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Carbon Nanotubes Networking in Styrene-Butadiene
Rubber: A Dynamic Mechanical and Dielectric Spectroscopy
Study

Daniela García, Martina Salzano de Luna, Giuseppe Mensitieri, Mariano Escobar,
Marcela Mansilla,* and Antonio Baldanza*

The study of the reinforcement network in elastomer compounds is one of the
most relevant issues for the application of these materials because their
properties are strongly dependent on the obtained morphology. To this regard,
the viscoelastic and dielectric behavior of vulcanized styrene butadiene rubber
(SBR) reinforced with different amounts of carbon nanotubes (CNT) have
been investigated and compared with the vulcanized unfilled SBR and the
vulcanized SBR samples reinforced with a conventional amount of carbon
black (40 phr). Differential scanning calorimetry (DSC) measurements have
been carried out to highlight possible differences of the glass transition
temperatures for all the reinforced compounds. The percolation threshold
value of the nanocomposite samples has been estimated by dielectric
analysis. Finally, dynamic mechanical analysis (DMA) measurements have
been performed in tensile mode in the temperature range of −60 to 80 °C to
obtain both E′ and E′′. From these experimental data, the master curve for
each sample has been estimated by using the time–temperature
superposition principle in combination with the vertical shift approach. From
the analysis of this latter, the activation energy, associated to the thermal
movement of the reinforcement network, has been calculated to better
elucidate the reinforcement mechanism in the nanocomposites.

1. Introduction

Styrene-butadiene rubber (SBR) is one of the most important
polymers used in the tire industry. It presents high filler-loading
capacity, which is fundamental to obtain good mechanical and
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dynamical properties. Carbon black (CB)
and precipitated silica are the conventional
fillers used in rubber compounds. In the
last years, a considerable number of works
have been devoted to study the incorpora-
tion of alternative nano reinforcements in
elastomer compounds. Carbon nanotubes
(CNT) are one of the more suitable candi-
dates to replace, totally or partially, carbon
black (CB), thus allowing the reduction of
the filler content without diminishing the
mechanical performance.[1–8]

The improvements achieved in the final
properties of the reinforced materials are
strongly influenced by the particle–polymer
interaction degree, which in turn depends
on several factors, such as size and geome-
try of the particle, degree of dispersion and
energetic distribution of the surface.[9,10] In
the case of elastomers reinforced with CB,
there is an intensive polymer–filler inter-
action, and polymer chains anchor to the
filler surface. Therefore, elastomer chains
form a shell around the reinforcement with
a filler-like stiffness and a glassy-like behav-
ior, which, consequently, lead to an increase

of the volume of the filler.[10] The presence of a polymer layer
with glassy-like behavior next to filler surface and an outer
phase displaying a gradient of mobility has been confirmed
by different techniques, such as NMR[11,12] and mechanical
analyses.[13,14]
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A powerful tool to study the structure of the filler network in an
elastomeric compound is the dielectric relaxation spectroscopy
(DRS).[15–19] Regarding simple systems, Liu et al. analyzed the
structure of deproteinized natural rubber (NR) by this technique,
finding a new relaxation mode which is four orders of magnitude
slower than the normal mode and it is associated to the relax-
ation of free mono- or diphosphate groups.[20] Wu et. al. stud-
ied more complex systems: graphene oxide (GO) and butadiene-
styrene-vinyl pyridine rubber (VPR) compounds were prepared
by a co-coagulation process.[21] They used different flocculants:
hydrogen chloride and calcium chloride (HVPR and CaVPR, re-
spectively), to form two kinds of bonding interfaces (an ionic and
a hydrogen bonding). Through DRS, it can be identified two dis-
tinct relaxation processes, segmental relaxation and interfacial
relaxation. It was found that the GO concentration does not af-
fect the segmental dynamics of CaVPR, but the segmental dy-
namics of the HVPR slows down at 1.5 vol% of GO. Meanwhile,
the segmental relaxation of HVPR is always a little faster than
its CaVPR counterpart. Subramanian et al. analyzed polychloro-
prene rubber reinforced with CNT treated with an ionic liquid
by dielectric measurements, showing that the filler dispersion
and the conductivity of the compound are improved when modi-
fied CNTs are used.[22] In fact, both the surface state of the CNTs
and the method of incorporation into the rubber matrix are fac-
tors that determine the final properties of the compound. For
example, Peddini et al. characterized the behavior of SBR and
oxidized CNT compounds in detail using various experimental
techniques.[23] The surface modification of the CNT alters its sur-
face energy, which increases its reactivity and facilitates its union
with the rubber matrix. On the other hand, before the incorpora-
tion in the SBR matrix, oxidated CNTs need to be dispersed in a
solvent, which makes the process less feasible for the tire manu-
facturing industry.

