012, 2013b).

The intimate interaction between CB and a nanofiller has been 
justi-fied on the basis of the zeta potential (ZP) values (Bhattacharya 
and Bhowmick, 2010): in the pH range of elastomeric composite, ZP 
of CB is positive, whereas those of nanofillers are negative (Gates, 
2004; Lin et al., 2006; Sabah et al., 2007; Xu et al., 2007; Kvande et al., 
2008). It was commented that ZP can be also applied to polymer melts 
(Brochard-Wyart and de Gennes, 2000; Flores et al., 2007) and 
the affin-ity of clay minerals for CB was reported (Feller et al., 2004; 
Konishi and Cakmak, 2005; Galimberti et al., 2012).

The affinity of clay minerals for silica is intuitive. Moreover, 
positive values of ZP have been reported for silica (Anderson and 
Zukoski, 2007). The addition of OC to silica based composite could 
thus lead to the en-hancement of the filler networking phenomenon. 
Only a few papers are available on elastomeric CPN containing silica 
and OC: they are based on poly(1,4-cis-isoprene) from Hevea 
brasiliensis (natural rubber, NR) (Rattanasom and Prasertsri, 2012) 
and poly(styrene-co-butadiene)(SBR) (Kim et al., 2009, 2011, 2013). 
The presence of OC was shown to enhance the tensile moduli and to 
worsen the ultimate properties (Kim et al., 2011) and it was reported 
that OC does not form filler–filler net-works with silica (Kim et al., 
2013). The amount of OC was kept constant and the content of silica 
was not higher than 53 parts per hundred rub-ber (phr) (Kim et al., 
2013).

Aim of this work was to study the filler networking phenomenon 
in elastomeric nanocomposites containing precipitated silica and OC. 
Montmorillonite (Mt) with dimethyl di-hydrogenated talloyl (2HT) 
as the compensating cation was used as the OC. Poly(1,4-cis-
isoprene) from Ziegler-Natta catalysis (PI) and a blend of PI, SBR and 
poly(1,4-cis-butadiene) were used as the polymer matrix and 
nanocomposites were prepared via melt blending. Structure of 
nanocomposites contain-ing OC and silica was investigated by means 
of transmission electron microscopy (TEM) and X-ray diffraction 
(XRD) analysis. Dynamic-me-chanical moduli were determined 
through measurements in the torsion and in the axial mode. Stresses 
at various elongations and ultimate properties were assessed with 
quasi-static measurements.

2. Experimental

2.1. Materials

2.1.1. Organoclay and ammonium salt
OC was Mt with dimethyl di(hydrogenated talloyl) ammonium 

(2HT) as the compensating cation (Dellite® 67G from Laviosa 
Chimica Mineraria S.p.A.). Mt and the ammonium moiety were 55 
and 45 as mass %, respectively. The ammonium salt was dimethyl di-
hydrogenat-ed talloyl ammonium chloride (2HTCl) (Arquad® HC 
Pastilles from Akzo Nobel). Typical value of chemical purity was 
98.5 mass %. The alkyl chain distribution, as mass%, was: bC12 

= 1, C14 = 4,  C16 = 31, C18 = 64.

2.1.2. Silica
Precipitated silica was Ultrasil 7000 from Evonik, with 270 g/L 

den-sity and 175 m2/g as specific surface area, determined through 
nitrogen absorption.

2.1.3. Polymers
Synthetic poly(1,4-cis-isoprene) (PI) (SKI3 from 

Nizhnekamskneftechim Export) had 70 Mooney Units (MU) as 
Mooney viscosity (ML(1 + 4) at 100 °C). Poly(1,4-cis-butadiene) (BR) 
(Buna CB 25 from Lanxsess) had 44 MU as Mooney viscosity (ML(1 + 
4) at 100 °C). Poly(styrene-co-butadiene) from anionic solution 
polymerization (sSBR) (SOL R 72612 from Versalis) had 25 mass% 
of styrene, 50
mass% of vinyl groups, 36.8 phr of aliphatic extension oil and 48 MU 
as Mooney viscosity (ML(1 + 4) at 100 °C).
2.1.4. Other ingredients for composites preparation
Aliphatic oil catenex SNR was from Shell; bis(triethoxysilylpropyl) 

