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ABSTRACT: A study of the thermal behavior of cured
elastomeric blends of natural rubber (NR) and styrene bu-
tadiene rubber (SBR) prepared by solution blending in tol-
uene is presented. Binary blends with different
compositions of NR/SBR were produced using a conven-
tional cure system based on sulfur and TBBS (n-t-butyl-2-
benzothiazole sulfonamide as accelerator. The compounds
were vulcanized at 433 K up to an optimum time of cure
determined by rheometric tests. From swelling tests, the
crosslink densities of the compounds were obtained and
compared with those obtained in similar blends prepared
by mechanical mixing. The results were analyzed in terms
of the disentangling of the chain structures of the SBR and
NR phases and the achieved cure state of the blend. Using
differential scanning calorimetry, the glass transition tem-
perature Tg of each blend was measured. In most com-

pounds, the value of Tg corresponding to each phase of
the blend was determined, but in some blends a single
value of Tg was obtained. The variation of Tg with the
composition and cure level in each phase was analyzed.
On the other hand, a physical mixture of two equal parts
of NR and SBR vulcanized was measured and the results
were compared to those of the NR50/SBR50 cured blend.
Besides, to analyze the influence of the network structure,
pure NR and SBR unvulcanized samples were measured.
On the basis of all the obtained results, the influence of
the interphase formed in the blend between SBR and NR
phases is discussed. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 125: 992–999, 2012
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INTRODUCTION

The main advantage of preparing elastomeric com-
pounds from a mixture of two or more pure elasto-
mers is the possibility of producing a new material,
sometimes with a lower cost and combining the
properties of the main polymers without resort to a
new synthesis process.

One of the most important characteristics of the
elastomeric materials is the transition, below a char-

acteristic temperature, from an elastic phase to a
glassy one. When considering possible applications
of this kind of materials, this behavior should be
taken into account. Such a change is characterized
by the glass transition temperature, Tg. For tempera-
tures below Tg, molecules are frozen on place and
there is no relative movement among the polymer
chains. At the glass transition, the material under-
goes drastic changes in the values of some physical
parameters like the thermal expansion coefficients,
specific heat, and hardness.1 There are many differ-
ent experimental techniques that use these changes
to detect the glass transition. One of the most used
is the differential scanning calorimetry (DSC), in
which the heat flow as a function of the temperature
is measured. The presence of an inflection point in
this DSC curve indicates a change in the heat
capacity caused by structural changes in the material
and it is associated with the Tg.

2

In binary elastomeric blends, the phase behavior is
very complicated since a macro and micro phase
separation can take place.3 Among the binary
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elastomer blends, there are cases in which both
phases are perfectly miscible and, as a result, only
one glass transition temperature is observed. On the
other hand, the classical case of immiscibility is
marked by the appearance of two unbroadened glass
transition temperatures which remain unchanged
when comparing to those corresponding to the com-
ponent (non-blended) polymers. It is well-known
that any shift in Tg indicates a partial solubility.4 In
a binary blend, the existence of two glass transitions
temperatures may be observed at different tempera-
tures from those of each elastomeric component of
the blend. In such cases, the Tg for the elastomer
with the lowest glass transition temperature
increases and, conversely this characteristic tempera-
ture of the polymer with the highest glass transition
temperature decreases. As a consequence, the tem-
perature distance between the two glass transitions
is shortened. The extent of this shortening is a mea-
sure of the miscibility; thus, in the ideal case of a
miscible blend there exists a single Tg.

In technological applications, mainly in the tire
industry, the most used elastomeric blends are based
on natural rubber (NR), polybutadiene rubber (BR),
and styrene butadiene rubber (SBR).5–10 BR and SBR
have the kindness of good resistance to crack propa-
gation and NR has an excellent ultimate strength
and low mechanical hysteresis. These properties
make the rubbers mentioned highly attractive to de-
velop blends in order to improve the performance of
tires.9,10

Šebenik et al.11 studied rheological and thermal
properties of three binary uncured elastomeric
blends BR/SBR, BR/NR, and NR/SBR. In the case
of the BR/SBR and NR/SBR blends, they reported
that the weight ratio between the elastomers used
for the blend preparation determined the relation
between the dispersed and the continuous phase in
these systems.