Regarding the dynamic properties of rubber compounds, they
are of great interest since some tire properties, such as wet grip
and rolling resistance, are closely related to loss tangent val-
ues. However, there is a major drawback: the frequency range
available for measurements is quite narrow due to the instru-
mental limitation, which prevents the investigation of molecu-
lar dynamics in detail. It is well known that the concept of time-
temperature superposition (TTS) allows to characterize the be-
havior of the rubber under an extended frequency range, which,
otherwise, would be hardly accessible by performing a single
isothermal test.[24] Generally, the TTS is applied to a series of
isothermal curves of the complex modulus G* (or, equivalently,
E*) estimated with frequency sweep tests at different tempera-
tures. Within this temperature interval, a reference temperature
(T0) is chosen to characterize the response of the material. Ac-
cording to TTS, the master curve is obtained by applying hori-
zontal shifts on each curve to extend the frequency range of the
measured curve at T0 (that remains fixed). Xiang et al.[25] per-
formed the TTS procedure to obtain master curves on unfilled
SBR compounds aged at 130 °C with aging periods of 1, 2, and 4
d. This treatment allowed them to demonstrate the effect of en-
hanced intermolecular coupling and severe cross-linking during
aging, due to thermal decomposition of polysulfidic crosslinks to
form more mono and disulfidic ones, leading to an increase of the
crosslinks density. In the case of reinforced samples, it was found
that a horizontal shift along the time or frequency axis is not

enough to obtain a smooth curve. In particular, the difficulties of
overlapping between the curves are more frequent in the low fre-
quency range, where the response of the compound is governed
by the reinforcement network, a fraction of which is submit-
ted to irreversible break-down when successive strain cycles are
applied.[10]

In the present contribution, with the aim of transferring the
SBR/CNT nanocomposites into the tire industry, a thorough
dynamic-mechanical analysis has been performed on SBR/CNT
nanocomposites (with different amounts of CNTs) obtained by
mixing processes similar to the ones already used in tire indus-
tries. For the sake of comparison, unfilled SBR and SBR filled
with CB (40 phr) have been also investigated. The percolation
threshold for CNT filled samples has been estimated by means of
dielectric spectroscopy. Moreover, differential scanning calorime-
try (DSC) measurements were carried out to study the vulcan-
ization reaction and determine the glass transition temperature
(Tg). Finally, master curves were generated for all the compounds
at 0 °C, which is a temperature with technical relevance in the tire
industry due to its relationship with wet grip efficiency.[26–28] The
vertical shift factor applied to each isothermal curve allowed to es-
timate the activation energy associated with the mobility of those
chains attached on the filler surface (bound rubber).

2. Experimental Section

2.1. Materials

The rubber matrix is SBR-1502 (kindly provided by Pampa En-
ergia, Argentina) and was compounded using a two–roll mill
with the following curing reagents: 2 phr of sulfur as vulcanizing
agent, 2 phr of CBS (N-cyclohexyl-2-benzothiazolesulfenamide),
and 0.5 phr of TMTD (tetramethyl thiuram disulfide) as primary
and secondary accelerators respectively, 2 phr of stearic acid and
3 phr of zinc oxide as activators; 1.5 phr of aromatic oil was also
added as a processing aid. All these ingredients are technical
grade due to its industrial application. As reinforcement parti-
cles, multiwall carbon nanotubes (Nanocyl 7000, 90 % carbon
purity) and CB N330 were used.

2.1.1. Sample Preparation

The preparation technique of the samples was the following: first
the SBR was masticated and then the reinforcement particles
were incorporated. Then vulcanization agents were added in this
order: aromatic oil, stearic acid, zinc oxide, CBS, TMTD, and sul-
fur (S). Once the incorporation of the additive was finished, the
compound was calendered to increase the homogeneity. Finally,
the compound was left at room temperature (RT) for 24 h prior
to the vulcanization characterization. Figure 1 shows a diagram
of the different steps to obtain the vulcanized compounds.

