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1. Introduction

Clay polymer nanocomposites (CPN) (Alexandre ad Dubois, 2000;
Bergaya, 2008; Chen et al., 2008; Galimberti, 2011; LeBaron et al.,
1999; Ray and Okamoto, 2003) are gaining increasing importance as
substantial improvement of polymer properties, such as mechanical
re-inforcement, impermeability and thermal stability (Galimberti et
al., 2013a; Paul and Robeson, 2008), is achieved when the clays are
evenly dispersed in the polymer matrix. CPN have been already largely
used in the field of soft materials, as for example elastomeric composites,
even for demanding dynamic-mechanical applications such as the one for
tyre compounds (Galimberti et al., 2013a). In this field, clay or clay
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mineral does not completely replace traditional fillers such as carbon
black (CB) and silica but is used in partial substitution, giving rise to
CPN based on a hybrid filler system, in particular with CB.

In the scientific literature various authors have focused their atten-
tion on clay/CB hybrid systems in different elastomeric matrices, such
as poly(1,4-cis-isoprene), both synthetic (PI) (Galimberti et al., 2012,
2013b) and naturally occurring (NR), used as the only polymer (Das
et al., 2010; Galimberti et al., 2009) or in blend with poly(styrene-co-
butadiene) (Cataldo, 2007), epoxidized NR (Chattopadhyay et al.,
2011), chlorinated NR (Sridhar et al., 2009), poly(styrene-co-
butadiene)(Gopi et al,, 2011; Maiti et al., 2005; Praveen et al., 2009),
brominated poly(isobutylene-co-paramethylstyrene) (Maiti et al.,
2005), and poly(ethylene-co-propylene) (Malas and Das, 2012).
Synergistic effect on the mechanical reinforcement, between clay
mineral and CB, was reported (Das et al., 2010; Galimberti et al., 2012,
2013b; Praveen et al., 2009) and very low amounts of clay mineral
were shown to have a profound effect on the dynamic-mechanical
properties of the
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CPN (Galimberti et al., 2012). To explain these findings, the formation
of hybrid filler networks was proposed (Galimberti et al., 2012,
2013b). The intimate interaction between CB and a nanofiller could be
expected on the basis of zeta potential (ZP) measurements
(Bhattacharya and Bhowmick, 2010): it was shown that ZP of
nanofillers are negative in the pH range of elastomeric composites,
whereas those of CB are positive (Gates, 2004; Kvandea et al., 2008;
Lin et al., 2006; Sabah et al., 2007; Xu et al., 2007). It was reported that
ZP can be also applied to polymer melts (Brochard-Wyart and de
Gennes, 2000; Flores et al., 2007) and the affinity of clay mineral for
CB was particularly shown (Feller et al., 2004; Konishi and Cakmak,
2005).

Moreover, a recent paper (Galimberti et al., 2013c) hypothesized
that a cation-pi interaction between the compensating cation of clay
mineral and CB lies at the origin of the synergism: montmorillonite
(Mt) was organically modified (OMt) with organophilic ammonium
cations, in order to promote the compatibilization of the polar filler
with the apolar matrices.

Results available in the prior art propose thus a reasonable struc-
ture-property correlation for CPN based on this hybrid filler system.
However, it is widely acknowledged that the effects of OMt in CPN de-
pend on their organization in the polymer matrix. To understand and
predict the behavior of CPN, aspects such as clay mineral distribution
and dispersion and especially the intimate clay mineral organization,
namely the extent of clay mineral delamination in the polymer
matrix, have to be assessed.

The objective of this work was to achieve a deeper knowledge of
the structure-property correlation of polymer materials based on the
clay mineral/CB hybrid filler system. In particular, the effect of clay
mineral delamination on the dynamic-mechanical properties of the
nanocomposites was investigated. This paper adopts the definition of
delaminated and exfoliated clay minerals given in recent papers
(Bergaya and Lagaly, 2011; Bergaya et al., 2011): an appreciable
interac-tion between two successive layers remains in delaminated
clay min-erals, with some maintained crystallographic orientation,
whereas no interaction, between isolated layers or stackings of few
layers, is left in exfoliated clay minerals (Bergaya et al., 2012).

In this work, CPN were prepared by melt blending PI and OMt
hav-ing dimethylditallow ammonium (2HT) as the compensating
cation. Two types of OMt were used: intercalated OMt (I-OMt), with
the am-monium cation intercalated in the interlayer space, and an
extensively delaminated OMt (D-OMt), prepared by ball milling I-
OMLt. The crystal-line structure of OMt was studied by means of X-ray
diffraction (XRD) analysis and the structure of CPN was investigated
through XRD and transmission electron microscopy (TEM). Dynamic-
mechanical proper-ties were assessed, through shear measurements,
for uncrosslinked masterbatches and for nanocomposites crosslinked
with sulfur based systems, performing strain sweep tests,
determining the time needed to recover the initial modulus after a
large strain perturbation, deriving mastercurves for the dependence
of the storage modulus on the frequency.