tetrasulfide (TESPT) (Si69) was from Evonik. ZnO was from Zincol Ossidi; 
stearic acid (chemical composition: C16 + C18 = 95 mass%, C12 + 
C14 = 5 mass%) was from Sogis. N-(1,3-dimethylbutyl)-N′-phenyl-p-
phenylendiamine (6PPD) was from Flexsys, 2,5-dimethyl-2,5-di(t-
butylperoxy)hexane (DCUP) supported on Silica/CaCO3 (45 mass%) was 
from Arkema Inc., and sulphur was from Solfotecnica. Benzothiazyl-2-
cyclohexylsulfenamide (CBS), diphenyl guanidine (DPG), and N-
(cyclohexylthio)phthalimide (CTP), were from Flexsys.
2.2. Preparation of composites and nanocomposites

2.2.1. PI based nanocomposites containing silica and OC
Formulations are in Table 1. A PI/silica masterbatch was firstly pre-

pared. In the first step of the procedure, 738 g of PI were introduced 
into the Banbury® type internal mixer (1050 mL mixing chamber) at 
60 °C and masticated for 30 s with rotors rotating at 75 rpm. In the 
sec-ond step, 517 g of silica and 51.7 g of TESPT were added, 
temperature was rapidly increased to 150 °C, mixing was carried out 
for further 240 s and the resulting PI/silica masterbatch was 
discharged at 150 °C. This masterbatch was then used for the 
preparation of all the nanocom-posites. For the composite with only 
silica as the filler (OC-0), the PI/sil-ica masterbatch was introduced 
into the Brabender® type internal mixer (50 mL mixing chamber) and 
peroxide was added, performing the mixing at 50 °C for 120 s. For the 
nanocomposites containing silica and OC, the PI/silica masterbatch 
was introduced into the Brabender® type internal mixer at 80 °C and 
masticated at 30 rpm for 60 s. OC was then added and mixing was 
carried out for 240 s, discharging the nano-composite at about 90 °C. 
The nanocomposite with OC was finally fed at room temperature to 
the Brabender® mixer and the peroxide was added, performing the 
mixing at 50 °C for 120 s. Curing was carried out at 170 °C for 20 min 
under a pressure of 150 bar. Nanocomposites were labelled as OC-X, 
where X indicates the amount of OC expressed in phr (part per 
2.2.2. PI based composites containing silica and 2HTCl
The same formulations reported in Table 1 were adopted, except 

that in place of OC a molar amount of 2HTCl equal to the molar 
amount of 2HT in OC was added. The amounts of 2HTCl in phr were: 
0.22, 0.49, 0.76, 1.03, 1.53, 2.03, 3.60, 6.75, 8.10. The PI/silica 
masterbatch was in-troduced into Brabender® type internal mixer at 
80 °C and masticated at 30 rpm for 60 s. The ammonium salt was then 
added and mixing was carried out for 240 s, discharging the 
composite at about 90 °C. The resultant composite was finally fed at 
room temperature to the mixer and peroxide was added, performing 
the mixing at 50 °C for 120 s. Curing was carried out at 170 °C for 20 
min under a pressure of 150 bar. Composites were labelled as 2HTCl-



amount of OC is high enough to be detectable in
2.2.3. PI-BR-sSBR based nanocomposites containing silica and OC
Formulations are in Table 2. In the first step of the procedure, poly-

mers were introduced into in the Banbury® type internal mixer at
60 °C and were masticated for 30 s with rotors rotating at 75 rpm. In
the second step, silica or silica and OC were then added, together with
silane TESPT, stearic acid and the oil, to prepare the silica based compos-
ite or the nanocomposite, respectively. Temperature was rapidly in-
creased to 110 °C and mixing time of the second step was 240 s. The
resulting masterbatches were discharged at about 110 °C, and stored
at room temperature for about 16 h. Afterwards, the addition of ZnO
and 6PPDwas performed bymixing at 50 °C for 120 s. The remaining in-
gredients (S, CBS, DPG, CTP) were then added, performing a further
mixing at 50 °C for 180 s. The compounds were finally homogenised
by passing them 5 times on a two roll mill, with the front roll rotating
at 30 rpm and the back roll at 38 rpm. Curing of the composites was car-
ried out at 170 °C for 20 min under a pressure of 150 bar. Composites
were labelled as PI-BR-sSBR-OC-X, where X indicates the amount of
OC expressed in phr.