2.1.2. Sample Vulcanization

The vulcanization reaction was performed in a rheometer MDR-
2000 (Alpha Technologies) at 160 °C, and the optimum vulcan-
ization time was obtained (at which the maximum torque is
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Figure 1. Diagram showing the typical steps involved to obtain vulcanized
rubber sheets according to ASTM D3182.

reached). Then, the compounds were press-cured at 160 °C up
to the determined time to obtain 2 mm thick sheets according
to ASTM D3182 – 16 (last step on Figure 1). On those vulcan-
ized samples the different characterization techniques were per-
formed.

2.2. Experimental Methods

2.2.1. DSC

The measurements were performed using a DSC Q-20 (TA in-
struments, Waters Co., New Castle, DE, USA) with a heating rate
of 5 °C min−1. First, the vulcanization reaction on uncured sam-
ples was characterized by a temperature sweep test from 25 to
200 °C. Then, on vulcanized samples, the glass transition tem-
perature was estimated with a temperature sweep test from −70
up to 0 °C, with the same heating rate. In all measurements, the
weight of the sample was in the range 10–15 mg.

2.2.2. Dynamic Mechanical Analysis (DMA)

DMA measurements were performed on vulcanized samples,
in tensile mode with 1% of elongation strain to evaluate the
complex modulus E* using a DMA+1000 Metravib (by ACOEM,
Limonest, France SAS). To obtain the master curves of the com-
pounds at T0 = 0 °C, isothermal frequency sweep tests between
0.8 and 30 Hz were performed at temperatures between −35
and 30 °C.

In addition, DMTA measurements at 10 Hz were performed
on Rheometric SCI, from −60 to 30 °C, with a heating rate of
2 °C min−1 to analyze the temperature dependence of the storage
modulus (E′) and tan 𝛿. A static prestrain of 1% was applied and
the dynamic load amplitude was 0.1% of strain.

2.2.3. Dielectric Relaxation Spectroscopy

Dielectric relaxation spectroscopy was performed using a rota-
tional rheometer (ARES, Rheometrics Scientific), constituted by
a couple of parallel stainless-steel plates (diameter 25 mm) con-
nected to an LCR Meter (E4980A, Agilent). Measurements were
performed on 2 mm thick sheets. For each sample, three inde-
pendent measurements were carried out. A constant compres-
sive force was applied to the samples during the tests to ensure
contact between the sheet and the parallel plates. The dielectric
response was measured at room temperature and the real (𝜖′) and
imaginary (𝜖′′) parts of the complex permittivity were obtained as
a function of the frequency (𝜔) of the applied alternating electri-
cal field, in the range 101 – 104 Hz. The dielectric constant, 𝜖c, and
the real part of the complex conductivity, 𝜎′, were also calculated
by Equations (1) and (2), respectively

𝜀c =
𝜀′

𝜀0
(1)

2𝜎′ = 𝜀0𝜀
′′𝜔 (2)

Being 𝜖0 = 8.85 × 10−12 F m−1 the permittivity of free space.
From the analysis of 𝜎′ as a function of 𝜔, the DC conductiv-

ity was estimated at low frequencies, where a plateau is reached.
This extrapolated value, 𝜎0, increases as a function of the filler
content and allows the estimation of a percolation threshold
value.

3. Results and Discussion

3.1. Differential Scanning Calorimetry

Figure 2a shows the thermograms obtained to characterize the
vulcanization reaction of the samples by DSC. In these unvulcan-
ized compounds, the molecular movement depends on the in-
teraction between the reinforcement particles and rubber chains
and on the inter- and intramolecular interactions, being all of
them influenced by the temperature. In the thermograms, all the
samples present an endothermic peak in the range 105–111 °C,
which can be attributed to the formation of the highly active zinc
stearate salt from the reaction of ZnO with stearic acid and the re-
lease of water as a sub-product [29] and, also, to the melting point
of sulfur.[30] This peak occurs at lower temperature in the case
of 40CB. On the other hand, the vulcanization reaction is mani-
fested by the exothermic peak. The temperature values at which
this exothermic peak occurs for the different samples are in the
range 160–170 °C and can be observed that the reaction takes
place at lower temperature when the amount of reinforcement
increases. This can be attributed to an enhancement of the ther-
mal conductivity in the compound with the CNT content and with
the incorporation of CB, due to the higher thermal conductivity
of these particles in comparison with the SBR matrix (which is a
thermally insulating material).[31–33]

The values of the vulcanization heat and of the temperature
corresponding to the maximum of the exothermic peak were de-
termined from Figure 2a and are shown in Figure 2b. The value of
the vulcanization heat per gram decreases with the filler loading,
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Figure 2. a) Heat flow as function of temperature measured by DCS on uncured samples to characterize the vulcanization reaction, b) Heat of reaction
and maximum temperature at the vulcanization peak, determined from (a) around 160–170 °C.

