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ABSTRACT: Miscible S-SBR (solution styrene–butadiene copoly-

mer)/BR (polybutadiene homopolymer) blends are used in mul-

tiple applications like modern passenger car tire treads.

Despite their miscibility, there is a problem to predict tire per-

formance due to dynamical heterogeneities present in the S-

SBR/BR blends. On the one hand, S-SBR/BR blends have a

thermorheologically complex behavior, which complicates the

prediction of the temperature- and frequency-dependence of

material properties. On the other hand, due to differences in

the polarity of the individual components, the extender oils

used in the elastomeric compounds could distribute unequally

within the blends, where little is known about how oils interact

with the two polymers. In this work a combination of Differen-

tial Scanning Calorimetry, Dynamic Mechanical Analysis, and

Broadband Dielectric Spectroscopy (BDS) is used to clarify: (i)

the thermorheological complexity of S-SBR/BR blends, (ii) the

effect of the extender oil on the blend. The broad frequency

operation of BDS allows for the analysis of the S-SBR and BR

component dynamics and the effect of the oil on each of them

within an S-SBR/BR (50/50) blend. Based on the discretization

of individual component dynamics in the blend, conclusive

remarks are made on the effect of the extender oil for either

component in the blend. VC 2018 Wiley Periodicals, Inc. J.

Polym. Sci., Part B: Polym. Phys. 2018, 56, 842–854

KEYWORDS: BDS; blends; component dynamics; Differential

Scanning Calorimetry; Dynamic Mechanical Analysis; S-SBR/

BR

INTRODUCTION The outer layer of a tire which establishes
the direct contact of the car with the surface of the road
and is known as tread, needs to meet high performance
requirements. An adequate tire tread performance is com-
monly achieved by using blends of two or three different
types of elastomers. Both miscible and immiscible elasto-
mer blends exhibit dissimilar advantages for tire perfor-
mance. For example, miscible SBR (styrene–butadiene
copolymer)/BR (polybutadiene) blends are used in state-of-
the-art tire treads due to the advantageous set of wet-skid
resistance, low wear, and low rolling resistance. However,
immiscible IR (polyisoprene)/NR (natural rubber) blends
are used for improved wet-skid resistance.1–4

The low rolling resistance of tire treads composed of misci-
ble SBR/BR blends is typically achieved using chemically
coupled silica as reinforcing filler instead of the more tradi-
tional physically coupled carbon black.5 The SBR type is a
solution-polymerized SBR (S-SBR) with approximately 50%

of butadiene content in the 1,2-vinyl configuration. The latter
is needed to achieve a high enough yield of coupling of the
silica with the elastomers by means of sulfur-functional
silane coupling agents via a thiol–ene reaction. This radical
coupling reaction proceeds particularly well with mercaptosi-
lanes and pendant vinyl-groups.6 As the glass transition tem-
perature Tg of high-vinyl S-SBR is too high for tire purposes,
it has to be compensated by the admixture of high-cis BR,
with a Tg around 290 to 2100 8C. According to thermody-
namic predictions and experimental work, vulcanized mix-
tures of high-vinyl S-SBR and high-cis BR are considered
miscible blends at all ratios. Thermodynamically, high-vinyl
S-SBR/high-cis BR mixtures increase the positional disorder
such that miscibility becomes an entropically favored
event.7–10 The experimental detection of just one tan d peak
in Dynamic Mechanical Analysis (DMA) as well as one single
Tg by Differential Scanning Calorimetry (DSC) indicates
homogeneity. Nevertheless, and despite the aforementioned

VC 2018 Wiley Periodicals, Inc.
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justifications, the term “miscible blend” should be used with
caution. As will be highlighted in more detail hereunder, the
judgment on miscibility depends to a large extent on the

length scale probed by the experimental technique. DSC
probes at a frequency of approximately 1022 Hz, whereas
DMA typically operates at a range of frequencies between
1022 and 102 Hz. Techniques, such as Broadband Dielectric
Spectroscopy (BDS) and Nuclear Magnetic Resonance (NMR)
Spectroscopy, have a much broader operation frequency
ranging from 1022 to 1010 Hz. This allows detecting a
broader range of molecular length scales from less than
1 nm (approximate length scale of a monomer) to almost
100 nm (approximate length scale of a whole polymer
chain).11–25 It might therefore be possible to identify the
relaxation times related to either component/blended chains
in miscible blends. This possibility was already described in
literature as “Concentration Fluctuations (CF)” that can be
identified by local variations in relaxation times around an
average value in the length scale of approximately 3 nm.
Techniques, such as NMR and BDS, are usually employed to
study the maximum relaxation time at Tg (smax (Tg)) of indi-
vidual components in so-called miscible blends,26,27 and may
offer an opportunity to evaluate the effect of an oil in each
component of a miscible blend.