In a previous article, on the basis of the structure
formed during the vulcanization process, one author
of the present work12 used calorimetric tests and dif-
fusivity measurements to discuss the thermal prop-
erties of similar blends to these studied in the pres-
ent work. Recently, authors of the present work

used small-angle X-ray scattering (SAXS) and posi-
tron annihilation lifetime (PALS) techniques to get
valuable information on the NR/SBR interphase
developed in the same blends studied in the present
work.1,13,14

In this work, we continue such research topics
studying the thermal behavior of NR/SBR vulcan-
ized blends considering, in particular, the influence
of each elastomer content on the formulation of the
binary blend. The experimental results obtained
using DSC, swelling tests, and rheometry are ana-
lyzed in terms of the crosslink density and the com-
position of the blends. Besides, the role of the NR/
SBR interphases is also analyzed and discussed.

EXPERIMENTAL

The binary blends studied are composed of NR
(Standard Malaysian rubber SMR-20) with a molecu-
lar weight Mn ¼ 178,830 g/mol and a polydispersity
of 6.3, and an emulsion SBR-1502, Arpol(E-SBR)
1502 provided by Petrobras, with a molecular weight
Mn ¼ 128,260 g/mol and a polydispersity of 3.8,
measured by the gel permeation chromatography
(GPC) technique. The densities were q (NR) ¼ 0.917
g/cm3 and q (SBR) ¼ 0.935 g/cm3.
Eleven different blends of NR and SBR were pre-

pared following the formulations given in Table I. All
the compounds had a cure system based on sulfur
and TBBS (n-t-butyl-2-benzothiazole sulfonamide).
The preparation method of the blends consisted of

dissolving in toluene each elastomer with a relation
of 18 g/dm3 and 20 g/dm3 for NR and SBR, respec-
tively. The viscosities of these solutions, measured at
room temperature with a Brookfield viscosimeter,
were 55 cP and 9.8 cP for the NR/toluene and SBR/
toluene solutions, respectively.
To prepare each blend, both solutions were mixed

with the chosen proportions of each elastomer and
chemicals were also incorporated. The mixture was
further homogenized with mechanical agitation and
in an ultrasonic bath. Finally, the solvent was evapo-
rated at room temperature for 3 days until obtaining
a constant weight.

TABLE I
Compound Formulations in (phr)

Compound

A B C D E F G H I J K

NR – 10 20 30 40 50 60 70 80 90 100
SBR 100 90 80 70 60 50 40 30 20 10 –
Stearic Acid 2
ZnO 5
Sulfur 2.25
TBBS 0.7
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In order to study the influence of the preparation
method on the viscosity of NR and SBR, the Mooney
viscosity (ML 1þ3 100�C) was measured in an Alpha
MV2000 Mooney viscosimeter, following ASTM
D1646-04. In the case of NR, the obtained values
were: 87.8 MU for the raw material and 33.5 MU for
the elastomer dissolved in toluene and later on
evaporated. For the SBR, the viscosities were: 56.5
MU and 43.7 MU for the raw material and the elas-
tomer after the dissolving treatment, respectively.

A final mix of each compound was made in a labora-
tory mill and later characterized at 433 K by means of
torque curves [see Fig. 1(a,b)] in an Alpha MDR2000
rheometer. From these curves the time taken to achieve
the maximum degree of cure, t100, for each compound
was obtained. These values are given in Table II.

Due to the experimental techniques used, two kinds
of samples were simultaneously cured in a mold with
two cavities: strip samples of 50 � 4 � 2 mm3 and disc
samples (17 mm diameter and 2 mm thickness). All
the samples were vulcanized in a press at 433 K up to
the time t100 with an applied pressure of 5 MPa. Then,
at the end of the curing cycle, samples were rapidly
cooled in an ice and water mixture.

Scanning electron microscopy (SEM) micrographs
of some of the NR/SBR blends studid in the present
work were recently reported by the authors of this ar-
ticle.1 Specifically, in that work an analysis of the mor-
phology of the NR25/SBR75, NR50/SBR50, and
NR75/SBR25 samples was given.