Table 1. Glass transition temperature values determined by DSC for the
vulcanized SBR compounds. The obtained values are not significantly dif-
ferent.

Compound Tg [°C]

Unfilled −50.2 ± 2.1

0.5CNT −50.0 ± 1.3

01CNT −51.2 ± 1.9

5CNT −51.8 ± 1.2

10CNT −51.9 ± 1.4

40CB −53.3 ± 2.7

indicating fewer chemical reactions as the reinforcement con-
tent increases. This could be explained by the fact that the CNT
particles immobilize part of the rubber chains to be crosslinked
and also absorb a fraction of the curing reagents, generating a
lower conversion of the reaction.[34] In a previous work, the acti-
vation energy of the reaction (ER

act) was determined for some of
these compounds through rheometric measurements performed
at different temperatures and applying a kinetic model to obtain
the vulcanization rate.[1] It was found that the ER

actincreases with
the filler amount, so more energy is needed to overcome the mo-
bility restrictions to proceed with the crosslinking reactions. Fur-
thermore, the percentage of the vulcanizing reagents decreases
gradually in the compound when the amount of CNT increases,
therefore the heat released decreases. The same behavior was
found by Hosseini et al. in SBR/silica samples,[35] Zhou et al. in
SBR/CNT nanocomposites[36] and by Wu et al. in natural rub-
ber/graphite oxide samples.[30] In addition, Wu et al. studied the
kinetic of the reaction by DSC in a system made of vulcanizing
agents with different amounts of reinforcing particles in the ab-
sence of rubber. They obtained that the incorporation of filler de-
creases the exothermic peak (that corresponds to the crosslinking
reaction) from 164 to 124 °C.

The glass transition temperature (Tg) has been estimated in
vulcanized samples by locating the change in enthalpy. For the
sake of brevity, the plot of the thermograms is omitted and only
the obtained values are reported in Table 1, showing that the tran-
sition from the glassy to the rubbery state occurs at a similar

Figure 3. Dielectric constant at low frequency as a function of the filler
content. Lines are to guide the eye. Black and gray squares correspond to
samples containing CNT and CB, respectively.

temperature in all the compounds, regardless of the type and the
amount of reinforcement.

3.2. Dielectric Properties

It is known that CNTs are electrical conductors, and the SBR is an
insulating material. However, if the filler content is high enough,
a 3D network of CNT could be formed that extends throughout
the rubber matrix, which would significantly affect the electri-
cal behavior of the whole sample.[2,37] In particular, the presence
of conductive CNT radically affects the dielectric response of the
rubber matrix.[38–40]

The dielectric constant, 𝜖c, measured at the lowest frequency
investigated (i.e., 20 Hz) is reported in Figure 3 as a function of
filler content. An increase of 𝜖c with the amount of filler is ap-
preciated, and the observed trend suggests a transition from one
regime to another at around 2 phr of CNT. This pronounced en-
hancement in effective permittivity of the nanocomposites near
the percolation threshold can be explained according to the in-
terfacial polarization (Maxwell–Wagner–Sillar effect) due to the

Macromol. Mater. Eng. 2022, 2200514 2200514 (4 of 11) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 4. Real part of the complex conductivity as a function of frequency
for each compound.

presence of microcapacitor consittuted by clusters of nanoparti-
cles isolated by very thin layers of polymer. The latter increase
the intensity of the local electric filed just around the conductive
fillers, eventually promoting the accumulation of charge carriers
at the fillers–matrix interface.[41,42]

More accurate information on the formation of a conductive
space-spanning network of particles can be gathered by looking
at the frequency dependence of the real part of the complex con-
ductivity, s′, in Figure 4.