The two main challenges associated with making a miscible
S-SBR/BR blend design with predictable properties are:

(i) The thermorheological complexity which arises due to a
large difference of approximately 80 8C in the Tg of S-SBR
and BR. Its major consequence is that the distinct tempera-
ture dependencies of the relaxation times of each component
start expressing at length scales of about 3 nm. A thermo-
rheologically simple polymer system is one in which the
molecular mechanisms contributing to time and frequency
dependent modulus and compliance functions have the same
temperature dependence.27 Due to the thermorheological
complexity of the blends under consideration, the Time–Tem-
perature Superposition (TTS) concept cannot be applied for
predicting the frequency dependence of the modulus, which
is the basis for predicting the performance of a tire tread in
a dynamic, variable frequency environment. This is of

TABLE 1 Reported Properties of S-SBR, BR, and TDAE Oil

S-SBR BR TDAE

Styrene (wt%) 21 – –

1,2-vinyl butadiene (%) 50 <1 –

cis-1,4 butadiene (%) 29a >96 –

trans-1,4 butadiene (%) �2 –

Weight average

molecular weight (Mw)

(kg mol21)

475 460 –

Number average

molecular weight (Mn)

(kg mol21)

315 135 –

Glass transition

temperature (Tg) (8C)

225 2109 249

a 29% is the combined contribution of cis-1,4 and trans-1,4 in the S-SBR

microstructure.

TABLE 2 Rubber Formulations

Component BR S-SBR S-SBR/BR

(phr) (phr) (phr)

BR 100 – 50

S-SBR – 100 50

Zinc oxide (ZnO) 4 4 4

Stearic acid (SA) 3 3 3

N-cyclohexyl-2-benzothiazole

sulfenamide (CBS)

2.5 2.5 2.5

Sulfur (S) 1.6 1.6 1.6

Treated Distillate

Aromatic Extract (TDAE)

0/10/20 0/10/20 0/10/20

TABLE 3 Mixing Protocol

1st Stage: Internal Mixer 2nd Stage: Two-Roll Mill

Brabender Plasticorder 350S Polymix 80T

Rotor Speed: 50 RPM; Set Temperature: 50 8C; Fill Factor: 0.7 Friction Ratio: 1.25:1

ca. 40 8C

BR_0 BR_10 BR_20 All compounds

S-SBR_0 S-SBR_10 S-SBR_20

S-SBR/BR_0 S-SBR/BR_10 S-SBR/BR_20

(min sec) (min sec) (min sec) (min sec)

0.30 Add polymers 0.30 Add polymers 0.30 Add polymers 0.30 Add curatives

1.30 Add ZnO and SA 1.30 Add ZnO and SA 1.30 Add ZnO and SA (CBS1S)

4.00 Discharge 2.40 Add 3/4th TDAE 2.40 Add 3/8th TDAE 5.00 Discharge

5.00 Add 1/4th TDAE 5.00 Add 3/8th TDAE

7.00 Discharge 8.00 Add 1/4th TDAE

10.30 Discharge
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particular importance for the prediction of Wet Skid Resis-
tance (WSR), which is a high frequency (103–106 Hz)
phenomenon.28

(ii) The lack of knowledge about the influence of processing
chemicals and other compounding ingredients in the S-SBR/
BR blend. As there is a polarity difference between S-SBR
and BR, it is likely that the processing chemicals such as
extender oil may affect one or the other component more
based on the “like dissolves like” principle. An indication for
such a differing influence can be obtained by studying the
effect of the process oil on the maximum relaxation time at
Tg (smax (Tg)) of the individual blend components S-SBR and
BR.

In this work, the applicability of BDS is explored to under-
stand the effect of Treated Distillate Aromatic Extract
(TDAE) mineral-based aromatic extender oil on the two com-
ponents of an S-SBR/BR (50/50 wt% ratio) blend. For the
analysis three TDAE contents, 0/10/20 phr (parts per hun-
dred rubber) are used. The analysis is completed with DSC
and DMA. The BDS specific analyses include the use of one
or two Havriliak–Negami equations and a procedure for the
selection of the most appropriate fitting in these blends.

EXPERIMENTAL

Materials
The materials used in this study are S-SBR: SPRINTANTM SLR
4602 (Trinseo Deutschland GmbH, Schkopau, Germany); BR:
BUNA CB24 (Arlanxeo Deutschland GmbH, Leverkusen, Ger-
many); and Treated Distillate Aromatic Extract (TDAE): VIVA-
TEC 500 (Hansen & Rosenthal KG, Hamburg, Germany).
Some important analytical properties of S-SBR, BR, and
TDAE are presented in Table 1. The curing system employed
consists of zinc oxide (ZnO), stearic acid (SA), and sulfur (S)
from Sigma Aldrich (St. Louis, MO), and N-cyclohexyl-2-ben-
zothiazole sulfenamide (CBS) from Flexys (Brussels, Bel-
gium). All chemical reagents were used as received.