2. Experimental
2.1. Materials

2.1.1. Fillers

OMt was Dellite® 67G from Laviosa Chimica Mineraria S.p.A.,
with dimethylditallow ammonium (2HT) as the compensating cation
and 55 and 45 as mass% of Mt and of the ammonium moiety,
respectively. This amount of ammonium cation corresponds to 140
mmol/100 g of Mt. This value appears to be higher than CEC of
pristine Mt provided by the same company. Ball milling of OMt was
performed with a plane-tary ball mill S100 from Retsch, with the 0.3 1
grinding jar moving in horizontal plane. 6 ceramic balls with a
diameter of 20 mm and 10 g of OMt were put into the jar that was
allowed to rotate at 100 rpm, at room temperature, for 24, 72, 168 or
240 h.

Carbon black N326 (CB) was from Cabot, with the following
charac-terization data: 30 nm as mean diameter of spherical primary
particles, surface area from nitrogen adsorption of 77 m?/g and DBP
adsorption number of 85 ml/100 g.

2.1.2. Ingredients for nanocomposites' preparation

Synthetic poly(1,4-cis-isoprene) (PI) (Nizhnekamskneftechim
Export) had trade name SKI3 and 70 Mooney units (MU) as Mooney
viscosity (M (1 + 4)100 °C). 3-Octanoylthio-1-propyltriethoxysilane
(silane NXT) (Momentive), ZnO (Zincol Ossidi), stearic acid (Sogis),
N-(1,3-dimethylbutyl)-N’-phenyl-p-phenylenediamine (6PPD)
(Cromp-ton), sulfur (Solfotecnica), N-cyclohexylbenzothiazol-2-
sulfenamide (CBS) (Flexsys), N-cyclohexylthiophthalimide
(premature vulcaniza-tion inhibitor, PVI) (Flexsys) and phthalic
anhydride (Aldrich) were used as received.

2.2. Preparation of PlI/CB and PI/CB/OMt composites

Formulations of composites are reported in Table 1.
Composites were prepared in a Banbury® type internal mixer hav-ing
a volume of 1050 cm?, as follows. 738 g of PI were introduced into the
mixer at 60 °C and masticated for 30 s with rotors rotating at 75 rpm.
CB was then added: 442.8 g (60 phr) to prepare the CB based
composite and 369 g (50 phr) to prepare CB-I-OMt and CB-D-OMt
nanocomposites. Mixing was then carried out for 150 s. The resulting
masterbatches were discharged at about 110 °C and were stored at
room temperature for about 16 h. They were then introduced into the
same mixer at 80 °C and masticated at 30 rpm for 60 s. In the case of
nanocomposites CB-I-OMt and CB-D-OMt, 61.3 g (8.3 phr) of I-OMt
and D-OMt were then added. This amount corresponds to the same
vol-ume fraction of 10 phr of CB. Mixing was then carried out, for the
three masterbatches, for 240 s, discharging them at about 90 °C.
Composites were then fed again to the mixer together with ZnO,
stearic acid and 6PPD and mixing was performed at 50 °C for 120 s.
The other ingredi-ents (S, CBS, phthalic anhydride, PVI) were finally
added, performing a further mixing at 50 °C for 180 s. The compounds
were finally homoge-nized 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
was carried out at 170 °C for 20 min under a pressure of 150 bar.

2.3. Characterization of Mt, OMt and CPN

2.3.1. X-ray diffraction analysis

Wide-angle X-ray diffraction (WAXD) patterns with nickel filtered Cu-
Ko radiation were obtained in reflection, with an automatic Bruker D8
Advance diffractometer. Patterns were recorded in 2°-80° as the 26 range,
26 being the diffraction peak angle. For the clay mineral, the intensities of
the WAXD patterns, after subtraction of the tail of the

Table 1

Formulations of PI based composites containing CB and OMt.>"<
Ingredient Composites

CB CB-1-OMt CB-D-OMt

PI 100 100 100
CB 60 50 50
[-OMt 0 83 0
D-OMt 0 0 83
Silane® 0.8 0.8 0.8

¢ [-OMt: intercalated OMt and D-OMt: delaminated O-Mt.

> Amount of ingredients are indicated in phr (part per hundred polymer).

¢ Further ingredients: ZnO (4 phr); stearic acid (2 phr); 6PPD (2 phr); sulfur (2 phr);
CBS (1.8 phr); phthalic anhydride (1 phr); and PVI (0.3 phr).