When the filler content is high enough, s′ flattens out at low
frequencies, reaching a plateau value s0. It gives an estimate of
the electrical conductivity which would be measured under direct
conditions and thus suggests the formation of the CNT network
throughout the rubber matrix. For each compound, the values
of s0 were estimated by successfully fitting the universal AC law
equation[43] to the experimental data of s′ in Figure 4

𝜎′ = 𝜎0 + A × ws (3)

being A the scaling constant and s the critical exponent. When
the filler content is above the percolation threshold, ϕc, a conduc-
tive network is created throughout the volume of the insulating
matrix, bringing a sudden increase in the electrical conductivity.
This transition can be appreciated by looking at the values of s0
and s as a function of filler content, as shown in Figure 5a,b.

An important observation is that the values of s0 in the non
conductive samples (unfilled, 0.5CNT and 1CNT) cannot be ob-
tained through the fitting procedure with Equation (3). Hence,
the measured value of 𝜎′ at low frequency (i.e., 200 Hz) was taken
as an approximate value for the samples containing a reinforce-
ment concentration below the percolation threshold, i.e., when
the 𝜎0 plateau cannot be appreciated in the experimental data.
Obviously, the measured values overestimate the real 𝜎0 of the
nonconductive samples, but they just serve to give an idea of the
transition in the conductive behavior experienced by the sam-
ples. On the other hand, we also note that the values of electri-
cal conductivity obtained for the samples above the percolation
threshold are several orders of magnitude lower than those typi-
cally measured for individual carbon nanotubes (i.e., ≈105 S m−1,

see for example Kaneto et al.[44]). This is not unexpected, as the
contact resistance among nanotubes and the presence of a non-
conductive polymeric interphase should be also considered.[45,46]

Besides this, from Figure 5a, it is also interesting to note that
the conductivity of the compounds with a CNT content above 4
phr is higher than that of the 40CB. Also, from this figure it could
be estimated that ϕc has to be sought in the range of 1–3 phr
of CNT. The trend exhibited by the critical exponent s also cor-
roborates that range. Indeed, a value of s ≈ 1 is characteristic of
nonconductive materials exhibiting a typical capacitor behaviour,
whereas s < 1 typically corresponds to conductive materials.[43]

In particular, values of s in between 0.8 and 1 are characteris-
tic of hopping in disordered materials.[47] Additional information
about the AC conduction mechanism could be obtained by look-
ing at the temperature dependence of the dielectric response, es-
pecially for what concerns the exponent s of Equation (3).[48]

The electrical percolation threshold was estimated using argu-
ments based on percolation theory. The network of conductive
particles is expected to exhibit a critical behavior at a CNT con-
centration jc, above which s0 as a function of ϕ can be represented
by[49]

𝜎0 = k
(
𝜙 − 𝜙c

)t
(4)

being k a scaling constant and t a parameter related to the electri-
cal transport mechanism. The values of 𝜎0, obtained from Equa-
tion (3) and shown on Figure 5a, have been iteratively fitted above
2 phr of CNT, in the range of 1 > ϕc > 3 phr of CNT, incremen-
tally varying the value of ϕc in 0.1 phr. The electrical percolation
threshold has been identified as the value which returns the maxi-
mum regression coefficient. The final fitting is shown in Figure 6
with the parameters obtained. The values of s0 are aligned in a
log–log plot, in agreement with Equation (4), and the electrical
percolation threshold obtained is (1.6 ± 0.1) phr.

3.3. Dynamic Mechanical Analysis

Frequency dependence of the viscoelastic properties at differ-
ent temperatures have been measured. First, the measurements
made on the unfilled sample have analyzed and the data of the
storage modulus and loss modulus (E′ and E′′, respectively) as
a function of frequency at different temperatures are shown in
Figure 7. As expected, the values increase as the temperature de-
creases due to slowing down of the thermal molecular motion,
the effect being more pronounced for the loss modulus. More-
over, the T-dependence of both moduli is more evident above the
glass transition temperature.[50]

For the unfilled compound, the E′ curves measured at tem-
peratures other than 0 °C have been shifted horizontally to
superimpose them on the curve measured at 0 °C using the
time–temperature superposition principle, resulting in the black
square dots in Figure 8. From the values of the applied horizon-
tal shifts, aT (the subscript T indicates the dependence on the
measurement temperature), as determined empirically, it is pos-
sible to obtain information on the elastomer structure through
the values of parameters c0

1 and c0
2 defined from a best-fitting
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Figure 5. Estimated parameters obtained by fitting dielectric measurements represented on Figure 4 by Equation (3): a) extrapolated DC conductivity
𝜎0 and b) critical exponent s, both as function of the reinforcement content.