Mixing
The basic formulation used for this study is presented in
Table 2, expressed in parts per hundred parts of rubber

(phr). The compounds were prepared following a 2-step mix-
ing procedure, with a first stage in an internal mixer.

The vulcanization system (CBS1 S) was added to the mix in
a second stage, carried out on a two-roll mill (Table 3). The
compounds are referred to as BR_x, S-SBR_x, and S-SBR/BR_x
phr, where “x” corresponds to the amount of TDAE added to
the formulations (0/10/20 phr).

Curing
The samples were vulcanized in a hydraulic press (Wickert
WLP 1600) at 100 bar and 160 8C as sheets with a thickness
of 2 mm, according to their tc,90 1 2 min optimum vulcaniza-
tion times (see Table 4). The tc,90 was determined with a
Rubber Process Analyzer (RPA 2000, Alpha Technologies)
following ISO 3147:2008 at 160 8C. 0.1–0.2 mm thick sheets
were also vulcanized according to their respective tc,90 val-
ues at 160 8C for BDS measurements.

TABLE 4 Vulcanization Times as Obtained from the Curing

Curves from RPA Measurements

Compound tc,90 (min)

BR_0 18

BR_10 17

BR_20 17

S-SBR_0 23

S-SBR_10 32

S-SBR_20 30

S-SBR/BR_0 19

S-SBR/BR_10 20

S-SBR/BR_20 21

FIGURE 1 DSC and tan d/tan dmax curves versus temperature

for the S-SBR compounds with different contents of TDAE oil.

Tan d values are reported as normalized to their maximum for

ease of comparison.
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Differential Scanning Calorimetry
A Differential Scanning Calorimeter (DSC) (Perkin Elmer DSC
8000) was used to obtain the “calorimetric” glass transition
temperature of the vulcanized samples, using a heating rate
of 10 8C/min after quenching to 2150 8C, up to 20 8C. The
enthalpy precision of the equipment was 60.05% to 0.2%.
The mid-point of the transition was taken as the value of
calorimetric Tg. The accuracy of the determination was 61
8C in each case.

Dynamic Mechanical Analysis
Dynamic Mechanical Analysis (DMA) of the vulcanized sam-
ples was done in tension mode in a dynamic spectrometer
(Metravib DMA 2000) to measure the “dynamic” glass transi-
tion temperature. The measurements were performed from
2150 8C to 180 8C in steps of 5 8C at a dynamic strain of
0.5% and frequency of 1 Hz on samples of (25*5*2) mm.
The accuracy of the temperature controller is 60.1 8C, phase
angle is 60.18 and frequency is 60.01%. The accuracy of the
determination of Tg was 61 8C in each case.

FIGURE 2 Normalized E00 versus frequency in the region of the

a-relaxation for the S-SBR compounds with different contents

of TDAE oil.
FIGURE 3 DSC and tan d/tan dmax curves versus temperature

for the BR compounds with different contents of TDAE oil.
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Broadband Dielectric Spectroscopy
Broadband Dielectric Spectroscopy (BDS) measurements were
performed on a spectrometer with an ALPHA-A High Perfor-
mance Frequency Analyzer (Novocontrol Technologies). The

vulcanized 0.1–0.2 mm sheets were cut in a disk shape and
were mounted in the dielectric cell between two parallel gold
plated electrodes. The complex dielectric permittivity E*
(E*5 E0–iE00), being composed of E0 as the real part and E00 the
imaginary part, was measured by performing consecutive iso-
thermal frequency sweeps (1021–106 Hz) in the temperature
range from 2120 8C to 180 8C in steps of 5 8C. The tempera-
ture was controlled to better than 0.1 8C with a Novocontrol
Quatro cryosystem; the error of the ALPHA impedance mea-
surement was less than 1%.

RESULTS AND DISCUSSIONS

Effect of TDAE on the Individual Polymers: S-SBR and
BR, and S-SBR/BR (50/50) Blends
S-SBR and BR
A single transition corresponding to Tg of S-SBR and BR can
be observed via DSC, DMA, and BDS (Figs. 1–4). Through
DSC and DMA, there is a decrease in Tg for S-SBR (Fig. 1),
and an increase in Tg upon addition of TDAE for BR (Fig. 3).

FIGURE 4 Normalized E00 versus frequency in the region of the

a-relaxation for the BR compounds with different contents of

TDAE oil.