4" 3-Octanoylthio-1-propyltriethoxysilane.



primary beam, were corrected for polarization and Lorentz factors, by
using the following equation:

leor. = lewp /{ [ (1 + c05°20)/2)] « [ (sin’0 < cos) /2] } 1)

where: I, is the corrected diffraction peak intensity and Iy, is the
diffraction peak experimental intensity. For a better comparison with
literature data, these intensity corrections were not applied to WAXD
patterns of the CPN.

Reported XRD patterns were normalized with respect to the 060
reflection. The Dy, correlation length of crystals was determined apply-
ing the Scherrer equation

Dy = KN/ (Bpie €OSOp) 2)

where: K is the Scherrer constant, A is the wavelength of the irradiating
beam (1.5419 A, Cu-Kav), Bk, is the width at half height, and 6y, is the
diffraction angle. The instrumental broadening, b, was also determined
by obtaining a WAXD pattern of a standard silicon powder 325 mesh
(99%), under the same experimental conditions. For each observed
reflection with By, < 1°, the width at half height, Bne, = (Brke — b),
was corrected by subtracting the unavoidable instrumental broadening
of the closest silicon reflection from the experimental width at half
height, Bhk!-

2.3.2. Transmission electron microscopy (TEM)

TEM analysis of composites was performed with a Zeiss EM 900
microscope applying an accelerating voltage of 80 kV. Ultrathin
sections (about 50 nm thick) were obtained by using a Leica EM
FCS cryoultramicrotome equipped with a diamond knife (sample
temperature: — 130 °C).

2.3.3. Differential scanning calorimetry (DSC)

DSC analyses were performed with a Mettler 823e instrument. OMt
or CPN sample (7-12 mg) was placed in a sealed aluminum pan and
heating-cooling-heating runs from — 20 to 150 °C were performed at
10 °C/min.

2.3.4. Shear dynamic-mechanical measurements

DMA Q800 TA Instruments was used to measure dynamic-
mechanical properties of the composites. Tests were performed using
the device shown in Fig. 1, in which the composite specimen of about
2.0 x 8.0 x 4.0 mm was sandwiched between two aluminum plates.

Good grip between the aluminum plates and the composite speci-
men was assured by means of acrylic glue, in order to avoid any pres-
sure of the aluminum plate on the specimen during measurements
and undesired stresses that may contribute to the evaluation of the
Payne effect. The experimental procedures are described as follows, as
a function of the dynamic test.

2.3.5. Strain sweep tests

Samples were kept in the instrument, at the smallest strain ampli-
tude (1 pm = 0.1%), for 330 min, to allow the sample to achieve
fully equilibrated conditions of mechanical properties. A Strain sweep

Composite specimen
Applied load

Aluminum plates

Fig. 1. Device used to measure shear dynamic-mechanical properties.

experiment was then performed, with 0.1-30% as the strain amplitude
range and a frequency of 1 Hz. Three samples were examined for each
composite, in order to calculate variation coefficients.

Additional strain sweep tests, reported below in the text in Fig. 8,
were performed with a Monsanto R.P.A. 2000 rheometer in the torsion
mode. For each sample, a first strain sweep (0.1-30% shear strain
ampli-tude) was performed at 50 °C and 1 Hz, then the sample was
kept in the instrument at the minimum strain amplitude (Ymin
= 0.1%) for 10 min, to achieve fully equilibrated conditions. Finally,
dynamic tests were performed at 50 °C at increasing strain amplitude
(0.1-30% shear strain amplitude) with a frequency of 1 Hz.

2.3.6. Recovery tests

The low strain amplitude () dynamic modulus recovery, subse-
quent to the application of a high amplitude dynamic strain, was
inves-tigated by adopting the following procedure. The storage
modulus at low strain amplitude (y = 0.003) was first determined, at 5
Hz frequen-cy, and was taken as the reference value of low amplitude
storage mod-ulus. A high amplitude dynamic strain (y = 0.1) was
then applied, at the same frequency. Finally the specimen was
subjected again to a low amplitude dynamic strain, with a strain
amplitude of 0.003, and the evo-lution of the modulus was measured
as a function of time for 2 h. A delay of 20 s occurred between the
application of the high amplitude pertur-bation and the first dynamic
test at low amplitude.

2.3.7. Determination of the master curve

Multifrequency tests were performed on uncrosslinked master-
batches containing only PI, the silane and either D-OMt or [-OMt.
Shear strain with amplitude of 0.1% was imposed to specimens,
cyclical-ly sweeping two decades of frequency (0.3, 1, 3, 10, 30 Hz)
and contin-uously increasing the temperature from —50 to 100 °C.
This allowed obtaining quasi-isothermal representations of the
frequency depen-dence of the storage modulus G'. Collected data were
elaborated by TA Instruments Rheology Advantage Data Analysis
software and, by a tentative application of the time-temperature
superposition (TTS) principle, it was possible to provide a master
curve representations of the G’ dependence on frequency. The
temperature of —45 °C was cho-sen as the reference temperature for
the translation of experimental points along the frequency axis.