Figure 6. Extrapolated low-frequency real part of the complex conductivity
as a function of the difference between the reinforcement content ϕ and
the percolation threshold value ϕc (with ϕ > ϕc).

procedure of the shift factors using the well-known William–
Landel–Ferry model (WLF model)[23]

logaT = −
c0

1

(
T − T0

)

c0
2 + T − T0

(5)

The horizontal shifts are represented in Figure 9 as a function
of the measurement temperature and it is evident that have been
successfully fitted with Equation (5), obtaining c0

1= 30.1 and c0
2

= 202.7 °C (the superscript indicates that these values are in cor-
respondence to the value of the chosen reference temperature,
T0 = 0 °C). To the best of our knowledge, no data are available in
the literature about master curves on SBR at T0 = 0 °C. Klüppel
analyzed SBR samples reinforced with CB and silica obtaining c1
= 7.7 and c2 = 82.7 °C[51] for a master curve determined at 20 °C,
a reference temperature different from the one used in this work.

It is possible to estimate the c parameters at a determined tem-
perature using the following equations[52]

c0
1 =

c1
1c1

2

c1
2 + T0 − T1

(6.1)

c0
2 = c1

2 + T0 − T1 (6.2)

where the superscript in the parameters c1 and c2 indicates the
corresponding reference temperature. After applying those for-
mulas to the values obtained by Klüppel (T1 = 20 °C, c1

1 = 7.7
and c2

1 = 82.7 °C) to obtain the corresponding ones to T0 = 0 °C,
the following values are obtained: c1

0 = 10.2 and c2
0 = 62.7 °C.

These values are lower than those obtained in the samples ana-
lyzed in this work. Nevertheless, the differences can be attributed
to a different cure system, which gives a diverse network struc-
ture.

The constructed master curves for the unfilled sample are
shown as black squares on E′ and E′′, in Figure 8a,b, respectively.
The frequency range has been thus extended to 10−2–104 Hz, a
much wider range as compared to that of the original measure-
ments that have been performed in the range 0.8–30 Hz (Fig-
ure 7).

By analyzing the Tg values obtained by DSC (Table 1), it can be
seen that the transition from the glassy to the rubbery state oc-
curs at similar temperature values for all the samples, indepen-
dently of the filler content. This behavior is already reported by
few works in the literature[10,51] and indicates that the relaxation
spectrum during the glass transition is independent of reinforce-
ment content and only depends on the rubber phase. This allows
to use the values of the horizontal shift, aT, already determined
for the unfilled compound for the data of the reinforced samples
in order to obtain the master curves for the filled samples. After
this procedure, it has been observed that the curves do not over-
lap satisfactorily in the low frequency region, for both E′ and E′′,
indicating that the time–temperature superposition principle is
not fulfilled in reinforced samples in the region of low frequen-
cies. In fact, in the case of reinforced rubber, at high frequen-
cies (low temperature) the response is dominated by the polymer

Macromol. Mater. Eng. 2022, 2200514 2200514 (6 of 11) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 7. For the unfilled compound: frequency sweep of a) E′ and b) E′′ at different temperatures between −35 up to 30 °C.

Figure 8. Master curves for the unfilled and all reinforced compounds performed at 0 °C as reference temperature: a) E′ and b) E′′ as function of
frequency.

Figure 9. For the unfilled compound: Shift factor values applied on the E′

at the corresponding temperatures T to perform the master curve at T0 =
0 °C. The dashed line is the WLF fitting with Equation (5).

matrix. On the other hand, at low frequencies (high tempera-
ture) the matrix is softer than the filler network, and therefore
the dynamic properties are dominated by the latter. It can be in-
ferred that the dynamics of the microstructure is governed by
a superposition of two relaxation processes, and one prevails
over the other according to the external conditions (frequency or
temperature).[34]

It is well known that in reinforced samples there are sev-
eral possible interactions between the polymer chains and the
reinforcement particles. In a previous work we analyzed these
samples through rubber process analyzer (RPA) measurements
and the Maier–Göritz model was applied to obtain informa-
tion about the microstructure.[2,54] Using this method, it was
possible to discriminate the response under a dynamic defor-
mation among stable and unstable contributions to the rein-
forcement network and to the storage modulus. It was found
that the unstable interactions are more relevant than the stable
ones when the CNT content is higher than 5 phr. Among the
stable bonds are the polymer chains connecting reinforcement
particles, therefore those chains have a similar hardness and

Macromol. Mater. Eng. 2022, 2200514 2200514 (7 of 11) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

 14392054, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200514 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [12/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mame-journal.de

Table 2. Eact values associated with the bound rubber movement for E′ and
E′ from dynamic-mechanical master curves and for E′ under temperature
sweeps.