FIGURE 5 DSC and tan d/tan dmax curves versus temperature

for the S-SBR/BR blends with different contents of TDAE oil.
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For BR, a distinct crystallization peak can be seen between
260 and 240 8C due to the ability of the long chain mole-
cules within high-cis content BR to rearrange and form a
spherulitic morphology.29 This crystallinity can be seen in
the DSC curve as an exothermic peak between 260 and 240
8C and in the DMA curve as a shoulder on the normalized
tan d peak on the right-hand side.29–31 Because the samples
were cooled to 2150 8C before the DSC measurement, both
crystallization and melting peaks are detected. 10 phr TDAE
is seen to increase the crystallization enthalpy and reduce
the melting enthalpy, while 20 phr TDAE decreases both
enthalpies. This effect is attributed to the lack of diluting
effect of 10 phr TDAE, while higher TDAE contents (between
10 and 20 phr) seem to have a dissolution effect thereby
increasing the local mobility of the BR chains and decreasing
the energy needed for the transitions to take place. This
effect can also be qualitatively seen from the evaluation of
the DSC curve as crystallization being half-way between the
Tg and the melting temperature (Tm): crystallization enthal-
pies of 10, 15, and 8 J/g and melting enthalpies of 20, 16,
and 8 J/g for the BR 0, 10, and 20 phr TDAE content, respec-
tively. However, these values should be treated with caution
because the experiments were done in a transient mode and
not especially designed for studying this phenomenon.32

The same crystallinity of BR could also be identified with
BDS in both the frequency and temperature domains (Figs. 4
and 6). On the frequency domain curves (Fig. 4), the shoul-
der is observed on the left side (i.e., lower frequency) of the
Tg, because the relaxations taking place at the surface of the
BR microcrystals are slowed down due to surface interac-
tions compared to the more mobile amorphous polymer
chains. While on the temperature domain curves (Fig. 6), the
crystallinity can be seen as a shoulder on the right side of
the E00 peak. This shoulder moves to higher temperature and
increases in intensity, as the frequency is increased.

S-SBR/BR Blends
Figure 5 shows a single broad transition corresponding to Tg
for the S-SBR/BR blends, thereby giving a common indica-
tion of their miscibility. Similar results were obtained by Shi
et al. for analogous SBR/BR blends.33,34 It is seen that
because of the change in the local environment of the
blended BR and S-SBR chains, there is hindrance in nuclei
formation for the crystallization of the BR chains. In agree-
ment with that, the segmental relaxation corresponding to Tg
is clearly observed by BDS as a broad and asymmetric
dielectric loss (E00) peak (Figs. 6 and 7).

FIGURE 6 Normalized (E00) versus temperature at 1, 103, 104, and 106 Hz for individual polymers: S-SBR and BR; and for the blends

S-SBR/BR with different contents of TDAE oil. E00 values are reported as normalized to their maxima for ease of comparison.
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On the frequency domain curves (Fig. 7), the maximum of
the dielectric loss moves to higher frequencies for all sys-
tems as the temperature increases, suggesting that this relax-
ation is due to a thermally activated process.35 Besides, the
broad relaxation becomes narrower as the temperature is
increased, which is a characteristic of miscible blends.14,36

The broadness of the relaxation peaks in the blends
increases with the addition of TDAE oil. At a reference tem-
perature of 220 8C the width is approximately 5.8 decades
for S-SBR/BR_0 and a bit broader that is, 6.0 decades for the

FIGURE 7 Normalized E00 versus frequency in the region of the

a-relaxation for the S-SBR/BR blends, with different contents of

TDAE oil.

TABLE 5 HN-Fitting Parameters with One Single HN Equation

of S-SBR Individual Polymer with Varying Concentrations of

TDAE Oil. The TDAE Oil Parameters are Also Included

Compound S-SBR_0 S-SBR_10 S-SBR_20 TDAE

T 5 210 8C

DE 0.035 0.19 0.017 0.44

sHN (s) 3.77 3 1022 1.39 3 1022 7.9 3 1023 1.26 3 1024

b 0.54 0.58 0.49 0.69

c 0.68 0.57 0.84 0.59

T 5 0 8C

DE 0.035 0.18 0.015 0.40

sHN (s) 6.01 3 1024 3.95 3 1024 2.30 3 1024 1.59 3 1025

b 0.48 0.57 0.49 0.73

c 0.90 0.63 0.97 0.56

T 5 10 8C

DE 0.035 0.17 0.015 0.38

sHN (s) 3.40 3 1025 3.20 3 1025 1.89 3 1025 3.13 3 1026

b 0.46 0.56 0.47 0.75

c 1 0.66 1 0.54

TABLE 6 HN-Fitting Parameters with One Single HN Equation

of BR Individual Polymer with Varying Concentrations of TDAE

Oil

Compound BR_0 BR_10 BR_20

T 5 290 8C

DE 0.25 0.97 0.65

sHN (s) 7.38 3 1024 1.14 3 1021 8.23 3 100

b 0.34 0.19 1

c 0.57 1 0.11

T 5 280 8C

DE 0.23 0.88 0.63

sHN (s) 9.55 3 1026 4.72 3 1024 2.32 3 1021

b 0.31 0.20 0.77

c 1 1 0.10

T 5 270 8C

DE 0.21 0.85 0.64

sHN (s) 3.55 3 1027 3.94 3 1025 2.21 3 1022

b 0.26 0.18 0.64

c 0.99 1 0.16
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S-SBR/BR_10 and S-SBR/BR_20 phr TDAE. This marginal
effect was expected based on the dynamic heterogeneities
increase on the addition of TDAE oil and was not further
considered in the discussion.