3. Results and discussion
3.1. Intercalated and delaminated OMt

[-OMt was commercially available (Dellite® 67G) and was Mt with
2HT as the intercalated ammonium cation. D-OMt was prepared via
ball milling of I-OMt, as described in the experimental part. In the
literature there are reports of the ball milling of pristine clays such as
bentonite (Christidis et al., 2004), Na-Mt (Ramadan et al., 2010) and
Ca-Mt (Dellisanti and Valdre, 2005; Hrachova et al., 2007). Effects on
crystallite size and structure were not reported for bentonite but were
clearly observed in Ca-Mt (Dellisanti and Valdre, 2005) with also a
complete breakdown of the mineral layers (Hrachova et al., 2007). The
(001) reflection disappeared from the XRD pattern of Na-Mt, after
some hours of ball milling. Milling was also reported for OMt con-taining
different compensating cations: octadecyltrimethylammonium
(Hrachova et al.,, 2007) and di(hydroxyethyl)tallow ammonium
(Ramadan et al., 2010). In both research works, delamination of OMt
was documented.

Fig. 2 shows XRD patterns in the 26 range 2-80° of I-OMt and D-OMt
samples, also with a zoom on the (00/) reflections, whose intensities
have been corrected for polarization and Lorentz factors.

[-OMt shows a high degree of order in the direction orthogonal to
the structural layers, as indicated by the presence of (001), (002),
(003) and (004) reflections, at 2.50°, 4.66°, 7.23° and 9.80° as 26
values, respectively, that allow the calculation of a d-value dgp; = 3.53
nm. The
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Fig. 2. XRD patterns in the 26 range 2-80° of OMt samples, before milling (I-OMt) and after milling (D-OMt). Zoom on (00¢) reflections is in the right part of the figure.

clay mineral interlayer distance depends on the arrangement of the
intercalated alkylammoniums. It is known (Lagaly et al., 2013) that
dialkylammoniums give rise to paraffin-type arrangements with
differ-ent tilting angles. By considering the obtained dyo; value, the
thickness of the clay mineral layer (=1 nm) and the length of 2HT
(=~2.5 nm)(Osman et al., 2002), the tilting angle of the hydrocarbon
chains in the paraffin-type arrangement is estimated at 60°. By
applying the Scherrer equation to the (001) reflection, the correlation
length of crystals orthogonal to the layers was calculated to be close to
21 nm. A well de-fined narrow reflection is present at 26 = 21.7°, with
a distance be-tween crystallographic planes, equal to 0.42 nm,
corresponding to the distance between n-alkanes in their rotator order
(Chazhengina et al., 2003; Fu et al,, 2011; Ungar and Masic, 1985).
Such rotator order for long hydrocarbon chain has been recently
reported for Mt (Cipolletti et al., 2014; Galimberti et al., 2013d) and for
graphite oxide (Mauro et al., 2013) intercalate compounds containing
2HT chains in the inter-layer space. It is thus worth observing that the
high density on the clay mineral surface of the ammonium
compensating cations leads to the high order in the packing of the
paraffinic chains. XRD pattern of [-OMt shows also well defined
reflections due to the typical (020),(210) and (060) in-plane Mt
periodicities (Galimberti et al, 2007; Powder diffraction database
70-2151).

The intensity of (00¢) reflections is remarkably reduced in the XRD
pattern of D-OMt. This indicates extensive delamination, whose
quantitative evaluation was attempted by defining a relative index of
delamination (DI), given by the following expression:

DI = [1 - (R(D—OMt)/R(I—OMt))] -100 3)

where R = A(oo1) / Acoso) and Ankry was the area of the peak related to
(hke) reflection.

By determining R in I-OMt (R(;.omr)) and in D-OMt (R(p-omr)), the
delamination index was found to be close to 97%.

Reflections due to in-plane periodicities are not substantially affect-
ed by the milling process. In fact, the ratio between the areas of (020)
and (060) reflections for D-OMt and I-OMt is close to 1 and to 0.9, re-
spectively. It is worth noting that the reflection corresponding to the
rotator order of the long hydrocarbon chains is evident also in the
OMt sample milled for 240 h. These findings reveal that D-OMt

prepared through ball milling is largely exfoliated and has the same
crystalline order in the structural layer and also analogous order in the
packing of the ammonium paraffinic tails.