Compound Eact (𝜈T (E′))
[kJ mol−1]

Eact (𝜈T (E′′)
[kJ mol−1]

Eact (T(E′))
[kJ mol−1]

5CNT 1.5 ± 0.2 9.7 ± 0.5 3.19 ± 0.07

10CNT 1.0 ± 0.1 9.1 ± 0.6 5.64 ± 0.07

40CB 3.8 ± 0.3 10.8 ± 0.7 5.72 ± 0.05

constitutes glassy-like polymer bridges (filler–filler bonds). In the
literature, a temperature dependence of those glassy-like poly-
mer bridges was found, through a significant decrease of the
storage modulus when the temperature increases.[10,51] This be-
havior is not connected to the matrix dynamics and it is the rea-
son of the splitting observed at low frequencies of the master
curve. Several authors proposed that a vertical shift factor (vT)
can be applied to obtain a master curve for each of the rein-
forced compound.[10,51,55] After applying that procedure, contin-
uous and smooth master curves have been obtained for all the
compounds in E′ and E′′ and are shown in Figure 8a,b, respec-
tively. In both cases, the modulus increases with the incorpora-
tion of filler particles, being more significant the difference at
low frequency when the filler network dominates the compound
behavior.

As Fritzsche and Klüppel have shown for SBR reinforced with
different types and concentration of CB, it is possible to assign an
activation energy (Eact) associated to a thermal movement of the
bound rubber that connects the reinforcement particles.[10] The
authors suggest that those polymer chains are like in a “glassy
state” because their mobility is highly hindered, and this phase
is bigger in size and with a higher hardness at lower tempera-
ture. Since this dynamic process is thermally activated, it is pos-
sible to describe it by an Arrhenius plot, obtaining the activa-
tion energy.[10] In Figure 10a–e it has been estimated the Eact
by an Arrhenius plot of the vertical shift factors applied to the
master curves of E′ and E′′ of the reinforced compounds. It is
worth noting that the data at low temperature are out of the
linear regression, so that, they have been ignored in the fitting
procedure (empty points). This phenomenon can be easily ex-
plained by the hardening of the polymer chains of the rubber
matrix at low temperature which completely inhibit the move-
ments of the bound rubber that connects the reinforcement
particles. The obtained results are shown in columns 1 and 2
of Table 2, the values corresponding to the 0.5CNT and 1CNT
samples have been excluded because, as it can be seen in Fig-
ure 10a,b, the E′ linear regression gives a negative value of Eact,
which does not make sense. Nevertheless, this result is not sur-
prising due to the fact that those concentrations are under the
estimated percolation threshold, therefore, glassy like polymer
bridges were not formed. According to the microstructure of re-
inforced elastomers, the two Eact values associated to E′ and E′′

are related with the temperature dependence of two kinds of
glassy-like polymer bridges (filler–filler bonds): the Eact associ-
ated with E′ is related to the stiffness of filler–filler bonds in
a virgin state, while Eact associated with E′′ corresponds to the
stiffness of softer filler–filler bonds in a damaged state, result-

ing from stress induced breakdown and reaggregation of filler–
filler bonds during cyclic deformations.[51,56] This scenario is sim-
ilar to that stated by the Maier–Göritz model that was applied in
the already mentioned previous work.[2] This confirms that the
viscoelastic response of glassy-like polymer bridges plays a sig-
nificant role in understanding the structural dynamics of filler-
reinforced elastomers. In Table 2 it can be seen that the Eact(E′) is
lower than Eact(E′′) for all the compounds and the highest values
correspond to the 40CB compound, indicating a stronger con-
straint in the polymer chains when interacting with CB than with
CNT.

From the temperature dependence of the E′ (Figure 11a), it can
be seen that a thermal effect remains at high temperatures in the
rubbery state, being more evident in samples with a high rein-
forcement amount. Therefore, it is possible to perform an Arrhe-
nius plot (logarithmic E′ vs T−1) by a linear fitting in the rubbery
state to estimate the apparent thermal Eact from the slope (Fig-
ure 11b). The obtained values of Eact are on Table 2, third column,
indicating an increase with the CNT content. Also, similar val-
ues of Eact were estimated for the 10CNT and 40CB compounds,
even with the different morphology of the particles and amount
of them. The fact that the Eact values are similar in the 10CNT and
40CB samples could indicate that the surface available to interact
with the rubber chains is overall comparable.