Even though the miscibility is verified in the studied com-
pounds, polymer blends are practically never fully mixed on
a molecular level, especially when the component Tg’s are
more than 50–70 8C apart, as in this case. The reason for the
observed indications for miscibility is that eventual heteroge-
neities are of smaller scale than the sensitivity ranges of DSC
and DMA, which makes them unidentifiable through these
techniques. On the temperature domain BDS curves (Fig. 6),
it is seen that the single, broad transition starts to split into
two peaks as the frequency is increased. Up to 103 Hz, the
normalized E00 peak moves to higher temperatures with
increase in frequency, as can be expected based on the Wil-
liams–Landel–Ferry (WLF) description of the TTS-principle
for a thermorheologically simple polymer system. The devia-
tion from the thermorheological simplicity starts appearing
at 104 Hz, where a shoulder begins to form on the lower
temperature side of the normalized E00 peak. This shoulder
becomes more apparent as the frequency is increased, distin-
guishing smaller scale heterogeneities. In addition, the shoul-
der at 106 Hz is at the same position as the Tg of pristine
BR. This suggests that the shoulder corresponds to the BR
component of the blend, which tends to disassociate when
the length scale of the experimental probe is small enough
to detect the relatively shorter relaxation time of BR. Based
on the description of dynamic heterogeneities in miscible
blends by different theoretical models, the main normalized
loss peak can then be associated with the blended segments
experiencing a blend environment: slow dynamics, and the
shoulder as predominantly BR segments: fast dynam-
ics.14,37–43 Hereafter, these phases will be called the slow

process and the fast process, respectively. The higher inten-
sity at high frequencies of the blend-rich environment is due
to the activation of the rotational and vibrational motions of
the styrene groups on the S-SBR chains.

Effect of TDAE Oil on the Individual Components of the
S-SBR/BR Blends: Havriliak–Negami Analysis
The frequency-domain dielectric data can be further ana-
lyzed by fitting the complex dielectric function E*(x) with
empirical relaxation functions of the Havriliak–Negami (HN)
type. The HN equation is a phenomenological expression
which can describe a dielectric relaxation process in terms
of a characteristic relaxation time at the frequency of the
maximum loss.43 It reads as follows:

E�HN xð Þ5 E11
DE

11 ixsHNð Þb½ �c (1)

where sHN is the characteristic HN relaxation time, which
represents the most probable relaxation time from the relax-
ation time distribution function, x is the angular frequency,
DE is the relaxation strength DE5Es2E1ð Þ; where E1 and Es
are related to the limiting behavior of the complex dielectric
function at low and high frequencies respectively, E�HN xð Þ is
the frequency dependent Havriliak–Negami complex dielec-
tric permittivity, and b and c are shape parameters, which
describe the symmetric and asymmetric broadening of the
relaxation time distribution function, respectively.

The individual polymers (BR and S-SBR) with and without
oil, being composed of single polymeric contributions, are
described with one HN equation. Since S-SBR/BR blends
with and without TDAE oil are multicomponent systems, two

TABLE 7 HN-Fitting Parameters with One Single HN Equation

of S-SBR/BR Blends with Varying Concentrations of TDAE Oil

Compound S-SBR/BR_0 S-SBR/BR_10 S-SBR/BR_20

T 5 240 8C

DE 0.27 0.81 0.37

sHN (s) 4.33 3 1023 8.16 3 1023 9.12 3 1023

b 0.35 0.40 0.40

c 0.42 0.35 0.39

T 5 230 8C

DE 0.25 0.74 0.36

sHN (s) 3.85 3 1024 4.81 3 1024 6.77 3 1024

b 0.41 0.42 0.42

c 0.40 0.41 0.44

T 5 220 8C

DE 0.25 0.74 0.35

sHN (s) 7.67 3 1025 8.53 3 1025 9.76 3 1025

b 0.48 0.49 0.48

c 0.29 0.32 0.39

FIGURE 8 Temperature dependence of the relaxation times at

maximum loss of the individual polymers: S-SBR, BR, and S-

SBR/BR blends, with varying contents of TDAE oil. The curve

corresponding to TDAE oil has been added for the ease of

comparison.
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approaches have been chosen for the further analysis of
these systems: (i) one HN equation to describe the blended
S-SBR and BR system; (ii) two HN equations to describe
each process from the individual polymeric contributions of
S-SBR and BR in the blend.