DSC analysis was performed on I-OMt and on D-OMt. A clear
endothermic phenomenon was detected for I-OMt in the first DSC
scan, with a peak at about 48 °C, in line with what recently reported
(Cipolletti et al., 2014), whereas phenomena were not revealed by
thermographs of D-OMt. It is known that OMt with intercalated
alkylammoniums experience endothermic transitions, commented as
two-dimensional melting (Osman et al., 2002), occurring through the
increase of the gauche population of paraffinic chains. Such endother-
mic transitions were observed also in anionic clays intercalated with
long chain fatty acids (Itoh et al., 2003) as well as in graphite oxide in-
tercalation compounds with alkylammoniums (Mauro et al., 2013).
Thanks to the attribution of the reflection at 26 = 21.7° to the rotator
order of polymethylene chains (Cipolletti et al., 2014), it is possible to
comment that the endothermic transition experienced by I-OMt is
due to the loss of order in the packing of the ammonium hydrocarbon
tails.

3.2. Structure of CPN

CPN were prepared with PI as the polymer matrix, CB as the
main filler and either [-OMt or D-OMt. 3-Octanoylthio-1-
propyltriethoxysilane was used to favor OMt dispersion in the
poly-mer matrix. Formulations, reported in Table 1, were conceived
in order to investigate the effect on the CPN properties of the partial
substitution of CB with OMt characterized by different delamination
degree.

Structure of CPN was studied with the help of XRD and TEM analy-
ses. The XRD patterns of masterbatches containing CB, silane and either
[-OMt or D-OMt are reported in Fig. 3aand brespectively(00¢)reflec-
tions of the OMt are clearly visible in the pattern of the masterbatch
with [-OMt whereas they are hardly detectable in that of the
masterbatch with D-OMt. It is worth noting that (00¢)reflections are at
the same 26 values in the XRD patterns of pristine I-OMt and of the
masterbatch with I-OMt. This indicates that polymer chains are not in-
tercalated between the clay mineral layers of I-OMt. XRD analysis was
also performed on the crosslinked nanocomposites, containing all the
other ingredients indicated in Table 1. As far as the (00¢)reflections of
the OMt are concerned, the same patterns were observed. The results of
XRD investigation confirm that nanocomposites with either I-OMt
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Fig. 3. XRD patterns of Pl-based masterbatches, containing CB, silane and OMt: I-OMt (a) and D-OMt (b).

pristine [-OMt. It is known that OMt with intercalated
alkylammoniums give rise to endothermic transitions also in CPN
(Carretero-Gonzalez et al., 2008; Ramorino et al., 2009).

TEM analysis was performed on a large number of masterbatches
and crosslinked nanocomposites: even dispersion of both I-OMt

or D-OMt, both masterbatches and crosslinked nanocomposites,
contain OMt with stacked clay mineral layers or extensively
delaminated OMt, respectively.

DSC analysis was performed on the masterbatches with I-OMt,
finding a peak at about 46 °C, in line with what was found by analyzing

Fig. 4. TEM micrographs of PI-based nanocomposites, containing: CB (a), CB + I-OMt (b, c), and CB + D-OMt (d). All the masterbatches contain the silane.
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and D-OMt was observed, especially in the nanocomposites. TEM mi-
crographs of nanocomposites containing either I-OMt or D-OMt are
reported in Fig. 4. CB dispersion was better in the presence of both
OMt: the network formed by CB agglomerates is neither continuous
nor homogenous in the absence of OMt (Fig. 4a). On the other hand,
less and smaller CB agglomerates are present and the secondary net-
work made by CB aggregates is fine and continuous in the presence of
[-OMt (Fig. 4b). These findings are in line with what was recently re-
ported (Galimberti et al, 2012, 2013b): OMt (prevailingly
delaminated) was observed to promote a remarkable improvement of
CB dispersion. The mutual distribution of CB and OMt can be better
inspected in the micrographs taken at higher magnification.

In Fig. 4c, it appears that clay mineral stacks of I-OMt join
together carbon black aggregates, thus forming a hybrid network. In
the case of the nanocomposite with D-OMt (Fig. 4d), clay mineral
layers appear to adhere to CB aggregates and do not form bridges
between them.

3.3. Dynamic-mechanical properties of uncrosslinked composites

Dynamic-mechanical characterization was first performed on
uncrosslinked masterbatches containing only PI, CB, OMt and the silane,
to avoid the influence of further ingredients and of the crosslinking net-
work. Dependence of shear storage modulus G’ and of loss storage mod-
ulus G” on the shear strain, obtained from strain sweep tests performed at
room temperature, is reported in Fig. 5a and b respectively. The standard
deviation error bar is reported for the points of CB/D-OMt nanocompos-
ite: there is no overlapping of the curve due to CB/D-OMt with any of
the other curves, over the whole explored span of strain amplitudes.