Swelling tests

The molecular weight of the network chain between
chemical crosslinks Mcs was determined from swel-
ling tests using the relationship15,16

Mcs ¼ � q ð1� 2=/Þ V1 v
1=3
2m

lnð1� v2mÞ þ v v22m þ v2m
(1)

Figure 1 Rheometer torque curves of NR/SBR samples
as a function of time. All samples were cured at 433 K.
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where q is the density of the rubber network, f the
functionality of the crosslinks, v2m the polymer vol-
ume fraction at equilibrium (maximum) degree of
swelling, and V1 the molar volume of solvent. v is
an interaction parameter between the polymer and
the swelling agent. Sulfur cured elastomers are usu-
ally considered as a 4-functional network17 and for
the present work this functionality, f ¼ 4, was used
in eq. (1).

To estimate v2m a method proposed by Cunnen
and Russell was used.18 For these tests, the cured
disc samples were used and they remained in pyri-
dine for 16 h at room temperature. Then, they were
continuously extracted in acetone for 24 h (ASTM
D297-93 (2006)) and dried. One probe of each sam-
ple was completely immersed in pure toluene (V1 ¼
106.29 mL/mol19), in a sealed glass bottle, at room
temperature until the equilibrium swelling occurred.
As usual, this process took more than 48 h. When
this step was completed, the samples were removed
from the bottles, the excess toluene from the surface
of the samples was wiped off and the swollen
weight immediately measured using a Sartorius bal-
ance with an accuracy of 0.0001 g. Finally, the sam-
ples were dried at 323 K and weighed again when
all the solvent was evaporated.

The volume fraction v2m was calculated by means
of the following relationship

m2m ¼ Wd �Wf

� �
=q

� �
Wd �Wf

� �
=q

� �þ Ws �Wdð Þ=qsð Þ� � (2)

being Wd the weight of the sample after swelling
and drying, Ws the weight of the swollen sample,
and qs the density of the solvent (0.8669 g/cm3 for
toluene19). Wf is the weight of the non-extractable fil-
ler in the sample and was evaluated using the
ASTM D297-93 (2006) method. The volume fractions
v2m for each blend composition are also given in
Table II.

The interaction parameter polymer-solvent v was
evaluated using a mixture law, starting from v for
the systems NR/toluene and SBR/toluene. These
values were v(SBR) ¼ 0.524 � 0.285m2m

20 and v(NR)
¼ 0.43 þ 0.05m2m.

21

Values of Mcs obtained for each vulcanized pure
compounds and the binary blends are reported in
Table II.

Thermal tests

The analysis of the thermal behavior of the blends
was made with a differential scanning calorimeter
Q20-TA Instruments. The instrument was calibrated
in temperature and heat flow using indium and
mercury as reference materials. The mass of the DSC

samples, cut from the cured strip samples, was
about 4 mg. The calorimeter was programmed for a
heating/cooling/heating cycle between 183 K and
273 K with a rate of 10 K/min and measurements
were performed under an argon atmosphere with a
constant flux of 50 mL/min.

RESULTS AND DISCUSSION

In Figure 1, the higher reactivity during the vulcani-
zation reaction of NR with respect to SBR can be
seen. For pure NR, the maximum of the torque
curve, smax, is reached at times significantly lower
than those of the pure SBR compound and of all the
blends. As known, the torque curves obtained using
the rheometer responds to the presence of elastically
active crosslinks and also to the entanglements pres-
ent in the chain structure. As it can be inferred from
the curve corresponding to NR, a considerable deg-
radation is produced in this pure compound when it
is overcured. This result indicates that in the blends
the NR phase is overcured because, according to Ta-
ble II, in all the cases the time t100 of the blends is
higher than the same characteristic time obtained for
the pure NR compound (sample labeled K). The evi-
dent reversion observed in the pure NR compound
when is overcured is a consequence of the vulcani-
zation system used in the compound formulation.
From Table I, the ratio accelerator/sulfur is 0.31
which indicates that we are dealing with a conven-
tional system (CV).22 An analogous behavior in vul-
canized NR compounds was reported by different
authors.23–27