Single HN Equation Based Fittings
The experimental E00 versus frequency spectra for the indi-
vidual polymers: S-SBR, BR, and S-SBR/BR blends with and
without oil obtained from BDS were fitted using the HN
equation. The resulting characteristic parametersDE, b, c,
and sHN are presented in Tables (5–7) with a relative error
of less than 4%. DE is related to the number density of the
polarizable species between the electrodes, depending on
many experimental factors such as sample thickness, pres-
sure, and contact area. Because the emphasis in this work is
on the location of the Tg as related to sHN, being indepen-
dent of these factors, the DE is to be considered as an adjust-
able parameter in the HN analysis.

The trend in sHN with the addition of 10 and 20 phr of
TDAE oil for all systems, as seen in Tables (5–7) were
employed for further analysis as explained below. sHN is
related to the relaxation time of maximum loss, smax and the
frequency of maximum loss, fmax by the following
equation:44

smax5
1

2pfmax
5sHN sin

bp
212c

� �21
b

sin
bcp
212c

� �1
b

(2)

The corresponding values of smax, plotted in Figure 8, reveal
the Vogel–F€ulcher–Tamman (VFT) dependence of smax on the
reciprocal temperature as:45–47

smax 5 s0 exp
B

T 2T0

� �
(3)

where s0 and B are empirical parameters, and T0 is called
the ideal glass transition or Vogel temperature, which is

generally 30–70 K below Tg.
45 A universal value of log

s0 5 214 was adapted for the data fitting using the VFT
equation, based on the relationship of s0 with the C1 (�17)
universal parameter from the WLF equation.48

The corresponding Tg for each system is listed in Table 8 cal-
calculated as the temperature at smax 5 100 s (�1022 Hz),
which is the convention for estimating Tg by BDS.49 The tem-
perature corresponding to smax 5 1 s (�1 Hz) is also
reported in Table 8, since the extrapolation to 100 s can
sometimes be misleading, as it is far from the experimentally
obtained results.50 For the systems studied, the values
obtained for 100 s and 1 s are very complimentary and hold
a similar trend. The comparisons henceforth in this study
will be based on Tg values calculated at 100 s.

A shift of the curves can be seen in Figure 8 and the corre-
sponding Tg’s in Table 8 toward the oil, for all the systems
as the amount of oil increases. Based on Fox’s inverse rule of
perfect mixtures:51–53

1=Tmix
g 5Woil=T

oil
g 1WPolymer=T

Polymer
g (4)

a prediction of expected Tg shifts can be derived as given in
Table 8 as well. In the present case, the oil is treated as an
oligomeric component, based on the fact that the TDAE oil
follows VFT behavior in Figure 8. The predicted values are
in good agreement with the values derived from the use of a
single HN equation to fit the dielectric spectra. It demon-
strates that not only the pure polymers S-SBR and BR with
oil, but also the S-SBR/BR blends with oil can be treated as
a two-component system of the blend and the oligomeric
TDAE oil. This is a strong indication for a homogeneous dis-
tribution of the oil within the blends.

To explore the effect of the TDAE oil in more detail, the sin-
gle, broad dielectric loss peak must be further de-convoluted
to the individual contributions of both S-SBR and BR poly-
mers in the blend.

TABLE 8 Tg at smax 5 100 s and 1 s of the Individual Polymer, the TDAE Oil, and the S-SBR/BR Blends with and Without Oil Experi-

mentally Obtained from BDS Measurements

Compound Tg (100 s) (8C) Tg (1 s) (8C) Tg (DSC) (8C) Tg (Fox Eqn) (8C) DTg (100 s) (8C) DTg (Fox Eqn) (8C)

S-SBR_0 227 220 230 – – –

S-SBR_10 229 221 231 229 2 2

S-SBR_20 230 222 232 231 3 4

BR_0 2111 2106 2113 – – –

BR_10 2106 2100 2111 2106 5 5

BR_20 2100 290 2106 2101 11 10

TDAE oil 250 241 249 – – –

S-SBR/BR_0 274 264 287 – – –

S-SBR/BR_10 273 263 287 272 1 2

S-SBR/BR_20 271 261 285 270 3 4

DTg is calculated w.r.t. BR_0, S-SBR_0, S-SBR/BR_0 value respectively, at 100 s.
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Two HN Equations Based Fittings for the Blends
To resolve the individual contributions of the S-SBR and BR
components to the single, broad dielectric loss E00 peak of
the blends, a fitting protocol using two HN-equations was

applied.26,54 Blending modifies the response of the individual
S-SBR and BR components such that they may experience a
distinct relaxation environment in the blended state, which
can be fitted as individual contributions.26