It is evident that the replacement of part of CB (1/6 as mass ratio)
with the same volume fraction of OMt led to substantial increase of
the G’ modulus at low strain and that the CB/I-OMt system features
the highest reinforcing effect. As a consequence, more pronounced
reduction of the modulus with the increase of the strain amplitude is
found with nanocomposites containing OMt, as the curves appear to
converge at high strain amplitude, independently of the composition
of the filler system. The reduction of the initial storage modulus with
the strain amplitude (AG’ in this case) is a phenomenon known as
Payne Effect (Payne, 1962; Payne and Whittaker, 1971), interpreted
with agglomeration-de-agglomeration process of the filler network
above the filler percolation threshold (Heinrich and Kluppel, 2002 and
refs therein; Bohm et al., 2010) and/or with filler-matrix bonding and
debonding mechanisms (Gauthier et al., 2004; Jancar and Douglas,
2010; Montes et al., 2003; Sternstein and Zhu, 2002). It was shown
(Payne and Whittaker, 1971), that AG’ is linearly related with the max-
imum of the G” loss modulus. In line with that, CPN containing OMt
have higher G” values, in particular when 2HT is intercalated between
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the Mt layers (CB/I-OMt sample, Fig. 5b). These findings lead to com-
ment that, whatever is the mechanism at the origin of the Payne
effect, the filler networking phenomenon is promoted by OMt and, in
particu-lar, by I-OMt. This appears a counterintuitive result: in fact, D-
OMt is expected to give a more pronounced filler networking
phenomenon. TEM micrographs in Fig. 4c and d could help to explain
these unexpect-ed experimental findings. They indicate that CB-OMt
hybrid networks are formed more easily in the presence of I-OMt
stacks. As a matter of fact, this could be justified considering that I-
OMt has a higher effective volume fraction than D-OMt, as the
intercalated alkylammoniums con-tribute to the [-OMt volume,
whereas they essentially act, in D-OMt, as compatibilizers with the
polymer matrix. Moreover, to interpret the higher modulus at low
strain amplitude of the masterbatch with [-OMt, the crystallinity of I-
OMt could be taken into account. In fact, as mentioned in the previous
paragraph, an endothermic phenomenon, due to the loss of the
rotator order of ammonium cation hydrocarbon tails (Cipolletti et al.,
2014), was detected at about 45 °C.

The re-formation of the nanocomposites structure was then
studied by first stretching the nanocomposite to large amplitude
strain and then monitoring the increase, as a function of time, of the
low amplitude nanocomposite modulus. Largely stretched filled
polymer melts and elastomers are known to restore their original
modulus in a time-dependent fashion, as their structure is re-
established. The modulus recovery is considered to give information
on the reformation of the ma-terial structure, altered by the stretch,
and, in particular, on the mobility of the chains in proximity of the
filler. In the present work, the objective was in particular to verify the
persistency of the differences between nanocomposites based on
either [-OMt or D-OMt. The time-dependent behavior of
masterbatches containing OMt was thus studied by performing
experiments of low strain amplitude (y = 0.003) storage modulus
recovery after the application of a large amplitude (y = 0.1) dynamic
strain. In Fig. 6a, the low amplitude storage modulus, measured after
the application of the large strain perturbation, is plot-ted versus the
logarithm of recovery time. It was shown that recovery data can be
linearly interpolated for nanocomposites containing CB and I-OMt
(Ramorino et al., 2007), as successfully done for other systems
(Chazeau et al., 2000; Zhu and Sternstein, 2003). In Fig. 6b, it is
reported the trend of the fractional recovery of low strain
amplitude (y = 0.003) shear modulus as a function of the log of
recovery time. Indicating with G’o and with G’ the values of the storage
modulus measured at low ('y = 0.003), and represented as dashed line
in Fig. 63, and high (y = 0.1) strain amplitude, respec-tively, the
fractional recovery is expressed as: [G'(t) — G'«]/[G’0 — G'«|x100.

The fractional recovery curves of Fig. 6b show very similar recovery
kinetics. It appears that masterbatches recover between 40 and 50% of
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Fig. 5. Dynamic storage modulus G’ (a) and loss modulus (G”) in shear mode at 1 Hz plotted versus strain amplitude for PI based masterbatches, containing CB, OMt and silane.
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the initial storage modulus 20 s after the removal of the large strain
per-turbation. The sample without OMt shows a lower initial
recovery and achieves, after few minutes, the same trend of the
material with D-OMt and, at longer recovery times, the recovery rate
of the system in-corporating I-OMt. It seems that the masterbatch
with [-OMt reveals the need of longer time for recovering the initial
value of the storage modulus. The chain mobility could be thus more
affected by the hybrid network formed by CB and I-OMt. It is evident
that the mechanisms of sorption/desorption of polymer chains on OC
would deserve further investigations. However, the different
structures of materials based on only CB, CB/I-OMt, and CB/D-OMt
are reformed.