A similar analysis can be made for the SBR phase
in the cured blends. All blends have a lower t100
than that obtained for the pure SBR compound
(sample labeled A). Then it could be inferred that
the SBR in the blends is undercured.
Besides, from the results presented in Figure 1, it

can be concluded that smax is higher in the cured
SBR compound than that in the cured pure NR com-
pound. It is interesting to notice that the rheometer
curves of these pure compounds are quite different
from those obtained for the same formulations but
using a different preparation technique. In a previ-
ous study of some authors of the present
research,12,28,29 NR/SBR blends were prepared using
a two-roll mill. In the mentioned works, rheometer
tests were also performed at 433 K. In the reported
results, it was found that the smax values obtained
for all the compounds are higher than those obtained
in this work, which are presented in Figure 1.
In Figure 2, the relative value of the torque Ds ¼

smax � smin (where smin is the minimum of the tor-
que curve) is plotted as a function of the proportion
of NR in the binary blend samples. Ds is propor-
tional to the elastic modulus of the material, which
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is changing during the vulcanization process due to
the formation of sulfur crosslinks. In this figure, it
can be observed that Ds increases in the samples
richer in SBR. This behavior can be analyzed consid-
ering the cure time t100 of each sample. According to
the rheometer data reported in Table II, t100(SBR) ¼
87.6 min and at this cure time Ds reaches the maxi-
mum value for this sample, which is related with
the maximum crosslink density developed in the
compound.26,30 As can be seen in Table II, in the
cured blends t100(NR/SBR blends) < t100(SBR); then,
the crosslink density in the SBR phase of each blend
must be lower than that in the sample of pure SBR.
In such a way, the cured compound NR90/SBR10
(sample J) has the lower crosslink density in the SBR
phase. When analyzing the NR compound (sample
K), the time to achieve the highest value of Ds is
t100(NR) ¼ 10.6 min; so, in the cured blends t100(NR/
SBR blends) > t100(NR). It is known that there is rever-
sion in NR when the material is overcured due to the
degradation of the crosslink structure.24,27 Besides,
there are evidences that during the vulcanization pro-
cess curatives migrate from the SBR to the NR phase.
In such a way, the degradation effect of the NR phase
is compensated.1,31

In Figure 2, data of Ds obtained in previous
research works are also plotted. As mentioned, these
data belong to similar compounds but prepared in
other experimental conditions12,28,29; i.e., blends
were prepared by mixing NR and SBR in a roll mill
without a previous dissolution of the elastomers in
toluene. It is interesting to note that the Ds values
are systematically lower in the samples prepared
with the technique used in the present work, mainly

when the blends are richer in NR. This behavior can
be attributed to the lower viscosity of both solutions
(NR/toluene and SBR/toluene) in the preparation of
the blend by solution, comparing to the viscosity of
both elastomers previously to the roll mill mixing.
As can be seen, for both solution blending and me-
chanical mixing preparation Ds values are similar in
the NR50/SBR50 samples. To understand this result
it should be assumed that the morphology of the
phases plays an important role in the preparations
of the blends. In fact, according to the literature,32,33

the very different initial viscosities of both NR and
SBR used in the solution blending and in the me-
chanical mixing samples preparation would have a
significant influence on the co-continuity of the
phases. Therefore, the sample preparation methods
could modify the mechanical properties of the com-
pounds. However, additional work must be done to
elucidate this issue.
From the swelling tests, the molecular weight

between crosslinks Mcs was obtained using eq. (1),
values of this parameter for all samples are pre-
sented in Table II.
For 4-functional networks the total crosslink den-

sity is defined by17:

lcs ¼
q
2

1

Mcs
� 1

Mn

� �
(3)

For blends, this equation can be used as a first
approach, considering a mixture law for the com-
pound density and the corresponding molecular
weights. In Figure 3, the obtained crosslink density
values are shown. In this figure, lcs values calcu-
lated using the Mcs that we have previously reported
for samples prepared with a mill13,29 are also shown.
The main differences between both preparation
methods are observed when the samples are richer
in NR. These results are in agreement with the Ds
behavior for the same samples.
The more noticeable difference in the crosslink

densities corresponds to the compounds of pure NR
and those with high proportion of NR in the formu-
lation. The explanation for this behavior can be
found in the effect of the preparation of the com-
pounds in its initial viscosity. After dilution with tol-
uene, and the subsequent evaporation, the Mooney
viscosity drops more than a half of its value. This
behavior is consequence of a sharp decrease in the
density of entanglements in rubbers prepared with
the methodology we have used. It must be consid-
ered that, when analyzing the data of the swelling
test, the Flory-Rehner’s model used to estimate the
molecular weight between crosslinks does not dis-
criminate the contribution coming from crosslinks
than that from the entanglements. Thus, when com-
pounds are prepared by mixing in a mill the amount