The fittings were performed with the aim of finding two
relaxation processes which are referred to as a for fast and
a0 for slow. At the selected temperature T5 230 8C the
dielectric loss E00 is clearly observable as a well-resolved
peak of about six decades in the frequency window (Fig. 9).
The dielectric loss E00 can be de-convoluted into two individ-
ual relaxation processes depicted as dashed lines. A conduc-
tivity contribution, shown as dotted line, was used in the
fitting protocol to achieve a better fit of the low frequency
tail of the dielectric spectra. The a and a0 relaxations are
assigned as the fast and the slow processes, respectively, in
decreasing order of frequency, related to a BR-rich and a
blend-rich environment.

The relaxation parameters: DE að Þ, DE a0ð Þ; b, b0, c, c0, sHN að Þ; an
d sHN aa0ð Þ (where 0 refers to the a0-process) for each

FIGURE 9 Normalized deconvolution results from fitting of the

a0 and a processes using 2 HN equations at T 5 230 8C for the

blends: S-SBR/BR_0, S-SBR/BR_10, and S-SBR/BR_20.

TABLE 9 HN-Fitting Parameters for the De-Convoluted Relaxa-

tion Spectra of S-SBR/BR Blends with Varying Concentrations

of TDAE

Compound S-SBR/BR_0 S-SBR/BR_10 S-SBR/BR_20

T 5 240 8C

DEa 0.22 0.60 0.24

DEa
0 0.11 0.24 0.18

sHN (a) (s) 1.14 3 1023 1.71 3 1023 1.85 3 1023

sHN (a0) (s) 6.31 3 1023 1.67 3 1022 1.91 3 1022

b 0.58 0.54 0.53

b0 0.38 0.22 0.39

c 0.11 0.42 0.19

c0 1 0.97 0.80

T 5 230 8C

DEa 0.25 0.64 0.26

DEa
0 0.09 0.26 0.16

sHN (a) (s) 1.52 3 1024 1.51 3 1024 1.76 3 1024

sHN (a0) (s) 5.87 3 1024 8.68 3 1024 9.56 3 1024

b 0.63 0.65 0.65

b0 0.44 0.49 0.44

c 0.11 0.14 0.15

c0 1 0.90 0.89

T 5 220 8C

DEa 0.27 0.72 0.30

DEa
0 0.07 0.20 0.12

sHN (a) (s) 2.49 3 1025 3.30 3 1025 3.59 3 1025

sHN (a0) (s) 9.30 3 1025 1.18 3 1024 1.44 3 1024

b 0.71 0.73 0.72

b0 0.52 0.53 0.53

c 0.10 0.12 0.14

c0 1 1 0.96
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contribution are shown in Table 9 for selected temperatures
of 240, 230, and 220 8C. Figure 10 shows smax for the a
and a0 relaxation processes plotted as a function of the
inverse temperature. The relaxation time curves of the two
processes are located apart from each other and seem to
converge at higher temperatures, a characteristic feature of
the segmental dynamics of polymeric chains as well as of
VFT curves, due to the cooperative nature of the segmental
relaxations.54 This trend is observed independent of the
amount of oil present in the blends. The effective Tg (Teff

g ) of
the fast and the slow processes in the blend is subsequently
calculated as the temperature at smax 5 100 s (�1022 Hz), as
listed in Table 10. The Teff

g corresponding to smax51 s (�1
Hz) are also reported in Table 10, although as commented in
the previous section, all comparisons will be made based on
the convention of 100 s.

S-SBR/BR Blend Without Oil
For the blend without oil (S-SBR/BR_0), the value of Teff

g of
the slow a0 process (272 8C in Table 10) is strikingly similar
to the Tg of the total blend (274 8C in Table 8), whereas the
Teff
g of the fast a process (297 8C in Table 10) is closer to

the Tg of BR (2111 8C in Table 8). These observations indi-
cate that the fast a process is the response from the more
mobile BR segments trying to dissociate from the slower a0

process, which is associated with the blend environment (S-
SBR/BR). This can be corroborated with the theories on
dynamical heterogeneities of miscible blends. For instance,
the Lodge and McLeish (LM) model states that in a miscible
mixture of a copolymer (AB) and a homopolymer (A), the
lower Tg component tends to experience its own inherent Tg,
whereas the higher Tg component tends to experience a
blend environment, based on self-concentration of the like

segments.38 Moreover, in the temperature domain curves, it
can also be seen that at high frequencies the BR component
of the blends experiences almost the same Tg as the BR (see
Fig. 6). Similarly, on the frequency domain curves, it is
observed that the main relaxation of the blends is seen to
start at 260 8C and end at 220 8C (see Fig. 7). It is clear
evidence that the relaxation of the blends lies in between
the relaxation of the BR and S-SBR. At lower temperatures
like 280/270 8C (closer to the Tg of BR) there is a well-
defined small relaxation peak on the right side while the
main relaxation peak is still seen to be evolving on the left
side. The small relaxation peaks are located in frequency at
the same location as for pure BR (compare Figs. 4 and 7).
Since the ending at 220 8C is close to the location in fre-
quency to the S-SBR counterpart but does not exactly corre-
spond to it, this can be assigned to the contribution of the
blended S-SBR and BR chains. Therefore, based on this it is
justified to de-convolute the blend dynamics into two pro-
cesses: one that experiences a predominantly BR environ-
ment and the other one that experiences a blend
environment.