2.3. Characterization of OC and nanocomposites

2.3.1. X-Ray diffraction
Wide-angle X-ray diffraction (WAXD) patterns with nickel filtered

Cu-Kα radiation were obtained in reflection, with an automatic Bruker
D8 Advance diffractometer. Patterns were recorded in 2°–80° as the
2θ range, being 2θ the peak diffraction angle.

2.3.2. Transmission electron microscopy (TEM)
TEManalysis of nanocompositeswas performedwith a Zeiss EM900

microscope applying an accelerating voltage of 80 kV. Ultrathin sections
(about 50 nm thick) were prepared at−130 °C by using a Leica EM FCS
cryoultramicrotome.

2.3.3. Mooney viscosity measurements
Mooney viscosity was determined with a Mooney MV 2000 E Vis-

cometer from Alpha Technologies, following the experimental proce-
dure described by ASTM D1646. In particular, tests were run at 100 °C,
using a rotor with a 38.1 mm diameter rotating at 0.209 rad/s. Rubber
samples were preheated for 1 min at 100 °C and the rotor was allowed
to rotate for 4 min before measuring the viscosity value, indicated in
Mooney Units (MU).

2.3.4. MDR rheometric analysis
It was conducted using a Monsanto MDR rheometer, the test being

carried out at 170 °C, for 30 min, at an oscillation frequency of 1.66 Hz
(100 oscillations per min) and an oscillation amplitude of ±0.5°. The
following parameters were obtained: ML is the minimum torque mea-
sured; MH is the maximum torque measured; tsx is the time needed to
have a torque equal to (ML+ x); tx is the time at x% of vulcanization re-
quired to have a torque value equal to ML + (x/100)(MH − ML).

2.3.5. Tensile and Hardness measurements
Both of them were performed on vulcanized samples. Tensile tests

were carried out according to Standard ISO 37:2005, with a
Table 2
Formulations of nanocomposites based on PI, BR and sSBR with silica and OC as fillers.a,b

OC-0 OC-3

sSBR 45 45
PI 25 20
BR 30 30
Silica 70 70
OC 0 3

a Amount of ingredients are indicated in phr.
b Other ingredients: TESPT 5.2, stearic acid 2, oil 25, ZnO 3, 6PPD 2, Sulphur 1.2, CBS 1.5,

DPG 2, CTP 0.5.
dynamometer (Zwick Roell Z010) with optical extensometer. The
clamps rate was 1 mm/min and the chamber load was 10 kN. Stresses
at 50, 100 and 300% elongation (σ50, σ100 and σ300, respectively), stress
at break (σb), elongation at break (εB) and the energy required to break
were measured. The hardness in IRHD degrees (at 23 °C and at 70 °C)
was measured according to Standard ISO 48:1994.

2.3.6. Dynamic mechanical measurements

2.3.6.1. In the shear mode. Monsanto R.P.A. 2000 rheometer was used.
Samples were first kept in the instrument at 120 °C for 10 min. A strain
sweep (0.28–25% strain) was then performed, on raw samples, at
120 °C. Afterwards, the curing was carried out at 170 °C for 30 min,
with a frequency of 1.667 Hz and an angle of 6.98% (0.5 arc). Cured sam-
pleswere left in the instrument for 10min at 50 °C. Data reported in this
manuscript were finally obtained with a strain sweep (0.28–25% strain)
performed at 50 °C with a frequency of 1 Hz.

2.3.6.2. In the axial mode. Dynamic-mechanical properties were mea-
sured on the crosslinked elastomeric compositions using an Instron dy-
namic device in the traction-compression mode according to the
following procedure. Specimen with a cylindrical form (length =
25 mm; diameter = 12 mm), kept at the fixed temperature (10, 23,
70 and 100 °C) for the whole duration of the test, was compression-
preloaded with 25% longitudinal deformation with respect to the initial
length andwas then submitted to a dynamic sinusoidal strain having an
amplitude of ±3.5% with respect to the length under pre-load, with a
100 Hz frequency.

3. Results and discussion

Structure of PI/OC/silica nanocomposites, whose formulations are 
in Table 1, was investigated by means of XRD and TEM analysis. Fig. 
1 shows the XRD patterns of pristine OC clay (a) and of OC-15 
nanocom-posite (b).