Figure 2 Relation between Ds and NR proportion in the
blend. Results of blends prepared in different ways are
also shown (see text). Dash–dot lines are only an eye
guide.
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of entanglements is higher than that obtained for
compounds prepared using the solution preparation.

In the case of SBR, the disentanglements obtained
by the preparation using a previous dissolution in
toluene are not so remarkable, and the drop in the
Mooney viscosity is lower. Consequently, as can be
seen in Figure 3 the crosslink densities obtained by
both methodologies are similar.

The entanglement contribution to the modulus can
be discriminated from the crosslinks using the tube
model for crosslink networks.34 It was reported that
in NR and SBR compounds prepared by mechanical
mixing, and with similar formulations to that used
in our work, the contribution of crosslinks and
entanglements to the shear modulus is of the same
order.26,35

DSC tests give the variation of the heat flow, Q, as
a function of the temperature at a constant tempera-
ture rate. The glass transition temperature is usually
evaluated as the inflection point of this curve.

Through the analysis of the thermograms meas-
ured, it was possible to determine the Tg values for
each vulcanized compounds: pure elastomeric sam-
ples and the binary blends. In Figure 4, Tg values as
a function of the NR content were plotted. In this fig-
ure, full circles represent the values of the glass tran-
sition temperatures coming from the NR phase, TNR

g ,
while full triangles represent the transition tempera-
tures characteristic of the SBR phase TSBR

g . It is worth
noting that in most of the blends it was possible to
distinguish two glass transition temperatures, i.e. the
Tg for each phase. This behavior is reasonable due to
the fact that two rubbers forming the blends are im-
miscible. Despite this property, from the DSC scans
for the blends NR10/SBR90 (sample B) and NR20/
SBR80 (sample C) only one Tg could be revealed.

As it is expected, in both pure compounds the
vulcanization process increases the glass transition
temperature due to the crosslink formation that lim-
its the movement of the polymer chains. When com-
paring the Tg values for uncured (represented by
open circles in Fig. 4) and cured pure compounds,
the observed increase in this parameter is more pro-
nounced in the case of the SBR.
Moreover, it is worth analyzing the behavior of

the glass transition temperature for each phase in
particular. It results that, as the blend becomes richer
in NR the TSBR

g value slightly decreases. This behav-
ior can be attributed to the fact that such SBR phase
is decreasingly vulcanized with the consequent dimi-
nution of the crosslink density in its structure.
Besides, it can be observed that the TNR

g decreases
when the NR content in the blend increases and that
the pure sample of NR, which has the optimum cure
degree, has the lower Tg value. Meanwhile, the
higher value of this characteristic temperature was
observed for the blend NR30/SBR70. This result
deserves to be discussed separately, because in this
sample the NR phase is overvulcanized, and there-
fore its crosslink structure should be degraded; on
the other hand, the SBR phase should have an
almost optimal structure. The fact that the higher
TNR
g occurs for the sample NR30/SBR70 could be

interpreted as a consequence of the migration of
curatives from the SBR phase to the NR phase.31 In
the NR phase, this process could generate a higher
crosslink density than that it would have as a result
of the degradation of this elastomer.
In the present discussion, an additional issue that

should be taken into account is the fact that there
exists a high increase of the crosslink density in the
NR zone within the NR/SBR interphase region. In

Figure 3 Total crosslink density lcs as a function of the
NR content in the blend. Results of blends prepared in dif-
ferent ways are also shown. Dash–dot lines are only an
eye guide.