S-SBR/BR Blends with Oil
For the blends with oil, the general trend is that both the a
and a0 processes show longer relaxation times with increas-
ing amounts of oil, which can be expected since the TDAE oil
has slower relaxation dynamics compared to the blends. This
effect can most clearly be seen in Figure 10. A clear shift
toward higher Teff

g for both the a and a0 processes is
observed as oil content increases, the degree of shift being
more pronounced for the a process as compared to the a0

process (see Table 10). The fast a-process originates from
the relaxation of BR segments surrounded predominantly by
like-segments and oil. This means that the a process may be
affected by the presence of TDAE oil molecules in a similar
way as pure BR. From the effect of TDAE oil on pure poly-
mers, it was already seen that there is a larger effect of addi-
tion of TDAE oil on the Tg of BR than on the of pure S-SBR.
A simple explanation to this is the mere difference in Tg of
the BR and oil versus the Tg of S-SBR and the oil. A more in-
depth explanation is that the inherent free volume associated
with BR due to its linearity is smaller compared to that of S-
SBR due to the bulky styrene-groups and variety of

TABLE 10 T eff
g at smax 5 100 s and 1 s of the a and a0 Processes,

Experimentally Obtained from BDS Measurements

Compound

T eff
g (100 s)

(8C)

T eff
g (1 s)

(8C)

DT eff
g

(100 s) (8C)

S-SBR/BR_0 a 297 285 –

a0 272 260 –

S-SBR/BR_10 a 280 271 17

a0 261 251 11

S-SBR/BR_20 a 275 266 22

a0 259 249 13

DT eff
g is calculated with regard to S-SBR/BR_0.

FIGURE 10 Temperature dependence of the average relaxation

times of: TDAE; a and a0 processes for the blends: S-SBR/BR_0,

S-SBR/BR_10, and S-SBR/BR_20.
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microstructures, which means that addition of TDAE oil
causes a higher disruption in the relaxation dynamics of BR,
whereas in the case of S-SBR most of the TDAE oil can
accommodate in the existing free volume without causing
much difference from its relaxation dynamics. This explains
why a relatively bigger effect of the oil can be noted for the
a process on Table 10. However, the observed effect is larger
than the effect on pure BR, which is due to the contribution
of the surrounding blended chains. The effect of oil on the a0

process is smaller but not comparable to the effect on S-SBR,
which further re-confirms that the a0 process is the contribu-
tion of the blended chains rather than only S-SBR from the
blends.

CONCLUSIONS

The studied S-SBR/BR (50/50) blends with and without
TDAE oil are miscible blends, as confirmed by the presence
of a single glass transition signal observed by DSC, DMA, and
also in BDS. Dynamic heterogeneities due to concentration
fluctuations within these blends manifest themselves as
broadening of the glass-to-rubber transition of the blends, as
seen with all three techniques.

Temperature domain BDS measurements were used to clar-
ify the thermorheological behavior of the blends. A change in
frequency dependence of the blends was observed: from
thermorheological simplicity up to 103 Hz to thermorheolog-
ical complexity from 104 Hz onwards. This demonstrates
that the dynamic heterogeneities originate from the smallest
segmental motions of the butadiene moieties in the S-SBR
and BR components. Frequency domain BDS measurements
were further analyzed using fitting protocols based on the
use of the HN-principle: (i) one HN equation for the pure
polymers and the blends, to find that Fox’s inverse rule of
mixtures complies with the observed shifts in Tg for all com-
pounds, upon addition of the oligomeric TDAE oil; ii) two
HN equations, to de-convolute the single, broad dielectric
loss E00 peak of the blends into a fast a and a slow a0 process.
The de-convolution showed: (i) the fast a process is the con-
tribution of dissociated BR segments from the slower
blended S-SBR and BR segments, forming the slow a0 pro-
cess; (ii) there is larger effect of TDAE oil on the fast a pro-
cess coming from BR-segments only, similar to the effect of
the oil on BR. BDS turns out to be a powerful tool to eluci-
date the intricacies of the miscible blend dynamics and the
effect of extender oil thereon.
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