In the pattern of pristine OC clay, (001), (002) and (003) 
reflections, due to periodicities perpendicular to the structural layers, 
are visible at 2.5, 4.7 and 7.2 as 2θ angle values. From the 2θ angle 
value of (001) re-flection, the 001 basal spacing can be evaluated 
equal to 3.5 nm. In con-sideration of the thickness of the clay layer (≈ 
1 nm) and of the length of 2HT (≈2.5 nm) (Osman et al., 2002), the 
tilting angle of the hydro-carbon chains in the paraffin-type 
arrangement can be evaluated to be not far from 60°. Reflections due 
to OC clay are not present in the pattern of the nanocomposite. As 
reported in the literature (Galimberti et al., 2007, 2011b) such 
Fig. 1. XRD patterns of Mt/2HT as OC (a) and of OC-15 nanocomposite (b).



Table 3
Data of dynamic storage modulus, G′, and dynamic loss modulus, G″, obtained for 
crosslinked OC/Silica/PI nanocomposites of Table 1.

OC-
0.5

OC-
1.1

OC-
1.7

OC-
2.3

OC-
3.4

OC-
4.5

OC-
8

OC-
12

OC-
15

OC-
18

OC (phr) 0.5 1.1 1.7 2.3 3.4 4.5 8 12 15 18
G′ca (MPa) 2.9 2.9 2.9 2.8 2.8 2.9 3.2 3.4 3.6 3.6
G′ca − G′mb (MPa) – 2.6 2.5 – 2.1 2.0 1.6 – – –

a G′c = G′γmin (0.3%) of OC-X nanocomposites.
b G′m= G′γmin (0.3%) of PI/Silica/2HTCl composites.
XRD diffractograms. The absence of reflections seem thus to suggest 
the occurring of OC exfoliation.

TEM micrographs were taken on OC-8 and OC-15 nanocomposites 
and are shown in Fig. 2a,b and Fig. 2c,d, respectively.

OC distribution is similar in the two nanocomposites. In all of the 
mi-crographs, OC aggregates and isolated layers appear evenly 
distributed: they are visible both in the elastomer matrix and in 
between silica ag-gregates. Many isolated layers are visible at high 
magnification, suggest-ing a high level of OC exfoliation, in agreement 
with the results obtained from XRD analysis. The micrograph taken at 
high magnification on OC-15 (Fig. 2d) reveals that both layers and 
stacks seem to act as bridges among silica aggregates, forming an 
almost continuous hybrid network.

The study of the filler networking phenomenon moved from the 
Guth equation (Eq. (1)) (Guth, 1945a, 1945b):
Gc=Gm ¼ 1þ 0:67 fΦþ 1:62f 2Φ2 ð1Þ

where Gc is the elastic modulus of the composite, Gm is the elastic mod-
ulus of the neat elastomer, Φ is the filler volume fraction and the qua-
dratic term accounts for the mutual disturbance of filler particles. f, 
known as shape factor, is the ratio of length to thickness of particles or 
aggregates The ratio Gc/Gm is the enhancement of the neat elastomer 
modulus, that occurs when the elastomer is filled with rigid filler 
parti-cles having largely higher elastic modulus, so that the elastic 
energy is stored in the elastomer. This model was applied in previous 
studies on nanocomposites based on Mt/2HT as the OC in NR 
(Ramorino et al., 2009) and in PI (Galimberti et al., 2012) as the neat 
polymer matrices. Initial modulus values were obtained either as the 
slope at the origin of stress-strain curves (Ramorino et al., 2009; 

Galimberti et al., 2012)

Fig. 2. TEM micrographs of OC-8 (a,b)
or as dynamic shear storage G′ modulus at minimum deformation 
(Galimberti et al., 2012). Modulus enhancement as a function of the 
OC content was found to be strongly not linear, suggesting two 
different regimes for the mechanical reinforcement. By reporting the 
excess of modulus as a function of the OC content in a double 
logarithmic plot, ap-plying the Huber-Vilgis method originally 
developed for CB based com-posites, the OC percolation threshold 
was calculated at about 8 phr in NR and at about 6 phr in IR.