The decrease of the E′ with increasing temperature can be ex-
plained by the viscoelastic response of the polymer chains located
between adjacent reinforcement particles, being the former im-
mobilized at the beginning. As was previously mentioned, the
filler particles are not directly in contact, but are connected by
glassy-like polymer bridges.[2,10] Consequently, the properties of
that phase composed of glassy-like polymer bridges are temper-
ature dependent and it becomes softer when the temperature in-
creases. This phenomenon also occurs on the polymer chains
attached to the filler surface, which present a gradient of mo-
bility, having a higher stiffness when closer to the particle sur-
face. According to the investigations that Fritzsche and Klüppel
made on SBR compounds reinforced with different types of CB,
they found that with decreasing temperature the layer around the
filler aggregates increases in thickness and the cross section of
the glassy-like polymer bridges becomes larger. Therefore, both
effects implicate an increasing stiffness and stability of the con-
necting glassy-like polymer bridges.[10] Moreover, it is expected
that a higher value of Eact implies a smaller gap distance (be-
tween the reinforcement particles) and that the polymer there
located is more hindered in its mobility. This is also related with
the fact that above the Tg the compound stiffness is governed
by the filler network. Comparing the results presented in Ta-
ble 2, the Eact estimated from the vertical shifting factors in E′

are smaller than that obtained from the temperature-dependent
measurements of E′.

4. Conclusions

SBR compounds with different amounts of carbon nanotubes
were thermally and dynamically analyzed. The samples were
compounded in a two-roll mill and vulcanized at 160 °C. Also,
for comparison purposes, an unfilled sample and one with 40
phr of CB were made.

Macromol. Mater. Eng. 2022, 2200514 2200514 (8 of 11) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 10. Vertical shift factors applied to get a continuous master curve of E′ and E′′ plotted as a function of the corresponding temperature of the
measurement. The black line corresponds to an Arrhenius plot. a) 0.5CNT, b) 1CNT, c) 5CNT, d) 10CNT, and e) 40CB.

The DSC results indicated that the glass transition is domi-
nated principally by the matrix due to the negligible differences
observed in the values of the glass transition temperature for dif-
ferent CNT amount in the compound. Through the analysis of
dielectric measurements, a (1.6 ± 0.1) phr concentration of CNT
was estimated as the percolation threshold in the compounds.

From the dynamic measurements, the master curve of each
compound was performed with 0 °C as reference temperature
and the WLF equation was successfully applied on the horizon-

tal shifts. On the reinforced samples vertical shifting factors were
necessary to obtain a continuous and smooth master curve. In
particular, when the CNT concentration was above the percola-
tion threshold, it was found a dependence of the vertical shifts
with the temperature, which was associated with the thermal mo-
tion of the rubber chains between the reinforcement particles.
Those polymer chains are like in a “glassy state” because their
mobility is highly impeded, and this phase becomes bigger in size
and acquires a higher hardness at lower temperature. Therefore,

Macromol. Mater. Eng. 2022, 2200514 2200514 (9 of 11) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 11. a) Temperature-dependence of E′ measured by DMA, b) ln(E′) as function of T−1 to perform an Arrhenius plot (dashed line) in the rubbery
region for the compounds with a concentration over the percolation threshold: 5CNT, 10 CNT, and 40CB.

through an Arrhenius plot it was possible to estimate an activa-
tion energy associated with the thermal motion of those “glassy-
like chains”. According to the microstructure of a reinforced rub-
ber, two types of Eact can be determined from the curves of E′ and
E′′, which reflect the presence of two thermal mechanism on the
glassy-like polymer bridges (filler–filler bonds): the Eact associated
with E′ is related to the stiffness of filler–filler bonds in a virgin
state, while Eact associated with E′′ corresponds to the stiffness of
softer filler–filler bonds in a damaged state, resulting from stress
induced breakdown and reaggregation of filler–filler bonds dur-
ing cyclic deformations. The highest values were found on the
compound with 40 phr of CB, which indicates a stronger interac-
tion of the rubber chains with CB than with CNT.
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