To further investigate the differences of polymer chain mobility in
the presence of CB, CB/I-OMt, CB/D-OMt, the kinetics of relaxation of the
small amplitude modulus was examined. In fact, in the literature, the
enhancement of modulus due to the addition of a filler to polymer melt
or elastomer has been attributed to large-scale conformational changes
of polymer chains and to the reduction of their conformational entropy
(Sternstein and Zhu, 2002). It was shown that the relaxation process of
polymer chains was extended to longer times (Sternstein et al., 2010),
also in presence of low filler concentrations.

Multifrequency dynamic mechanical analysis were carried out on
masterbatches containing only PI, CB, OMt and the silane, obtaining a
master-curve representation of G’ as a function of frequency, applying the
procedure described in the experimental part. They are shown in Fig. 7.

It appears that the master curves of masterbatches with only CB as the
filler and with CB/D-OMt hybrid filler system are almost overlapped, with a
shorter and steeper plateau for the system incorporating only CB,
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Fig. 7. Master curves for PI based masterbatches, containing CB, OMt and silane.

leading to higher modulus values on the high frequencies region.
Clearly different is the master curve of the masterbatch containing I-
OMt. The rubbery plateau has a lower slope and a major extension:
the low fre-quency end of the master curve is expanded. The hybrid
filler system CB/I-OMt appears to restrain the mobility of polymer
chains, in line with the higher ability of such system to promote the
modulus enhance-ment, as consequence of a more effective filler
networking via the immobilized polymer chains.

Results discussed so far were obtained from masterbatches containing
only CB, OMt and the silane. The effect of the other ingredients (listed in
Table 1)onthefiller networking phenomenon was investigated by
performing strain sweep measurements on uncrosslinked composites,
observing the dependence of dynamic moduli on the shear strain. The G/
modulus as a function of the strain amplitude for uncrosslinked
composites, containing either only CB or CB/I-OMt as filler systems, is
reported in Fig. 8. [-OMt was selected as the OMt able to promote most
pronounced filler networking phenomenon. Curves re-ferring to
uncrosslinked masterbatches are reported for comparison. Masterbatches
with [-OMt achieve higher values of G’ modulus at low strain, as already
shown in Fig. 5a, whereas curves of the uncrosslinked composites are
almost overlapped. The typical ingredients of an elastomeric composites
appear thus to improve the dispersion of OMt in the polymer matrix,
leading to the reduction of the filler networking. The analysis of a large
number of TEM micrographs supported this
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Fig. 8. Dynamic storage modulus G’ in shear mode at 1 Hz plotted versus strain amplitude
for PI based masterbatches and uncrosslinked composites containing CB or CB/I-OMt.
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comment: both I-OMt and D-OMt were observed to be more evenly
dispersed in nanocomposites rather than in masterbatches.

3.4. Dynamic-mechanical properties of crosslinked composites

Dynamic-mechanical properties were investigated also on
composites crosslinked with a typical sulfur based formulation (Coran,
2005). It is known that the compensating ammonium cations of OMt
bring about noticeable acceleration of sulfur based crosslinking reaction
(Avalos et al., 2008; Maiti et al., 2008; Sengupta et al., 2007; Verdejo et
al., 2011). The tertiary amines formed from the ammonium cations and
the increased mobility of sulfur accelerating anionic species are
considered to be responsible of this phenomenon (Giannini et al., 2011).
To prevent premature crosslinking and too fast kinetics, a combination
of pre-vulcanization inhibitors, phthalic anhydride and N-
cyclohexylthiophtalimide (Giannini et al., 2005) was used in this work.
Composites were properly crosslinked, as shown by the values
determined for the crosslinking parameters: ts1 and T90 were about 6
and 20 min, respectively, when CB was the only filler and about 3 and
18 min respectively, for the OMt based nanocomposites. Reversion re-
actions were not observed for any of the composites. Moreover, it is
known that the interaction of the ammonium cations with thiolates
leads to a reduction of the length of sulfur bridges between the polymer
chains and thus to the increase of crosslinking network. A higher
network density is known to lead to a higher modulus of the polymer
composite (Donnet and Custodero, 2005).