In the present work, the filler networking phenomenon was 
investi-gated by analyzing the dependence on OC content of dynamic 
shear storage G′ and loss G″ moduli of crosslinked nanocomposites. 
Crosslinking was performed with peroxide, used in place of sulphur 
based crosslinking system, that is known to interact with OC. The am-
monium cations increase the mobility of sulphur accelerating anionic 
species and amines, that arise from thermal decomposition of the am-
monium cations, react with sulphur (Giannini et al., 2011). 
Acceleration of sulphur based crosslinking reaction and increase of 
crosslinking net-work density have been documented (Avalos et al., 

2008; Maiti et al.,

and OC-15 (c,d) nanocomposites.



Fig. 3. Dynamic storage modulus in shear mode at 1 Hz plotted as a function of the 
strain amplitude for crosslinked nanocomposites of Table 1.

Fig. 5. Dynamic loss modulus in shear mode at 1 Hz plotted as a function of dynamic 
shear modulus for crosslinked nanocomposites of Table 1.
2008; Verdejo et al., 2011). G′and G″ moduli were measured as a func-
tion of the strain amplitude, with strain sweep tests. G′ modulus at 
min-imum deformation (G′γmin) was obtained and was taken as initial 
modulus value. Values of G′γmin are reported in Table 3. Fig. 3 shows 
the dependence of G′ modulus on the strain amplitude for the 
crosslinked nanocomposites.

It appears that curves of nanocomposites with low OC content (≤ 
4.5 phr) cross over the curves of nanocomposites with higher OC con-
tent (≥8 phr), at strain amplitudes close to 5%. Moreover, crosslinking 
curves shown in Fig. 4 reveal that the maximum modulus MH 

decreases as the OC content increases.
These findings could be interpreted considering that the lipophilic 
ammonium cation acts as plasticizer, reducing the modulus of the
Fig. 4. Rheometer curves for nanocomposites of Table 1.
matrix. However, other hypotheses could be taken into account. OC 
could affect the strength of filler network and of polymer-filler 
interac-tion at high strain amplitudes. The ionic liquid could also have 
an effect on the efficiency of silanization. However, recently a 
phosphonium ionic liquid has been reported to enhance the efficiency 
of the silanization re-action between silica and silane TESPT, behaving 
as a catalyst (Tang et al., 2015).”

Fig. 5 shows, in the Cole-Cole plot, the dependence of G″ on G′ 
mod-ulus, for crosslinked OC-X samples.

At a given G′ value, G″ values are quite similar for nanocomposites 
with OC content from 0.5 to 4.5 phr, whereas they appreciably and 
con-sistently increase when the OC content is at least 8 phr. This 
suggests that, at a given OC content, the filler networking 
phenomenon has a clear enhancement. The amount of OC required to 
have such enhance-ment could be estimated adopting the approach 
reported in the litera-ture and commented above, correlating the 
initial modulus enhancement, given by the difference ΔG′ between the 

modulus G′c of

Fig. 6.Double logarithmic plot of the excess of G′modulusΔG′= G′c− G′m (see text) as a
function of OC volume fraction (Huber–Vilgis plot).



Fig. 7. Nominal stress/nominal strain curves for silica based nanocomposites of Table 1.

Table 5
G′(0.5%) modulus and ΔG′(0.5–10%) for PI-BR-sSBR-OC-X samples of Table 2.

PI-BR-sSBR-OC-0 PI-BR-sSBR-OC-3

G′(0.5%) [MPa] 4.4 3.7
ΔG′(0.5–10%) [MPa] 2.9 2.2

nanocomposites (Galimberti et al., 2012), and the shift from one 

phenomenon.

Table 6
E′, tan δ at different temperatures and ΔE′23–70 °C values for PI-BR-sSBR-OC-X samples of 
the composite containing OC and the modulus G′m of the matrix (ΔG′ 
= G′c − G′m), with the nanofiller content. However, it is evident from 
what shown in Fig. 3 and in Fig. 4 that the G′m modulus of the PI/silica 
com-posite (without OC) can not be taken as the reference modulus 
for all the nanocomposites. To overcome this problem, analogous 
composites were prepared feeding only the ammonium salt 2HTCl, in 
the absence of Mt. G′m values were thus determined from strain sweep 
experiments in the shear mode. These experiments revealed that 
2HTCl led to the re-duction of G′ modulus, both at minimum and at 
large strain, and to the reduction of ΔG′. G′ values at minimum strain, 
G′γmin (0.3%), were taken as the initial modulus of the composites and 
were used to determine the excess of the initial modulus ΔG′. Values 
of the excess of modulus ΔG′ = G′c − G′m, where  G′m is the G′γmin of 
the neat matrix containing the ammonium salt 2HTCl, were reported 
in Table 3.