Figure 4 Glass transition temperature Tg as a function of
the NR content. As can be seen, in most cases the two
glass transition temperatures corresponding to each phase
forming the binary blend were obtained.
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this sense, the presence of three components of the
binary blend, instead of the two phases, should be
taken into account: the structures of each pure NR
and SBR phases plus an NR/SBR interphase.13,31

This topic is discussed in detail below.
On the other hand, following the ideas proposed

by Hourston and Song,36 a calorimetric study of a
physical mix made by equal parts of the elastomers
NR and SBR was also carried out. In this case, both
elastomers were vulcanized following the same pro-
cedure applied to treat the NR50/SBR50 blend.
Then, the thermogram obtained was compared to
that of the NR50/SBR50 compound [see Fig. 5(a)].
From an analysis of the figure, it can be seen that
the TSBR

g value for the NR50/SBR50 compound has
an important shift to lower temperature values
when compared to the same parameter obtained
measuring the physical blend. This behavior in the
compound can be attributed to the vulcanization
process that takes place with the NR and SBR mutu-
ally interacting, allowing the migration of the cura-
tives from the SBR phase to the NR phase.31 As it
was already mentioned, it should be expected that
in blends the crosslink density in the SBR phase be
lower than that of pure vulcanized SBR. Under this
frame, the differences in the TSBR

g values can be asso-
ciated with the variation of the crosslink density in

the SBR phase of the blend; therefore, a lower
energy is necessary to produce the transition in the
blend. Conversely, the TNR

g values do not show sig-
nificant changes. Although the NR phase in the com-
pound NR50/SBR50 is degraded (t

NR50=SBR50
100 ¼ 41.6

min and tNR
100 ¼ 10.6 min, respectively), the similarity

in the TNR
g values could be associated with the fact

that the curative migration from the SBR to the NR
phase would produce a recovery of the crosslink
structure. In such a sense, it is interesting to com-
pare each thermogram in the intermediate region
between the two transition temperatures where the
glass and elastic states coexist. As can be seen in the
DSC scans of both kinds of samples, in the interme-
diate temperature zone there are differences in the
respective slopes. In order to highlight this effect, in
Figure 5(b), we have represented for each DSC curve
dQ/dT as a function of temperature. As a result, for
the sample prepared as a physical mix the derivative
function is practically zero in the intermediate
region between the two transition temperatures,
while the same function for the NR50/SBR50 com-
pound presents a different behavior. This difference
could be assigned to the presence of an interphase
region formed between the NR and SBR phases. In
fact, it seems reasonable to assume that this inter-
phase should have a different crosslink structure
from those of the NR and SBR phases. Work in pro-
gress will allow us supporting this interpretation.

CONCLUSIONS

The present work was addressed to the study of the
structure and the thermal behavior of NR/SBR bi-
nary blends prepared with different contents of both
elastomers using the solution method and vulcan-
ized at 433 K.

1. Rheometric and swelling studies show that the
compounds richer in NR have lower crosslink
densities and lower values of the correspond-
ing relative torque. When comparing these
results to those obtained on samples prepared
in a mill, it could be concluded that the cross-
link density shows pronounced differences in
the compounds richer in NR. This behavior
was explained in terms of degradation during
the vulcanization treatment of sulfur crosslinks
in the NR phase and, at the same time, to the
increase of the crosslink density in the SBR
phase.

2. The glass transition temperature of each phase
depends on the blend composition and the
crosslink level attained in each phase. The
results obtained allowed to infer that, during
the vulcanization process, there is a curative
migration from the SBR to the NR phase. In

Figure 5 (a) Heat flow as a function of temperature. (b)
Derivative of the heat flow as function of temperature. In
this figure, the thermogram obtained for the compound
blend NR50/SBR50 is compared to that one for samples pre-
pared as a physical mix of 50% NR and 50% SBR (see text).
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order to go deeper into this analysis, samples
were prepared by a physical mix of the two
rubbers (NR and SBR), specifically these sam-
ples contained equal amounts of each elasto-
mer. Then, calorimetric results of these
samples were compared to those obtained for
the blend compound NR50/SBR50. As a
result, it was possible to conclude that to ana-
lyze the discrepancies between the respective
DSC curves of both blends it is necessary to
consider the existence of a third component
(i.e., interphase) between both elastomers with
a different network structure from those of the
pure phases.
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