Dependence of shear storage modulus G’ and loss storage modulus
G” on the shear strain, obtained from strain sweep tests performed at
room temperature, are shown in Fig. 9a and 9b respectively. Standard
deviation error bars are reported for the three curves: they reveal the
reliability of the collected data. Curves of G’ vs strain for crosslinked
composites with only CB and with CB/I-OMt are almost overlapped,
whereas G’ values at low strain amplitudes are appreciably lower for
the nanocomposite with CB/D-OMt. As the G’ values at high strain ap-
pear to be substantially the same for the three composites, the
reduction of G’ with strain is larger for composites with CB and with
CB/I-OMt. These findings seem to be not in line with what is shown in
Fig. 5 where the Payne effect of the masterbatches (i.e., uncured
compounds) appeared to follow the order: PI/CB/I-OMt > PI/CB/D-
OMt > PI/CB. To ex-plain these apparently contradictory findings, one
has to take into consideration that polar ingredients of elastomeric
composites favor the dispersion of a polar filler such Mt (as shown in
Fig. 8 and commented above). Curves of G” vs strain are very similar
for crosslinked composites with only CB and with CB/I-OMt whereas
values of G” for the nano-composites with CB/D-OMt are always
lower (Fig. 9b). A more detailed inspection of curves in Fig. 9a and b
reveals that OMt promotes the expansion of the plateau for G’ values
at low strain amplitudes and
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the shift to higher strain amplitudes for the peak of G” values. These
findings are in line with what shown in Fig. 8 and indicate that the
replacement of CB with an equal volume fraction of I-OMt has
undetect-able effect on the filler networking phenomenon of
nanocomposites with an even distribution of both CB and I-OMt.
Moreover, it is con-firmed that the partial substitution of CB with D-
OMt leads to a lower non linearity of the dynamic-mechanical
properties of the nanocompos-ite. The different dynamic-mechanical
behavior of nanocomposites containing CB and either [-OMt or D-OMt
is thus reproduced, in masterbatches and in crosslinked materials.

The recovery of the storage modulus at low strain amplitude (y =
0.003), after the application of a large amplitude (y = 0.1) dynamic
strain, was investigated also for the crosslinked composites.

For the three composites, about 65-70% of the modulus is
recovered 20 s after the removal of the large strain perturbance. As
expected, such recovery is larger than in the uncrosslinked
masterbatches. The com-posite with CB shows a lower initial
fractional recovery with, however, a higher recovery rate. The time
needed to have a full recovery of the low amplitude modulus appears
to be very similar for the three com-posites, that appear thus able to
restore the original material structure. It is interesting to observe that,
in spite of the fast recovery of the crosslinked systems, the full
recovery of the small amplitude modulus still requires very long
times. By comparing the curves of Fig. 10b with those of Fig. 6b, it is
possible to see that the crosslinking mainly affects the short time
recovery process, whereas, by extrapolating the curves at long times,
both the crosslinked composites and the masterbatches seem to
achieve complete recovery on the same time scale (between 10* and
10°s). This result is a possible consequence of the mechanisms taking
place during recovery (Kalfus and Jancar, 2007). In particular, the
restoring of the structure at the polymer-filler interface is probably the
slowest one and affects in a similar manner the recovery times of all
the systems, independently of polymer type and filler nature.

4. Conclusions

OMt are nowadays used in elastomeric materials, also for demand-
ing dynamic-mechanical applications. In particular, large scale diffusion
of OMt is achieved by using them in partial substitution of a traditional
filler, such as CB. This work studied the correlation between the OMt or-
ganization and the dynamic-mechanical properties of polymer nano-
composites based on PI as the polymer matrix and CB as the main
filler. Nanocomposites were prepared with two types of OMt: [-OMt,
with ammonium cation intercalated between the clay mineral layers
and D-OMt, obtained via ball milling of I-OMt. It is shown that OMt
and CB form hybrid filler network and that I-OMt promote the filler net-
working phenomenon more easily than D-OMt. This is confirmed by a
stronger reduction of the storage modulus with the strain amplitude
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Fig. 9. Dynamic storage modulus G’ (a) and loss modulus (G”) in shear mode at 1 Hz plotted versus strain amplitude for crosslinked composites (see Table 1 for formulations).
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crosslinked composites (see Table 1 for formulations).

and by the expansion of the rubbery plateaus at low frequencies. The
higher ability of [-OMt to form hybrid networks with CB was observed
also in nanocomposites crosslinked with sulfur based systems. Results
arising from the analyzed composition suggest that the partial replace-
ment of CB with D-OMt gives a lower non linearity of the dynamic-
mechanical properties of a crosslinked elastomeric compound having
formulations close to the ones used for large scale applications.

The control of OMt organization and namely the extent of OMt de-
lamination are presented as a key feature for reducing the dissipation
of energy in dynamic-mechanical applications of polymer melts and
elastomers containing a filler, such as CB, suitable to establish an inti-
mate interaction with the organoclay.
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