The Huber-Vilgis method was then applied to the hybrid filler sys-
tem, by reporting the modulus excess ΔG′, as a function of OC content 
in a double logarithmic plot. The Huber Vilgis plot shown in Fig. 6 re-
veals two different regimes for the mechanical reinforcement, the 
switch from one to the other occurring at 7.4 phr as OC content. Such 
a shift could be interpreted with the formation of continuous silica-OC 
hybrid filler network.

This interpretation appears to be supported by the TEM 
micrographs shown in Fig. 2. In fact, a continuous network formed by 
silica and OC layers and aggregates is visible in the pictures of OC-15 
(Fig. 2d).

Silica based nanocomposites presented in this manuscript have 
fea-tures similar to those based on CB, previously reported 
(Galimberti et al., 2012): they are based on the same polymer and OC, 
silica and CB have the same volume fraction. The existence of two 

regimes for the mechanical reinforcement was verified also for these 
OC/CB

Table 4
Viscosity data and crosslinking reaction parameters for PI-BR-sSBR-OC-X samples of 
Table 2.

PI-BR-sSBR-OC-0 PI-BR-sSBR-OC-3

MUa 85.7 75.2
ML [dNm] 4.2 3.3
MH [dNm] 17.0 15.9
ts1 [min] 1.410 1.450
t90 [min] 4.790 4.200

a From Mooney measurements.
regime to the other was found to occur for OC content of about 3 phr. 
Larger amount of OC is thus required to form a continuous hybrid 
filler net-work with silica rather than with CB. This finding can be 
justified with the dispersion of OC in silica domains, thanks to their 
affinity, and indi-cates the possibility of using larger amounts of OC 
without enhancing the filler networking phenomenon in silica based 
nanocomposites.

Tensile properties of nanocomposites of Table 1, containing 3.4, 
12 and 18 phr of OC, were investigated by means of quasi-static 
measure-ments. Fig. 7 shows the obtained stress strain curves.

Nanocomposites with OC show higher break energy than the com-
posite with only silica as the filler. The largest increase, from 34.7 to 
38.3 J/cm3, was obtained when the OC amount (3.4 phr) was below 
the percolation threshold. Values of initial modulus were calculated 
from the stress strain curves: also quasi-static measurements confirm 
that appreciable filler networking occurs only for OC content above 
the percolation threshold.

Results discussed so far show that the addition of OC to a silica 
based elastomeric composites leads to the improvement of the 
composite end properties, without affecting the dynamic-mechanical 
behaviour, that means without enhancing the filler networking 
phenomenon, provided that the OC amount is not high enough to give 
rise to a continuous hy-brid filler network with silica.

To verify the effect of the polymer matrix on the filler networking 
phenomenon of OC/silica hybrid filler system, composite was 
prepared with a blend of PI, BR and SBR from anionic solution 
polymerization (sSBR). Silica was used in the same amount as in the 
composite discussed above and the OC content (3 phr) was lower 
than the one re-quired to have the formation of the hybrid filler 
network. The effect of the crosslinking system was investigated by 
using a traditional sulphur based system, in place of peroxide. 
Formulations are shown in Table 3. Table 4 reports data on viscosity 
and parameters of the crosslinking re-action obtained for PI-BR-sSBR-
OC-X samples of Table 2.

OC caused the reduction of the composite viscosity, as shown by 
Mooney viscosity and ML values, whereas let the crosslinking reaction 
substantially unaffected. The latter finding could be due to the low 
amount of OC in the nanocomposite and also to the interaction of the 
amine arising from the ammonium decomposition with silica rather 
with sulphur.

Dynamic-mechanical moduli were determined in the shear mode, 
from strain sweep tests. G′ at minimum strain (G′(0.5%)) and ΔG′(0.5–
10%) data are in Table 5.

It is evident that OC leads to the reduction of the filler networking 
Table 2.

PI-BR-sSBR-OC-0 PI-BR-sSBR-OC-3

E′ @ 0 °C 11.7 10.9
tanδ @ 0 °C 0.40 0.38
E′ @ 10 °C 9.6 9.2
tanδ @ 10 °C 0.35 0.32
E′ @ 23 °C 8.3 8.0
tanδ @ 23 °C 0.27 0.24
E′ @ 70 °C 5.9 6.0
tanδ 70 °C 0.17 0.16
E′ @ 100 °C 5.5 5.6
tanδ @ 100 °C 0.16 0.13
ΔE′23–70°C 6.1 5.2



Fig. 8. Nominal stress/nominal strain curves for PI-BR-sSBR-OC-X samples of Table 2.
4. Conclusions

This work demonstrates that the addition, to a silica based elasto-
meric composite, of an organically modified clay, a montmorillonite
with a compensating ammonium cation bearing long chain alkenyl sub-
stituents, brings about reduction of filler networking phenomenon,
lower reduction of elastic modulus as the temperature increases,

Dynamic-mechanical measurements were performed also in the 
axial mode, in wide range of temperatures, from 0 to 100 °C. Data of 
dy-namic storage modulus (E′) and loss factor (tanδ) are  in  Table 6.

The tanδ value is calculated as the ratio between loss (E′′) and stor-
age modulus (E′). E′ values of the OC based nanocomposite are lower at 
low temperatures (from 0 °C to 23 °C)  and slightly higher at high tem-
peratures (70 °C and 100 °C): the reduction of the storage modulus 
with the increase of temperature is more pronounced in the absence 
of OC. Moreover, tan δ values are similar at low temperatures in the ab-
sence and in the presence of OC and become appreciably lower for the 
OC based nanocomposite as the temperature increases. All these find-
ings are clear indication of the reduction of the filler network, caused 
by OC.

Fig. 8 shows the stress strain curves for PI-BR-sSBR-OC-X samples 
of Table 2.

OC brought to higher stresses at all the elongations: σ100 was en-
hanced from 1.3 to 1.4 MPa and σ300 from 8.3 to 9.2 MPa.

Ultimate properties were improved by OC: the stress at break (σΒ) 
was enhanced from 13.3 to 14.2 MPa, the break energy from 29.4 to 
31.7 MPa, while the elongation at break remained substantially un-
changed (485 vs 477). Hardness was measured at 23 °C and 70 °C, de-
tecting 74.3 and 71.9 as the hardness values at 23 °C for PI-BR-sSBR-
OC-0 and PI-BR-sSBR-OC-3, respectively, with a reduction at 70 °C of 
5.7 and 5.2 points.

All data collected for the PI-BR-sSBR-OC-X samples appear highly 
consistent and show that OC, used in amount lower than the one re-
quired to form the hybrid filler network with silica, in a nanocomposite 
crosslinked with a sulphur based system, leads to appreciable reduction 
of the filler networking phenomenon. To justify these results one should 
also take into account the role played by the ingredients, such as ZnO, 
stearic acid, sulphenamides, that are added to perform the sulphur 
based crosslinking.
improvement of stresses at every elongation and of ultimate properties
such as the break energy. The ammonium cation 2HTCl, used in silica
based compounds in the absence of montmorillonite, appears to be
able to bring about the reduction of the filler networking, but also of
themechanical reinforcement. To achieve the abovementioned positive
effects, OC should be used in a low amount, below the threshold content
at which continuous hybrid OC/silica filler network is formed.
Crosslinking system based on sulphur appears to be helpful, as it pro-
motes the OC dispersion in the polymer matrix.

Results presented in this work seem to arise from the synergy
among different aspects. The nanoclay promotes the mechanical rein-
forcement and its exfoliation allows to establish interaction between
the cation bearing long chain alkenyl substituents and silica, leading to
lower filler networking. The interaction between the cation and the sul-
phur based crosslinking system,most likely via amine formation, is like-
ly to promote higher interface crosslinking density. The interest of
results here reported is due to the great importance of silica based elas-
tomeric composites, that are extensively used, in tyre compounds, be-
cause they allow a substantial reduction of energy dissipation and
thus of fuel consumption and carbon footprint, because of the low filler
networking phenomenon. The OC/silica nanocomposites studied in this
work pave the way for further reduction of such phenomenon and thus
for larger diffusion of silica based elastomeric composites.
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